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HIGHLIGHTS

• NaTFSI/SUL:OTE:FEC facilitates the formation of S, N-rich, dense and robust cathode–electrolyte interphase on NaNMF cathode, 
which improves the cycling stability under high voltage.

• By utilizing NaTFSI/SUL:OTE:FEC, the Na||NaNMF batteries achieved an impressive retention of 81.15% after 400 cycles at 2 C 
with the cutoff voltage of 4.2 V.

• The study offers a reference for the utilization of sulfolane-based electrolytes in sodium-ion batteries (SIBs), while the nonflammabil-
ity of the NaTFSI/SUL:OTE:FEC enhances the safety of SIBs.

ABSTRACT Sodium-ion batteries hold great promise as next-generation energy storage systems. 
However, the high instability of the electrode/electrolyte interphase during cycling has seriously 
hindered the development of SIBs. In particular, an unstable cathode–electrolyte interphase (CEI) 
leads to successive electrolyte side reactions, transition metal leaching and rapid capacity decay, 
which tends to be exacerbated under high-voltage conditions. Therefore, constructing dense and 
stable CEIs are crucial for high-performance SIBs. This work reports localized high-concentration 
electrolyte by incorporating a highly oxidation-resistant sulfolane solvent with non-solvent diluent 
1H, 1H, 5H-octafluoropentyl-1, 1, 2, 2-tetrafluoroethyl ether, which exhibited excellent oxidative 
stability and was able to form thin, dense and homogeneous CEI. The excellent CEI enabled the 
O3-type layered oxide cathode  NaNi1/3Mn1/3Fe1/3O2 (NaNMF) to achieve stable cycling, with a 
capacity retention of 79.48% after 300 cycles at 1 C and 81.15% after 400 cycles at 2 C with a 
high charging voltage of 4.2 V. In addition, its nonflammable nature enhances the safety of SIBs. 
This work provides a viable pathway for the application of sulfolane-based electrolytes on SIBs 
and the design of next-generation high-voltage electrolytes.
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1 Introduction

Sodium-ion batteries (SIBs) have become a promising alter-
native energy source for emerging energy storage devices 
due to the abundant content of sodium in the earth’s crust 
(23,000 ppm sodium versus 17 ppm lithium) and low cost 
(e.g., the cost of  Na2CO3 is about 25–30 times lower than 
that of  Li2CO3) [1–3]. Since lithium and sodium are both 
alkali metals and have similar chemical and electrochemi-
cal properties, both academia and industry acknowledge the 
importance of SIBs and actively seek to use existing lithium-
ion battery technology to industrialize SIBs [4, 5]. However, 
compared with lithium ions (0.76 Å), the larger ionic radius 
of sodium ions (1.02 Å) will cause various structural evolu-
tions during the  Na+ insertion/extraction process, leading 
to problems such as deterioration of the host crystal struc-
ture and poor cycling stability [6]. At the same time, the 
larger atomic weight of Na (23 g  mol−1) compared to Li 
(6.9 g  mol−1), along with the higher standard electrochemi-
cal potential of Na (2.71 V for  Na+/Na vs. 3.04 V for  Li+/Li), 
poses challenges to SIBs in achieving comparable energy 
density to lithium-ion batteries [7]. Layered oxide cathode 
materials have been widely studied due to their high energy 
density and facile large-scale preparation [8–10]. Compared 
with most P2-NaxTMO2 cathodes (x varies between 0.6 and 
0.8), the initial structure of O3-type  NaxTMO2 (x is usu-
ally 1) is very similar to  LiCoO2, and it can provide more 
capacity in the same voltage range [11–13]. Despite the high 
capacity, these materials exhibit complex phase transfor-
mations during the  Na+ deintercalation process, leading to 
rapid capacity fading [14, 15]. Simultaneously, the cathode 
undergoes surface remodeling or reduction of the transition 
metal oxidation state in contact with the electrolyte, which 
indicates a charge transfer between the positive electrode and 
the electrolyte, a phenomenon that is more intense at high 
voltage [16–18]. An unstable cathode–electrolyte interphase 
(CEI) can lead to continuous electrolyte decomposition and 
transition metal dissolution during cycling [19, 20]. There-
fore, it is important to implement strategies such as optimiz-
ing the electrolyte and engineering the electrode interphase 
to promote the development of stable and high-energy SIBs 
[21].

The construction of thin and dense, especially inorganic-
rich CEIs with weak bonding to the cathode is essential for 
the effective suppression of persistent adverse reactions at 
the interphase, inhibition of cathode structural damage and 

electrolyte penetration, thus enhancing the cathode cycle life at 
high voltage [22, 23]. However, traditional carbonate electro-
lyte has low oxidation stability and strong solvation effect on 
CEI. Therefore, it has poor passivation ability for the charged 
positive electrode at > 4 V (vs.  Na+/Na) and cannot form a 
stable CEI [24, 25]. For this reason, a great deal of effort has 
been invested in exploring high-voltage electrolytes [26, 27]. 
Currently effective strategies for configuring high-voltage bat-
teries include the use of high-concentration electrolyte (HCE) 
and localized high-concentration electrolyte (LHCE) [28, 29]. 
For example, a HCE formulation consisting of 5 M sodium 
bis(fluorosulfonyl)imide (NaFSI) in 1,2-dimethoxyethane 
(DME) was studied for high-voltage applications [30]. Com-
pared with 1 M NaFSI/DME, HCE exhibits an electrochemical 
window up to 5 V due to less free solvent and the presence 
of anions in the solvation sheath. However, HCE has short-
comings such as extremely high cost, increased viscosity and 
insufficient wetting ability, which hinder further applications. 
These effects are mitigated by incorporating non-solvent dilu-
ents into the HCE to form LHCE [31]. For example, LHCE 
composed of NaFSI/DME/1,1,2,2-tetrafluoroethyl-2,2,3,3-
tetrafluoropropyl ether (TTE) (molar ratio of 1.0:1.2:1.0) 
minimizes TM dissolution when used in O3-type cathodes, 
promotes the formation of a stable interphase and enhances 
cycling stability [32]. Similarly, LHCE consisting of NaFSI/
DME/1H, 1H, 5H-octafluoropentyl-1, 1, 2, 2-tetrafluoroethyl 
ether (OTE) in a 1.0:1.5:3.0 mol ratio allows more anions to 
enter the inner solvation sheath layer and facilitated the gradual 
decomposition of anions [33]. However, it is worth noting that 
many LHCEs for SIBs are still mainly composed of ether-
based solvents, which brings practical challenges to oxidation 
stability for high-voltage applications on the cathode side [34, 
35]. In contrast, sulfone solvents with high oxidation resist-
ance, high dielectric constant and low flammability appear to 
be more promising for high-voltage applications [36]. How-
ever, sulfone-based electrolytes have received limited attention 
due to the fact that they also have the disadvantages of high 
melting point, high viscosity and poor wettability to electrodes 
and diaphragms [37]. To date, stable and efficient cycling in 
SIBs based on sulfone electrolytes has not been reported. The 
development of LHCEs with excellent oxidation resistance and 
the construction of homogeneous and dense CEIs are essential 
for enhancing the commercial viability of SIBs and achieving 
higher energy density.

In this work, LHCE of 1.2 mol  L−1 NaTFSI/SUL:OTE:FEC 
was prepared using NaTFSI, sulfolane (SUL) and diluent OTE 
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(SUL and OTE molar ratio of 1:1) with 5 wt% of FEC as 
additive. A comprehensive study was conducted to elucidate 
the relationship between the solvated structure of the elec-
trolyte and the layered oxide cathode interphase. NaTFSI/
SUL:OTE:FEC has a higher electrochemical stabilization 
window compared to commercial carbonate electrolyte 
(E-Control). And it decomposes into homogeneous and dense 
S, N-rich inorganic interphases during the cycling process, 
which gives it good compatibility with  NaNi1/3Mn1/3Fe1/3O2 
cathode. The cell based on NaTFSI/SUL:OTE:FEC has a high 
reversible capacity of 130.82 mAh  g−1 at 1 C in the voltage 
range of 2–4.2 V. After undergoing 300 cycles, it demon-
strates an impressive 79.48% capacity retention (34.27% for 
E-Control), and its nonflammable nature effectively improves 
the safety of SIBs.

2  Experimental Section

Conductive carbon black (Super P) and poly(vinylidene dif-
luoride) (PVDF) were bought from the Hefei Kejing Mate-
rial Technology Co., Ltd. The N-methyl-2-pyrrolidone 
(NMP), sulfolane (SUL), 1H, 1H, 5H-octafluoropentyl-1, 
1, 2, 2-tetrafluoroethyl ether (OTE) and fluoroethylene 
carbonate (FEC) were purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd. Commercial carbonate 
electrolyte (E-Control) 1 M  NaClO4 in DMC:EC = 1:1 vol% 
with 5 wt% FEC  (NaClO4/DMC:EC:FEC) and battery-grade 
sodium bis(trifluoromethanesulfonyl)imide (NaTFSI) were 
ordered from DodoChem.

2.1  Preparation of NaNMF Cathode Materials

NaNi1/3Mn1/3Fe1/3O2 (NaNMF) was syntheses sized through 
a conventional solid-state reaction. A chemometric mixture 
of  Na2CO3 (99.9%; Aladdin), NiO (99%; Aladdin),  Mn2O3 
(98%; Aladdin) and  Fe2O3 (99%; Aladdin) was milled in a 
mortar at stoichiometric ratio by planetary ball-milling with 
acetone at 300 rpm for 10 h by using a planetary ball mill 
(MITR ZQM-2L/4L). The mixture was dried and pressed 
into pellets, followed by heating for 14 h in air at 950 °C. At 
the end of the calcination, when the temperature dropped 
to approximately 100 °C, the samples were removed from 
the furnace and immediately transferred to an argon-filled 
glove box. The samples were cooled to room temperature in 

the glove box and were kept inside to avoid the exposure to 
moisture in air.

2.2  Preparation of Electrolyte

All operations are conducted under an argon-filled glove box 
 (O2/H2O < 0.1 ppm). NaTFSI was dried at 90 °C overnight 
in an argon-filled glovebox before use, and all the solvents 
were treated with 4 Å molecular sieves. Then NaTFSI was 
dissolved in various solvents to prepare the electrolytes. 
Detailed compositions of the electrolytes are provided in 
Table S1.

2.3  Preparation of NaNMF Electrode

The NaNMF powder, Super P and PVDF with a weight ratio 
of 85:8:7 were uniformly blend in NMP solvent to prepare 
electrode slurry; then, the slurry was coated onto an alu-
minum current collector. The prepared electrode was dried 
in the vacuum at 110 °C for 12 h and punched into small 
disks with a diameter of 13 mm.

