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Sodium metal batteries (SMBs) are cost-effective and environmentally sustainable alternative to lithium batteries. However, at
present, limitations such as poor compatibility, low coulombic efficiency (CE), and high electrolyte cost hinder their widespread
application. Herein, we propose a non-flammable, low-concentration electrolyte composed of 0.3 M NaPFg in propylene carbonate
(PC), fluoroethylene carbonate (FEC), and 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE). This low-concentration
electrolyte not only reduces cost but also delivers rapid ion diffusion and superior wetting properties. While the NallFePO,4 system
with this electrolyte demonstrates slightly reduced performance at room temperature compared to standard-concentration
formulations (S-PFT), it excels at both high (55 °C) and low (—20 °C) temperatures, showcasing its balanced performance. At
0.5 C (charge)/1 C (discharge), capacity retention reaches 92.8% at room temperature and 98.5% at elevated temperature, with CE
values surpassing 99% and 99.63%, respectively, and significant performance sustained at —20 °C at 0.2 C. This electrolyte
development thus offers a well-rounded, economically viable path to high-performance SMBs for diverse environmental

applications.
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Electric vehicles and electric grids powered by renewable, but
typically intermittent energy sources demand low-cost, high-perfor-
mance electrochemical energy storage technologies. Due to their
high energy density and stability, lithium metal batteries (LMBs)
currently hold a leading position in meeting this demand. However,
LMBs are expensive and largely infeasible for grid-scale energy
storage applications due to a lack of lithium (approximately
0.0065% in the Earth’s crust). Hence, it is critical to develop
alternative battery technologies. Sodium metal batteries (SMBs) are
gaining popularity due to their low cost ($50-100 kWh™"), and
abundant sodium (around 0.048% in the Earth’s crust).!”

The performance of SMBs, however, is still far from ideal in
large part due to limited research in sodium-based chemistry.*™®
Current research on SMB focuses on electrolyte and electrode
materials, as well as interactions between electrode and
electrolyte.”® In particular, electrolytes in SMBs are a crucial
element that influences the electrochemical window, energy density,
and properties of the electrode/electrolyte interfaces. However, the
mainstream organic electrolytes for SMBs suffer from flammability,
low thermodynamic stability, and toxicity.>!° Indeed, it remains a
great challenge to create SMB electrolytes that are non-flammable,
thermodynamically stable, and eco-friendly.

In developing SMB electrolytes, much effort has been dedicated
to introducing flame retardants, inert diluents, and ionic liquids to
address the limitations of existing electrolytes.''™"® For instance,
Chang et al. developed a 0.5 M NaTFSI-incorporated MBP-ionic
liquid electrolyte to replace conventional organic electrolyte, and at
a rate of 1C, the NallNaFePO, cell demonstrated steady cycling
performance with 65% capacity retention.'* Zhang et al. proposed a
non-flammable electrolyte containing NaFSI-triethyl phosphate
(TEP)/1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE)
(1152 in mole), in which the Nall NaCul/gNi2/9F61/3Mn1/3OZ (Na—
CNFM) with a coulomb efficiency (CE) of 99.8%-99.9% over 100
cycles at 0.2 C."' These studies effectively tackle some key limita-
tions of standard electrolytes, but they are generally restricted to
room temperature, although an ideal SMB electrolyte should work in
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a wide temperature range. As such, new strategies are needed in the
development of SMB electrolytes.

