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Abstract The practical application of sodium metal bat-

teries (SMBs) is hampered due to the inferior interfacial

stability between Na metal and conventional electrolytes.

Therefore, a high-concentration electrolyte is proposed to

solve this issue. However, high viscosity, low ionic con-

ductivity, and unsatisfactory wettability toward the sepa-

rator need to be overcome. In this study, a localized high-

concentration electrolyte (LHCE) is formulated with

1 wt% SbF3 as an interface-stabilized additive to protect

the Na metal anode. This reformulated LHCE retains the

special coordination structure in HCE with improved

wettability and high ionic conductivity. Moreover, the

introduction of the SbF3 additive into the LHCE resulted in

a bilayer-structured solid electrolyte interface (SEI)

including a Na–Sb alloy inner layer and a NaF-rich outer

layer on the Na metal. As expected, the Na||Na cells using

LHCE ? 1 wt% SbF3 show a long cycle lifespan of over

1200 h at 0.5 mA�cm-2 with negligible polarization, and

Na||Na3V2(PO4)3 cells exhibit a high capacity exceeding 97

mAh�g-1 at 40C.

Keywords Sodium metal battery; Localized high-

concentration electrolyte; SbF3 additive; Wettability;

Conductivity

1 Introduction

Owing to the high natural abundance of Na [1–3] and its

similar chemistry to lithium [4–7], rechargeable sodium

(Na) batteries have become one of the most promising

energy storage technologies used to meet the increasing

demands for large-scale grids. Compared with carbon-

based anodes with relatively low capacity and high cost,

Na metal anode is competitive due to its high specific

capacity (1165 mAh�g-1) and the low redox potential

(- 2.714 V vs. a standard hydrogen electrode) [8–12].

Nevertheless, the application of Na metal still faces some

challenges due to its high reactivity with conventional

liquid electrolytes and the instability of the solid electrolyte

interface (SEI) [13], along with Na dendrite growth

[14, 15], resulting in inferior cell performance and safety

concerns [16–22].

To solve the problems caused by the intensive reactivity

of Na metal, various strategies have been proposed, among

which electrolyte modification is one of the most effective

and convenient approaches [23, 24]. Recently, high-con-

centration electrolytes (HCEs) have gained much attention
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due to their impressive ability to the improvements in

interfacial stability [25]. Contact ion pairs and aggregate

solvates are the main solvation forms in HCE so that

reactivity of solvents and anion in the electrolyte can be

effectively reduced. In addition, the increased concentra-

tion of Na? promotes the uniform plating/stripping of Na.

Zhang et al. reported that the 4 mol�L-1 Na bis(fluorosul-

fonyl) imide (NaFSI) in 1,2-dimethoxyethane (DME)

enabled stable cycling with superior average coulombic

efficiency (CE) ([ 99%) in Na||Na3V2(PO4)3 cells [25]. In

our recent research, the HCE electrolyte with SbF3 additive

contributed to a bilayer-structured SEI with a Na–Sb alloy

inner layer and a NaF-rich outer layer on the Na metal

surface. The Na||Na cells delivered steady cycling for

nearly 1000 h with negligible voltage polarization at

0.5 mA�cm-2 [26]. Nevertheless, the large-scale applica-

tion of HCE is still restricted due to its high viscosity and

poor wettability which result in its low ionic conductivity.

Most recently, ‘inert’ diluents, which were different from

conventional co-solvents, were added into the HCE to

overcome these problems and form a localized high-con-

centration electrolyte (LHCE) [27]. The diluents have little

influence on the solvation structure in localized regions;

thus, the LHCE has comparable interfacial stability with

the corresponding HCE [28]. Furthermore, lower Na salt

concentration in LHCE enables reduced bulk viscosity,

enhanced wettability, and increased ionic conductivity of

LHCE [29].

In this work, we reformulate an LHCE composed of

2 mol�L-1 NaFSI/DME ? 1,1,2,2-tetrafluoroethyl 2,2,3,3-

tetrafluoropropyl ether (FEPE) with 1 wt% SbF3 additive,

where FEPE is a diluent due to its low dielectric constant

and low donor number [30]. SbF3 acts as an interface-

stabilized additive, which helps to fabricate an alloy-phase

inner interfacial layer to suppress the Na dendrite growth,

and LHCE leads to a smooth NaF-rich outer layer. The

combination of SbF3 additive and LHCE contributes to the

formation of a bilayer-structured SEI on the surface of the

Na metal, which effectively inhibits the continuous

interfacial side reactions and enhances the electrochemical

performance of sodium metal battery (SMBs) (Fig. 1).

2 Experimental

2.1 Electrolyte preparation

The HCE with 4 mol�L-1 NaFSI/DME was obtained from

Anhui Sage Energy Technology Co., Ltd. The FEPE was

obtained from Tokyo Chemical Industry (TCL). The LHCE

composed of 2 mol�L-1 NaFSI/DME ? FEPE (1:1, molar

ratio) and LHCE ? 1 wt% SbF3 was prepared in an

MBraun glove box with the oxygen and moisture less than

0.1 9 10-6.