2.4  Characterization

The morphologies and microstructures of the samples were 
characterized by scanning electron microscopy (SEM, 
JSM 7800F, JEOL) and transmission electron microscopy 
(TEM, JEOL JEM-F200). The chemical components of the 
samples were determined by X-ray photoelectron spectros-
copy (XPS, K-Alpha+, Thermo Fisher Scientific). Raman 
spectra were recorded by using a Renishaw inVia Raman 
microscope with λ = 532 nm laser radiation. The crystal-
lographic information of the synthesized products was 
examined by X-ray diffraction (XRD) employing Rigaku 
Miniflex II XRD instrument and filtered Cu Kα radiation 
(λ = 1.5418 Å). Standard examinations were executed with 
a scanning velocity of 5° per minute, spanning an angular 
range from 5° to 90°. The crystal structure information of 
the NaNMF charging process is carefully collected using 
specially designed in situ mold cell. The molded cell is 
equipped with holes for the light beam to pass through 
for the construction of the in situ cell. After the cell is 
assembled, the opening of the molded battery top housing 
is securely sealed with Kapton tape. Before starting in situ 
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XRD, the electrodes with a load mass of 11 mg  cm−2 were 
left to stand in the in situ cell for 3 h. Throughout the 
in situ experiment, the battery was charged at a steady 
rate of 24 mA  g−1 over a voltage range of 2–4.2 V using 
the LANHE battery tester. 3D reconstruction images were 
obtained by using PHI nano TOF II time-of-flight second-
ary ion mass spectrometry (TOF–SIMS). The dissolved Ni 
was determined by an inductively coupled plasma optical 
emission spectrometer (ICP-OES, Agilent 5110). In situ 
electrochemical impedance spectroscopy (In situ EIS) 
tests were performed on an electrochemical workstation 
(Solartron, USA) and 2032-coin cells. The charging and 
discharging voltages were in the range of 2–4.2 V with the 
0.2 C rate. The EIS tests were performed in the frequency 
range of 1,000,000–0.1 Hz with an amplitude of 10 mV. 
The cells were run for different cycles at a constant cur-
rent density prior to the in situ EIS test. The DRT trans-
formations were performed using the software MATLAB, 
and all the parameters were kept consistent throughout the 
calculations to ensure consistency of the DRT results. The 
viscosity of the electrolytes was determined on a MSK-
SFM-VT Viscometer at 28 °C. 23Na-nuclear magnetic res-
onance (NMR) analysis of the electrolytes was performed 
using a Jeol ECZ500R 500 MHz NMR spectrometer. Prior 
to the test, dimethyl sulfoxide (DMSO-d6), as a deuterium 
reagent, was thoroughly mixed with the electrolyte.

2.5  Electrochemical Methods

The CR2032-coin cells were assembled with NaNMF as 
cathode and Na metal as anode. Whatman glass fiber/D 
was used as the separator (19 mm diameter). The amount 
(150 µL) of electrolyte was used in each cell. The half-cells 
were tested at 0.5 or 1 C in the voltage range of 2–4, 2–4.1 
or 2–4.2 V. The loading of NaNMF is around 3.3 mg  cm−2 
for half-cells. LAND CT2001A test system and Neware 
(CT-4008) were used to record the electrochemical perfor-
mances. Here, a 1 C rate corresponds to a current density 
of 120 mA  g−1. For the test of SEI dissolution, Na||Cu cells 
were assembled, in which Cu (19 mm diameter) is the work-
ing electrode, and Na (15.6 mm diameter) is the counter 
electrode. LSV curves were obtained using stainless steel 
as the working electrode, and Na foils as the counter and 
reference electrodes for positive and negative scan in a 

CHI660E electrochemical work station. The scanning rate 
was 0.1 mV  s−1, and the scanning voltage ranges are open-
circuit voltage (OCV) − 5.5 V. To evaluate the overpoten-
tial in Na||NaNMF cells after the specified cycle number, 
galvanostatic intermittent titration technique (GITT) was 
conducted with current pulse intervals at 0.1 C for 25 min, 
followed by 120-min rest within a voltage range of 2–4.2 V. 
The ionic conductivities of electrolytes were measured 
through assembling symmetric stainless steel cells (Fig. S1). 
The 1 M  NaPF6 in DEGDME was used as the conductivity 
standard solution for calibration (7.476 mS  cm−1 at 25 °C). 
The electrolytic conductivity value was obtained from the 
impedance spectroscopy of the customized two-electrode 
cell by the following equation:

where R is the ohmic resistance, A is the area and L is the 
space between two stainless steel electrodes, respectively.

The  Na+ transference number of electrolyte was deter-
mined by the potentiostatic polarization technique using an 
electrochemical workstation (CHI604E, China). A voltage 
of 10 mV was applied to a Na||Na cell for 2 h to measure 
the initial current I0, which is derived from both cation and 
anion transfer in the electrolyte. The steady-state current ISS 
is solely attributed to the transportation of  Na+ ions. EIS 
measurements were taken before and after the polarization 
step to obtain the impedance of the cells. The transference 
number was calculated by the following equation:

where ΔV is the applied bias voltage, R0 is the initial imped-
ance and RSS is the steady-state impedance.

2.6  Theoretical Calculations

The AIMD simulations were performed using the Vienna 
ab initio Simulation Package (VASP.5.4.4), employing the 
projector-augmented wave (PAW) formalism [38]. The Per-
dew–Burke–Ernzerhof (PBE) functional was employed to 
describe the exchange correlation energy [39]. The long-
range van der Waals (vdW) dispersion interactions were 
accounted for using the DFT-D3 method developed by 
Grimme and co-workers [40, 41]. The plane-wave energy 
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cutoff was set as 400 eV, and the Brillouin zone was sampled 
at the Γ point only.

The cluster calculations were carried out using Gaussian 
16 package [42], with the starting structures obtained from 
the AIMD calculations. The Becke three-parameter hybrid 
method combined with the Lee–Yang–Parr correlation func-
tional (B3LYP) [43] at the 6–311 + G (d, p) level was used 
to optimize geometries.

3  Results and Discussions

3.1  Physicochemical Properties of Electrolyte

Raman spectroscopy was used to explore the coordina-
tion behavior of  Na+ and each component. As shown 
in Fig. 1a, the vibration peak range of  TFSI− anions is 
740–744   cm−1, of which 740   cm−1 corresponds to free 
 TFSI− anions; 674, 871 and 966  cm−1 correspond to free 
SUL; 811 and 850  cm−1 correspond to free OTE [44–46]. 
When the NaTFSI concentration in the electrolyte increases 
from 1.2 to 4 M, the peak position redshifts from 740 to 
744  cm−1, corresponding to the coordinated  TFSI− anion 
(Coord.  TFSI−). At the same time, the redshifted peaks of 
SUL are 674 and 871  cm−1, indicating that as the concen-
tration increases, part of the coordinated SUL is replaced 
by  TFSI−. Although the NaTFSI concentration in NaTFSI/
SUL:OTE:FEC is only 1.2 M, its  TFSI− peak and free SUL 
peak are consistent with those in the 4 M electrolyte. Moreo-
ver, the 811 and 850  cm−1 peaks corresponding to OTE have 
no obvious displacement, indicating that OTE is in a free 
state in the electrolyte and does not participate in the solva-
tion structure.

The 23Na NMR spectroscopy revealed the strength 
of interaction between  Na+ and  TFSI− in the electrolyte 
(Fig. 1b). The observed significant upfield (more negative) 
shift of 4 M NaTFSI/SUL:FEC can be attributed to the 
shielding effect of  Na+, which arises due to the proximity 
of  Na+ to  TFSI− [47]. And with the addition of OTE, that 
displacement is shifted slightly downfield. The shielding 
effect of 4 M NaTFSI/SUL:FEC is much stronger because all 
 TFSI− are well dispersed in the solvent and almost every  Na+ 
is shielded and surrounded by multiple  TFSI−. However, in 
1.2 M NaTFSI/SUL:OTE:FEC, the diluent molecules sepa-
rated the contact ion pairs (CIPs) and aggregates (AGGs) 
in the electrolyte so that the  TFSI− from different CIPs and 

AGGs could not interfere with each other, which weakened 
the shielding effect against  Na+ [48]. Compared to 1.2 M 
NaTFSI/SUL:FEC, the 1.2 M NaTFSI/SUL:OTE:FEC peak 
is displaced toward the upper field, suggesting a stronger 
interaction of  Na+ with  TFSI−.

In addition, molecular dynamic (MD) simulations were 
performed to validate the solvated structure of NaTFSI/
SUL:OTE:FEC and highlight its distinct solvation structure 
compared to E-Control. The radial distribution functions 
(RDFs) indicate that the O atoms of the solvents (DMC, 
EC, FEC, SUL) are more inclined to coordinate with  Na+ 
to form the primary solvated shell layer (Fig. 1c). Com-
bined with the coordination number, it is evident that both 
 ClO4

− and  TFSI− are present in the inner solvated shell layer 
of the electrolyte. However, in the E-Control,  Na+ exhibits a 
higher percentage of CIPs due to involvement of both main 
solvents in its coordination. In contrast, only SUL partici-
pates in solvation within the primary solvent of NaTFSI/
SUL:OTE:FEC, resulting in AGGs as the predominant 
solvated conformation. The dominant coordination of  Na+ 
with the surrounding anions or molecules in the E-Control 
as well as in the NaTFSI/SUL:OTE:FEC is shown in Fig. 1d. 
The distances between the central  Na+ and DMC, EC and 
 ClO4

− in E-Control are 2.67, 2.42 and 2.63 Å, respectively, 
indicating their presence within the primary solvated shell 
layer. In the case of NaTFSI/SUL:OTE:FEC, SUL and 
 TFSI− are located at distances of 2.29 and 2.52 Å from the 
central  Na+, while OTE is positioned at a distance of 4.92 Å 
outside the internal solvation sheath. All of the above results 
show that  TFSI−, SUL and FEC all successfully entered the 
first solvated shell layer, while OTE does not participate in 
the solvated structure. The MD simulation results are con-
sistent with the results of the Raman spectra mentioned ear-
lier. Figures 1e and S2 provide visual snapshots illustrating 
a more comprehensive view of the overall solvated structure 
for both electrolytes.

