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28  Supplementary Table 1. Physicochemical properties of the conventionally used organic solvents in SIBs

29  and LIBs!10,

Donor Freezing Boiling Dielectric Vi it
iscosi
rganic solvents number point point constant
0 te sol b . . 25°C il’)
c
(kcal mol !) (°O) °O) 25°0C) ’
MA 16.5 —98 56 6.67 0.37
(methyl acetate) ’ ' '
THF .
(tetrahydrofuran) 20 —108.5 66 7.58 0.59 (20 °C)
2-MeTHF o
~18-19 —136 80 6.2 0.60 (20 °C)
(2-Methyltetrahydrofuran)
3-MeTHF
~18-20 -137 86-87 ~8-9 ~1.2-1.5
(3-Methyltetrahydrofuran)
DOL
(13-Dioxolane) 21.2 -95 75.6 7.34 0.589
,3-Dioxolane
EA 17.1 -84 102 6 0.45
(ethyl acetate) ' ’
EC 16.4 36.4 248 89.78 1.90
(ethylene carbonate) ' ’ ' ’
Fe 15.0 —48.8 242 64.92 2.53
(propylene carbonate) ' ’ ’ ’
SN 50-54 266 54
(succinonitrile)
AN
. 14.1 —44 81.6 37.5 0.35
(acetonitrile)
DME 20 —58 86 5.5 1.1
(1,2-Dimethoxyethane) ’ ’
DEGDME
(diethylene glycol - —64 162 7.18 1.06
dimethyl ethe)
CPME 140 106 4.7 0.55 (20 °C)
(cyclopentyl methyl ether) ' '
bMC 17.2 4.6 991 3.1 0.63
(dimethy] carbonate) ’ . ' '
DMF
. ) 26.6 -60.4 153 0.8 37
(dimethyl formamide)
DMSO
29.8 18.4 189 46.7 1.99

(dimethyl sulfoxide)

30

31  Supplementary Note 1: Owing to the absence of comprehensive experimental datasets for 3-
32  MeTHF in previous reports, the solvent parameters of 3-methyltetrahydrofuran (3-MeTHF),
33 including dielectric constant, boiling point, and viscosity, were derived through computational
34  estimation based on its structural isomer 2-methyltetrahydrofuran, tetrahydrofuran analogues,
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and cross-referencing established physicochemical databases (e.g., NIST Chemistry WebBook,
PubChem).

The solvation Gibbs free energy (AG) of cations is governed by the enthalpic and entropic
interactions between cations, the solvent and other ions (e.g., anions) in
electrolyte. Furthermore, the solvation of Na" is driven largely by strong enthalpic interactions
with electron-donating groups on solvent molecules. The strength of this interaction is
quantified by the Gutmann donor number (DN), which serves as a key parameter for predicting
solvent-cation and anion-cation interactions'!. Therefore, DN mainly governs the AG values
through the cation-solvent interactions. In our study, the solvents of THF, 2-MeTHF and 3-
MeTHF all featuring appropriate DN (< 21 kcal mol ') are selected to enable the efficient ionic
conductivity (Fig. 1c, in the main text) and low energy barriers of Na* desolvation (Fig. 2f, in
the main text), which is adequate for high-rate cell operation. Hence, we view the low dielectric
constant not as a weakness, but as a key design parameter that configures a solvation shell with
enhanced anion participation for robust interphases, which is more critical for high-
performance sodium metal batteries than maximizing bulk ionic conductivity.

As a solvent, 3-MeTHF is flammable. Our work aimed to demonstrate the Na“ solvation
chemistry with the balanced Na*-solvent and Na*-anion interactions is critical for the cells with
fast-charging capability and wide-temperature performance. Hence, the question is how the
presence of a methyl group and its specific position on the THF ring influences the interactions
between Na*-solvent and Na*-anion. Compared to the 2-substituted molecule (i.e., 2-MeTHF),
the methyl group at the 3-position creates a distinct electronic structure. We speculate that this
would lead to a subtle but pivotal difference in its electron-donating ability, thereby balancing
the competitive interactions between Na'-solvent and Na'-anion more effectively. Our
subsequent experimental and theoretical results confirm that the 3-MeTHF demonstrates a high
ability to configure a balanced anion-solvent-coordinated solvation shell for the enhanced fast-
charging capability and wide-temperature performance.
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Supplementary Fig. 1 Quantum chemical analysis of solvent molecules stability and physicochemical
properties of 3-MeTHF. (a) The molecule of 3-MeTHF showing the slightly higher ionization energy
compared to THF and 2-MeTHF, demonstrating its enhanced oxidation stability. (b) The lower
nucleophilicity of 3-MeTHF molecule compared to 2-MeTHF, indicating the less possibility of reduction
decomposition. These favorable electronic protection mechanisms, i.e., elevated oxidation barrier and
reduced reduction propensity, establish 3-MeTHF as an optimal electrolyte solvent. (¢) Oxidative stability of

