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A weakly coordinating-intervention strategy
for modulating Na+ solvation sheathes and
constructing robust interphase in sodium-
metal batteries

Chutao Wang1, Zongqiang Sun1, Yaqing Liu1, Lin Liu1, Xiaoting Yin1, Qing Hou1,
Jingmin Fan1, Jiawei Yan 1, Ruming Yuan1, Mingsen Zheng 1,2 &
Quanfeng Dong 1,2

Constructing powerful anode/cathode interphases by modulate ion solvation
structure is the principle of electrolyte design. However, the methodological
and theoretical design principles of electrolyte/solvation structure and their
effect on electrochemical performance are still vague. Here, we propose a
cationic weakly coordinating-intervention strategy for modulating the Na+

solvation sheathes and constructing robust anode/cathode interphases in
sodium-metal batteries. Unlike the local highly concentrated electrolytes, 1,2-
difluorobenzene can weakly coordinate with Na+ thus transforming the sol-
vation structure into Na+-anion-incorporated structures and strengthening
anode/cathode interphases formation by combining with salt decomposition.
Furthermore, the correlations between the electrode interface properties and
solvation structure are revealed, which can be tuned by the weakly coordina-
tion. Ultimately, the modulated electrolyte achieves 97.5% Coulombic effi-
ciency for 600 cycles in Na‖Cu cells at 1mA cm−2 and a beneficial lifetime
(2500 h) in Na‖Na cells. Meanwhile, Na‖PB cells have achieved long-term
operation at 4.8 V, along with operation at wide temperatures.

High-voltage sodium-metal batteries (SMBs) are considered as one of
the most promising energy storage systems due to the abundance of
sodium metal, high theoretical capacity (~1166mAhg−1) and low elec-
trode potential (−2.714 V)1,2. Sodium metal matched cathodes and
operation at high-voltage are critical for increasing battery energy
density3. However, like lithium metal anodes, sodium metal anodes
(SMAs) present a series of problems, including inhomogeneous Na
plating/stripping, uncontrolled interfacial reactions triggering con-
stant cracking of the solid electrolyte interphase (SEI), and SEI
dissolution4,5. These problems directly accelerate the capacity loss and
degradation of SMBs6. In addition, high active transition metal ion

dissolution at the cathode side and inhomogeneous cathode-
electrolyte interface (CEI) at high-voltage also induce side reactions
between the highly catalytically active cathode and the electrolyte,
leading to a rapid capacity degradation of the SMBs7–9. Stable SMBs are
largely dependent on the composition and properties of the SEI and
CEI, which are directly related to the solvation properties of the used
electrolyte system10. However, the unfavorable solvation structure of
electrolyte (unfavorable cation-solvent-anion-solvent interactions)
resulting in undesired interfacial reactions, limited Na+ transport
kinetics, difficulties in charge-transfer and unstable anode/cathode
interfaces, etc11–13. Therefore, it is significant to remodel the solvation
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structure of electrolytes to improve performance of SMBs formeeting
wider application requirements.

A large number of electrolyte engineering studies have begun to
emphasize the critical role of solvation structures and their important
impact on interfacial chemistry14,15. Currently, the stability of SMBs has
been improved to some extent by forcing anions to participate in
solvation through the formation of contact ion pairs (CIPs) and
aggregated ions (AGGs) structures by increasing the salt concentration
to form highly concentrated electrolytes (HCEs), thereby generating
an anion-derived electrode/electrolyte interfaces16–20. However, the
poor wettability and high cost of HCEs are not favorable for com-
mercialization. Subsequently, fluorinated uncoordinated ether-based
co-solvents (e.g., 1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether
(HFE), 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE),
and bis(2,2,2-trifluoroethyl) ether (BTFE)) have been proposed for the
formation of local highly concentrated electrolytes (LHCEs) from
HCEs, which retain the solvation environment of the HCEs and reduce

the viscosity of the electrolyte9,10,21. However, the diluents in LHCEs are
expensive and not favorable for application. More importantly, the
diluents are difficult to dissociate sodium salts, preventing Na+

migration and leading to a lower Na+ transference number22. The Na+

transference number is a sign of Na+ movement during battery
operation, a high Na+ transference number has the advantages of
inhibiting concentration polarization and promoting uniform Na
deposition at the anode side during rapid charging and discharging of
the battery23. In addition, hydrofluoroether diluents like TTE and BTFE
not only have a low boiling point and insufficient solvation ability,
making it difficult to apply LHCEs at a wide range of temperatures, but
also their high density adversely affects battery energy density24.
Weakly coordinated electrolytes can lead to more anion coordination
due to the lowcoordination ability of the solventwithNa+ compared to
LHCEs, leading tomore anion decomposition to stabilize the SEI. Jin et
al. reported aweak-solvent electrolyte designprinciple andutilized tris
(2,2,2-trifluoroethyl) phosphate (TFP) to form a low-solvation

Fig. 1 | Design principles and physical property studies of electrolytes.
a Schematicdesign of electrolyte solvation structure fromConventional electrolyte
to WCIE. b ESP of various solvents under vacuum conditions calculated by Density
functional theory (DFT). c The calculated ESP minimum valves (eV) for various

solvents are summarized. d Diagram of Donor number and dielectric constant for
solvents. e Deconvolution analyses of FEC and NaTFSI Raman spectra from the
solvents and electrolytes. f Summary of physical property data for different
electrolytes.
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electrolyte to stabilize the SEI and promote the formation of insoluble
SEI components, which allowed for stable cycling of sodium-ion
batteries5. However, the high price, high viscosity and limited tem-
perature range also hinder its application. Therefore, despite the
scarcity of reports on the preparation of stable SMBs with non-
fluorinated or low-fluorinated solvents, a simple and economical
method should be considered to guide the design of electrolytes with
tailored solvation structures to overcome the ionic transport, deso-
lvation, and cathodic/anodic stability problems of electrolytes25,26. In
addition, performance improvements are largely attributed to cath-
ode/anode protection, stability of electrolyte molecules, SEI dissolu-
tion inhibition, Al corrosion protection, and solvation structure, but
the correlations between these key factors have rarely been elabo-
rated, thus impeding the precise design of electrolytes27.

