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Abstract

New rechargeable battery chemistries that can operate at lower temperatures than Li-ion batteries 

are necessary for emerging applications such as electric flight. Sodium metal anodes have shown 

high Coulombic efficiency and encouraging cycling behavior for high-energy batteries at room 

temperature, but electrochemical behavior of sodium at low temperatures has rarely been explored. 

Here, we show that sodium metal anodes can be cycled with high Coulombic efficiency down to 

-50 °C when using diglyme-based electrolytes with dual salts, which surpasses the low-

temperature performance of graphite anodes in Li-ion batteries. This novel electrolyte shows low 

overpotential and an average Coulombic efficiency of 99.0 % over 50 cycles when tested at -40 

°C, as well as promising performance over a range of higher temperatures. The high Coulombic 

efficiency of sodium cycling at low temperatures is attributed to the formation of a uniform SEI 

that is rich in inorganic species, as revealed by cryogenic transmission electron microscopy and 

X-ray photoelectron spectroscopy. These results are superior to lithium metal, which has exhibited 

relatively low Coulombic efficiency at low temperatures in a variety of electrolytes. Our findings 

thus demonstrate the particular promise of sodium-metal-based batteries for use in cold 

environments. 
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1. Introduction  

Rechargeable batteries that can operate efficiently at low temperatures (< 0 °C) present a 

significant research and development challenge. Reduced temperatures have a marked effect on 

ion migration, electrolyte viscosity, and interface dynamics within batteries and can cause 

increased cell polarization and severe capacity fade.1-6 For instance, conventional Li-ion batteries 

do not behave well below about -20 °C due to sluggish solid-state diffusion in graphite, electrolyte 

freezing, unfavorable desolvation energetics, and lithium plating during charge.2-4, 7-11 The graphite 

anode is a key limiting factor at low temperatures, which has motivated the investigation of lithium 

metal anodes (as well as other alternatives) for energy storage under challenging low-temperature 

conditions.1, 12-15 The electrolyte plays a key role in the performance of lithium metal anodes at 

low temperatures. Meng and coworkers developed a pressurized gas-based electrolyte,15, 16 and 

Xia and coworkers developed an ester-based electrolyte coupled with an organic cathode14, with 

both showing cycling capabilities below -50 °C. Work on carbonate electrolytes with ionic liquid 

additives has shown promise for operation of lithium titanate electrodes down to -30 °C.17 Very 

recently, Wang and coworkers utilized fluorinated non-polar ether electrolytes for low-temperature 

energy storage.13 Our group has shown that low operating temperatures have a marked effect on 

the morphology of deposited lithium and the structure and composition of the solid-electrolyte 

interphase (SEI); furthermore, many electrolyte combinations exhibit extremely low Coulombic 

efficiency (CE) for lithium cycling at low temperatures.12 A recent study has shown that the CE 

for lithium cycling can be improved at low temperatures by adding small amounts of carbonates 

to ether-based electrolytes, but higher CEs are required for long-term stable cycling at low 

temperatures.18

           The sodium metal anode also shows promise for batteries because of its high theoretical 

specific capacity (1165 mAh g-1) and greater abundance than lithium.19-25 Despite fundamental 

issues such as dendrite formation, dead sodium accumulation, and continuous SEI growth, recent 

advances in electrolyte engineering and cathode material development have enabled sodium metal 

batteries to exhibit high CE (> 99%) at room temperature.26-29 Cui and coworkers showed that 

sodium metal in a diglyme-based electrolyte with sodium hexafluorophosphate (NaPF6) salt 

exhibits excellent reversibly at room temperature owing to the uniform SEI containing sodium 

oxide and sodium fluoride.29 This inorganic-rich SEI was able to inhibit dendritic growth of 
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sodium and limit the extent of SEI formation, leading to efficient cycling at room temperature.29 