! with the stainless steel

the electrolytes as measured by linear sweep voltammetry at a scan rate of 1 mV s~
as working electrode. Note that the apparent noise in the LSV curve is amplified because the current scale on
y-axis is small. (d) The ionic conductivity of 3-MeTHF with different salt concentrations over a temperature
range from —80 to 60 °C. (e-g) Mean squared displacement (MSD) and the diffusion coefficient of Na* in
the PC, THF, 2-MeTHF and 3-MeTHF electrolytes under different temperatures of —45 °C (e), 25 °C (f) and

60 °C (g).

Supplementary Note 2: The variation of the ionic conductivity with different salt
concentrations is shown in Supplementary Figure 1d. The 2 M electrolyte exhibits the highest
ionic conductivity, followed by the 1 M electrolyte, while the 0.5 M electrolyte shows the lowest
ionic conductivity. This trend suggests that increasing salt concentration enhances the number
of charge carriers, and thereby improves conductivity until the effects such as increased
viscosity and ion aggregation show a significant influence at even higher concentrations. We
systematically investigated the Na" diffusion properties through mean square displacement
(MSD) analysis across the four electrolytes, which was calculated from the trajectory after the
electrolyte systems reaching equilibrium. As shown in Supplementary Figures 1e-g, compared
to PC, THF and 2-MeTHF, the 3-MeTHF electrolyte exhibits the faster ion migration kinetics,
as reflected by its significantly steeper MSD slopes at the temperatures of —45 °C, 25 °C and
60 °C. Note that the diffusion coefficient of Na* in the 3-MeTHF electrolyte (1.1x107® cm? s71)
is much higher than those in the electrolytes of PC (1.5x107° cm? s '), THF (4.1x1077 cm? s7})
and 2-MeTHF (6.2x1077 cm? s ') at 25 °C. This high transport property stems from its unique
solvation structure, and the balanced anion solvent coordination in 3 MeTHF may create a lower
energy landscape for Na* hopping and reduce the effective activation barrier for diffusion and
thus enhance ion mobility.
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Supplementary Fig. 2 Electrolyte solvation structure analysis of the investigated electrolytes. (a) Raman
spectra of pure solvents and formulated electrolytes at 25 °C. (b) '°F NMR spectra showing the increased
electron cloud density at phosphorus centers in ethers-based electrolytes in contrast to the PC electrolyte at
25 °C, indicating the strengthened shielding effects from anion-cation coordination. (c) Raman spectra of 3-
MeTHEF electrolyte at —45 °C and 60 °C. (d) Fraction of anion-induced solvation structures (SSIP/CIP/AGG)
at different temperatures.

Supplementary Note 3: For the solvation structure of PC electrolyte, it is critical to integrate
findings from NMR, Raman and MD simulations, as conclusions drawn from any single method
in isolation may be misleading. For »*Na NMR spectra of PC, a certain degree of anion
participation is introduced, but its coordination effect is thermodynamically less favored
compared to 3-MeTHF, which is confirmed by the observation in MD simulation (Fig. 2a-d, in
the manuscript) and Raman spectra (Fig. 1d, in the manuscript), where both techniques show
less contact ion pairs (CIPs) and aggregates (AGGs). This is mainly due to the unique methyl
positioning in 3-MeTHF fine-tunes the solvent’s electron-donating ability and steric hindrance,
thereby establishing an optimally balanced solvation structure where the Na*-solcvent and Na*-
anion interactions synergistically enhance interfacial kinetics and stability.

