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An artificial metal-alloy interphase for high-rate and long-life sodium–sulfur batteries  

 

Room-temperature sodium–sulfur battery is considered to be a promising candidate for next-

generation batteries due to its high theoretical energy density (~1274 Wh kg-1) and natural 

abundance of elements. There are however, a number of concomitant challenges, including large 

volume change, low ionic conductivity, rapid dendrite growth, and high chemical reactivity, which 

limit the viability of sodium anodes. Solid electrolyte interphases that address all 4 challenges 

simultaneously to enable high-rate cycling of sodium anodes remain scarce in the literature. Here 

we report an artificial metal-alloy interphase (MAI) comprising sodium-tin alloy, which was 

synthesized using a facile solid-vapor reaction of metallic sodium with tin tetrachloride vapors, 

instead of using typical liquid electrolytes with tin-based additives (solid-liquid reaction). The 

MAI was found to facilitate reversible deposition of sodium at relatively high current densities (2–

7 mA cm-2), and allows sodium electrodes to cycle stably for over 650 cycles at 2 mA cm-2 in 

sodium symmetric cells. Owing to the unique properties of MAI, such as strong electrode adhesion 

(to accommodate volume change), high ionic conductivity (to minimize overpotential), high 

Young’s modulus (to suppress dendrite growth), and low electrolyte permeability (to minimize 

electrolyte reduction), the sodium anode with MAI can endure extended cycling test in sodium–

sulfur batteries for over 500 cycles with a high Coulombic efficiency of 99.7%. This solid-vapor 

chemistry concept to synthesize MAIs can also be generalized to other material systems such as 

sodium-silicon and sodium-titanium alloys. 

Key words: sodium-sulfur battery, artificial interphase, solid electrolyte interphase, metal alloy, 

solid-vapor reaction.  
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1. Introduction 

The worldwide consumption of energy is expected to increase, driven primarily by the 

development of energy-intensive applications[1, 2]. To decarbonize economic growth, energy 

storage using batteries is a key step to harvest the full potential of renewable energy sources, since 

batteries are compact in size and provide good frequency control to minimize electricity output 

fluctuations[3]. The high-temperature sodium–sulfur (Na//S) battery is commercially available and 

is currently being used for grid-storage applications[3]. However, the high cost (~$550 kW h-1), 

low Coulombic efficiency (~75%), moderate theoretical energy density (~760 Wh kg-1), and 

compromised safety have challenged its full market penetration[4, 5]. Therefore, continuous 

efforts are in progress to make Na//S electrochemistry safer by operating it at relatively lower 

temperature or even at room temperature[5]. Another important advantage is the higher theoretical 

energy density of room-temperature Na//S battery (~1274 Wh kg-1), as the discharge product 

(Na2S) is chemically distinct from that of its high-temperature analogue (Na2S3)[6].  

However, at room temperature, the sodium anode is found to be notoriously unstable due to 4 main 

challenges: (1) Large volume change[7-10], (2) Low ionic conductivity[11], (3) Rapid dendrite 

growth [6, 12-14], and (4) High chemical reactivity[15-18]. Therefore, an ideal solid electrolyte 

interphase (SEI) must possess 4 important attributes: (1) Strong electrode adhesion to withstand 

large volume change, (2) High ionic conductivity to transport sodium ions easily, (3) High 

Young’s modulus to suppress unwanted dendrite growth, and (4) Low electrolyte permeability to 

prevent undesirable reaction with sodium. However, SEIs that effectively combine all 4 attributes 

for high-rate cycling of sodium anodes remain scarce in the literature. For instance, (1) Interphases 

that are synthesized separately and then attached to the sodium surface (e.g., molybdenum 

disulfide, graphene)[19, 20] tend to have poor adhesion to sodium, leading to peel off upon large 

volume change of sodium during cycling, as well as significant fluctuation in overpotential. (2) 

Inorganic interphases (e.g., sodium fluoride, aluminum oxide)[21-24] often exhibit relatively high 

sodium ion diffusion barriers, resulting in low ionic conductivity and poor charge transfer kinetics. 