The oxidative stability of the two electrolytes was fur-
ther assessed by linear scanning voltammetry at a sweep 
rate of 0.1 mV  s−1 (Fig. 1f). The oxidation current den-
sity of the E-Control exhibited a rapid increase beyond 
4.38 V, indicating limited oxidation stability. In contrast, 
NaTFSI/SUL:OTE:FEC maintained a lower current density 
till 4.78 V, exhibiting a broader electrochemical window. 
The  Na+ transference number of NaTFSI/SUL:OTE:FEC 
is shown in Fig. S3. Most commercially available electro-
lytes suffer from high flammability that poses safety risks 
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to batteries. To evaluate the flammability of the two elec-
trolytes, we fully saturated GF/D (glass fibers) with each 
electrolyte in a volume of 300 μL and ignited them to meas-
ure self-extinguishing time [49]. As shown in Fig. 1g, the 
E-Control was found to catch fire easily and burn continu-
ously with a longer self-extinguishing time (SET, 46 s  g−1, 
Video S1) than NaTFSI/SUL:OTE:FEC (SET, 0 s  g−1, Video 
S2). This is closely related to the low flammability of sul-
folane and the high F content of NaTFSI/SUL:OTE:FEC, 
which is of great significance for improving the safety of 
electrolyte [50].

3.2  Electrochemical Performance

We utilized the most common O3-type  NaNi1/3Mn1/3Fe1/3O2 
(NaNMF) (Figs. S4, S5) as the cathode material for the dem-
onstration. The electrochemical performance of NaTFSI/
SUL:OTE:FEC and E-Control was tested in Na||NaNMF 
batteries. Initially, the O3-type NaNMF material provided a 
capacity close to 160 mAh  g−1 at 0.1 C (1 C = 120 mA  g−1), 
with significant plateau voltages occurring at 3 and 4.15 V 
(Fig. S6). Both electrolytes exhibited similar capacity reten-
tion rates after 300 cycles in the voltage range of 2–4 V, 
at 87.92% and 85.20%, respectively (three cycles of 0.1 C 
activation) (Fig. S7). Moreover, under the voltage range of 

Fig. 1  a Raman spectra of the different electrolytes in a wave number range from 600 to 1000  cm−1. b 23Na NMR spectra showing the varied 
 Na+ coordination environments in different electrolytes. c Radial distribution functions (solid lines) and coordination numbers (dotted lines) 
calculated from MD simulations in E-Control and NaTFSI/SUL:OTE:FEC. d Coordination from MD simulations in E-Control and NaTFSI/
SUL:OTE:FEC. e Snapshots of solvation structure of E-Control and NaTFSI/SUL:OTE:FEC. f LSV curves of the Na||steel half-cells with differ-
ent electrolytes. g Flame test of E-Control and NaTFSI/SUL:OTE:FEC
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2–4.1 V and 0.5 C, NaTFSI/SUL:OTE:FEC presents 83.01% 
capacity retention after 300 cycles, surpassing the E-Con-
trol’s 65.33% stability (Fig. 2a). Expanding to 2–4.2 V at 1 
C, NaTFSI/SUL:OTE:FEC has a capacity retention rate of 
79.48% after 300 cycles, while the E-Control is only 34.27% 
(Fig. 2b). At the same time, by comparing the cycling per-
formance of 1.2 M NaTFSI/SUL:FEC and 4 M NaTFSI/
SUL:FEC in the voltage range of 2–4.2 V (Fig. S8), it can 
be found that in 1.2 M NaTFSI/SUL:FEC, although SUL has 
good antioxidant properties and is relatively stable in the first 
150 cycles. However, due to the presence of a large num-
ber of free anions and solvent molecules in the electrolyte, 

interfacial reactions continue to occur, resulting in a decrease 
in the cycle stability. In 4 M NaTFSI/SUL:FEC, due to its 
extremely high viscosity, normal interfacial transport of 
ions cannot be achieved, and thus, the electrochemical per-
formance cannot be exerted. Comparison of galvanostatic 
charge–discharge and dQ/dV curves revealed the superior 
capacity retention of NaTFSI/SUL:OTE:FEC over the 
E-Control (Figs. 2c, d and S9). Rate capability of the cells 
in these two electrolytes is shown in Fig. S10. Similarly, the 
cell containing NaTFSI/SUL:OTE:FEC exhibits excellent 
cycling stability at a higher rate of 2 C, with 81.15% capac-
ity retained over 400 cycles, which is significantly higher 

Fig. 2  a, b Cycling performance of Na||NaNMF cells using E-Control and NaTFSI/SUL:OTE:FEC in the voltage range of 2–4.1 V at 0.5 C (a) 
and 2–4.2 V at 1 C (b). c, d Galvanostatic charge–discharge curves of Na||NaNMF cells using E-Control (c) and NaTFSI/SUL:OTE:FEC (d) in 
the voltage range of 2–4.2 V at 1 C. e Cycling performance of the Na||NaNMF cells using E-Control and NaTFSI/SUL:OTE:FEC in the voltage 
range of 2–4.2 V at 2 C
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than that of E-Control (34.22%) (Fig. 2e). Furthermore, by 
observing the Coulombic efficiency (CE) of various cycles, 
it can be found that CE of NaTFSI/SUL:OTE:FEC exhibits 
greater stability compared to that of E-Control, suggesting 
its enhanced reversibility for Na||NaNMF battery systems.

Considering the favorable electrochemical perfor-
mance exhibited by NaTFSI/SUL:OTE:FEC, it emerges 
as a valuable electrolyte for high-voltage SIBs. To explore 
different electrolyte compositions, four molar ratios of 
SUL:OTE = 1:2, 1:1, 1.5:1 and 2:1 were prepared with a 
base salt concentration of 1.2 M and compared by rate capa-
bility (Fig. S11a). It is evident that the optimal rate capabil-
ity is achieved with a SUL:OTE rate of 1:1 (i.e., NaTFSI/
SUL:OTE:FEC). In contrast, SUL:OTE at a ratio of 1:2 
exhibits the worst rate capability. TEM analysis reveals that 
unlike the other three electrolytes, SUL:OTE at a ratio of 
1:2 forms an inhomogeneous and unstable CEI, due to insuf-
ficient dissolution of NaTFSI by SUL. Furthermore, higher 
concentrations of SUL in the electrolyte (SUL:OTE ratios of 
1.5:1 and 2:1) result in decreased levels of NaTFSI concen-
tration within SUL solution, leading to reduced  TFSI− con-
tent within the first solvated sheath layer. Consequently, 
more SUL infiltrates this solvation sheath and decomposes 
at the cathode interphase, resulting in thicker CEIs which 
impede efficient  Na+ transport at high rates (Fig. S11b–e).

Furthermore, we also explored the effect of FEC content 
in the NaTFSI/SUL:OTE:FEC system on the cycling per-
formance. As shown in Fig. S12, an appropriate amount of 
FEC (5%) can effectively improve cycling performance of 
NaTFSI/SUL:OTE:FEC at high voltage. At the same time, 
a series of experiments were conducted on electrolytes with 
different NaTFSI concentrations in the SUL:OTE:FEC 
system. It can be seen that 1.2 M NaTFSI/SUL:OTE:FEC 
exhibited the best performance at high voltage (Fig. S13a) as 
well as moderate antioxidant potential and ionic conductiv-
ity (Fig. S13b, c and Table S1).

3.3  Analysis of the NaNMF Cathode

In situ XRD (Figs. 3a, b and S14, S15) was performed to 
investigate the structural stability and phase transition 
of NaNMF during the first charge from OCV to 4.2 V. 
Obviously, the intensity of (003) peak of the O3 phase is 
decreased as  Na+ is shed during charging [15, 51]. With 
further extraction of  Na+, the diffraction peaks of O3 

completely disappear and hexagonal P3 phase diffractions 
emerge, suggesting an increase in oxygen electrostatic repul-
sion between the layers due to  Na+ removal. This leads to 
an expansion of the c lattice parameter [52]. For the phase 
transformation of NaNMF from O3 to P3, it is evident that 
the E-Control has a more rapid phase transition compared 
to that in the NaTFSI/SUL:OTE:FEC, and rapid phase tran-
sitions often lead to abrupt changes in the cell parameters, 
resulting in structural damage [53]. Subsequently, upon con-
tinued charging to approximately 4.15 V, the P3 phase of 
NaNMF tested in the E-Control gradually diminishes and 
exhibits a tendency for the (003) peak to shift toward higher 
angles, resulting in the formation of the OP2 phase (refer 
to the XRD peaks marked by the red squares in Fig. 3a). 
The OP2 phase consists of octahedral and prismatic lay-
ers stacked alternately along the c-axis, as first reported by 
Yabuuchi et al. [54]. This structural transformation contrib-
utes significantly to lattice variations and volume changes 
that cannot be ignored. However, when tested in NaTFSI/
SUL:OTE:FEC at 4.15 V, the NaNMF effectively suppresses 
this detrimental P3 to OP2 phase transition, thereby mitigat-
ing volumetric changes during cycling.

The cycled NaNMF cathode was systematically character-
ized to confirm the structural effects of the two electrolytes 
after undergoing high-voltage and long cycling. The (003) 
peak of the post-cycled NaNMF in NaTFSI/SUL:OTE:FEC, 
as depicted in Fig. 3c, remains well preserved. Conversely, 
when tested with a E-Control, the (003) peak almost com-
pletely disappears, indicating the destruction of the layered 
structure. In terms of the Raman spectrum (Fig. 3d), the 
characteristic peak around 497  cm−1 is the  Eg mode, repre-
senting two-dimensional changes within the ab-plane. Addi-
tionally, the characteristic peak at around 608  cm−1 repre-
sents the  A1g mode and signifies one-dimensional changes 
of the c-axis [55]. After testing 100 cycles with E-Control, 
no  Eg peak can be detected at the cathode, which indicates 
that the layered structure is destroyed. However, the  Eg peak 
in NaTFSI/SUL:OTE:FEC is still detectable. This demon-
strates that NaTFSI/SUL:OTE:FEC exhibits significant 
protective effects on maintaining structural integrity under 
high-voltage conditions.

