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Although sodium-sulfur (Na-S) batteries present the great prospects of high energy density, 

long cycleability, and sustainability, their deployment is heavily encumbered by safety, 

practicality and versatility issues engendered by their high operating temperatures above 300 °C. 

Lowering the operating temperatures significantly impedes the performance of Na-S batteries 

due to the formation of electrical insulating S/polysulfides, diminished Na ion conduction in 

the β”-alumina solid electrolyte, the Na metal dendrite growth at temperatures below its melting 

point, and the shuttle effect occurring in absence of the β”-alumina solid electrolyte. Herein, 

we propose a Na-S battery that integrates a dual electrolyte consisting of the β”-alumina solid 

electrolyte and a novel inorganic ionic liquid for intermediate-temperature operations of 150 °C. 

Investigations reveal the ionic liquid to have high ionic conductivity, wide electrochemical 

window of 5.1 V as well as excellent thermal and chemical stability, making it propitious for 

intermediate-temperature operations. The system demonstrates a high reversible capacity of 

795 mAh (g-S)−1 at 0.1 mA (electrode area: 0.785 cm2). Moreover, an average capacity of 381 

mAh (g-S)−1 is achieved over 1000 cycles at 0.5 mA, unprecedented for intermediate-

temperature Na-S batteries. These exceptional results validate the use of ionic liquids in dual 

electrolyte systems as a strategy to improve Na-S performance.



  

3 

 

1. Introduction 

Energy storage systems, most notably rechargeable batteries, play a pivotal role in the 

deployment of renewable energy applications, particularly in regulating power supply from 

variable and intermittent sources such as solar, tide, and wind.[1–3] Among the numerous 

rechargeable batteries developed for large-scale storage applications, sodium-sulfur (Na-S) 

batteries have garnered widespread attention for their high energy density, low cost, and 

abundance of raw materials. As a result, these batteries are uniquely suited for practical grid 

applications such as load balancing and emergency power supply.[4] 

In ideal Na-S battery, energy is dispensed through reversible electrochemical reactions that 

entail the formation of polysulfides (Na2Sx; it should be noted that x does not always mean such 

a solid single phase exists.[4]) at the positive electrode, achieving theoretical capacities ranging 

from 209 (x = 8) to 1672 (x = 1) mAh (g-S)–1 based on the weight of S. First reported in the 

1960s,[5] the conventional Na-S battery comprises molten sodium metal negative electrode and 

molten sulfur positive electrode separated by a β”-alumina solid electrolyte (BASE) ceramic, 

which not only facilitates the conduction of Na+ but also tightly separates molten electrodes to 

eliminate self-discharge. To ensure the sufficient reactivity necessary for the optimal utilization 

of the S and the emergent polysulfide species (Na2Sx, x ≥ 3), typical operations are conducted 

at high temperatures (HT) above 300 °C to maintain their liquid states. Further, subtler thermal 

management is also employed to fully exploit the Joule heat emitted during charge and 

discharge to maintain the high operating temperatures and maximize energy efficiency.[6,7]  

Despite the efforts to maintain the liquid state of the positive electrodes, Na2S2 and Na2S 

polysulfides formed during battery operations have higher melting points (470 and 1168 °C, 

respectively)[8] which causes them to precipitate and form electrical insulators that inhibit 

electrochemical performance (e.g., the capacity is limited to 557 mAh (g-S)–1 and a specific 

energy density of 760 Wh kg–1 corresponding to the formation of liquified Na2Sx, x = 3.).[9] 

Furthermore, HT Na-S batteries are also susceptible to corrosion and explosion, which not only 
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makes the selection of cell components such as the current collectors and sealants extremely 

challenging, but also plagues the system with safety issues and high maintenance costs.[10,11] 

As a strategy to combat the issues associated with HT operations, Na-S batteries capable 

of room temperature (RT) operations have been proposed. Although the BASE exhibits a 

sufficient ionic conductivity for room-temperature operation Na-S batteries,[12–14] the high 

resistance resulting from its thickness and interfacial behavior lead to poor kinetics. Reducing 

the operation temperatures also limits the electrochemical performance of RT Na-S batteries 

because of the formation of solid polysulfides with sluggish electrochemical reactivity. As 

alternatives, gel polymers[15–17] and organic electrolytes[18–20] have been reported by a number 

of studies attempting to enhance the reactivities of the electrochemically dormant species. 