Our Raman and simulation results indicate that salt crystallization is effectively mitigated
in our 3-MeTHF-based electrolyte. This is attributed to its uniquely balanced solvation structure,
which maintains significant solvent participation even at —45 °C (as shown by MD simulations
in Fig. 2c¢ and Raman in Supplementary Figure 2d). This structure prevents the anion-cation
aggregation that typically initiates crystallization. Meanwhile, the low melting point (—137 °C)
and low viscosity (<1.5 cP, 25 °C) of 3-MeTHF ensure that the electrolyte remains in liquid
state, thereby avoiding the phase separation that drives salt precipitation. Besides, the stable
ionic conductivity (Fig. 1c) also evidences no salt precipitation occurrence, suggesting the
advantage of our electrolyte at low temperatures.
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Supplementary Fig. 3 Equilibrated snapshots from trajectory of the MD simulations with
representative Na* solvation structures in various electrolytes. (a) PC, (b) THF, (c) 2-MeTHF and (d) 3-
MeTHF.
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128 Supplementary Fig. 4 The radial distribution functions (RDFs) and coordination number (CN)
129  analyses at —45 °C and 60 °C. (a-d) The simulation performed on the molecular dynamics (MD) trajectories
130  of'the investigated electrolytes, revealing an increase in anion participation with elevating temperature except
131  for the PC electrolyte: (a) PC, (b) THF, (c) 2-MeTHF and (d) 3-MeTHF electrolytes.
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Supplementary Fig. 5 Dominant solvation clusters and the electrostatic potential maps (ESP). (a)

Temperature-dependent distribution of dominant solvation clusters at —45/25/60 °C. The annotation close to

the colored column, representing the coordinated solvent/anion ratio in solvation structures. (b-¢) ESP for the

representative solvation clusters simulated from the MD systems, offering a clear visualization of the
electrostatic interactions within the solvation environment. (b) PC, (c) THF, (d) 2-MeTHF and (e) 3-MeTHF.
The color scheme of atom used is as follows: O (red); C (gray); Na (purple); H (white); P (orange); F (cyan).
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Supplementary Fig. 6 The frontier orbital landscapes of solvent molecules and representative solvation

clusters in various electrolytes. The computed energy levels of the Lowest Unoccupied Molecular Orbital
(LUMO) and the Highest Occupied Molecular Orbital (HOMO) for these solvent molecules and solvation
clusters provide critical insights into their electronic properties. The molecular structures, along with the

corresponding frontier orbital isosurfaces, are depicted in the insets, offering a detailed visualization of the

electronic environment that plays a key role in interphase stability.
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153 Supplementary Fig. 7 The sodium plating/stripping behavior in symmetric Na||Na cells using different
154  electrolytes through galvanostatic cycling at a current density of 1.0 mA cm™? and a capacity of 1.0
155  mAh em2 at 25 °C. (a) PC, (b) THF, (¢c) 2-MeTHF and (d) 3-MeTHF.
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Supplementary Fig. 8 XPS depth profiling for the SEI layers formed on cycled Na metal negative
electrodes in Na||NVP cells at discharged state after 100 cycles of 10C operation at 25 °C. (a) Depth-
resolved atomic quantification within SEI layers, providing insights into the P/O/Na/F/C atomic distributions
across sputtering depths. (b-¢) The high-resolution XPS spectra of the F /s peak across different electrolytes:
(b) PC, (c) THF, (d) 2-MeTHF and (e) 3-MeTHF electrolytes. These results reveal that the SEI in both 2-

[ S, ot
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MeTHF and 3-MeTHF electrolytes exhibit a NaF-rich inner layer.

10



170
171

172
173
174
175
176
177

a Pc,25°C P 2p b 14 25°c P 20

P-F

300 s e
120 s P
Os @m&&&%% 0s PR S
rmind® P 100 02059, i
141 138 135 132 129 141 138 135 132 129
Binding energy (eV) Binding energy (eV)
C  2.MeTHF, 25°C P 2p d 3-MeTHF, 25°C P 2p
P-O

300s P-O

s e 300's L

120 s e
Os Sose
jprs ccriliafo® ot %0, R 0bec,
141 138 135 132 129 141 138 135 132 129
Binding energy (eV) Binding energy (eV)