2.2 Characterization

The ionic conductivity of the electrolytes was measured

using a DDS-307A conductivity meter (Leici Co., Ltd.) at

25 �C. To evaluate the wettability of each electrolyte, the

electrolytes were dropped on a glass fiber separator (GF/D,

Whatman). Scanning electron microscope (SEM, JEOL

JSM-6390LA) was used to observe the surface morphology

of the cycled Na metal after 100 h, and energy dispersive

X-ray spectroscopy (EDS) mappings were used to analyze

the existence and location of elements of the Na metal

surface.

2.3 Electrochemical measurements

For the purpose of assessing the electrochemical stability

of each electrolyte, the Na||Na and Na||Na3V2(PO4)3 (de-

noted as NVP) cells were assembled using the glass fiber

separator, and 80 ll electrolyte was added into each cell.

The NVP cathode was manufactured by mingling NVP,

super-P and polyvinylidene fluoride (PVDF) with the mass

ratio of 8:1:1 in N-methyl-2-pyrrolidone (NMP), and the

slurry was applied to aluminum foil. The NVP cathode was

Fig. 1 Schematic diagram of SEI formation mechanism by using LHCE ? 1 wt% SbF3
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made into a disk with a diameter of 14 mm (mass loading

of 9.6 mg) after drying for 6 h at 60 �C. For the Na metal

anode, the passivation layer on the sodium surface was

removed by a knife and also made into disks (U14 mm).

For Na||NVP full cells, all the cells were cycled under a

current of 2C (0.31 mA�cm-2) after initial cycles at 0.1C

between 2 and 4 V. The rate performance of the Na||NVP

cells was assessed with a fixed charge current of 1C and

discharged at various rates of 1C, 10C, 20C, 30C and 40C

for five cycles (25 �C). To examine the interfacial stability,

alternative current (AC) impedance measurements were

carried out using a CHI660e electrochemical workstation

in the frequency range from 1 9 10-2 to 1 9 105 Hz.

3 Results and discussion

To evaluate the wettability of each electrolyte, the elec-

trolytes were dropped on the glass fiber separator. As

shown in Fig. 2a, c, the HCE shows poor wettability

toward the separator due to its high viscosity, while the

LHCE exhibits superior wettability (Fig. 2b, d), indicating

that FEPE dilution could significantly improve the wetta-

bility toward the separator [30]. In addition, the ionic

conductivity of LHCE is obviously increased compared to

that of the HCE electrolyte (Fig. 2e). Thus, the presence of

FEPE enables the electrolytes to have better separator

wettability and higher ionic conductivity, which ensures

the superior electrochemical performance of SMBs.

The plating/stripping behavior of Na in each electrolyte

was examined using symmetric cells at a current density of

0.5 mA�cm-2. As shown in Fig. 3a, the cell with HCE has

a short lifespan of 400 h with polarization voltage

increasing, and this kind of voltage spike is a sign of

uneven Na deposition. In comparison, the cell using LHCE

delivers a lower overpotential and remains stable over

1000 h. Generally, the enhanced cycling performance of

Na||Na symmetric cells corresponds to the smoother Na

plating/stripping. According to previous studies [28, 30],

the improved cycling stability in LHCE compared to that of

HCE is attributed to improved wettability, lower viscosity,

and higher conductivity caused by FEPE diluent. After the

addition of SbF3, the cell using LHCE ? 1 wt% SbF3

shows superior cycling stability (over 1200 h) with lower

polarization. Figure 3b, c shows zoomed graphics in view

of Fig. 3a, in which the lower overpotential of the cell

using LHCE ? 1 wt% SbF3 can be significantly observed.

Similar to our previous work on HCE [26], the introduction

of SbF3 into LHCE results in a bilayer-structured solid

electrolyte interface including a Na–Sb alloy inner layer

and a NaF-rich outer layer on the Na metal. Herein, the

excellent electrochemical stability is mainly attributed to

the following reasons: (1) the tough alloy layer can inhibit

the growth of dendrites on the surface of Na metal; (2) the

hard alloy layer provides a stable base for the formation of

the outer NaF-rich SEI; (3) this Na–Sb alloy layer can

reduce the Na? diffusion barrier and allow uniform ion

transmission [31, 32]. In addition, the NaF-rich layer also

enhances the interfacial stability. Thus, the NaF/Na–Sb

bilayer structure ensures fast ion transfer and negligible

polarization.