Nonetheless, the utilization of these alternatives has been found to pose some impediments to 

RT operations. For instance, i) in the absence of the BASE, the intermediate species which are 

highly soluble in the liquid electrolytes, easily migrate to the negative electrode (so-called 

“shuttle effect”), resulting in diminished capacity and poor cycling performance;[21] ii) the 

growth of Na metal dendrites during charging makes the battery prone to short-circuiting;[22] 

and iii) when conventional organic electrolytes are employed, their insufficient thermal and 

chemical stabilities cause safety-related issues coupled with cell performance degradation.[23,24] 

In a bid to circumvent the above-mentioned challenges, intermediate-temperature (IT, 

ca.150 °C) Na-S batteries that use both BASE and liquid electrolytes have also been explored 

(the electrochemical properties of intermediate-temperature Na-S batteries are summarized in 

Table S1 in the Supporting Information).[25–30] The BASE is known to manifest a high ionic 

conductivity at IT (50 mS cm−1 at 150 °C), making them uniquely applicable for Na-S batteries 

for their ability to prohibit polysulfides migration.[29,31,32] The liquid electrolyte, which is 

introduced in the positive electrode compartment, enhances the reactivity of polysulfide 

electrode materials, thus improving their utilization. Although research on IT Na-S batteries is 
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still in its incipient stages, the availability of a wider variety of materials, such as some polymers 

suitable as IT cell components, makes them more promising than their HT counterparts.[10,33] 

Even so, the fragility of BASE is still challenging for the application of HT and IT system. 

Once the BASE is broken, the direct contact of molten Na and S might cause inherently violent 

reaction, potentially leading to fire and even explosion.[10,33] Hence, more attention should be 

paid to thermal and electrochemical stabilities of the liquid electrolytes, because organic 

electrolytes used at RT may cause some safety issues in such extreme conditions. In connection 

to the safey concern of IT operations, ionic liquids (ILs or molten salts), entirely made of ions 

have emerged as propitious candidates for Na-S as well as analogous Li-S battery systems,[34–

36] due to their unique properties such as low flammability, low volatility, and high thermal 

stability.[37–39] Particularly, ILs entirely composed of alkali metal cations (inorganic ILs) not 

only exhibit higher thermal stability than those with organic cations,[40,41] but their 

conductivities and wide electrochemical windows are also sufficiently high for energy device 

applications.[42–44] 

In this work, a new type of IT Na-S battery, which utilizes a dual electrolyte composed of 

BASE and Na[OTf]-Cs[TFSA] ([OTf]− = trifluoromethanesulfonate and [TFSA]− = 

bis(trifluoromethanesulfonyl)amide) IL is proposed. The IL, which is placed in the positive 

electrode compartment, enhances the reactivities of the S and polysulfide active materials, 

thereby improving their utilization and consequently the energy density of the battery. In the 

proposed system, we select an IL incorporating the [OTf]− counteranion due to its high solvation 

properties, particularly for polysulfides, boosting kinetic performance as has been reported for 

Na-S batteries and analogous Li-S batteries utilizing [OTf]−-based organic electrolytes[12–14,45–

48] and IL electrolytes[34]. However, this strategy of enhancing the solubility of intermediate 

polysulfide species also tends to shorten cycling lifetimes because of the simultaneously 

heightened polysulfide shuttling.[46] Thus, we adopt the BASE, a selective Na+ conductor, to 

eliminate the polysulfide shuttle effect and enhance the cycle life. Moreover, we discuss the 
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thermal behavior and physicochemical properties and electrochemical window of the Na[OTf]-

Cs[TFSA] system, reliability of the Na metal deposition-dissolution process on BASE, and 

charge-discharge performance of the Na/S cell at intermediate temperatures. The proposed dual 

electrolyte system confers advantages, such as vigorous kinetics and outstanding cycle life seen 

in HT systems while achieving a higher capacity via elevating S utilization.  

 

2. Result and Discussion  

As illustrated in Figure 1, this study proposes an IT Na-S battery in which a BASE disc is used 

to separate the liquified sodium metal negative electrode compartment from the positive 

electrode compartment consisting of an IL, S, and a carbon current collector. During discharge, 

the Na metal in the negative electrode compartment is oxidized to Na+, which migrates through 

the BASE to the positive electrode compartment where S is reduced to polysulfide anions to 

form Na2Sx. When voltage is applied during charging, the polysulfide anions are oxidized to S, 

liberating Na+ to migrate back to the negative electrode compartment through BASE for 

reduction into Na metal. Although practical cells can be both flat or tubular, the present 

experimental setup employs a flat cell structure in order to pressurize the interface between 

liquified Na metal and BASE, thereby establishing homogeneous reaction sites. This approach 

is taken on account of the poor wettability of Na to the BASE, which would likely lead to 

inhomogeneous reactivities in the positive electrode compartment (Figure S1, Supporting 

Information).[32,49,50] Details regarding the preparation and description of the cell are furnished 

in the Experimental section. 