Previous works on wide-temperature SMBs generally focused on
applying standard or high-concentration salts to improve the wide-
temperature performance. Wu et al. designed sodium bis(trifluor-
omethylsulfonyl)imide (NaTFSI) in N-methyl-N-propylpyrrolidi-
niumbis(fluorosulfonyl)imide ([Py,3][FSI]) and 1,2-bis (1,1,2,2-tet-
rafluoroethoxy) ethane (TFEE) (1:3:1 by molar ratio, ~1.15 M).
These dedicated electrolytes showed outstanding long-term cycling
performance with a capacity retention of 95.5% at 5 C after 2000
cycles at 25 °C, CE of ~99% after 240 cycles at 60 °C, and specific
capacity of 132 mAh g~ ' achieved by the NFMIINa cell at —20 °C."”
Similarly, Chou et al. introduced succinonitrile (SN)-based electro-
lyte containing NaClO4/SN/1,3,2-dioxathiolane-2,2-dioxide (DTD)
(~2 M), which delivered a capacity retention of 82.8% after 800
cycles (25 °C) and 86.3% after 100 cycles (60 °C).'° However, given
that the Stokes radius and de-solvation energy of Na™ are less than
those of Li".'"!® We hypothesize that it is possible to maintain
acceptable even better performance from SMBs with low-concen-
tration electrolytes even at wide temperatures.

To verify the above hypothesis, we report an electrolyte
consisting of 0.3M (hereafter refered to as L-PFT)/1.0M (as
reference group, S-PFT) NaPFg dissolved in a mixture of propylene
carbonate (PC), Fluoroethylene carbonate (FEC), and 1,1,2,2-tetra-
fluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE) (3:3:4 by volume).
This well-designed electrolyte exhibits non-flammability, high
compatibility with both Na metal anode and cathode as well as
better electrochemical performance. Benefiting from this electrolyte,
the as-developed NallFePO, battery delivered a capacity retention of
94.8% at 0.5 C (charge)/1 C (discharge) with a very high CE of
99.88% over 350 cycles for S-PFT. The reduced conductivity of L-
PFT still affords acceptable capacity retention and CE, which are 2%
and 0.46% lower than those of S-PFT. The cells with L-PFT showed
capacity retention of 90.8% even at a high rate of 2 C after 500
cycles. Surprisingly, the cell performs with L-PFT at temperatures of
55 °C better than S-PFT due to NaPFs decomposition, the problem
of thermodynamic stability is thus the main one to take into account
at high temperatures compared to the room temperature.
Furthermore, the low viscosity, rapid diffusion rate, and improved
wetting performance of the battery with L-PFT allow for significant
performance at low temperatures (—20 °C). The present electrolyte
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design, in our opinion, offers a fresh approach to improve the
viability of SMBs technology, particularly concerning its coulombic
efficiency, capacity performance, and compatibility.

Results and Discussion

Design and reveal solvation structures in two electrolytes.—
Figure la illustrates the design strategy for our electrolyte. By
varying the ratio of different salts, we modulate the interactions
between Na™ ions and solvents, which, in turn, influence the
electrolyte’s physical properties and interfacial behavior, thereby
affecting its electrochemical performance. Specifically, NaPFq
sodium salts were selected for their outstanding electrical conduc-
tivity and strong electrochemical stability. Propylene carbonate (PC)
is employed as a solvent for dissolving sodium salts, known for its
good conductivity. Indeed, 1.0 M NaPF in PC is a SMB electrolyte.
However, this electrolyte is associated with elevated interfacial
impedance at Na metal anodes and accompanied by the continuous
growth of electrolyte/electrode interphase. Recent studies have
identified fluoroethylene carbonate (FEC) as a cosolvent (or
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additive), where its preferential defluorination generates an inter-
phase rich in NaF, significantly enhancing the stability of metallic
Na.'”! Despite these improvements, the electrolyte composed of
1.0 M NaPFg in FEC/PC still exhibits substantial flammability, as
demonstrated in Movie S1, posing significant safety concerns for
practical applications.

