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Abstract: Sodium metal batteries have shown considerable potential when operated at ambient temperatures.
However, their performance in cold environments is constrained by increased electrolyte resistance with decreasing
temperature and dendritic sodium plating associated with unstable solid electrolyte interphase (SEI), which are
primarily influenced by the electrolyte composition. In this study, we present an electrolyte formulation that
remains thermally stable down to —150 °C, which not only facilitates low internal resistance but also contributes
to the formation of a protective SEI under cryogenic conditions. When cycled at —40 °C at 1 mA cm™2, the
sodium metal electrode exhibits a low overpotential of only 16 mV over 750 h; even at an ultra-low temperature
of =80 °C, the electrode demonstrates remarkable long-term stability with a low overpotential of 54 mV sustained
over 1500 h at 0.5 mA cm 2. Furthermore, full cell evaluations when paring with Na3V,(PO4); cathode reveal a
high average Coulombic efficiency exceeding 99.1% and a capacity retention over 83% after 100 cycles at both
—40 °C and —80 °C.

Keywords: sodium metal battery; low temperature; ether electrolyte; sodium hexafluorophosphate; solid
electrolyte interphase

1. Introduction

Lithium-ion batteries (LIBs) are widely employed in portable electronics and electric vehicles owing to their
high energy and power densities, as well as their prolonged cycle life [1-3]. However, LIBs suffer considerable
energy and power losses at low operating temperatures, particularly below —20 °C [4,5]. This significantly restricts
their applications under cold conditions [5,6], including military and aerospace, polar exploration, cold-chain
logistics, and renewable energy storage in cold climates. To overcome the low-temperature operational hurdles,
beyond LIB technologies, specifically those utilizing lithium metal anodes are being investigated with promising
results [7-16]. Meanwhile, the escalating cost of lithium has compelled the research community to explore
alternative energy storage technologies. Sodium (Na) metal emerges as a particularly attractive anode candidate
for Na battery chemistry because of its high theoretical specific capacity (1166 mAh g™'), low electrode potential
(—2.714 V versus the standard hydrogen electrode), and much lower cost and high abundancy of Na resources
compared to the lithium counterparts [17-22]. Yet, comprehensive understanding of the electrochemical behavior
of Na metal anodes under low-temperature conditions remain elusive.

Formulating the appropriate electrolyte composition is critical for enabling the Na metal anode to work under
cold conditions [23—-30]. With decreasing temperature, the electrolyte resistance increases markedly, primarily due
to elevated viscosity and decreased salt solubility. Moreover, the structure and composition of the solid electrolyte
interphase (SEI) depend heavily on the electrolyte formulation and exhibit high sensitive to temperature
fluctuations. It is well recognized that an electrolyte composed of sodium hexafluorophosphate (NaPFe) salt
dissolved in diethylene glycol dimethyl ether (DEGDME) in a standard salt concentration of 1 M exhibited high
compatibility with Na metal anodes, rendering it a superior choice for stable cycling at room temperature [31].
Our previous research showed that NaPFs and sodium trifluoromethanesulfonate (NaOTf) exhibited intermediate
reduction potentials vs Na’/Na with a moderate driving force to decompose before the decomposition of
DEGDME, which may contribute to the formation of a smooth and inorganic-species-rich SEI film on the Na
metal electrode at room temperature [23]. Nevertheless, NaPF¢ faces solubility challenges at low temperatures;
salt precipitation was observed in the 1 M NaPFs-DEGDME electrolyte system at —35 °C, leading to suboptimal
electrochemical performance. Even at a reduced concentration of 0.5 M NaPFs-DEGDME, a temperature
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limitation of —40 °C was still evident (Supplementary Figure S1), and similar temperature threshold was also
observed with the NaOTf-DEGDME electrolyte system [23]. This phenomenon could be explained by the intrinsic
molecular architecture of DEGDME. The presence of multiple oxygen atoms in DEGDME induces strong
intermolecular interactions, causing sluggish diffusion of the solvated Na* ions, especially at low temperature [29].
Moreover, the multiple oxygen coordination sites facilitate a strong chelating affinity with Na* ions, which increases
the number of solvent molecules within the solvation shell [29]. This feature is particularly detrimental for the SEI
formation at low temperature, in which the salt solubility decreases and thus the decomposition of the salt is
suppressed, leading to an unfavorable SEI dominated by organic species originated from the solvent molecules.