The influence of each electrolyte on the surface mor-

phologies of Na metal was characterized by SEM. The top

view of the Na metal was acquired from Na||Na symmetric

cells after cycling. As shown in Fig. 4a, the morphologies

of Na metal cycled in HCE show a relatively irregular

growth of some protrusions. Such an uneven surface is not

conducive to the uniform deposition of Na? and finally

leads to the dendrites growth. In contrast, the cell with the

LHCE electrolyte exhibits a flat surface, indicating that a

more robust SEI is formed. However, there are still some

cracks with particles of impurities (Fig. 4b). As shown in

Fig. 2 Wettability of a, c HCE and b, d LHCE toward separator; e ionic conductivity of different electrolytes at 25 �C
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Fig. 4c, the surface is covered with a layer of dense alloy

particles after introducing SbF3 into LHCE. EDS elemental

mappings further confirm the existence of Sb and F, which

indicate the formation of Na–Sb alloy and NaF-rich layers.

Fig. 3 a Cycling capacity of Na||Na symmetric cells using various electrolytes at 0.5 mA�cm-2; b, c partially enlarged voltage profiles of a

Fig. 4 SEM images of cycled Na metal with a HCE, b LHCE and c LHCE ? 1 wt% SbF3 after 100 h; d EDS spectra of Na metal cycled in

LHCE ? 1 wt% SbF3 electrolyte with Na, O, F and Sb signals
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This morphology formed in LHCE ? 1 wt% SbF3 exhibits

a smoother surface, resulting in the more facile interfacial

ion transport and dendrite-free Na deposition. These results

are also consistent with the electrochemical performance of

the symmetric cells.

The cycling stability of Na||NVP cells using various

electrolytes was tested at 2C in the voltage range of 2-4 V.

As shown in Fig. 5a, after the initial formation cycles at

0.1C, the Na||NVP cells containing different electrolytes

exhibit similar specific capacities of 112 mAh�g-1. The

capacity of the cell containing HCE electrolyte decreases to

89 mAh�g-1 during 1000 cycles, leaving only 79% of its

initial discharge capacity. The capacity of the cell using the

LHCE electrolyte deteriorates tardily, and the capacity

retention is 87% (98 mAh�g-1) after 1000 cycles. In con-

trast, due to the formation of a robust SEI and uniform ion

transmission, the cell with LHCE ? 1 wt% SbF3 demon-

strates the best capacity retention of 95% after 1000 cycles.

Figure 5b shows the coulombic efficiency (CE) of various

electrolytes during the first 20 cycles. The CE of the cells

Fig. 5 a Cycling performance and b Coulombic efficiency of HCE, LHCE and LHCE ? 1 wt% SbF3 electrolytes; c rate performance of

Na||NVP cells using various electrolytes; d Nyquist plots of Na||NVP battery with each electrolyte after 20 cycles; e zoomed Nyquist plots of

LHCE and LHCE ? 1 wt% SbF3
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containing LHCE ? 1 wt% SbF3 reaches 99% rapidly

after the formation cycles, indicating the superior electrode

reaction kinetics [30]. In addition, its lowest initial CE

represents the irreversible consumption of Na for the for-

mation of the SEI [29]. Figure 5c shows the rate ability of

Na||NVP cells with different electrolytes. The cell using

LHCE ? 1 wt% SbF3 delivers capacities of 107, 105, 103,

100, and 97 mAh�g-1 at current rates of 1C, 10C, 20C,

30C, and 40C, respectively. As for the cell using LHCE,

the capacity decreases to 107, 104, 100, 86, and

76 mAh�g-1 at the same current density. The cell with

HCE electrolyte performs even worse with discharge

capacities of 107, 99, 85, 78, and 44 mAh�g-1. The

impedance was investigated by electrochemical impedance

spectroscopy (EIS). The abscissa and ordinate in the EIS

spectrum represent the impedance of real and imaginary

part. Rs, Rp, CPE, and W0 represent the ohmic impedance

of the electrolyte, the charge transfer, the adsorption of the

surface, and the diffusion resistance of sodium ions inside

the electrode, respectively [33]. The cell with HCE shows

the highest Rp (688 X) due to the poor interfacial reaction

kinetics of HCE [30]. In contrast, the cell using LHCE

drops to 125 X because of its higher ionic conductivity. In

comparison, the impedance drops significantly (29 X) after

the addition of 1 wt% SbF3, which is attributed to a

bilayer-structured SEI and facile ion surface diffusion

[26, 34].

4 Conclusion

To summarize, the FEPE diluent not only enables LHCE to

preserve the original solvent structure of HCE, but also

helps to improve the interfacial reaction kinetics of the Na

metal anode. Moreover, introduction of the SbF3 additive

into the LHCE results in a bilayer-structured SEI, including

a Na–Sb alloy inner layer and a NaF-rich outer layer on the

Na metal, which insures the dendrite-free Na plating and

fast interfacial ion transport. As a result, the Na||NVP cells

exhibit stable cycling over 1000 cycles with a capacity

retention of 95% and deliver a discharge capacity of

97 mAh�g-1 even at the high rate of 40C due to the syn-

ergy of LHCE and SbF3. This formula of electrolyte holds

great potential for the next-generation SMBs with high

energy densities and promotes the practical application of

SMBs.
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