Recently, Zhang and coworkers showed that concentrated sodium salts in ether electrolytes can 

enable highly reversible sodium metal batteries,30 although the high concentration of salts 

decreases ionic conductivity and increases viscosity, leading to cathode wetting issues.31 Despite 

these advances in room-temperature sodium metal-based batteries, there is a fundamental 

knowledge gap related to how temperature affects sodium metal anodes. Specifically, the 

electrochemical behavior, morphological evolution, and the nature of the electrolyte interface at 

temperatures < -20 °C has not been sufficiently explored.32 

            Here, a dual-salt electrolyte formulation was designed that enables cycling of sodium metal 

with high CE at temperatures below -40 °C. This novel electrolyte (0.8 M sodium triflate and 0.2 

M NaBF4 in diglyme) shows relatively high ionic conductivity at low temperature (0.8 mS cm-1 at 

-40 °C), and it enables sodium nucleation on stainless steel substrates with low overpotential. The 

electrolyte allows for high capacities (>4.0 mAh cm-2) of sodium metal to be deposited as highly 

uniform and compact films at low temperature, which is in contrast to the high surface area and 

small particle sizes of deposited lithium metal under such conditions.12, 18 SEI formed at different 

temperatures was investigated with X-ray photoelectron spectroscopy (XPS) and cryogenic 

transmission electron microscopy (cryo-TEM), revealing the chemical and structural effects of the 

salt combination on the SEI. These findings indicate the promise of sodium metal as a low-

temperature battery anode, and they are an important step toward enabling cost-effective, high 

energy sodium metal batteries for a wide range of temperatures.

2. Results and Discussion

2.1. Temperature-dependent electrochemical investigation

To understand how choice of electrolyte salt affects sodium electrochemistry, we first 

investigated CE at both ambient (20 °C) and low-temperature (-40 °C) conditions in half-cells 

containing a sodium metal counter electrode and a stainless-steel working electrode. The salts 

investigated were 1.0 M NaTFSI (sodium bis(trifluoromethylsulfonyl)imide), NaOTf (sodium 

triflate), NaBF4, NaClO4, and NaPF6. Diglyme (bis(2-methoxyethyl) ether) was selected as the 

solvent due to its low freezing point (-64 °C). Fig. 1a shows the CE of sodium cycling in these five 

electrolytes at 20 °C, where 0.5 mAh cm-2 of sodium was electrodeposited and stripped for 50 
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cycles. The results demonstrate that the CE strongly depends on choice of salt. The electrolyte 

with 1.0 M NaPF6 showed the highest CE at 20 °C, with an average CE of 99.5 % over 50 cycles 

(Fig. 1a). The electrolyte with 1.0 M NaBF4 exhibited an average CE of 98.5% over 50 cycles, and 

the electrolyte with 1.0 M NaOTf showed an average CE of 96.5 % over 50 cycles (Fig. 1a). The 

other two salts (1.0 M NaTFSI or NaClO4) showed extremely low CE (< 25 %). At -40 °C, all 

electrolytes showed poor CE except for the electrolyte with 1.0 M NaOTf (Fig. 1b). Nucleation of 

sodium on the working electrode was difficult in electrolytes other than that with NaOTf at -40 

°C, demonstrating the challenges of designing electrolytes for sufficient low-temperature 

performance. NaPF6 and NaClO4 electrolytes are not included in Fig. 1b because they did not allow 

for nucleation of sodium at -40 °C. The electrolyte with 1.0 M NaOTf exhibited an average CE of 

90.3% at -40 °C, which is lower than that at 20 °C.

Fig. 1. Coulombic efficiency (CE) of sodium deposition/stripping in half cells using electrolytes 
containing various single salts in diglyme solvent at (a) 20 °C and (b) -40 °C. (c) CE measurements 
carried out at 20 °C (red) and -40 °C (black) using 0.8 M NaOTf and 0.2 M NaBF4 salts in diglyme 
(the “dual-salt” electrolyte). For (a-c), the areal capacity for each half cycle was 0.5 mAh cm-2 and 
the current density was 0.5 mA cm-2. (d) The average CE over 50 cycles from 20 °C to -50 °C 
using two electrolytes: the dual-salt combination in diglyme and 1.0 M NaOTf in diglyme. The 
error bars show standard deviation.
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Based on these results, we investigated combinations of NaOTf with other sodium salts. 

