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Abstract 

Room-temperature sodium–sulfur batteries not only possess higher specific energy, but also 

improved inherent safety, compared to their high-temperature analogues used in stationary grid 

storage today. The viability of room-temperature sodium batteries depends critically on the 

mechanical and ionic transport properties of the solid electrolyte interphase, which shields and 

protects the sodium anode surface. However, little emphasis has been placed on developing sodium 

anode interphases that combine high Young’s modulus (stiffness), high critical strain (ductility) 

and low ionic diffusion barrier, in order to handle equilibrium and non-equilibrium sodium growth 

under various current densities. For the first time, we report an artificial biphasic interphase 

comprising two chemically distinct phases, NaOH and NaNH2, which combines high stiffness and 

high ductility. In addition, the biphasic interphase exhibits a low diffusion barrier for sodium ions, 

enabling reversible sodium plating and stripping behavior even at unprecedented high current 

densities (up to 50 mA cm-2) in symmetric cell configuration. Stable and reversible cycling of a 

room-temperature sodium–sulfur battery is also demonstrated over extended 500 cycles, creating 

new opportunities in the rational design of synergistic interphases for advanced energy storage 

applications.       
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There is a growing interest in rechargeable sodium batteries for stationary grid storage applications 

due to the low-cost and high-abundance of sodium1-4. When interest in rechargeable sodium 

batteries began more than four decades ago, molten sodium anodes were used in order to improve 

diffusion kinetics and circumvent dendrite growth that leads to electrical short circuiting of the 

cell5,6. As a result, sodium–sulfur batteries used in grid storage today are operated at high 

temperatures (300 – 350 °C), which not only reduces overall energy efficiency, but also poses 

significant safety concerns. Therefore, efforts are in progress to develop room-temperature 

sodium–sulfur batteries, which are inherently safer and have a much higher theoretical specific 

energy (1274 Wh kg-1) compared to their high-temperature counterparts (760 Wh kg-1)7. In spite 

of many prior attempts, little control has been achieved over the stabilization of sodium anodes at 

room temperature. Major challenges include the fact that the solid electrolyte interphases (SEIs) 

formed on sodium anode are unable to tolerate large mechanical deformations8 and abrupt 

chemical changes9, in addition to their low ionic conductivity and high diffusion barriers10, all of 

which deteriorate the cycle life of the cell11. Another problem is associated with sodium-ion flux, 

which is highly non-uniform across the electrode and results in a facile growth of sodium dendrites 

that lead to short-circuiting, thermal runway (due to resistive or joule heating), or even explosions 

in some cases9.   

In recent years, significant attempts have been made to mitigate the issues associated with room-

temperature sodium batteries, which include alteration of the chemical composition of electrolyte 

systems (i.e., electrolyte additives)12,13, localized manipulation of the electrode interface (i.e., 

chemical passivation or artificial interphase)1,5,14-17, and restructuring of sodium anode using 

passive scaffolds (i.e., layered or porous scaffolds of carbon)8,18-22. The key is to facilitate the 

formation of a chemically- and mechanically-stable interphase with low ionic diffusion barrier. 

Material systems that have been explored include NaBr1, NaF7, Na2Sx
13, and NaxPy

23; these 

compounds indeed have high chemical corrosion resistance. However, their poor mechanical and 

ionic diffusion properties significantly limit their apparent advantages, which is a critical issue 

often neglected in the literature24,25,26.  

In general, sodium deposition can involve controlled, equilibrium growth (especially at lower 

current densities), or uncontrolled, non-equilibrium growth (especially at higher current 
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densities)27,28. An ideal interphase should possess both high Young’s modulus and high critical 

strain to handle both situations effectively. A high Young’s modulus (i.e., stiff) material can 

suppress large dendrite formation during controlled, equilibrium growth. On the other hand, a high 

critical strain (i.e., ductile) material can withstand large volumetric expansion during uncontrolled, 

non-equilibrium growth29. Low ionic diffusion barrier is also an important requirement for fast 

and facile sodium ion transport across the interphase. However, there is no interphase 

demonstrated for sodium anodes so far that satisfies all three conditions simultaneously. For 

example, among the known intrinsic SEI constituents on sodium anodes, Na2O is a stiff but brittle 

ceramic material, NaF shows relatively high ionic diffusion barrier, while organic compounds have 

low stiffness and high porosity1,7. As a result, most sodium anodes in the literature can only be 

stabilized at low current densities (0.25 – 1 mA cm-2) 1,5,14,15,22, including our previous work7. 

There have been no reports so far that demonstrate cycling of sodium anodes at current densities 

greater than 5 mA cm-2 17,20. 

Here, we demonstrate a novel biphasic interphase (BPI) on sodium anode comprising two 

chemically distinct phases, i.e., NaOH and NaNH2. The mechanically-stable BPI combines NaOH, 

a stiff material with high Young’s modulus, together with NaNH2, a ductile material with high 

critical strain. In addition, the BPI provides a facile path with low diffusion barrier for sodium 

ions, and guides them to deposit and dissolve homogeneously. As a result, the sodium electrode 

with BPI shows very stable sodium plating and stripping behavior at high current densities (1 – 50 

mA cm-2) and high areal capacities (1 – 10 mAh cm-2). It also exhibits extended dendrite-free 

cycling over 500 cycles in both symmetric (Na//Na) as well as sodium–sulfur (Na//S) cells. To the 

best of our knowledge, stable cycling of Na//Na symmetric cells for over 500 cycles at extremely 

high current densities (up to 50 mA cm-2) has not been reported before. The low capacity decay of 

0.09% per cycle over extended 500 cycles for Na//S batteries is also among the best cycling 

performance demonstrated so far for such advanced battery systems.  

