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ABSTRACT

The all-solid-state sodium battery has emerged as a promising candidate for energy 

storage. However, the limited electrochemical stability of the solid electrolyte, 

particularly in the presence of Na metal at the anode, along with low ionic conductivity, 

hinders its widespread application. In this work, the design of P and O elements in 

Na3SbS4 solid electrolyte was investigated through a series of structural tests and 

characterizations. The electrochemical stability was remarkably improved in the 

Na/Na3SbP0.16S3.6O0.4/Na battery, exhibiting a stability of 260 h under a current of 0.1 

mA cm−2. Additionally, the room temperature conductivity of Na3SbP0.16S3.6O0.4 was 

enhanced to 3.82 mS cm−1, maintaining a value comparable to commercial standards. 

The proposed design strategy provides an approach for developing sodium ion solid-

state batteries with high energy density and long lifespan. The stability of the solid 

electrolyte interface at the Na | solid electrolyte interface proves critical for the 

successful assembly of all-solid-state sodium ion batteries.



Keywords: Sulfide solid electrolyte; Sodium ions conductor; Aliovalent substitution; 

Conductivity.

1. Introduction

The rapid development of portable electronic devices, electric vehicles, and stationary 

energy storage emphasizes the critical requirement for lithium-ion batteries to exhibit 

high safety and high energy density[1]. However, lithium-ion batteries face limitations 

in supporting the scale development of new energy industries due to the depletion of 

global lithium resources[2]. Moreover, traditional lithium-ion batteries utilizing liquid 

organic electrolytes present safety concerns, such as thermal runaway caused by 

overcharging, fire hazards, and short circuits, necessitating the development of new 

electrolyte materials[3].

Solid-state sodium ion batteries, employing a solid-state electrolyte, offer a solution 

by effectively mitigating issues related to electrolyte leakage and thermal runaway. The 

abundance and accessibility of sodium resources make sodium ion batteries particularly 

appealing compared with lithium-ion batteries[4]. Thus, sodium ion solid-state batteries 

have gained traction and witness rapid development in applications with lower energy 

density requirements, including grid energy storage, low-speed electric vehicles, and 

home energy storage, as a response to increasing lithium prices and resource scarcity[5].

Solid-state electrolytes, crucial materials for solid-state batteries, are broadly 

classified into three categories: polymeric solid electrolytes, inorganic solid electrolytes, 

and mixtures of the two. However, the widespread use of polymer electrolytes has been 

severely limited by issues, such as low ionic conductivity, inadequate electrochemical 

stability, and poor flame retardancy at ambient temperature, despite their advantages in 

mechanical flexibility and close electrode contact[6]. By contrast, inorganic compound 

materials, such as sulfide electrolytes and oxide-based electrolytes, exhibit remarkably 

higher ionic conductivity compared with polymer electrolytes, often exceeding 10−3 S 

cm−1 at ambient temperature[7]. This characteristic makes them excellent candidates for 

solid-state electrolytes. However, despite the ultrahigh ionic conductivity of sulfide 

electrolytes, challenges related to stability (both electrochemical stability and interface 

stability) still need to be addressed. Furthermore, , the solid electrolyte must be able to 



withstand Na-mediated direct chemical and electrochemical interactions to prevent 

sodium dendrites from penetrating the solid electrolyte during battery assembly[8]. Thus, 

the new solid electrolytes for all-solid-state sodium batteries must possess excellent ion 

transport characteristics and meet stringent requirements for chemical stability. 

Currently, the most commonly used sodium ion superconductor electrolyte is based on 

the Na3SbS4 system, which exhibits conductivity of up to 10−3 S cm−1. However, its 

electrochemical stability falls short of expectations. In 2020, Michael Lazar et al. 

reported the stabilization of sodium metal by using the solid electrolyte Na3PS4 (NPS) 

and its oxygen-doped derivative Na3PS4−xOx (NPSO)[9], demonstrating the 

effectiveness of O doping on Na3PS4. This was attributed to the formation of Na2O 

insulation components at the Na/solid electrolyte interface. In 2022, further research 

demonstrated that introducing O into Na3PS4 resulted in electrochemically stable solid-

state electrolytes. Additionally, P2S5 was identified as a potent glass-forming agent, 

crucial for inhibiting the propagation of Na dendrites[10]. Furthermore, the addition of 

oxygen elements induced the formation of structurally enhanced bridging oxygen. 

However, the ion conductivity of the Na3PS4-based electrolyte system remains limited 

to 0.27 mS cm−1, falling short of the requirements for solid-state batteries. Moreover, 

whether the concept of creating solid electrolytes with stable electrochemical 

performance through the incorporation of P and O elements can be applied to Na3SbS4 

with fast ion conduction capabilities remains to be determined.

