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Abstract 

The use of ion-conducting chalcogenide glass, a promising solid 

electrolyte, is encouraged at higher conductivity for all-solid-state 

rechargeable battery. Herein, a new quaternary glass of GaGeSbS–AgI 

system was successfully prepared, and its structural and electrochemical 

properties were investigated by XRD, Raman, and AC impendence 

measurement. The relatively high conductivity of 2.955 × 10-3 S/cm and 

low activation energy of 0.07 eV were obtained after optimized structure 

regulation. The short-range schematic of the glass structure was explored 

to determine the fast-migrating mechanism involved in conducting Ag+ 

ions. By controlling the proper ratio of Ga(Ge) and Sb cations, the loose 

and porous layer structure of [SbSxI3-x] linking by the [Ga(Ge)S4] 

tetrahedron was formed, resulting in the rapid transport of Ag+ ions with a 

reduced migration energy barrier. The current work is the first time that a 

sulfide solid electrolyte in quaternary glass system with desirable 

electrochemical characteristics was used to address energy and safety 

issues. 

1. Introduction 

The improvement of global human living standards has led to a huge 

demand for energy consumption, especially for hybrid electric vehicles 

and portable energy storage devices[1-4]. Traditional lithium-ion liquid 

batteries have been widely used in the commercial market due to their 

qualified energy density (≈ 250 Wh/kg)[5-7]. Nevertheless, owing to the 

frequent reports of liquid electrolyte leakage and thermal instability, the 

simultaneous achievement of high power and safety in current 

electrochemical devices seemed impossible[8, 9]. Therefore, 
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all-solid-state batteries with inorganic electrolytes have the potential to 

solve the problems related to safety and high energy density[10]. Sulfide 

solid glass electrolytes have become the focus of research because of 

their superior properties, such as high polarization and large ionic radius 

of S2-, which effectively improve ionic diffusion and room temperature 

conductivity. Meanwhile, the conduction pathways are isotropic and 

flexible due to the absence of crystalline passageways in the network. 

Ionic transport is accelerated by the amorphous network without grain 

boundary, contributing to the increase in ionic conductivity by several 

orders of magnitude compared with crystallines[11]. Moreover, sulfide 

glass with loosened transport channels and low binding energy is 

considered a candidate ionic conductor in producing efficient solid 

electrolytes[12]. 

However, the low ionic conductivity of solid electrolytes hinders the 

performance of solid-state batteries. Hence, the exploration of sulfide 

electrolytes with excellent room-temperature ionic conductivity has 

become a significant challenge in terms of system design and structural 

optimization in recent years. The glass former (GeS2, As2S3, Sb2S3) doped 

with metal compounds, including alkali-metal ions Li+, Na+, and K+ and 

transition-metal ions Ag+ and Cu+, was chosen for the solid electrolyte 

because of its good glass-forming ability and electrochemical 

properties[13-15]. The ternary glass system formed by aliovalent cations 

doping, such as GeGaS and GeSbS, is widely studied. In 2008, the 

conductivity of (100-2x)GeS2–xGa2S3–xAgI (1.2 × 10-6 S/cm) was 

reported by Stehilk et al.[16]. Then, the conductivity of AgI-doped 

GeSbS ternary glass system was raised to the commercially available 

magnitude of 10-3 S/cm through the regulation of the Ge/Sb ratios in the 

glass matrix[12]. One of the effective ways to improve ionic conductivity 

is aliovalent ion substitution. The charge-compensating induction 

vacancies or interstitials increased the degree of disorder in the matrix, 

which benefits the carrier’s long-range diffusion through the glass 

network. The control preparation of the sulfide glass materials and the 

design of the ions’ migration pathways are promising measures that can 

be used to achieve higher ion conductivity for secondary batteries. 
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In this work, two series of glass samples 60[x(Ga2S3–3GeS2)–
(1-4x)Sb2S3]–40AgI and (100-y)(0.1Ga2S3–0.3GeS2–0.6Sb2S3)–yAgI 

were prepared by melt quenching method. The optimized ionic channel 

was expected to obtain from the composition design aiming to achieve 

the high ionic conductivity with increasing silver dopant concentration. 