(3) Polymeric interphases (e.g., poly(methyl methacrylate))[13, 25] tend to have low Young’s 

modulus (low stiffness), rendering the underlying sodium susceptible to dendrite growth. (4) 

Interphases that are synthesized intrinsically using liquid electrolytes with additives (e.g., tin (II) 

chloride, tin (II) (bis(trifluoromethanesulfonyl)imide)[12, 15, 17, 26] are typically very porous and 
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permeable in nature, due to concomitantly reduced organic species from electrolyte[24, 27, 28], 

which in turn promotes further reaction with underlying sodium. Furthermore, the intrinsic 

approach using electrolyte additives offers limited or no parametric control over the physical and 

chemical properties of the interphase, besides inevitable deposition of reduced organic species. It 

is noteworthy that most of the aforementioned interphases on sodium anodes have been shown to 

function well at low current densities (0.25–1 mA cm-2)[15, 17-21, 23]. However, reports of 

sodium anodes that are stable without short-circuiting at current densities greater than 1 mA cm-2 

remain relatively scarce to date. 

Herein, we report an artificial metal-alloy interphase (MAI) on sodium anodes, which was 

developed using a facile solid-vapor reaction between metallic sodium and tin tetrachloride 

(SnCl4) vapors. This is different from the typical solid-liquid approach of using liquid electrolytes 

with tin-based additives (e.g., tin (II) chloride, tin (II) (bis(trifluoromethanesulfonyl)imide) to form 

an intrinsic alloy interphase on sodium as mentioned above[12, 17]. In this work, a uniform and 

compact MAI comprising sodium-tin alloy (NaxSny) can be developed instantly (~10 s) by 

allowing metallic sodium to react with SnCl4 vapors. The as-developed MAI was found to possess 

a combination of the 4 important attributes described above, namely strong electrode adhesion, 

high ionic conductivity, high Young’s modulus, and low electrolyte permeability. As a result, 

sodium anodes with MAI could be cycled without short-circuiting for over 650 cycles at 2 mA cm-

2 in sodium symmetric cells, demonstrating stability even at high current density of 7 mA cm-2. 

Room-temperature Na//S batteries were also fabricated to demonstrate long-term cycling, showing 

high specific capacity (~1110 mAh g-1), high Coulombic efficiency (~99.7%) and low capacity 

decay (~0.106% per cycle) for over 500 cycles.   

2. Results and discussion  

The formation of the MAI takes place via the following redox reactions (eq. 1 and 2) that occur 

spontaneously in the vicinity of the sodium electrode.  

4 Na + SnCl4  Sn + 4 NaCl                                            (1) 

x Na + y Sn  NaxSny                                                                                       (2) 

It is worth mentioning that the reduction potential of the metal cation plays a crucial role in 

ensuring the formation of the MAI, as a more positive reduction potential with respect to sodium 
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favors the reduction of metal cation and subsequent formation of metal alloy with sodium due to 

occurrence of spontaneous reactions (∆G < 0). For instance, the reduction potential of Sn4+/Sn0 is 

about 2.7 V[29] vs Na/Na+, which results in the formation of NaxSny alloy interphase. Since the 

MAI is formed through direct reaction of SnCl4 vapors with metallic sodium, it is expected to have 

relatively good adhesion to the metal surface (as compared to interphases which are synthesized 

separately and subsequently attached to sodium). The overall solid-vapor process is schematically 

illustrated in Fig. 1A (further details are shown in fig. S1).  

 

Fig. 1. Growth and characterization of the metal-alloy interphase (MAI) developed in 10 s 

reaction time. (A) Graphical representation of the process steps involved in the formation of the 

interphase. (B) Cross-sectional view of the interphase. (C) Deposition morphology of the 

interphase. (D–G) Energy dispersive X-ray spectroscopy (EDXS) elemental mapping of the 

interphase for Na, Sn, and Cl elements, respectively. (H) X-ray diffraction patterns of the sodium 

electrode with and without the interphase. (I–K) X-ray photoelectron spectroscopy (XPS) high 

resolution spectra of Na1s, Sn3d, and Cl2p found in the interphase, respectively. 
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First, the MAI developed on sodium using SnCl4 vapors in 10 s reaction time was characterized 

using field emission scanning electron microscopy (FESEM). The surface morphology of the MAI 

consists of a thin (~6 µm) layer of interconnected particulates which conformally covers the 

electrode surface, see Fig. 1B and 1C. The MAIs developed at longer reaction times of 20 s and 

30 s were found to be thicker, at ~10 µm and ~22 µm, respectively (fig. S2). Energy dispersive X-

ray spectroscopy (EDXS) elemental maps of the surface region in Fig. 1D – G show the presence 

of Na, Sn and Cl in the interphase, which increases further with reaction time (fig. S2).  

