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Abstract 

Li4GeS4 substituted Li3PS4 crystals have high Li+ ion conductivities comparable to that of commercial 

organic electrolytes [Kamaya et al., Nat. mater. 10 (2011) 682.]. In this study, (100–x)Na3PS4·xNa4GeS4 

glasses and glass-ceramics were prepared for novel Na+ ion conductors. These glasses, which have the 

highest Na content reported to date in the Na–P–Ge–S system, were prepared by a mechanical milling 

technique. These glasses are composed of PS4
3– and GeS4

4–. The crystallization temperatures gradually 

increased with increasing Na4GeS4 content. The glasses showed higher conductivities of ~10–5 S cm–1 than 

the Na–P–Ge–S glasses reported so far. The glass–ceramics with the compositions x = 50 and 75, where 

the crystal predicted by first principles calculations to have high conductivities exceeding 10–3 S cm–1 was 

precipitated, exhibited Na+ ion conductivities of ~10–5 S cm–1 at room temperature. 
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1. Introduction 

Present-day mobile devices such as smart phones and laptop computers are primarily powered by Li+ 

ion batteries with high energy density [1]. The application of such batteries for large energy-storage devices, 

including electric vehicles and stationary energy-storage batteries has been expected to reduce the emissions 

of increasing CO2. However, flammable organic electrolyte solutions are used in commercial Li+ ion 

batteries, leading to the risks of leakage and ignition. Moreover, the cost of Li resources has been increasing 

because these resources are limited in supply and are localized in politically sensitive regions [2]. There are 

also serious problems with the safety and costs of the widespread usage of large batteries. All-solid-state 

batteries, in which nonflammable solid electrolytes are substituted for flammable electrolyte solutions, are 

expected to be very safe [3–5]. Moreover, abundant Na is a negative metal electrode comparable to Li, 

which contributes to high voltage batteries [6]. Therefore, all-solid-state Na batteries are expected to have 

low material costs, high energy density, and be extremely safe. Solid electrolytes with high Na+ ion 

conductivities are necessary to realize the next-generation batteries. We have reported that Na3PS4 glass-

ceramics exhibit high Na+ ion conductivities (over 10–4 S cm–1) [7]. All-solid-state Na batteries, where the 

Na3PS4 glass-ceramic is used as a solid electrolyte, have operated as secondary batteries at room 

temperature. The Na3PS4 glass-ceramics are prepared by heat treatment of glasses of composition 

0.75Na2S･0.25P2S5. A high-temperature phase of cubic-Na3PS4 is precipitated in the glass-ceramics, while 

tetragonal-Na3PS4 is precipitated in the samples prepared by the conventional solid-phase method. The 

glass-ceramics with the cubic-Na3PS4 phase display higher conductivities than that of the samples with 

tetragonal-Na3PS4
 (~10–6 S cm–1) [8]. However, the conductivities are still two orders of magnitude lower 

than those of conventional liquid-electrolyte systems [9]. Further improvement in conductivity is required 

for the commercialization of all-solid-state Na batteries. 

 The substitution of the fifteenth group element of phosphorus for the fourteenth group elements 

enables additional Na+ ion doping. The conductivities of the Na3PS4 glass-ceramics have been increased by 



adding Na4SiS4 into the glass precursor [10]. A Na3PS4 glass-ceramic with 6 mol% Na4SiS4 exhibits a higher 

conductivity (7.4x10–4 S cm–1) than the glass-ceramics without Na4SiS4 (4.6x10–4 S cm–1). Rietveld analysis 

has disclosed that the partial PS4
3– ion in the cubic-Na3PS4 phase are substituted by the SiS4

4– ion, and Na+ 

ion carriers in the conductive pathways increase [11]. Moreover, the substitution of the electrolyte has 

improved the rate performance of all-solid-state Na batteries [12]. For Li+ ion conductors, a crystal where 

Li3PS4 is partially substituted by Li4GeS4 has exhibited an extremely high conductivity comparable to that 

of commercial liquid electrolytes at room temperature [13]. Additionally, for Na+ ion conductors, first-

principles calculations have suggested that Na3PS4 crystals partially substituted by Na4GeS4 have high 

conductivities that exceed 10–3 S cm–1 [14,15]. Therefore, Na3PS4–Na4GeS4 (NGPS) crystals with high ionic 

conductivities are expected to be precipitated by the crystallization of the NGPS glasses. In the Na–Ge–P–