 

Physical and ionic transport properties of biphasic interphase 

The BPI used in this study was developed using a simple solid–vapor chemistry, which was 

performed in a confined cavity. The experimental arrangement is schematically illustrated in Fig. 
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1a and Supplementary Fig. 1, where aqueous ammonia served as a source of vapor phase to react 

spontaneously with the sodium electrode, according to the reactions:  

                                                   2 Na + 2 H2O → 2 NaOH + H2                                                    

                                                   2 Na + 2 NH3 → 2 NaNH2 + H2                                                    

It is also possible that some of the NaNH2 will further react with H2O to form NaOH and NH3. 

Depending on the reaction time (corresponding to the time the vapors interact with the sodium 

electrode), the thickness of the interphase can be tuned from ~3 µm (~30 s reaction) to ~35 µm 

(~300 s reaction), see Fig. 1b-d and Supplementary Fig. 2a-f, whereas the visual appearance of the 

interphase remains unchanged, see Supplementary Fig. 2g. In addition, the thickness of the 

interphase grows monotonically with reaction time, which indicates that the interphase is quite 

accessible to molecular species (in the vapor phase) reacting with sodium, Supplementary Fig. 2h. 

Field emission scanning electron microscopy (FESEM) shows that the as-developed interphase 

(~3 µm) conformally covers the sodium electrode without affecting its uniformity with respect to 

pristine sodium electrode, as depicted in Fig. 1b-d.  

From X-ray diffraction (XRD) studies, the Bragg reflections of the as-developed interphase 

indicate the formation of NaNH2 (PDF 001-1168) and NaOH (PDF 001-1173) crystalline phases, 

see Fig. 1e. Bragg reflections corresponding to pristine sodium (PDF 001-0832) are also noted, 

which could be due to the fact that we employed a thin interphase (~3 µm) for XRD evaluation. 

However, signals from the underlying sodium electrode are found to be diminished as the thickness 

of the interphase reaches ~35 µm, see Supplementary Fig. 3. It is worth mentioning that due to 

their largely different anionic radii (NH2
¯, r ~1.68 Å, and OH¯, r ~1.10 Å), the solubility of NaOH 

phase in NaNH2 phase and vice versa is negligible, despite the fact that NaOH and NaNH2 share 

nearly similar crystal structures. As a result, the characteristic XRD peaks of individual phases can 

distinctively be observed. Raman spectroscopy was used to further understand the chemical 

surroundings of the as-developed interphase. The observed Raman peaks are characteristic of the 

vibrational modes in NaNH2
30,31 and NaOH32,33, which corroborates the XRD observations, as 

shown in Supplementary Fig. 4.  
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Fig. 1 a, Schematic illustration of the process steps involved in the formation of BPI, ①-②-

pristine Na before and after cycling, ③-aqueous ammonia vapors react with Na, ④-Na with BPI, 

⑤-Na with BPI after cycling. FESEM micrographs of, b, surface morphology of the pristine Na, 

c, top surface view and d, cross-sectional view of the as-developed BPI after 30 s reaction time. e, 

X-ray diffraction of Na with and without BPI. f, Cryo-TEM EDX spectrum, and inset, EELS 

mapping of BPI. g, X-ray photoelectron spectroscopy (XPS) depth profiles (etch rate ~ 5.5 nm 

min-1) of O1s, N1s, and Na1s found in BPI.  

Energy-dispersive X–ray spectroscopy (EDX), and electron energy loss spectroscopy (EELS) 

mapping were conducted using a cryo–transmission electron microscope (cryo–TEM), which 

reveal that N, O and Na are uniformly distributed over the surface of the interphase, see Fig. 1f. 

The distribution of the constituents along the cross-section of the interphase was unveiled by X–
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ray photoelectron spectroscopy (XPS) depth profiling. XPS investigation similarly confirms the 

presence of N, O and Na in the interphase, where the relative abundance of each is estimated to be 

~3%, ~47%, and ~50% respectively, see Fig. 1g and Supplementary Fig. 5. The XPS depth 

profiling (etching under Ar+ beam for different time spans, i.e., 0 min, 2 min, 5 min, 10 min and 

15 min), suggests a thickness of about ~82.0 nm was being explored, based on the etch rate of the 

interphase (~5.5 nm min-1). As seen in Fig. 1g, the very top layer (10–15 nm) consists of both 

NaNH2 and NaOH, while the bulk of the interphase consists mainly of NaOH. The high-resolution 

XPS spectra and corresponding binding energies are shown in Supplementary Fig. 6, the values 

are tabulated in Supplementary Table 1. To further confirm the surface and cross-sectional 

distribution of chemical constituents in the BPI, time-of-flight secondary ion mass spectroscopy 

(TOF–SIMS) was conducted. TOF–SIMS surface mapping shows that N is randomly dispersed 

over the surface region of Na and O, see Supplementary Fig. 7a. In addition, the TOF–SIMS depth 

profiles indicate that N is highly localized at the surface region, and its count declines sharply with 

etch time, which corroborates the XPS depth profiles, see Supplementary Fig. 7b. 