As a strategy for enhancing the kinetics of inert polysulfides, an electrolyte based on 

Na[OTf] is adopted as the medium for Na+ conduction. Due to the high donor number of [OTf]− 

(compared to typical counter anions such as [BF4]
− and [TFSA]−), it is postulated to promote 

the dissolution of polysulfides into the electrolyte,[12–14,34,45–48] thereby improving the 

electrochemical performance. However, alkali metal OTf salts tend to have high melting points 
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above 150 °C because of the low degree of freedom in the anionic structure.[43] Thus, in order 

to reduce the melting point of the electrolyte, the Na[OTf] was combined with Cs[TFSA], which 

has a melting point of 127 °C (Table S2, Supporting Information) through the effect of Gibbs 

energy of mixing.[42,51] Accordingly, the host electrolyte for the IT Na-S battery proposed in 

this study embodies a binary IL system consisting of Na[OTf]-Cs[TFSA]. 

In order to determine the appropriate molar ratio of the Na[OTf]-Cs[TFSA] system with a 

melting point suitable for IT Na-S operations, the endothermic transition temperatures for molar 

ratios in the x(Na[OTf]) range of 0 to 0.7 (x(Na[OTf]) = Na[OTf] fraction = n(Na[OTf]) / 

{n(Na[OTf]) + n(Cs[TFSA])} in the initial state, where n denotes molar number) were obtained 

through differential scanning calorimetry (DSC) as shown in Figure 2a (see Figure S2 and 

Table S2 for the corresponding DSC data, Supporting Information). Across all molar ratios of 

the Na[OTf]-Cs[TFSA] system, the DSC curves appear considerably complicated due to the 

emergence of several endothermic peaks, which made the identification of each solid phase 

difficult. This observation is attributed to the emergence of metastable phases during cooling, 

as suggested by previous DSC studies on sulfonylamide salts.[52–54] Nevertheless, the liquidus 

lines of the salts were clearly determined through the DSC analysis and further affirmed by 

visual confirmation of melting occurring above the melting points. The melting temperature 

was observed to decrease to the eutectic point of 120 °C around the molar ratio of x(Na[OTf]) 

= 0.05, attesting the suitability of this IL for relatively low temperature operations. 

The Na+ ion conductivity was investigated using a moderate x(Na[OTf]) of 0.2, whose low 

melting point of 129 °C was deemed sufficient for supporting a liquidus environment at IT. 

Figure 2b compares the ionic conductivity of the Na[OTf]-Cs[TFSA] IL at x(Na[OTf]) = 0.2 

with those for organic and IL electrolytes for Na secondary batteries.[29,44,55–62] The data 

pertaining to the conductivity of BASE was obtained from a previous report on the same 

material.[29] The Na[OTf]-Cs[TFSA] (x(Na[OTf]) = 0.2) IL manifested a high conductivity of 

8.6 mS cm−1 at 150 °C (which is comparable or higher than those of conventional organic and 
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IL electrolytes at RT). Viscosity (η) of the Na[OTf]-Cs[TFSA] (x(Na[OTf]) = 0.2) IL is shown 

in Figure 2c and its temperature dependence is fitted with the Vogel–Tammann–Fulcher (VTF) 

equation (Table S4).[63–65] The viscosity of the IL is 59.1 mPa s at 150 °C and is comparable 

with those of TFSA-based inorganic ILs. [66] The density of the Na[OTf]-Cs[TFSA] (x(Na[OTf]) 

= 0.2) IL at 150 °C was determined to be 2.1 g cm–3. 

Electrochemical window defined by the cathodic and anodic limits is an important indicator 

to judge the compatibility of an electrolyte with electrode materials. The cyclic voltamnetry 

(CV) measurements were conducted for the Na[OTf]-Cs[TFSA] (x(Na[OTf]) = 0.2) IL using 

Al working electrodes for anodic and cathodic scan and a Pt working electrode for anodic scan 

at a scan rate of 5 mV s−1. The combined CV curves are shown in Figure 2d. A reversible Na 

metal deposition-dissolution occurs at 0 V vs. Na+/Na. A rapid increase of the current at 5.1 V 

at the Pt working electrode shows the anodic limit of the IL, which corresponds to the oxidation 

of the anions. The IL exhibits a relatively high electrochemical window of 5.1 V, demonstrating 

excellent stability as an electrolyte for sodium secondary batteries at intermediate temperatures. 