S system, only the 0.5Na2S + 0.5[ xGeS2 + (1–x)PS5/2] glasses have been prepared by the melt-quench 

method [16]. The NGPS compositions (100–x) (0.60Na2S･0.40PS5/2)･x(0.67Na2S･0.33GeS2) have much 

higher Na contents. In general, the preparation of glasses with higher Na content is difficult by melt 

quenching [17]. We have reported that glasses with high alkali contents that could not be prepared by 

conventional melt quenching could be prepared by mechanical milling [18–20]. Moreover, glasses with 

higher Na contents are generally expected to display higher conductivities [19].  

In this study, NGPS glasses have been prepared by a mechanical milling technique. The glass-

ceramics have also been prepared by crystallizing these glasses. The structures and ionic conductivities of 

the obtained glasses and glass-ceramics have been investigated. 

 

2. Experimental 

2.1. Synthesis of (100–x)Na3PS4·xNa4GeS4 glasses and glass-ceramics 

The starting materials, Na2S (> 99.1% purity; Nagao Co.), P2S5 (> 99%; Aldrich Chemical Co. Inc.), 

and GeS2 (> 99.9999%; Furuuchi Chemical Co.) powders, were mixed to yield the composition (100–



x)Na3PS4·xNa4GeS4 (mol%). The mixtures were mechanically milled using a planetary ball mill apparatus 

(Pulverisette 7; Fritsch GmbH) with a zirconia pot (45 mL) and 500 zirconia balls (4 mm diameter) at a 

rotation speed of 510 rpm. All the samples were mechanically milled until X-ray diffraction (XRD) peaks 

of the starting materials disappeared; these milling durations were 5–15 h. The milled powders were 

compressed with a uniaxial press to prepare pellets of diameter 10 mm and thickness 1–1.5 mm. These 

pellets were crystallized by heating at an appropriate temperature between 210°C and 330°C for 2 h to 

obtain glass–ceramics. The heating temperatures were selected on the basis of the crystallization 

temperatures, which were determined by differential thermal analysis (DTA). XRD measurements of the 

prepared materials were performed using a Cu Kα radiation with a diffractometer (Ultima IV; Rigaku Corp.). 

DTA was performed using a thermal analyzer (thermo Plus TG8110; Rigaku Corp.) at a heating speed of 

10°C min–1. All the processes were performed in a dry Ar-filled atmosphere. 

The XRD pattern of the NGPS crystal, which has been predicted to be a fast Na+ ion conductor by 

Kandagal et al. [14], has not been reported to date. The XRD pattern was simulated from the NGPS structure 

with a tetragonal P42/mc space group obtained from a first-principles calculation referencing the paper [14]. 

Density-functional theory calculations were performed using spin-polarized generalized gradient 

approximation (GGA-PBEsol) [21,22], based on the plane-wave basis set and the projector-augmented 

wave (PAW) method [23,24], as implemented in the Vienna ab initio simulation package (VASP) [25,26]. 

Energy cutoff of 500 eV and a uniform mesh of 3×3×3 were used. 

 

2.2. Ionic conductivity measurements 

Ionic conductivities of the pelletized (100–x)Na3PS4·xNa4GeS4 milled samples and the heated samples 

were evaluated by alternating current (AC) impedance measurements. The pellets were coated with a 

carbon paste on both faces to form ion-blocking electrodes. Two stainless steel disks coupled with Pt wires 

were attached to the pellets as current collectors. AC impedance measurements at various temperatures 



were conducted for the cell under dry Ar gas flow using an impedance analyzer (1260; Solartron Analytical) 

at frequencies ranging from 10 Hz to 8 MHz. 

 

3. Results and discussion 

Figure 1 shows the XRD patterns of the (100–x)Na3PS4·xNa4GeS4 samples prepared by mechanical 

milling (MM; durations are in parentheses). There are no peaks that could be attributed to the starting 

materials of the milled samples. We have reported that a cubic-Na3PS4 phase is directly precipitated at the 

composition x = 0 using Na2S (Nagao Co.) as a starting Na source [27], while a glass with a halo pattern is 

prepared using Na2S (Aldrich Co.) [19]. Additionally, in the sample of composition x = 5, cubic-Na3PS4 

was precipitated as a result of the milling process. Halo patterns were observed for all the other samples.  

