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Battery systems enabling sustainable high energy output at elevated temperatures are highly desirable, 
especially in high-temperature (HT) environments or hot regions. Sodium metal batteries are attractive 
next-generation battery technologies with low production costs and high energy densities. The exacerbated 
detrimental side reactions between the sodium metal anode and the liquid electrolyte at HT, however, 
reduce sodium plating/stripping reversibility and shorten the cycle life. Ether-based electrolytes are highly 
compatible with the sodium metal anode, promising good HT electrochemical performances. Nonetheless, 
the correlation between the molecular structures of ether solvents and HT sodium reversibility has been 
poorly established because of the complex interfacial reactions. In this study, conventionally used cyclic 
and linear ethers have been paired with fluorine-rich sodium salt to formulate electrolytes for systematic 
study. We have revealed that linear ethers outperform cyclic ethers at HT because of their improved 
thermal stability. Among them, the electrolyte based on diglyme with an appropriate molecular structure 
delivers the best performance. It strikes a balance in the coordination strength between Na+ and the 
solvent, which ensures adequate participation of anions in the solvation sheath while reducing the solvent’s 
electrochemical activity for reductive decomposition at HT. Consequently, it induces the formation of an 
inorganic-rich solid–electrolyte interphase with compositional uniformity, excellent ionic conductivity, 
and high mechanical strength. Thus, a high sodium plating/stripping coulombic efficiency of 99.9% has 
been achieved at a high current density of 5 mA·cm−2. As-formulated anode-free sodium metal batteries 
maintain 80% of the initial capacity after 150 charge/discharge cycles at 60 °C.

Introduction

  The growing demand for sustainable battery operation at high 
temperatures (HTs) is driven by applications in various sectors, 
including military use, medical devices, and operations in hot-
ter climates and seasons [  1 –  4 ]. Commercially available lithium-
ion batteries (LIBs) face great challenges at HT operation because 
of accelerated capacity degradation [  5 ,  6 ], the easy generation 
of lithium dendrites at the graphite anode [  7 ,  8 ], and short-
circuit-derived thermal runaway [  9 –  11 ]. Owing to the remark-
able abundance, wide distribution, and economic sustainability 
of sodium (Na) resources, rechargeable sodium batteries are 
emerging as compelling alternatives to LIBs for next-generation 
energy storage systems [  12 –  15 ]. Importantly, the internal resist
ance of rechargeable sodium batteries is higher than that of 
LIBs. When short-circuited, this inherent characteristic of 
rechargeable sodium batteries limits instantaneous heat genera-
tion, resulting in a lower temperature rise and a higher thermal 

runaway temperature than that of LIBs. Consequently, recharge-
able sodium batteries can operate stably even at an HT of 
80 °C, exhibiting superior safety [  16 ,  17 ].

  Sodium metal batteries (SMBs) stand out among various 
rechargeable sodium batteries due to the remarkable theoretical 
specific capacity (1,166 mAh·g−1) and low redox potential 
(−2.71 V vs. standard hydrogen electrode) of sodium metal 
anodes [  18 ]. Anode-free SMBs pairing a sodium-containing 
cathode with a bare anode current collector further minimize 
the anode weight and maximize the energy density of the bat-
tery system [  19 ,  20 ]. Despite these advantages, SMBs encounter 
several crucial challenges that impede their widespread applica-
tions [  21 ]. The formation of an unstable solid–electrolyte inter-
phase (SEI) on the sodium anode surface leads to the poor 
reversibility of sodium plating/stripping, resulting in the dete-
riorated cycling stability of SMBs, particularly for anode-free 
SMBs [  22 ,  23 ]. Moreover, the continually growing dendrites 
during sodium plating/stripping would pierce the separator 
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and cause a short circuit, resulting in potential safety issues 
[  24 –  26 ]. At HT operations, the detrimental interfacial side 
reactions are exacerbated [  27 ], which further reduces the 
sodium plating/stripping reversibility and shortens the cycle 
life of SMBs [ 27 ,  28 ].