There is no significant anodic current observed at the Al electrode due to the formation of robust 

passivation layer, indicating the Al corrosion has not been observed with the electrolyte, which 

is also consistent with the suppressed Al corrosion problem in organic ILs.[67] 

The thermal stability of the Na[OTf]-Cs[TFSA] IL was examined through 

thermogravimetry analysis, as illustrated in Figure S3, Supporting Information. The electrolyte 

manifests negligible mass loss at temperatures below 400 °C, showing high thermal stability 

that is beneficial for Na/S IT operations. Further, a heating test was performed to confirm the 

chemical stability of the Na[OTf]-Cs[TFSA] IL when in contact with active materials (S and 

Na2S4, an intermediate polysulfide) at 150 °C. The S and Na2S4 were added into the Na[OTf]-

Cs[TFSA] IL at 150 °C in the weight ratio of S/IL = 1.0 % and Na2S4/IL = 1.4 % and constantly 

stirred for varying periods of time. For comparison, similar tests were conducted on an organic 

cation IL, Na[OTf]-[C4C1pyrr][OTf] (x(Na[OTf]) = 0.2) ([C4C1pyrr]+ = N-butyl-N-
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methylpyrrolidinium). As visualized in Figure S4, Supporting Information, after continuous 

heating for 100 min, the colors of the S/Na[OTf]-Cs[TFSA] and Na2S4/Na[OTf]-Cs[TFSA] 

mixtures are observed to change to yellow and dark orange, respectively; evincing the partial 

dissolution of S and Na2S4 in conformity with previous reports.[68] However, in the case of S 

and Na2S4 in the organic IL, drastic changes in appearance, characterized by a dark brown 

solution and volatile decomposed materials deposited on the top of the test bottles, were 

observed. For verification, a blank test involving pure Na[OTf]-[C4C1pyrr][OTf] was 

performed. No color changes nor sign of decomposition were seen, suggesting that the 

previously observed decomposition of the organic IL was due to the presence of S or Na2S4. 

These observations are a further attestation to the superior chemical stability of the Na[OTf]-

Cs[TFSA] IL for IT Na-S batteries compared to the systems with organic species such as the 

Na[OTf]-[C4C1pyrr][OTf] IL at 150 °C. 

For further scrutiny into other aspects of the proposed Na-S battery, a Na metal deposition-

dissolution test was performed to discern the Na metal negative electrode performance and 

confirm the reliability of the flat cell. A Na/BASE/Na symmetric cell was constructed at 150 °C 

in the same configuration as a Na/S cell but with both the positive and negative electrode 

compartments separately filled with liquified Na metal (electrode area: 0.785 cm2). Alternating 

galvanostatic Na metal deposition-dissolution measurements were conducted for 400 cycles 

over 160 h, with the period of each cycle fixed at 0.4 h. The currents were increased in a 

stepwisely fashion after every 100 cycles as shown in Figure 3a. As shown in the voltage 

profiles, the Na/BASE/Na cell manifests stable Na metal deposition-dissolution marked by 

constant overpotentials of about 7 mV, 15 mV, 27 mV, and 50 mV observed at 0.2 mA (Figure 

3b), 0.5 mA (Figure 3c), 1.0 mA (Figure 3d), and 2.0 mA (Figure 3e), respectively, 

throughout the cycling. Electrochemical impedance spectroscopy was carried out in the initial 

state and after every 100 cycles, as shown by the Nyquist plots in Figure 3f. Here, no significant 

changes in the interfacial resistance corresponding to the semicircles were noted throughout the 
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400 cycles. This result indicates the BASE can protect liquified Na metal chemically and 

physically without forming dendrite. The bulk resistance was seen to continually decrease 

during the initial 300 cycles; an indication of the progressive improvements occurring in the 

Na/BASE interface with continued cycling. The relatively large bulk resistances considering 

the operating temperature and conductivity of the BASE is due to the small contact area (0.785 

cm2) and thickness (1 mm) of the BASE.  

Following the validation of the Na[OTf]-Cs[TFSA] (x(Na[OTf]) = 0.2) IL electrolyte and 

the confirmation of stable Na metal deposition-dissolution at the Na/BASE interface, a Na/S 

cell comprising the dual BASE/IL electrolyte was assembled for further electrochemical 

performance tests. Charge-discharge tests were performed at 150 °C at the current of 0.1 mA, 

as shown in Figure 4a. Even at 150 °C, where the Na2Sx, x ≤ 5, compounds are solid,[8] a high 

initial discharge capacity of 795 mAh (g-S)–1, almost equivalent to the theoretical capacity of 

Na2S2, was achieved. The voltage profiles are divided into four regions by blue dashed lines 

that indicate the theoretical capacities of different polysulfides (Na2Sx, x = 8, 6, 5, 4, 3, and 2). 