Herein we present an electrolyte formulation that replaces the widely employed DEGDME solvent for Na
metal anode with monoglyme—1,2-dimethoxyethane (DME)—which enables superior performance for metallic
Na anode at low temperatures down to —80 °C. X-ray photoelectron spectroscopy (XPS) characterization on the
SEI layer reveals that DME facilitates the formation of an SEI that is more enriched with inorganic species
compared to that formed in DEGDME counterpart at —80 °C. Symmetric cell testing shows that when cycled at
—40 °C at 1 mA cm 2, the Na metal electrode exhibits a low overpotential of only 16 mV over 750 h. Even at a
high current of 3 mA cm™, the overpotential is only 82 mV at —40 °C. In addition, when cycled at an extremely
cold temperature of —80 °C, the Na metal electrode displays impressive long-term stability with a low overpotential
of 54 mV sustained over 1500 h at 0.5 mA cm 2. Moreover, high Coulombic efficiency of 99.8% is achieved at
—60 °C for Na asymmetric cell at 0.5 mA cm 2. This performance is comparable to, and in many cases surpasses
the reported state-of-the-art results for Na metal anodes cycling at current densities of >0.5 mA ¢cm 2 at ultra-low
temperatures (<—40 °C), as summarized in Supplementary Table S1. Moreover, full cell evaluations when paring
with NasV,(POs); cathode reveal a high average Coulombic efficiency exceeding 99.1% and a capacity retention
over 83% after 100 cycles at both —40 °C and —80 °C.

2. Experimental Sections
2.1. Chemicals and Materials

Metallic Na chips were produced from Na metal cubes obtained from Sigma—Aldrich (Shanghai Trading Co.,
Ltd., Shanghai, China). Prior to use, sodium hexafluorophosphate (NaPFs, Sigma—Aldrich) was dried in an argon
(Ar)-filled glove box, maintaining conditions of O, < 0.6 PPM and H,O < 0.1 PPM (Mbraun). The solvents used
for electrolyte preparation—diethylene glycol dimethyl ether (anhydrous, Sigma—Aldrich), 1,2-dimethoxyethane
(anhydrous, Sigma-Aldrich), 1,3-dioxolane (anhydrous, Sigma—Aldrich), and tetrahydrofuran (anhydrous,
Sigma—Aldrich)—were used directly without further purification.

2.2. Characterizations

A temperature chamber (MC-812 ESPEC Corp., Osaka, Japan) was utilized to maintain stable temperature
conditions ranging from —80 °C to 20 °C. Coin cells were equilibrated at a specified temperature for a minimum
of one hour to ensure thermal stability. X-ray photoelectron spectroscopy (XPS) analysis was conducted using a
PHI Versaprobe II scanning XPS microprobe (ULVAC-PHI, Inc., Kanagawa, Japan), which has a system
resolution of 0.47 eV and employs a monochromatic 1486.7 ¢V X-ray source. Samples were transferred into the
XPS chamber using a sealed Ar-filled vessel to prevent exposure to air. Differential scanning calorimetry (DSC)
was performed with a Netzsch DSC 204 F1 Phoenix (NETZSCH-Gerédtebau GmbH, Selb, Germany), measuring
both samples and a reference between —150 °C and 20 °C at a controlled heating rate of 10 °C min™'. Additionally,
2Na Nuclear Magnetic Resonance (NMR) was executed on a Bruker 600 MHz Advance II1 HD spectrometer
(Bruker Corporation, Billerica, MA, USA) equipped with a 5 mm probe (Bruker BBFO). Scanning electron
microscope (SEM) imaging was carried out using a field emission gun environmental SEM (XL 300 ESEM-FEG,
FEI Company, Hillsboro, OR, USA).