Figure 2 presents the Raman spectra of the (100–x)Na3PS4·xNa4GeS4 milled samples and the starting 

materials. The peaks for the starting materials Na2S, GeS2, and P2S5 agree with those reported in the 

literature [18,28,29]. The peaks of these starting materials were not detected in the (100–

x)Na3PS4·xNa4GeS4 milled samples, suggesting that these materials reacted with each other during the 

milling process. The peaks at 371 and 420 cm–1 are attributed to the GeS4
4– [16] and PS4

3– [18] units 

respectively, which are the units corresponding to the nominal compositions. The peak of the GeS4
4– unit 

at 371 cm–1 has a shoulder on the high wavenumber side, which could be attributed to the Ge2S7
6– unit [16]. 

In the Na4GeS4 glass sample prepared by melt quenching, a minor presence of the Ge2S7
6– unit has also 

been reported [16]. An identical result was found in the mechanically milled samples. 

Figure 3 shows the temperature dependence of conductivity for a 25Na3PS4･75Na4GeS4 glass pellet as 

an example. The conductivities were calculated from the complex impedance plots shown in the inset. In 

the plots, a part of a semicircle in the higher frequency region and a spike in the lower frequency region 

were observed, suggesting that the glass behaved as a typical ionic conductor. The same behavior was 

observed for all other samples. The former component was attributed to the contributions of the bulk and 



the grain boundaries in the glass electrolyte, which were not separated distinctly. The total conductivity, 

which included the bulk and grain boundary components, was determined from the total resistance (Rtotal) 

at the cross-section of the semicircle and the spike on the x-axis. The total conductivity σ then obeyed the 

Arrhenius equation: σ = σ0 exp (–Ea / RT) where σ0 is a pre-exponential factor, R is the gas constant, and T 

is temperature. The activation energies (Ea) for Na+ ion conduction were calculated from the slopes of the 

temperature dependences of the conductivities. 

Figure 4 shows the composition dependence of ambient temperature conductivities and activation 

energies for the (100–x)Na3PS4·xNa4GeS4 milled samples. All the milled samples exhibited a conductivity 

of 10–5 – 10–4 S cm–1 at room temperature. In the glass-forming region of 25 ≤ x ≤ 100, where amorphous 

samples are obtained, the conductivity was likely to increase with the increase in the Na4GeS4 component.  

The activation energies of the milled samples in the glass-forming region are almost identical at ~38 kJ 

mol–1. The Na4GeS4 component would increase the conduction carrier of the Na+ ion and these 

conductivities. The (100–x)Na3PS4·xNa4GeS4 glasses exhibited higher conductivities than the 

0.5Na2S+0.5[0.7GeS2+0.3PS5/2] glass, with the highest conductivity being 4 × 10–7 S cm−1 [30] among all 

Na–Ge–P–S glasses reported to date. 

The DTA curves of the (100–x)Na3PS4·xNa4GeS4 milled samples are shown in Figure 5. All milled 

samples have an exothermic peak in the region of 200 – 300oC, which is attributed to crystallization. The 

samples at the compositions x = 0 and 5, where the cubic-Na3PS4 phase is precipitated directly after the 

milling process, also exhibited the exothermic peak. This suggests that the glassy components remained in 

the milled samples. The temperatures corresponding to these peaks increased with the increase in the 

Na4GeS4 content. An endothermic behavior attributable to glass transition was observed in the samples of 

the compositions x = 25, 50, and 75. The results from XRD, DTA, conductivity measurements, and Raman 

spectroscopy suggested that NGPS glasses were obtained from the mechanical milling process. The 

pelletized samples were heated above the crystallization temperatures as shown in Figure 5. These heat-



treated samples are described as “glass–ceramics” in the literature. 