  As the key battery component determining the interfacial 
reactions, the engineering of electrolytes has been intensively 
reported to address the challenges for the HT operation of SMBs 
[ 27 ,  29 ,  30 ]. Inspired by previous studies of LIBs, researchers have 
explored high-boiling-point ester-based electrolytes (e.g., car-
bonate and phosphate esters) [ 27 , 30 –  32 ] and high-flash-point 
solvents like sulfolane [  33 ] and ionic liquids [ 21 ] to develop HT 
electrolytes for SMBs. These electrolytes substantially extended 
the operational lifespan of SMBs at HT. However, they have 
poor compatibility with sodium metal anodes, leading to unsat-
isfactory sodium plating/stripping coulombic efficiency (CE) 
(data summarized in Table  S1 ). Ether-based electrolytes are 
emerging as a promising solution for high-performance batter-
ies [  34 ], demonstrating exceptional compatibility with sodium 
metal anodes and enabling high sodium plating/stripping CE 
at room temperature [  35 ]. Nonetheless, their applications in HT 
SMBs have been rarely reported. Recently, 1,2-diethoxyethane 
was utilized to formulate electrolytes for HT SMBs. The sodium 
plating/stripping reversibility at HT has yet to be investigated 
[  36 ]. Dahunsi et al. [ 22 ] determined the sodium plating/stripping 
CE in a commercially available NaPF6–diglyme electrolyte to 
be 99.3% at 50 °C. Such sodium reversibility is unsatisfactory 
for the sustainable operation of SMBs, especially for anode-free 
SMBs. Moreover, the electrochemistry at the sodium anode–
ether electrolyte interface remains unexplored. Therefore, there 
is an urgent need for rational electrolyte formulation toward 
the sustainable operation of HT SMBs and an in-depth mecha-
nistic understanding of the interfacial reactions.

  Herein, this work comprehensively studied the sodium 
reversibility in various conventionally used linear and cyclic 
ether-based electrolytes. Linear ethers with better thermal sta-
bility have been found to outperform cyclic ethers at HT. 
Among them, the diglyme-based electrolyte has a balanced 
coordination strength between Na+ and the solvent, which 
ensures adequate participation of anions in the solvation sheath 
while reducing the solvent’s electrochemical activity for reduc-
tive decomposition at HT. As a result, it induces the forma-
tion of a desirable inorganic-rich SEI. A high sodium plating/
stripping CE of 99.9% has been achieved at a high current 
density of 5 mA·cm−2, which sustains stable cycling of anode-
free SMBs. This work thus provides valuable insights into the 
interfacial chemistry between the sodium metal anode and 
electrolytes at HT and will promote the sustainable operation 
of SMBs at elevated temperatures.   

Materials and Methods

Materials
  Sodium hexafluorophosphate (NaPF6), 1,2-dimethoxyethane 
(G1), diethylene glycol dimethyl ether (G2), and tetrahydrofuran 
(THF) were purchased from DodoChem. Tetraethylene glycol 
dimethyl ether (G4) and 2-methyltetrahydrofuran (2-MeTHF) 
were bought from Sigma-Aldrich. The NaPF6 salt was dried 
overnight at 60 °C using a heating plate. Trace water was removed 
from all solvents by a pre-treatment with molecular sieves (4 Å). 
Sodium foils (15.6 mm in diameter) were purchased from 
Shenzhen Kejing Star Technology Co., Ltd.   

Electrode preparation
  The cathode active material, sodium vanadium phosphate 
(Na3V2(PO4)3, NVP), was purchased from Hubei Energy Tech
nology Co., Ltd. and used without any further treatment. The 
cathode slurry was prepared by mixing the NVP powder, carbon 
black, and polyvinylidene fluoride (MTI Co., Ltd.) at a mass ratio 
of 90:5:5 with N-methyl-2-pyrrolidinone (Sigma-Aldrich) as the 
solvent. The mixture was thoroughly stirred to ensure homoge-
neity. The slurry was uniformly coated onto an aluminum foil 
current collector with a carbon coating layer (Al/C, MTI Co., 
Ltd.) using a doctor blade. The coated foil underwent a 2-step 
drying process: in a blast oven at 110 °C for 12 h, followed by 
vacuum drying at 100 °C for 12 h. For coin cell assembly, 12-mm-
diameter disks were punched from the dried cathode film, and 
the areal mass loading of NVP was ~5 mg·cm−2.   

Electrochemical tests
  Na||Al, Na||NVP, and anode-free Al||NVP batteries were fab-
ricated in CR-2025 coin cells, and Na||Na symmetric batteries 
were assembled in CR-2032 coin cells. These cells were assem-
bled in an argon-filled glove box (MBRAUN) (O2 and H2O < 
0.1 ppm). The pre-sodiated NVP cathode was prepared by 
assembling the Na||NVP cell and then discharging it to 0.1 V 
versus Na/Na+ [  37 ]. A separator consisting of a Whatman 
glass fiber film sandwiched between 2 Celgard 2325 films 
was utilized in all battery cells. Unless otherwise specified, a 
500-μm-thick sodium foil was used as the anode, and the elec-
trolyte volume was controlled to be ~100 μl.