2.3. Electrochemical Measurements

All electrolytes were prepared in an argon-filled glove box. Na || Na symmetric cycling was performed in
2032-type coin cells, which consisted of two identical Na chips and a separator (Celgard 2400) saturated with 40 pL
of the testing electrolyte. Asymmetric cells were assembled with stainless steel foil as the working electrode and
freshly cut Na as the counter electrode, also using 40 pL of the electrolyte. Na metal full cells were constructed
with Na3;V,(POs); cathodes and bare Na anodes utilizing the tested electrolytes. Details regarding the synthesis
and processing of Na3V,(POs)s, as well as cathode preparation, can be found in a prior study [18]. The active
material loading for the cathodes is 2 mg cm™. Electrochemical evaluations of symmetric and asymmetric cells,
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along with Na metal full cells, were conducted using a standard battery tester (CT2001A, Wuhan LANHE
Electronics Co., Ltd., Wuhan, China). Electrochemical impedance spectroscopy (EIS) measurements were carried
out using an electrochemical workstation (VMP3, Bio-Logic Science Instruments, Seyssinet-Pariset, France) over
a frequency range of 1 MHz to 0.1 Hz, with an AC amplitude of 5 mV. The total resistance of the electrolyte
solution was measured through EIS in stainless steel (SS) || stainless steel (SS) cells [23]. A polymer membrane
was sandwiched between two pieces of stainless steel in the coin cell with 40 puL electrolyte added. The ionic
conductivity of the electrolyte solution was calculated based on the method detailed in our previous paper [23].

3. Results and Discussion
3.1. Screening and Electrochemical Evaluation of Different Electrolytes at Low Temperatures

We first investigated a series of electrolyte solutions composed of NaPF; salt with different solvents at —35 °C.
Ethers including DEGDME, DME, 1,3-dioxolane (DOL), and tetrahydrofuran (THF) were chosen as candidate
solvents due to their low melting points (Supplementary Table S2). Out of the twelve formulations tested, nine
exhibited good solubility with 0.5 M NaPFg at =35 °C without obvious salt precipitation (Supplementary Table S3).
Based upon our previous finding that a 2:8 volume ratio of DEGDME to DOL optimized the Na metal electrode
performance at —80 °C [23], here we selected six representative systems (marked in Supplementary Table S3) for
further systematic evaluation. To isolate the structural effects of linear ethers (DEGDME vs. DME) and cyclic
ethers (DOL vs. THF), we primarily focused on the 2:8 ratio as a comparative benchmark to explore how molecular
substitution—rather than concentration variance—governs low-temperature electrochemical behavior.

Repeated Na stripping and plating were performed in symmetric cells with two identical electrodes using
0.5 M NaPF; electrolytes at a current density of 0.2 mA cm 2 and a capacity of 0.1 mAh cm ™2 across a temperature
range from 0 °C to —80 °C (Figure 1a—c). As shown in Figure 1a, the electrolyte systems employing 0.5 M NaPF-
DME/DOL (2:8 in volume fraction; all ratios hereafter refer to volume ratios) and 0.5 M NaPFs-DEGDME/DOL
(2:8) exhibit low overpotentials (less than 25 mV) and stable voltage profiles down to —80 °C. It is noted that the
cell with 0.5 M NaPF¢s-DME/DOL exhibits a stabler voltage profile, especially at —80 °C, compared to the one
with DEGDME. A high percentage of DOL is necessary for maintaining stable voltage profiles, as the performance
of the DME/DOL (5:5 and 8:2) electrolytes with higher volume ratio of DME was unsatisfactory (Figure 1b). The
critical role of cyclic ether, DOL, can be mainly ascribed to the following reasons based on our prior study and
previous reports [23,29,32]: (i) DOL has a much lower melting point (—95 °C) compared to DME (—58 °C),
preventing the electrolyte from freezing at cold conditions and improving the ionic conductivity of the electrolyte;
(ii) DOL is known as a weakly solvating solvent for Na* and Li*ions, which participates in the solvation shell and
weakens the chelation of Na" ions with glyme-based electrolytes; (iii) DOL may contribute to a concentrated
electron cloud around PFs and result in the preferential salt decomposition rather than the solvent molecules.
Additionally, replacing DOL with THF in the DGEDME/THF (2:8) and DME/THF (2:8) systems resulted in
asymmetric voltage profiles and high overpotentials at low temperatures, especially at ultra-low temperature of
—60 °C and —80 °C (Figure 1c).