Figures 3e and S16a present that NaNMF particles tested 
in E-Control experienced significant slippage and numerous 
cracks after 200 cycles, which is further supported by the 
cross-sectional view (Fig. S17b). These cracks are generally 
induced by phase transition strain during the cycling process. 
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During the phase transition, the single crystallite c/a ratio 
and the boundary strain of different phases change signifi-
cantly, resulting in lattice distortion at the phase boundary, 
which drives the formation and propagation of cracks during 
the sodiumization/desodiumization process [56]. In contrast, 
the NaNMF particles in NaTFSI/SUL:OTE:FEC exhibit an 
intact structure (Figs. 3f and S16b), as confirmed by the 
cross-sectional view revealing their structural integrity 
without visible cracks (Fig. S17c). In order to gain deeper 

insight into the underlying mechanism responsible for the 
exceptional cycling performance of NaTFSI/SUL:OTE:FEC 
at high voltage, HRTEM analysis was conducted on the 
cycled NaNMF after 200 cycles. As shown in Figs. 3g and 
S18, a large number of stacking faults and dislocations 
were observed on the surface area of NaNMF particle after 
cycled in E-Control. Conversely, the phase change region of 
NaTFSI/SUL:OTE:FEC appeared much thinner than that of 

Fig. 3  a, b In  situ XRD testing and corresponding contour plot of NaNMF cycled in E-Control (a) and NaTFSI/SUL:OTE:FEC (b) at first 
charge. c XRD patterns and d Raman spectra of pristine NaNMF and after 100 cycles tested in E-Control and NaTFSI/SUL:OTE:FEC. e, f SEM 
images of NaNMF cathode cycled in E-Control (e) and NaTFSI/SUL:OTE:FEC (f). g, h HRTEM images of NaNMF cathode cycled in E-Con-
trol (g) and NaTFSI/SUL:OTE:FEC (h)
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E-Control, and it also retains most of the layered structure in 
the surface area (Figs. 3h and S19).

3.4  Analysis of CEI

The morphology of CEI on the NaNMF cathode surface was 
investigated using transmission electron microscopy (TEM). 
As shown in Fig. 4a–c, the CEI thickness is uneven and var-
ies during the first 200 cycles when tested in the E-Control. 
In contrast, NaTFSI/SUL:OTE:FEC maintained a thin and 
dense CEI after different cycles (Fig. 4d–f). This thin CEI 
indicates reduced side reactions and minimal volume vari-
ation. Combined with the above structural characterization 
results, it is obvious that the thin and dense CEI effectively 
isolates the continuous reaction between the cathode and the 
electrolyte, reducing the continuous damage to the cathode 
interface and the further expansion of surface cracks [57, 
58]. At the same time, fewer stacking faults and disloca-
tions indicate that NaTFSI/SUL:OTE:FEC significantly 
contributes to the excellent cycling stability of NaNMF at 
high voltage.

In addition, X-ray photoelectron spectroscopy (XPS) was 
used to determine the composition of the CEI on the surface 
of the NaNMF cathode after 200 cycles (Figs. 4g–l and S20, 
S21). For CEI formed in E-Control, the main peaks iden-
tified in the C 1s spectra (Fig. 4g) were C–C/C–H, C–O, 
C = O and poly(CO3).  CH2–CF2 and C–Fx originate from 
the polyvinylidene fluoride (PVDF). At the same time, it 
can be seen that the surface of unetched NaNMF tested in 
E-Control forms a CEI rich in polycarbonate, ROCOONa 
and  Na2CO3, which are the decomposition products of car-
bonates (DMC, EC) under high voltage [59]. After 30 s of 
 Ar+ etching to remove the effects of contaminants on the 
surface of the cathode, the presence of distinct C=O and 
poly(CO3) peaks was still observed, demonstrating that 
the CEI formed by E-Control was enriched with organic 
derivatives decomposed by EC and DMC. The organic CEI 
components and derived  Na2CO3 in the electrolyte are often 
unstable and therefore exhibit poor high-voltage stability 
[60]. In contrast, the CEI in NaTFSI/SUL:OTE:FEC shows 
C-SOx peaks decomposed by NaTFSI and SUL, and its com-
ponents are similar before and after etching, indicating that 
the internal and external components of CEI are uniform 
(Fig. 4j). In the F 1s spectrum (Fig. 4h, k), the peak area 
ratio of E-Control changes significantly before and after 

etching. It should be noted that there is a large amount of 
NaF after etching for 30 s, which will be further discussed 
later. The larger proportion of C-Fx peaks in the F 1s spec-
trum of NaTFSI/SUL:OTE:FEC before etching may be due 
to the decomposition of free OTE [61]. The Cl 2p spectrum 
(Fig. 4i) indicates that the primary decomposition products 
of  NaClO4 in E-Control are  CH3Cl and NaCl. Furthermore, 
it reveals significant compositional differences inside and 
outside the CEI before and after etching. S 2p (Fig. 4l) and 
N 1s (Fig. S21) illustrate the decomposition products of 
NaTFSI and SUL in CEI. The presence of inorganic com-
ponents rich in S and N elements on both the surface and 
interior of CEI in NaTFSI/SUL:OTE:FEC contributes to 
enhancing its physical strength.

In order to further study the distribution of each CEI com-
ponent on the cathode, an in-depth analysis using time-of-
flight secondary ion mass spectrometry (TOF–SIMS) was 
performed. The TOF–SIMS depth distribution (normal-
ized to the maximum value) of NaNMF cathodes tested in 
E-Control and NaTFSI/SUL:OTE:FEC for 20 cycles were 
obtained. The TOF–SIMS 3D images illustrate that the 
CEI formed in NaTFSI/SUL:OTE:FEC is more homogene-
ous and thinner, yet E-Control shows the presence of thick 
CEI that is inhomogeneous and loose (Figs. 5a and S23). It 
also contained  NaCl−, a  NaClO4 decomposition product, as 
well as higher amounts of organic debris such as  CH− and 
 C2HO−. This is also demonstrated by the TOF–SIMS 2D 
mapping spectrum (Fig. 5b) and spatially resolved depth 
profile of the chemical composition (Fig. S22). The  CH−, 
 C2HO− and  NaCO3

− contents are higher in E-Control, indi-
cating a violent decomposition of solvents, which is con-
sistent with the XPS results. The high content of  NaF2

− in 
E-Control perhaps stems from the ineffective passivation of 
the cathode surface. And excessive  Na2CO3 in CEI leads to 
high pH near the electrode/binder interface, resulting in HF 
generation that deteriorates the interphase [62]. At the same 
time, energizing the electrolyte at high voltage causes the 
electrolyte to decompose to produce strong acids (HF, HCl), 
which continuously disrupts and reorganizes the fragile CEI. 
HF and HCl react with cathode dissolution products and TM 
ions, resulting in NaF permeation of the CEI [63, 64]. Unlike 
LiF, NaF has a high diffusion barrier and mechanical rough-
ness for  Na+, while its low flexibility cannot resist volume 
changes [65]. Excess NaF is even more unfavorable for the 
transport of  Na+ [66].
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In contrast, NaTFSI/SUL:OTE:FEC generated CEI exhib-
its an outer layer composed of S-containing substances 
(Fig. 5a), and S-containing substances can improve the sta-
bility of CEI by inhibiting the successive decomposition of 
its surface electrolyte [67]. It should be noted that the pres-
ence of S in E-Control is determined by the presence of trace 
amounts of  SO2 and  SO3 substances on the surface of the 

cycled cathode (Fig. S24). In addition to the S-containing 
substances, a homogeneous distribution of  NaN− can also 
be observed, which is usually more stable on the CEI and 
poorly soluble in the electrolyte [60]. It was also observed 
that the concentration of  NiF3

−,  MnF3
− and  FeF3

− sub-
stances was significantly lower at the cathode in the NaTFSI/
SUL:OTE:FEC cycle compared to the E-Control (Fig. S23). 

Fig. 4  a–f TEM images of NaNMF cathode cycled in the E-Control (a–c) and NaTFSI/SUL:OTE:FEC (d–f). g C 1s, h F 1s and i Cl 2p XPS 
spectra of the cycled NaNMF cathodes after 200 cycles in E-Control. j C 1s, k F 1s and l S 2p XPS spectra of the cycled NaNMF cathodes after 
200 cycles in NaTFSI/SUL:OTE:FEC
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The presence of  NiF3
− indicates the leaching of transition 

metals from the cathode, which is caused by a significant 
side reaction between the cathode and electrolyte [68]. ICP 
testing of the glass fibers for Ni after 300 cycles yielded a 
residual Ni of 16 ppm for the E-Control and only 5 ppm for 
NaTFSI/SUL:OTE:FEC (Fig. S25). The smaller amount of 
Ni dissolution fully demonstrates the good protection of the 
cathode side by NaTFSI/SUL:OTE:FEC.

The HOMO energy levels of the anions and anion-
solvents were calculated using density functional theory 
(DFT) (Fig. 5c) [69]. The lower the HOMO energy level, 

the better the antioxidant capacity. As presented, the anions 
are the first to break down in both E-Control and NaTFSI/
SUL:OTE:FEC. It is observed that the HOMO energy levels 
of the three solvents coordinated with  ClO4

− in the E-Con-
trol are higher than those of the three solvents of NaTFSI/
SUL:OTE:FEC. This indicates that NaTFSI/SUL:OTE:FEC 
has better oxidation resistance than E-Control at high volt-
age, which is consistent with the LSV results. By comparing 
the HOMO energy levels of each of the  ClO4

−-solvent, it was 
observed that the two primary solvents, DMC and EC, in the 
E-Control underwent decomposition after  ClO4

− to produce 

Fig. 5  a TOF–SIMS 3D profiling and b TOF–SIMS 2D surface mappings of several secondary ion fragments  C2HO−,  NaF2
−,  SO2

−,  SO3
−, 

 NaCl− and  NaN− on NaNMF cathodes after being cycled with E-Control and NaTFSI/SUL:OTE:FEC. c Calculated HOMO energy levels of a 
single anion molecule and anion-solvent in E-Control and NaTFSI/SUL:OTE:FEC
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polycarbonate,  Na2CO3, etc., with  ClO4
−-FEC exhibiting the 

highest antioxidant capacity. The NaTFSI/SUL:OTE:FEC 
system undergoes a sequential decomposition process. 
 TFSI− and SUL in the first solvation sheath will reach the 
cathode interface together with  Na+, and the desolvated 
 TFSI− and SUL will enter the NaNMF crystals and decom-
pose to form the initial CEI [59]. Combined with the S–N 
peaks in Figs. 4l and S21, as well as the similar contents of 
 NSO2CF3

− and  SO2CF3
− observed in Fig. S26, it is inferred 

that  TFSI− decomposes into  NSO2CF3
− and  SO2CF3

− in the 
first step, and then further decomposes into NaF,  Na3N and 
 SOx

− products [70]. Subsequently, SUL and FEC decompose 
to form CEI containing S, F and organic derivatives. Com-
bining the above characterizations, it can be concluded that 
NaTFSI/SUL:OTE:FEC constitutes the CEI structure where 
the outer layer consists of organic derivatives and fluori-
nated components that enhance  Na+ diffusion while ensuring 
robustness. With the incorporation of mechanically strong 
inorganic materials as pillars, each component is uniformly 
coordinated to establish a stable CEI structure capable of 
delivering long-term cycling performance at high voltage.