  All galvanostatic charge/discharge tests were performed 
using a LAND CT3001A battery tester. For long-term cycling 
CE tests, the Na||Al cells were charged-discharged at a low cur-
rent density of 50 μA·cm−2 for the initial 5 cycles in the voltage 
range of 0 to 0.5 V versus Na/Na+ to eliminate surface contami-
nation of the Al foil [  38 ,  39 ]. The average CE over the defined 
cycle range (n) was calculated using the following formula [  40 ]: ﻿  

where Q S and Q P are the stripped capacity and the plated capac-
ity, respectively. Electrochemical impedance spectroscopy (EIS) 
measurements were carried out on the cells using an Autolab 
electrochemical workstation (PGSTAT302N, the Netherlands). 
The frequency ranges from 100 mHz to 100 kHz with an applied 
ac amplitude of 5 mV. The ionic conductivities (σ) of electro-
lytes were measured employing symmetric stainless-steel cells, 
and they were calculated using the following equation [  41 ]:
﻿﻿  

where R is the ohmic resistance, l is the distance, and A is the 
area between 2 stainless-steel electrodes, respectively. The Na+ 
transference number (t Na+) was measured via the chronoam-
perometry method and calculated using the following equa-
tion [ 41 ]:
﻿﻿  

where ΔV is the applied bias voltage, R 0 is the initial imped-
ance, and R SS is the steady-state impedance. The exchange cur-
rent density (j) was determined from cyclic voltammogram 
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measurements conducted on Na||Na cells. The values were 
calculated using the following Tafel equation [  42 ]:
﻿﻿  

where η is the slope of the Tafel curve and a and b are 2 
constants.   

Characterization
  The electrolyte solvation structure was investigated with a 
micro-laser confocal Raman spectrometer (Horiba LabRAM 
HR800, France) using a 532-nm excitation wavelength at 
room temperature and 60 °C. Morphological observations of 
sodium deposition on Al current collectors after 40 cycles 
under 60 °C were realized with a scanning electron micro-
scope (SEM) (Tescan VEGA3). X-ray photoelectron spectros-
copy (XPS) was performed utilizing a Thermo Fisher Scientific 
Nexsa instrument to investigate the chemical composition of 
the SEI formed in various electrolytes. Atomic force micro-
scope (AFM) morphological characterization was performed 
using a Bruker Dimension Icon AFM (Bruker, Santa Barbara, 
CA) located inside an argon-filled glove box. Samples for XPS 
and AFM analyses were prepared using the Na||Al cells in the 
plating state.   

Theoretical calculations
  Molecular dynamics (MD) simulations were performed to elu-
cidate the solvation structure properties of the electrolytes at 
different temperatures. All MD simulations were conducted 
using the Forcite module within Materials Studio. A simulation 
cell was constructed containing randomly distributed sodium 
salt and solvent molecules, reflecting the experimental electro-
lyte compositions. The initial cell structure was optimized using 
the COMPASS II force field. Subsequently, a 3-stage dynamic 
process was conducted under constant number, pressure, 
and temperature (NPT) conditions. It comprised a 2.0-ns pre-
equilibrium run at 298 K followed by 4-ns equilibrium and 
production runs at both 298 and 333 K to acquire statistical 
data [  43 ]. The radial distribution function (RDF) and coordina-
tion number (CN) of Na+ were analyzed using an MD trajec-
tory to understand the solvation shell structure. Additionally, 
the Na+ diffusion coefficient was calculated from the mean-
squared displacement.

  Density functional theory calculations, performed using the 
Dmol3 module in Materials Studio, provided complementary 
electronic structure information. The calculations employed 
the generalized gradient approximations with the Perdew–
Burke–Ernzerhof exchange-correlation functions [  44 ]. During 
geometry optimization, only the ion positions were relaxed 
until stringent convergence criteria were met (as 3 × 10−4 eV, 
0.05 eV·Å−1, and 0.005 Å for energy change, force, and displace-
ment, respectively) [  45 ]. The dielectric constant was adjusted 
to reflect the specific properties of each solvent.    

Results and Discussion

Electrolyte screening for HT SMBs
  NaPF6 was selected as the salt, given its moderate lattice energy 
and fluorine-rich nature [ 35 ,  46 ]. To identify suitable electro-
lytes for stable sodium plating/stripping at elevated tempera-
tures, 1 M NaPF6 was dissolved in various conventionally used 
cyclic ethers (THF and 2-MeTHF) and linear ether (G1, G2, 

