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Abstract 

Rate performance of all-solid-state sodium cells (Na15Sn4 / Na3PS4 glass-ceramic / 

a-TiS3) was investigated. The resistance attributable to Na15Sn4 negative electrode was 

increased with the discharge-charge cycles. The addition of acetylene-black (AB) to the 

Na15Sn4 electrode suppressed the resistance increase and improved the rate 

performance; eg. the capacity at the current density of 0.13 mA cm-2 increased from ca. 

65 mAh g-1 to ca. 175 mAh g-1. In addition, the replacement of Na3PS4 glass-ceramic by 

94Na3PS4･6Na4SiS4 (mol%) glass-ceramic with a higher sodium ion conductivity 

decreased the cell resistance related to solid electrolyte (separator and positive 

electrode) and thus increased the cell capacity from ca. 36 mAh g-1 to ca. 185 mAh g-1 

at the current density of 0.25 mA cm-2. 
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1. Introduction 

Developing widespread use of smart grid systems for reducing energy wastes 

requests large-sized rechargeable batteries with high energy density, high safety and low 

production cost.1 All-solid-state batteries are expected as safe batteries with high energy 

density because they use solid electrolytes, which enable direct-series-stacking of the 

cells and remove the risks of leakage and combustion.2-6 Sodium-ion batteries have a 

high energy density comparable to lithium-ion batteries, and also have a merit of low 

production cost because of using abundance sodium sources.7-10 Solid electrolytes with 

a high sodium ion conductivity are key materials for all-solid-state sodium batteries. 

C.-W. Park et al. have prepared sodium-sulfur cells using gel polymer electrolytes, but 

the capacity was drastically decreased with discharge-charge cycles because the gel 

polymer electrolytes were not able not prevent the dissolution of sulfur active 

material.11 Y. Noguchi et al. have reported the all-solid-state sodium cells with the 

Na3Zr2SiPO12 solid electrolyte.12 The all-solid-state cell with Na3V2(PO4)3 active 

material shows the reversible capacity of ca. 70 mAh (g-cathode)-1 at the first cycle and 

ca. 35 mAh g-1 at the second cycle. However, sintering at high temperature (700oC) is 

needed to reduce cell resistance and solid electrolytes reacting with active materials at 

such high temperatures are difficult to be used. We have reported that a 
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powder-compressed pellets of Na3PS4 glass-ceramic electrolyte with cubic-Na3PS4 

phase showed a high sodium ion conductivity of 4.6×10-4 S cm-1 at 25oC.13-15 

All-solid-state sodium cells using the Na3PS4 glass-ceramic were fabricated by only 

pressing electrode and electrolyte powders at room temperature.13,14,16 The cells with 

Na15Sn4 alloy negative electrode and amorphous TiS3 (a-TiS3) positive electrode showed 

a high capacity of over 300 mAh (g-TiS3)
-1 and good cycle performance.16 Decrease of 

cell resistance is useful for improving cell performance. The use of solid electrolytes 

with higher conductivity, and the addition of conductive additives to electrodes will be 

effective in decreasing the cell resistance. Very recently, we have developed the 

94Na3PS4･6Na4SiS4 (mol%) glass-ceramic electrolyte with a higher conductivity of 

7.4×10-4 S cm-1 than the Na3PS4 glass-ceramic15,17.    

In this study, the 94Na3PS4･6Na4SiS4 glass-ceramic was used as a solid electrolyte 

for all-solid-state sodium Na15Sn4 / a-TiS3 cells. Acetylene black (AB) was also added 

to the electrodes to secure electronic conduction paths to the active materials.  Effects 

of the use of the electrolyte and AB on rate and cycle performances of the cells were 

examined.      

 

2. Experimental  

All-solid-state Na15Sn4 or Na15Sn4-AB / a-TiS3 cells using Na3PS4 glass-ceramic or 
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94Na3PS4･6Na4SiS4 glass-ceramic as a solid electrolyte were fabricated. The Na15Sn4 

powders (ca.10 m in size) were prepared by ball milling of stoichiometric amounts of 

Na (Kanto Chem., 99%) and Sn (Aldrich, 99.8 %) using a stainless pot (45 ml) and 10 

stainless balls (10 mm diameter).14 The composites Na15Sn4-AB (ca.10 m in size) as a 

negative electrode were prepared by ball milling with the weight ratio of Na15Sn4 : AB 

(Denka Black, ca.15 nm in primary particle18) = 4 : 1. The rotation speed was 230 rpm 

and the milling durations were 5 hours. The Na3PS4 glass-ceramic (ca. 5 m in size) and 