This effort was motivated by prior studies on lithium metal electrodes, where dual-salt electrolytes 

have been shown to increase CE33-37 and have also enabled “anode-free” Li metal batteries that 

can sustain 90 charge/discharge cycles at 40 °C.37 The effects of multiple salts on sodium metal 

electrochemistry has not yet been sufficiently explored, however. Through systematic 

experimentation, we found that combining 0.8 M NaOTf and 0.2 M NaBF4 leads to much-

improved sodium reversibility over a wide range of temperatures (Fig. 1c, d). At 20 °C, this dual-

salt electrolyte showed a remarkable average CE of 99.4 % (Fig. 1c), which is similar to the 

highest-performing single-salt electrolyte in Fig. 1a (1.0 M NaPF6). At -40 °C, the dual-salt 

electrolyte showed better CE than all the single-salt electrolytes, with an average CE of 97.4 % 

over 50 cycles (Fig. 1c). As shown in Fig. 1d, the dual-salt electrolyte also showed a CE of > 95 

% across the range of temperatures from 20 °C to -50 °C, which is higher than all other single salts 

across this temperature range. Thus, this dual-salt electrolyte shows encouraging sodium 

deposition/stripping behavior down to -50 °C. Furthermore, these CE values at low temperatures 

are substantially higher than previous results for lithium metal in ether-based electrolytes.12, 18

Additional CE experiments were carried out to determine how deposition of different 

capacities (from 0.5 mAh cm-2 to 4 mAh cm-2) at -40 °C affects cycling reversibility. Fig. 2a shows 

that with higher plating capacities, the CE increases to > 99 % after the first few cycles at -40 °C. 

This important result suggests that the dual-salt electrolyte causes sodium to deposit in a uniform 

and dense fashion without excessive exposed surface area that would serve to increase the extent 

of SEI growth in thicker films. Figure S1 shows that the higher CE with higher deposited capacity 

is sustained over at least 50 cycles. In addition to these experiments, we also investigated sodium 

plating and stripping in Na/Na symmetric cells as a function of temperature (Fig. 2b). The dual-

salt electrolyte showed stable sodium plating/stripping with low overpotentials from 20 °C to -60 

Fig. 2. (a) Capacity-dependent CE measurements carried out at -40 °C using the dual-salt 
electrolyte. The current density was fixed at 0.5 mA cm-2. (b) Temperature-dependent 
galvanostatic cycling of Na/Na symmetric cells using two electrolytes: the dual salt in diglyme 
and 1.0 M NaOTf in diglyme. A current of 0.5 mA cm-2 was used with 30-min half-cycles.
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°C. For comparison, Fig. 2b shows data using the 1.0 M NaOTf electrolyte. While low 

overpotential was also observed, substantial overpotential fluctuations are evident at -60 °C, 

indicating unstable sodium plating/stripping and the formation of inactive metal at this 

temperature. Other single-salt electrolytes showed similar fluctuations (Fig. S2). Conductivity 

measurements (Fig. S3) showed that both electrolytes exhibited very similar low-temperature 

conductivities, suggesting that the observed unstable sodium plating is not a result of anomalous 

decreases in conductivity. Instead, it is likely a result of the complex interplay among the properties 

of the SEI, Na+ solvation/desolvation phenomena, and charge transfer kinetics. Finally, the dual-

salt electrolyte enabled excellent long-term cycling of symmetric cells at -40 °C (Fig. S4), with 

low and steady overpotential (~50 mV) over 300 h of cycling, while a similar experiment with 

only NaOTf showed a steady increase of overpotential and irregular voltage fluctuations (Fig. S4). 

2.2. Morphological analysis

Page 7 of 20 Journal of Materials Chemistry A



8

Since the morphology of electrodeposited alkali metals is often directly correlated to CE,38-

42 we examined the morphology of sodium electrodeposited from different electrolytes as a 

function of temperature using scanning electron microscopy (SEM). As expected, our dual-salt 

electrolyte resulted in the deposition of highly uniform, compact, and non-dendritic films at both 

20 °C and -40 °C (Fig. 3a, d), which gives rise to the high CE measured under these conditions. 