X-ray diffraction (XRD) of the MAI indicates the formation of Na1.17Sn2 alloy phase (PDF 96-

431-4129), see Fig. 1H. The XRD peaks of the bulk sodium electrode underneath can also be 

observed, but shift slightly (~0.1º) with respect to pristine sodium due to uniform strain caused by 

the interphase. Though the diffraction peaks of NaCl are not visible at 10 s reaction time, they 

become apparent as the reaction time is increased further (fig. S3). The low intensity of NaCl at 

short reaction time could be due to its low concentration within the thin interphase relative to the 

bulk sodium. To carefully examine the surface composition of the MAI, X-ray photoelectron 

spectroscopy (XPS) was conducted. The high-resolution XPS spectra of Na, Sn and Cl, and their 

respective binding energies are shown in Fig. 1I – K.  The binding energy (1070.1 ± 0.1 eV) of 

Na1s suggests the formation of NaxSny alloy, while a peak at 1071.4 ± 0.1 eV is indicative of Na 

and/or NaCl. The high-resolution spectrum of Sn3d indicates the formation of NaxSny alloy and 

Sn [17], while that of Cl2p shows the presence of NaCl. The peak intensity of these species 

increases with reaction time (fig. S4). XPS depth profiling was also carried out to elucidate the 

cross-sectional chemical composition of the MAI. The atomic percentage of Sn is found to increase 

as a function of etch time, while a sharp decrease in Cl is noticed, which indicates that the 

interphase comprises a majority of NaxSny alloy with a thin top layer of NaCl (fig. S5). 

Electrochemical impedance spectroscopy (EIS) was conducted to evaluate the charge transfer 

resistance of the MAI. Fig. 2A and 2B show Nyquist plots of sodium symmetric cells after various 

stripping/plating cycles. The Nyquist plots show that the sodium electrode with MAI exhibits 

lower charge transfer resistance (Rct ~ 3.5 Ω) than that of the pristine sodium electrode (Rct ~ 6 Ω) 

after the first cycle, and the charge transfer resistance is observed to be decreased further after 10 

stripping/plating cycles, which suggests that the MAI renders a facile transport of sodium ions 

upon activation. After 50 cycles, only a slight increase in the charge transfer resistance is observed 



6 
 

for the sodium electrode with MAI, whereas that of the pristine sodium electrode is almost doubled 

[30]. The ionic conductivity of the MAI is estimated to be about 0.22 mS cm-1 from EIS. 

To elucidate the unique attributes of the MAI, density functional theory (DFT) calculations were 

performed on Na1.17Sn2 to study the sodium diffusion and mechanical properties. A unit cell of 

Na1.17Sn2 is depicted in Fig. 2C. For the calculations, a supercell as depicted in Fig. 2D is used due 

to the intrinsic partial Na vacancy defect in the structure. In this structure, sodium is aligned almost 

linearly along the x-direction and thus is a preferred sodium diffusion direction. The diffusion 

barrier is calculated along various possible hoping sites (paths 1 – 2, 2 – 3, 3 – 1’, and 4 – 5, 5 – 

6, 6 – 4’), as indicated by the arrows in the magnified view of Fig. 2D. The diffusion barriers along 

paths 6 – 4’ (~0.11 eV) and 3 – 1’ (~0.46 eV) are identified to be lower, while the other paths, for 

instance, 1 – 2 (~0.72 eV), 2 – 3 (~0.69 eV), 4 – 5 (~0.83 eV), and 5 – 6 (~0.72 eV) are kinetically 

less favorable due to higher diffusion barrier, as depicted in Fig. 2E and fig. S6A. The lower 

diffusion barrier along paths 6 – 4’ and 3 – 1’ (0.11 to 0.46 eV) could be attributed to the smaller 

Na-Na repulsion along the diffusion channels due to nearby vacancy defects (*). In contrast, the 

other 4 sodium hopping steps without a nearby vacancy defect show a higher diffusion barrier 

(0.69 to 0.83 eV). The results show that the vacancy defect can facilitate a lower diffusion barrier 

in the structure to support the facile transport of sodium ions observed in the MAI. For comparison, 

the sodium diffusion barrier in NaCl is calculated to be about 0.64 eV (fig. S6B-C). In addition, 

the sodium vacancy formation energy (𝐸𝑓) is calculated to be about 1.1 eV, which is relatively 

small as compared to other common vacancy defects such as oxygen vacancy in oxides (𝐸𝑓 range 

from 1 to 7 eV). This indicates that the sodium vacancy formation is relatively easy and should 

thus favor sodium diffusion in the structure. To gain further insight on the MAI, theoretical 

calculations were performed to understand its mechanical stress/strain behavior. The calculations 

indicate that Na1.17Sn2 is a mechanically stiff material with a high Young’s modulus of 21.2 GPa, 

see Fig. 2F. For comparison, the Young’s modulus of NaCl is calculated to be 37.6 GPa, see fig. 