In this work, we synthesized the solid-state electrolyte Na3SbP0.4xS4−xOx (NaSbPSO) 

by introducing oxygen and phosphorus into the Na3SbS4 sulfide solid electrolyte and 

comprehensively characterized its properties. We successfully developed a sodium-ion 

solid electrolyte with high conductivity and stability toward metallic sodium through the 

examination of its chemical structure, electrochemical properties and overall 

electrochemical performance in a Na | SE | Na symmetric cell. These mixed oxygen 

sulfide solid electrolytes, with their unique glass structure, present a promising avenue 

for the development of safe, low-cost, high-energy, and long-lasting all-solid-state 

sodium batteries.

2. Experimental section



2.1. Materials

Powder samples of Na3SbP0.4xS4−xOx(0<x≤0.5) and 

Na3PSb0.4xS4−xOx(0<x≤0.5) were prepared using traditional solid-state 

sintering methods. A 45 mL zirconia tank containing 12 zirconia balls (10 

mm diameter) was loaded with a reagent mixture consisting of Sb2S3 (99%), 

P2O5 (99%), Sb2O5 (99%) Na2S (95%), and S (99.99%). The combined 

materials (5 g) were continuously and thoroughly ground for 20 h at a speed 

of 500 rpm. Subsequently, all precursors were treated under vacuum 

conditions at 270 °C for 10 h. Samples with the best performance were 

selected and further processed under vacuum at temperatures of 380 °C, 420 

°C, and 500 °C for 10 h to synthesize solid electrolytes with high 

conductivity and excellent electrochemical stability.

2.2. Symmetrical battery assembly

Approximately 100 mg of electrolyte powder was placed between two 

stainless steel plates and pressed to form electrolyte particles with a 

diameter of 10 mm, applying a pressure of 240 MPa. Sodium tablets with a 

diameter of 10 mm were placed on both sides of the electrolyte pellets, and 

the electrolytes containing the sodium tablets were pressed together under 

a pressure of 100 MPa. The entire assembly process was conducted inside a 

glove box filled with argon gas for protection.

2.3. Structure and morphology characterization

The phase structure of the solid electrolytes was investigated using X-ray 

diffraction (XRD, Bruker D2, Germany). XRD data were collected in the 2θ 

range of 10°–70° using Cu-K radiation, and the scanning was performed at 

30 kV and 10 mA. The sample was placed in a polyimide-lined container 

during the XRD measurements to avoid contamination. Raman spectroscopy 

was used to investigate the chemical bond structure, utilizing an Ar+ ion 

laser with an excitation wavelength of 785 nm. Raman scattering signals 

from the electrolyte sample were collected using a clear quartz plate within 



a sealed container filled with dry Ar gas. Care was taken to transfer the 

materials from a dry Ar-filled container to the apparatus. Scanning electron 

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 

analyses were conducted to examine the structure, elemental composition, 

and microstructure of the samples.

2.4 Electrochemical characterization

AC impedance measurements were performed using an electrochemical 

workstation (CHI660e) in the frequency range of 1 Hz to 106 Hz. Solid 

electrolyte materials were cold-pressed at 480 MPa into a depth of 0.6 mm 

and a diameter of 0.5 cm to fabricate the electrolyte plate. The cold-pressed 

electrolyte layers were sandwiched between two tempered steel sheets to 

serve as current collectors. Cell testing was conducted using a portable 

battery testing instrument (LAND CT2001). Prior to the tests, the cells were 

allowed to rest for 30 min to ensure the stability of the Na interface with 

the electrolytes. The charging and discharging phases were conducted with 

a current density of 0.05 mA cm−2 over a period of 0.5 h. H2S emissions 

from the solid electrolyte were measured using a Pac 6500 H2S gas sensor 

manufactured by Dräger Co. The powders (150 mg) were placed in a 2 L 

container maintained at 40% relative humidity (RH) and 26 °C.

3. Results and discussion



Fig. 1. XRD spectra of (a) Na3PSb0.4xS4−xOx x(0<x≤0.5) and (b) Na3SbP0.4xS4−xOx(0<x≤0.5) after 20 

h of mechanical milling and 10 h of heat treatment at 270 °C. Raman spectroscopy of (c) 

Na3PSb0.4xS4−xOx(0<x≤0.5) and (d) Na3SbP0.4xS4−xOx(0<x≤0.5) after 20 h of mechanical milling and 

10 h of heat treatment at 270 °C. Nyquist impedance graphs of materials containing varying amounts of 

(e) Sb0.4xOx and (f) P0.4xOx(0<x≤0.5) after 20 h of mechanical milling and 10 h of heat treatment at 270 

°C.