3.5  Analysis of SEI and the Na Anode

The Na||Cu cells were assembled and tested within the voltage 
range of 0.005–1 V, aiming to monitor the deposit behavior of 
Na on the Cu foils. Subsequently, XPS analysis was conducted 
to examine the components of SEI. Figure S27a–c and d–f 
depicts the XPS results of Cu foil cycled for 100 cycles in 
E-Control and NaTFSI/SUL:OTE:FEC, respectively. It was 
observed that in E-Control, there were higher proportions of 
C = O and poly(CO3) peaks decomposed by DMC and EC. In 
contrast, the Cu foil cycled in NaTFSI/SUL:OTE:FEC exhib-
ited the formation of a SEI containing NaF and  Na3N, which 
effectively impedes the reaction between Na anode and the 
electrolyte. This result is consistent with the LUMO energy 
levels of  Na+-anion and  Na+-solvent calculated using DFT 
(Fig. S28). Moreover, by observing the cross section of the Na 
anode in the Na||NaNMF half-cell after 200 cycles (Fig. S27g, 
h), it can be found that the Na anode in the E-Control exhib-
its a more pronounced corrosion depth and experiences 
severe surface powdering. In contrast, within the NaTFSI/
SUL:OTE:FEC system, the formation of an inorganic-rich 
SEI effectively shields and significantly mitigates corrosion 
on the Na anode.

To verify the stability of the SEI of NaTFSI/SUL:OTE:FEC 
on Na anode, we conducted further analysis on SEI dissolu-
tion by examining the capacity loss in Na||Cu cells with both 
electrolytes (Fig. S29). The cells underwent cycling within a 
voltage range of 0.005–2 V, with intermittent pauses of 50, 
30, 15 or 5 h after every five cycles before resuming for the 
remaining cycles. Following each pause, there was an increase 
in capacity for the reduction reaction of the electrolyte, lead-
ing to the formation of a new SEI and compensating for any 
dissolved SEI during prolonged pauses (Fig. S29a) [71]. The 
results clearly show that NaTFSI/SUL:OTE:FEC exhibits sig-
nificantly lower capacity loss compared to E-Control; specifi-
cally, during the 50-h pause period, the average capacity loss 
of E-Control is 9.33 μAh, which is approximately three times 
that of NaTFSI/SUL:OTE:FEC (only 2.4 µAh). Through the 
analysis of capacity loss after different pause times, the dis-
solution of SEI in NaTFSI/SUL:OTE:FEC was largely sup-
pressed due to its unique solvation structure, resulting in the 
formation of a compact and robust SEI that aligns with the 
aforementioned characterization results.

3.6  Characterizations of the Interphases

To analyze the complex electrode–electrolyte interphase 
evolution during charging and discharging, we performed 
in situ EIS analyses (Figs. 6a–f and S30) and further clari-
fied the processes through distribution of relaxation time 
(DRT). The mid- and low-frequency semicircles in the 
in situ EIS spectra exhibit dynamic evolution during charg-
ing and discharging, which can be attributed to the succes-
sive reactions of the cathode with the electrolyte and the 
phase transition evolution process. Three different specific 
relaxation times can be distinguished in the DRT results, 
which are, respectively, located between  10−4 and  10−3, 
 10−1 and 1, and 10 and  102, and are labeled τ1, τ2 and τ3. 
The peak area of DRT represents the impedance value dur-
ing a specific electrochemical process. High frequency τ1 
and medium frequency τ2, respectively, symbolize different 
interphase transition responses and charge transfer evolution 
during the formation of CEI and SEI. The rightward shift of 
the τ1 peak during the charge and discharge process indi-
cates the continuous reaction between the electrode and the 
electrolyte, representing the irreversible process of CEI and 
SEI formation [72, 73]. τ2 represents the phase evolution 
process on the cathode side during charge and discharge. 
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For τ3, it represents the mass transport of the electrolyte 
phase in the electrolyte-filled pore [74]. Firstly, analyzed at 
the DRT result τ1, E-Control shows a tendency to weaken 
and then strengthen, indicating that a fragile CEI and SEI 
was formed during the cycling process and repeatedly 
ablated and remodeled at high voltage, while in NaTFSI/
SUL:OTE:FEC, the peak of τ1 shows a trend of gradual 
enhancement, suggesting that uniformly dense CEI and SEI 
were formed during the cycling process, which effectively 

isolated the electrode and electrolyte and had a good protec-
tive effect on the electrode. Second at τ2, the charge transfer 
process shows strong reversibility in the 6th and 11th cycles. 
The  Na+ concentration in the electrode or interphase affects 
the exchange current density, leading to a continuous change 
in the charge transfer impedance [72]. It can be clearly 
seen that the peak of E-Control at τ2 increases more and 
more during the cycle. In contrast, NaTFSI/SUL:OTE:FEC 
increased at the 6th cycle and stabilized at the 11th cycle, 

Fig. 6  a–f In  situ EIS DRT calculation and charging/discharging curves of Na||NaNMF cells for the E-Control (a–c) and NaTFSI/
SUL:OTE:FEC (d–f) at the 1st, 6th and 11th cycle. g, h Schematic illustrations of the solvation structure and the CEIs in the E-Control (g) and 
NaTFSI/SUL:OTE:FEC (h)
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suggesting that the dense and homogeneous CEI and SEI 
contributes to the charge transfer at the interphase. After 10 
cycles, the τ2 peak of NaTFSI/SUL:OTE:FEC was smaller 
than that of E-Control at charging to approximately 4.15 V, 
suggesting that the stabilized interphase made  Na+ easier 
to extract. At the same time, combined with the above-
mentioned in situ XRD, this may be related to the smaller 
degree of phase change of NaTFSI/SUL:OTE:FEC when 
charged to 4.15 V, which can effectively improve the stabil-
ity of NaNMF at high voltage. Galvanostatic intermittent 
titration (GITT) and the calculated Na-ion diffusion coef-
ficient  (DNa+) results present remarkably higher  DNa+ for 
the cathode cycled in NaTFSI/SUL:OTE:FEC (Fig. S31), 
confirming the accelerated interfacial diffusion kinetics and 
enhanced structural stability during charging and discharg-
ing process in NaTFSI/SUL:OTE:FEC [75–77].

The solvation structure of the electrolytes and the forma-
tion mechanism of CEIs are shown in Fig. 6g, h. Most of 
the carbonate solvents (DMC, EC) in the E-Control exist 
in free form and will decompose violently at high voltage 
due to their poor oxidation stability. This results in a large 
amount of organic matter and organic derivatives being 
distributed on the surface of CEI, which is usually mani-
fested as an increase in CEI thickness and poor flexibility. 
Therefore, frequent side reactions occur at the CEI, thereby 
deteriorating battery performance. In contrast, in NaTFSI/
SUL:OTE:FEC, the presence of OTE makes  TFSI− and SUL 
more involved in the first solvation sheath. Furthermore, due 
to the high oxidation resistance of SUL, the CEI is rich in 
inorganic substances containing S and N produced by the 
decomposition of  TFSI−. The robust and dense CEI, along 
with enhanced oxidative stability of the electrolyte, contrib-
utes to the reduction in side reactions and effective protec-
tion of the cathode, thereby enhancing cycling stability of 
high-voltage SIBs.

4  Conclusions

In summary, a localized high-concentration electrolyte, 
NaTFSI/SUL:OTE:FEC, was developed for high-voltage 
SIBs. The designed electrolyte forms a highly stable and 
robust CEI enriched with S and N species, which provides 
effective protection to the O3-type layered oxide NaNMF 
cathode during high-voltage testing at 4.2 V. Additionally, 
it efficiently suppresses electrolyte decomposition, transition 

metal dissolution and structural reconstruction of the lay-
ered oxide material. Moreover, the nonflammable nature 
enhances the safety of SIBs. By utilizing the sulfolane-
based electrolyte, the Na||NaNMF cell exhibits an impres-
sive reversible capacity of 130.82 mAh  g−1 at 1 C while 
maintaining an impressive capacity retention rate of 79.48% 
after 300 cycles. Furthermore, even under high discharge 
conditions at 2 C, the capacity retention remains exception-
ally high at 81.15% after enduring 400 cycles. This study 
strategically employs sulfolane, a highly oxidation-resistant 
compound, to enhance the stability of O3-type layered oxide 
cathodes when subjected to elevated voltage by optimiz-
ing both the solvation structure of  Na+ and the interphase 
between the cathode and electrolyte. Additionally, it offers 
valuable insights into harnessing sulfolane-based electro-
lytes in SIBs.

Acknowledgements This work is financial support by National 
Natural Science Foundation (NNSF) of China (Nos. 52202269, 
52002248, U23B2069, 22309162), Shenzhen Science and Technol-
ogy program (No. 20220810155330003), Shenzhen Basic Research 
Project (No. JCYJ20190808163005631) and Xiangjiang Lab 
(22XJ01007). We are grateful to the Instrumental Analysis Center 
of Shenzhen University (Xili Campus) for providing the facilities 
for our material analysis and the Testing Technology Center of 
Materials and Devices, Tsinghua Shenzhen International Gradu-
ate School (https:// mdtc. sz. tsing hua. edu. cn) for the time-of-fight 
secondary ion mass spectrometry (TOF-SlMS).

Author Contributions XH was involved in investigation, meth-
odology, formal analysis, characterization of samples and original 
draft writing. JP carried out investigation and visualization. QL 
assisted with resources and investigation. ML and JD conducted 
data curation and formal analysis. WC performed formal analy-
sis and visualization. PL did validation and investigation. TH was 
responsible for supervision and data curation. ZH assisted with pro-
ject administration and software. YL helped with methodology and 
visualization. SY was responsible for investigation and methodol-
ogy. XY took part in project administration and supervision. XR 
participated in review and supervision. XO contributed to supervi-
sion. JL took part in visualization and supervision. JH, QZ and BX 
were involved in conceptualization, review and supervision.

Declarations 

Conflict of interest The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 

https://mdtc.sz.tsinghua.edu.cn


 Nano-Micro Lett.           (2025) 17:45    45  Page 16 of 19

https://doi.org/10.1007/s40820-024-01546-7© The authors

indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 024- 01546-7.

