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Supplementary Figure 1 | Radar chart comparing performance of Na and Li metal anodes
cycling at low temperatures (<—40°C)!*, based on Supplementary Table 1.



Supplementary Figure 2 | Investigation of the electrolyte consisting of 1 M NaPFs-DEGDME
across a range of temperatures. a, Electrochemical impedance spectroscopy (EIS) of Na||Na
symmetric cells using 1 M NaPFe-DEGDME solution at +20°C. b, EIS of Na||Na symmetric
cells using 1 M NaPFe-DEGDME solution at —20°C. The insets in a and b present the equivalent
circuits used for EIS fitting>3>®: Rs, resistance of the electrolyte solution; Rsgy, resistance of SEI;
CPEse), capacitance of SEI; CPEeiectrode, double-layer capacitance; Rcr, charge transfer resistance;
Zy, diffusion impedance. c, Resistance evaluation of 1 M NaPFs-DEGDME electrolyte solution
using the symmetric stainless steel||stainless steel cells at a range of temperatures. The inset
presents the equivalent circuit used for EIS fitting:"® Re, total resistance of the electrolyte; CPEss,
capacitance of blocking electrodes (stainless steel). d, Salt precipitation observed at the bottom
of a glass vial for 1 M NaPFs-DEGDME electrolyte solution stored at —35°C for 12 hours.



Supplementary Figure 3 | Schematic illustration and photos of a stainless steel||stainless steel
symmetric cell configuration used to measure the electrolyte conductivity. a, schematic
illustration. b and c, side-view and top-view photos, respectively (the cell is hold by a tweezer

for the purpose of photo taken).



Supplementary Figure 4 | Galvanostatic cycling of Na|[Na symmetric cells operating at +20°C
in eight different electrolyte solutions at a current density of 0.5 mA cm™2 and a capacity of 0.5
mAh cm™2. Note that performance (overpotential and cycle life) of the Na metal electrode in
these eight electrolytes exhibits the following decreasing trend: NaOTf-DEGDME > NaFSI-
DME > NaFSI-DEGDME > NaClOs-DME > NaClOs-DEGDME > NaTFSI-DOL > NaTFSI-
DEGDME > NaTFSI-DME.



Supplementary Figure 5 | Enlarged voltage profiles at the 50th cycle (100 hours) of Na||Na
symmetric cells cycling at +20°C in six electrolyte solutions, at a current density of 0.5 mA cm 2
with a capacity of 0.5 mAh cm™2. Note that the 1 M NaTFSI-DME and NaTFSI-DEGDME
electrolyte solutions showed early failure before the 50th cycle, so their curves are not displayed

here.
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Supplementary Figure 6 | SEM images of Na metal electrode surfaces after 50 cycles at +20°C
(symmetric Na||Na cells) in 1 M NaOTf-DEGDME, NaFSI-DME, NaClO4-DEGDME, NaTFSI-
DOL electrolytes at a current density of 0.5 mA c¢m2 with a capacity of 0.5 mAh cm™ (Insets:
corresponding cross-sectional SEM images).
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Supplementary Figure 7 | SEM images of Na metal electrode surfaces after cycling at +20°C
(symmetric NaJ|Na cells) in 1 M NaFSI-DEGDME, NaClOs-DME, NaTFSI-DME, NaTFSI-
DEGDME electrolytes at a current density of 0.5 mA cm~2 with a capacity of 0.5 mAh cm™2.
Note that the cell with 1 M NaTFSI-DME failed at the 22nd cycle and the cell with 1 M NaTFSI-
DEGDME failed at the 16th cycle. The cells with 1 M NaFSI-DEGDME and NaClOs-DME
were stopped after 50 cycles. Insets: corresponding cross-sectional SEM images.
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Supplementary Figure 8 | SEM images of Na metal electrode surfaces after 50 cycles at —20°C
(symmetric Na||Na cells) in 1 M NaOTf-DEGDME, NaClO4-DME, NaTFSI-DME, NaFSI-DME
electrolytes at a current density of 0.5 mA cm™ with a capacity of 0.5 mAh cm™ (Insets:

corresponding cross-sectional SEM images).
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Supplementary Figure 9 | SEM images of Na metal electrode surfaces after 50 cycles at —20°C
(symmetric Na||Na cells) in 1 M NaClOs-DEGDME, NaTFSI-DEGDME, NaFSI-DEGDME,
NaTFSI-DOL electrolytes at a current density of 0.5 mA cm2 with a capacity of 0.5 mAh cm™
(Insets: corresponding cross-sectional SEM images).
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Supplementary Figure 10 | XPS profiles of the Na metal electrode surfaces in 1 M NaOTf-
DEGDME at +20°C, —20°C and —40°C using symmetric Na||Na cells after 50 cycles at a current
density of 0.5 mA cm2 with a capacity of 0.5 mAh cm™2.