In this work, based on the intermolecular interactions (ion-solvent
and ion-ion interactions) of electrolytes, we proposed a weakly
coordinating-intervention (WCI) of cations strategy formodulating the
Na+ solvation sheathes and constructing robust interphase to achieve
high performance and safety of SMBs at ultra-high voltage (see Sup-
plementary Table 1 for the specific formulation). Unlike conventional
LHCEs, the 1,2-difluorobenzene (DFBn) with a slightly larger spatial site
resistance is partially solvatedwith Na+ while also achieving a solvation
structural transition of the trimethyl phosphate (TMP) electrolyte
(Fig. 1a). This spatial effect and weak coordination allowed to obtain a
desired solvation structure at low salt-solvent ratios. DFBn facilitated
Na+ migration in the solvation sheathes, exhibiting high ion transfer-
encenumbers and achieving rapid desolvation and ion transport at the
interface. Importantly, WCI solvation sheathes facilitated the decom-
position of Na+/salt-derived anionic clusters by adjusting the decom-
position order of solvated clusters to facilitate the formation of a
stable interface at the anode/cathode. In addition, we also confirmed
the essential correlation between the solvation behavior and stability
at the cathode/anode by means of the WCI-based electrolyte (WCIE),
including redox pathways, electrode passivation behavior, SEI dis-
solution, and Al collector corrosion. Ultimately, the WCIE (1.7M
Sodium trifluoromethanesulfonimide (NaTFSI) in TMP- fluoroethylene
carbonate (FEC)-DFBn (2: 1: 5 by mol.)) achieves a high Coulombic
efficiency (CE) of 97.5% in Na‖Cu cells and a beneficial lifetime of
2500 h in Na‖Na cells. Meanwhile, WCIE can withstand long-term
operation at high voltages (4.7 and 4.8V), wide temperatures (−30 −
70 °C), and practical SMBs (N/P ratio= 4, 2 and 0). In particular, the
WCI-based system significantly enhances the cyclic stability and
variable-temperature storage performance of Na‖PB cells at high-
voltage compared with the previously reported electrolytes based on
HCEs and LHCEs, and the beneficial cells performance confirms the
feasibility of strategy.

Results
To optimize the performance of SMBs, it is crucial to understand and
control theNa+ solvation environment, particularly at the interphaseof
SEI/CEI. This requires careful redesign of the electrolyte, considering
solvent properties and applications, to ensure stable operation at high-
voltage28. Electrostatic potentials (ESP), dielectric constant and donor
number (DN) values are critical for theoretically designing electrolyte
solvation structures and tuning the decomposition kinetics of Na
clusters29,30. In this guiding direction, we first analyze the Electrostatic
potential minimum (ESPmin) and Electrostatic potential maximum
(ESPmax) of different solvent molecules (Fig. 1b, Supplementary
table 2). Our ESP analysis shows that strongly polar solvents (e.g., TMP,
TEP), with |ESPmin | > ESPmax, concentrate charges on oxygen and
nitrogen atoms, leading to strong coordination with Na+ and reduced
Na+-anion coordination capacity. On the contrary, most diluents of
LHCEs (e.g., HFE, BTFE, TTE) exhibit the opposite property; they have |
ESPmin | <ESPmax and the negative charge is well dispersed. As a weak
electron donor, they hinder sodium salt dissolution and affect Na+

migration. Solvents like EC and AN, where |ESPmin | ≈ ESPmax, also
exhibit strong polarity with pronounced positive and negative surface
electrostatic potentials. These solvents are visually categorized based
on their ESPmin (Fig. 1c). Obviously, there exists a region of weakly
coordinating solvents among the strongly coordinating and non-
coordinating solvents. They have a significantly lower ESPmin and a
more concentrated negative charge than non-coordinating solvents
but are weaker than strongly coordinating solvents31,32. They promote
both the association of anions with Na+, which can form different
solvation sheaths at low concentrations, and partial coordination with
Na+32. We further categorized these solvents using dielectric constant
and donor number (DN) to further inform our selection (Fig. 1d). Most
of the polar solvents with high salt dissociation capacity have high DN
values (>10) (regions with DN values > 10), whereas solvents with low
DN values and low dielectric constant have poor salt dissociation
capacity (lower-left region) and represent uncoordinated diluents33–35.
However, there appears to be an equilibrium region (yellow region in
the lower right corner) that includes solvents with low DN values and
having moderate dielectric constant, leading to moderate sodium salt
dissociation that can effectively reduce the affinity of Na+ for the sol-
vent without affecting kinetic transport. Therefore, we choose TMP,
FEC, and DFBn as solvents based on the design needs of safety and
high-voltage SMBs for the following reasons: (1) TMP with high |
ESPmin | , dielectric constant and DN value has favorable Na+ coordi-
nation ability, wide operating temperature, and electrochemical
window13. (2) FEC with the highest ESPmax has a large polarity change
ability, and a small amount of FEC can achieve precise coordination
with Na+ to ensure a certain FEC solvation number32. In addition, FEC
has appropriate dielectric constant and DN value, as a cosolvent it has
both high ionic conductivity and good SEI formation ability, as well as
high antioxidant capacity11. (3) Importantly, The presence of fluorine
atoms in DFBn can compete with the strongly coordinated TMP,
weakening the coordination of TMP with Na+ and promoting the des-
olvation of Na+. In addition, the large spatial effect of DFBn enhances
the coordination of Na+-TFSI−, which will play a key role in the
decomposition of TFSI−. Hence, we use them for electrolyte design.
Firstly, we determined the optimal ratio and concentration of NaTFSI,
TMP, and FEC for WCIE. The HCEs-TMP electrolyte and the electrolyte
with NaPF6 as salt had poor Na | |Cu cells performance (Supplementary
Figs. 1–4). WCIE also exhibit favorable flame retardancy and beneficial
physical and chemical properties (Supplementary Figs. 5–7,
Videos. 1–3 andNote 1).We further performedRaman spectroscopy on
Base (1.7M NaTFSI in EMC-FEC (3.5: 1 by mol.)), LF (1.7M NaTFSI in
TMP-FEC (3.5: 1 by mol.)), WCIE and pure solvents to determine the
role of DFBn (Fig. 1e). The peak at 725 cm−1 and 768 cm−1 appeared in
FEC and DFBn solvents32,36. In all electrolytes, the peak at 740.3 cm−1

corresponds to the S-N stretching vibrational peak of TFSI−37. This peak
keeps moving to higher wave numbers and divides into three peaks:
free TFSI− at 740.3 cm−1, the two solvated peaks were at 743.5 cm−1

(CIPs) and 747.9 cm−1 (AGGs), respectively. The proportions of these
solvation structures are quantified and summarized in Supplementary
Fig. 8. It can be found that the solvation structure with one Na+-TFSI−

coordination (CIPs) dominates in Base and LF electrolytes (45% for
Base and 53% for LF). In theWCIE system, solvation structure of two or
more Na+- TFSI− coordination (AGGs) were much stronger than the
other two systems (77%). In addition, we can find that the DFBn solvent
peak is shifted to the right in the WCIE, suggesting that DFBn and Na+