In Region I, a gentle plateau that appears above ca. 2.1 V and ends at the theoretical capacity 

at x = 6 was observed. The sloping Region II, which corresponds to x = 5 and 4, was seen in the 

2.1–1.9 V range. Region III is characterized by a small plateau associated with x = 3 around 1.9 

V. Continued discharge below 1.9 V in Region IV coresponds to x = 2 followed by a rapid 

voltage drop to the cut-off voltage. The charge profile also reveals the good reversibility of the 

proposed Na/S cell by providing an initial charge capacity of 770 mAh (g-S)–1. The voltage 

variation visualized here conforms with previously reported profiles of IT and RT Na-S 

batteries at low rates.[4,26,28,69] 

For a deeper insight into the electrochemical performance of the proposed cell, discharge 

and charge profiles were obtained at varying currents in the sequence 0.1 mA, 0.2 mA, 0.5 mA, 

1.0 mA, and 2.0 mA (Figure 4b), along with the rate capability plot shown in Figure 4c. At 

voltages above 1.9 V (corresponding discharge capacity of ca. 400 mAh (g-S)–1), the proposed 
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cell showed good consistency across the different currents tested due to the facile conversion 

of high order polysulfides (Na2Sx where x ≥ 4). However, below 1.9 V, the capacity was found 

to decrease at high currents owing to the low electrochemical reactivities of the polysulfides 

formed at low voltages (Na2Sx where x < 4). The capacity loss above ca. 400 mAh (g-S)–1 at 

high currents can be further rationalized by the low solubility of the corresponding polysulfides 

in the IL, which also matches the large hysteresis observed in the low-voltage region of the 

charge-discharge profile (Figure 4a). A complemental demonstration by plotting the 

differential capacity vs voltage (dQ/dV) curves are shown in Figure S5, Supporting Information. 

It is clear that there are several peaks below 1.9 V in the discharge curves at lower rate, 

indicating the formation of Na2Sx with x ≥ 4 (Figure S5a–c, Supporting Information). On the 

other hand, these peaks gradually fade or disappear with increasing rate (Figure S5d–e, 

Supporting Information), which is attributed to the poor electrochemical reactivity of the Na2Sx 

with x < 4. Similar observations wherein the behavior of polysulfides is contingent on the 

voltage regions have also been reported in an RT Na-S battery.[13] 

To establish the long-term performance of the proposed Na/S cell, charge-discharge tests 

were conducted over 1000 cycles at 0.5 mA, as shown in the charge-discharge profiles (Figure 

4d) and the cycle performance plot (Figure 4e). Here, the capacities above 1.9 V are considered 

as the main capacities at this current (Figure 4d). Throughout the 1000 cycles, the dual 

BASE/IL electrolyte demonstrates a stable performance, attaining a high cycleability with an 

average capacity of 381 mAh (g-S)−1 and an average coulombic efficiency of 100 %. It is worth 

mentioning that such long and stable cycles have never been reported for similar types of IT 

Na/S cells. During the initial 50 cycles, a gradual increase in capacity ascribed to the 

improvement of the S and sulfide electrochemical reactions in the active sites during cycling is 

seen. As discussed earlier, the discharge profiles for voltages above 1.9 V appear to overlap 

throughout the cycling, indicating the high reversibility of the reactions involving the formation 

of Na2Sx with x ≥ 4. Judging from the charge-discharge profiles, the poor electrochemical 
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reactivity of the Na2Sx with x < 4 seems to be one of the underlying reasons for the random 

fluctuation of capacity observed after 150 cycles. Therefore, to improve the rate performance 

of this system, further investigation and modification is required to enhance the kinetics of the 

phases formed below 1.9 V.  

For a deeper understanding of the results obtained in this study, in particular, the effect of 

[OTf]– counter anion on the charge-discharge behavior, a control charge-discharge experiment 

was conducted on an IL electrolyte exclusively made of the TFSA anion for comparison with 

the Na[TFSA]-Cs[TFSA] (x(Na[TFSA]) = 0.2) IL under the same conditions. The Na[TFSA]-

Cs[TFSA] IL achieved a limited reversible capacity (below 80 mAh (g-S)−1) at 0.1 and 0.2 mA 

(Figure S6 and S7, Supporting Information), despite showing good cycleability at 0.5 mA (the 

capacity constantly increases) (Figure S8 and S9, Supporting Information). The electrochemical 

performance improvement in the Na[OTf]-Cs[TFSA] (x(Na[OTf]) = 0.2) should be correlated 

with better compatibility of Na2Sx in the system than the Na[TFSA]-Cs[TFSA] (x(Na[TFSA]) 

= 0.2) IL. The difference in chemical stability and solubility of Na2Sx seems to be related to it, 

but further experimental results are required to fully clarify this point (see Figure S10, 

Supporting Information, for preliminary tests on chemical stability and solubility).  