In addition to symmetric cells, Na || stainless steel (SS) asymmetric cells were fabricated and tested at
0.5 mA cm 2 and 0.5 mAh cm 2, with a cut-off voltage of 0.3 V (Figure 1d-f) at low temperatures ranging from
—10 °C to —60 °C. While both the DEGDME/DOL (2:8) and DME/DOL (2:8) systems exhibit comparable
performance in Na || Na symmetric configurations, the 0.5 M NaPFs-DME/DOL (2:8) system displays smoother
stripping and plating curves, featuring a lower nucleation overpotential of 47 mV and a high Coulombic efficiency
(CE) of 99.84% at —60 °C (Figure 1d). In contrast, the 0.5 M NaPFs-DEGDME/DOL (2:8) system has a higher
nucleation overpotential of 60 mV and a much lower CE of 88.06% at —60 °C (Figure 1le). In addition, the CE of
the 0.5 M NaPF¢-DME/DOL (2:8) at —10 °C, —20 °C and —40 °C is 99.84%, 99.93% and 99.60%, respectively;
these numbers are slightly higher those of the 0.5 M NaPF¢- DEGDME/DOL (2:8), which gives a CE of 99.68%
at—10 °C, 99.38% at —20 °C, and 99.28% at —40 °C. Meanwhile, the 0.5 M NaPFs-DME/THF (2:8) system shows
voltage profiles characterized by a stepwise stripping curve, with a distinct turning point at 0.15 V at —60 °C
(Figure 1f). This phenomenon may suggest that Na dendrite fragments, formed due to sluggish kinetics at —60 °C,
become partially isolated. The observed voltage step represents the stripping of this ‘inactive’ Na, which could
only be recovered under increased overpotential. The CE values of the 0.5 M NaPF¢-DME/THF (2:8) at different
temperatures are as follows: 99.92% at —10 °C, 99.83% at —20 °C, 99.84% at —40 °C and 92.93% at —60 °C.
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Figure 1. Temperature-dependent electrochemical screening of electrolyte formulations at low temperatures.
Galvanostatic cycling of Na || Na symmetric cells at 0.2 mA cm ™2 and 0.1 mAh cm™2 in 0.5 M electrolytes of (a)
NaPFs-DEGDME/DOL (2:8) and NaPFs-DME/DOL (2:8); (b) NaPFs-DME/DOL (8:2) and NaPFs-DME/DOL
(5:5); and (¢) NaPFe-DME/THF (2:8) and NaPFe-DEGDME/THF (2:8); (d—f) Na plating/stripping profiles of Na ||
stainless steel (SS) asymmetric cells at 0.5 mA ¢cm ™2 and 0.5 mAh cm™2 with a cut-off voltage of 0.3 V in 0.5 M

clectrolytes of NaPFs-DME/DOL (2:8), NaPFs-DEGDME/DOL (2:8) and NaPFs-DME/THF (2:8).

The 0.5 M NaPFs-DME/DOL (2:8) electrolyte was then selected for further electrochemical evaluation due
to its superior performance observed during the initial screening process. This assessment focused on rate
capability and long-term cycling stability in symmetric cells at =40 °C (Figure 2). In the rate capacity measurement
(Figure 2a), the cell exhibits stable performance with a low overpotential of less than 20 mV with a capacity
increasing from 1 mAh cm™ to 3 mAh cm 2 at a current density of 1 mA ¢cm 2. Meanwhile, as current density was
increased from 1 to 2 mA cm 2 while maintaining a constant capacity of 1 mAh cm™2 (Figure 2b), the overpotential
of the cell rises from about 16 mV to 48 mV; even at a high current density of 3 mA ¢cm™2, the cell only shows an
overpotential of 82 mV, indicating fast kinetics at such low temperature. In addition, the 0.5 M NaPFs-DME/DOL
(2:8) electrolyte system demonstrates stable long-term cycling at —40 °C, maintaining an overpotential of
approximately 15-16 mV for over 750 h at 1 mA cm 2 and 1 mAh cm 2, without any discernible trend of increase