15



Supplementary Figure 11 | XPS depth profile analysis on the Na metal electrode after 50 cycles
(symmetric Na|[Na cells) in 1 M NaOT{-DEGDME electrolyte at +20°C at a current density of
0.5 mA cm~2 with a capacity of 0.5 mAh cm2.
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Supplementary Figure 12 | XPS depth profile analysis on the Na metal electrode after 50 cycles
(symmetric Na|[Na cells) in 1 M NaOT{-DEGDME electrolyte at —20°C at a current density of
0.5 mA cm2 with a capacity of 0.5 mAh cm 2.
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Supplementary Figure 13 | XPS depth profile analysis on the Na metal electrode after 50 cycles
(symmetric Na|[Na cells) in 1 M NaOT{-DEGDME electrolyte at —40°C at a current density of
0.5 mA cm2 with a capacity of 0.5 mAh cm2.
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Supplementary Figure 14 | XPS of the Na metal electrode surface after 50 cycles (symmetric
Na||Na cells) in 1 M NaClOs-DME electrolyte at +20°C and —20°C at a current density of 0.5
mA cm2 with a capacity of 0.5 mAh cm™2. The binding energies of all elements were calibrated
with respect to the C 1s signal at 284.8 eV. In the C 1s profile, besides the peaks of O-C=0
(288.7 eV) and C-O-C (286.6 eV), the peaks at 287.6 eV and 289.7 eV are ascribed to C-Cl and
polycarbonate; the peaks at 279.6 eV and 277.9 eV correspond to ClO4™ (Cl 1s) and CIOz™ (Cl 1s).
In the O 1s spectrum, the peaks at 533.3 eV and 531.2 eV correspond to CHz-O-/-CH2-O- groups
and C-O-Na (e.g., RCH20Na) °, respectively, while the peak at 536.3 eV is attributed to Na KLL.
For Cl 2p XPS peak-fitting, the 2ps/>to 2p12 area ratio is fixed at 2:1 and the doublet separation
is 1.60 eV. In the CI 2p profile, the peak at 198.4 eV (based on 2p3) is assigned to CI” and the
peaks at 208.5 eV and 206.3 eV can be ascribed to ClO4 (based on 2ps;2) and ClOs™ (based on

2par2) 1013, respectively.
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Supplementary Figure 15 | XPS depth profile analysis on the Na metal electrode after 50 cycles
(symmetric Na||Na cells) in 1 M NaClOs-DME electrolyte at +20°C at a current density of 0.5
mA cm2 with a capacity of 0.5 mAh cm™2. XPS peaks are identified in Supplementary Figure
12.

20



Supplementary Figure 16 | XPS depth profile analysis on the Na metal electrode after 50 cycles
(symmetric Na||Na cells) in 1 M NaClOs-DME electrolyte at —20°C at a current density of 0.5
mA cm~? with a capacity of 0.5 mAh cm™. In addition to the XPS peaks identified in
supplementary Figure 12, the peak at 203.8 eV is attributed to CIO, 1023,
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Supplementary Figure 17 | XPS of the Na metal electrode surface after 50 cycles (symmetric
Na||Na cells) in 1 M NaFSI-DME electrolyte at +20°C and —20°C at a current density of 0.5 mA
cm 2 with a capacity of 0.5 mAh cm™2. The binding energies of all elements were calibrated with
respect to the C 1s signal at at 284.8 eV. In the C 1s XPS profile, in addition to the peak of C-O-
C (286.6 eV), the binding energy at 289.3 eV corresponds to CHF. In the O 1s spectrum, the
peaks at 533.3 eV and 531.2 eV correspond to CHsz-O-/-CH»-O- groups® and C-O-Na (e.g.,
RCH>ONa), respectively, while the peak at 536.3 eV is attributed to Na KLL. For S 2p peak-
fitting, the 2ps2to 2p1» area ratio is fixed at 2:1 and the doublet separation is 1.18 eV. In S 2p
XPS, the doublet at 170.2 eV (based on 2pz/2) can be assigned to F-SO. and the peaks at 168.7
eV and 167.2 eV (based on 2psp) are ascribed to S;03% and SOs%. For F 1s, the peaks at 687.8
eV and 684.1 eV are assigned to S-F and NaF, respectively. For N 1s, the peak at 399.3 eV can