Figure S5 shows cross-sectional SEM images of similar samples. At 20 °C, the electrolytes 

containing 1.0 M NaPF6, 1.0 M NaOTf, and 1.0 M NaBF4 also showed uniform, non-dendritic 

sodium morphology (Fig. 3b, c and Fig. S6), while electrolytes containing the other two salts (1.0 

M NaTFSI and 1.0 M NaClO4, see Fig. S6) showed nodular sodium deposits and increased film 

porosity, consistent with prior studies.28, 29 The increased film porosity can accelerate SEI 

formation, which likely contributes to the much lower CE values during cycling of the 1.0 M 

NaTFSI and 1.0 M NaClO4 electrolytes (Fig. 1a). At -40 °C, most of the single-salt electrolytes 

exhibited non-uniform and porous sodium morphology (Fig. 3f and Fig. S7), consistent with the 

decreased CE. Among the single-salt electrolytes, the electrolyte with 1.0 M NaOTF showed 

deposits with the greatest uniformity at -40 °C (Fig. 3e), which correlates with its relatively high 

CE. Overall, the dual-salt electrolyte produced sodium films that appear to have the smoothest and 

least porous morphology at -40 °C. The uniform sodium films have a low surface area that is 

Fig. 3. SEM images after electrodeposition of 0.25 mAh cm-2 of sodium onto stainless steel 
electrodes at different temperatures in three different electrolytes using a current density of 0.5 mA 
cm-2. (a, d) Dual-salt electrolyte at 20 °C and -40 °C; (b, e) 1.0 M NaOTf electrolyte at 20 °C and 
-40 °C; (c, f) 1.0 M NaBF4 at 20 °C and -40 °C.
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exposed to the electrolyte, which reduces parasitic SEI growth and dead sodium formation, leading 

to enhanced sodium reversibility.38 We note that this uniform and compact sodium morphology at 

low temperatures is distinct from prior studies on lithium metal in a variety of different 

electrolytes.12, 18, 43-45 These studies have shown that low temperatures (< -20 °C) cause the 

formation of smaller Li particles, which have high surface area and therefore substantial SEI 

growth and lower CE. Our findings regarding sodium in this dual-salt electrolyte thus indicate the 

significant promise of sodium metal for enabling low-temperature battery systems.

Based on these promising results, we investigated the temperature-dependent 

electrochemical behavior of dual-salt-electrolyte-based full cells with Na3V2(PO4)3 (NVP) cathode 

material and sodium metal anodes. Fig. 4a shows the charge/discharge curves for a cell that was 

sequentially cooled to lower temperatures for each cycle. These data show that from 0 °C to -60 

°C, the Na/NVP cell exhibited good reversibility, and at -40 °C about ~50% of the specific capacity 

attained at 0 °C was retained. Figure S8 shows data from the first cycle of a different cell that was 

operated only at -40 °C, demonstrating similar results as in Fig. 4a. Fig. 4b shows that the dual-

salt electrolyte enabled stable charging/discharging for 80 cycles at -40 °C with relatively high 

CE. While the areal capacity of this cell is low, these data demonstrate that this dual-salt electrolyte 

enables the operation of sodium metal batteries at a much lower temperature than is possible for 

Li-ion batteries. 
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2.3. Chemistry and structure of the solid-electrolyte interphase

Since the properties of the SEI can determine electrochemical behavior of alkali metals, 

we next investigated the chemical and structural characteristics of the SEI as a function of 

temperature with X-ray photoelectron spectroscopy (XPS) and cryogenic transmission electron 

microscopy (cryo-TEM). XPS can provide spatially-averaged information regarding the chemical 

properties of the SEI, and cryo-TEM can reveal the nanoscale structure of the SEI.46 For XPS, we 

electrodeposited a fixed amount of sodium onto copper foil, disassembled and washed with 

diglyme in a glove box, and transferred to the XPS using a vacuum transfer holder (see 