may be weakly coordinated. DFBn will participate in the competitive
coordination of the first solvation shell layer, reducing the solvation
capacity of TMP. In addition, the low solvation capacity of DFBnwill be
knocked down by the TFSI− (More Na-OTFSI- coordination), allowing
more Na+ to coordinate with TFSI−. This can likewise be demonstrated
in the solubility test where a small portion of NaTFSI is dissolved in
DFBn (Supplementary Fig. 9). The solvation structure of electrolytes
was further analyzed by 13C-NMR (Supplementary Fig. 10). With the
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addition of electrolyte components, the chemical shifts of 13C in the
solvent and anion gradually moved to lower ppm values, indicating a
decrease in the density of extranuclear electron cloud on the C atom36.
These results confirm the ability of TMP and DFBn to change the sol-
vent state, implying the intervention of DFBn create a tightly inte-
grated environment for Na+ and TFSI−. In addition, we measured ionic
conductivity and Na+ transference numbers of different electrolytes
(Supplementary Figs. 11–13 and Note 2). In the LSV test of Na | |SS cells,
WCIE demonstrated oxidation stability up to 5.5 V, which has favorable
potential for high-voltage battery (Supplementary Fig. 14). Matching
Na with PB for a more stringent electrochemical float test (Supple-
mentary Fig. 15). Base electrolyte fails quickly, andWCIE anode leakage
current is minimized to 2.1 µA at 5.0 V. WCIE also achieves the most
stable cycling in 4.5 V Na | |PB cells (1 C, 400 cycles) (Supplementary
Fig. 16 and Note 3). Based on these results, WCIE combines the bene-
ficial performance of Base and LF electrolytes, and its physicochemical

properties are better than LHCEs, obtaining an overall improvement.
(Fig. 1f andSupplementary Fig. 17). Overall, there is a strong correlation
betweenWCIE stability and solvent solvation ability. Therefore, further
determination of their solvation structures is needed to help explain
the differences in performance.

Solvation structure and its solvation ability
The solvation structures of various electrolytes were further explored
using ab initio molecular dynamics (AIMD) simulations. Snapshots of
solvation boxes for three different electrolytes are displayed in
Fig. 2a–c. The results distinctly indicate that with the addition of
NaTFSI, both Base and LF electrolytes form solvation clusters pre-
dominantly composed of SSIPs and CIPs, in agreement with Raman.
Interestingly, DFBn incorporation directly compresses the distance
between Na+- Na+ (Supplementary Fig. 18). From the radial distribution
functions (RDFs), the Na-OEMC peak at 2.25 Å in Base electrolyte

Fig. 2 | Investigation of electrolyte solvation environments. Snapshots of the
MD simulation boxes of (a) Base, (b) LF and (c) WCIE at 25 °C. RDFs of Na+ and
solvent interactionswith TFSI- fromMDsimulations of (d) Base, (e) LF and (f)WCIE.

g Atomic coordination numbers of the three electrolytes. h The corresponding
main solvation structure of each electrolyte from MD simulations.
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suggests that EMCwill preferentially enter the first solvation sheath of
Na+, which would be expected to constitute an organic-rich SEI/CEI
(Fig. 2d)14,36.When the electrolyte is LF, the Na-O of TMP, TFSI− and FEC
are almost all at about 2.25 Å, they all preferentially enter the first
solvation sheath of Na+ (Fig. 2e). Thus, the formation of organic/inor-
ganic SEI/CEI is expected. The distance of Na-OTFSI- peaks in WCIE
becomes smaller (2.03 Å) and the coordination numbers of Na-OTFSI-

increases to 2.31, implying that TFSI− is more likely to enter the first
solvation sheath of Na+, especially with the intervention of DFBn
(Fig. 2f, g). Meanwhile, the coordination numbers show that Na-O
solvent interaction is the smallest inWCIE, with only 0.2 and 1.1 for Na-
OFEC and Na-OTMP, respectively. In addition, the main solvation struc-
ture of WCIE, as depicted in Fig. 2h, shows a highly compressed WCI
solvation structure under the influence of DFBn. In this WCI solvation
configuration, all TFSI− andNa+ are tightly bound.Meanwhile, Base and
LF electrolytes predominantly exhibit solvation structures character-
ized by SSIPs and CIPs.

Overall, the experimental results correlate well with MD simu-
lations. Low-polar fluorinated solvents, such as DFBn and fluor-
obenzene (FBn), have a weak coordination ability that favors the
formation of WCI solvation structure from a low concentration

(Supplementary Fig. 19 and Note 4)38. The coordination of Na+-TFSI−

in WCIE is stronger than in Base and LF electrolytes, even higher
than in HCEs-TMP electrolyte and LHCEs. Meanwhile, WCIE is sig-
nificantly different from LHCEs (Supplementary Figs. 20, 21 and
Note 5). Although anionic coordination to Na+ also implies the
presence of more abundant free solvent molecules (e.g., EMC,
TMP), which is mainly considered as a key factor for the low
stability39. The free solventmolecules are essentially DFBn forWCIE,
and their decomposition can likewise aid in the formation of inor-
ganic interface40. With these interesting results, the following sec-
tions will endeavor to explain this improved anodic and cathodic
stability, especially considering the role of solvation structure in the
most stableWCIE. We consider that the improved performancemay
be due to the following reasons: (1) SEI/CEI formed in the super
compressed electrolyte may be robust to prevent parasitic reac-
tions of phosphatemolecules on the electrode. (2) Oxygen-chelated
phosphate molecules more beneficial than carbonate molecules,
thereby increasing the ion conductivity, electrochemical window,
etc. (3) The solvation behavior of WCIE leads to different decom-
position pathways and interfacial behavior on the electrode surface,
which improves stability.

Fig. 3 | Characterization of SEI and simulation results of different electrolyte
systems. a C 1 s, F 1 s, O 1 s and N 1 s XPS depth profiles of the Cu electrode after 50
cycles at a current density of 1mA cm−2 and a capacity of 1mAh cm−2 in WCIE.
b Corresponding to the atomic concentration of different electrolytes at different

sputtering. c Normalized ratios of different species in the SEI formed in the WCIE.
d Electrolyte exchange study between WCIE and Base electrolyte within Na | |Cu
cells. Theprojected density of states (PDOS) profiles of (e) Base, (f) LF and (g)WCIE.

Article https://doi.org/10.1038/s41467-024-50751-w

Nature Communications |         (2024) 15:6292 5



Passivation behavior of anodic SEI
Due to SEl formation, anode passivation should be investigated first as
it has been reported to be themain cause of anode stability. Inorganic-
rich SEI usually reduces parasitic reactions and dendrite growth to
guide uniform deposition of Na+. The interfacial chemistry was char-
acterized using X-ray photoelectron spectroscopy (XPS) (Fig. 3a and
Supplementary Figs. 22, 23). C-C/C-H (284.8 eV), C-O (285.7 eV), C =O
(289.3 eV), CO3

2− (290.3 eV), and -CFx (292.9 eV) existed in C 1 s spectra
of all electrolytes23,24. As sputtering proceeds, the C 1 s intensity of
WCIE plummets, while Base and LF electrolytes show little change. The
presence of CFx is confirmed in F 1 s spectra, with another peak

corresponding to Na-F (684.8 eV)25,26. The decomposition of TFSI− was
subsequently confirmed by the detection of two deconvolution peaks
in N 1 s spectrum attributed to Na3N (397.2 eV) and N-SOx (399.5 eV),
respectively27,36. The low electronic conductivity of SEI leads to the
preferential formation of fully decomposed TFSI− components
internally. For O 1 s and S 2p, the intensity of Na2O and Na2S compo-
nents in the SEI is higher in any etching state for WCIE. SEI with inor-
ganic components such as NaF, Na3N, Na2O and Na2S not only
improves its own mechanical strength and inhibits dendrite penetra-
tion, but also enhances Na+ transport flux and facilitates highly rever-
sible Na plating/stripping5,20–28. The elemental content distributions at