To address the issue of thermal stability, we introduced 1,1,2,2-
tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE), a highly
fluorinated ether. Recognizing that the inclusion of TTE may impact
initial conductivity, a balanced approach was employed. To optimize
both thermal stability and conductivity, we developed an electrolyte
formulation of 1.0 M NaPF¢ in a PC: FEC: TTE mixture with a
volumetric ratio of 3:3:4, designated as S-PFT. This formulation
demonstrates high conductivity, an inorganic-derived interphase,
and nonflammability, as depicted in Movie S2. In comparison to S-
PFT, the L-PFT electrolyte, with a reduced salt concentration of
0.3 M, exhibits faster sodium ion diffusion, an organic-based
interphase, and improved wetting performance, allowing L-PFT to
maintain competitive performance characteristics while enhancing
the overall safety profile of the electrolyte.
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Figure 1. Design and solvation structure of 0.3 M and 1.0 M NaPF; in PC:FEC:TTE (3:3:4 vol%) electrolytes. (a) 0.3 M and 1.0 M mixed electrolytes design
principle. (b) Raman spectra of 0.3 M and 1.0 mixed electrolyte and pure mixed solvents. (¢, €) Snapshots of 0.3 M (c) and 1.0 M (e) electrolytes, along with their
representative solvation structures. (d, f) Radial distribution functions Na atoms in 0.3 M (d) and 1.0 M electrolytes (f). The dashed lines are the integrated radial
distribution function for the coordination number of O and F around Na™ (dashed lines).
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Electrolytes formulated with various solvents, sodium salts, and
salt concentrations can result in substantial alterations in the Na™
solvation structure. These changes can influence the interfacial
composition and impact the plating/stripping behavior, thereby
significantly affecting the overall electrochemical performance. To
elucidate the solvation structure of the designed electrolytes, we
conducted Raman spectroscopy experiments, as shown in Figs. 1b
and S1 (Supporting Information). The peak observed in the
710=730 cm™ " region, a distinct feature in this spectral range, was
analyzed to identify the different states of the C=0 breathing bond
on the carbonate ring in Eropylene carbonate (PC) and fluoroethy-
lene carbonate (FEC).2%% Upon introducing NaPFg salt into these
solvents, the peak shifted to a higher wavenumber, indicating an
interaction between the salt and solvent molecules. Additionally, a
new peak emerges at 742 cm™', which corresponds to the coordi-
nated PF~ within the electrolyte.>* In contrast, when NaPFg was
utilized as the solute in TTE, no significant peak shift was observed,
suggesting a negligible interaction between Na* and TTE.

The above observation is further corroborated by the Raman
spectra of mixed solvents with varying NaPF4 concentrations, where
distinct peak blueshifts were detected as the salt concentration
increased to 0.3 M. At a high salt concentration of 1.0 M, the peak at
731 cm ™!, associated with solvent-separated ion pairs (SSIP) and
contact ion pairs (CIP), exhibited a further blueshift, reflecting the
formation of these ion pairs in different proportions. Notably, the L-
PFT electrolyte exhibited a higher proportion of SSIP relative to CIP
compared to S-PFT, alongside a reduced fraction of coordinated
PFs~ (742cm™'). These comparative results indicate that the
interaction between PFs~ and Na' diminishes progressively from
S-PFT to L-PFT, with the strongest interaction observed in S-PFT.
The relative distance (d) between PFs~ and Na*, where a greater
distance signifies a weaker interaction, is used here as a qualitative
measure of the PFs /Na™ interaction strength. This analysis is
supported by variations in the chemical bonds within the electrolyte
components, as reflected in the Raman spectra. Consequently, the
relative distances between PFs~ and Na® follow the sequence: S-
PFT (d;) < L-PFT (dy).

To further ascertain the solvation structure inferred from the
above measurements, molecular dynamics (MD) simulations (see
Fig. S2) were performed for L-PFT and S-PFT electrolytes.
Figures lc—1f and S2 display snapshots of the MD systems for
these electrolytes as well as the coordination numbers and radial
distribution functions (RDFs) for L-PFT and S-PFT. Figure 1d
shows that, in L-PFT, PC, FEC, PF,  participate in Na™'’s first
solvation shell, while TTE does not, which is consistent with the
previous study.'' In L-PFT, PC and FEC solvents dominate Na™*
ion’s solvation shell: the total coordination number by solvent is 6.1
(3.5 PC and 2.6 FEC) and there is a small coordination contribution
from PFg~ (1.6 F atoms). In S-PFT (see Fig. 1f), the total number of
coordination solvent molecules decreases from 6.1 to 3.6, with 2 PC
and 1.6 FEC, while the coordination by anions’ F atoms in anions
increases from 1.6 to 4.6. This trend indicates that, as the
concentration of NaPFg increases, PFg anions are more engaged in
the solvation sheath and solvents are gradually depleted.