be ascribed to N-S10:14-18,

22



Supplementary Figure 18 | XPS depth profile analysis on the Na metal electrode after 50 cycles
(symmetric Na||Na cells) in I M NaFSI-DME electrolyte at +20°C at a current density of 0.5 mA
cm 2 with a capacity of 0.5 mAh cm™2. Besides the XPS peaks identified in Supplementary
Figure 15, an additional S 2p peak at 161.1 eV (based on the 2psy) is assigned to S 1014-18,
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Supplementary Figure 19 | XPS depth profile analysis on the Na metal electrode after 50 cycles
(symmetric Na||Na cells) in 1 M NaFSI-DME electrolyte at —20°C at a current density of 0.5 mA
cm 2 with a capacity of 0.5 mAh cm™. Besides the XPS peaks identified in Supplementary
Figure 15, the N 1s XPS peaks at 403.6 eV and 398.5 eV correspond to Na-NN*N* (1N) and
Na-N*NN (2N), respectively. Furthermore, the peak at 528.2 eV is attributed to Na,O in the O 1s
profile, and the one at 161.1 eV (based on the 2psy) is ascribed to S* in the S 2p profile!®14-18,
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Supplementary Figure 20 | XPS of the Na metal electrode surface (symmetric Na||Na cells) in 1
M NaTFSI-DEGDME electrolyte at +20°C and —20°C at a current density of 0.5 mA cm 2 with a
capacity of 0.5 mAh cm2. Note that the cell with 1 M NaTFSI-DEGDME at +20°C failed early
at the 16th cycles, and the cell with 1 M NaTFSI-DEGDME at —20°C was stopped after 50
cycles. The binding energies of all elements were calibrated with respect to the C 1s signal at
284.8 eV. In the C 1s XPS profile, besides the peak of O-C=0 (288.7 eV), the peaks at 287.2 eV
and 292.3 eV are attributed to C-SO> and -CF», respectively. In the O 1s spectrum, the peaks at
533.3 eV and 531.2 eV correspond to CHz-O-/-CH.-O- groups and C-O-Na (e.g., RCH2ONa)°,
respectively, while the peak at 536.3 eV is attributed to Na KLL. For S 2p peak-fitting, the 2ps.
to 2p1 area ratio is fixed at 2:1 and the doublet separation is 1.18 eV. In S 2p XPS, the doublets
at 167.2 eV and 161.1 eV (based on 2par2) are ascribed to SOs? and S%. For F 1s, the peaks at
689.3 eV and 684.1 eV are assigned to C-F and NaF. For N 1s, the peak at 397.4 eV is assigned
to NaCN014-18,
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Supplementary Figure 21 | XPS depth profile on the Na metal electrode after 15 cycles
(symmetric Na|[Na cells) in I M NaTFSI-DEGDME electrolyte at +20°C at a current density of
0.5 mA cm2 with a capacity of 0.5 mAh cm2.
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Supplementary Figure 22 | XPS depth profile on the Na metal electrode after 50 cycles
(symmetric Na|[Na cells) in I M NaTFSI-DEGDME electrolyte at —20°C at a current density of
0.5 mA cm2 with a capacity of 0.5 mAh cm2.
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Supplementary Figure 23 | Illustration of tailoring low-temperature electrolytes comprising a
sodium salt (NaOTf) and binary solvents of an acyclic ether (DEGDME) and a cyclic ether
(DOL).
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Supplementary Figure 24 | Temperature-dependent galvanostatic cycling of Na||[Na symmetric
cellsin 1 M NaOTf-DEGDME/DOL (8:2 and 5:5 in volume ratio) at a current density of 0.2 mA

cm with a capacity of 0.1 mAh cm™.
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Supplementary Figure 25 | Temperature-dependent galvanostatic cycling of Nal|Na symmetric
cells in 0.5 M NaOTf-DEGDME/DOL (8:2 in volume ratio) and 0.5 M NaOTf-DME/DOL (8:2,