and G4). The molecular structures of these ethers are shown 
in Fig.  1 A, and the physicochemical properties of these ether 
solvents are summarized in Table  S2 . The boiling point is an 
important indicator describing the thermal stability of solvents, 
which essentially favors improved electrochemical stability at 
HT [  47 ]. We can see that the THF, 2-MeTHF, and G1 solvents 
show relatively lower boiling points below 84 °C. Furthermore, 
the boiling points increase to 162 °C for G2 and 275 °C for G4. 
The reversibility of sodium plating/stripping in these electro-
lytes was evaluated at 60 °C using Na||Al cells. At a current 
density of 0.5 mA·cm−2 and a sodium deposition capacity of 
1 mAh·cm−2, the THF, 2-MeTHF, and the G1-based electrolytes 
exhibited relatively lower initial CE values of 92.7%, 96.7%, and 
96.1%, respectively (Fig.  1 B). The cycling stability of 2 cyclic 
ether-based systems was rather poor, with prominent CE fluc-
tuations observed after 50 cycles for THF and only 20 cycles 
for 2-MeTHF. The G1 system showed stable cycling in the initial 
cycles, which fluctuated severely afterward. In stark contrast, 
the G2 and G4 systems demonstrated impressive electrochemi-
cal performances, with initial CEs of 97.6% and 97.4%, respec-
tively. Moreover, they showed excellent stability with little CE 
fluctuation. The average CEs were determined to be as high as 
99.6% and 99.4% over 100 cycles, respectively. Such electro-
chemical performance differences should be ascribed to their 
distinctions in thermal stability. The THF, 2-MeTHF, and G1 
solvents are more conducive to decomposition at the sodium 
metal surface at HT. They are anticipated to produce organic-
rich SEI components, which are unfavorable to sodium plating/
stripping stability [  48 ,  49 ].        

  Given the remarkable performance gap, 1 M NaPF6 G2 and 
1 M NaPF6 G4 electrolytes were selected for further study. As 
the current density increased to 1 mA·cm−2, the cells using 
the G2 and G4 electrolytes demonstrated stable cycling over 
100 cycles, with an average CE of 99.8% (Fig.  1 C). The stable 
polarization voltage and plating/stripping profiles confirmed 
the excellent electrochemical stability (Fig.  1 D and Fig.  S1 ). 
However, as depicted in Fig.  1 E, the CE of the G4 system fluctu-
ated substantially at a current density of 3 mA·cm−2, accompa-
nied by unstable polarization voltages and charge/discharge 
profiles (Fig.  1 F). Moreover, at a current density of 5 mA·cm−2, 
the G4 system presented poor cycling stability, with CEs of less 
than 50% and substantial fluctuations in corresponding voltage 
profiles (Fig.  S2 ). In sharp contrast, the G2 system exhibited 
stable polarization voltages during sodium plating/stripping 
(Fig.  1 G), maintaining high CEs of 99.8% and 99.9% over 
300 cycles at a current density of 3 mA·cm−2 (Fig.  1 E) and 
5 mA·cm−2 (Fig.  1 H), respectively. The rate-performance dif-
ference between the G2 and G4 systems reveals their distinct 
charge transfer kinetics at the sodium anode–electrolyte 
interface, which will be further investigated in the following 
section.

  The reversibility of sodium plating/stripping is highly cor-
related with the uniformity of sodium deposition [ 35 ]. Herein, 
symmetric Na||Na cells were assembled using the G2 and G4 
electrolytes and subjected to cycling stability tests at a current 
density of 1 mA·cm−2 and an areal capacity of 1 mAh·cm−2 (Fig. 
 S3 ). For over 500 h of cycling, the G2 electrolyte exhibited supe-
rior performance with a lower overpotential of 10 mV, indicat-
ing a more uniform sodium deposition [ 18 ]. Conversely, the 
G4 electrolyte showed more than double the overpotential, 
which gradually increased after 200 h, signifying poorer sodium 
plating/stripping cyclic stability [ 21 ]. SEM observation of Na 

(4)� = a + b lg
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plated on Al foil at 60 °C (Fig.  1 I and J) further corroborated 
these findings. In the G4 electrolyte, a rough and irregular sur-
face with a lamellar texture was observed. In contrast, the 
deposited Na surface was uniform in the G2 electrolyte. This 
difference in surface morphology could explain the observed 
disparity in electrochemical performance, highlighting that a 
uniform sodium deposition surface was more conducive to 
reversible sodium plating/stripping.   

Solvation structure analysis
  The solvation structure of Na+ in electrolytes plays a critical 
role in determining its migration and desolvation behavior 
at the electrode/electrolyte interface, ultimately influencing 
sodium plating/stripping reversibility [  50 ]. Theoretical simula-
tions and experimental methods were combined to elucidate 
the solvation structures of the G4 and G2 electrolytes. Classical 
MD simulations were first performed (Fig.  2 A and B), with 