(Figure 2¢).
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Figure 2. Galvanostatic cycling of Na || Na symmetric cells in 0.5 M NaPFs-DME/DOL (2:8) electrolyte at —40 °C.

(a) Rate capacity performance at various capacities up to 3 mAh cm™2 at 1

mA cm2; (b) Rate current performance

at various current densities up to 3 mA cm2 at I mAh cm?; (¢) Long-term stability at 1 mA cm2and 1 mAh cm™

(Insets: enlarged voltage profiles after 300 h and after 600 h).
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3.2. Physicochemical Characterization of the Designed Electrolyte

To investigate the interaction between Na* ions and solvent molecules, we conducted 2*Na nuclear magnetic
resonance (NMR) spectroscopy (Figure 3a). The relative peak intensities varied with different solvent species,
providing insights for the solubility characteristics of the Na species (i.e., NaPF) in the medium [33]. Notably,
NaPFs demonstrates higher solubility in DME and THF compared to DOL. The incorporation of a small fraction
(20% in volume) of DME significantly enhanced salt solubility in the DME/DOL (2:8) mixture relative to pure
DOL. This improved solubility was maintained even at temperatures as low as —80 °C (Figure 3b). No precipitation
of salt was observed for the 0.5 M NaPFs-DME/DOL (2:8) after storing at —80 °C for 24 h. Nevertheless, salt
precipitation occurred in the 0.5 M NaPFs-DME/THF (2:8) solution at —80 °C (Supplementary Figure S2), despite
THF having a lower melting point and a higher dielectric constant at room temperature compared to DOL
(Supplementary Table S2). Additionally, the chemical shifts reveals that DME caused a more pronounced downfield
shift of 2Na compared to DOL and THF, indicating a stronger deshielding effect on the 2*Na nucleus [34]. Consistent

with the Gutmann donor theory, this shift suggests that DME possesses a higher coordination affinity for Na®,
effectively reducing the electron density surrounding the Na* through strong chelation.
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Figure 3. Physicochemical characterizations of NaPFe-based electrolyte solutions. (a) 2Na-NMR spectroscopy on
the electrolyte solutions. Notably, the concentration of the NaPF¢-DOL system is below 0.5 M due to solubility
limitation, whereas the other four systems were successfully prepared at 0.5 M; (b) Photo of 0.5 M NaPFe-
DME/DOL (2:8) after storing at 20 °C and —80 °C for 24 h. No precipitation of salts is observed at —80 °C; (c¢)
Change in the resistance of the electrolyte solutions in the temperature range from 0 °C to —80 °C. The resistance
values at different temperatures are normalized to those at 0 °C (the value of each electrolyte at 0 °C is treated as

1). Notably, the value for the 0.5 M NaPFs-DME/THF (2:8) at —80 °C exceeds the plotted scale, shown as ‘out of
the range’ in the figure; (d) DSC thermograms of 0.5 M NaPFe-DME/DOL (2:8) electrolyte from 0 °C to —150 °C.