5:5 and 2:8 in volume ratio) at a current density of 0.2 mA cm with a capacity of 0.1 mAh cm™.
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Supplementary Figure 26 | Temperature-dependent galvanostatic cycling of Naj|[Na symmetric
cells in 0.5 M NaClO4-DME/DOL (8:2 and 5:5 in volume ratio) at a current density of 0.2 mA

cm with a capacity of 0.1 mAh cm™.
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Supplementary Figure 27 | EIS spectra of a, 0.5 M NaOTf-DEGDME/DOL (2:8), b, 0.5 M
NaOTf-DEGDME/DOL (5:5), ¢ and d, 1 M NaOTf-DEGDME electrolyte solutions using the
symmetric stainless steel|stainless steel cells across a range of temperatures (EIS spectra for
resistance evaluation shown in Figure 4b and c). The insets present the equivalent circuits used
for EIS fitting”®: Re, total resistance of the electrolyte; CPEs, capacitance of the blocking

electrodes (stainless steel).
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Supplementary Figure 28 | Temperature dependent ionic conductivity of NaClOs-DME,
NaFSI-DME, NaTFSI-DEGDME, and NaTFSI-DOL electrolyte solution (all in 1 M salt

concentration).
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Supplementary Figure 29 | Temperature-dependent dynamic viscosity of DEGDME and
DEGDME/DOL (8:2, 5:5 and 2:8 in volume ratio).
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Supplementary Figure 30 | Photographic pictures of (1) 1 M NaOTf-DEGDME, (2) 0.5 M
NaOTf-DEGDME/DOL (5:5) and (3) 0.5 M NaOT{-DEGDME/DOL (2:8) after storing at +20°C
and —80°C for 24 hours. All three electrolytes are stable at —80°C, showing no precipitation of

salts.
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Supplementary Figure 31 | Galvanostatic cycling of Na||[Na symmetric cells in 0.5 M NaOTf-
DEGDME/DOL (2:8 and 5:5 in volume ratio) at 0.2 mA cm2 and 0.1 mAh cm2 at —80°C. Note

that initial stepwise temperature drop was carried out to stabilize the cells.
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Supplementary Figure 32 | AFM characterization of SEI formed on copper foil after Na
plating/stripping at 0.5 mA cm and 0.5 mAh cm with a cut-off voltage of 1.5 V after the 1st
cycle (Cu foil is fully desodiated) in 1 M NaOT{-DEGDME electrolyte at —40°C. a, AFM
topography of SEI formed on copper foil. b, Young's modulus (determined by AFM) of SEI

formed on copper foil (average Young’s modulus: ~0.5 GPa).
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Supplementary Figure 33 | Na plating/stripping profile of Na||Cu asymmetric cells at 0.5 mA
cm?and 0.5 mAh cm? with a cut-off voltage of 1.5 V for the 1st cycle at —40°C. a, 0.5 M
NaOTf-DEGDME/DOL (2:8) electrolyte. b, 1 M NaOTf-DEGDME electrolyte.
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Supplementary Figure 34 | SEM image of Cu surface after Na plating/stripping (Na||Cu
asymmetric cells) for the 1st cycle at 0.5 mA cm and 0.5 mAh cm with a cut-off voltage of 1.5
V at —40°C. a, 0.5 M NaOTf-DEGDME/DOL (2:8) electrolyte. b, 1 M NaOTf-DEGDME

electrolyte.
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Supplementary Figure 35 | SEM of a Na metal electrode surface after 50 cycles (symmetric
Na||Na cells) at 0.5 mA cm2 and 0.5 mAh cm 2 in 0.5 M NaOTf DEGDME/DOL (5:5) at —80°C

(Inset: corresponding cross-sectional SEM image).
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Supplementary Figure 36 | SEM of a Na metal electrode surface after 50 cycles (symmetric
Na||Na cells) at 0.5 mA cm™2 and 0.5 mAh cm™ in 1 M NaOTf DEGDME at —80°C (Inset:
corresponding cross-sectional SEM image).
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Supplementary Figure 37 | XPS of S 2p, C 1s, O 1s and F 1s profiles of Na metal electrode
surface after 50 cycles (symmetric Na||Na cells) at a current density of 0.5 mA cm™2 with a
capacity of 0.5 mAh cm™2 in 0.5 M NaOTf-DEGDME/DOL (2:8 in volume ratio) electrolyte at
—80°C.