Supplementary Fig. 9 XPS depth profiling analysis of SEI layers on Na metal negative electrodes from
Na||NVP cells at discharged state using the electrolytes after 100 cycles at 10C and 25 °C. (a-d) High-
resolution XPS spectra of the P 2p peak were deconvoluted with increasing sputtering time to investigate the
evolution of the SEI in response to different electrolytes of PC (a), THF (b), 2-MeTHF (c) and 3-MeTHF (d),
showing that the SEI derived from 3-MeTHF exhibited more significant anion decomposition, while the SEI

from PC with more pronounced anion degradation.
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Supplementary Fig. 10 XPS depth profiling on cycled Na metal negative electrodes from Na|[NVP cells
at discharged state using different electrolytes after 100 cycles at 10C at 25 °C. (a-d) High-resolution
spectral deconvolution of Na /s XPS spectra with progressive Ar," sputtering to investigate the different
evolution of the negative electrode surface using electrolytes of PC (a), THF (b), 2-MeTHF (c) and 3-MeTHF

(d).
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Supplementary Fig. 11 High-resolution XPS spectra of C Is fitted with increasing sputtering time to
investigate the SEI layers formed by 3-MeTHF electrolyte. The temperature-dependent evolution of the
C Is peak analyzed at the following temperatures: (a) —45 °C, (b) —25 °C, (c¢) 25 °C and (d) 60 °C, revealing
the 3-MeTHF-derived SEI with weak C-C/C-H peaks at lower temperatures. The SEI layers on Na negative
electrodes are from Na|[NVP cells using 3-MeTHF electrolyte that were cycled at 10C for 100 cycles at
discharged state.
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Supplementary Fig. 12 XPS depth profiling on discharged Na metal negative electrodes from Na||[NVP
cells using 3-MeTHF electrolyte after 100 cycles at a current rate of 10C under —25 °C and —45 °C. (a-
d) High-resolution XPS spectra obtained with progressive Ar," sputtering to investigate the changes in the
surface chemistry of the negative electrodes: (a) F Is XPS spectra of at —25 °C, and (b-d) Na /s XPS spectra
at —45 °C (b), —25 °C (c¢), and 60 °C (d).
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Supplementary Fig. 13 XPS depth profiling analysis of SEI layers on discharged Na negative electrodes
from Na||NVP cells after 100 cycles at 10C. (a-d) The SEIs formed with PC (a), THF (b), 2-MeTHF (c) and
3-MeTHF (d) at 25 °C. (e-g) The SEIs formed with 3-MeTHF at —45 °C (e), —25 °C (f) and 60 °C (g).

Supplementary Fig. 14 HR-TEM and SEM images of the discharged NVP positive electrodes from
Na||NVP cells after 100 cycles at 10C and 25 °C. (a) HR-TEM and (b) SEM images. The colored dashed
lines in (a) are used to outline the CEI layer on the cycled NVP positive electrodes. The spherical morphology
of the NVP particles in the cells with different electrolytes remains well after cycling, while a thin and
uniform CEI layer is formed by the 3-MeTHF electrolyte compared to those formed by other electrolytes.
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Supplementary Fig. 15 XPS depth profiling analysis of CEI layers on the discharged NVP positive
electrodes performed across varying sputtering times at 25 °C. (a) The compositional quantification of
elements including P, O, Na, F and C in the CEI layers on the cycled NVP positive electrodes at 25 °C. (b-e)
The fitted high-resolution XPS spectra of P 2p with increasing sputtering time to investigate the interfacial
chemistry of the CEI formed with different electrolytes at 25 °C, revealing the 3-MeTHF derived CEI with
anion-decomposition dominated interfacial chemistry: (b) PC, (c) THF, (d) 2-MeTHF and (e) 3-MeTHF. The
Nal||[NVP cells using different electrolytes were cycled at 10C for 100 cycles.
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226 Supplementary Fig. 16 The fitted high-resolution XPS spectra of C Is with increased sputtering time
227  for the CEI layers at 25 °C. (a-d) The spectra were obtained for the following electrolytes: (a) PC, (b) THF,
228  (c) 2-MeTHF and (d) 3-MeTHF, providing a comparison of the electrolyte-dependent formation of the CEI
229  and revealing the 3-MeTHF-derived CEI with weak C-C/C-H peaks. The Na||[NVP cells at discharged state
230  were cycled at 10C for 100 cycles at 25 °C using different electrolytes.
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233 Supplementary Fig. 17 The fitted high-resolution XPS spectra of F Is with increased sputtering time
234 for the CEI layers at 25 °C. (a-d) The SEI derived from PC (a), THF (b), 2-MeTHF (c) and 3-MeTHF (d)
235  revealing the SEI derived from 3-MeTHF electrolyte with intensified NaF peaks. The Na|[NVP cells at
236  discharged state were cycled at 10C for 100 cycles at 25 °C using different electrolytes.
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Supplementary Fig. 18 XPS depth profiling performed to analyze the discharged CEI derived from 3-
MeTHEF for 100 cycles at 10C at different temperatures. (a-c) Deconvoluted XPS spectra of C /s obtained
with increasing sputtering time to investigate the evolving interfacial chemistry associated with the 3-MeTHF
electrolyte at (a) 60 °C, (b)—45 °C and (c) —25 °C, providing insights into the impact of temperature on the
composition and stability of the CEI during cycling. (d) The fitted high-resolution F /s XPS spectra through
sputtering for the CEI layers from Na|[NVP cell using 3-MeTHF electrolyte after 100 cycles at 10C under
—25°C.
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Supplementary Fig. 19 Deconvoluted XPS spectra of O Is for the CEI layers on positive electrodes
from Na||NVP cells at discharged state using different electrolytes cycled at 10C for 100 cycles. (a-d)
The CEIs formed with PC (a), THF (b), 2-MeTHF (c) and 3-MeTHF (d) at 25 °C. (e-g) The CEIs formed