From MD trajectories, we can also delineate the molecular state
of Na*t ions in L-PFT and S-PFT. Ions in an electrolyte can be
categorized into three populations with different solvation states:
solvent-separated ion pairs (SSIPs), contact ion pairs (CIPs), and
aggregates (AGG).>>*® As shown in Fig. S13, in L-PFT, the
majority (57.9%) of Na' ions are dissociated (SSIP); in S-PFT,
the fraction of SSIP Na* ions decreases to 38.1% while that of AGG
increasing from 18.6% to 39.8%. Physically, increased concentration
leads to stronger screening of electrostatic repulsion between cations
or anions and thus allows them to come closer to form AGG. The
MD simulations further indicate that the efficient assembly of a PF¢
anion-based structure in S-PFT promotes the formation of an
inorganic-rich interphase, attributed to an increased ratio of CIPs
and AGG. In contrast, L-PFT forms solvent-derived structures,
aligning well with the trends observed through Raman spectroscopy.

This concordance between MD simulation results and experimental
Raman data supports the validity of the proposed solvation struc-
tures.

Performance of designed electrolyte at room temperature.—We
assembled NallFePO, cells to evaluate the impact of the designed
electrolytes on cycling behavior, with FePO, obtained through the
de-lithiation of LiFePO, (further details in Fig. S3). As illustrated in
Fig. 2a, the initial discharge capacity of the cell with S-PFT
electrolyte is 144.6 mAh g~ '. Furthermore, S-PFT demonstrates
remarkable cyclability, with a capacity retention of 94.8% and an
average coulombic efficiency (CE) of 99.88% after 350 cycles at a
charge rate of 0.5C and a discharge rate of 1.0 C. However, as
shown in Fig. S4, L-PFT, despite its lower viscosity (3.09 mPa:s),
superior wetting performance (Fig. S5), and faster diffusion rate
(Fig. S6), exhibits a slight reduction in performance, with capacity
retention and CE being 2% and 0.46% lower, respectively, than
those of S-PFT. Nevertheless, the performance of L-PFT remains
significantly superior to that of traditional PC-based electrolytes,
which exhibit a near-zero discharge capacity after 150 cycles, and
also outperforms other reported electrolytes in the literature. (Figure
S7 and Table S1).

The rate capability of the cells was also evaluated at different C-
rates (Fig. 2b). While S-PFT exhibited the best performance with
high C-rates, L-PFT delivered acceptable performance. The voltage
profile of NallFePO, cells with L-PFT demonstrates stable discharge
capacities of 135.5, 123.7, 109.9, 98.3, 84.7, 65.0, and 47.3 mAh g -1

at rates of 0.1C, 0.2C, 0.5C, 1.0C, 20C, 50C, and 10C,
respectively. Two voltage plateaus of the voltage profile at approxi-
mately 3.2V and 3.25V are observed during the charge process
(Fig. 2c¢), corresponding to the two-phase reaction from NaFePO, to
Na,/3sFePO, and the solid solution reaction from Na,;FePO, to
FePO,, respectively.”’*® During discharge process, a single plateau
at 2.7V is consistent with the results obtained from cyclic
voltammetry testing (Fig. S8). It is noteworthy that the hysteresis
between the charge-discharge voltage plateaus of NaFePQO, is larger
than that observed for LiFePO, (Fig. S9), likely due to the higher
energy difference during phase transitions, slower intercalation
kinetics, and greater charge transfer resistance for Na® ions
compared to Li ions. Additionally, L-PFT cells also maintained a
capacity retention of 90.8% after 500 cycles at a 2 C rate, indicating
that L-PFT can support long-term, high-rate cycling (Fig. S10).