Experimental Section). Fig. 5a-f show the C 1s, F 1s, and Na 1s core-level spectra from SEI formed 

at different temperatures (20 °C and -40 °C). These data compare two different electrolytes: 1.0 M 

NaOTf in diglyme (Fig. 5a-c) and the dual-salt mixture in diglyme (Fig. 5d-f). The C 1s spectra 

for the single and dual-salt electrolytes (Fig. 5a, d) feature four peaks at 20 °C with binding 

energies of 293.2 eV (C-Fx), 289.5 eV (C-Ox), 286.7 eV (O-C-O, C-SOx), and 285.0 eV (C-C, C-

H).28, 29 For the dual-salt electrolyte (Fig. 5d), the SEI formed at -40 °C shows a lower-intensity C 

1s signal compared to that at room temperature. This indicates that the SEI formed at lower 

temperature in the dual-salt electrolyte features less carbon content, which may be due to 

Fig. 4. (a) Charge-discharge profiles of a Na/Na3V2(PO4)3 (NVP) cell using the dual-salt 
electrolyte as a function of temperature. The charging/discharging rate was 0.2 C (1 C= 110 mA 
g-1). Data for 20 °C was not gathered likely due to reactions between NVP and the electrolyte at 
this temperature which precluded cycling. (b) Specific capacity (based on the active mass in the 
cathode) and CE as a function of cycle number for a Na/NVP cell operated at -40 °C. The areal 
capacity for this Na/NVP cell was ~0.1 mAh cm-2. 

Page 10 of 20Journal of Materials Chemistry A



11

kinetically limited decomposition of the solvent, consistent with our previous studies of lithium 

systems.12, 18 The F 1s spectra in Fig. 5b, e show two peaks at 683.1 eV (F-Na) and 688.0 eV (F-

C) for both electrolytes. An additional shoulder at about 686.2 eV (F-B) is present in the dual-salt 

electrolyte due to decomposition of NaBF4 (Fig. 5e). While the F-C peak is dominant in these 

plots, the peak at 683.1 eV was clearly dominant for both electrolytes at both temperatures after 

sputtering thin layers of material to expose the SEI interior (Fig. S9). This suggests that the interior 

of the SEI is rich in NaF. The Na 1s spectra in Fig. 5c, f show single peaks at ~1071-1072 eV, 

which can be attributed to overlapping contributions of Na-O and Na-F. 

Fig. 5. Temperature-dependent SEI chemistry probed by vacuum-transfer XPS. Sodium was 
electrodeposited at 0.5 mA cm-2 and vacuum-transferred to the XPS instrument. (a-c) High-
resolution C 1s, F 1s, and Na 1s XPS spectra for SEI formed on sodium with the 1.0 M NaOTf 
electrolyte at 20 °C and -40 °C. (d-f) High-resolution C 1s, F 1s, and Na 1s XPS spectra for SEI 
formed on sodium with the dual-salt electrolyte at 20 °C and -40 °C. (g) Atomic concentrations of 
various species measured by integrating core level spectra for SEI samples generated at 20 °C and 
-40 °C. Since the O 2p core level overlapped with the Na KL23L23 Auger peak, the O KL23L23 core 
level was used to quantify oxygen content.
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To summarize these findings in combination with XPS depth profiling results (Figs. S9, 

S10), Fig. 5g shows the atomic concentrations of different elements found in the SEI for both 

electrolytes at 20 °C and -40 °C. Both electrolytes at -40 °C contain fewer organic species and are 

chemically distinct from the SEIs formed at 20 °C. These changes in SEI composition at low 

temperatures can be attributed to altered decomposition kinetics of the electrolyte. Furthermore, 

since the NaBF4 salt can readily be decomposed to form NaF,28 the dual salt combination likely 

leads to SEI films that are rich in inorganic species at both 20 °C and -40 °C.