Germanium sulfide is used as a virtuous network former to easily form 

glasses with or without other alloy compounds. The mixed-cation effect, 

such as that in Sb2S3 and Ga2S3 sulfides, further enhances conductivity 

and stability with controlled coordination polyhedrons in the Ag ion 

conductive glass. The GaGeSbS–AgI glass system in the current work 

has a wide glass-forming region and favorable ionic conductivity of 2.95 

× 10-3 S/cm, which is higher than those of most sulfide electrolytes doped 

with halide salt. This work is our first attempt to synthesize a sulfide solid 

electrolyte in a quaternary glass system with desirable electrochemical 

characteristics.  

2. Experimental 

The samples of the system 60[x(Ga2S3–3GeS2)–(1-4x)Sb2S3]–40AgI 

(A-series, x = 0.1, 0.15, 0.2 mol%) and (100-y)(0.1Ga2S3–0.3GeS2–
0.6Sb2S3)–yAgI (B-series, y = 50, 55, 60 mol%) were prepared by 

conventional melt quenching technique in sealed silica ampules (∼10−3 

Pa) with high-purity materials including Ga, Ge, Sb, S, and AgI 

compounds[17]. The batches of about 15 g were heated to 950 °C for 12 

h, quenched and then annealed. The obtained rod-like glass was 

processed into 10- and 2 mm- thick discs. The samples of A-series were 

abbreviated as (GG)Sbz (z = 0.2, 0.4, 0.6). 

Confirmation of crystallographic and amorphous state of the prepared 

sample was performed by XRD measurement (Bruker D2 Phaser; Cu Kα; 
10 mA, 30 kV). The calorimetric measurement was performed using DSC 

(TA Q2000 Thermal Analysis) with a scan rate of 10 °C/min. The 

prepared disc was polished optically and then sputtered with Au for 

electrochemical tests. The as-prepared samples were evaluated using AC 

impedance method for ionic conductivity at 30 °C–100 °C and 1 Hz–1 

MHz. Structure detection was conducted at room temperature using a 

Raman spectrometer with a 785 nm LD laser (Renishaw inVia, 
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Gloucestershine, UK).  

3. Results and Discussion 

 
Fig.1. XRD patterns of the as-prepared 60[x(Ga2S3–3GeS2)–(1-4x)Sb2S3]–40AgI 

samples in the A-series (a), and (100-y)(0.1Ga2S3–0.3GeS2–0.6Sb2S3)–yAgI samples 

in the B-series (b).  

Fig. 1 shows the XRD patterns of all the samples. Three diffraction 

spectral lines with typical halo pattern are shown in Fig. 1 (a), thereby 

confirming the amorphous state of the A-series samples. In the Fig. 1 (b), 

an extensive crystalline peak occurred in the B-series when 65 mol% AgI 

was added into the matrix. Several peaks appeared at the diffraction 

locations following 22.5°, 23.7°, 25.2°, 39.3°, and 46.3°, which can be 

ascribed to the standard β/γ-AgI crystals (JCPDF card of no.1-502). 

 
Fig. 2. The variation tendency of Tg obtained from the DSC measurement.  

Thermodynamic properties of as-prepared samples were investigated 

by DSC detection in Fig. 2. In the case of A-series, the values of Tg 

presented a rising trend with increasing addition of Sb2S3 component, and 

this trend was related to the intensified degree of cross-linking network. 
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The tetra-coordinated [Ga(Ge)S4] units in the matrix provided more 

covalent bonding connections than tri-coordinated [SbS3] units, resulting 

in a higher degree of network linkages. Meanwhile, the elimination of 

non-bridging sulfurs (NBS) in the network enhanced the interconnections 

between the structural units. However, in the case of the B-series, I- ions 

were introduced into the matrix to serve as network terminator, which 

reduced the compactness of the glass network[18]. Eventually, the Tg of 

the 60 mol%-doped AgI sample became well maintained at 166 °C, 

indicating that a high operating temperature can be realized in this glass 

electrolyte. 