To explore the optimal synthesis method for oxygen sulfur compound electrolytes 

containing Na, Sb, P, S, and O, we designed two electrolyte samples based on Na3PS4 

and Na3SbS4 crystals. Figs. 1(a) and (b) show the different XRD patterns of 

Na3PSb0.4xS4−xOx and Na3SbP0.4yS4−yOy (0<y≤0.5) after high-energy ball milling and 

heat treatment at 270 °C. The XRD spectrum of the Na3PSb0.4xS4−xOx system indicated 

a tetragonal crystal structure of Na3PS4 with minor impurities[11]. These findings were 

consistent with previous research, suggesting possible amorphous nature during ball 

milling and heating, with impurity peaks corresponding to Na3P and Na3PS4−xOx (x = 

1, 2, 3). Although some degree of crystallinity was observed from these peaks, the 



sample primarily consisted of tetragonal Na3PS4. For Na3SbP0.4xS4−xOx (0<x≤0.5) 

samples with the same elemental composition, the XRD pattern compared with the PDF 

standard card revealed the main phase as the cubic phase of Na3SbS4 with a space group 

P-412c[12]. Each cell comprised nine SbS4 segments, with Sb atoms positioned at 2a 

and S atoms located at 8e, providing a rapid Na+ conduction pathway through the 

diffusion channel of the SbS4 tetrahedron[13]. Although Na3SbP0.4xS4−xOx exhibited a 

more favorable structure than Na3PSb0.4xS4−xOx, the 17° degree diffraction peak did not 

show the presence of cubic phase Na3SbS4. This suggested that the heat treatment 

temperature may play a role, as previous studies indicated that cubic phase of Na3SbS4 

requires temperatures[14]. Figs. 1(c) and (d) utilize Raman spectroscopy to investigate 

the chemical structure composition of the two sample groups. In Fig. 1(c), the main 

characteristic peak at 420 cm−1 corresponded to the stretching mode of the PS4
2− unit, 

which represented a non bridged sulfur unit[10]. The P1 unit reflected the number of 

bridging oxygen, and the superscripts indicated the number of short-range ordered units. 

The original P0 unit undergoes a disproportionation process upon the addition of oxygen, 

leading to the generation of sodium sulfide (2P0 → 2P1 + Na2S) to maintain charge 

balance. The introduction of oxygen is clearly observed through the peaks attributed to 

the formation of mixed oxygen sulfide and oxide units, such as PS2O2 oxygen sulfide 

(83 ppm) and PSO3 oxygen sulfide (50 ppm)[15]. The appearance of PS4−xOx oxygen 

sulfide units indicates the injection of oxygen into the P–S tetrahedral units. Compared 

with the P–S bond, the P–O has stronger chemical bond energy. Additionally, the 

presence of bridging oxygen can contribute to a more stable and uniform glass network 

in the unit microstructure[16]. As shown in Fig. 2(d), a standard SbS4 structural unit 

was formed at 380 cm−1 for the sample Na3SbP0.4xS4−xOx. Furthermore, the –S–S– link 

from P2S6 defect unit produced during the disproportionation process exhibited 

characteristic Raman modes at 460 cm−1. This observation was consistent with the 

reaction (2P0 → 2P1+Na2S) presented in Na3PSb0.4xS4−xOx. AC impedance tests were 

conducted on the samples to further demonstrate the superiority of the P–O structure. 

Na3PSb0.4xS4-xOx displays a half circle and a 45° angled straight line in the Nyquist plot 

of Fig. 1(e). The semicircle in the high-frequency zone represented the charge transfer 



resistance arising from diffusion between the electrode and electrolyte[17]. The low-

frequency straight line, known as Warburg impedance or concentration polarization 

impedance, relates to the movement of sodium ions between the electrodes. With an 

increase in the O and Sb content, the transfer impedance of the electrolyte decreased. 

These observations suggested that sodium ion conduction essentially controlled the 

battery’s dynamic response process[18]. This can be explained by an increase in the Sb 

element, resulting in the formation of the sodium ion-conducting Na3SbS4 structure. 

Impedance  is related to room-temperature conductivity ( ) and can be 𝑅𝑡 𝜎25

determined using the following equation: , where denotes the  𝜎(𝑚𝑠 𝑐𝑚 ―1) =  𝐿/𝑆𝑅𝑡 𝐿 

sample thickness, and  denotes the circular area between the electrode and the 𝑆

electrolyte. The conductivity of Na3SbP0.2S3.5O0.5 was determined to be 0.254 mS cm−1. 

By contrast, Fig. 1(f) depicts the Na3SbP0.4xS4−xOx samples with the same elemental 

composition but improved conductivity due to the formation of the main phase of 

Na3SbS4, reaching a maximum of 0.382 mS cm−1 with negligible transfer impedance. 

Tables 1 and 2 show the material performance data of all samples at 270 °C. As 

expected, P and O elements undergo disproportionation reaction, releasing Na2Sx, 

which is consistent with previous research indicating the enhanced role of the P–O 

structure in electrochemical stability. The Na3SbP0.4xS4-xOx electrolyte with a cubic 

phase Na3SbS4 structure demonstrated remarkably improved conductivity while 

maintaining excellent stability[19].