42



Supplementary Figure 38 | XPS of S 2p, C 1s, O 1s and F 1s profiles on Na metal electrode
surface after 50 cycles (symmetric Naj|Na cells) at a current density of 0.5 mA cm™2 with a
capacity of 0.5 mAh cm™2 in 0.5 M NaOTf-DEGDME/DOL (5:5 in volume ratio) electrolyte at
—80°C.
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Supplementary Figure 39 | XPS depth profile analysis on Na metal electrode after 50 cycles
(symmetric Na||Na cells) at a current density of 0.5 mA cm 2 with a capacity of 0.5 mAh cm2 in
0.5 M NaOT{-DEGDME/DOL (5:5) electrolyte at —80°C.
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Supplementary Figure 40 | XPS depth profile analysis on Na metal electrode after 50 cycles
(symmetric Na||Na cells) at a current density of 0.5 mA cm™2 with a capacity of 0.5 mAh cm™2 in
0.5 M NaOTf-DEGDME/DOL (2:8) at —80°C.
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Supplementary Figure 41 | Contents of elements and inorganic components determined by ex
situ postmortem XPS depth profiling of the Na metal electrodes (symmetric Na||Na cells) after
50 cycles at a current density of 0.5 mA cm 2 with a capacity of 0.5 mAh cm™2 in 0.5 M NaOTf-
DEGDME/DOL (5:5) at —80°C. a, Content of C 1s, O 1s, F 1s, S 2p and Na 1s elements in SEI.

b, Content of main SEI inorganic components including NaF, Na;SO4 and Na>SO:s.
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Supplementary Figure 42 | SEI formed after the 1st cycle (after Na is fully stripped) in Na||Cu
TEM grid cells at a current density of 0.25 mA cm2 with a capacity of 0.5 mAh cm™2 at —40°C
using the single-solvent electrolyte of 1 M NaOTf-DEGDME. a, High-resolution, cryo-TEM
micrograph with the FFT shown in the inset. b, Selected-area electron diffraction pattern of the
SEI with the positions of the rings expected to be most intense from Na;SOs and Na>COs
overlaid. The lattice fringes are generally consistent with the dominant lattice spacings of
Na2SO4 and Na2COs.
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Supplementary Figure 43 | Coulombic efficiency of Na||[NazV2(PO4)s coin cells using the 0.5M
NaOTf-DEGDME/DOL (2:8) electrolyte solution at low temperatures. a, Coulombic efficiency
of temperature-dependent galvanostatic cycling of cells at 22 mA g (based on the active
material of NazV2(POa)3) down to -60°C with voltage cutoffs of 2.3 and 3.8 V in Figure 6a. b,
Enlarged Coulombic efficiency of galvanostatic cycling of cells at 22 mA g* at —20°C, —40°C
and —60°C in Figure 6¢. ¢, Coulombic efficiency of rate cycling performance (up to 110 mA g?)
of cells at —40°C and —60°C in Figure 6d.
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Supplementary Figure 44 | Cycling performance of Na||[NasV2(PO4)s coin cells at different
mass loadings of NazV2(PO4)s (up to 3.0 mg cm™) at 22 mA gt and —40°C.
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Supplementary Figure 45 | Coulombic efficiency of Na||[NasV2(POas)s coin cells at different
mass loadings of NazV2(PO4)s (up to 3.0 mg cm) at —40°C reported in Supplementary Figure
44,
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Supplementary Figure 46 | Galvanostatic cycling of full cells of NasV2(POa)s
cathode||[Na@MXene anode at 22 mA g and —40°C.
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Supplementary Figure 47 | Coulombic efficiency of full cells of NasV2(POa)s
cathode|[Na@MXene anode at —40°C reported in Supplementary Figure 46.
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Supplementary Table 1 | Summary and comparison of the electrochemical cycling performance
at temperatures < —40°C of various symmetric and asymmetric cells comprising Na and Li metal
electrodes'™. N/A indicates no long-term cycling reported.

Cell Temperature Current Capacity Over- Cycle Electrolyte Ref
configuration
(°C) (mAcm?  (mAhcm?) potential number
(mV)
Na||Na —40 1.0 1.0 ~100 >165 1 M NaOTf-  This
(coin cells) (Average) DEGDME (40 work
ML)
Na|[Na -80 0.5 0.25 ~150 >715 0.5 M NaOTf-  This
(coin cells) (Average) DEGDME/DO  work
L (2:8) (40
ML)
Na||Na -80 0.2 0.1 ~50 >3,900 0.5 M NaOTf-  This
(coin cells) (Average) DEGDME/DO  work
L (2:8) (40
L)
Li||Cu —40 0.5 0.5 ~150 N/A 1 M LiPFe- 1
(coin cells) (1st cycle) PC/FEC (8:1)
(15 uL mAh™)
Li||Cu —60 0.2 0.5 ~250 N/A 1 M LiPFe- 1
(coin cells) (1st cycle) PC/FEC (8:1)
(15 pL mAh™)
Li||Li —40 0.5 0.25 ~500 10 0.8 M LiTFSI/ 2
(coin cells) (Average) 0.2 M LiNOs -
DOL/DME
(8:2) +10
vol % FEC (40
L)
Li||Li —60 0.5 0.25 ~1,000 10 0.8 M LiTFSI/ 2
(coin cells) (Average) 0.2 M LiNO; -
DOL/DME
(8:2) +10
vol % FEC (40
ML)
Li||Li -80 0.2 0.1 ~300 10 1 M LIiTFSI - 3
(coin cells) (Average) DOL/DME
(2:8) (40 uL)
Na||Na —40 0.5 1.0 ~40 5 1 M NaPFs - 4
(coin cells) (Average) ether—

[C,Clim][BF4
] (10 pL cm?)
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Supplementary Table 2 | Physicochemical properties of the electrolyte solvents investigated.