94Na3PS4･6Na4SiS4 glass-ceramic powders (ca. 10 m in size) were prepared by 

mechanical milling and consecutive heat treatment.13-15 The a-TiS3 powders (0.1-2 m 

in size) were also prepared by mechanical milling from an equimolar mixture of 

crystalline TiS2 (Kojundo Chem., 99 %) and sulfur (Aldrich, 99.98 %).19 The composite 

positive electrode was prepared by well-mixing a-TiS3, AB  and Na3PS4 or 94Na3PS4･

6Na4SiS4 glass-ceramics with the weight ratio of 20 : 3 : 30. The all-solid-state Na15Sn4 

/ a-TiS3 cells were fabricated by cold pressing at 360 MPa of three layers of negative 

electrode (100 mg), solid electrolyte (separator, 80 mg), and positive electrode (7.5 

mg).16 Stainless-steel disks were used as a current collector. The electrochemical 

performance of the cells were examined at constant current densities from 0.013 to 1.0 

mA cm-2 at 25oC using a charge-discharge measuring device (VMP3, Bio-Logic Co.). 



6 

 

The cell capacities were normalized by the weight of a-TiS3. The cell resistances before 

and after charging processes were measured by the AC impedance method in a dry Ar 

gas atmosphere, using an impedance analyzer (Solartron, 1260) with an applied voltage 

of 10 mV in the frequency range of 100 Hz to 8 MHz. All the processes of the cell 

fabrication and the electrochemical tests were performed in a dry Ar-filled glove box.   

 

3. Results and discussion 

Charge-discharge curves at various current densities of an all-solid-state cell 

(Na15Sn4 / Na3PS4 glass-ceramic / a-TiS3) are shown in Fig. 1. The cell shows a high 

capacity of over 300 mAh g-1 at the current density of 0.013 mA cm-2. Crystalline TiS3 

has been reported to react with lithium by three-electron reaction of the redox of Ti4+ to 

Ti3+ and (S-S)2- to 2S2-.20 The theoretical capacity of TiS3 is 558 mAh (g-TiS3)
-1 on the 

basis of the three-electron reaction. Although mechanism of the electrochemical 

reaction of amorphous TiS3 with sodium has not been clarified yet, the capacity of 300 

mAh (g-TiS3)
-1 corresponds to the utilization of 54% in consideration of the same 

reaction for amorphous TiS3 in this study. However, the capacity at a higher current 

density of 0.13 mA cm-2 is drastically decreased to 40 mAh g-1. Decrease of the cell 

resistance is needed for the improvement of rate performance. Fig. 2 (a) shows Nyquist 

plots of the cell Na15Sn4 / Na3PS4 glass-ceramic / a-TiS3 before and after the 1st and 5th 
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charge processes at 0.013 mA cm-2. Two semicircles are observed in the Nyquist plots 

of the cells. The semicircle with the characteristic frequency of 0.1 MHz (R1) is 

attributable to the resistance of Na15Sn4 negative electrode and Na3PS4 electrolyte 

(separator), and the semicircle with the characteristic frequency of 1 kHz (R2) to the 

resistance of a-TiS3 positive electrode.16 The resistance component of R1 becomes 

larger with charge-discharge cycles, suggesting that the resistance of the Na15Sn4 

negative electrode probably contributes to increase R1. The Na15Sn4 alloy is reported to 

undergo the reaction “Na15Sn4 → Na9Sn4 + 6Na+ + 6e-” on the discharge process, where 

ca. 51% of volume decrease in the alloy is reported.21 The large volume change of the 

active material often triggers the lack of the contact in the electrode, and these contact 

loss would increase electrode resistance in all-solid-state cells.23 

Datta et al. reported that the addition of graphite to Sn electrode improved the cycle 

performance and coulomb efficiency in the liquid-type sodium cells.21 In this study, AB 

was added to the Na15Sn4 electrode as not only a conductive additive but also a buffer 

material against volume change. Fig. 2 (b) shows Nyquist plots of the cell Na15Sn4–AB 

/ Na3PS4 glass-ceramic / a-TiS3 before and after the 1st and 5th charge processes. The 

resistance R1 is decreased by adding AB to the Na15Sn4 electrode. The discharge curves 

described in Fig. 3 (a) show better rate performance by adding AB to the Na15Sn4 
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electrode. The addition of AB would suppress the lack of contacts in the Na15Sn4 

electrode with discharge-charge process.  