Electrode interphase evolution was investigated using electro-
chemical impedance spectroscopy (EIS) after extended cycling
(Fig. 2d). The electrolyte resistance (R;) was derived from the
intercept of the high-frequency response with the real axis. Semi-
circles observed at mid-to-high frequencies represent the charge
transfer resistance (R in the electrode-electrolyte interphases and
the interfacial resistance (Rinerphase) Of the passivation surface layer,
with the total cell resistance defined as Reein = Re¢ + Ringerphase- 30
Notably, the S-PFT cell exhibited an Ry of 7.89 € and an Ry of
152.14 ), whereas the L-PFT cell showed higher values, with R; at
8.78  and R at 201.72 Q.

X-ray photoelectron spectroscopy (XPS) was employed to further
investigate the differences in interphase composition. The C 1s
spectrum reveals a C—C peak at 284.8 eV, indicative of conductive
carbon, and a C-F peak at 291.2 eV, associated with FEC, indicating
partial decomposition of FEC and its participation in interphase
formation. The C-O (286.8 eV) and C=0 (287.2 eV) peak in the C
1 s spectrum, alongside the C=0 (531.4eV) and C-O (533.1¢eV)
peaks in the O 1 s spectrum, are attributed to the decomposition of
PC and FEC. The O 1s peak at 536.5eV corresponds to the
decomposition of NaPFg, resulting in POF,, species.’! The F 1 s and
Na 1 s spectra indicate the presence of Na-F, which is essential for
interphase formation. In L-PFT cells, the peak intensities for organic
components (C and O-based elements) are higher, while those for
inorganic components (e.g., Na-F) are lower. In contrast, MD
simulations indicate that in S-PFT cells, an elevated salt concentra-
tion results in a 22.1% increase in the CIP ratio and a 39.8% increase
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Figure 2. Electrochemical behavior of NallFePO, cells. (a) Cycling performance of the NallFePO, cells with two electrolytes at 0.5 C charge/1.0 C discharge.
Rate performance of batteries (b) corresponding to voltage profiles with 0.3 M electrolyte (c). (d) EIS results for S-PFT (1.0 M) and L-PFT (0.3 M) after long
cycles. (e) XPS spectra of cycled batteries: C 1's, 0 1's, F1sand Na I s. (f) NallNa symmetric cells using S-PFT and L-PFT electrolytes at 1.0 mA cm ™ with a
cut-off capacity of 1.0 mAh cm 2. (h) Voltage profiles of Na-HCIIFePO, full cells with L-PFT(g). Cycling performance of the full cell at 0.5 C.

in the AGG ratio. This enhancement promotes greater coordination
between PFs~ and Na™ ions, facilitating the formation of an anion-
derived interphase. This configuration lowers the de-solvation
energy of sodium ions and enhances Na' transfer through the
interphase, due to the low Na' diffusion barrier of inorganic
components, thereby improving cycling performance. These findings
are consistent with the results from MD simulations, cyclic
performance, and EIS measurements.

Further evidence of interphase differences was obtained by
testing NallNa symmetric cells at a current density of 1.0 mA cm™>
and an areal capacity of 1.0 mAhcm™ (Fig. 2f). For the S-PFT
electrolyte, the voltage hysteresis remained constant at ~70 mV
after 1000 h, attributable to the formation of an inorganic-based
interphase. In contrast, L-PFT exhibited an initial overpotential of
~170 mV, which stabilized at ~100 mV after 1500 h, with minimal
fluctuations. This behavior is attributed to the formation of a flexible
interphase with a low shear modulus, which can accommodate
sodium metal expansion.’>** Consequently, even when the solvent-
dominated interphase is less effective at preventing dendritic growth,
the voltage hysteresis remains relatively stable compared to S-PFT.