with 3-MeTHF at —45 °C (e), —25 °C (f) and 60 °C (g).
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Supplementary Fig. 20 The XPS spectra collected to analyze the surface composition of the pristine
NVP electrode prior to cycling. The spectra for the following elements are presented: (a) C Is, (b) F /s and
(c) O Is, implying distinct differences between the fresh NVP electrode and the electrochemically altered

surface chemistry observed in cycled ones.
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Supplementary Fig. 21 Evolution of electrochemical impedance spectroscopy (EIS) across electrolytes
of THF and 2-MeTHF at 10C and 25°C. (a, b) Nyquist plots showing distinct changes in interfacial
resistance: (a) The impedance evolution of the cell with THF electrolyte. Note that THF shows a decrease in
Reen after 100 cycles, presumably due to the formation of organic-rich interphase that is conductive to the
high ionic conductivity but shows low mechanical robustness. (b) A gradual increase in resistance in the cell
with 2-MeTHF electrolyte, indicating a less favorable electrochemical interphase over cycling. (¢) The

equivalent circuit used for the data fitting.

Supplementary Table 2. The fitting results of the electrolyte resistance (R;), interphase resistance
(Rinterpnase) and charge-transfer resistance (Rcharge) Obtained for Na||[NVP cells using different
electrolytes over cycles at 10C and 25 °C. These results provide insight into the evolution of the interphases

stability, highlighting the effects of electrolyte solvent selection on the overall cell performance during