Cryo-TEM was used to investigate the nanoscale structure of the SEI formed in the dual 

salt electrolyte, as has been performed in previous work on other electrolyte systems.47-49 Cryo-

TEM samples were prepared in a similar fashion to our previous work,18 in which sodium was 

directly electrodeposited onto a Cu TEM grid within a coin cell, followed by electrochemical 

stripping of the sodium so that the SEI remains. Fig. 6a shows a high-resolution image of SEI 

formed at -40 °C. This image is overlaid with false-colored lattice fringes of different crystallites 

found in this region (the original image is shown in Fig. S11). This SEI film clearly exhibits the 

“mosaic” structural motif, with inorganic crystallites embedded in an amorphous matrix. While it 

is difficult to ascribe these individual sets of lattice fringes to full crystal structures, the various 

lattice spacings are consistent with Na2CO3, Na2O, and Na2SO4 crystallites, which are expected to 

Fig. 6. Cryo-TEM investigation of the structure of the SEI formed at -40 °C and 20 °C with the 
dual-salt electrolyte. (a) High resolution cryo-TEM image of the SEI formed at -40 °C with colored 
overlays of lattice fringes extracted with fast Fourier transform (FFT) analysis. The FFT of the 
image is shown in the inset with colored circles corresponding to the lattice fringes. The 3.2 Å 
lattice fringes could arise from Na2O (111) or Na2CO3 (201), the 3.0 Å fringes likely arise from 
Na2CO3 (002), and the 2.8 Å fringes could arise from crystal planes in Na2O, Na2CO3, or Na2SO4.  
(b) SAED pattern of SEI formed at -40 °C and (c) SAED pattern of SEI formed at 20 °C; both 
images feature the common diffraction rings from sodium-containing crystalline compounds 
labeled. 
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be found in the SEI. Cryo-TEM experiments on SEI grown at 20 °C also showed a similar mosaic 

structure (Fig. S12). Thus, the SEI at both temperatures is rich in sodium-based inorganic 

compounds, which is consistent with the XPS results in Fig. 5. One difference between the SEI 

formed at different temperatures was the average crystallite size: the crystallite size was smaller at 

-40 °C (191 ± 24 nm2) compared to the SEI formed at 20 °C (306 ± 43 nm2), as measured across 

multiple recorded images. Selected area electron diffraction (SAED) patterns from SEI formed at 

-40 °C and 20 °C (Fig. 6b and c, respectively) are consistent with the likely existence of Na2CO3, 

Na2O, Na2SO4 and NaF phases, and the more diffuse diffraction rings at -40 °C again indicate 

smaller crystallites. Inorganic-rich SEI is generally considered to be beneficial for plating/stripping 

of alkali metals,28, 29 and the high inorganic content in the SEI at both temperatures here likely 

enables the high CE observed with the dual-salt electrolyte across a wide range of temperatures. 

This is in contrast to prior work on lithium metal cycling at low temperature,12, 18 which has shown 

that in certain electrolytes the SEI can exhibit low crystallinity, which is correlated with low CE 

during cycling.

To link these investigations to transport properties at the sodium interface, electrochemical 

impedance spectroscopy (EIS) was performed on sodium electrodes in both the dual-salt and the 

1.0 M NaOTf-based electrolytes. For these experiments, sodium symmetric cells underwent one 

galvanostatic cycle at either 20 °C or -40 °C to form the SEI, and then EIS was subsequently 

carried out over a range of temperatures (Fig. S13). The charge transfer resistance (RCT) was 

extracted from the Nyquist plots using the equivalent circuit model shown in the inset of Fig. S13a. 

For SEI formed at 20 °C, the RCT increases from ~25  at 20 °C to ~250-300  at -60 °C. 

Interestingly, SEI formed at -40 °C exhibits lower RCT values across the entire temperature range, 

including ~100-125  at -60 °C. The lower impedance for SEI formed at low temperatures is likely 

associated with the thinner nature of this SEI observed with XPS. Finally, the dual-salt electrolyte 

has slightly higher RCT than the single-salt electrolyte across the temperature range.