Fig. 1. (A) The molecular structures of the G1, G2, G4, tetrahydrofuran (THF), and 2-methyltetrahydrofuran (2-MeTHF) solvents with C, H, and O atoms drawn in gray, white, and 
red colors, respectively. (B) Cycling stability of Na||Al cells using different electrolytes at a current density of 0.5 mA·cm−2 and a sodium deposition capacity of 1 mAh·cm−2 
under 60 °C. (C) Cycling stability of G2 and G4 systems at a current density of 1 mA·cm−2 and 1 mAh·cm−2 under 60 °C. (D) The corresponding voltage profiles of the G2 
system at the 1st, 30th, 60th, and 100th plating/stripping cycles at a current density of 1 mA·cm−2 and 1 mAh·cm−2 under 60 °C. (E) Cycling stability of G2 and G4 systems 
at a current density of 3 mA·cm−2 and 1 mAh·cm−2 under 60 °C. The corresponding voltage profiles of G4 (F) and G2 (G) systems at the 1st, 30th, 60th, and 100th plating/
stripping cycles at a current density of 3 mA·cm−2 and 1 mAh·cm−2 under 60 °C. (H) Cycling stability of the G2 system at a current density of 5 mA·cm−2 and 1 mAh·cm−2 
under 60 °C. Scanning electron microscope (SEM) images of the deposited sodium on Al current collectors after 40 cycles of sodium plating/stripping at a current density of 
3 mA·cm−2, 1 mAh·cm−2 under 60 °C, using the G4 (I) and G2 (J) electrolytes.
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representative solvation structures depicted in Fig.  2 D and E. 
In both electrolytes, the dominant solvation structure was the 
solvent-separated ion pair (SSIP). Analysis of the mean-squared 
displacement for the first 2 ns of the MD simulation produc-
tion trajectories (Fig.  2 C) revealed a much higher Na+ diffu-
sion coefficient of the G2 electrolyte (4.06 × 10−10 m2·s−1) at 
60 °C than that of G4 (1.80 × 10−10 m2·s−1). The RDF and CN 
were investigated to probe the solvation structures further. The 
RDF for Na–O (oxygen atoms from the solvent) in both elec-
trolytes exhibited a prominent peak at about 2.3 Å (Fig.  S4 ). 
The corresponding CN values at 60 °C were calculated to 
be 5.6 and 6.1 for the G2 and G4 electrolytes, respectively 

(Fig.  2 F). This confirmed that SSIPs were the dominant species 
in their solvation structures and there are more Na+ ions coor-
dinated with ether oxygens in the G4 electrolyte. The CN of 
Na–F and Na–P in the G2 electrolyte increased at HT, indicat-
ing a more substantial presence of PF6 

− anions within the 
solvation sheath compared to that at room temperature (Fig. 
 S5 ). In contrast, the G4 electrolyte exhibited little change in 
CN. Quantitative analysis revealed a similar ratio of SSIP to 
contact ion pair (CIP)/aggregate (AGG) solvates in both elec-
trolytes at 60 °C (Fig.  S6 E and F). Further investigation into the 
temperature dependence of solvation structures unveiled dis-
tinctions between the G2 and G4 electrolytes (Fig.  S6 C and 

Fig. 2. Snapshots of the G4 (A) and G2 (B) electrolytes at 60 °C obtained from molecular dynamics simulations. (C) Mean-squared displacements of Na+ in both electrolytes 
at 60 °C. Schematic illustration of the solvation structure of the G4 (D) and G2 (E) electrolytes. (F) Na+ coordination numbers with F, O, and P atoms in both electrolytes at 
60 °C. (G) Raman spectra of both electrolytes and their components at 60 °C. (H) Temperature-dependent ionic conductivity of both electrolytes. (I) The current response of 
the Na||Na symmetric cells utilizing both electrolytes under a 10-mV polarization. MSD, mean-squared displacement; SSIP, solvent-separated ion pair; CIP, contact ion pair; 
AGG, aggregate; RT, room temperature.
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D). The elevated temperature induced greater PF6 
− anions into 

the G2 solvation structure, resulting in an increased CIP/AGG 
ratio. This observation suggested a weakened interaction between 
Na+ and G2 at higher temperatures [  51 ]. It favors the formation 
of an inorganic-rich SEI, which is desirable for boosted elec-
trochemical performances. In contrast, the G4 electrolyte 
exhibited little change in its solvation structure with the ele-
vated temperature.        