References

 1. C. Zhao, Q. Wang, Z. Yao, J. Wang, B. Sánchez-Lengeling 
et al., Rational design of layered oxide materials for sodium-
ion batteries. Science 370, 708–711 (2020). https:// doi. org/ 10. 
1126/ scien ce. aay99 72

 2. L. Yu, Z. Cheng, K. Xu, Y.-X. Chang, Y.-H. Feng et al., Inter-
locking biphasic chemistry for high-voltage P2/O3 sodium 
layered oxide cathode. Energy Storage Mater. 50, 730–739 
(2022). https:// doi. org/ 10. 1016/j. ensm. 2022. 06. 012

 3. R. Usiskin, Y. Lu, J. Popovic, M. Law, P. Balaya et al., Fun-
damentals, status and promise of sodium-based batteries. Nat. 
Rev. Mater. 6, 1020–1035 (2021). https:// doi. org/ 10. 1038/ 
s41578- 021- 00324-w

 4. Y. Qi, Z. Tong, J. Zhao, L. Ma, T. Wu et al., Scalable room-
temperature synthesis of multi-shelled  Na3(VOPO4)2F micro-
sphere cathodes. Joule 2, 2348–2363 (2018). https:// doi. org/ 
10. 1016/j. joule. 2018. 07. 027

 5. P.-F. Wang, Y. You, Y.-X. Yin, Y.-G. Guo, Layered oxide 
cathodes for sodium-ion batteries: phase transition, air sta-
bility, and performance. Adv. Energy Mater. 8, 1701912 
(2018). https:// doi. org/ 10. 1002/ aenm. 20170 1912

 6. Y. Sun, S. Guo, H. Zhou, Adverse effects of interlayer-
gliding in layered transition-metal oxides on electrochemi-
cal sodium-ion storage. Energy Environ. Sci. 12, 825–840 
(2019). https:// doi. org/ 10. 1039/ C8EE0 1006D

 7. C. Delmas, D. Carlier, M. Guignard, The layered oxides 
in lithium and sodium-ion batteries: a solid-state chemistry 
approach. Adv. Energy Mater. 11, 2001201 (2021). https:// 
doi. org/ 10. 1002/ aenm. 20200 1201

 8. S. Guo, H. Yu, P. Liu, Y. Ren, T. Zhang et al., High-perfor-
mance symmetric sodium-ion batteries using a new, bipolar 
O3-type material,  Na0.8Ni0.4Ti0.6O2. Energy Environ. Sci. 8, 
1237–1244 (2015). https:// doi. org/ 10. 1039/ C4EE0 3361B

 9. M.H. Han, E. Gonzalo, G. Singh, T. Rojo, A comprehensive 
review of sodium layered oxides: powerful cathodes for Na-
ion batteries. Energy Environ. Sci. 8, 81–102 (2015). https:// 
doi. org/ 10. 1039/ C4EE0 3192J

 10. M. Guignard, C. Didier, J. Darriet, P. Bordet, E. Elkaïm 
et al., P2-NaxVO2 system as electrodes for batteries and 

electron-correlated materials. Nat. Mater. 12, 74–80 (2013). 
https:// doi. org/ 10. 1038/ nmat3 478

 11. S. Komaba, N. Yabuuchi, T. Nakayama, A. Ogata, T. Ishi-
kawa et al., Study on the reversible electrode reaction of 
 Na1−xNi0.5Mn0.5O2 for a rechargeable sodium-ion battery. 
Inorg. Chem. 51, 6211–6220 (2012). https:// doi. org/ 10. 
1021/ ic300 357d

 12. D. Su, C. Wang, H.-J. Ahn, G. Wang, Single crystalline 
 Na0.7MnO2 nanoplates as cathode materials for sodium-ion 
batteries with enhanced performance. Chemistry 19, 10884–
10889 (2013). https:// doi. org/ 10. 1002/ chem. 20130 1563

 13. T. Cai, M. Cai, J. Mu, S. Zhao, H. Bi et al., High-entropy 
layered oxide cathode enabling high-rate for solid-state 
sodium-ion batteries. Nano-Micro Lett. 16, 10 (2023). 
https:// doi. org/ 10. 1007/ s40820- 023- 01232-0

 14. M. Leng, J. Bi, W. Wang, Z. Xing, W. Yan et  al., 
Superior electrochemical performance of O3-type 
 NaNi0.5−xMn0.3Ti0.2ZrxO2 cathode material for sodium-ion 
batteries from Ti and Zr substitution of the transition met-
als. J. Alloys Compd. 816, 152581 (2020). https:// doi. org/ 
10. 1016/j. jallc om. 2019. 152581

 15. P.-F. Wang, H.-R. Yao, X.-Y. Liu, J.-N. Zhang, L. Gu et al., 
Ti-substituted  NaNi0.5Mn0.5−xTixO2 cathodes with reversible 
O3–P3 phase transition for high-performance sodium-ion 
batteries. Adv. Mater. 29, 1700210 (2017). https:// doi. org/ 
10. 1002/ adma. 20170 0210

 16. Y.-K. Sun, Direction for commercialization of O3-type lay-
ered cathodes for sodium-ion batteries. ACS Energy Lett. 
5, 1278–1280 (2020). https:// doi. org/ 10. 1021/ acsen ergyl ett. 
0c005 97

 17. Y. Li, F. Wu, Y. Li, M. Liu, X. Feng et al., Ether-based electro-
lytes for sodium ion batteries. Chem. Soc. Rev. 51, 4484–4536 
(2022). https:// doi. org/ 10. 1039/ d1cs0 0948f

 18. J. Xu, Critical review on cathode-electrolyte interphase toward 
high-voltage cathodes for Li-ion batteries. Nano-Micro Lett. 
14, 166 (2022). https:// doi. org/ 10. 1007/ s40820- 022- 00917-2

 19. B. Peng, G. Wan, N. Ahmad, L. Yu, X. Ma et al., Recent 
progress in the emerging modification strategies for layered 
oxide cathodes toward practicable sodium ion batteries. Adv. 
Energy Mater. 13, 2370117 (2023). https:// doi. org/ 10. 1002/ 
aenm. 20237 0117

 20. Z. Su, H. Guo, C. Zhao, Rational design of electrode-elec-
trolyte interphase and electrolytes for rechargeable proton 
batteries. Nano-Micro Lett. 15, 96 (2023). https:// doi. org/ 
10. 1007/ s40820- 023- 01071-z

 21. H. Su, H. Zhang, Z. Chen, M. Li, J. Zhao et al., Electrolyte 
and interphase engineering through solvation structure regu-
lation for stable lithium metal batteries. Chin. Chem. Lett. 
34, 108640 (2023). https:// doi. org/ 10. 1016/j. cclet. 2023. 
108640

 22. J. Song, K. Wang, J. Zheng, M.H. Engelhard, B. Xiao et al., 
Controlling surface phase transition and chemical reactivity of 
O3-Layered metal oxide cathodes for high-performance Na-
ion batteries. ACS Energy Lett. 5, 1718–1725 (2020). https:// 
doi. org/ 10. 1021/ acsen ergyl ett. 0c007 00

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-024-01546-7
https://doi.org/10.1007/s40820-024-01546-7
https://doi.org/10.1126/science.aay9972
https://doi.org/10.1126/science.aay9972
https://doi.org/10.1016/j.ensm.2022.06.012
https://doi.org/10.1038/s41578-021-00324-w
https://doi.org/10.1038/s41578-021-00324-w
https://doi.org/10.1016/j.joule.2018.07.027
https://doi.org/10.1016/j.joule.2018.07.027
https://doi.org/10.1002/aenm.201701912
https://doi.org/10.1039/C8EE01006D
https://doi.org/10.1002/aenm.202001201
https://doi.org/10.1002/aenm.202001201
https://doi.org/10.1039/C4EE03361B
https://doi.org/10.1039/C4EE03192J
https://doi.org/10.1039/C4EE03192J
https://doi.org/10.1038/nmat3478
https://doi.org/10.1021/ic300357d
https://doi.org/10.1021/ic300357d
https://doi.org/10.1002/chem.201301563
https://doi.org/10.1007/s40820-023-01232-0
https://doi.org/10.1016/j.jallcom.2019.152581
https://doi.org/10.1016/j.jallcom.2019.152581
https://doi.org/10.1002/adma.201700210
https://doi.org/10.1002/adma.201700210
https://doi.org/10.1021/acsenergylett.0c00597
https://doi.org/10.1021/acsenergylett.0c00597
https://doi.org/10.1039/d1cs00948f
https://doi.org/10.1007/s40820-022-00917-2
https://doi.org/10.1002/aenm.202370117
https://doi.org/10.1002/aenm.202370117
https://doi.org/10.1007/s40820-023-01071-z
https://doi.org/10.1007/s40820-023-01071-z
https://doi.org/10.1016/j.cclet.2023.108640
https://doi.org/10.1016/j.cclet.2023.108640
https://doi.org/10.1021/acsenergylett.0c00700
https://doi.org/10.1021/acsenergylett.0c00700


Nano-Micro Lett.           (2025) 17:45  Page 17 of 19    45 

 23. H. Wan, J. Xu, C. Wang, Designing electrolytesand inter-
phases for high-energy lithium batteries. Nat. Rev. Chem. 8, 
30–44 (2023). https:// doi. org/ 10. 1038/ s41570- 023- 00557-z

 24. Y. Jin, Y. Xu, B. Xiao, M.H. Engelhard, R. Yi et al., Stabilizing 
interfacial reactions for stable cycling of high-voltage sodium 
batteries. Adv. Funct. Mater. 32, 2204995 (2022). https:// doi. 
org/ 10. 1002/ adfm. 20220 4995

 25. S. Wu, B. Su, K. Ni, F. Pan, C. Wang et al., Carbonate electro-
lytes: fluorinated carbonate electrolyte with superior oxidative 
stability enables long-term cycle stability of  Na2/3Ni1/3Mn2/3O2 
cathodes in sodium-ion batteries. Adv. Energy Mater. 11, 
2170034 (2021). https:// doi. org/ 10. 1002/ aenm. 20217 0034

 26. X. Zheng, L. Huang, X. Ye, J. Zhang, F. Min et al., Critical 
effects of electrolyte recipes for Li and Na metal batteries. 
Chem 7, 2312–2346 (2021). https:// doi. org/ 10. 1016/j. chempr. 
2021. 02. 025

 27. Z. Tian, Y. Zou, G. Liu, Y. Wang, J. Yin et al., Electrolyte 
solvation structure design for sodium ion batteries. Adv. Sci. 
9, 2201207 (2022). https:// doi. org/ 10. 1002/ advs. 20220 1207