Based on the previously discussed chemical stability results, this study not only 

demonstrates the use of organic compounds as an impediment to high IL electrolyte stability 

but also establishes the introduction of [OTf]− into the electrolyte as an expedient means to 

enhance the utilization of S and Na2Sx. The results further validate the use of the inorganic 

Na[OTf]-Cs[TFSA] IL as an effective strategy for achieving stable cycling in a high-

performance IT Na/S battery.  

 

3. Conclusion 

In summary, this study presents a novel, dual BASE/Na[OTf]-Cs[TFSA] IL electrolyte, devised 

for IT Na-S battery operations at 150 °C. The Na[OTf]-Cs[TFSA] IL is found to have vigorous 
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physicochemical properties, wide electrochemical window of 5.1 V as well as excellent thermal 

and chemical stability, making it a suitable component for the proposed dual electrolyte system. 

The reliability of BASE in a solid-liquid hybrid flat cell was validated through deposition-

dissolution tests performed on a symmetric Na/BASE/Na cell for 400 cycles. The proposed dual 

combination not only prevents the polysulfide shuttle effect through the selective Na+ 

conduction by the BASE, but it also enhances the positive electrode reactivity through the IL. 

Accordingly, the IT Na-S battery achieves a high reversible capacity of 795 mAh (g-S)−1, 

manifesting a remarkable utilization of S at 0.1 mA (electrode area: 0.785 cm2). In a long cycle 

test, an average capacity of 381 mAh (g-S)−1 and an average coulombic efficiency of 100% are 

achieved over 1000 cycles at 0.5 mA. It is worth noting that the proposed IT Na-S system is 

still at its incipient stage, and therefore significant improvements in performance are to be 

expected with further optimization of the cell construction as well as the IL structure or 

composition (e.g., enhancing the solvation of polysulfides in electrolyte and avoidance of Cs). 

In this study, the energy density is unsatisfactory as 20.6 Wh L–1 based on the volume of S, IL, 

carbon lead, and BASE due to the limited S content. Meanwhile, the poor utilization of Na2Sx 

(x < 4) caused by sluggish kinetics below 1.9 V as a major limitation to achieving a good 

capacity. As such, for the realization of these IT Na-S batteries, further exploration into 

enhancing the reactivities of such polysulfides as well as investigations into the interfacial 

mechanisms involving the active material, IL, and carbon lead at the positive electrode, would 

be necessary.  

 

4. Experimental Section 

Apparatus and materials 

Volatile materials were handled in a vacuum line constructed using stainless steel, Pyrex glass, 

poly(tetrafluoroethylene) (PTFE), and poly(tetrafluoroethylene-co-perfluoro(alkylvinyl)ether) 

(PFA). Nonvolatile materials were handled under a dry Ar atmosphere in a glove box (H2O < 
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1 ppm, O2 < 1 ppm)). Sulfur (Wako Pure Chemical, purity > 98.0 %) was dried in a PFA 

container at 120 °C under vacuum for one day. The upper part of the container was cooled with 

a fan to prevent sublimation outside the container. Sodium disulfide (Wako Pure Chemical, 

purity > 98.0 %) was dried at 100 °C under vacuum for one day and ground into powder prior 

to use. Sodium tetrasulfide was used as supplied (Dojindo, purity ≦ 100 %) or prepared by 

the stoichiometric reaction Na2S and S. Sodium trisulfide (Dojindo, purity ≦ 100 %) was used 

as received. 

The electrolytes, Na[OTf] (Sigma-Aldrich, purity > 98 %), Na[TFSA] (Kishida Chemical, 

purity > 99.0 %), and [C4C1pyrr][OTf] (Iolitec, purity > 99 %), were dried under vacuum at 

100 °C for 3 days. The Cs[TFSA] salt (Morita Chemical, purity > 99.0 %) was dissolved in 

anhydrous ethanol to form a saturated solution which was then recrystallized by adding an equal 

volume of trifluorotoluene acting as the lean solvent. The resulting white solid was dried under 

vacuum at 100 °C for 3 days. Carbon paper (Toray, TGP-H-120) and β”-alumina solid 

electrolyte (BASE) (Ionotec, 24 mm in diameter, 1 mm in thickness) were dried at 300 °C under 

vacuum for 3 days.  