S6D. These modulus values are much higher than that of pristine sodium (~10.9 GPa, see fig. 

S6E), which is an important criterion for interphases to suppress unwanted sodium dendrite 

growth[23].  
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Fig. 2. Evaluation of the ion diffusion behavior in MAI using electrochemical impedance 

spectroscopy (EIS). EIS of Na//Na cells recorded after different stripping/plating cycles, (A) 

without and (B) with MAI. Stripping/plating test is conducted at 1 mA cm-2 and 1 mAh cm-2. (C) 

Ball-and-stick model of Na1.17Sn2 crystal structure with vacancy region, (D) Model structure of 

Na1.17Sn2 with vacancy defect (*), arrows in the magnified view represent possible diffusion paths 

for Na (e.g., path 6 – 4’ indicates a vacancy is created at site 4’ first and Na moves from site 6 to 

4’). (E) Theoretically predicted diffusion barrier for Na along paths 6 – 4’ and 3 – 1’. (F) 

Calculated stress/strain behavior of Na1.17Sn2. 

 

To examine the effectiveness of the MAI in stabilizing sodium deposition and suppressing dendrite 

growth, Ni//Na cells were assembled for electron microscopy, using a nickel TEM grid as the 

working electrode and sodium as the counter/reference electrode (experimental conditions are 

detailed in fig. S7). Sodium plating was carried out at a current density of 2 mA cm-2 and areal 

capacity of 1 mAh cm-2. The deposition of sodium on the pseudo-sodium electrode (TEM-grid 
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with a thick layer of sodium) without the MAI appeared to be highly rough and contained dendritic 

features, see Fig. 3A. In contrast to the pristine sodium, a uniform deposition of sodium can be 

achieved on the pseudo-sodium electrode with MAI, as shown in Fig. 3D, indicating that the MAI 

effectively regulates the deposition of sodium. To further explore the interfacial region of the 

pseudo-sodium electrode with and without MAI, cryogenic-transmission electron microscopy 

(cryo-TEM) was conducted. Cryogenic imaging has been shown to be particularly useful in 

preserving the structural and electrochemical integrity of beam-sensitive alkali metals[31]. Cryo-

TEM micrographs of the pristine pseudo-sodium electrode without MAI show obvious dendritic 

features, see Fig. 3B and 3C. In contrast, cryo-TEM of the pseudo-sodium electrode with MAI, 

Fig. 3E, shows a uniform and dendrite-free surface. Additionally, a few tiny features of sodium 

filaments are observed beneath the MAI, Fig. 3F, which shows the effectiveness of the MAI in 

blocking filamentary growth and suppressing dendrite formation. Therefore, it is apparent from 

the electron microscopy techniques that the MAI is highly effective in regulating the deposition of 

sodium and suppressing dendrite growth. 
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Fig. 3. Visualization of the sodium surface with and without MAI under cryogenic- 

transmission electron microscopy (cryo-TEM). (A) FESEM micrograph of the as-deposited 

sodium without MAI on the TEM grid. (B) Cryo-TEM (300 kV, –196 °C, dose ~ 70 e s-1Å-2, 

rotation ~ 15º) micrograph of sodium dendrite developed on the grid. (C) The magnified view of 

the sodium dendrite. (D) FESEM and (E) cryo-TEM (300 kV, –196 °C, dose ~ 70 e s-1Å-2, rotation 

~ 15º) micrographs of the as-deposited sodium with MAI on the TEM grid. (F) The magnified 

view of the interfacial region.  

 

The stability of the sodium electrode with and without MAI was then examined under 

galvanostatic conditions at a current density of 2 mA cm-2 in sodium symmetric cells (1 mAh cm-

2). The thickness of the MAI is found to play a central role in stabilizing the stripping/plating 

process of sodium, as a thick MAI (~10 µm and ~22 µm developed at 20 s and 30 s reaction time) 

is found to be susceptible to short-circuiting within few tens of cycles, see fig. S8. On the other 

hand, a thin MAI (~6 µm developed at 10 s reaction time) exhibits significantly lower overpotential 

and allows the sodium electrode to function stably. The ~6 µm thin MAI allows facile transport of 

sodium ions, and was therefore chosen for further electrochemical characterization.  

In comparison to the pristine sodium cells without MAI (Na//Na), the sodium electrodes with MAI 

exhibit enhanced long-term stability over 650 cycles at 2 mA cm-2, as can be seen in Fig. 4A. 