 
Fig. 3. The conductivity of A-series sample with different temperatures from 30 °C to 

100 °C.  

Fig. 3 presented the ionic conductivity of A-series samples as a 

function of temperature. The calculated conductivity of each sample was 

obtained from the relationship of σ=R-1D/S, where D is the sample 

thickness, and S represents the gold-coated area of the electrodes. High 

room temperature conductivity (2 × 10-5 S/cm) was obtained in (GG)Sb0.6 

sample of A-series, which reveals the optimized component for the 

improvement of ionic conductivity. With increasing temperature, the 

conductivity of all the A-series samples showed a significant 

enhancement. However, the differences in the increase in amplitude 

indicated the intrinsic differences of the ionic channels for the designed 

samples. 
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Fig. 4. Typical Nyquist diagram of the (100-y)(0.1Ga2S3–0.3GeS2–0.6Sb2S3)–yAgI 

samples in the B-series (y = 50, 55, 60 mol %). 

The representative Nyquist plot of B-series samples with different 

concentrations of AgI is given in Fig. 4, where Zre′ and -Zim′′ represent 

the resistance and reactance of bulk-samples, respectively. The presence 

of a semicircle (or half) and a spike, which indicated the typical behavior 

of an ionic conductor, was observed in the high- and low-frequency 

regions of the current. Lower resistance was realized with increasing 

ionic Ag+ content, leading to an excellent room temperature conductivity 

of 2.955×10-3 S/cm in the 60 mol% AgI sample. In general, the samples 

showed good fitting according to the Arrhenius Law, which was 

expressed as follows: 𝜎 = 𝐴𝑒𝑥𝑝⁡(− 𝐸𝑎𝑅𝑇) 

where A is the pre-exponential factor, R is the Boltzmann constant, T is 

the absolute temperature, and Ea is the activation energy. In theory, the 

barrier energy associated with optimized migration path was 

characterized by the magnitude of the Ea. The Ea values of samples doped 

with 50, 55, and 60 mol% AgI were calculated to be 0.1, 0.08, and 0.07 

eV, respectively, which were relatively lower value compared with those 

of other sulfide solid electrolytes, such as GeSbSe–Ag (0.32 eV) and 

GeGaSe–AgI (0.28 eV) glass systems[15, 19]. 
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Fig. 5. Raman spectra of 60[x(Ga2S3–3GeS2)–(1-4x)Sb2S3]–40AgI (A-series, x = 0.1, 

0.15, 0.2 mol) samples. 

To explore the effect of the structure nature of the sample on the 

conductivity characteristic, the samples were subjected to the Raman test. 

The obtained Raman spectrum of A-series samples is shown in Fig. 5; it 

consists of a broad band between 100 and 500 cm-1. Considering the 

significant changes of the ionic channels, the detailed analysis of the 

spectra was divided into Sb-related and Ga(Ge)-related vibrations. For 

(GG)Sb0.2 sample, the primary peak near 308 cm-1 was attributed to the 

vibrations of [SbSI] units. However, the peak position shifted to a higher 

wavenumber at 318 cm-1 with increasing Sb2S3 in the network. Moreover, 

the band near 162 cm-1, which belongs to [SbI3] units, appeared with the 

increased substitution of the Sb2S3 component. On the contrary, the peak 

shoulder from 230 cm-1 to 260 cm-1 represented the structural units of 

[GeSxI4-x], thereby increasing the vibration dependence of the Ge(Ga) 

ratios. The band around 265 cm-1 is related to the metal bonds of 

[Ga(Ge)–Ga(Ge)] and occurred at x = 0.2 but not at x = 0.1, indicating 

the formation of a sulfur-deficient environment in the glass network. The 

increasing bands near 345 and 408 cm-1 were associated with the 

vibrations of edge- or corner-shared [Ga(Ge)S4] units. Interestingly, the 

band at 212 cm-1 was related to the covalent bonds of Ag–S and was 

observed at x = 0.1. This band then disappeared with decreasing amount 

of Sb component and Ga(Ge) units. The results indicated that a high 
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number of defect sites correlated with Ag+ migration were possibly 

provided by the S-rich network[20-23]. 

