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Abstract 

 In the development of sodium all-solid-state batteries (ASSBs), research efforts have 

focused on synthesizing highly conducting and electrochemically stable solid-state electrolytes 

(SSE). Glassy solid electrolytes (GSEs) have been considered very promising due to their tunable 

chemistry and resistance to dendrite growth. For these reasons, we focus here on the atomic-level 

structures and properties of GSEs in the compositional series (0.6-0.08y)Na2S + (0.4+0.08y)[(1-

y)[(1-x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO). The mechanical moduli, glass transition temperatures, 

and temperature-dependent conductivity were determined and related to their short-range order 

(SRO) structures that were determined using Raman, Fourier transform infrared (FT-IR) and 31P 

and 29Si magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopies. In 

addition, the conductivity activation energies were modeled using the Christensen-Martin-

Anderson-Stuart (CMAS) model. These GSEs appear to be very crystallization resistant in the 

supercooled liquid region where no measurable crystallization below 450 °C could be observed in 

DSC studies. Additionally, these GSEs were found to be highly conducting, with conductivities 

on the order of 10-5 (Ω cm)-1 at room temperature, and processable in the supercooled state without 
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crystallization. For all these reasons, these NaPSiSO GSEs are considered to be highly competitive 

and easily processable candidate GSEs for enabling sodium ASSBs.  

Introduction 

 With increasing dependence on electric power, developing better batteries is becoming 

more crucial. Common batteries, such as lithium-ion batteries, for example, often employ toxic 

and flammable organic liquid electrolytes (OLEs), stimulating the development of solid-state 

electrolytes (SSEs) as safer alternatives.1-2 In addition to OLEs, batteries are often designed using 

expensive, rare, and even unethically sourced materials like lithium metal and cobalt.3-4 Sodium 

all-solid-state (ASSBs) batteries have been pursued as a solution to these ethical and environmental 

concerns. These issues have led to exploring batteries using only low cost, abundant materials like 

sodium and sulfur.5-6 The SSE separator has, in particular, been the subject of considerable 

research focus and interest.  

 One class of sodium SSEs is based on oxide ceramics, such as sodium beta-alumina and 

NASICON (Na3Zr2Si2PO12). These materials have high ionic conductivities and good chemical 

and electrochemical stability, making them promising candidates for use in sodium ASSBs.7-8 

Another class of sodium SSEs is based on polymers, such as polyethylene oxide (PEO) and its 

derivatives. These materials can offer improved mechanical flexibility compared to ceramic 

electrolytes, but often have lower ionic conductivities.9 While there are many classes of SSEs, 

amorphous materials show unique merit.  

Sulfide glassy solid electrolytes (GSEs) can offer high ionic conductivities and inherent 

resistance to dendrites but may be more difficult to process and manufacture compared to ceramic 

and polymer electrolytes due to their poor air stabilty.10-13 The composition of the SSE plays a 

crucial role in determining its properties. The tunable compositions of GSEs allow for the fine 
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control of its ionic conductivity, chemical stability, and mechanical toughness. Mixed glass former 

(MGF) systems have been shown to improve the glass formability and sometimes the ionic 

conductivity, while mixed anion systems have been shown to improve the thermal and chemical 

stabilities.11, 14-16 For example, the MGF system Li1.5+xAl0.5Ge1.5SixP3−xO12 and mixed anion 

system Na3PS4-xOx based amorphous SSE systems have both found benefits to conductivity and 

chemical stability with increased x, respectively.10, 17 Further, silicate-rich systems have not only 

shown improved ionic conductivity, but also lower parasitic electronic conductivity and higher 

electrochemical stability.18-20 For example, the Na2S-SiS2-PS5/2 system studied by Watson et al. 

showed highly competitive conductivities on the order of 10-5 at room temperature.20 In addition 

to the Na3PS4-xOx system, many other mixed anion GSE systems have shown benefits of 

incorporating oxygen into a pure sulfide glass.10 For example, the Li2S-SiS2-Li3PO4 and the Na2S-

P2S5-P2O5 GSEs studied by Tatsumisago et al. and Kmiec et al., respectively, both showed 

improved ionic conductivity with oxygen doping.21-22    

The system studied here, zNa2S+(1-z)[(1-y)[(1-x)SiS2+xPS5/2]+yNaPO3], (NaPSiSO) was 

selected to combine the beneficial properties of MGF and mixed anion GSE systems. The GSEs 

in this NaPSiSO series were studied to identify the relationships between their short-range order 