  Raman spectroscopy was employed to experimentally vali-
date the differences in solvation structures between 2 electro-
lytes. Fig.  2 G presents the Raman spectra of 2 electrolytes and 
their components at 60 °C. A characteristic peak corresponding 
to the C–O stretching vibration was observed at 851 cm−1 in 
bare pure G2 and G4 solvents [  52 ]. It exhibited blueshifts of 
17 and 15 cm−1 in the G2 and G4 electrolytes at room tempera-
ture, respectively (Fig.  S7 ). Intriguingly, a pronounced blueshift 
of 18 cm−1 in the G4 electrolyte demonstrates a strong interac-
tion between the G4 solvent and Na+ [ 45 ], yet a smaller blue-
shift of 13 cm−1 was observed in the G2 electrolyte, suggesting 
weaker Na+–solvent coordination at 60 °C. Furthermore, the 
higher intensity of this characteristic peak in the G4 electrolyte 
than in the G2 electrolyte indicates its more robust Na+–solvent 
coordination [ 52 ]. Additionally, the vibrational spectra of the 
PF6 

− anion provided further insights into its coordination 
environment. The stretching vibration of PF6 

−, observed at 
764 cm−1 in the NaPF6 salt, shifted to approximately 740 cm−1 
in both electrolytes, which could be attributed to attenuated 
coordination between PF6 

− and Na+ after dissociation [  53 ].
  Fig.  2 H displays the ionic conductivities of the G4 and G2 

electrolytes at various temperatures, estimated using symmetric 
stainless-steel cells based on their impedances (Fig.  S8 ). The 
G2 electrolyte exhibited ionic conductivities more than twice 
that of the G4 electrolyte across the tested temperature range. 
The fast ion migration could facilitate interfacial reaction kinet-
ics and favor enhanced sodium plating/stripping stability. 
Despite the lower HT ionic conductivity of the G4 electrolyte 
(4.72 mS·cm−1), it is high enough to sustain smooth battery 
operation [  54 ]. To evaluate the Na+ conductivities of both elec-
trolytes, Na+ transference numbers were determined (Fig.  S9 ). 
As depicted in Fig.  2 I, the t Na+ value for the G2 electrolyte was 
estimated to be as high as 0.741, which favors rapid sodium 
plating/stripping kinetics.   

Mechanistic analysis of high Na reversibility
  Forming a stable and robust SEI layer is crucial for ensuring 
reversible sodium plating/stripping [  55 ]. Frontier molecular 
orbital theory provides valuable insights into the reactivity and 
decomposition pathways of electrolyte components. Specifically, 
a lower lowest unoccupied molecular orbital (LUMO) energy 
indicates higher susceptibility to reduction, making a molecule 
more prone to participate in SEI formation reactions on the 
sodium anode surface [  56 ]. To investigate the formation mech-
anism of SEI, density functional theory calculations were con-
ducted to obtain the LUMO energy levels of various solvation 
structures. Fig.  3 A and Table  S3  summarize the calculated 
LUMO energy levels of the NaPF6 salt, the G2 and G4 solvents, 
and the corresponding solvation complexes. As summarized 
in Table  S3 , the LUMO energy level of the CIP solvate (Na+–
1G2–1PF6 

−, −0.56 eV) in the G2 electrolyte is quite similar to 
that of the SSIP solvate (Na+–2G2, −0.64 eV). It predicts the 
simultaneous reductive decomposition of both solvation com-
plexes. In contrast, the LUMO energy level of the CIP solvate 

(Na+–1G4–1PF6 
−, −0.17 eV) in the G4 electrolyte is much 

higher than that of the SSIP solvate (Na+–2G4, −0.47 eV). It 
suggests the preferential decomposition of the SSIP solvate and 
the G4 solvents, which induces the formation of organic-rich SEI. 
Notably, the LUMO energy level of the CIP solvate (Na+–1G2–
1PF6 

−, −0.56 eV) in the G2 electrolyte is much lower than that 
in the G4 electrolyte (Na+–1G4–1PF6 

−, −0.17 eV), suggesting 
a greater propensity for decomposition at the sodium anode 
surface. More importantly, the charge distribution revealed a 
predominant localization around the PF6 

− anion within the 
Na+–1G2–1PF6 

− solvation complex. These analyses collectively 
indicated that the PF6 

− anion in the G2 electrolyte tends to 
decompose into favorable inorganic components in the SEI.        

  To investigate the composition and surface chemistry of the 
SEI formed in the G4 and G2 electrolytes, depth profile XPS 
utilizing Ar+ sputtering was carried out. Fig.  3 B to E present 
the normalized Na 1s and O 1s fine spectra obtained at various 
sputtering depths. We can see that the SEI formed in the G2 
electrolyte displayed mainly inorganic components, i.e., NaF 
(1,071.4 eV) and Na2O (1,072.5 eV), in the inner SEI region 
[ 35 ,  57 ]. NaF is deemed a highly desirable SEI component due 
to its beneficial properties of electronic insulation [  58 ], high 

Fig. 3. (A) Lowest unoccupied molecular orbital (LUMO) energy levels of sodium 
salt, solvent molecules, and solvated complexes in both electrolytes. The in-depth 
x-ray photoelectron spectroscopy (XPS) Na 1s spectra of the solid–electrolyte 
interphase (SEI) formed in the G4 (B) and G2 (C) electrolytes at 60 °C. The in-depth 
XPS O 1s spectra of the SEI formed in the G4 (D) and G2 (E) electrolytes at 60 °C. 
Schematic illustration of the SEI composition/microstructures in the G4 (F) and G2 
(G) electrolytes.
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Young’s modulus [  59 ], and inherent thermal stability [  60 ]. The 
SEI formed in the G4 electrolyte, however, exhibited a higher 
proportion of organic components, primarily characterized by 
the R–O–Na peak, attributed to the decomposition of the G4 
solvent [  61 ].