Solvent Melting point (°C) Diezigt;ii;(;ggam D;(r::;)n:;)v ;Stcg;igcm)
DEGDME —64 7.30 2.34
DME —58 7.20 1.89
DOL -95 7.00 1.82
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Supplementary Table 3 | Summary of the dissolution of five Na salts (salt concentration was
kept at 1 M) in three different solvents, respectively, at —35°C (“Yes” indicates fully dissolved,
“No” indicates not fully dissolved).

NaPFs NaOTf NaClO4 NaFsSI NaTFSlI
Diglyme No Yes Yes Yes Yes
DME No No Yes Yes Yes
DOL No No No No Yes
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Supplementary Table 4 | Summary of element values (Rs, Rsei, and Relectrode) Obtained from
fitting the impedance data of Na||[Na symmetric cells containing 1 M NaPFs-DEGDME solution
at 20°C and -20°C shown in Supplementary Figure 2a and 2b using the equivalent electrical
circuits (insets in Supplementary Figure 2a and 2b).

20°C —20°C
Value Deviation Value Deviation
Rs (Ohm) 4.239 0.471 38.75 0.2613
Rsei (Ohm) 0.8716 0.5392 27.99 4.272
Relectrode (Ohm) 5.843 0.1823 63.32 4.255

Note: Fitting of electrochemical impedance data was made using the frequency of 123 kHz to
0.07 HZ for -20°C; Fitting of electrochemical impedance data was made using the frequency of
123 kHz to 0.13 HZ for 20°C.
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Supplementary Table 5 | Summary of resistance values (Re) obtained from fitting the
impedance data of stainless steel|lstainless steel symmetric cells containing 1 M NaPFe-
DEGDME solution at a range of temperatures shown in Supplementary Figure 2c using the

equivalent electrical circuit (inset of Supplementary Figure 2c).

Re (Ohm)

Value Deviation
20°C  2.691 0.2522
10°C  3.149 0.2536
0°C 3.763 0.2515
-10°C 4.79 0.2514
-20°C 6.237 0.2511
—30°C 9.647 0.2519
-35°C 19.87 0.2571
—40°C 35.93 0.2582
—45°C 479 0.2587

Note: Fitting of electrochemical impedance data was made using the frequency of 155 kHz to 57
HZ.
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Supplementary Table 6 | Summary of electrochemical behavior of single-solvent electrolyte

systems (salt concentration was kept at 1 M) at 20°C.

NaPFe NaOTf NaClO4 NaFSlI NaTFSI

DEGDME

DME

DOL

Note:

Green color: stable voltage profile with low overpotential

Blue color: no testing due to salt precipitation at low temperatures
Orange color: unstable voltage profiles

Red color: very high overpotential
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Supplementary Table 7 | Summary of identified XPS peaks® 8.

C1s(eV) O 1s (eV) F 1s (eV) S 2p (eV) Cl2p(eV) N1s(eV)
-CF3 (293.4)
-CF2 (292.3)
Polycarbonate
(289.7) F-SO2 (170.2) ClOs Na-NN*N*,
CHF (289.3) Na KIlI (536.3) C-F (689.3) S04 (169.6) (208.5) 1N (403.6)
O-C=0/COs*  CH3-O-/-CHy- S-F (687.8) CFx-SO2 ClOs S-N (399.3)
(288.7) O- (533.3) Na-E ' (168.9) (206.3) Na-N*NN*,

C-Cl(2876)  C-ONa(8312) oy S,04% (168.7)  ClOy 2N (398.5)
C-SO;(287.2)  Na.O (528.2) ' SOs% (167.2)  (203.8) Na-C=N
C-O-C (286.6) S* (161.1) CI(198.4)  (397.4)
C-C (284.8)
ClOy4, 1s (279.6)
ClOg, 1s (277.9)