 

Electrolyte and analysis 

To prepare the IL electrolyte, the component salts were mixed in the target molar ratios, heated 

above their melting points, and constantly stirred to obtain a homogeneous mixture.  

The phase transition temperatures of the Na[OTf]-Cs[TFSA] binary systems were 

determined by differential scanning calorimetry (DSC; Hitachi High-Technologies, DSC220) 

at a scan rate of 2 K min−1 under a dry N2 atmosphere. The DSC samples were sealed in Al cells 

under a dry Ar atmosphere. The thermal stability of the Na[OTf]-Cs[TFSA] (x(Na[OTf]) = 0.2) 

salt was measured by thermogravimetric analysis (Rigaku, Thermo plus EVO, TG 8120) at a 

scan rate of 5 K min1 under a dry Ar atmosphere. The ionic conductivity of the Na[OTf]-
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Cs[TFSA] (x(Na[OTf]) = 0.2) salt was measured using an AC impedance technique where an 

AC perturbation of 10 mV was applied using an electrochemical analyzer (Hokuto Denko, HZ-

Pro). The sample was sealed in a cell with two Pt black electrodes (Radiometer Analytical), 

whose cell constant was calibrated using the KCl standard solution. Viscosity was measured 

using a digital viscometer (Brookfield Engineering Laboratories, DV1MLVTJ0+HT-

110115ADP). 

Electrochemical stability of the Na[OTf]-Cs[TFSA] (x(Na[OTf]) = 0.2) IL was evaluated 

by CV measurements at 150 °C in a two-electrode cell using Al and Pt working electrodes and 

liquid Na metal counter electrode at a scan rate of 5 mV s1. Density was determined by 

measuring the volume and mass of the IL in a pycnometer at 150 °C. 

Thermal and chemical stabilities of the ILs in the presence of S and Na2S4 were confirmed 

through visual observation. Elemental S and Na2S4 were separately added into glass vials 

containing the Na[OTf]-Cs[TFSA] (x(Na[OTf]) = 0.2) and Na[OTf]-[C4C1pyrr][OTf] 

(x(Na[OTf]) = 0.2) ILs at the weight ratios of 5 mg/500 mg and 7 mg/500 mg for the S/IL and 

Na2S4/IL, respectively. The vials were tightly sealed in Ar-filled glove box and heated outside 

to 150 °C under constant stirring. A blank Na[OTf]-[C4C1pyrr][OTf] IL was heated under the 

same conditions for comparison. 

The stability and solubility were visually confirmed using Na2S4 or Na2S3 (Na2S3 is 

considered as a mixture of Na2S4 and Na2S2) in the ILs at 150 °C. The polysulfides, Na2S4 and 

Na2S3, were added into test tubes with the Na[OTf]-Cs[TFSA] (x(Na[OTf]) = 0.2) and 

Na[TFSA]-Cs[TFSA] (x(Na[TFSA]) = 0.2) ILs at the weight ratios of 1.36 mg/2000 mg and 

1.48 mg/2000 mg for the Na2S4/IL and Na2S3/IL, respectively. The test tube was tightly sealed 

in the Ar-filled glove box and heated at 150 °C for 5 days. 

 

Cell preparation and electrochemical measurements 
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In the stringently airtight flat cell shown in Figure S1 in the Supporting Information, a BASE 

disc is placed at the center to separate the negative and positive electrode compartments (area: 

0.785 cm2, diameter: 1.00 cm, thickness 1.0 mm). The negative electrode compartment, 

completely filled with Na metal, and the positive electrode compartment, filled with a mixture 

of conductive carbon, S, and IL, were packed by pressing the electrodes with springs from both 

sides.  

The Na/BASE/Na symmetric cell was constructed in the same manner as the Na/S cell at 

150 °C. Sodium metal (ca. 100 mg) was placed in both the positive and negative electrode 

compartments. The electrochemical measurements were carried out with the aid of an 

electrochemical measurement system (BioLogic, VSP). Galvanostatic Na deposition-

dissolution measurements were conducted with the period of each cycle fixed to 0.4 h. The 

current was increased progressively after every 100 cycles in the sequence of 0.2 mA, 0.5 mA, 

1.0 mA, and 2.0 mA. Electrochemical impedance spectroscopy was carried out in the initial 

state and after 100, 200, 300, and 400 cycles at a frequency range of 10 mHz–1 MHz and an 

AC amplitude of 10 mV. 