  The O 1s spectra further substantiated the above observa-
tions, with a peak at 534.4 eV corresponding to R–O–Na spe-
cies and a peak at 530.6 eV assigned to Na–O bonds [ 35 ]. 
Intriguingly, a peak corresponding to metallic sodium (Na0) at 
1,071 eV emerged in the G2 electrolyte after 60 s of etching and 
intensified with increasing sputtering time. This signifies the 
presence of sodium metal beneath the SEI layer. Notably, the 
Na0 peak appeared later in the G4 electrolyte, hinting a poten-
tial difference in the SEI thickness. Therefore, the XPS depth 
profiles revealed a thinner SEI layer formed in the G2 electro-
lyte than the G4 counterpart, which was further supported by 
EIS measurements on Na||Na symmetric cells. As shown in Fig. 
 S10 , a much lower Na+ diffusion resistance of 0.03 Ω was 
determined for the G2 system than the 0.24 Ω for the G4 
system, suggesting a thinner SEI formed in G2 [  62 ,  63 ]. It con-
tained a higher concentration of inorganic compounds than 
the SEI formed in the G4 electrolyte. It suggested a denser and 
more uniform SEI formed in the G2 electrolyte, favoring rapid 
and reversible sodium plating/stripping and improved electro-
chemical stability. Fig.  3 F and G illustrate the SEI composition 
and spatial distribution based on the XPS depth profiling analy-
ses. The G2 system shows a bilayer structure with an inorganic-
rich inner layer and an organic-rich outer layer. In contrast, the 
G4 system demonstrates inorganic species randomly embedded 
in the organic phase.

  AFM was employed to probe the surface uniformity and 
mechanical properties of the SEI formed in both electrolytes 
after 40 cycles at 60 °C. The Al foil surface with plated sodium 
in the G4 electrolyte presented an uneven morphology with an 
average roughness of 27.4 nm (Fig.  4 A), indicating heteroge-
neous sodium plating/stripping. In contrast, the topography 
image of the SEI formed in the G2 electrolyte showed a 
smoother surface with a much lower average roughness of 
15.2 nm (Fig.  4 B), proving uniform sodium deposition and revers-
ible sodium stripping. Furthermore, Young’s modulus map-
ping was analyzed to investigate the mechanical properties of 
the formed SEI. Fig.  4 D exhibits that the average Young’s modu-
lus of the SEI in the G2 electrolyte was 5.7 GPa, approximately 
twice that of the SEI formed in the G4 electrolyte (Fig.  4 C). 
This improved mechanical strength might be attributed to inor-
ganic components (NaF and Na2O) within the SEI, which 
could effectively withstand dendrite growth and facilitate fast 
Na+ transport, thus promoting highly reversible sodium 
plating/stripping [ 35 ,  64 ].        

  The exchange current density (j 0) was measured to evaluate 
the intrinsic kinetics of the electron-transfer activity at the 
interfaces between the sodium anode and electrolytes during 
sodium plating/stripping at 60 °C [  65 ]. The j 0 values for both 
electrolytes were determined by linear fitting of Tafel plots (Fig. 
 4 E) obtained from the cyclic voltammogram measurement of 
Na||Na cells (Fig.  S11 ). j 0 was calculated to be 0.33 mA·cm−1 
in the G2 electrolyte, much higher than the 0.19 mA·cm−1 
observed in the G4 electrolyte. This result further supported that 
a higher concentration of Na+ beneath the SEI in the G2 electro-
lyte facilitated uniform sodium deposition. EIS measurements of 
Na||Al cells were also carried out to assess the interfacial resistance 
during cycling [ 35 ]. The resulting Nyquist plots are depicted in 
Fig.  S12 , and quantitative data corresponding to R SEI and the 
charge transfer process (R ct) are summarized in Fig.  4 F. EIS mea-
surements revealed a much smaller R ct in the G2 electrolyte 
during cycling, while the R ct of the G4 electrolyte increased sub-
stantially between the 1st and 40th cycles. This observation veri-
fied the faster Na+ desolvation in the G2 electrolyte, consistent 
with the results of Na+ transference number results, resulting in 
reversible sodium deposition. Therefore, based on combined 
theoretical and experimental analyses, the desired inorganic-rich 
SEI formed in the G2 electrolyte, accompanied by its high Na+ 
conductivity and Young’s modulus, contributed to uniform 
sodium deposition and reversible stripping.   