3. Conclusion

In summary, we have developed a new electrolyte that enables electrochemical cycling of 

sodium metal anodes at low temperatures with high Coulombic efficiency. The synergy between 

NaOTf and NaBF4 salts in diglyme solvent leads to highly efficient sodium deposition/stripping 

down to -50 °C, as well as relatively high reversible capacity in sodium metal batteries with the 
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intercalation cathode Na3V2(PO4)3 at -40 °C. The promising electrochemical behavior is associated 

with the uniform and compact morphology of the deposited sodium, as well as the high inorganic 

content in the SEI across the examined temperature range. Our findings suggest that the 

development of sodium metal-based batteries with excellent rechargeability at low temperatures 

is possible by designing electrolytes to control sodium morphology and SEI composition. 

Furthermore, the high CE observed for sodium cycling herein exceeds prior results on lithium 

metal, indicating that sodium metal is particularly promising for low-temperature batteries. Since 

conventional Li-ion batteries are unable to reversibly deliver power below approximately -20 °C, 

these findings could open up new avenues for rechargeable energy storage under extreme 

temperature conditions, with important implications for electric flight, deep-sea vehicles, and 

space exploration.

4. Experimental Section

Materials: All the chemicals used in this study were purchased from commercial vendors and 

used without further purification unless otherwise stated. The chemicals used for electrolyte 

preparation were purchased from Sigma-Aldrich, and they include the following: Bis(2-

methoxyethyl) ether (99.5%, anhydrous), sodium hexafluorophosphate (NaPF6, 98%), sodium 

tetrafluoroborate (NaBF4, 98%), sodium trifluoromethanesulfonate (NaOTf, 98%), sodium 

perchlorate (NaClO4, ACS reagent, ≥98.0%), and sodium trifluoromethanesulfonimide (NaTFSI, 

97%).

Electrolyte preparation: Bis(2-methoxyethyl) ether (diglyme) solvent was dried with molecular 

sieves (3 Å) so that the water content was <15 ppm (Karl Fischer titration). The diglyme-based 

electrolytes were prepared by dissolving sodium salts in the solvent inside an Ar-filled glove box 

(Vigor), where the moisture and oxygen content were < 0.3 ppm. The following electrolyte 

compositions were used in this study:

1) 1.0 M NaPF6 in diglyme 

2) 1.0 M NaBF4 in diglyme 

3) 1.0 M NaOTf in diglyme

4) 1.0 M NaClO4 in diglyme
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5) 1.0 M NaTFSI in diglyme

6) 0.8 M NaOTf + 0.2 M NaBF4 in diglyme (referred to as “dual salt”) 

Cell fabrication and electrochemistry: 2032-type coin cells were used for all electrochemical 

measurements except for electrolyte ionic conductivity measurements, where a custom Swagelok 

cell was used. The coin cells and Swagelok cells were assembled inside an Ar-filled glove box. 

The ionic conductivity values of the electrolytes as a function of temperature were determined by 

carrying out electrochemical impedance spectroscopy (EIS) in Swagelok cells. For these 

measurements, an electrolyte-soaked fiberglass membrane was sandwiched between two stainless-

steel electrodes. The applied frequency range was 1 MHz to 0.1 Hz with an AC amplitude of 5 mV. 

EIS measurements were carried out after holding at the specified temperature for at least 2 h.

Sodium metal (Sigma-Aldrich, 99.8%) was used as the sodium source for all experiments, 

and 0.5-in diameter disks (0.8 mm thick) were used in coin cells. Na/Na symmetric cells were 

fabricated in coin cells with freshly cut Na metal and 40 µl of electrolyte. For Coulombic efficiency 

(CE) measurements, coin cells were assembled with stainless steel as the working electrode and 

the freshly cut Na metal foil as the counter electrode with 40 µl of electrolyte. CE measurements 

were performed by plating and stripping with a current density of 0.5 mA cm-2 over 1 h (0.5 mAh 

cm-2 deposited or stripped per half cycle), with an upper voltage cutoff of 1.0 V. To investigate the 

impedance of the SEI formed at different temperatures, Na/Na symmetric cells were assembled 

with various electrolytes and cycled once (0.5 mA cm-2 for 30 min each of plating and stripping) 

at the desired temperature before carrying out EIS. All electrochemical measurements were 

performed with a Bio-Logic VMP3 potentiostat, and cells were tested within an ESPEC MC-812R 

environmental chamber to control temperature between 20 C and -60 C. Coin cells were held at 

a specified temperature for at least 1 h before testing to ensure thermal equilibrium.