The galvanostatic charge-discharge behavior of the Na/S cell with the dual BASE/IL 

electrolyte was evaluated at 150 °C. Carbon paper punched into five discs with diameters of 1 

cm were impregnated with the ILs under vacuum at 150 °C prior to measurements. S powder 

and the carbon/electrolyte composite were directly added into the positive electrode 

compartment (typically 3 mg S in 300 mg IL, corresponding to 0.66 mol S per 1 dm3 IL (0.31 

mol kg–1) based on the density of IL at 150 °C). Excessive amounts of Na metal (ca. 100 mg) 

were used for the negative electrode. After the assembly, the cell was heated to 150 °C for 12 

h to establish the temperature equilibrium. Cut-off voltages were set to the 1.2 V - 2.8 V range, 

while the currents were varied at 0.1 mA, 0.2 mA, 0.5 mA, 1.0 mA, and 2.0 mA. The specific 

capacity was calculated based on the weight of active S. Because the Na/S cell was fully charged 

in the initial state, the coulombic efficiency was defined as (cycle n+1 discharge 
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capacity)/(cycle n charge capacity). All the cells involved in the experiments were assembled 

and measured in the Ar-filled glove box. 
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Supporting Information ((delete if not applicable)) 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Schematic illustration of the operation mechanisms of the IT Na-S battery employing 

the dual BASE/IL electrolyte. Operation temperature: 150 °C and IL: Na[OTf]-Cs[TFSA]. The 

Na+-conductive BASE impedes the shuttle of Sx
2– ions to the negative electrode compartment 

while the IL facilitates facile electrochemical reactions in the positive electrode compartment.   
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Figure 2. The properties of the Na[OTf]-Cs[TFSA] system. (a) Plots of the major endothermic 

transition temperatures for molar ratios in the x(Na[OTf]) range of 0 to 0.7 derived from the 

DSC measurements (see Figure S2 and Table S2 for DSC data, Supporting Information). The 

DSC curves appear complicated, exhibiting multiple transitions arising from the formation of 

polymorphism and metastable phases, as is typical for sulfonylamide salts.[52–54] (b) A 

comparison between the ionic conductivity of the Na[OTf]-Cs[TFSA] IL (x(Na[OTf]) = 0.2) 

(black circles) and those of typical electrolytes for Na secondary batteries; (BASE (red circle), 

common organic electrolytes for Na-S batteries (triangles), organic ILs (diamonds), and other 

inorganic ILs (squares) (see Table S3 for the conductivity data[29,44,55–62], Supporting 

Information). (c) Arrhenius plot for the viscosity of the Na[OTf]-Cs[TFSA] IL (x(Na[OTf]) = 

0.2) and the corresponding VTF (Vogel-Tammann-Fulcher) equation fitting (see Table S4 for 

the viscosity data and fitting parameters, Supporting Information). (d) Combined CV of the 

Na[OTf]-Cs[TFSA] IL (x(Na[OTf]) = 0.2) at 150 °C. Scan rate: 5 mV s−1.  
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Figure 3. Galvanostatic Na metal deposition-dissolution performance of the Na/BASE/Na 

symmetric cell (electrode area: 0.785 cm2) at 150 °C. (a) An overall voltage profile of the 

symmetric cell during measurement at currents of 0.2 mA, 0.5 mA, 1.0 mA, and 2.0 mA over 

400 cycles (0.4 h per cycle). The amount of Na deposited/dissolved per one step is; 0.05, 0.13, 

0.25, and 0.51 mAh cm–2, respectively at 0.2 mA, 0.5 mA, 1.0 mA, and 2.0 mA. The magnified 

voltage profiles for measurements conducted at currents of (b) 0.2 mA, (c) 0.5 mA, (d) 1.0 mA, 

and (e) 2.0 mA, respectively. (f) The Nyquist plots of the symmetric cell before and after 

cycling for 0, 100, 200, 300, and 400 cycles. Frequency range: 10 mHz–1 MHz and AC 

amplitude: 10 mV.  
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Figure 4. Electrochemical performance of the IT-Na/S cells using the dual BASE/IL 

electrolyte (IL = Na[OTf]-Cs[TFSA] (x(Na[OTf]) = 0.2)) (electrode area: 0.785 cm2 and 

temperature: 150 °C). (a) The discharge and charge profile of measurements conducted at 0.1 

mA. The blue dashed lines indicate the theoretical capacities corresponding to the formation of 

different Na2Sx species. (b) The charge and discharge profiles and (c) the rate capability plot 

obtained at the currents of 0.2 mA, 0.5 mA, 1.0 mA, and 2.0 mA. (d) The discharge and charge 

voltage profiles and (e) the cycleability plot during the long-term cycling test performed at 0.5 

mA.  

 

 