Table 1

Electrochemical performance of Na3PSb0.4xS4-xOx electrolyte treated at 270 °C

composition Impedance electron conductivity Ionic 
conductivity H2S release

Na3PS4 443 Ω 3.33×10−5 mS cm−1 0.201 mS cm-1 1.88 cm3 g−1

Na3PSb0.04S4O0.1 431.1 Ω 3.82×10−5 mS cm−1 0.206 mS cm-1 1.899 cm3 g−1

Na3PSb0.08S4O0.2 413.4 Ω 3.12×10−5 mS cm−1 0.215 mS cm-1 1.68 cm3 g−1

Na3PSb0.12S4O0.3 401.3Ω 2.3×10−5 mS cm−1 0.222 mS cm-1 1.53 cm3 g−1



Na3PSb0.16S4O0.4 315Ω 5.02×10−6 mS cm−1 0.283 mS cm-1 1.38 cm3 g−1

Na3PSb0.2S4O0.5 300.8 Ω 8.56×10−5 mS cm−1 0.254 mS cm-1 1.12 cm3 g−1

Table 2

Electrochemical performance of Na3SbP0.4xS4-xOx electrolyte treated at 270 °C

composition Impedance electron conductivity Ionic 
conductivity H2S release

Na3SbS4 223.6 Ω 4.32×10−5 mS cm−1 0.398 mS cm-1 1.37 cm3 g−1

Na3SbP0.04S4O0.1 220.37 Ω 5.6×10−5 mS cm−1 0.304 mS cm-1 0.888 cm3 g−1

Na3SbP0.08S4O0.2 216.48 Ω 3.4×10−5 mS cm−1 0.311 mS cm-1 0.9 cm3 g−1

Na3SbP0.12S4O0.3 214.61 Ω 5.1×10−5 mS cm−1 0.382 mS cm-1 0.912 cm3 g−1

Na3SbP0.16S4O0.4 212.73 Ω 4.13×10−5 mS cm−1 0.319 mS cm-1 0.78 cm3 g−1

Na3SbP0.2S4O0.5 211.08 Ω 3.6×10−5 mS cm−1 0.322 mS cm-1 0.53 cm3 g−1



Fig. 2. X-ray photoelectron spectroscopy (XPS) spectra of (a) Na3SbP0.16S3.6O0.4 solid electrolyte 

with deconvoluted Sb3d spectra. (b) Na3SbP0.16S3.6O0.4 solid electrolyte with deconvoluted O1s spectra. 

(c) Na3SbP0.16S3.6O0.4 solid electrolyte with deconvoluted S2p spectra. (d) Na3SbP0.16S3.6O0.4 solid 

electrolyte with deconvoluted P2p spectra.

XPS analysis was perform to examine the surface of the Na3SbP0.16S3.6O0.4-270 °C 

electrolyte (Fig. 2). The Sb 3d5/2 and 3d3/2 peaks were detected at 539 and 531 eV, 

respectively. The split peak of Sb 3d3/2 (531 eV) indicated the formation of distinct 

binding energy modes[1], specifically the P–O structure in the electrolyte. The presence 

of Sb element ion groups with different valence states in electrolyte samples can be 

considered as a disadvantage for the formation of the electrolyte due to low temperature 

treatment. A broad peak of Sb 3d3/2 was observed for this structure due to the overlap 

with the O 1s (531.8 eV) peak. The P-O structure can be clearly observed in the 

deconvolution spectrum. The S and P 2p spectra of the pellets were observed at 160.9 

and 132.4 eV, respectively[20]. In accordance with the research by Tian et al[21]. and 

Wenzel et al[22]., Due to the doping of oxygen elements, although at low temperatures, 

these 2p peak pairs of S and P corresponded to the reduced phosphide and sulfide 

species, respectively. However, they were incompatible with Na metal batteries due to 

their nature as combined ion and electron conductors, as they tendedt to form unstable 

solid electrolyte interphases (SEIs), despite their high ionic conductivity.



  

Fig. 3. (a) XRD spectra and (b) Raman spectrum of the Na3SbP0.16S3.6O0.4 electrolyte under different 

temperature treatments. (c) Nyquist plots of the electrolyte under different temperature treatments. (d) 

Arrhenius of the electrolyte4 after treatment at different temperatures.

The ion conductivity of Na3SbP0.4xS4−xOx was further improved to develop solid-state 

batteries with excellent performance. Increasing the temperature of the Na3SbS4 

electrolyte was the most effective approach to enhance ion conductivity. The XRD 

spectrum in Fig. 3(a) demonstrates the structural information of the Na3SbP0.16S3.6O0.4 

sample after heating treatment. when the electrolyte treatment temperature reached 380 

°C[23], a complete cubic phase Na3SbS4 XRD diffraction pattern was observed, with a 

prominent peak centered at 17°. As the temperature continued to rise, the intensity of 

the diffraction peaks remarkably increased[24]. At 500 °C, the prominent diffraction 

peaks were obviously strengthened, confirming their highly crystalline structure. 