To demonstrate the practical applicability of L-PFT, a full cell
with hard carbon pre-embedded with limited sodium was assembled,
replacing sodium metal. As shown in Figs. 2g-2h, a pre-cycle at
0.1 C was conducted to optimize the electrode/electrolyte interphase
before long-term cycling at 0.5 C. The full cell exhibited a reversible

discharge capacity of ~75 mAh g~' at 0.5 C after 150 cycles. These
results suggest that L-PFT is a promising electrolyte for the
development of high-performance SMBs.

Performance of the designed electrolyte at high temperature
(55 °C).—The high-temperature applicability of the designed elec-
trolyte was investigated. Figure 3a shows a high initial coulombic
efficiency using the L-PFT of ~ 72% at 55 °C, which is greater than
the S-PFT (~ 68%). This result implies that there is less active Na™
loss and electrolyte disintegration to generate the solid electrolyte
interphase for L-PFT at the initial stage. Furthermore, cycling
instability of the S-PFT-based SMB is aggravated at high tempera-
ture (average Columbic efficiency ~ 99.24%), and the capacity
retention is just 69.4% after 200 cycles at 0.5 C charge/1.0C
discharge in Fig. 3b. Instead, the L-PFT can support a higher CE
of 99.63% and a very stable long cycling (capacity retention
~98.5%), indicating good performance at high-temperature for L-
PFT.

XPS measurements were performed to further investigate the
composition change of electrode surfaces as shown in Fig. 3c.
Although the proportion of inorganic components (Na-F) in both L-
PFT and S-LFT increased significantly compared to room tempera-
ture, the increase in S-LFT was more obvious. It is generally known
that during the battery cycle, HF (mainly from NaPF¢ decomposi-
tion) will be produced at high temperatures, which will impair
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battery stability.*!** This also explains why the capacity of a cell
with L-PFT battery deteriorates at high operating temperature. EIS
measurements following cycles of high temperatures are performed
(see Fig. 3d). The S-PFT cell displays R, (33.98 (2). This resistance
is marginally greater than that at room temperature, which can be
related to the breakdown of sodium salt at elevated temperatures.
Moreover, the constant breakdown of sodium salt raises the
percentage of inorganic substances in the interphase, making it
more prone to breakage. Repetitive breakdown and regeneration will
cause the interphase’s thickness to grow, consuming electrolytes and
raising the interphase’s impedance until it reaches 305.1 2 (Rep)- In
contrast, the degradation of sodium salt is limited when compared to
L-PFT, and thus the impedance change is not as significant when
compared to room temperature impedance (274.9 2). These results
suggest thermodynamic stability issue is the key factor to be
considered when the SMBs are at a high operating temperature.

Electrolyte performance at low temperature (-20 °C).—Given
the low viscosity, high diffusion rate, and better wetting performance
of the proposed L-PFT electrolyte, we expect SMB based on this
electrolyte to perform well at low temperatures. The expectation was
supported by our test of NallFePO, system at —20 °C. As shown in
Fig. 4a, the L-PFT battery performs well at low temperatures: it has
an average CE of ~99% within 300 cycles at 0.2 C. However, the S-
PFT battery demonstrated a somewhat steady capacity of around
65mAh g~ in the initial 200 cycles. Following this, the capacity
drastically decreased after 300 cycles. There exist several reasons for
this decrease in capacity.

Firstly, while charging and discharging at low temperatures,
sodium metal may easily precipitate on its surface. The precipitate

will then react with the electrolyte to thicken the interphase film,
hence raising the interface film’s resistance.’®?’ Beyond the
resistance temperature change in the interphase, there will also be
a noticeable rise in the charge transfer impedance.*® The EIS test
demonstrates that the internal resistance rises above and that Ry is
significantly greater at low temperatures than it is at room/high
temperatures (see Fig. 4b). Moreover, scanning electron microscopy
(SEM) was utilized to examine the morphology of the FePO,
cathode after cycling. As depicted in Fig. S12, the surface of the
FePO, cathode with S-PFT exhibited a porous and loose structure,
which may contribute to increased resistance. In contrast, the
cathode material in batteries with L-PFT demonstrated a relatively
flat and densely packed surface morphology.