To understand the synergistic effect of the BPI, density functional theory (DFT) calculations were 

performed to shed light on its mechanical properties. An ideal interphase should possess both high 

Young’s modulus (stiffness) and high critical strain (ductility)29, as illustrated in Fig. 2a. The 

calculations indicate that NaOH is mechanically stiffer, i.e., it has a higher Young’s modulus 

(~31.0 GPa) than that of NaNH2 (~16.4 GPa). On the other hand, NaNH2 is mechanically more 

ductile as its critical strain (~56%) is higher than that of NaOH (~16%), see Fig. 2b-c. Therefore, 

we expect that the synergistic combination of NaOH and NaNH2 will promote prolonged stability 

of the sodium electrode with BPI. In contrast, the Young’s modulus of pristine sodium is calculated 

to be much lower (~10.9 GPa), which would make pristine sodium electrode vulnerable to dendrite 

growth.  

The ease of ionic transport across the interphase is another vital requirement for an interphase to 

be effective in regulating metal deposition and dissolution, especially under high current densities. 

Quantitative assessment of ionic diffusion within BPI was made using temperature-dependent 

electrochemical impedance spectroscopy (EIS), shown in Fig. 2d-e, the equivalent circuit diagrams 

are presented in Supplementary Fig. 8a-b. The experiments were conducted in sodium symmetric 

cell configuration with and without BPI. Careful analysis of Nyquist plots allow us to deduce the 
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interfacial charge transfer resistance (Rct), while temperature dependence of ionic transport enables 

us to extract information about the activation energy barrier. To deduce the transport coefficient 

and activation energy barrier, the Vogel-Fulcher-Tammann (VFT) equation, i.e., G = A exp [-

Ea/R(T-T0)]
1,14 was used to fit experimental data, where G is the conductance (1/Rct), A is the 

transport coefficient, Ea is the activation energy barrier, R is the universal gas constant, T is the 

temperature and T0 is the reference temperature; VFT parameters are tabulated in Supplementary 

Table 2. 
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Fig. 2 a, Schematic illustration of the interphases on sodium electrode, showing suppression of 

large dendrite formation (due to stiff NaOH interphase) and accommodation of large volumetric 

expansion (due to ductile NaNH2 interphase) during sodium growth. b-c, Stress-strain response of 

NaOH and NaNH2 calculated by DFT, respectively. Temperature-dependent electrochemical 

impedance spectra of Na symmetric cells, d, without, and, e, with BPI. f, Conductance of Na with 

and without BPI as a function of reciprocal of temperature. g, Diffusion barriers in NaOH and 

NaNH2 calculated by DFT. h-i, Ball-stick model of NaOH and NaNH2 crystal lattices, 

respectively. The arrows in the model structures represent thermodynamically favorable diffusion 

paths predicted by DFT calculations. 

 

From the plots of conductance vs. reciprocal of temperature, see Fig. 2f, it is observed that the 

activation energy barrier (Ea) on the sodium electrode with BPI is smaller, suggesting that the BPI 

exhibits a facile ionic conduction. The energy barrier for the sodium electrode with BPI is 

estimated to be about 0.06 eV, which is ~24% of that observed for the pristine sodium electrode 

(~0.25 eV). Density functional theory (DFT) calculations suggest the presence of NaOH and 

NaNH2 renders a facile transport of sodium ions, as the ionic diffusion barrier is calculated to be 

0.35 eV for NaOH and 0.26 – 0.38 eV for NaNH2, see Fig. 2g. In addition, the lowest energy Na 

diffusion path is found to be along the xz-plane of a bilayer in NaOH where Na hops back and 

forth between the two layers along the plane as shown in Fig. 2h. The lowest energy Na diffusion 

path in NaNH2 is also not straightforward, and it is found to be along the y-direction with alternate 

barriers as shown in Fig. 2i. For more details on DFT calculations and results, see Methods and 

Supplementary Fig. 8c-f.   

The combination of NaNH2 and NaOH is identified to affect the diffusion barrier significantly, 

which could be due to the highly strained interfacial region between NaNH2 and NaOH. Since the 

anionic components of the interphase differ largely in their respective sizes (NH2¯, r ~1.68 Å, and 

OH¯, r ~1.10 Å), the interface is expected to be highly strained, which might open up the spacing 

between NaOH and NaNH2, limited to a very thin region at the interface. We believe that this 

localized perturbation at the interface causes the diffusion barrier for sodium ions to be 

significantly low. Besides facilitating the diffusion of sodium ions, the BPI also blocks the drift of 

electrons across the interphase, as the current-voltage (I-V) characteristics of BPI reflects its highly 
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resistive behavior (~9 GΩ), which is an important criterion for an interphase. This is due to the 

wide band-gap characteristics of NaOH (~4.30 eV) and NaNH2 (~2.97 eV), which were calculated 

using DFT and shown in Supplementary Fig. 9a-b. The device design and I-V plots are presented 

in Supplementary Fig. 9c-f. Although the BPI is electrically insulating, a trivial current (~nA) is 

observed to flow, and is attributed to the movement of positively charged ions34.  

 

Biphasic interphase to regulate sodium deposition  

Non-uniform and irregular sodium deposition is often a potential cause of filamentary growth, 

cracking, or swelling of SEI, which eventually leads to cell failure11. To understand the effect of 

BPI on sodium deposition, Na//Cu cells were assembled with transmission electron microscopy 

(TEM) copper grids as working electrode, and sodium as counter/reference electrode. 