However, a few impurity peaks were observed at high temperatures, identified as NaSx 

produced by the disproportionation reaction of the P–O structure. The Raman spectrum 

in Fig. 3(b) demonstrates that the electrolytes Na3SbP0.16S3.4O0.4-270 and 

Na3SbP0.16S3.4O0.4-380 exhibited strong SbS4 tensile vibration modes at 360, 380, and 



410 cm−1. With increasing temperature, the V2 vibration peak weakened, and the 

formation of –S–S– was observed[25], consistent with the results from the XRD 

analysis. The temperature rise accelerated the disproportionation reaction (2P0 → 2P1 

+ Na2S) and facilitated the growth of Na3SbS4 cubic phase crystals. Additionally, the 

incorporation of oxygen led to the formation of more bridging oxygen structures and 

the potential emergence of a Na2S phase with low conductivity[26]. The overall 

electrochemical performance was remarkably increased, with the impedance of 

Na3SbP0.16S3.6O0.4-500 reduced to 20.9 Ω at ambient temperature. Fig. 3(c) shows the 

Nyquist profile of Na3SbP0.16S3.6O0.4-500 electrolyte, exhibiting a semicircle in the 

high-frequency region, which further supports the occurrence of P–O structural 

disproportionation reaction[27]. The calculated ion conductivity for this sample. Fig. 

3(d) illustrates the effect of temperature on ion conductivity of the aforementioned 

electrolyte, with a room temperature conductivity of 3.82 mS cm−1. Tables 3 - 8 show 

the material performance data of all samples at 380 °C, 420 °C and 500 °C. The 

materials were evaluated over a temperature range of 30 °C to 100 °C, revealing a linear 

relationship between log 1000/T and temperature. The activation energy  was 𝐸𝑎

determined using the formula , where  representsthe pre-𝜎 =  𝜎𝑜𝑒 ―(𝐸𝑎/𝐾𝐵𝑇) 𝜎𝑜

exponential parameter, and  is the Boltzmann constant. The Na3SbP0.16S3.6O0.4-500 𝑘𝐵

electrolyte exhibited a minimum  of 0.991 eV. The increased activation energy can 𝐸𝑎

be attributed to the formation of more BO units, resulting in structural contraction in 

response to oxygen incorporation, which subsequently reduces the available free 

volume for conduction. In addition, the enhanced growth of Na3SbS4 crystals under 

high-temperature heat treatment contributes to the high ion conductivity[28].