Additionally, when compared to the ratio at room temperature,
we discovered that the SSIP ratio rose for both L-PFT and S-PFT,
suggesting that the organic solvent phase is more tightly bound to
sodium ions than the anion is (Figs. 4c and S13). Notably, MD
results reveal that the SSIP ratio is highest in L-PFT, reaching
62.1%, compared to 42.5% observed in S-PFT. This ratio promotes
the formation of an organic interphase, which lessens the metal
expansion effect caused by the rise in sodium metal at low
temperature.

Secondly, lattice shrinkage of the FePO, also contributes to the
capacity decay observed, particularly at low temperatures. To
investigate this, we used XRD to examine the cathodes after
charging, as shown in Fig. 4d. The results reveal the presence of the
NaFePO, phase in both the S-PFT and L-PFT electrolytes, with a
higher fraction observed in S-PFT. This finding suggests that lattice
shrinkage of the cathode material under low-temperature conditions
hinders the complete extraction of Na® ions during charging.
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Figure 4. (a) Cycling performance of the NallFePO, cells with two electrolytes at 0.2 C. (b) EIS results for S-PFT and L-PFT after long cycles. (c) Comparison
for ratio of SSIP, CIP, and AGG for L-PFT and S-PFT. (d) XRD patterns of NallFePO, and Na-HCIIFePO, with two electrolytes after long cycles at low

temperature.

Consequently, some sodium ions remain trapped in the cathode,
further exacerbating the observed capacity decay. This behavior is
more evident when Na-HC is used in place of sodium metal in full
battery tests, as shown in Fig. S14. Specifically, Na-HCIIFePO, full
cells with the S-PFT electrolyte exhibit poor capacity retention of
only ~27% after 300 cycles. Moreover, a higher fraction of the
NaFePO, phase is observed in full cells compared to half cells when
using S-PFT. This indicates that the combination of Na-HC and the
cathode material under low-temperature conditions exacerbates
issues such as sodium ion trapping and incomplete extraction of
Na™ ions. These findings highlight the limitations of the electrolyte
in supporting stable cycling, particularly in full-cell configurations.

Lastly, the reduction in conductivity, coupled with the increase in
viscosity, is associated with the capacity decay (Fig. S15). The
conductivity decreases from 3.83 mS cm™' at room temperature to
2.84 mS cm! for L-PFT (3.61 mS cm™ ' @S-PFT). The increase in
intermolecular force causes viscosity to climb to 6.72 mPa-s for L-
PFT. However, S-PFT has double the viscosity of L-PFT, measuring
12.72 mPa-s. These findings imply that when an SMB functions at a
low temperature, the most important component to take into account
is the physical and kinetic characteristics of the electrolyte itself.

Conclusions

In summary, our study demonstrates that sodium metal batteries
(SMBs) can operate effectively with specifically designed low-
concentration electrolytes, offering several unexpected advantages.
In NallFePO, cells, minimal capacity fading of approximately 0.02%
per cycle was observed over 350 cycles at a 0.5C charge/l1 C
discharge rate with L-PFT. Additionally, cells using L-PFT out-
performed those with S-PFT at elevated temperatures (55 °C),

exhibiting a higher Coulombic efficiency of 99.63% and stable
long-term cycling with a capacity retention of around 98.5%.
Moreover, the low viscosity, rapid ion diffusion, and enhanced
wetting properties of L-PFT contributed to superior performance at
low temperatures (—20 °C). These findings underscore the potential
for developing high-performance SMBs through the strategic design
of low-concentration electrolytes, which significantly reduces costs
while maintaining robust performance across diverse temperatures.
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