NOTE: XPS positions in S 2p and Cl 2p spectra are based on 2ps/2. For XPS peak-fitting of S 2p,
2p32to 2pyz area ratio is fixed at 2:1 and 1.18 eV is employed as the doublet separation of 2ps.
and 2pu». For XPS peak-fitting for Cl 2p, 2ps/2 to 2p12 area ratio is fixed at 2:1 and the doublet
separation of 2ps;z and 2p12 is 1.60 eV.
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Supplementary Table 8 | Summary of SEI composition (surface and bulk)®-28,

+20°C

—20°C

Electrolytes

Surface (<1 nm)

Bulk (2-15 nm)

Surface (<1 nm)

Bulk (2-15 nm)

1 M NaOTf-
DEGDME

1 M NaClOs-
DME

1 M NaFsSI-
DME

1 M NaTFSI-
DEGDME

-CF3 containing
components,
Na2S04, Na2S0s,
NaF, Na.COs3, C-
O-Na, organic
debris

NaCl, Na,CO3, C-
O-Na, organic
debris

-SO2F containing
components,
Na2S»03, NaF, C-
O-Na, organic
debris

-CF» containing
components,
NaxS0O3, NaxCOs,
NazS, NaF,
NaCN, C-O-Na,
organic debris

NazS (appear)

N/A

NazS (appear)

-CF> containing
components
(disappear)

-CF3 containing
components,
Na2SO4, NaF,
Na>COs3, C-O-

Na, organic
debris

NaClOg,
NaClO3,C-O-Na,
organic debris

-SO2F containing
components,
Na2S203,
Na2S0s, NaF, C-
O-Na, organic
debris

-CF» containing
components,
Na2SOs3,
Na2COs, NazS,
NaF, NaCN, C-
O-Na, organic
debris

Na>SOs (appear)

NaClO: (appear)

NazS, Naz20,
NaNs (appear);

NaxSO3
(disappear)

-CF» containing
components
(disappear)

Note: “appear” indicates that a component is not detected on the surface but observed in the bulk;

“disappear” indicates that a component is shown on the surface but not in the bulk; “N/A”

indicates that same components are observed on the surface and in the bulk.
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Supplementary Table 9 | Summary of calculated reduction potentials of the solvents and salt

species with or without the Na cation on the calculation (Units in V vs. Na/Na™).

DME DEGDME DOL NaOTf NaPFs NaClOs NaTFSI NaFSlI

Without Na* -1.15 -1.28 -1.06 -0.04 -0.50 -0.32 0.12 1.34
With Na®  -0.02 0.25 -0.59  1.02 0.75 4.95 -0.30 2.37
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Supplementary Table 10 | Summary of salt dissolution in binary solvents at 1 M/0.5 M
concentrations at —35°C (*Yes” indicates fully dissolved, “No” indicates not fully dissolved,

“N/A” indicates no results or failure in previous screening).

NaOTf (1 M) NaOTf (0.5 M)

DEGDME-DOL

(8:2) Yes Yes
DEGDME-DOL

(5:5) Yes Yes
DEGDME-DOL

(2:8) No Yes
DME-DOL (8:2) N/A Yes
DME-DOL (5:5) N/A Yes
DME-DOL (2:8) N/A Yes

NOTE: The salt concentration below 0.5 M shows a marked decrease in conductivity, which
makes such electrolytes not practical. Concentrations above 1 M cause significant salt
precipitation at low temperature (e.g. —20°C)*. The salt concentrations between 0.5 M and 1 M
are therefore chosen in the study.
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Supplementary Table 11 | Summary of resistance values (Re) obtained from fitting the
impedance data of stainless steell|stainless steel symmetric cells containing 0.5 M NaOTf-
DEGDME/DOL (2:8) solution at a range of temperatures in Supplementary Figure 27a using
the equivalent electrical circuit (inset in Supplementary Figure 27a).

Re (Ohm)

Value Deviation
20°C 11.6 0.2518
0°C 12.17 0.2465
-10°C 12.95 0.2513
—20°C 13.91 0.2435
=30°C 15.36 0.243
—40°C 17.26 0.2424
—50°C 20.13 0.2421
—60°C 24.29 0.2415
—70°C 30.6 0.2416
—80°C 41.36 0.2403

Note: Fitting of electrochemical impedance data was made using the frequency of 155 kHz to 57
HZ.
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Supplementary Table 12 | Summary of resistance values (Re) obtained from fitting the
impedance data of stainless steell|stainless steel symmetric cells containing 0.5 M NaOTf-
DEGDME/DOL (5:5) solution at a range of temperatures shown in Supplementary Figure 27b

using the equivalent electrical circuit (inset in Supplementary Figure 27b).