Table 3

Electrochemical performance of Na3PSb0.4xS4-xOx electrolyte treated at 380 °C

composition Impedance electron conductivity Ionic 
conductivity H2S release

Na3PS4 343 Ω 6.21×10−5 mS cm−1 0.26 mS cm-1 1.02 cm3 g−1



Na3PSb0.04S4O0.1 331.1 Ω 5.2×10−5 mS cm−1 0.269 mS cm-1 1.29 cm3 g−1

Na3PSb0.08S4O0.2 239.4 Ω 5.12×10−5 mS cm−1 0.372 mS cm-1 1.6 cm3 g−1

Na3PSb0.12S4O0.3 222.3Ω 3.23×10−5 mS cm−1 0.401 mS cm-1 1.31 cm3 g−1

Na3PSb0.16S4O0.4 251Ω 6.02×10−5 mS cm−1 0.355 mS cm-1 1.3 cm3 g−1

Na3PSb0.2S4O0.5 260.3 Ω 4.56×10−5 mS cm−1 0.342 mS cm-1 1.1 cm3 g−1

Table 4

Electrochemical performance of Na3SbP0.4xS4-xOx electrolyte treated at 380 °C

composition Impedance electron conductivity Ionic 
conductivity H2S release

Na3SbS4 223.6 Ω 4.29×10−5 mS cm−1 0.398 mS cm-1 0.98 cm3 g−1

Na3SbP0.04S4O0.1 220.37 Ω 4.6×10−5 mS cm−1 0.404 mS cm-1 0.73 cm3 g−1

Na3SbP0.08S4O0.2 216.48 Ω 3.98×10−5 mS cm−1 0.411 mS cm-1 0.8 cm3 g−1

Na3SbP0.12S4O0.3 214.61 Ω 4.17×10−5 mS cm−1 0.415 mS cm-1 0.81 cm3 g−1

Na3SbP0.16S4O0.4 82.4 Ω 3.05×10−5 mS cm−1 1.08 mS cm-1 0.53 cm3 g−1

Na3SbP0.2S4O0.5 211.08 Ω 3.6×10−5 mS cm−1 0.422 mS cm-1 0.69 cm3 g−1

Table 5

Electrochemical performance of Na3PSb0.4xS4-xOx electrolyte treated at 420 °C

composition Impedance electron conductivity Ionic 
conductivity H2S release

Na3PS4 243 Ω 2.8×10−5 mS cm−1 0.367 mS cm-1 1.18 cm3 g−1

Na3PSb0.04S4O0.1 231.1 Ω 3.2×10−5 mS cm−1 0.385 mS cm-1 1.09 cm3 g−1

Na3PSb0.08S4O0.2 213.4 Ω 2.12×10−5 mS cm−1 0.417 mS cm-1 1.37 cm3 g−1

Na3PSb0.12S4O0.3 201.3Ω 3.02×10−5 mS cm−1 0.442 mS cm-1 1.26 cm3 g−1

Na3PSb0.16S4O0.4 215Ω 2.15×10−5 mS cm−1 0.414 mS cm-1 1.56 cm3 g−1



Na3PSb0.2S4O0.5 200.8 Ω 4.6×10−5 mS cm−1 0.444 mS cm-1 1.35 cm3 g−1

Table 6

Electrochemical performance of Na3SbP0.4xS4-xOx electrolyte treated at 420 °C

composition Impedance electron conductivity Ionic 
conductivity H2S release

Na3SbS4 123.6 Ω 4.32×10−5 mS cm−1 0.721 mS cm-1 0.9 cm3 g−1

Na3SbP0.04S4O0.1 120.37 Ω 5.6×10−5 mS cm−1 0.74 mS cm-1 0.73 cm3 g−1

Na3SbP0.08S4O0.2 116.48 Ω 3.4×10−5 mS cm−1 0.765 mS cm-1 0.7 cm3 g−1

Na3SbP0.12S4O0.3 114.61 Ω 5.1×10−5 mS cm−1 0.778 mS cm-1 0.62 cm3 g−1

Na3SbP0.16S4O0.4 66.2 Ω 4.13×10−5 mS cm−1 1.34 mS cm-1 0.442 cm3 g−1

Na3SbP0.2S4O0.5 73.08 Ω 3.6×10−5 mS cm−1 1.22 mS cm-1 0.65 cm3 g−1

Table 7

Electrochemical performance of Na3PSb0.4xS4-xOx electrolyte treated at 500 °C

composition Impedance electron conductivity Ionic 
conductivity H2S release

Na3PS4 84 Ω 3.53×10−5 mS cm−1 1.06 mS cm-1 2.3 cm3 g−1

Na3PSb0.04S4O0.1 51.1 Ω 2.25×10−5 mS cm−1 1.74 mS cm-1 2.01 cm3 g−1

Na3PSb0.08S4O0.2 43.4 Ω 3.51×10−5 mS cm−1 2.05 mS cm-1 1.88 cm3 g−1

Na3PSb0.12S4O0.3 40.3Ω 3.34×10−5 mS cm−1 2.21 mS cm-1 1.93 cm3 g−1

Na3PSb0.16S4O0.4 55Ω 5.6×10−5 mS cm−1 1.62 mS cm-1 1.54 cm3 g−1

Na3PSb0.2S4O0.5 50.8 Ω 3.53×10−5 mS cm−1 1.75 mS cm-1 2.1 cm3 g−1

Table 8

Electrochemical performance of Na3SbP0.4xS4-xOx electrolyte treated at 500 °C

composition Impedance electron conductivity Ionic 
conductivity H2S release



Na3SbS4 43.6 Ω 5.0×10−5 mS cm−1 2.03 mS cm-1 1.02 cm3 g−1

Na3SbP0.04S4O0.1 22.37 Ω 4.98×10−5 mS cm−1 3.41 mS cm-1 0.6 cm3 g−1

Na3SbP0.08S4O0.2 33.48 Ω 4.36×10−5 mS cm−1 2.66 mS cm-1 0.56 cm3 g−1

Na3SbP0.12S4O0.3 21.61 Ω 4.1×10−5 mS cm−1 3.53 mS cm-1 0.412 cm3 g−1

Na3SbP0.16S4O0.4 21.09Ω 4.35×10−5 mS cm−1 3.82 mS cm-1 0.202 cm3 g−1

Na3SbP0.2S4O0.5 32.08 Ω 7.64×10−5 mS cm−1 2.38 mS cm-1 0.342 cm3 g−1

Fig. 4. XPS spectra of (a) Na3SbP0.16S3.6O0.4-500 solid electrolyte with deconvoluted Sb3d spectra. (b) 

Na3SbP0.16S3.6O0.4 solid electrolyte with deconvoluted O1s spectra. (c) Na3SbP0.16S3.6O0.4 solid electrolyte 

with deconvoluted S2p spectra. (d) Na3SbP0.16S3.6O0.4 solid electrolyte with deconvoluted P2p spectra.

XPS was utilized to determine the elemental composition of the Na3SbP0.16S3.6O0.4-

500 solid electrolyte. In Fig. 4(a), only the Sb 3d3/2 peak with a binding energy at 531.7 

eV is observed. As the temperature increases, the formation of more Na3SbS4 crystals 



is evident, indicating the absence of insufficiently reacted Sb element ion groups and 

accounting for the different energy peak compared with the sample before heat 

treatment. Moreover, an additional O1s binding energy at 540 eV is observed in Fig. 

4(b), alongside the O1s binding energy peak at 531.7 eV. This suggests a linear increase 

in the proportion of BO species with increasing O content in the NaSbPSO electrolyte. 