Moreover, the MAI is found to be effective in controlling the overpotential for stripping/plating of 

sodium. The stability of the cells at higher current densities, for instance, 5 mA cm-2 and 7 mA cm-

2, were also evaluated, and observed to be stable for over 110 cycles, see Fig. 4B and 4C, 

respectively. The long-term stability of the MAI at various current densities is highly competitive 

with respect to the other strategies (e.g., Al2O3, MoS2, graphene, NaBr, NaxSy, 3D Cu-host, carbon-

host, porous Al-host, Mg-host guided deposition)[7, 9, 10, 12, 16-19, 21-23, 32] demonstrated 

hitherto, as depicted in Fig. 4D and summarized in Table S1.  

The stability of the MAI was also compared with sodium electrode comprising NaCl interphase 

(developed using solid-vapor reaction route), as shown in fig. S9[23]. Briefly, 1-chloropropane 

vapors were used to react with sodium electrode to form NaCl interphase under the same 

conditions. Stripping/plating of sodium with NaCl interphase is identified to be stable for only a 

few tens of cycles (~40 cycles) at 2 mA cm-2, whereas sodium electrode with MAI could survive 
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long-term stripping/plating test over hundreds of cycles. In addition, the effectiveness of the as-

designed MAI was compared with intrinsic NaxSny alloy interphase developed on sodium through 

addition of SnCl2 additive (50 to 500 mM) into the liquid electrolyte (solid-liquid reaction)[17]. It 

was identified that the sodium electrodes with intrinsic alloy interphase showed signs of short-

circuiting after ~100 cycles at 2 mA cm-2, indicating much poorer stability compared to the 

artificial MAI synthesized using solid-vapor chemistry, see fig. S10.  

To demonstrate the generality of MAI synthesis on sodium anodes, we extended the solid-vapor 

approach to other vapor source systems besides SnCl4, e.g., silicon tetrachloride (SiCl4) and 

titanium tetrachloride (TiCl4). Characterization of the interphases using FESEM, EDXS and XRD 

are shown in fig. S11. Sodium symmetric cells were also assembled and cycled galvanostatically 

at 2 mA cm-2. The interphases comprising sodium-silicon alloy and sodium-titanium alloy were 

found to stabilize the electrode for ~220 and 150 cycles, respectively, see fig. S11. This is lower 

than the 650 cycles demonstrated for sodium-tin alloy interphase at the same current density. It is 

noteworthy that the reduction potential of Si4+/Si0 is about 0.3 V[33] vs Na/Na+, and that of Ti4+/Ti0 

couple is 0.8 V[34] vs Na/Na+, both of which are much lower than that of Sn4+/Sn0 (~2.7 V vs 

Na/Na+). Therefore, it suggests that the choice of metal cation with high reduction potential (and 

hence high ease of reduction) is crucial in determining the long-term electrochemical stability of 

the sodium electrodes.  

As part of post-mortem investigation, the deposition morphology of sodium after 100 

stripping/plating cycles with and without MAI was examined using FESEM, as depicted in fig. 

S12. In the presence of the MAI, sodium deposition appears to be uniform and densely packed at 

various applied current densities from 2 to 7 mA cm-2 (fig. S12B-D), while a highly irregular and 

coarse deposition morphology was unveiled on the pristine sodium electrode, which eventually led 

to the formation of dendritic features, fig. S12A.  
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Fig. 4. Stripping/plating behavior of sodium with and without MAI, and unveiling the nature 

of the solid electrolyte interphase (SEI). (A–C) Galvanostatic stripping/plating test of sodium 

symmetric cells with and without MAI conducted at 2 mA cm-2, 5 mA cm-2 and 7 mA cm-2, 

respectively. (D) Electrical short-circuiting duration (cycle number) as a function of the applied 

current density. (E–F) XPS depth profiling of the SEI developed on sodium electrode with and 

without MAI, respectively. Sodium electrode is retrieved in the stripped state after 100 cycles at a 

current density of 2 mA cm-2.  