   Furthermore, the Na3PS4 glass-ceramic electrolyte was replaced by the 

94Na3PS4・6Na4SiS4 glass-ceramic with higher Na+ ion conductivity in order to decrease 

the resistance of solid electrolytes. Fig. 2 (c) shows Nyquist plots of the cell Na15Sn4–

AB / a-TiS3 with the 94Na3PS4・6Na4SiS4 glass-ceramic as a separator and an additive 

to the a-TiS3 positive electrode. The resistance R1 of the cell before charge-discharge is 

decreased from 800  to 200  by substituting 94Na3PS4・6Na4SiS4 for Na3PS4 solid 

electrolyte. The resistance change of R1 is consistent with the difference of the 

conductivity for the compressed pellets of the glass-ceramic powders. In addition, the 

Nyquist plots after the 5th charge shows that the resistance R2 is ca. 250 , which is 

smaller than the R2 (ca. 1000 ) of the cell using Na3PS4 glass-ceramic as shown in Fig. 

2 (b). The reduction of cell resistances of R1 and R2 by substitution of 94Na3PS4・

6Na4SiS4 glass-ceramic for Na3PS4 glass-ceramic improves the rate performance of the 

all-solid-state sodium cells as shown in Fig. 3 (b). A gradual voltage decay is observed 

in the discharge process and it is the characteristic behavior of amorphous active 

materials22, but the gradient of the discharge curve for the cell using Na3PS4 

glass-ceramic is relativity large at 0.25 mA cm-2. The resistance increase in the 
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composite electrode during the discharge process because of low Na+ ion conductivity 

of the solid electrolyte also seems to be another reason of the voltage decay. The voltage 

decay is suppressed by using 94Na3PS4・6Na4SiS4 glass-ceramic electrolyte with a 

higher Na+ ion conductivity. Further voltage decay is not observed in subsequent cycles 

at the same rate. The 94Na3PS4・6Na4SiS4 glass-ceramic with higher Na+ ion 

conductivity provides better Na+ ion conduction pathways to the a-TiS3 active material 

in the cells. 

Fig. 4 shows the cycle performance of the discharge capacity for the cell Na15Sn4–

AB / a-TiS3 with the 94Na3PS4・6Na4SiS4 glass-ceramic electrolyte at the various 

current densities. There is an irreversible capacity at the first cycle because of volume 

change at the 1st discharge-charge process.16 The cell exhibits the capacity of ca. 200 

mAh g-1 at 0.13 mA cm-2 and ca. 100 mAh g-1 at 0.50 mA cm-2, which are larger than 

the capacity of ca. 50 mAh g-1 at 0.13 mA cm-2 for the cell with the Na3PS4 electrolyte 

as shown in Fig. 1. The all-solid-state sodium cell at the 26th cycle shows almost the 

same capacity at the second cycle. 

 

4. Conclusion 

The capacity of the cell Na15Sn4 / Na3PS4 glass-ceramic / a-TiS3 was decreased to 

50 mAh (g-TiS3)
-1 at the current density of 0.13 mA cm-2. The resistance attributable to 
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the Na15Sn4 negative electrode was large after charging process. The addition of 

nano-carbon material AB to Na15Sn4 electrode suppressed the increase of the resistance, 

and improved the rate performance. The added AB would work as not only a conductive 

additive but also a buffer material. The resistance of the electrolyte (separator) and 

a-TiS3 electrode was decreased by using the 94Na3PS4・6Na4SiS4 glass-ceramic 

electrolyte, and the rate performance of the cell furthermore improved. The 

all-solid-state sodium cell at the 26th cycle showed almost the same capacity at the 

second cycle. It indicated that the all-solid-state sodium cell Na15Sn4-AB / a-TiS3 using 

94Na3PS4・6Na4SiS4 glass-ceramic exhibited good cyclability. 
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Figure capture 

Fig. 1. Discharge-charge curves of the cell Na15Sn4 / Na3PS4 glass-ceramic / a-TiS3 at 

various current densities. 

Fig. 2. Nyquist plots of (a) the cell Na15Sn4 / Na3PS4 glass-ceramic / a-TiS3 and (b) the 

cell Na15Sn4–AB / Na3PS4 glass-ceramic / a-TiS3, and (c) the cell Na15Sn4–AB / 

94Na3PS4・6Na4SiS4 glass-ceramic / a-TiS3 before and after 1st and 5th charge 

processes. R1 and R2 respectively denote the resistances of “Na15Sn4 negative electrode 

and electrolyte (separator)” and “a-TiS3 positive electrode”. 

Fig. 3. Discharge curves at various current densities of (a) the cell Na15Sn4–AB / Na3PS4 

glass-ceramic / a-TiS3 and (b) the cell Na15Sn4–AB / 94Na3PS4・6Na4SiS4 glass-ceramic 

/ a-TiS3.  

Fig. 4. Cycle performance of discharge capacities of the cell Na15Sn4–AB / 94Na3PS4・

6Na4SiS4 glass-ceramic / a-TiS3 at various current densities. 

 