Experimental steps are schematically illustrated in Supplementary Fig. 10. To understand the 

deposition behavior of sodium, it was first deposited on the TEM grid under galvanostatic 

conditions (1 mA cm-2 and 1 mAh cm-2). The as-prepared sample served as a pseudo-sodium 

electrode, and directly used (after washing and drying) to react with aqueous ammonia vapors to 

develop BPI. Further sodium deposition was carried out on the pseudo-sodium electrodes with and 

without BPI (2 mA cm-2 and 1 mAh cm-2), which were then probed using FESEM, as shown in 

Fig. 3a and Fig. 3e. The uniform surface morphology of the deposited sodium with BPI is 

indicative of its effectiveness in regulating sodium deposition, as shown in Fig. 3e. In contrast, an 

apparent dendritic morphology is observed on the pseudo-sodium electrode without BPI, Fig. 3a.  

To preserve the integrity of chemically-reactive and beam-sensitive alkali metals, cryogenic 

imaging conditions are highly recommended35-37. At cryogenic temperature, sodium does not react 

with liquid nitrogen or ice, ensuring that the dendrites preserve their original structural and 

electrochemical state. Fig. 3b shows a cryo–TEM micrograph of sodium dendrites that are formed 

after sodium deposition on the pseudo–sodium electrode without BPI. It is apparent from the image 

that sodium dendrites preserve their structural integrity. As depicted in Fig. 3c, the lattice fringes 

indicate crystalline character of sodium dendrites, and from the inset image, fast Fourier transform 

(FFT) confirms its crystalline signature. A magnified view of the selected region is presented in 

Fig. 3d, clearly resolved for individual sodium atoms. Lattice spacing measured between two 

nearby fringes is about 0.22 nm and 0.29 nm, which correspond to the (200) and (110) planes of 
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sodium, respectively. In the present study, the growth direction of sodium dendrites is identified 

along <002̅>, which could be attributed to the relatively low surface-energy along this direction, 

and is in good agreement with theoretical predictions38. While further studies would be required 

to quantify the relative abundance of other growth directions, this is beyond the scope of our 

current study.   

In contrast, the cryo-TEM micrograph of sodium deposited on the pseudo-sodium electrode with 

BPI shows a uniform deposition, see Fig. 3f. High–resolution cryo–TEM images further shed light 

on the effectiveness of BPI on sodium deposition, as the interphase hinders the growth of dendrites 

and effectively blocks the intrusion of the filaments, shown in Fig. 3g. It is worth mentioning that 

filamentary growth preferentially occurs in the solid-solid region (metal–interphase boundary) 

instead of the solid–liquid region (interphase–liquid boundary), which is consistent with early 

reports39-41. The magnified region in the proximity of the interphase, Fig. 3h, reveals a few 

protruded features, but no apparent dendrite is observed. Therefore, from cryo–TEM analyses, it 

is indicative that BPI on the sodium electrode is effective in regulating sodium ion-flux, and results 

in uniform sodium deposition.    
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Fig. 3 a, FESEM micrograph of the as-deposited Na without BPI on TEM grid. b, Cryo-TEM (300 

kV, 77 K, dose ~70 e s-1Å-2, rotation ~15ᵒ) micrograph of Na dendrite grown on the grid. c, High-

resolution cryo-TEM micrograph of Na dendrite; inset shows a corresponding fast Fourier 

transform (FFT) image. d, The magnified view of the selected region. e-f, FESEM and cryo-TEM 

(300 kV, dose ~70 e s-1Å-2, rotation ~15ᵒ) micrographs of the as-deposited Na with BPI on TEM 

grid, respectively. Cryo-TEM (300 kV, dose ~79 e s-1Å-2) cross-sectional views of Na deposition 

with BPI at, g, rotation ~25°, and, h, rotation ~30°. 

 

Highly reversible deposition of sodium with biphasic interphase  

The stripping/plating behavior of sodium is known to be notoriously unstable, in particular at high 

current densities (>1 mA cm-2)11. Therefore, chemically passivating the surface of the sodium 

electrode with BPI could be an effective means to stabilize stripping/plating of sodium, since BPI 

exhibits a significantly low ionic diffusion barrier, favorable mechanical properties, and can 

effectively regulate sodium deposition. First, the effect of interphase thickness on the overpotential 

was investigated by subjecting sodium symmetric cells comprising sodium electrodes with BPI to 

galvanostatic charge/discharge tests (sodium strip/plate) at 1 mA cm-2 and 1 mAh cm-2, see 

Supplementary Fig. 11a. The electrolyte used was 1 M sodium trifluoromethanesulfonate 

(NaCF3SO3) in diglyme. The overpotential corresponding to strip/plate process of sodium is 

observed to increase from 50 mV to 180 mV with increasing interphase thickness (from 3 µm to 

35 µm), which could be due to an increase in the activation polarization (or loss in reaction rate)31. 

The voltage hysteresis corresponding to the strip/plate process is plotted as a function of cycle 

number, and it was identified that there was very little deviation in mid-voltage for sodium 

electrodes with thin interphase thicknesses, see Supplementary Fig. 11b. In particular, BPI of 

thickness ~3 µm exhibits low overpotential and highly stable voltage hysteresis, and was therefore 

chosen for further electrochemical evaluation. The positive effect of BPI is not limited to 

symmetric cell; the sodium electrode with BPI exhibits improved Coulombic efficiency in 

asymmetric cell (i.e., Na//Cu) configuration as well, see Supplementary Fig. 11c. 