Fig. 4 | CharacterizationofNaplating/strippingmorphology.Top and Side-view
SEM images of Cu foils in (a1, a2) Base, (b1, b2) LF and (c1, c2) WCIE cycled for 100
cycles at 1mA cm−2 and 1mAh cm−2. In situ optical microscopy images showing
cross-sections of symmetric cells at (d1) Base, (d2) LF, and (d3) WCIE plating Na
electrodes. AFM surface and 3D topography analysis of Na electrodeposits on Cu

foils in (e1) Base, (e2) LF and (e3)WCIE at 1mA cm−2 and 1mAhcm−2. fCapacity from
electrolyte reduction reactions (at 1 µA cm−2) before and after each pause as a
function of the number of cycles. g Capacity loss of three parallel cells with dif-
ferent pause times in different electrolytes.
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different sputtering depths were investigated (Fig. 3b). As the sput-
tering depth increases, WCIE produces inorganic SEI, resulting in a
significant decrease in elemental C (3.32% at 50 nm) and P (0.81% at
50 nm),whereas F (31.76% at 50nm),N (4.10% at 50nm), and S (5.21% at
50 nm) increased. In contrast, Base and LF electrolytes form solvent-
derived SEI due to insufficient TFSI− decomposition, with the presence
of very abundant C and O (12.90% and 33.13% for Base and 8.45% and
30.56% for LF at 50 nm). Meanwhile, the high activity TMP of LF elec-
trolyte decomposesmore, the organic P content is still 7.55% at 50nm.
The organic-rich SEI layer is porous, has low mechanical strength and
cannot protect sodiummetal from electrolytes16. Further summarizing
the information on the species content of different SEI (Fig. 3c and
Supplementary Figs. 24, 25), the content of inorganic species (e.g., NaF,
Na3N, Na2O, and Na2S) in the WCIE continuously with increasing
sputtering depth, whereas the content of organic species, and unde-
composed TFSI− (e.g., RONa, ROCOONa, CFX, and N-SOx) content
decreases continuously. This organic to inorganic gradient distribu-
tion in WCIE promotes the formation of multilayer SEI41,42.

To evaluate the role of SEI in preventing ester solvent decom-
position, we performed electrolyte exchange studies after 100 cycles
in WCIE (Supplementary Fig. 26)38,43. Na electrodes after cycling were
removed and then coupled with Base and LF electrolytes to continue
cycling (Fig. 3d). Interestingly, Base electrolyte allowed stable cycling
and produces a more stable CE (94.2% vs. 86.5%). However, the con-
tribution of SEI still does not allow it to achieve the same results as
WCIE (97.3%), and WCIE pre-passivation does not completely prevent
the decomposition of the carbonate solvent. This is also reflected in
the exchange experiments of LF electrolyte, despite the enhanced CE
(Supplementary Fig. 27). Meanwhile, XPS analyses of Na electrodes
after electrolyte exchange experiments showed differences in the SEI
(Supplementary Fig. 28, Note 6). Therefore, the improved anodic sta-
bility ofWCIE should be the result of synergistic action of the stable SEI
and the WCI solvation structure. The performance improvement of
WCIE, in other words, cannot simply be attributed to SEI. If SEI can
largely prevent the degradation of solvents, then the decomposition of
EMC and TMP molecules after electrolyte exchange should also be
prevented and the CE should improve more40. It is also interesting to
consider how the solvation structure of WCIE could form an anion-
derived SEI, even though the free ester solvent is an unstable species.

We have investigated the decomposition behavior of three elec-
trolytes in terms of the electrochemical stability of solvation struc-
tures. ExistingDFT studies areoften basedon simple solvationmodels,
where the stability of electrolytes is explained by the lowest unoccu-
piedmolecular orbital (LUMO) and highest occupiedmolecular orbital
(HOMO) energy levels of individual electrolyte components or
coordination44. However, complex coordination scenarios often alter
the stability of electrolyte species, leading to significant redox shifts.
We investigate the projected density of states (PDOS) directly from the
solvation structure of electrolyte in MD simulations, rather than rely-
ing on subjective intuition to construct them. Here, PDOS spectra
allow more accurate prediction of redox processes for different elec-
trolytes. Considering the electrochemical compatibility with SMA, the
conductive band of PDOS is of great interest. In Fig. 3e, the LUMO of
Base electrolytes are located at FEC and EMC, thus it can be surmised
that their reductive decomposition ismuch earlier than TFSI−. With the
replacement of TMP, the energy level of TMP conduction band is the
highest in LF electrolyte, and its LUMO is still located in the FEC, the
decomposition of FEC is still dominant, followed by TFSI− (Fig. 3f).
Thus, the decomposition of Base and LF electrolytes is solvent-
dominated and will eventually lead to the formation of organic SEI,
which is consistent with XPS results. WCIE shows the lowest energy
levels for TFSI− conduction band, followed closely by DFBn (Fig. 3g),
and high energy levels for the conduction bands of FEC and TMP. The
advantage of TFSI− reduction will be greatly enhanced. Further DFT
calculations of the HOMO/LUMO energy levels of solvation structures

exhibit mutually corresponding results (Supplementary Fig. 29,
Note 7). Therefore, the Na+-TFSI− WCI solvation structure is favorable
over the solvation structure of other electrolytes. During SEI forma-
tion, the decomposition of WCI solvation structure dominates the
passivation reaction, resulting in the formation of anion-derived
inorganic SEI that completely passivate anode12,27. In other hand,
Base and LF electrolytes cannotbe stabilized becausemostof EMCand
TMP molecules compete for coordination with Na+ to form solvent-
dominated solvation structures. PDOSandDFT indicate that the LUMO
of their solvation structures are much lower than solvent molecules
themselves and the conductionband for decomposition are locatedon
the solvent. It is more susceptible to reduction reactions and the for-
mation of solvent-derived organic SEI. The unfavorable solvation
sheaths formed during cell cycling produce organic products in the
ongoing reduction reaction that are unable to passivate the anodic
reaction sites or prevent the ongoing parasitic reaction of the
electrolyte45. For the electrolyte exchange experiments, although
WCIE formed awell-structured SEI through cycling, the degradation of
solvent-rich structure in Base and LF electrolyte after reaching the
interface layer could not be inhibited, thus further caused a new dis-
ruption of the already stabilized SEI46,47. Na+ transport of SEI became
difficult, leading to a decrease in the reversibility of Na plating/strip-
ping. Thus, there is a strong correlation between the solvation struc-
ture of electrolyte and the formed SEI in improving anode stability.