High temperature treatment promotes this disproportionation reaction (2P0 → 2P1 + 

Na2S), resulting in the production of more oxygen and sulfur compounds in the 

electrolyte Spectral deconvolution of Na3SbP0.16S3.6O0.4-500 revealed that the majority 

of the extra oxygen atoms were incorporated into the electrolyte as bridging oxygen, as 

evidenced by the O1s binding energy outside of 531.7 eV[29]. The shoulder in the S 2p 

spectrum shifts to a higher binding energy in Fig. 4(c). This shift can be attributed to 

the polarization of sulfur atoms originally bonded with phosphorus due to the increased 

oxygen bonding, resulting in the transfer of sulfur to higher binding energies. This 

corresponds to the formation of –S–S– sulfur species in the shape of Na2S on the 

NSbPSO electrolyte. In addition, the absence of the shoulder in this spectrum indicates 

that prior to the reaction, more covalent S-sulfur molecules were replaced by more –S–

S– sulfur species[30]. The P 2p XPS spectra of Na3SbP0.16S3.6O0.4-500 and 

Na3SbP0.16S3.6O0.4-270 exhibit no significant difference, indicating the lack of Na3P 

generation or the presence of fewer Na3Px in these samples[21]. However, the binding 

energy of P-O compounds appeared in Na3SbP0.16S3.6O0.4-500, further supporting the 

fact of the disproportionation reaction between P and O elements in the electrolyte.



Fig. 5. (a) SEM images of the Na3SbP0.16S3.6O0.4-500 sample at 5 µm magnification. (b) EDAX mapping 

area of Na3SbP0.16S3.6O0.4-500 and (c–f) individual elemental mapping of O, S, P, and Sb.

Fig. 6. (a) SEM images of the Na3SbP0.16S3.6O0.4-420 sample at 5 µm magnification. (b) EDAX mapping 

area of Na3SbP0.16S3.6O0.4-420 and (c–f) individual elemental mapping of O, S, P, and Sb.

Here, the microstructure of Na3SbP0.16S3.6O0.4-500 and Na3SbP0.16S3.6O0.4-420 was 

observed using field emission SEM images with EDS mapping. In the powder form, 



the electrolyte exhibited a uniform porous flocculent structure. Within the electrolyte 

substance, these particles were dispersed randomly, resembling the often-found layered 

double hydroxide structure. These unique structural forms were a result of high-energy 

ball milling and high-temperature processing, and the structure was heavily affected by 

oxygen doping, resulting in tiny particles and agglomerated powders[31]. This 

structural characteristic is crucial for suppressing the propagation of Na dendrites. The 

EDS analysis of elements in the Na3SbP0.16S3.6O0.4-500 micro area is further shown in 

Figs. 5(b–f). The distribution of various elements is clearly depicted, with S and Sb 

elements accounting for the majority, indicating that the electrolyte is still a solid 

compound of Na3SbS4.

   

Fig. 7. (a) Cyclic voltammetry (CV) curves with a scanning rate of 1 mV/s for Na3SbP0.4xS4−xOx (0<x 

≤0.5) with different doping levels at 270 °C. (b) CV curves of Na3SbP0.16S3.6O0.4 at different heat 

treatment temperatures at a scanning rate of 1 mV/s. (c) Direct current polarization curves of 

Na3SbP0.16S3.6O0.4 with applied voltage at 25 °C. (d) Amount of H2S produced after exposing 

Na3SbP0.16S3.6O0.4 to different heat treatment temperatures and humid air (RH = 40%) for 20 min.



The P–O structure-modified Na3SbP0.4xS4-xOx solid electrolyte underwent testing for 

long-term electrochemical stability using CV (Figs. 6[a–b]). A standard sodium 

electrode and a stainless steel working electrode were used, and the electrolyte powder 

was compressed into blocks at a pressure of approximately 240 MPa. A semi enclosed 

battery was assembled using Na/SE/blocking electrodes[32]. The sodium adsorption 

and desorption processes were examined in low-potential (below 1 V) electrochemical 

oxidation and reduction reactions. Under the low-temperature treatment of 

Na3SbP0.16S3.6O0.4, the reduction reaction under negative voltage was irreversible (Fig. 

6[a]). By contrast, remarkable reversibility was observed in the high-temperature CV 

curves for the Na3SbP0.16S3.6O0.4 electrolyte (Fig. 6[b]). Additionally, the resulting solid 

electrolyte exhibited a steady electrochemical window between 0 and 5 V[33], with no 

other peaks observed in the tested samples[29]. The electrochemical window of the 

Na3SbP0.16S3.6O0.4-500 heat treated at 500 °C, was the most stable, as evidenced by its 

consistent linear response. This further demonstrated that the electrochemical stability 

of the P–O structure was crucial for the cycle stability of the solid electrolyte. The 

typical attenuation of current during the measurement process using the enhanced 

chronoamperometry method is shown in Fig. 6(c). The electronic conductivity was 

calculated using the equation: , and its value was determined to be 𝜎𝑒 = (
𝑙
𝑠)(

𝑑𝐼𝑒
𝑑𝑢 )

6.11×10−5 mS cm−1. The electronic conductivity was at least five orders of magnitude 

lower than that of all samples[34], indicating extremely low electron conductivity in 

the electrolyte. Considering that sodium ions played a prominent role in the ion 

conduction process, the reduction of electromigration and the maintenance if a high 



degree of ion conductivity suggested that the battery was durable and resistant to short 

circuits[35]. As opposed to electronic conductors, the prepared electrolytes were 

excellent ionic conductors. One of the main limitations for sulfide solid electrolytes in 

battery applications is their air sensitivity. Air sensitivity hinders their potential as high-

performance batteries. Hard acid and soft base theory suggests that the hard base O in 

the H2O molecule reacts with the hard acid P in Na3PS4 to form a P–O bond, whereas 

the soft base S reacts favorably with the hard H to release. However, P and O were 

combined preferentially to produce a stable bridge oxygen structure in NaSbPSO. 