The foremost criterion of an effective interphase is that it must be able to survive extended cycling 

at various current densities. To examine the stability of the sodium electrode with BPI, sodium 

symmetric cells (fabricated with thin BPI, i.e., ~3 µm) were subjected to strip/plate at various 
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applied current densities, for instance, 1 mA cm-2, 15 mA cm-2, 20 mA cm-2, 25 mA cm-2, 40 mA 

cm-2 and 50 mA cm-2, while the areal capacity was fixed at 1 mAh cm-2, as depicted in Fig. 4a-f.  

The control cells comprising sodium electrode without BPI (Na//Na) were also fabricated for 

comparison. It is observed that the control cells are prone to short-circuit at all applied current 

densities within hundreds of cycles. For instance, at an applied current density of 1 mA cm-2, the 

control cell short circuited within ~200 cycles (i.e., 400 hours, 2 hours per cycle). In contrast, the 

cells comprising BPI are found to be highly stable over a period of at least 500 cycles (1000 hours). 

Even at higher current densities, such as 15 mA cm-2, 20 mA cm-2, 25 mA cm-2, 40 mA cm-2, and 

50 mA cm-2, the sodium electrodes with BPI perform stably for over 500 cycles with uniform 

voltage hysteresis, while the corresponding sodium electrodes without BPI exhibit much poorer 

stability and shorter cycle life. The stripping/plating stability at other current densities (e.g., 2 mA 

cm-2, 5 mA cm-2, and 10 mA cm-2) are shown in Supplementary Fig. 12a-c. 

It should be noted that at current densities of 1 – 25 mA cm-2, the sodium electrode with BPI 

remains stable and the overpotential increases with current density. The deposition of sodium 

appears to be compact, but it contains localized inhomogeneity, see Supplementary Fig. 13a. When 

the current density is increased further to 40 – 50 mA cm-2, the overpotential is noticed to be 

smaller, which can be attributed to the localized heating of the sodium electrode that leads to 

enhanced flux and flow of sodium atoms across the surface regions. As a consequence of localized 

heating, these tiny features start to fuse together and form bigger particles, as highlighted in 

Supplementary Fig. 13b; the formation of such particles at higher current densities strongly 

suggests the participation of thermal effects. Interestingly, a similar trend of overpotential is 

observed by other groups42 more recently while exploring the deposition behavior of Li metal at 

higher current densities.  
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Fig. 4 a, Galvanostatic strip/plate tests of sodium in symmetric cell configurations with and 

without BPI at, a, 1 mA cm-2, b, 15 mA cm-2, c, 20 mA cm-2, d, 25 mA cm-2, e, 40 mA cm-2 and, 

f, 50 mA cm-2. The deposition areal capacity is fixed at 1 mAh cm-2. g, Na symmetric cells short-

circuit time as a function of applied current densities. h, XPS depth profiles of the sodium electrode 

with BPI, after 20 strip/plate cycles at 1 mA cm-2 and 1 mAh cm-2. 

 

When the deposition areal capacity was increased to 2 mAh cm-2, 4 mAh cm-2, and 10 mAh cm-2, 

while keeping the current density constant at 1 mA cm-2, the sodium electrode with BPI still 

exhibited highly stable cycling and uniform voltage hysteresis for over 300 hours, see 

Supplementary Fig. 14. In addition, the surface morphology is observed to be free from dendrites 

and a compact deposition could be obtained even at high deposition capacity, i.e., 10 mAh cm-2, 

see Supplementary Fig. 14e-f. The cycle life or short-circuit time for symmetric cells with BPI are 

plotted as a function of current density, as depicted in Fig. 4g. The cycle life of previously reported 

sodium symmetric cells are also plotted for comparison1,5,14-22. It is apparent from Fig. 4g that the 

majority of attempts in the literature so far were made to stabilize the sodium electrode at relatively 

low current densities, while only a few were able to stabilize at higher current densities (up to 5 

mA cm-2). Our work represents the first demonstration of sodium symmetric cells that can function 

stably for over 500 cycles at extremely high current densities (15 – 50 mA cm-2). 

The stability of the sodium electrode with BPI was also compared to that with monophasic 

interphases (either NaNH2 or NaOH only). To develop the monophasic interphases on sodium, 
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solid-vapor chemistry was also used, where dry ammonia gas and water vapor served as the vapor 

source for NaNH2 and NaOH interphases, respectively. The FESEM micrographs and XRD 

patterns of the monophasic interphases are shown in Supplementary Fig. 15. It was found that the 

sodium electrode with either NaNH2 or NaOH is prone to short-circuit within 150 to 250 cycles, 

whereas BPI stabilized the sodium electrode for at least 450 cycles under the same cycling 

conditions, see Supplementary Fig. 12d. This indicates that the synergistic combination of NaOH 

and NaNH2 is effective in suppressing undesirable dendrite growth.  

Post-mortem studies using FESEM were conducted on the cycled sodium electrode with and 

without BPI, after continuous strip/plate for 200 cycles at 1 mA cm-2 and 1 mAh cm-2. A uniform 

surface morphology of sodium deposited on the electrode with BPI clearly shows its ability to 

regulate sodium deposition, whereas, an apparent dendritic or mossy structure can be seen on the 

pristine sodium electrode, see Supplementary Fig. 16. The deposition morphologies of sodium 

with BPI were also examined at various applied current densities (2 mA cm-2, 15 mA cm-2, 20 mA 

cm-2 and 50 mA cm-2) after 50 strip/plate cycles, see Supplementary Fig. 17. The surface 

morphology is identified to be free from any protruded feature or filament growth at 2 mA cm-2. 