To elucidate the underlying mechanism for the enhanced performance, we examined the electrolyte resistance

at various temperatures (Figure 3c). Electrochemical impedance spectroscopy (EIS) was used to measure the
resistance of the electrolyte solution in SS || SS cells (see Experimental Sections for details). The resistance of 0.5 M
NaPF¢-DME/DOL (2:8) was approximately 6.3 Ohms at 0 °C, which increased by a factor of 2.76 when the
temperature decreased to —80 °C. This increase is half that observed for 0.5 M NaPFs-DEGDME/DOL (2:8), which
showed a 4.64-fold increase from 0 °C to —80 °C. In contrast, the resistance of the DME/THF (2:8) system
increased by a factor of 2.15 when the temperature decreased to —60 °C and exceeded 30 times at —80 °C due to
salt precipitation. Furthermore, the observed changes in electrolyte resistance correlate well with the trends in ionic
conductivity (Supplementary Figure S3), where the 0.5 M NaPFs-DME/DOL (2:8) system exhibits the slowest
decline in conductivity with decreasing temperature. Differential scanning calorimetry (DSC) further confirmed

the thermal stability of the 0.5 M NaPFs-DME/DOL (2:8) system, indicating no phase transitions even down to
—150 °C (Figure 3d).
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3.3. Electrochemical Behavior at—80 °C and Post-Mortem Analysis

Extended cycling of Na || Na symmetric cells was performed utilizing 0.5 M NaPFs-DME/DOL (2:8) at
—80 °C at different current densities and capacities. At a current density of 0.2 mA cm™2 with a cycling capacity of
0.1 mAh cm™, the cell exhibits a low overpotential of approximately 20 mV, remaining stable for over 2000 h
(Supplementary Figure S4). Furthermore, at a higher current density of 0.5 mA ¢cm 2 with a capacity of 0.25 mAh cm 2,
stable performance was maintained for more than 1500 h (Figure 4a). The expanded voltage profiles (insets in
Figure 4a) after 750 and 1500 h show smooth voltage responses without spikes with an overpotential of 53 mV
and 54 mV, respectively. Scanning electron microscopy (SEM) imaging of the Na metal electrode after 50 cycles
at —80 °C reveals a uniform morphology in the NaPFs-DME/DOL (2:8) system, with no obvious porous structures
on the surface or within the cross-section (Figure 4b). In contrast, the Na metal surface cycled with NaPFs-
DEGDME/DOL (2:8) exhibits rough and heterogeneous textures (Supplementary Figure S5).
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Figure 4. Electrochemical and physicochemical characterizations of Na metal electrodes cycled in 0.5 M NaPFe-
DME/DOL (2:8) electrolyte at —80 °C. (a) Galvanostatic cycling of Na || Na symmetric cells at 0.5 mA cm ™2 and
0.25 mAh cm2 (pink zone). Note that an initial stepwise temperature drop (gray zone) was applied to stabilize the
cells (Insets: enlarged voltage profiles after 750 h and after 1500 h); (b) Ex situ postmortem SEM imaging of the
surface of the Na metal electrode after cycling at —80 °C (Inset: corresponding cross-sectional SEM image); (c¢)
XPS profiles of the C 1s and F 1s spectra recorded at various sputtering depths.

The chemical composition of the Na metal electrode surface using 0.5 M NaPFs-DME/DOL (2:8) was
characterized using X-ray photoelectron spectroscopy (XPS), as illustrated in Supplementary Figure S6. Binding
energies for all elements were calibrated relative to the C 1s signal at 284.8 eV. In the C 1s spectrum, the peak at
293 eV corresponds to polycarbonate, and the peaks at 289.5 ¢V and 286.8 eV can be attributed to O—C=0/ CO5*~
and C-0, respectively [19,31,33,35,36]. For the O 1s spectrum, the peaks at 532.5 eV and 526 eV can be assigned
to O—P=0 and Na,O [19], respectively, while the peak at 537 eV is associated with Na KLL [19,35]. With respect
to the F 1s spectrum, the peaks at 687.6 ¢V and 684.2 eV correspond to PF¢ and NaF species, respectively [19,35].
The P 2p spectrum shows doublets at 137.4 eV and 133.7 eV (for 2ps52), which are assigned to PF¢ and O-P=O0.
The signal of O-P=0 is potentially originated from NaPF,;0,, a major decomposition product of NaPF¢ [19]. The
XPS results indicate a major composition of organic and inorganic species (mainly including NaF and Na;O) on
the Na metal electrode surface. Detailed identification of the XPS peaks is provided in Supplementary Table S4.