Additionally, the SbS4 group remained stable at ambient temperature and pressure due 

to strong interaction between the soft acid Sb5+ and the soft base S2−. A cubic phase 

Na3SbS4 was synthesized as a reference material to assess the effect of ion substitution 

on the electrolyte samples’ air stability. The amount of H2S released by the doped 

sulfide solid electrolyte with oxygen and P elements was observed in humid air (Fig. 

6[d]). Compared with the undoped Na3SbS4 electrolyte, the release of H2S gradually 

decreased with increasing heat treatment temperature, and the release from 

Na3SbP0.16S3.6O0.4-500 within 20 min was only 0.202 cm3 g−1, which was a quarter of 

that from the pure Na3SbS4 electrolyte. This result strongly depended on the 

electrochemically stable structure formed by oxygen doping and the reduction of sulfur 

content, which served as the basis for the stability of the electrolyte material.



Fig. 8. DC cycling at step-increasing current densities at room temperature of the solid electrolytes 

Na3SbP0.16S3.6O0.4-270(a), Na3SbP0.16S3.6O0.4-380(c), Na3SbP0.16S3.6O0.4-420(e), and Na3SbP0.16S3.6O0.4-

500(g). DC cycling tests of Na3SbP0.16S3.6O0.4-270(b), Na3SbP0.16S3.6O0.4-380(d), Na3SbP0.16S3.6O0.4-



420(f), and Na3SbP0.16S3.6O0.4-500(h) solid electrolytes at ambient temperature with a current density of 

0.1 mA cm−2.

The recyclability of the Na3SbP0.16S3.6O0.4 electrolyte was investigated in a 

symmetrical Na | SE | Na battery utilizing gradient current and constant current 

experiments, as illustrated in Figs. 7(a), (c), (e), and (g). The voltage distribution across 

the electrolyte exhibited an Ohmic response, V = IR. The critical current density (CCD) 

of these solid electrolytes was defined as the current at which the voltage distribution 

of the electrolyte suddenly spikes. With increasing temperature, the CCD of 

Na3SbP0.16S3.6O0.4 continuously increased[36], reaching a maximum of 1.053 mA cm−2 

at Na3SbP0.16S3.6O0.4-500. In Figs. 7(b), (d), (f), and (h), the electrolytes were subjected 

to DC cycling tests at room temperature with 0.1 mA cm−2. All four electrolytes 

exhibited different Ohmic effects, with Na3SbP0.16S3.6O0.4-270 and Na3SbP0.16S3.6O0.4-

380 showing stable voltages of 0.5 V during the 120 h sodium plating/stripping process. 

The repeated changes in voltage indicated the formation of an unstable interface layer 

may at the electrolyte interface[37]. As the temperature increased, both 

Na3SbP0.16S3.6O0.4-420 and Na3SbP0.16S3.6O0.4-500 exhibited stable sodium 

electroplating/stripping processes. The initial voltage of Na3SbP0.16S3.6O0.4-500 was 

only 0.2 V, indicating that the transfer impedance of the material was sufficiently 

minimal to sustain 250 h of stable cycling. The increased bridging oxygen created by 

the P–O structure considerably improved the interface compatibility between the 

electrolyte and the sodium anode. The built symmetrical battery displayed good charge 

discharge cycling properties[38]. The electrolyte clusters were consistently contained 

and disseminated in the framework, as shown by SEM (Fig. 5). This resulted in 

consistent sodium metal deposition, efficiently avoided uneven sodium deposition, and 

reduced the formation of sodium dendrites, all of which contributed to the improved 

electrochemical stability of the electrolyte material[39].

4. Conclusions

In this work, a novel oxysulfide glass ceramic electrolyte with high ion conductivity 

and electrochemical stability for sodium metal negative electrodes was successfully 

synthesized using the high-energy ball milling method and varying heat treatment 



temperatures. The electrolyte was systematically tested in a symmetrical battery 

configuration. The battery, along with Na metal, exhibited excellent electrochemical 

stability while maintaining ambient temperature ion conductivity of 3.82 mS cm−1. It 

achieved a CCD of up to 1.053 mA cm−2 and stable cycling for up to 260 h in 0.1 mA 

cm−2. The introduction of P and O elements in the Na3SbS4 solid electrolyte led to the 

formation of oxide and oxygen sulfide units with bridging oxygen characteristics. The 

homogenization of the glass–ceramic structure was facilitated by the intermediate 

oxygen sulfide unit, resulting in a decreased electronic conductivity of the electrolyte. 

Furthermore, the formation of a dynamic stability of self-passivating SEI contributed 

to excellent electrochemical stability. This research provides a promising strategy for 

the development of all-solid-state sodium ion batteries with high energy density and 

long lifespan.
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