Electrochemical performance of SMB cells
  The rate performance was first investigated by testing Na||NVP 
cells with the G2 and G4 electrolytes at 60 °C [  66 ]. Cells were 
cycled at increasing currents from 0.1 to 1.0 A·g−1 (Fig.  S13 ). 
The G2 electrolyte enabled superior rate capability, with the 
cell retaining 84% of its initial capacity even at a high current 
density of 1.0 A·g−1. In contrast, the cell with the G4 electrolyte 
showed much poorer performance, retaining only 76% of its 
capacity at a mere 0.5 A·g−1. At 1.0 A·g−1, the capacity retention 
with the G4 electrolyte plummeted to merely 14%.

  Inspired by the impressive sodium reversibility and rate 
performance in the G2 electrolyte, the long-term cycling stabil-
ity of Na||NVP cells was evaluated. Cells were tested at both 
room temperature and 60 °C at a current density of 0.5 A·g−1. 
At room temperature, the cells delivered an initial capacity of 
81 mAh·g−1 and retained a remarkable 92% of the capacity after 
1,000 cycles (Fig.  S14 ). As depicted in Fig.  5 A, at an elevated 

Fig. 4. Atomic force microscope (AFM) surface profiling of the SEI formed in the G4 
(A) and G2 (B) electrolytes at 60 °C. Young’s modulus mapping of the SEI formed in 
the G4 (C) and G2 (D) electrolytes at 60 °C. (E) Tafel plots for both electrolytes at 
60 °C. (F) The RSEI and Rct values for G4 and G2 electrolytes at 60 °C.
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temperature of 60 °C, the cells achieved an even higher initial 
capacity of 93.5 mAh·g−1 and maintained 82% of this capacity 
after 200 cycles. Impressively, the CE remained stable through-
out the cycling, averaging 99.1% over the 200 cycles at 60 °C. 
The corresponding voltage profiles are illustrated in Fig.  5 B. 
We can observe little depression in the charge/discharge curve, 
indicating the excellent sodium storage kinetics and stability 
of the NVP cathode at HT.        

  To demonstrate the feasibility of the G2 electrolyte for prac-
tical applications, anode-free SMBs were assembled using pre-
sodiated NVP cathodes (see Materials and Methods for 
details) and carbon-coated Al current collectors at the anode 
side. For anode-free cells, excellent long-term cycling stability 
is demonstrated with an initial capacity of 60 mAh·g−1 delivered 
and 80% of the capacity retained even after 920 cycles at room 
temperature (Fig.  S15 ). Similarly, the NVP cathode exhibited 
superior long-cycling stability at 60 °C (Fig.  5 C), achieving an 
initial capacity of 70 mAh·g−1 and retaining 80% of this capacity 
after 150 cycles at 60 °C. As far as we know, such impressive 
cycling stability of anode-free SMBs at HT operation has been 
achieved for the first time. It verifies the superiority and practi-
cal feasibility of the selected G2 electrolyte for HT SMBs. Fig. 
 5 D illustrates the voltage profiles of the anode-free cells. The 
charge and discharge voltage plateaus are similar to those of 
the Na||NVP cells, confirming the rapid kinetics of sodium 
plating/stripping. Furthermore, there is little depression in the 
voltage profiles over prolonged cycling, revealing the rapid 
charge transfer kinetics and stability of the anode-free cells.    

Conclusion
  In summary, various ether-based electrolytes have been for-
mulated and systematically studied for designing HT electro-
lytes for high-performance SMBs. Our results have revealed 
that cyclic ethers are inappropriate for operation at HT because 
of their poor thermal stability. The diglyme-based electrolyte 
with a balanced coordination strength between Na+ and the 

solvent shows the best performance. Combined theoretical 
simulations and structural/electrochemical tests demonstrate 
that it simultaneously allows adequate participation of anions 
in the solvation sheath and reduced electrochemical activity of 
the solvent for reductive decomposition at HT. As a result, a 
favorable inorganic-rich SEI is formed with compositional 
uniformity, excellent ionic conductivity, and high mechanical 
strength. A high interfacial exchange current density is realized 
and an impressive sodium plating/stripping CE of 99.9% is 
achieved at a high current density of 5 mA·cm−2. The con-
structed anode-free SMBs maintain 80% of the initial capacity 
after over 150 charge/discharge cycles at an HT of 60 °C. This 
work thus provides valuable insights into rational electrolyte 
formulation for the sustainable operation of SMBs at elevated 
temperatures.   
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