To further investigate the distribution of chemical species within the SEI formed with NaPFs-DME/DOL
(2:8), XPS depth profiling was conducted (Figure 4c and Supplementary Figures S6 and S7). The signal for the
carbon content decreases with increasing depth and completely vanishes at around 95 nm beneath the surface,
revealing that the organic debris predominantly resides in the upper layer of the SEI. This also indicates that the
thickness of the SEI is approximately 95 nm. Moreover, the NaF content increases with depth till reaching around
15 nm, suggesting a higher percentage of NaF existing in the inner region of the SEI (Figure 4c). The NaF signal
was still detectable while the signal of the carbon content disappeared, suggesting that the NaPFs salt decomposed
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before the decomposition of the solvent molecules. For comparison, XPS characterization was also performed on
the surface of the Na metal electrode using 0.5 M NaPFs-DEGDME/DOL (2:8) at —80 °C (Supplementary Figure S8).
It shows that the surface of the SEI contains much fewer inorganic species, especially NaF, in contrast to the SEI
formed in the 0.5 M NaPFs-DME/DOL (2:8), indicating that NaF is critical in maintaining the integrity of the SEI
over cycling. Meanwhile, the signal of the O-P=0, which is associated with the NaPFs decomposition, is weaker
in the SEI formed in the DEGDME system compared with that formed in the DME system. The XPS analyses
revealed that the DME/DOL electrolyte system, in contrast to the commonly utilized DEGDME/DOL system, can
facilitate the decomposition of the NaPFg salt at low operating temperatures. This could be attributed to the weaker
binding affinity of the DME molecule for Na* ions, resulting from its fewer oxygen coordination sites than
DEGDME; this reduces the number of solvent molecules within the solvation shell and subsequently promotes the
salt decomposition [29].

3.4. Electrochemical Performance of Full Na Metal Cells at Low Temperatures

To evaluate the full cell performance of the formulated electrolyte of 0.5 M NaPFs-DME/DOL (2:8), Na
metal batteries utilizing NasV»(POs); as the cathode and Na metal as the anode were assembled and tested under
a series of low temperatures ranging from —10 °C down to —80 °C (Figure 5). The charge—discharge voltage
profiles at 0.2C (1C = 110 mA g™") (Figure 5a) reveal that both voltage hysteresis and capacity utilization are
highly sensitive to the operating temperature. At a relatively mild low temperature of —10 °C, the cell delivers a
specific capacity of ~100 mA g !, representing 91% of its theoretical capacity. As the temperature decreases, the
discharge voltage plateaus become progressively shorter and shift to lower potentials due to increased internal
resistance and sluggish diffusion kinetics. Notably, the cell still maintains great capacity retention at —40 °C and
—60 °C, delivering 72% and 45% of its theoretical capacity, respectively. The detectable performance even at —80 °C
highlights the exceptional low-temperature resilience of this system. The rate performance of the cells at —40 °C
is illustrated in Figure 5b, demonstrating the viability of Na metal cycling in a full cell configuration using the
formulated electrolyte under cold conditions. As the discharge current increases up to 1C, the specific discharge
capacity decreases, with approximately 79% of the capacity achieved at 0.2C retained at 1C. It is noted that this
capacity loss is reversible, with full recovery observed upon reverting the current rate to 0.2C (Figure 5b). For long-
term cycling performance at —40 °C (Figure 5¢), the battery exhibits an initial discharge capacity of 86.3 mAh g™!,
and 86% of this capacity was maintained after 100 cycles, accompanied by an average CE of 99.1%. At —80 °C,
the system maintains a high CE of 99.3% with 83% capacity retention after 100 cycles.
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Figure 5. Electrochemical performance of Na || Na3V2(POus)s cells using the 0.5 M NaPFs-DME/DOL (2:8)

electrolyte at low temperatures. (a) Galvanostatic charge-discharge voltage profiles at 0.2C (1C=110 mA g™!, based

on the active material of Na3V2(POa)3) from —10 °C to —80 °C; (b) Rate performance of cells up to 1C with voltage
cutoffs of 2.3 and 3.8 V at —40 °C. ¢, Long-term galvanostatic cycling of cells at 0.2C at —40 °C and —80 °C.
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4. Conclusions