 

To probe the cross-sectional chemical composition and estimate thickness of the SEI, XPS depth 

profiling were conducted on sodium electrode with MAI after 100 stripping/plating cycles, see 

Fig. 4E. The high-resolution XPS spectra are shown in fig. S13, and the respective binding energies 

are tabulated in Table S2. Prior to etching (0 min), the XPS spectra of sodium electrodes with MAI 

show noticeable amounts of sodium alkoxides (RCH2ONa), sodium oxide (Na2O), and sodium 

fluoride (NaF), in addition to the expected chemical constituents of the MAI, i.e., sodium-tin alloy 

(NaxSny) and sodium chloride (NaCl). It is noteworthy that the organic (RCH2ONa) and inorganic 

(Na2O, NaF) species arise from the reduction of electrolyte solvent (diglyme) and salt (NaCF3SO3) 

on the top surface of the SEI. After 2 min of etching, the contributions of RCH2ONa species decline 
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sharply, concomitant with a significant decrease in atomic percentage of carbon (Fig. 4E), 

indicating that the interior of the SEI contains very little organic reduction products. A similar 

trend is also yielded at 5 min and 10 min of etching. On the other hand, the contribution of Na2O 

is observed to increase steadily with etch time due to native oxide layer on sodium. These findings 

indicate that the MAI is compact with low permeability, and screens the sodium effectively against 

the reduction of electrolyte solvent. Moreover, the thickness of the SEI is estimated to be about 6 

– 8 nm (based on the non-uniformity associated with the etch profiles) and a thin SEI is thus 

believed to promote facile diffusion of sodium ions across the interphase[6].  

For comparison, the SEI developed on the pristine sodium electrode without MAI was also 

examined under XPS depth profiling, see Fig. 4F. High-resolution XPS spectra are shown in fig. 

S14, and the respective binding energies are tabulated in Table S3. It is identified that the SEI 

consists mainly of RCH2ONa, Na2O, and NaF [6] with a thickness of about 12 – 15 nm, see Fig. 

4F. The XPS peaks of the aforementioned species remain noticeable even after 2, 5 and 10 min of 

etching, indicating that the interior of the SEI contains a mix of organic and inorganic reduction 

products. The excess reduction of electrolyte solvent and salt tends to form carbon and NaF rich 

SEI, which leads to mechanically instability due to limited adhesion of carbon and NaF with 

sodium [35, 36]. Moreover, the presence of organic products, which are generally porous in nature, 

render the SEI even more permeable to the electrolyte during cycling.  

The long-term stability of the sodium anode with MAI was also assessed in room-temperature 

Na//S cells. Na//S cells comprising sodium anode with and without MAI were paired with sulfur 

infused microporous carbon cathodes (fig. S15A-C), and tested under cyclic voltammetry (CV) at 

1 mV s-1 (fig. S15D). CVs show that the MAI does not interfere with the electrochemical reactions 

occurring on the cathode side. The EIS of Na//S cells also revealed a lower charge transfer 

resistance in the presence of the MAI, indicating more facile charge transfer kinetics as compared 

to cell without MAI (fig. S15E).  

As depicted in Fig. 5A, the Na//S cell comprising sodium anode with MAI functions stably, while 

the one with pristine sodium anode is observed to be short-circuiting within 100 cycles. The 

overpotential of the latter cell increases significantly with cycle number, which could be due to the 

growth of a thick passivating SEI from parasitic polysulfide reactions [23, 37, 38]. On the other 

hand, the Na//S cell with MAI was able to attain a high specific capacity of about 1110 mAh g-1 
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during early cycles, and about 47% of the initial capacity is retained even after 500 cycles with 

average Coulombic efficiency of about 99.7% (close to unity) at 0.5 C, as depicted in Fig. 5B and 

5C, respectively. In contrast to the pristine sodium anode, the MAI also enabled Na//S cells to 

function stably at high C-rates, showing specific capacities of about 395 mAh g-1 at 4 C, as shown 

in Fig. 5D. The overall cycling performance, in terms of specific capacity, cycle life, Coulombic 

efficiency and capacity decay per cycle (~0.106% per cycle), is highly competitive with respect to 

other reported room-temperature Na//S cells, as summarized in Table S4[23, 37-45]. 

 

Fig. 5. Electrochemical testing of room-temperature sodium–sulfur battery comprising 

sodium anode with and without MAI. Galvanostatic cycling test of Na//S cells with and without 

MAI, operated in a potential window of 0.6–2.6 V vs Na/Na+ at 0.5 C. (A) Voltage profiles of the 

cells at 1st and 100th cycle. (B) Cycling stability of the cells. (C) Coulombic efficiency of the cells 

as a function of cycle number. (D) Rate-performance test of Na//S cells.  
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3. Conclusions 

We report that the MAI designed by solid-vapor reaction route provides an effective mechanism 

for protecting sodium anodes at room temperature. We also show that the MAI on sodium anodes 

significantly lowers the interfacial charge transfer resistance, and enables it to function stably at 

relatively high current densities of 2 to 7 mA cm-2 in sodium symmetric cell. Attributed to facile 

deposition and dissolution of sodium in the presence of the MAI, a uniform and non-dendritic 

morphology of sodium is unveiled by cryo-TEM. The excellent stability of sodium anode with 