 28. Y. Yamada, J. Wang, S. Ko, E. Watanabe, A. Yamada, 
Advances and issues in developing salt-concentrated battery 
electrolytes. Nat. Energy 4, 269–280 (2019). https:// doi. org/ 
10. 1038/ s41560- 019- 0336-z

 29. Z. Yu, J. Zhang, T. Liu, B. Tang, X. Yang et al., Research 
progress and perspectives of localized high-concentration 
electrolytes for secondary batteries. Acta Chim. Sinica 78, 
114 (2020). https:// doi. org/ 10. 6023/ a1910 0385

 30. J. Lee, Y. Lee, J. Lee, S.M. Lee, J.H. Choi et al., Ultraconcen-
trated sodium bis(fluorosulfonyl)imide-based electrolytes for 
high-performance sodium metal batteries. ACS Appl. Mater. 
Interfaces 9, 3723–3732 (2017). https:// doi. org/ 10. 1021/ 
acsami. 6b148 78

 31. X. Cao, X. Ren, L. Zou, M.H. Engelhard, W. Huang et al., 
Monolithic solid–electrolyte interphases formed in fluori-
nated orthoformate-based electrolytes minimize Li depletion 
and pulverization. Nat. Energy 4, 796–805 (2019). https:// doi. 
org/ 10. 1038/ s41560- 019- 0464-5

 32. J. Lamb, A. Manthiram, Stable sodium-based batteries with 
advanced electrolytes and layered-oxide cathodes. ACS 
Appl. Mater. Interfaces 14, 28865–28872 (2022). https:// 
doi. org/ 10. 1021/ acsami. 2c054 02

 33. X. Zhou, Q. Zhang, Z. Zhu, Y. Cai, H. Li et al., Anion-rein-
forced solvation for a gradient inorganic-rich interphase ena-
bles high-rate and stable sodium batteries. Angew. Chem. 
Int. Ed. 61, e202205045 (2022). https:// doi. org/ 10. 1002/ 
anie. 20220 5045

 34. J. Zheng, S. Chen, W. Zhao, J. Song, M.H. Engelhard et al., 
Extremely stable sodium metal batteries enabled by local-
ized high-concentration electrolytes. ACS Energy Lett. 3, 
315–321 (2018). https:// doi. org/ 10. 1021/ acsen ergyl ett. 
7b012 13

 35. H.-J. Liang, Z.-Y. Gu, X.-X. Zhao, J.-Z. Guo, J.-L. Yang 
et al., Ether-based electrolyte chemistry towards high-volt-
age and long-life Na-ion full batteries. Angew. Chem. Int. 
Ed. 60, 26837–26846 (2021). https:// doi. org/ 10. 1002/ anie. 
20211 2550

 36. N. Shao, X.-G. Sun, S. Dai, D.-E. Jiang, Electrochemical win-
dows of sulfone-based electrolytes for high-voltage Li-ion bat-
teries. J. Phys. Chem. B 115, 12120–12125 (2011). https:// doi. 
org/ 10. 1021/ jp204 401t

 37. K. Xu, Nonaqueous liquid electrolytes for lithium-based 
rechargeable batteries. Chem. Rev. 104, 4303–4418 (2004). 
https:// doi. org/ 10. 1021/ cr030 203g

 38. G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy 
calculations for metals and semiconductors using a plane-wave 
basis set. Comput. Mater. Sci. 6, 15–50 (1996). https:// doi. org/ 
10. 1016/ 0927- 0256(96) 00008-0

 39. J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient 
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 
(1996). https:// doi. org/ 10. 1103/ physr evlett. 77. 3865

 40. S. Grimme, S. Ehrlich, L. Goerigk, Effect of the damping 
function in dispersion corrected density functional theory. 
J. Comput. Chem. 32, 1456–1465 (2011). https:// doi. org/ 10. 
1002/ jcc. 21759

 41. S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and 
accurate ab initio parametrization of density functional disper-
sion correction (DFT-D) for the 94 elements H-Pu. J. Chem. 
Phys. 132, 154104 (2010). https:// doi. org/ 10. 1063/1. 33823 44

 42. M. Frisch, G. Trucks, H. Schlegel, G. Scuseria, M. Robb et al., 
Gaussian 16 (2016).

 43. A.D. Becke, Density-functional thermochemistry. I. The effect 
of the exchange-only gradient correction. J. Chem. Phys. 96, 
2155–2160 (1992). https:// doi. org/ 10. 1063/1. 462066

 44. G.G. Eshetu, T. Diemant, M. Hekmatfar, S. Grugeon, R.J. 
Behm et al., Impact of the electrolyte salt anion on the solid 
electrolyte interphase formation in sodium ion batteries. Nano 
Energy 55, 327–340 (2019). https:// doi. org/ 10. 1016/j. nanoen. 
2018. 10. 040

 45. Y. Ugata, Y. Chen, S. Miyazaki, S. Sasagawa, K. Ueno et al., 
High-concentration  LiPF6/sulfone electrolytes: structure, 
transport properties, and battery application. Phys. Chem. 
Chem. Phys. 25, 29566–29575 (2023). https:// doi. org/ 10. 
1039/ d3cp0 4561g

 46. E. Huangzhang, X. Zeng, T. Yang, H. Liu, C. Sun et al., 
A localized high-concentration electrolyte with lithium 
bis(fluorosulfonyl) imide (LiFSI) salt and F-containing cosol-
vents to enhance the performance of Li||LiNi0.8Co0.1Mn0.1O2 
lithium metal batteries. Chem. Eng. J. 439, 135534 (2022). 
https:// doi. org/ 10. 1016/j. cej. 2022. 135534

 47. Y. Zhao, T. Zhou, T. Ashirov, M.E. Kazzi, C. Cancellieri et al., 
Fluorinated ether electrolyte with controlled solvation struc-
ture for high voltage lithium metal batteries. Nat. Commun. 
13, 2575 (2022). https:// doi. org/ 10. 1038/ s41467- 022- 29199-3

 48. Z. Guo, Z. Cui, R. Sim, A. Manthiram, Localized high-con-
centration electrolytes with low-cost diluents compatible with 
both cobalt-free  LiNiO2 cathode and lithium-metal anode. 
Small 19, 2305055 (2023). https:// doi. org/ 10. 1002/ smll. 20230 
5055

 49. S. Chen, Z. Wang, H. Zhao, H. Qiao, H. Luan et al., A novel 
flame retardant and film-forming electrolyte additive for 
lithium ion batteries. J. Power. Sources 187, 229–232 (2009). 
https:// doi. org/ 10. 1016/j. jpows our. 2008. 10. 091

https://doi.org/10.1038/s41570-023-00557-z
https://doi.org/10.1002/adfm.202204995
https://doi.org/10.1002/adfm.202204995
https://doi.org/10.1002/aenm.202170034
https://doi.org/10.1016/j.chempr.2021.02.025
https://doi.org/10.1016/j.chempr.2021.02.025
https://doi.org/10.1002/advs.202201207
https://doi.org/10.1038/s41560-019-0336-z
https://doi.org/10.1038/s41560-019-0336-z
https://doi.org/10.6023/a19100385
https://doi.org/10.1021/acsami.6b14878
https://doi.org/10.1021/acsami.6b14878
https://doi.org/10.1038/s41560-019-0464-5
https://doi.org/10.1038/s41560-019-0464-5
https://doi.org/10.1021/acsami.2c05402
https://doi.org/10.1021/acsami.2c05402
https://doi.org/10.1002/anie.202205045
https://doi.org/10.1002/anie.202205045
https://doi.org/10.1021/acsenergylett.7b01213
https://doi.org/10.1021/acsenergylett.7b01213
https://doi.org/10.1002/anie.202112550
https://doi.org/10.1002/anie.202112550
https://doi.org/10.1021/jp204401t
https://doi.org/10.1021/jp204401t
https://doi.org/10.1021/cr030203g
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.462066
https://doi.org/10.1016/j.nanoen.2018.10.040
https://doi.org/10.1016/j.nanoen.2018.10.040
https://doi.org/10.1039/d3cp04561g
https://doi.org/10.1039/d3cp04561g
https://doi.org/10.1016/j.cej.2022.135534
https://doi.org/10.1038/s41467-022-29199-3
https://doi.org/10.1002/smll.202305055
https://doi.org/10.1002/smll.202305055
https://doi.org/10.1016/j.jpowsour.2008.10.091


 Nano-Micro Lett.           (2025) 17:45    45  Page 18 of 19

https://doi.org/10.1007/s40820-024-01546-7© The authors

 50. L. Xue, S.-Y. Lee, Z. Zhao, C.A. Angell, Sulfone-carbonate 
ternary electrolyte with further increased capacity retention 
and burn resistance for high voltage lithium ion batteries. 
J. Power. Sources 295, 190–196 (2015). https:// doi. org/ 10. 
1016/j. jpows our. 2015. 06. 112

 51. O. Zhanadilov, S. Baiju, N. Voronina, J.H. Yu, A.Y. Kim et al., 
Impact of transition metal layer vacancy on the structure and 
performance of P2 type layered sodium cathode material. 
Nano-Micro Lett. 16, 239 (2024). https:// doi. org/ 10. 1007/ 
s40820- 024- 01439-9

 52. G.-L. Xu, X. Liu, X. Zhou, C. Zhao, I. Hwang et al., Native 
lattice strain induced structural earthquake in sodium layered 
oxide cathodes. Nat. Commun. 13, 436 (2022). https:// doi. org/ 
10. 1038/ s41467- 022- 28052-x

 53. S. Ma, P. Zou, H.L. Xin, Extending phase-variation voltage 
zones in P2-type sodium cathodes through high-entropy dop-
ing for enhanced cycling stability and rate capability. Mater. 
Today Energy 38, 101446 (2023). https:// doi. org/ 10. 1016/j. 
mtener. 2023. 101446

 54. N. Yabuuchi, M. Kajiyama, J. Iwatate, H. Nishikawa, S. 
Hitomi et al., P2-type  Nax[Fe1/2Mn1/2]O2 made from earth-
abundant elements for rechargeable Nabatteries. Nat. Mater. 
11, 512–517 (2012). https:// doi. org/ 10. 1038/ nmat3 309

 55. J. Feng, Y. Liu, D. Fang, J. Li, Reusing the steel slag to design 
a gradient-doped high-entropy oxide for high-performance 
sodium ion batteries. Nano Energy 118, 109030 (2023). 
https:// doi. org/ 10. 1016/j. nanoen. 2023. 109030