Cathode material synthesis, electrode fabrication, and full-cell electrochemical testing: 

Na3V2(PO4)3 was produced via a solution-based synthesis using an optimized recipe reported 

previously.50, 51 The phase purity of the Na3V2(PO4)3 was verified with X-ray diffraction (Fig. 

S14). The synthesized Na3V2(PO4)3 powder was mixed with carbon black (C‐NERGY) and 

polyvinylidene fluoride (Arkema) in a weight ratio of 6:3:1 in 1‐methyl‐2‐pyrrolidone (Sigma–

Aldrich) to form a slurry. The prepared slurry was cast onto an Al foil, which was fully dried in a 

vacuum oven. The active material mass loading was typically 1 mg cm−2. For the electrochemical 
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testing of full cells, a current density of 0.2 C (1 C = 110 mA g−1) was employed with voltage 

cutoffs between 2.3 V and 3.6 V using a standard battery tester (CT2001A, LAND Electronics 

Co., Ltd).

Scanning electron microscopy (SEM): A Hitachi SU8030 microscope with an accelerating 

voltage of 3 kV was used to examine the morphology of electrodeposited sodium. For ex-situ SEM 

analysis, the sodium samples were prepared by electrodepositing sodium on stainless-steel foil at 

a current density of 0.5 mA cm-2 for 0.5 h, yielding an areal capacity of 0.25 mAh cm-2. The cells 

were then disassembled in an Ar-filled glove box and washed with 0.5 mL of diglyme, and the 

sample was dried under vacuum before imaging. During loading into the SEM, the samples were 

exposed to atmosphere for ~5 s, and evacuation of the loading chamber took ∼30 s. 

Cryogenic transmission electron microscopy: The cryo-TEM measurements were carried out 

using an FEI Tecnai F30 TEM operated at 300 kV. TEM samples were prepared by carrying out a 

single sodium plating/stripping cycle (0.5 mA cm-2 for 2 h) using a copper TEM grid as the 

working electrode in a coin cell. After the sodium plating/stripping cycle, the coin cell was 

disassembled in an Ar-filled glove box, and the TEM grid was washed with 0.5 mL of diglyme 

and dried in vacuum before loading it into a Gatan cryogenic cooling holder. The holder was 

exposed to atmosphere for ~10 s as the holder was transferred from the argon environment into 

the TEM load lock, where it was brought to vacuum. Liquid nitrogen was then added to the 

holder’s external dewar, and the temperature of the sample was maintained at -175 °C for imaging. 

After temperature stabilization, imaging was conducted while recording with a Gatan OneView 

camera. Under these conditions, beam-induced sample degradation was minimized at electron dose 

levels below 5  102 electronsÅ-2s-1. Thus, to optimize the tradeoff between image resolution and 

sample degradation, all images were recorded at a dose rate between 1 and 5  102 electronsÅ-2s-1.

X-ray photoelectron spectroscopy: For XPS analysis, Na/Cu half cells were constructed and 

galvanostatic sodium plating (0.5 mA cm-2 for 2 h) was carried out at two different temperatures: 

20 °C and -40 °C. Once the sodium plating was completed, these cells were disassembled in an 

Ar-filled glove box, washed with 1 mL of diglyme, and dried in vacuum before being placed into 

a vacuum transfer holder for transfer to the XPS instrument without exposure to atmosphere. XPS 

analysis was performed using a Thermo K-Alpha XPS with an Al Kα source, a 400 μm spot size, 

and 15 W X-ray gun power. The base pressure was 5 × 10-8 Torr, and the analyzer pass energy 
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was 50 eV with a resolution of 0.05 eV and a dwell time of 100 ms. Surface charging was 

compensated with a flood gun with slow electrons and Ar+ ions. Charge referencing for the peaks 

was performed using C 1s at 284.8 eV. For XPS depth profiles, a series of three etches of 60 s each 

was performed.
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