 
Fig. 6. Schematic diagram of the detailed ion transmission channel, top view of the 

“layer” structure in the ball stick model (a) and side view of the stack structure in the 

atomistic model (b). 

Based on the evolution of network caused by the substitution, the 

specific formation of ionic channel and its effect on the ion’s diffusion 
were reasonably evaluated. When a large amount of Sb was introduced 

into the network, I- ions were more likely to combine with Sb ions, 

thereby forming the units of [SbSxI3-x], which enlarged the channel size 

and volume due to the large ionic radius. Meanwhile, the Ga(Ge) 

preferred to form the [Ga(Ge)S4] tetrahedron in the S-rich environment, 

and their shared S- bonds were expected to present two different 

behaviors in the network. First, the [SbSxI3-x] units were coordinated with 

bridging sulfur bonds given by [Ga(Ge)S4] tetrahedron, which effectively 

prevented the aggregation of [SbSI] units, thereby preventing 

devitrification. However, abundant defect sites (i.e., unstable and active 

Ag–S bonds), which reduced the distance among the Ag+ ions and 

decreased the activation energy, were provided by the non-bridging sulfur 

of [Ga(Ge)S4] tetrahedron[24]. Accordingly, the [SbSI] units provided a 

ribbon stacking framework with chains connected by weak van der Waals 

forces. The chains in the same dimension were expected to intertwine into 

a net-like structure. Therefore, the entire ionic channel can be described 
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as the stacked structure formed by the loose and porous “net” 

layer-by-layer, as shown in Fig. 6. The pseudo tetrahedron of [SbSxI3-x] 

was assumed to be the planer structure, because its bond angle was close 

to 120°. Hence, in the short-range order, the interconnection of Sb-related 

units caused by bond energy and van der Waals can be regarded as the 

monolayers, as shown in Fig. 6 (a). The infinitely extended [SbSxI3-x] was 

linked by Ga(Ge) tetrahedron in three dimensions, as shown in Fig. 6 (b). 

Most of the Ag+ ions were trapped in the defective sites created by NBS 

units of Ga(Ge) tetrahedron, whereas the rest occupied the interstitial 

sites and were randomly distributed around the I ions. These free carriers 

easily passed through the ionic channels because of their low activation 

energy. The Coulomb force attraction of anions was weakened by the 

defect sites, which were sufficiently close one another. The enlarged 

channel volume was caused by the loose multilayered structure. With 

continued incorporation of AgI in the optimized component, the 

concentration of conductive silver ions improved, further enhancing the 

conductive property of the glass electrolytes. 

4. Conclusion 

A-series samples of 60[x(Ga2S3–3GeS2)–(1-4x)Sb2S3]–40AgI and 

B-series samples of (100-y)(0.1Ga2S3–0.3GeS2–0.6Sb2S3)–yAgI were 

prepared by vacuum melt method, and the solubility of AgI dopant was as 

high as 60 mol% in the optimized (GG)Sb0.6 sample. The ion transport 

behavior and channel structures of Ag+ conductors were studied. Notable 

superionic transport behavior and good thermal stability were shown by 

the B-series glasses. A relatively high room temperature conductivity of 

2.955 × 10-3 S/cm was reported. The low activation energy (0.07 eV) of 

glassy samples confirmed the effectiveness of the migrating path in the 

optimized sample. Raman analysis suggested that the ion transmission 

channel was formed by the loose nets, which consisted of infinite 

connection of [SbS3-xIx] units, and the [Ga(Ge)S4-xIx] units conjoined 

single layers. Hence, the conductive ions of Ag+ were easily activated to 

the concerted transport by occupying the defective and interstitial sites 

with a reduced migrating energy barrier. This work proposed a new 

quaternary structure of glassy electrolytes and provided insights into Ag+ 
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ions migration in the network for further research on solid-state batteries.  
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