MAI is further demonstrated in a room-temperature Na//S cell, which is observed to function stably 

without short-circuit for over 500 cycles with a high Coulombic efficiency of about 99.7%. In 

contrast to the pristine sodium anode, the MAI enables Na//S cell to operate stably at various C-

rates (0.5 to 4 C) with no sign of short-circuit as well. Thus, we conclude that in accordance with 

theory calculations, the MAI on sodium anodes paves a path for stable and long-lasting Na//S 

batteries able to operate at room temperature, applicable to other electrochemical energy storage 

systems in the future.[46-49]   

 

4. Experimental methods  

4.1. Materials 

Sodium cubes (99.9%), tin tetrachloride fuming (~98%), silicon tetrachloride (~99%), titanium 

tetrachloride solution (~ 1 M), 1-chloropropane (~98%), and diethylene glycol dimethyl ether 

(anhydrous, 99.5%), tin (II) chloride (99.99%), were all purchased from Sigma Aldrich. Sodium 

trifluoromethanesulfonate (~99.5%) was obtained from Solvionic. All the chemicals were used as 

received in argon atmosphere (H2O < 0.1 ppm, and O2 ≤ 1 ppm) to ensure chemicals are free from 

ambient moisture.   

 

4.2. Design of MAI on sodium electrode  

The synthesis of MAI was carried out in an argon filled glovebox station. Sodium cubes were 

taken out from mineral oil, and thoroughly cleaned with dried tissue-paper. The as-cleaned and 

dried sodium cube was cut into thin slices using a sharp razor, and a slice was placed on a stainless 
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steel plate prior to punching with a hollow puncher of about 7.6 mm diameter. To initiate the 

growth of the alloy interphase, about 1 ml of metal tetrachloride solution was poured into a small 

glass container (19.8 cm3), and the sodium electrode was allowed to react with solution vapors in 

the confined cavity for various time spans (10 s to 30 s). The vapors of volatile liquid, SnCl4 for 

example, react instantly with sodium electrode to form NaxSny alloy (solid-vapor reaction route). 

The development of NaxSiy alloy, NaxTiy alloy and NaCl artificial interphases were also performed 

in the same manner, using SiCl4, TiCl4 and 1-chloropropane vapors, respectively. The intrinsic 

alloy interphase was developed by dissolving different amounts of SnCl2 additive (50 to 500 mM) 

in the reference electrolyte (1 M sodium trifluoromethanesulfonate in diglyme).  

4.3. Materials characterization 

The surface and cross-sectional microscopic information was obtained using field emission 

scanning electron microscopy (FESEM), JEOL 7600F. A firmly closed polyamide bag was used 

to transport the samples for FESEM visualization. The chemical composition of the interphase was 

revealed by X-ray photoelectron spectroscopy (XPS), Thermo Scientific Theta Probe Angle-

Resolved Spectrometer. To transport samples from laboratory to the test site, a specialized XPS-

holder is used, which ensures perfect isolation from the open ambient environment. The chemical 

composition of the interphase as function of its thickness was evaluated using XPS depth profiling, 

conducted at 2.0 kV, 1.0 mA (approximate etch rate ~0.05 nm s-1). The crystal structure 

information was revealed by D8 Advance, Bruker, X-ray diffractometer (XRD), and the materials 

were scanned between 25 – 70° (2θ) using Cu Kα radiation at λ = 1.5406 Å. A thin Kapton tape 

(~0.5 mil polyamide tape, Caplinq, Netherland) was used to wrap samples to minimize ambient 

air contact. The high-resolution TEM images of sodium dendrites and sodium electrode with MAI 

were collected using Krios G3i Cryo-Transmission electron microscopy (cryo-TEM), operated at 

300 kV, and samples were kept cold at – 196 °C. To transfer samples (Ni grid containing sodium 

with and without MAI) from glovebox to cryo-TEM column, TEM grids were sealed in a coin-

cell, and the as-sealed coin-cell was opened inside an advanced sample transfer unit filled with 

liquid nitrogen (LN2). TEM grids were directly mounted onto cryo-transfer module (at LN2 

temperature), and the cryo-transfer module was quickly inserted into TEM column. All the samples 

investigated remained under at LN2 temperature or in vacuum for the duration of the experiment.  