cycling.
Electrolyte Cycle R, Error Rinterphase Renarge Error
number Q) Q) Q) Q) Q)
PC 0 10.95 0.38 3.52 110.2 8.91
100 9.27 0.16 126.6 1044 13.95
0 16.27 0.31 3.14 9.00 3.69
THF
100 13.78 0.18 1.05 4.38 1.93
0 25.08 0.24 3.90 5.47 5.88
2-MeTHF
100 28.08 0.30 5.50 14.85 5.41
0 15.44 2.65 6.42 343 1.51
3-MeTHF
100 13.60 0.07 5.47 5.30 2.79
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285 Supplementary Fig. 22 The evolution of the capacity-voltage profiles at rates from SC to 100C for the
286  Na||NVP cells using different electrolytes. (a-c) The comparison of the cells with PC (a), THF (b) and 2-
287  MeTHF (c) electrolytes at 60 °C, showing the very limited rate capability in the cell with 2-MeTHF
288  electrolyte due to the accelerated ring-opening decomposition at elevated temperature.
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290  Supplementary Fig. 23 Electrochemical performance of Na|[NVP cells evaluated at —25/—45/-80 °C
291  using different electrolytes. (a-c) The charge/discharge profiles of Na||[NVP cells with PC (a), 2-MeTHF (b)
292  and 3-MeTHF (c) electrolytes. Notably, the 3-MeTHF electrolyte demonstrates high-rate capability,
293  maintaining 45% of its initial capacity at 20C, outperforming both PC and 2-MeTHF electrolytes. (d-f) The
294  charge/discharge profiles of Na||[NVP cells with 2-MeTHF (d) and 3-MeTHF (e) electrolytes from 0.1C to
295  2C at —45°C and Na|[NVP cell 3-MeTHF from 0.1C to 1C at —80 °C (f). (g) The rate capability and the
296  prolonged cycling stability of Na||[NVP cells with 3-MeTHF at 0.2 C under —80 °C. Note that the unexpected
297  increase in capacity (g) stems from unplanned temperature increases inside the testing chamber.
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Supplementary Fig. 24 Comparison of long-term cycling performance of Na|[NVP cells at 60 °C. (a-d)
Capacity-voltage profiles for the cells testing at 10C by using PC (a), THF (b), 2-MeTHF (c) and 3-MeTHF
(d). (e) Cycling stability of the cell using the PC, THF, 2-MeTHF and 3-MeTHF electrolytes.
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Supplementary Fig. 25 Galvanostatic charge-discharge profiles of Na|[NVP cells using 2-MeTHF

electrolyte and performed at 1C. (a, b) The cells displaying the occurrence of short circuits at both
temperatures of —25 °C (a) and —45 °C (b).
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Supplementary Fig. 26 The electrochemical performance of Na||Na3;3Nii;3Mnz30; cells with PC and 3-
MeTHEF electrolytes. (a) Rate capabilities, (b) cycling stability, (c, d) capacity-voltage profiles of each rate
for the cells with PC (c) and 3-MeTHF (d) and (e) capacity-voltage profiles for the cells at the 1% and 200™
cycles. The NaysNijsMny30; is denoted as NMO (here, 1C = 100 mA h g™! based on mass of NMO positive

electrode).
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Supplementary Fig. 27 The electrochemical performance of Na||[NVP cells with 2 M NaPF¢ in 3-MeTHF
electrolyte at ambient temperature. (2) Rate capability and (b) cycling stability. Considering the economic
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sufficient ionic conductivity to support fast charging and stable cycling.
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benefit, the 1 M concentration was identified as an optimal balance in our design to provide the balanced
Na*-anions-solvent interaction for a stable, inorganic-rich SEI, while maintaining low enough viscosity and
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Supplementary Fig. 28 The electrochemical performance of Na|[NVP cells with different baseline
electrolytes. (a, c) Rate capability (a) and cycling stability (b) at 25 °C. (c, d) Rate capability at —25 °C (c)
and at 60 °C (d).

Supplementary Note 4: Our rationale for selecting pure PC as the baseline is detailed as below.
In view of scientific clarity in our work, a single, well-understood solvent is preferred to
establish a clear structure-property relationship. Single PC solvent provides a simple and well-
defined solvation environment, free from the complicated effects of multi-solvent coordination
and preferential solvation that inherently exist in mixtures like ethylene carbonate (EC) and
diethyl carbonate (DEC). This simplicity is crucial for investigating the fundamental
interactions (Na*-solvent and Na*-anion) that are the central theme of our study. Further, in view
of a rigorous benchmark for wide-temperature operation, PC is suitable for the wide-
temperature performance due to its low melting point (—48.8 °C) and high boiling point
(242 °C)**. Unlike the EC and DEC, they show high melting point of (EC: 36.4 °C) and low
boiling point of (DEC:126 °C)*3.

In addition, we also evaluated the electrochemical performance of the cells with
dimethoxyethane (DME) and EC-DEC for comparison, as shown in Supplementary Figure 28.
The cell with DME shows short circuit, a failure mode that is consistent with the poor interfacial
stability observed in the THF electrolyte. At 25 °C and —25 °C, the cells with PC shows a
slightly inferior rate capability to the EC-DEC electrolyte that benefits from the lower melting
point and viscosity from DEC. However, the capacity fade in the cells with PC is slightly
mitigated compared to that using EC-DEC. Thus, in terms of the core scheme of electrolyte
design and comparison of the electrochemical performance, PC is the suitable baseline
electrolyte in this work.
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