The stability of SEI
Reversible Na plating/stripping is critical to facilitate stable cycling of
SMBs and is also an importantmanifestation of stable SEI. The sodium-
deposited Cu foils were characterized using scanning electron micro-
scopy (SEM) (Fig. 4a–c). Numerousmossy deposits, overall porous and
loose with many flocculent deposit particles in Base and LF electro-
lytes, organic SEI hindering the uniform diffusion of Na+37,38. In con-
trast, sodium was uniformly deposited on the Cu foil without any
dendrites, and the connection between the deposits was smooth in
WCIE. The cross-sectional image shows that WCIE achieved uniform
deposition with a thin deposition surface (24.5 µm). The evolution of
deposition morphology was explored by further increasing the capa-
city (Supplementary Fig. 30), WCIE showed Na adaptation at high
capacity. The dynamic sodium plating process was monitored by
optical microscopy to illustrate the morphological evolution. As the
preferred nucleation site for sodium deposition, the SMA surfaces of
Base and LF electrolytes ranged from numerous spikes appearing at
5min of deposition to being covered with flocculated sodium den-
drites at 20min (Fig. 4d1, d2, Supplementary Videos 4, 5). In contrast,
the SMA of WCIE showed a smooth and dense morphology without
dendrites throughout the plating process (Fig. 4d3, Supplementary
Video 6). In addition, the mechanical stability of the SEI for WCIE is
higher than the Base and LF electrolytes, this is consistent with the
atomic force microscope (AFM) (Fig. 4e1-e3). Therefore, the compact
SEI formed by WCI solvation structure are dense, and the presence of
abundant grain boundaries for the inorganic components allows effi-
cient Na+ migration, which is not hindered by the internal structure of
SEI, achieving rapid and uniform deposition31. In addition, cyclic vol-
tammetry (CV), exchange current density and Temperature-
dependent electrochemical impedance spectroscopy (EIS) showed
the benefits of WCIE in electrochemical kinetics (Supplementary
Figs. 31, 32, tables 3–5, and Note 8). The battery capacity loss was
further quantified to investigate the dissolution of SEI by the electro-
lyte in real cases (See Supplementary Fig. 33 and Note 9 for specific
details)5,48. The capacity growth after each pause indicates that the
anode electrolyte decomposition produces a parasitic reduction
reaction to compensate for the dissolution of the SEI formed during
the long open circuit pause (Fig. 4f). The capacity loss after a xh long
pause (the difference between capacity after and before the pause)
quantifies SEI dissolution in the electrolyte (Fig. 4g). The average
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capacity loss of Base electrolyte after 50h pause (5.82 µAh) was
1.1 times for LF electrolyte (5.38 µAh) and 3.3 times forWCIE (1.77 µAh).
Notably, the actual dissolution of SEI is much more severe on the
inhomogeneous anode surface exposed with porous after cycling. In
addition, the dissolution of SEI in LF electrolyte remains slow and
persistent, with an average capacity loss after the last 5 h pause
(0.773 µAh) that is 1.9 times for WCIE (0.403 µAh). The dissolution of
SEI was largely suppressed in WCIE, as evidenced by the lowest capa-
city loss, the least variable SEI fraction, and the most stable long-cycle
performance (Supplementary Fig. 34 and Note 9). This highlights the
strengths of WCIE: a solvation structure with less active free solvent,
low polarity DFBn andmore salt decomposition derived SEI with lower
solubility, further demonstrating the contribution of beneficial solva-
tion structure to stable SEI even a good anode, paving the way for
subsequent electrochemical performance.

Compatibility with sodium anodes
After analyzing the effects of different electrolyte solvation struc-
tures on the structural composition, deposition morphology and
kinetics of the SEI, the electrochemical reversibility of Na metal was
assessed by various electrochemical performances. For the Na | |Cu

cells (Fig. 5a, b and Supplementary Fig. 35), the reversibility of CE
was about 86.5% and 91% with low cycle life at 1 mA cm−2 and
1mAh cm−2 in Base and LF electrolytes. The SEI produced by the
action of solvation clusters in both electrolytes were fragile and
poorly tolerant to high currents49. Surprisingly, WCIE-formed SEI
achieved stable Na+ plating/stripping over 600 cycles with an
average CE of 97.5% and a low voltage hysteresis (224mV). The CE
values derived from the Aurbach50 method also indicate the
advantages of the WCIE (Supplementary Fig. 36 and Note 10). Fixed
capacity CE measurements were performed at different current
densities to examine the adaptability of Na plating/stripping
(Fig. 5c, d and Supplementary Fig. 37). Maintaining a capacity of
1 mAh cm−2, the CE of Base and LF electrolytes changed dramatically
when the current density was increased from 0.5mA cm−2 –

3mA cm−2. In contrast, WCIE showed good current suitability,
returning to 0.5mA cm−2 still cycling stably for 600 cycles, along
with a low overpotential at high current densities. The low nuclea-
tion and growth overpotentials of Na deposition for the first cycle
discharge curve at different current densities (Supplementary
Fig. 38) reveal the WCIE imparts highly reversible Na plating/
stripping51. Summarizing recent studies on Na | |Cu cells (Fig. 5e,

Fig. 5 | Electrochemical performances testing of Na | |Cu and Na | |Na cells. a CE
test in Na | |Cu cells using different electrolytes at 1mA cm−2 and 1mAhcm−2.
b Capacity-Voltage curves for corresponding WCIE. c Fixed 1mAhcm−2 capacity,
Na | |Cu cells CE test at different current densities. d Na plating/stripping voltage

hysteresis corresponding to different electrolytes. e Comparison of CE between
recently reported work and the present work. f Voltage profiles of Na | |Na sym-
metric cells in different electrolytes at 1mA cm−2 and 1mAh cm−2.

Article https://doi.org/10.1038/s41467-024-50751-w

Nature Communications |         (2024) 15:6292 8



Supplementary table 6), the results show useful progress in our
work, demonstrating the beneficial effects of the solvation struc-
ture and SEI of WCIE compared to conventional ester electrolytes.
Na | |Na cells were further evaluated for long-term plating/stripping
stability of sodium metal (Fig. 5f). Operating at 1 mA cm−2 and
1mAh cm−2 for <1500 h, Base and LF electrolyte rapidly failed due to
dendrite formation and continued electrolyte depletion. Impress-
ively, WCIE exhibited low voltage hysteresis and regular voltage
distribution for up to 2500 h. The low Rint from EIS curves (Sup-
plementary Fig. 39) also suggests that SEI is well suited for Na+

migration. In addition, after changing the capacity to
2mA cm−2–4mAh cm−2, 5 mA cm−2–1 mAh cm−2, and rate (Supple-
mentary Fig. 40), the WCIE still have the capability of cycling for
>1000 h, 350 h, and a stable rate cycling ability, respectively. Na | |
Na cells also show better performance than most ester electrolytes
(Supplementary Fig. 41, Supplementary table 7) in the literature.
The above cell performance results further indicate that WCI sol-
vation clusters greatly improve the cycling stability of sodiummetal
in phosphate ester electrolytes.