In summary, we demonstrated that the monoglyme, DME, would be a better solvent option compared to the
conventional DEGDME to formulate an electrolyte for Na metal electrode to work under extremely cold
conditions. The optimized electrolyte formulation of 0.5 M NaPFs-DME/DOL (2:8) enables stable cycling of Na
metal down to —40 °C, exhibiting a low overpotential of 16 mV at 1 mA ¢m? with a capacity of 1 mAh cm™
sustained for over 750 h. This low overpotential can be maintained even at a capacity of 3 mAh cm2 (1 mA cm?),
while a slightly elevated overpotential of 82 mV is observed at a higher current density of 3 mA cm™2 (1 mAh cm™2).
Furthermore, stable Na cycling at —80 °C is achieved with a small overpotential of 54 mV for over 1500 h at
0.5 mA cm™2. The superior performance is attributed to a relatively modest increase in the electrolyte resistance,
which rises by only 2.76 times from 0 °C to —80 °C. Additionally, the formation of a robust, NaF-rich SEI with a
uniform morphology—characterized by SEM and XPS—contributes significantly to the observed electrochemical
performance. As a proof of concept, Na metal batteries featuring Na3;V,(PO4); as the cathode and Na metal as the
anode exhibit stable cycling and high CE values during operation down to —80 °C.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/others/
2603311457275841/M1-26030022-SM.pdf. Figure S1: Galvanostatic cycling of Na || Na symmetric cells at 0.2 mA ¢cm2 and
0.1 mAh cm™ in an electrolyte composed of 0.5 M NaPFs-DEGDME. Figure S2: Photos of 0.5 M NaPF6-DME/THF (2:8)
after storing at 20 °C and —80 °C for 24 h (Salt precipitation was observed at the bottom of the vial at —80 °C). Figure S3:
Temperature dependent ionic conductivity of 0.5 M NaPF¢-DME/THF (2:8), 0.5 M NaPF-DEGDME/DOL (2:8) and 0.5 M
NaPFs-DME/DOL (2:8). Figure S4: Galvanostatic cycling of Na || Na symmetric cells at 0.2 mA cm 2 and 0.1 mAh cm™2 at
—80 °C. Note that initial stepwise temperature drop was carried out to stabilize the cells. Figure S5: SEM image of Na metal
surface after 50 cycles in 0.5 M NaPFe-DEGDME/DOL (2:8) at —80 °C (Inset: corresponding cross-sectional SEM image).
Figure S6: XPS depth profile analysis on the 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™ in 0.5 M NaPFs-DME/DOL (2:8) electrolyte at —80 °C. Figure S7: Contents
of elements determined by ex-situ postmortem XPS depth profiling of the Na metal electrode (symmetric Na || Na cells) in 0.5
M NaPF¢-DME/DOL (2:8) after cycling at —80 °C. Figure S8: XPS profiles of C 1s, O 1s, F 1s and P 2p of the Na metal surface
after 50 cycles (symmetric Na || Na cells) in 0.5 M NaPFs-DEGDME/DOL (2:8) at 0.5 mA c¢m 2 and 0.5 mAh ¢cm 2 at —80 °C.
Table S1: Summary comparing performance of Na metal anodes (symmetric cells of Na/Na) cycling at current density >0.5
mA cm 2 and at low temperatures (<40 °C). Table S2: Melting point, dielectric constant, and dynamic viscosity of DEGDME,
DME, DOL and THF [1-3,6]. Table S3: Summary of NaPF salt dissolution in binary solvents at 0.5 M concentrations at —35
°C (“Yes” indicates fully dissolved; “No” indicates not fully dissolved; “Partially” indicates slight solid precipitation as the
electrolyte approached its saturation point; “*” indicates the six electrolytes systems that were selected for the further
electrochemical evaluation). Table S4: Summary of identified XPS peaks [7-11]. References [37] are cited in supplementary
materials.
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