Figure 6 (a) displays the XRD patterns of the (100–x)Na3PS4·xNa4GeS4 glass–ceramics and the NGPS 

crystal, as predicted by the first-principles calculations. A silicon powder was mixed as an internal standard 

in these XRD measurements. In the sample of composition x = 5, the intensities of the peaks attributable to 

cubic Na3PS4 increased by the heat treatment. The peak displayed no shift from the position corresponding 

to the glass-ceramics for the composition x = 0. Some small unknown peaks were precipitated in the 

95Na3PS4·5Na4GeS4 glass-ceramics. Figure 6 (b) shows the NGPS structure obtained by a first principles 

calculation. The structure is similar to that reported by Kandagal [14] and has the unit cell parameters a = 

9.451 Å, b = 9.451 Å, and c = 13.374 Å. Some unknown phases were observed also in samples having 

alternative compositions, but a pattern similar to that predicted for the NGPS crystal was primarily observed 

for the samples corresponding to x = 50 and 75. Therefore, the peaks primarily observed in the XRD 

patterns of these glass-ceramics were attributed to the NGPS phase. A minor peak shift was observed that 

would originate from the difference in the chemical composition of the NGPS phase. Reconsideration of 

the preparation conditions and further analysis of the crystal structure should be performed in a future study. 

In the glass-ceramics of composition x = 100, the Na4GeS4 and unknown peaks were observed. 

Figure 7 shows the composition dependence of ambient temperature conductivities and the activation 

energies for the (100–x)Na3PS4·xNa4GeS4 glass-ceramics. The glass-ceramics having higher conductivities 

at room temperature were likely to have lower activation energies. At the compositions x = 0 and 5, where 

the cubic-Na3PS4 phase was primarily crystallized, the conductivities increased to values higher than 10–4 

S cm–1 by heat treatment. In the (100–x)Na3PS4·xNa4GeS4 glass-ceramics, a small amount of Na4GeS4 

decreased the conductivity. Moreover, the conductivity of the x = 50 sample, where the NGPS phase was 

primarily precipitated, was 1.9x10–5 S cm–1, which was two orders of magnitude lower than the predicted 

conductivity of 3.5x10–3 S cm–1 for the NGPS phase. Further consideration of the compositions and 

preparation conditions are necessary because byproducts, which would affect these conductivities, were 



precipitated in these samples. 

 

4. Conclusions 

NGPS glasses with the highest Na contents in the Na–Ge–P–S system were prepared by a mechanical 

milling technique. These glasses primarily consisted of PS4
3– and GeS4

4–, which corresponded to the 

nominal compositions. The Na+ ion conductivities increased with an increase in the Na4GeS4 content in the 

glasses, and represented the highest conductivities among all Na–Ge–P–S glasses. Although the NGPS 

phase predicted to have a high conductivity was precipitated by crystalizing the glasses, the measured 

conductivities were two orders of magnitude lower than the predicted conductivity. Further examination of 

the preparation conditions is necessary. 
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Figure 1. XRD patterns of the (100-x)Na3PS4･xNa4GeS4 (mol%) mechanically milled samples. The 

numbers in parentheses are milling periods of time. Inverted triangle denotes the diffraction peaks, which 

are attributed to the cubic-Na3PS4 phase [7]. 

  



 

 

 

Figure 2.  Raman spectra of the (100-x)Na3PS4･xNa4GeS4 (mol%) mechanically milled samples and 

starting materials Na2S, GeS2 and, P2S5. 

 

 

 



 

Figure 3. Temperature dependence of the conductivities of the 25Na3PS4･75Na4GeS4 (mol%) milled 

sample. Inset is a complex impedance plots of the milled sample at room temperature.  

 

  



 

 

Figure 4. Composition dependence of the room temperature conductivities and the activation energies for 

the (100-x)Na3PS4･xNa4GeS4 (mol%) milled samples. 

  



 

Figure 5. DTA curves of the (100-x)Na3PS4･xNa4GeS4(mol%) mechanically milled samples. 

  



 

 

Figure 6 (a) XRD patterns of the (100-x)Na3PS4･xNa4GeS4 glass-ceramic samples and the NGPS 

structure obtained by a first principles calculation. The predicted crystalline structure of the NGPS 

phase is also shown in (b). The structure is composed of Na, PS4 and GeS4 and the sodium ions 

are arranged along c axis.”  



 

 

Figure 7. Composition dependence of the room temperature conductivities and the activation energies for 

the (100-x)Na3PS4･xNa4GeS4 (mol%) glass-ceramics.  

 