High-Voltage Na | |PB cells testing and cathodic passivation
From the DFT and PDOS results, the solvation clusters have high
HOMO values, and the oxidation of Base and LF electrolyte solvation
clusters dominates the cathodic passivation reaction, with the HOMO
of the preferentially oxidized conduction bands being located on EMC
and TMP, resulting in the formation of organic, inhomogeneous
CEI27,38. WCI solvation clusters formed by WCIE likewise have high
HOMO values. On the contrary, the HOMO of the preferentially oxi-
dized conduction bands ofWCI solvation clusters are located onTFSI−,
favoring the formation of inorganic CEI to cathodic passivation. As we
predicted, WCIE showed beneficial cycling stability at high-voltage
4.7 V (Fig. 6a). The capacity of cells with Base and LF electrolytes
decayed rapidly during cycling, andCEwas chaotic. Although EMCwas
replaced with TMP to increase the oxidation voltage of LF electrolyte
to about 5.0 V in the LSV, the full cells still showedpoor stability during
cycling. One, due to the catalytic effect of PB cathode, the LF elec-
trolyte started to decompose far below the tested oxidation voltage in
the actual full cells. The second is due to the formation of solvent-rich
clusters leading to the formation of brittle SEI/CEI at 4.7 V for long

Fig. 6 | Electrochemical performances testing and cathode characterization of
Na | |PB cells. a Long-term cycling of different electrolytes at 4.7 V (PB loading:
~3mAh cm−2). b Capacity-Voltage curves for corresponding WCIE. c Rate perfor-
mances of different electrolytes at 4.7 V. d EIS curves for different electrolytes at

4.7 V after 50 cycles. e1, f1Base, (e2, f2) LF, (e3, f3)WCIE of PB cathode at 4.7 V after
80 cycles SEM and HRTEM. XPS analysis (g) and Corresponding atomic con-
centration contents (h) of PB cathode after 80 cycles.
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cycles52,53. The capacity retention after 200 cycles was 84.3% and the
average CE was 99.5% for WCIE. Corresponding capacity-voltage
curves (Fig. 6b and Supplementary Fig. 42) also show low over-
potential. Rate performance showed that WCIE could discharge at a
higher rate (Fig. 6c). The discharge capacity of WCIE was still
118.7mAhg−1 and 105.1mAh g−1 at 10C and 20C, respectively, with
high CE and narrow voltage gap (Supplementary Figs. 43, 44). EIS
investigated the charge transfer kinetics of different electrolytes after
cycling (Fig. 6d). The low CEI and charge transfer impedance of WCIE
suggests beneficial CEI and a low Na+ embedding/detachment impe-
dance at the electrode54. Self-discharge tests were performed to fur-
ther probe the high-voltage resistance of different electrolytes
(Supplementary Fig. 45 and Note 11). In addition, WCIE has much less
parasitic reactions to the cathode at high voltage, inhibiting side
reactions and Al corrosion (Supplementary Figs. 46–49 and Note 12).
WCIE also has some promising applications in hard carbon anodes and
sodium ion batteries. (Supplementary Figs. 50, 51 and Note 13).

We observed morphology of electrode material and CEI after
cycling in different systems using SEM and high-resolution transmis-
sion electron microscopy (HRTEM) (Fig. 6e, f). In the Base electrolyte,
particles on the electrode surface were severely agglomerated and
formed a thick and inhomogeneous CEI. This is due to a series of
complex chain reactions such as oxidative decomposition of electro-
lyte on high-voltage, corrosion of Al collector, and dissolution of
transition metals52,53,55. Despite the improvement of LF electrolyte, it
still does not achieve good protection. The material has a smooth
surfacewith well-defined edges, forming a thin and uniformCEI (7 nm)
in WCIE. Stable and homogeneous CEI is closely related to the struc-
tural composition, the chemical composition of CEI was investigated

using XPS (Fig. 6g). In F 1 s spectra, themajor peaks correspond to NaF
andC-F, respectively. 160.2 eV in the S 2p spectra corresponds toNa2S,
and 397.3 eV in the N 1 s spectra is Na3N. NaF, Na2S and Na3N are the
main inorganic components that are very effective in the construction
of thin and homogeneous CEI, are decomposition products of TFSI−

and FEC, inhibit electrode/electrolyte side-reactions and facilitate Na+

transport25–27,33. The same C =O, C-O and S-O peaks are present in O 1 s
spectra. However, thepeaks at 530.3 eV for Base andLF electrolytes are
attributed to M-O (M= Fe, Mn, etc.), showing significant dissolution of
transition metals and the formation of CEI that have broken down and
become inhomogeneous56. Organic products such as RONa and
ROCONa accumulated on cathode surface are mainly decomposition
products of electrolyte. In C 1 s spectra, the strongest peak at 284.8 eV
corresponds to C-C/C-H, which ismainly related to conductive agent26.
The elemental contents of different CEI were compared by quantita-
tive XPS analysis (Fig. 6h). WCIE had low C, O and P contents and high
inorganic F, N and S contents. Therefore, the NaF/Na3N/Na2S-rich CEI
layer was denser and more homogeneous, the smaller thickness and
beneficial composition ensured rapid Na+ migration across CEI. These
results indicate that WCI solvation clusters formed by WCIE not only
provide a robust CEI, but also inhibit solvent oxidation andAl collector
corrosion, improving the stability of full cells during charge/
discharge37,57.

Special and practical conditions for NallPB cells
Finally, the electrochemical performance of three electrolytes was
investigated in various SMBs. NallPB cells performance was firstly
investigated at 60 °C with a highly loaded PB cathode (3mAh cm−2)
(Fig. 7a, b and Supplementary Fig. 52). Base and LF electrolytes fail

Fig. 7 | Electrochemical performances testing of Na | |PB cells under special
conditions. a Long-term cycling of different electrolytes in the 3mAh cm−2

cathode-load at 4.7 V, 60 °C. b Capacity-Voltage curves for corresponding WCIE.
c Electrochemical performances testing using different electrolytes at