Similar morphological features are also observed at higher current densities, although formation 

of tiny sodium particles is noted at 50 mA cm-2. In the literature, these tiny particles are classified 

as type–I dendrites (regularly-shaped tiny particles)37, and considered to be less destructive than 

type–II dendrites (nano–/micro–needles)37. To visualize dendritic growth, a home–made optical 

cell was used to construct a sodium symmetric cell; a schematic illustration of the cell is presented 

in Supplementary Fig. 18. Optical micrographs reveal that dendritic features start to grow within 

1 hour of deposition (at 2 mA cm-2), and an obvious dendritic-tree network can be visualized after 

just 2 hours for the sodium electrode without BPI. It should also be noted that the sodium electrode 

as well as its dendritic features appeared to be comparatively darker, which could be due to side-

reactions with electrolyte, as discussed previously1. On the other hand, the sodium electrode with 

BPI experienced dendrite-free sodium deposition as revealed by the optical micrographs, see 

Supplementary Fig. 18e-g. Moreover, the surface of the sodium electrode with BPI is highly robust 

even at relatively high current density (i.e., 5 mA cm-2), while the sodium electrode with the 

monophasic interphases, i.e., NaOH or NaNH2 exhibits localized changes, see Supplementary Fig. 

19, which would affect the stability of sodium electrode in the long term. Therefore, the synergistic 

combination of the two phases is vital in ensuring the extended stability of the anode. 
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XPS depth profiling is the foremost approach to collect critical information about the SEI 

construction after cycling7. To examine the chemical constituents of the as-developed SEI on the 

sodium electrode with and without BPI after 20 strip/plate cycles, XPS depth profiling was 

performed at various time spans using Ar+ sputtering, see Fig. 4h. The high resolution XPS spectra 

are shown in Supplementary Fig. 20, and their corresponding binding energies are tabulated in 

Supplementary Table 3 and Table 4.  For the sodium electrode with BPI, it is noteworthy that the 

atomic concentration of C is found to be higher at the very surface (~10–15 nm) of the electrode, 

but it descends sharply with etch time, see Fig. 4h, suggesting the content of organic reduction 

species is highly localized at the outer-surface of BPI. It also indicates that the BPI is compact and 

largely impermeable to the organic electrolyte solvent (diglyme). From XPS depth profiling, the 

atomic concentration of N in the very top region (~10–15 nm) is estimated to be ~2% (almost 

similar to the amount found before strip/plate tests). In addition, the etch profiles show that O, Na, 

and F are the major components involved in the formation of the SEI, and peak positions are 

indicative of the existence of inorganic Na2O and NaF resulting from the reduction of electrolyte 

salt (NaCF3SO3), which is consistent with previous work7. The XPS depth profiling of the SEI 

formed on pristine sodium electrode after cycling is shown in Supplementary Fig. 21.  

 

Room-temperature sodium–sulfur batteries 

Finally, the stability of the sodium electrode with BPI makes it a promising anode candidate for 

room-temperature sodium–sulfur (Na//S) batteries. To demonstrate the effectiveness of BPI in 

Na//S cells, the sodium anode comprising BPI was paired with encapsulated sulfur cathodes (sulfur 

infused microporous carbon). In this cathode, short-chain sulfur molecules are physically trapped 

in micropores, which was previously reported to be an effective approach to eliminate the 

formation/dissolution of long-chain polysulfides in liquid electrolytes3. Na//S cells comprising 

sodium anode with and without BPI were first examined by cyclic voltammetry (CV) at 0.1 mV s-

1, see Supplementary Fig. 22. CVs show that BPI on sodium anode does not interfere in the 

electrochemical process, as it behaves similar to pristine sodium anodes. The effect of BPI on the 

sodium anode becomes further apparent in Na // S cells, as pristine sodium anode without BPI was 

found to be susceptible to short-circuiting within 100 cycles of galvanostatic charge/discharge, see 

Fig. 5a, due to various reasons which include persistent reactivity of sodium anode with liquid 
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electrolyte, rapid dendrite growth, and unstable SEI35,43. In contrast, Na//S cell comprising sodium 

anode with BPI was found to function stably and reversibly for over 500 cycles at 0.5 C (1 C = 

1675 mA g-1), retaining 55% of its initial capacity (~895 mAh g-1) after 500 cycles, see Fig. 5a. 

The low capacity decay of 0.09% per cycle is among the best cycling performance for room-

temperature Na//S batteries in the literature1-4,44-52, see Supplementary Table 5.  

 

Fig. 5 a, Cycling performance comparison between Na//S cells comprising sodium anode with and 

without BPI at 0.5 C, and b, their corresponding Coulombic efficiencies. c, Voltage profiles of 

Na//S cell comprising sodium anode with and without BPI in a potential window of 0.6 to 2.6 V 

vs Na/Na+. d, Comparison of C-rate performance of Na//S cells with and without BPI, 1 C = 1675 

mA g-1.  