Re (Ohm)

Value Deviation
20°C 14.26 0.2512
0°C 16.03 0.2484
-10°C 18 0.248
—20°C 20.41 0.2469
=30°C 23.78 0.2404
—40°C 28.64 0.2393
—50°C 35.67 0.2333
—60°C 46.96 0.2325
—70°C 65.54 0.2322
—80°C 99.47 0.2532

Note: Fitting of electrochemical impedance data was made using the frequency of 155 kHz to 57
HZ.
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Supplementary Table 13 | Summary of resistance values (Re) obtained from fitting the

impedance data of stainless steel|stainless steel symmetric cells containing 1 M NaOTf-

DEGDME solution at a range of temperatures shown in Supplementary Figure 27c¢ and 27d

using the equivalent electrical circuits (insets in Supplementary Figure 27c and 27d).

Re (Ohm)

Value Deviation
20°C  8.371 0.2496
0°C 10.34 0.2478
—-10°C 12.61 0.2482
-20°C 15.72 0.247
-30°C 204 0.2465
—40°C 27.78 0.2463
—50°C 40.44 0.2401
—60°C 0654 0.2396
=70°C 120 0.2556
—80°C 265 0.255

Note: Fitting of electrochemical impedance data was made using the frequency of 155 kHz to 57

HZ.
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Supplementary Note 1
Supplementary Figures 5 to 8 display the surface morphology of Na metal electrode cycled in

different electrolytes at +20°C and —20°C. Besides the fact that the NaOTf-DEGDME electrolyte
enables relatively smooth surfaces at both +20°C and —20°C. Key observations are summarized

as below:

(1) There is distinct difference in the Na metal electrode surface morphology associated with
NaClO4 salt at +20°C and —20°C. For example, a severely damaged surface can be
observed for NaClO4-DEGDME at +20°C, while a relatively smooth surface (with pores
identified from cross-section view) can be seen at —20°C. Similar trend can be observed
for the case of NaClO4s-DME. This may be due to the significantly reduced reaction
between the NaClOs salt and Na metal with decreasing temperature. This is also
consistent with the electrochemical behavior investigation, in which the electrolyte with
NaClOs salt operates much better at low-temperature compared to room-temperature

condition.

(2) For the cases with NaFSI and NaTFSI salts, the electrolytes with NaFSI generally lead to
less fractured and porous Na metal electrode surfaces compared to the ones with NaTFSI.
Even though LiTFSI is reported as a frequently used salt for Li metal anode?*?®, NaTFSI
is shown to be a less promising candidate for Na metal anode.

Supplementary Note 2
Supplementary Figures 13 to 21 present the XPS spectra, depth profiles and analyses on the

chemical composition of the SEI formed in NaClOs-DME, NaFSI-DME, and NaTFSI-DEGDME
at +20°C and —20°C (four out of the eight electrolyte candidates were surveyed for the XPS

analysis). Key analyses on the composition are summarized as below:

(1) For NaClO4-DME, the composition of the SEI is very sensitive to temperature.
Specifically, the NaCl (198.4 eV) component is ubiquitous at +20°C. In contrast, NaClO4
(208.5 eV) and NaClOs3 (206.3 eV) are exhibited on the surface and NaClO- (203.8 eV) is
present at the inner zone at —20°C. Note that the presence of ClO4 is possibly due to the
precipitation/residual of the salt on the surface of Na metal. The detection of ClOs™ is
possibly due to the decomposition of NaClO4. Such differences suggest that a lower

temperature can alleviate severe corrosion caused by the reduction from NaClO4to NaCl.
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(2) As for NaFSI-DME, the SEI formed at —20°C shows more complicated components in
comparison to that formed at +20°C. At +20°C, -SOzF enriched species (170.2 eV) and
Na>S203 (168.7 eV) exist on the surface in addition to NaF (684.1 eV), C-O-Na (531.2
eV) and organic debris, while NazS (161.1 eV) appears in the bulk. At —20°C, Na>SO3
(167.2 eV), NaN3 (403.6 and 398.5 eV) and Na,O (528.2 eV) are detected in addition to
the above ingredients. Interestingly, the low temperature does not seem to reduce the

extent of the reactions.

(3) With respect to NaTFSI-DEGDME, given similarity in the anion structure of TFSI
compared to FSI, the SEI species are moderately dissimilar. In particular, -CF;
containing compounds (292.3 eV) and NaCN (397.4 eV) are revealed instead of -SO2F

enriched ones for the FSI".
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