temperatures from −30 °C–70 °C. d Long-term cycling of different electrolytes at
4.8 V. e Capacity-Voltage curves for corresponding WCIE at 4.8 V. f Rate perfor-
mances of different electrolytes at 4.8 V. g–i Electrochemical performances testing
of Na | |PB full cells with an N/P ratio of 4: 1 at 4.7 V.
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equally quickly, withWCIE showing significantly better cycling stability
at high temperature, with 85% capacity retention after 200 cycles and
an average CE of 99.5%. As a result, WCIE also show high temperature
application possibilities, with the advantage of solvation minimizing
unfavorable overcharging. In addition, considering wide temperature
application ranges of phosphate and DFBn, the electrochemical per-
formance of Na | |PB cells was tested from −30 °C to 70 °C at 4.7 V
(Fig. 7c). At 30 °C, the discharge capacity of WCIE is close to LF elec-
trolyte. However, the difference in capacity begins to appear when the
temperature is lowered to 10 °C. When the temperature dropped to
−30 °C, WCIE still had a capacity of 110.6mAh g−1, Base electrolyte
appeared to be in disarray and LF electrolyte was left with only
72.5mAh g−1. Capacity-voltage curves further proved the advantages
of WCIE at different temperatures (Supplementary Fig. 53). To inves-
tigate WCIE at a higher voltage, we tested Na | |PB cells at a cut-off
voltage of 4.8 V (Fig. 7d, e). Na | |PB cells could not be charged up to
4.8 V due to the coupling between carbonate solvent and TFSI− in Base
electrolyte and the unfavorable solvation structure leading to easy
decomposition under high-voltage (Supplementary Fig. 54)58,59. In
contrast, WCIE has beneficial cycling stability and boasts a high-
capacity retention after cycling with an average CE of 99.3%. Similarly,
Na | |PB cells shows beneficial performance at 20C (Fig. 7f and Sup-
plementary Fig. 55). Only slight voltage polarization and degradation
were observed at an ultra-high charging voltage, suggesting that the
solvated layer of theWCIE has good compatibility with SEI/CEI formed
at such high voltage. Based on the beneficial electrochemical perfor-
mance of WCIE at the anode/cathode, a full Na | |PB cells with an N/P
ratio of 4:1 was matched and cycled at 4.7 V (Fig. 7g, h and Supple-
mentaryFig. 56)WCIEnot onlyhas an averageCEof 99.5%and capacity
retention of 85% over 150 cycles with a narrow charge/discharge gap,
but also has fast kinetic properties with capacities of 98.1mAh g−1 and
76.7 Ah g−1 at rates of 10C and 20C, respectively (Fig. 7i and Supple-
mentaryFig. 57). Similarly, stable cyclingwas achievedwithN/P ratioof
2:1 and anode-free condition (Supplementary Figs. 58–61 andNotes 14,
15). Therefore, our design strategy using WCI has good application
prospects.

Discussion
In conclusion, we have reconfigured the solvation behavior of
phosphate-based electrolytes by exploiting intermolecular inter-
actions to improve the performance and the compatibility of SMBs.
Our WCIE system is shown to extend the operation of SMBs at high-
voltage, which exceeds the currently reported cell performances by
feasible cells configurations (Na‖Cu cells, Na‖Na cells, variable
temperature high-load cathode, and controlled N/P ratio). The
relative LUMO and HOMO of the solvated clusters are modulated
due to the weakly coordinating-intervention of Na+ by DFBn and the
solvation behavior enriched with Na+, which directs the decom-
position sequence of electrolyte on the anode/cathode surface to
form a strong anion-dominated interfacial layer. More importantly,
this work not only proposes an effective theoretical design principle
to overcome the poor stability of electrolytes for SMBs, but also
elucidates the correlation between the solvation structure and the
redox behavior of electrolyte, SEI dissolution, and anodic/cathodic
protection. Meanwhile, it is determined that the SEI/CEI chemical
changes in SMBs are due to differences in solvation rather than
differences in the mechanism of SEI formation, which is a useful
advance for SMBs. The design and beneficial performance of WCIE
provide a reliable approach to the study of existing SMAs in Na
plating/stripping reversibility, long-term operation of high-voltage
SMBs. Our results also provide an insight into understanding the
process of interface formation and tailoring its chemical
composition.

Methods
Materials
Sodium metal was obtained from Alfa Aesar Reagent Co. (99.9%)
(Supplier: Shanghai Mern Chemical Technology Co.). The salts, sol-
vents, including Sodium trifluoromethanesulfonimide (NaTFSI) (bat-
tery-grade purity), Ethyl Methyl Carbonate (EMC) (battery-grade
purity), Fluoroethylene carbonate (FEC) (battery-grade purity) were
purchased from Duoduo Chemical Reagent Co., Ltd. The Trimethyl
phosphate (TMP) was purchased from ALFA (Supplier: Shanghai Titan
Technology Co.) with purity of >98%. 1,2-difluorobenzene (DFBn) was
purchased from TCl (Shanghai) Kasei Industry Development Co., with
purity of >98%. Before preparing the electrolyte, the solvent was dried
by 4Å zeolite to ensure that the water content was below 10 ppm.
Prussian Blue (PB) cathodes were purchased from Naba Co., Ltd.
Chemical reagents. Coin chute (stainless steel, SS-316), collector (alu-
minum and copper foil with purity of >99%), conductive carbon, and
polyvinylidene fluoride (PVDF) were purchased from TOB New Energy
Technology Co. Glass fiber separator (GF/C) was purchased from
Whatman Company. Copper and aluminum foils (thickness 10 µm,
diameter 15mm) were cleaned of surface dust and impurities with
ethanol before use. The copper foil did not have any surface treatment
before use. Electrolytes were prepared bymixing the required amount
of salt, solvent. The usage of electrolyte in button cell was 90 µL. The
preparation of electrolytes was all carried out in a glove box with O2,
and H2O content < 1 ppm.

Material characterization
The viscosity was collected on TA Instruments DHR-2 rotational rhe-
ometer with accurate temperature control system. The contact angle
was collected on the instrument DSA-30 Droplet Shape Analyser. The
flammability tests of electrolytes were carried out in the fume hood.
The morphological of cycles studies were obtained by HITACHI
S-4800 field emission scanning electron microscopy (FESEM) and
Bruker Dimension Icon Atomic Force Microscope (AFM). To analyze
the chemical composition of SEI and CEI, characterization of electro-
des after cycling using XPS measurements (Thermo Scientific ESCA-
LAB Xi+, American). It is accompanied with depth profiling, which is
performed by Ar+ sputtering. High resolution transmission electron
microscope (HRTEM) images were obtained from a TECNAI F30 at
300 kV. The cycled cells were disassembled in the glove box filled with
argon (the contents of O2 and H2O were kept below 0.1 ppm) and the
electrodes were washed with dimethyl ether (DME) before morphol-
ogy and composition characterizations. The in-situ dynamic Na
deposition behaviors were observed at 0.5mAcm−2 for 30min by
ZOOM-0850C (SHANGHAI PUQIANOPTICAL INSTRUMENT CO., LTD.)
using Na as working electrode. Raman results were captured on
XploRAwith an excitation laser wavelength of 532 nm. 13CNMRspectra
were recorded at room temperature (295 K) with a Bruker Avance III
HD 850MHz spectrometer. For NMR measurements, 600 µL of elec-
trolyte sample was placed in the outer tube of a 5mm NMR Wilmad
coaxial tube.

Electrochemical measurements
The ionic conductivities (σ) and Electrochemical impedance spectro-
scopy (EIS) of different electrolytes were tested by electrochemical
impedance spectroscopy (IM6, Zahner Elektrik, Germany) tests of
button cells in a frequency range from 0.1 Hz – 105Hz with an ampli-
tude voltage of 5mV. The electrodes were assembled with two stain-
less steels (SS | | SS). The ionic conductivity (σNa) was calculated using
the following equation:

σNa =
L

R× S
ð1Þ
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WhereR is the bulk resistance, L is the thickness of themembrane,
S is the contact area of inert electrode (stainless steel). In this work, the
thickness of membrane is 0.13mm, and the diameter is 19mm.