 

In addition, the Coulombic efficiency (CE) associated with the reversibility of electrochemical 

reactions53,54 is estimated to be about 98.3% (averaged over 500 cycles), whereas the CE of Na//S 
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cell without BPI drops sharply within 100 cycles, see Fig. 5b. As a measure of the ease of 

electrochemical reactions2, we see that the reaction overpotential for Na//S cell comprising sodium 

anode with BPI does not vary substantially with cycle number, as depicted in Fig. 5c. In contrast, 

for the Na//S cell comprising pristine sodium anode without BPI, the reaction overpotential is 

observed to increase significantly with cycle number, eventually leading to cell failure. The rate-

behavior of Na//S cells also revealed that the pristine sodium anode suffers from significant 

capacity loss at high C-rate (i.e., 2 C), see Fig. 5d. On the other hand, sodium anode with BPI 

allows the cell to function stably even at 2 C, with a reversible specific capacity of 760 mAh g-1, 

see Fig. 5d. When the C-rate is suddenly switched back from 2 C to 0.5 C, much of its original 

capacity was recovered, demonstrating the robustness of the Na//S cell.   

The benefit of using BPI becomes even more apparent when electrochemical impedance 

spectroscopy was conducted before and after charge/discharge cycles. As depicted in 

Supplementary Fig. 23, the charge transfer resistances for both cells are observed to be comparable 

before cycling. After 10 charge/discharge cycles however, the Na//S cell with pristine sodium 

anode undergoes an increase in charge transfer resistance, which becomes much more drastic after 

50 cycles. On the other hand, Na//S cell comprising sodium anode with BPI exhibits essentially 

similar charge transfer resistance after 10 cycles, and slight increase after 50 cycles, which 

indicates the sodium anode with BPI functions stably without experiencing significant corrosion 

(due to electrolyte decomposition or polysulfide passivation)35,55-60. The effectiveness of the BPI 

became even more apparent when the cycled electrodes were examined under FESEM. 

Postmortem investigation of the cycled electrodes (both cathode and anode) suggest that the 

presence of the BPI on Na anode effectively minimizes polysulfide shuttling or deposition of 

polysulfide species on the anode, without affecting the surface morphology of the cathode 

materials, as shown in Supplementary Fig. 24.  

 

Conclusions 

In conclusion, we have reported a novel artificial interphase, i.e., BPI to achieve stable and 

reversible sodium anodes for room-temperature sodium–sulfur batteries. The BPI is spontaneously 

grown directly on the sodium electrode, utilizing simple solid-vapor chemistry. The mechanically-

stable BPI, which comprises NaNH2 and NaOH, significantly improves the kinetics of sodium 
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deposition and dissolution so that reversible stripping/plating electrochemistry of sodium can be 

enabled even at high current densities, which is known to be very difficult for pristine sodium 

anodes. The interphase exhibits a low diffusion barrier for sodium ions, as well as a high electronic 

resistance. By pairing encapsulated sulfur cathodes and sodium anodes with BPI, we have 

demonstrated the feasibility of constructing stable and long-lasting sodium–sulfur batteries 

operating at room temperature. This work is expected to spur future development in the design of 

novel artificial interphases with synergistic material combinations for high-energy rechargeable 

batteries. 

 

Methods 

Materials 

Sodium electrode cubes (99.9%), aqueous ammonia (≥ 25% NH3 in H2O), and diethylene glycol 

dimethyl ether (diglyme, anhydrous, 99.5%), were all purchased from Sigma Aldrich. Sodium 

trifluoromethanesulfonate (NaCF3SO3, 99.5%) was obtained from Solvionic. All the chemicals 

were used as received in an argon filled MBraun glovebox (H2O < 0.1 ppm, and O2 ≤ 2 ppm) to 

ensure that they are free from ambient moisture.   

Development of BPI on sodium electrode  

The synthesis of BPI was carried out in an argon filled glovebox, with argon purging and catalyst 

regeneration done regularly to purify the glovebox atmosphere. Sodium electrode cubes were taken 

out from mineral oil, and thoroughly cleaned with dried paper towels in a glovebox. The cleaned 

sodium cube was cut into thin slices using a sharp cutter, and a thin circular slice was placed on a 

stainless steel plate. To commence the growth of the BPI interphase, 500 µl of aqueous ammonia 

was poured into a glass vial (19.8 cm3), and the sodium electrodes were allowed to react with the 

vapors in the confined cavity for various time spans. The vapor phase of aqueous ammonia reacts 

spontaneously with the solid sodium electrode (solid-vapor reaction chemistry). The development 

of monophasic interphases (NaNH2 or NaOH) was also performed in the same manner, where dry 

ammonia gas (4 vol. % of NH3, balanced in Ar) and water vapor (from deionized water) served as 

the vapor source for NaNH2 and NaOH interphases, respectively.  
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Materials characterization 

Field emission scanning electron microscopy (FESEM) was conducted using JEOL 7600F 

operated at 10 kV to visualize surface and cross-sectional microscopic information. To avoid 

contamination from the ambient environment, an argon filled polyamide bag was used to transfer 

samples. X-ray photoelectron spectroscopy (XPS), Thermo Scientific Theta Probe Angle-

Resolved Spectrometer, with a monochromatic Al Kα source (1486.7 eV), was used to gather 

detailed surface chemical information about the BPI. A specialized XPS-holder was used to 

transfer samples from the glovebox to vacuum chamber of the XPS system without exposing them 

to ambient surroundings. XPS depth profiling was conducted using Ar+ sputtering at 2.0 kV, 1.0 

A (~82 nm, etch rate ~5.5 nm min-1). The crystal structure information was revealed by D8 

Advance, Bruker, X-ray diffractometer (XRD), and the materials were scanned between 10 – 70° 

(2θ) using Cu Kα radiation at λ = 1.5406 Å. A thin Kapton tape (~0.5 mil polyamide tape, Caplinq, 

Netherlands) was used to wrap samples to minimize ambient air contact. The chemical 

environment was also investigated using Raman spectroscopy (WITec Raman spectrometer, 