 56. Y. Xiao, N.M. Abbasi, Y.-F. Zhu, S. Li, S.-J. Tan et  al., 
Layered oxide cathodes promoted by structure modulation 
technology for sodium-ion batteries. Adv. Funct. Mater. 30, 
2001334 (2020). https:// doi. org/ 10. 1002/ adfm. 20200 1334

 57. K. Wang, P. Yan, M. Sui, Phase transition induced cracking 
plaguing layered cathode for sodium-ion battery. Nano Energy 
54, 148–155 (2018). https:// doi. org/ 10. 1016/j. nanoen. 2018. 09. 
073

 58. C. Chen, C.-S. Lee, Y. Tang, Fundamental understanding 
and optimization strategies for dual-ion batteries: a review. 
Nano-Micro Lett. 15, 121 (2023). https:// doi. org/ 10. 1007/ 
s40820- 023- 01086-6

 59. Z. Zhang, J. Yang, W. Huang, H. Wang, W. Zhou et  al., 
Cathode-electrolyte interphase in lithium batteries revealed 
by cryogenic electron microscopy. Matter 4, 302–312 (2021). 
https:// doi. org/ 10. 1016/j. matt. 2020. 10. 021

 60. Y. Liu, L. Zhu, E. Wang, Y. An, Y. Liu et al., Electrolyte 
engineering with tamed electrode interphases for high-volt-
age sodium-ion batteries. Adv. Mater. 36, e2310051 (2024). 
https:// doi. org/ 10. 1002/ adma. 20231 0051

 61. Y. Jin, Y. Xu, P.M.L. Le, T.D. Vo, Q. Zhou et al., Highly 
reversible sodium ion batteries enabled by stable electrolyte-
electrode interphases. ACS Energy Lett. 5, 3212–3220 (2020). 
https:// doi. org/ 10. 1021/ acsen ergyl ett. 0c017 12

 62. W. Xiao, Q. Sun, M.N. Banis, B. Wang, W. Li et al., Under-
standing the critical role of binders in phosphorus/carbon 
anode for sodium-ion batteries through unexpected mecha-
nism. Adv. Funct. Mater. 30, 2000060 (2020). https:// doi. org/ 
10. 1002/ adfm. 20200 0060

 63. M.-Y. Sun, B. Liu, Y. Xia, Y.-X. Wang, Y.-Q. Zheng et al., 
Reorganizing Helmholtz adsorption plane enables sodium lay-
ered-oxide cathode beyond high oxidation limits. Adv. Mater. 
(2024). https:// doi. org/ 10. 1002/ adma. 20231 1432

 64. D. Huang, C. Engtrakul, S. Nanayakkara, D.W. Mulder, S.-D. 
Han et al., Understanding degradation at the lithium-ion bat-
tery cathode/electrolyte interface: connecting transition-metal 
dissolution mechanisms to electrolyte composition. ACS Appl. 
Mater. Interfaces 13, 11930–11939 (2021). https:// doi. org/ 10. 
1021/ acsami. 0c222 35

 65. J.-G. Han, K. Kim, Y. Lee, N.-S. Choi, Scavenging materials 
to stabilize  LiPF6-containing carbonate-based electrolytes for 
Li-ion batteries. Adv. Mater. 31, e1804822 (2019). https:// doi. 
org/ 10. 1002/ adma. 20180 4822

 66. H. Yildirim, A. Kinaci, M.K.Y. Chan, J.P. Greeley, First-prin-
ciples analysis of defect thermodynamics and ion transport in 
inorganic SEI compounds: LiF and NaF. ACS Appl. Mater. 
Interfaces 7, 18985–18996 (2015). https:// doi. org/ 10. 1021/ 
acsami. 5b029 04

 67. S. Lei, Z. Zeng, M. Liu, H. Zhang, S. Cheng et al., Balanced 
solvation/de-solvation of electrolyte facilitates Li-ion interca-
lation for fast charging and low-temperature Li-ion batteries. 
Nano Energy 98, 107265 (2022). https:// doi. org/ 10. 1016/j. 
nanoen. 2022. 107265

 68. C. Li, X. Zhang, Z. Yang, H. Lv, T. Song et al., Stable cycling 
of  LiNi0.9Co0.05Mn0.05O2/lithium metal batteries enabled by 
synergistic tuning the surface stability of cathode/anode. J. 
Energy Chem. 87, 342–350 (2023). https:// doi. org/ 10. 1016/j. 
jechem. 2023. 08. 033

 69. H. Cheng, Z. Ma, P. Kumar, H. Liang, Z. Cao et al., High volt-
age electrolyte design mediated by advanced solvation chem-
istry toward high energy density and fast charging lithium-ion 
batteries. Adv. Energy Mater. 14, 2304321 (2024). https:// doi. 
org/ 10. 1002/ aenm. 20230 4321

 70. Z.  Li ,  L.  Wang,  X.  Huang,  X.  He,  Li thium 
bis(trifluoromethanesulfonyl)imide (LiTFSI): a prominent 
lithium salt in lithium-ion battery electrolytes–fundamentals, 
progress, and future perspectives. Adv. Funct. Mater. (2024). 
https:// doi. org/ 10. 1002/ adfm. 20240 8319

 71. L.A. Ma, A.J. Naylor, L. Nyholm, R. Younesi, Strategies 
for mitigating dissolution of solid electrolyte interphases in 
sodium-ion batteries. Angew. Chem. Int. Ed. 60, 4855–4863 
(2021). https:// doi. org/ 10. 1002/ anie. 20201 3803

 72. Y. Lu, C.-Z. Zhao, J.-Q. Huang, Q. Zhang, The timescale 
identification decoupling complicated kinetic processes in 
lithium batteries. Joule 6, 1172–1198 (2022). https:// doi. org/ 
10. 1016/j. joule. 2022. 05. 005

 73. P. Liu, T. Huang, B. Xiao, L. Zou, K. Wang et al., Ultra-thin 
and mechanically stable  LiCoO2-electrolyte interphase ena-
bled by  Mg2+ involved electrolyte. Small 20, e2311520 (2024). 
https:// doi. org/ 10. 1002/ smll. 20231 1520

 74. C. Sheng, F. Yu, C. Li, H. Zhang, J. Huang et al., Diagnosing 
the SEI layer in a potassium ion battery using distribution of 
relaxation time. J. Phys. Chem. Lett. 12, 2064–2071 (2021). 
https:// doi. org/ 10. 1021/ acs. jpcle tt. 1c001 18

https://doi.org/10.1016/j.jpowsour.2015.06.112
https://doi.org/10.1016/j.jpowsour.2015.06.112
https://doi.org/10.1007/s40820-024-01439-9
https://doi.org/10.1007/s40820-024-01439-9
https://doi.org/10.1038/s41467-022-28052-x
https://doi.org/10.1038/s41467-022-28052-x
https://doi.org/10.1016/j.mtener.2023.101446
https://doi.org/10.1016/j.mtener.2023.101446
https://doi.org/10.1038/nmat3309
https://doi.org/10.1016/j.nanoen.2023.109030
https://doi.org/10.1002/adfm.202001334
https://doi.org/10.1016/j.nanoen.2018.09.073
https://doi.org/10.1016/j.nanoen.2018.09.073
https://doi.org/10.1007/s40820-023-01086-6
https://doi.org/10.1007/s40820-023-01086-6
https://doi.org/10.1016/j.matt.2020.10.021
https://doi.org/10.1002/adma.202310051
https://doi.org/10.1021/acsenergylett.0c01712
https://doi.org/10.1002/adfm.202000060
https://doi.org/10.1002/adfm.202000060
https://doi.org/10.1002/adma.202311432
https://doi.org/10.1021/acsami.0c22235
https://doi.org/10.1021/acsami.0c22235
https://doi.org/10.1002/adma.201804822
https://doi.org/10.1002/adma.201804822
https://doi.org/10.1021/acsami.5b02904
https://doi.org/10.1021/acsami.5b02904
https://doi.org/10.1016/j.nanoen.2022.107265
https://doi.org/10.1016/j.nanoen.2022.107265
https://doi.org/10.1016/j.jechem.2023.08.033
https://doi.org/10.1016/j.jechem.2023.08.033
https://doi.org/10.1002/aenm.202304321
https://doi.org/10.1002/aenm.202304321
https://doi.org/10.1002/adfm.202408319
https://doi.org/10.1002/anie.202013803
https://doi.org/10.1016/j.joule.2022.05.005
https://doi.org/10.1016/j.joule.2022.05.005
https://doi.org/10.1002/smll.202311520
https://doi.org/10.1021/acs.jpclett.1c00118


Nano-Micro Lett.           (2025) 17:45  Page 19 of 19    45 

 75. Y. Tang, Y. Wei, A.F. Hollenkamp, M. Musameh, A. Seeber 
et al., Electrolyte/structure-dependent cocktail mediation ena-
bling high-rate/low-plateau metal sulfide anodes for sodium 
storage. Nano-Micro Lett. 13, 178 (2021). https:// doi. org/ 10. 
1007/ s40820- 021- 00686-4

 76. J. Yan, B. Wang, Y. Tang, W. Du, M. Ye et al., Dynamically 
ion-coordinated bipolar organodichalcogenide cathodes ena-
bling high-energy and durable aqueous Zn batteries. Angew. 
Chem. Int. Ed. 63, e202400121 (2024). https:// doi. org/ 10. 
1002/ anie. 20240 0121

 77. Y. Liu, M. Qiu, X. Hu, J. Yuan, W. Liao et al., Anion defects 
engineering of ternary Nb-based chalcogenide anodes 
toward high-performance sodium-based dual-ion batteries. 
Nano-Micro Lett. 15, 104 (2023). https:// doi. org/ 10. 1007/ 
s40820- 023- 01070-0

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-021-00686-4
https://doi.org/10.1007/s40820-021-00686-4
https://doi.org/10.1002/anie.202400121
https://doi.org/10.1002/anie.202400121
https://doi.org/10.1007/s40820-023-01070-0
https://doi.org/10.1007/s40820-023-01070-0

	Sulfolane-Based Flame-Retardant Electrolyte for High-Voltage Sodium-Ion Batteries
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Preparation of NaNMF Cathode Materials
	2.2 Preparation of Electrolyte
	2.3 Preparation of NaNMF Electrode
	2.4 Characterization
	2.5 Electrochemical Methods
	2.6 Theoretical Calculations

	3 Results and Discussions
	3.1 Physicochemical Properties of Electrolyte
	3.2 Electrochemical Performance
	3.3 Analysis of the NaNMF Cathode
	3.4 Analysis of CEI
	3.5 Analysis of SEI and the Na Anode
	3.6 Characterizations of the Interphases

	4 Conclusions
	Acknowledgements 
	References