 



16 
 

4.4. Electrochemical characterization 

Electrochemical testing were performed using 2032 coin-cells in symmetric as well as asymmetric 

cell configurations. Coin-cells were assembled in an argon filled glovebox workstation. Symmetric 

cells were assembled using two equal size of sodium electrodes with and without MAI, a Celgard 

separator, and 80 µl of electrolyte containing 1 M sodium trifluoromethanesulfonate in diglyme. 

Tests were conducted at various current densities to evaluate stripping/plating stability using 

Neware CT 3008 battery tester. Na//S cells were assembled comprising sulfur cathode and sodium 

anode with and without MAI. The sulfur cathode consisted of 70 wt.% of the active material 

(microporous carbon filled with sulfur), 20 wt.% of carbon black, and 10 wt.% of polyvinylidene 

fluoride, mixed together with N-methyl-2-pyrrolidone to form a homogeneous slurry. The slurry 

was coated on a carbon-coated aluminum foil, and allowed to dry in oven at 80 °C for 12 hours. 

The sulfur content in the active material was determined to be 33.4 wt.% by elemental combustion 

(CHNS) analysis, which was performed on a Thermo Scientific Flash 2000 analyzer, with samples 

prepared in individual tin capsules. A sulphanilamide analytical standard (Elemental 

Microanalysis, UK) was used for calibration prior to each measurement. The mass loading of the 

sulfur was estimated to be about 0.80 mg cm−2. Detailed synthesis of the sulfur infused 

microporous carbon can be found elsewhere [50]. Neware CT 3008 battery tester was used to 

perform galvanostatic tests (constant-current charge/discharge from 0.6 to 2.6 V vs Na/Na+) at 

room-temperature in Na//S cells with and without MAI. Rate capability of the cells was evaluated 

at various C-rates (1 C = 1675 mA g-1). Electrochemical impedance spectroscopy (EIS) was 

conducted in potentiostatic mode on a Gamry 600 potentiostat in a frequency range of 10 mHz to 

100 kHz, with an AC voltage pulse of amplitude 10 mV applied during measurement. Cyclic 

voltammetry (CV) was conducted on a Gamry 600 potentiostat at a sweep rate of 1 mV s-1.   

 

4.5. Density functional theory (DFT) calculations 

A supercell (1×2×1) of the bulk Na1.17Sn2 containing 152 atoms is used. The supercell approach 

(i.e. doubled unit cell) is used because there is a partial vacancy (V) occupation (0.5) in a Na atomic 

site (denoted as VNa) in the crystal structure. In the supercell, a full occupation of Na is set at VNa 

(i.e. the site became a full Na) in one half of the supercell and a full occupation of vacancy is set 

at the same position (i.e. the site became a full vacancy defect) in another half of the supercell. 
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Geometry optimizations with spin-polarization are performed using DFT within the generalized 

gradient approximation (GGA) in the form of Perdew, Burke, and Ernzerhof (PBE) exchange-

correlation functional[51] implemented in Vienna Ab-initio Simulation Package (version 5.4)[52]. 

The core−valence interaction is described by the projector augmented wave (PAW) method[53]. 

The kinetic energy cutoff for the plane-wave expansion is set at 550 eV. Monkhorst−Pack 

sampling with 4×4×4 k-point grids is used. The ions and lattices are fully relaxed until the total 

energy and absolute value of the forces acting on each atom are less than 1×10-6 eV and 0.01 eV 

Å-1, respectively. The elastic tensor is calculated by the strain-stress method[54]. Gamma point 

grid is used due to the large supercell. Climbing-image nudged elastic bands (CI-NEB) method[55] 

at the same level of theory (GGA-PBE) is used to calculate the Na vacancy diffusion barriers. 

Monkhorst−Pack sampling with 2×2×2 k-point grids is used. The initial and final states of the 

diffusion process are fully geometry-optimized and five intermediate images created by linear 

interpolation between the initial and final states are used. A spring constant of 5.0 eV Å-2 between 

adjacent images is applied. The NEB path is fully relaxed until the forces acting on each image are 

less than 0.01 eV Å-1. All atoms are relaxed and the lattices are fixed in the calculations. The 

sodium vacancy formation energy (𝐸𝑓) is calculated using the formula:  𝐸𝑓 = 𝐸𝑑 + 𝑛𝜇 − 𝐸𝑝, 

where 𝐸𝑑  and 𝐸𝑝 are the total energies of the defected and perfect systems, respectively, 𝑛 is the 

number of atom being removed (positive value) or added (negative value), 𝜇 is the chemical 

potential of the atom. 
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