The Na+ transference number (tNa+) of different electrolytes were
measured by DC polarization (POL) combinedwith EIS tests of Na | | Na
symmetrical coin cells on Zaher and calculated from the following
equation:

tNa + =
Is ×R

s
1ðΔV � I0 ×R

0
2 Þ

I0 ×R
0
1 ðΔV � Is ×R

s
2Þ

ð2Þ

where ΔV is the POL voltage (10mV), I0 and Is are the response current
at the initial and after stabilization, respectively. R10 and R20 are the
bulk ohmic resistance and interfacial charge transfer resistance of the
Na | |Na cells before POL, respectively. R1

s and R2s are the bulk ohmic
resistance and interfacial charge transfer resistance of the Na | |Na cells
after stabilization.

Sodium metal anodes were obtained after extruding sodium
metal foil (~1mm) into discs (Ф 14.0, ≥99.9%) using a stainless-steel
punch with a diameter of 14.0mm. Prior to preparation, white oxide
powder was removed from the surface using scissors to obtain sodium
with a silvery-white metallic luster. Afterwards, the lumps of sodium
metal were pressed into sodium foils with a thickness of about 1mm
using a roller press, and then pressed into sodium anodes with a dia-
meter of 14mmusing a punch. To prevent deterioration of the sodium
metal due to excessive storage in the glove box, it is cut and used now
before assembling the battery. The oxygen and water content of the
glove box was <1 ppm and the ambient temperature was 25 °C during
the whole operation. Electrochemical cycling and rate tests were
assembled by 2032-type coin batteries with glass fiber (Whatman GF-
C) and tested by using a battery test system (Shenzhen NEWARE Co.
LTD, China). The Na | |Cu cells were using Cu foil as working electrode,
Na metal disk as counter electrode. The coulombic efficiency (CE) of
the Na | |Cu cells was calculated by charge/discharge capacity, and the
stripping cut-off potential was set to 1 V. Na | |Na symmetric cells were
assembled by using two piece of Na disks as working and counter
electrodes. Stainless steel (SS-316) discs and springs were added to the
Na piece to ensure even pressure distribution. The batterywas allowed
to stand for 6 h before testing to allow the electrodes and membrane
to wet completely. EIS in frequency ranges from 0.1Hz – 105Hz with
amplitude of 5mV and we used Zview software to fit the temperature-
dependent EIS. To perform the impedance test at different tempera-
tures, the cells were first set aside for 2 h at different temperatures.
Cyclic voltammetry (CV, Squidstat prime) tests within potential range
of −0.3–3 V vs. Na/Na+ at scan rate of 1mV s−1. The oxidation potential
of the electrolytes was tested by linear sweep voltammetry (LSV,
Squidstat prime) of Na | |SS cells. The chronoamperometry (CA) mea-
surements was tested by Squidstat prime. The charge/discharge per-
formance of electrolytes were obtained by assembled full cells using
PB as cathode, Nametal as anode and a piece of GF-C as separator in an
Ar-filled glove box (glove box with O2 and H2O content <1 ppm).
Prussian blue electrodes were prepared by mixing Prussian blue
powder, conductive carbon, and PVDF binder in N Methyl-2-
Pyrrolidone (NMP) in the ratio of 80:10:10 by weight to form a
homogeneous paste. Round electrodes of 13mm diameter were then
cut, pressed, dried in a vacuum oven at 120 °C for a further 12 h and
weighed. Cycle and rate tests were performed on the NEWARE battery
test system at 25 °C. All Na | |PB cells were tested in a voltage range
between 2.4 – 4.5 V, 2.4 – 4.7 V or 2.4 – 4.8 V vs. Na/Na+. All full cells
were activated for 2 cycles at 0.2 C. The PB loading was around
3mAh cm−2 for both cycling and rate tests for Na | |PB cells with cut-off
voltages of 4.5 V and 4.7 V. The PB loading was around 5mg cm−2 for
both cycling and rate tests for Na | |PB cells with cut-off voltages of
4.8 V. Low-temperature and change-temperature full cells test was
performed by connect with NEWARE battery test system. The

electrochemical performance and EIS at different temperatures was
carried out within an RTP-80CT high and low temperature test
chamber (Guangdong Huan Rui Test Equipment Co., Ltd, China). All
cells were maintained at specified temperature for 2 h prior to testing.
Final specific capacity was determined to the active mass of PB. The
Na | |PB full cells were fabricated with negative/positive capacity (N/P)
ratio of 4 (For the N/P negative electrode fabrication, 6mAh cm−2 of
sodium metal was deposited onto the smooth copper foil to form a
composite electrode and the areal capacity of cathode is
1.5mAh cm−2). The Na | |PB cells contains practical loading of anode
(3mAh cm−2) and PB cathode (1.5mAh cm−2) in N/P ratio = 2. The Na | |
PB cells contains practical loading of PB cathode (3mAh cm−2) in N/P
ratio = 0.

Computational details
Ab initio Molecular Dynamics (AIMD) simulations were performed
using the Vienna Ab initio Simulation Package (VASP 5.4) based on the
pseudopotential plane-wave approach. The Perdew-Burke-Ernzerhof
generalized gradient approximation (GGA-PBE) was utilized to repre-
sent the exchange-correlation functional, with a cutoff energy of
400 eV. The initial configurations of NaTFSI, FEC, EMC, TMP, TTE, FBn
and DFBn were optimized using Gaussian09 program with M062X/6-
311 +G (d, p). The NaTFSI salt/solvent mixtures (base, LF, LHCEs, FBn-
based electrolyte and WCIE) were prepared by randomly placing the
molecules in the simulation box based on their experimental densities
and molar ratios. A cubic-shaped simulation box of length 1.357 nm
was used for all dimensions. We performed DFT relaxation to equili-
brate the structure after randomly packing the box. Then AIMD
simulations were performed at 300K using the NVT ensemble with a
time step of 1.0 fs. Temperature oscillations were controlled using a
Nose thermostatwith aNose-massparameter of 1.0. AMonkhorst-Pack
k-point mesh grid scheme with a 1 × 1 × 1 grid was used. The systems
were equilibrated for at least 60 ps before the production run of 10 ps.
The projected density of states (PDOS) was calculated and averaged
over five different configurations (extracted from AIMD simulation
snapshots) to represent an ensemble average. The HOMO, LUMO
energy levels of salt/solvent molecules were directly calculated and
optimized by a basis set of B3LYP/6-311 G + + (d, p). The HOMO and
LUMO energy levels for solvation complex were calculated using the
B3LYP/6-31 G (d, p) basis set for structure optimization, while the sin-
gle point energies were calculated using the larger B3LYP/6-311 G + +
(d, p) basis set. Radial distribution functions were obtained by the
Visual Molecular Dynamics (VMD) software. The VESTA program was
used to sample themost probable solvation shells from the simulation
trajectory. In addition, ESPs of molecules were calculated with Gaus-
sian09 program at the B3LYP/def2tzvp level and visualized by
GaussView.

Data availability
The authors declare that all the relevant data within this paper and its
Supplementary Information file are available from the corresponding
author upon request.
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