Germany) in backscattering geometry (532 nm, <10 mW). Pristine sodium and the respective 

interphases were sealed between glass cover slips with Kapton tape to preserve the integrity of the 

samples. To unveil distribution of the chemical species, time-of-flight secondary ion mass 

spectroscopy (TOF-SIMS, PHI Trift II) was performed over the BPI, and PM-MTD-001 method 

was used to examine the interphase. Ga+ LIMG was used as the primary source to etch the 

interphase with an excitation energy of 15 keV. An area of about 100 µm x 100 µm was examined 

for surface analyses and about 5 µm x 5 µm was investigated for depth analysis (~1.7 µm, etch 

rate ~15–17 nm min-1). The sample was sealed in a polyamide bag, and transferred from the 

glovebox to the vacuum chamber of TOF-SIMS. 

Energy-dispersive X-ray spectroscopy (EDX) and energy loss electron spectroscopy (EELS) were 

performed using cryogenic-transmission electron microscopy (cryo-TEM). A FEI Titan 80-300 

environmental TEM operated at 80 kV was used, and the sample was kept cold at 123 K during 

electron beam irradiation with a dose of about 2.5 nA Å-2. To transfer samples (Ni TEM grids 

containing sodium deposition with BPI) from the glovebox to the TEM column, a sealed 

polyamide bag filled with argon was used, which was directly plunged into a liquid nitrogen (LN2) 
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bath. The polyamide bag was quickly opened with a sharp knife and the TEM grid was carefully 

mounted onto a TEM cryo-holder, which was quickly inserted into the TEM column. Cryo-TEM 

images of the sodium dendrites and sodium electrode with BPI were collected using Krios G3i 

Cryo-TEM operated at 300 kV, and samples were kept cold at 77 K. To transfer samples (TEM 

grids containing sodium deposition with and without BPI) from the glovebox to the cryo-TEM 

column, the TEM grids were sealed in a coin-cell and opened inside an advanced sample transfer 

unit filled with LN2. TEM grids were directly mounted onto the cryo-transfer module (at LN2 

temperature), which was quickly inserted into the TEM column. All the samples investigated 

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

 

Electrochemical characterization 

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

asymmetric-cell configurations. These cells were assembled in an argon filled glovebox, with a 

Celgard separator, and 80 µl of electrolyte containing 1 M NaCF3SO3 in diglyme. Symmetric 

Na//Na cells were assembled using two equally sized sodium electrodes with and without BPI. 

Galvanostatic cycling was conducted at various current densities and areal capacities to evaluate 

stripping/plating stability using Neware CT 3008 battery tester. 

Asymmetric Na//S cells were assembled using sulfur cathode and sodium anode with and without 

BPI. The synthesis of the sulfur active material, which is sulfur-infused microporous carbon, is 

described in previous publication40. The sulfur cathode consisted of 70 wt.% of the active material, 

20 wt.% of carbon black (Super P), and 10 wt.% of polyvinylidene fluoride (PVDF), mixed 

together with N-methyl-2-pyrrolidone (NMP) to form a homogeneous slurry. The slurry was 

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

mass loading of sulfur was estimated to be ~0.82 mg cm−2 and specific capacity values were 

calculated based on the mass of sulfur. Neware CT 3008 battery tester was used to perform 

galvanostatic cycling at various C-rates (1 C = 1675 mA g-1) from 0.6 to 2.6 V vs. Na+/Na. 

Temperature dependent electrochemical impedance spectroscopy (EIS) was performed using 

temperature controlled interface in a customized cell (RHD Microcell HC). The impedance was 

measured from 106 Hz to 10-1 Hz in a temperature range of 10 °C to 64 °C, and the temperature 
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was controlled with integrated NOVA software coupled with a temperature controlling interface. 

The RHD microcell was ramped at a rate of 2 °C min-1. Cyclic voltammetry (CV) was conducted 

on a Gamry 600 potentiostat at a sweep rate of 0.1 mV s-1. To measure the electrical resistance of 

the BPI, a resistive device was designed, and the electrical resistance was measured using a 

Keithley 2400 source-meter in a potential window of -1 V to +1 V.   

The optical-cell experiments were carried out to visualize deposition of sodium on sodium 

electrodes with and without BPI. A home-made sealed optical-cell, in the form of a sodium 

symmetric cell, was used to perform visual experiments, where stainless steel screws (~6 mm 

diameter) were used to attach sodium electrodes, and the spacing between the electrodes was 

maintained at ~2 mm. It was ensured that the electrodes are aligned, and the empty region was 

filled with electrolyte (1 M NaCF3SO3 in diglyme). During electrochemical tests, a current density 

of 2 mA cm−2 was applied, and images of sodium deposition at different time spans were captured 

from an optical microscope.  

 

Density functional theory (DFT) calculations 

The supercell of bulk NaOH and NaNH2 used in the calculations contains 108 and 128 atoms, 

respectively. 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 functional61 implemented in Vienna Ab-initio Simulation Package (version 

5.4)62. The core−valence interaction is described by the projector augmented wave (PAW) 

method63. 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 method64. 

Climbing-image nudged elastic bands (CI-NEB) method65 at the same level of theory (GGA-PBE) 

is used to calculate the Na vacancy diffusion barriers. 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 
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0.04 eV Å-1. All atoms are relaxed and the lattices are fixed in the calculations. For the electronic 

band structure calculations, Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional is used66. 
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