(SRO) structures and their physical properties. A detailed investigation of their atomic-level 

structures was completed using Raman, Fourier Transform Infrared (FT-IR), and 31P and 29Si 

magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopies. Their thermal 

behavior and sodium ion transport properties, important determinations for applications as GSEs, 

were found utilizing differential scanning calorimetry (DSC) and electrochemical impedance 

spectroscopy (EIS), respectively. Lastly, the conductivity-activation energies were modeled using 

the Christensen-Martin-Anderson-Stuart (CMAS) model. 
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The SRO structures revealed that the phosphorus species are found in all non-networking 

structures (P0), whereas silicon was found to disproportionally form non-networking (Si0) and 

networking (Si2) chemical species. Here, the superscript refers to the number of network-forming 

(bridging) bonds of oxygen or sulfur. Additionally, at low oxygen concentrations, almost all of the 

oxygen was coordinated around silicon. At higher oxygen concentrations, however, the oxygen 

ordered approximately randomly between the two glass formers, silicon and phosphorus. These 

GSEs were found to be highly resistant to crystallization, where, interestingly, no GSE in the 

NaPSiSO series showed a crystallization exotherm. The NaPSiSO GSEs were also found to be 

highly conducting, where glasses with a high concentration of silicon and low concentration of 

oxygen had room temperature sodium-ion conductivities higher than 10-5 (Ω cm)-1. These results 

were consistent with the modeled conductivity activation energies determined using the 

Christensen-Martin-Anderson-Stuart (CMAS) model. As a result of these promising properties, 

these compositions in the NaPSiSO series present several advantages toward application as GSEs 

for sodium ASSBs.  

Experimental Methods 

Materials Synthesis 

Glasses in the series, zNa2S+(1-z)[(1-y)[(1-x)SiS2+xPS5/2]+yNaPO3], were synthesized 

within the bounds of 0.57 ≤ z ≤ 0.588, 0 ≤ y ≤ 0.35, and 0.15 ≤ x ≤ 0.35. The bounds on z were 

determined to simplify the glass series such that all compositions (x, y) would maintain a constant 

R-value (moles of Na / moles of Si and P) equal to 3, independent of y. Due to the dependence of 

z on y to maintain R = 3 for all glasses, the glass series was re-written, as shown above, to (0.6-

0.08y)Na2S + (0.4+0.08y)[(1-y)[(1-x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO). To aid data interpretation 
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in these compositionally complicated GSEs, Table S1 summarizes the molar compositions of each 

glass made as well as their x and y values and corresponding O/(O+S) and P/(P+Si) ratios.  

Batches of 5 g of glasses were prepared in a N2 atmosphere glovebox (< 5 ppm O2 and 

H2O). One sample of each composition was made, with some samples made in triplicate for error 

analysis of the GSEs. The raw materials consisted of phosphorus pentasulfide (P2S5 98% Acros 

Organics), sodium sulfide (Na2S 99.9% Alfa Aesar), silicon sulfide (synthesized in-house), and 

sodium metaphosphate (NaPO3 synthesized in-house). NaPO3 was used as the source of oxygen 

due to its simple and cost-effective synthesis process. 

The NaPO3 was synthesized using the standard melt-quenching technique from 

stoichiometric amounts of the starting materials, sodium carbonate (Na2CO3, 99.5% Sigma 

Aldrich) and ammonium phosphate dibasic ((NH4)2HPO4, 99+% Acros Organics). Silicon sulfide 

(SiS2) was synthesized through a combination of silicon (Si, Alfa Aesar 99.9985% metals basis) 

and excess sulfur (S, Alfa Aesar 99.999% metals basis). These starting materials were thoroughly 

mixed in a stainless-steel mill pot with a single ball using a Spex 8000 M Mixer/Mill before being 

placed into a silica quartz ampoule. The ampoule was then sealed under vacuum and placed into a 

furnace, which was rotated at an angle of 15°. The ampoule was heated from 25 to 970 °C at a rate 

of 1 °C min-1 over a period of 52 hours before slowly cooling back to room temperature. After this 

heating profile, the S + SiS2 mass was heated in a vertical tube furnace for 8 hours at 675 °C with 

the S + SiS2 mass situated in the hot zone of the furnace and the opposite end of the ampoule 

placed outside of the furnace. This created a temperature profile in the ampoule that caused the 

excess sulfur to be distilled off the SiS2 reaction product. The SiS2 was then removed from the 

ampoule inside of a N2 glove box and stored for later use. 
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Both the Na2S and the SiS2 were considered to be of nominally high purity, however, each 

material was heat treated on the same day of use to expunge any possible excess sulfur at 750 °C 

and 900 °C, respectively, for 15 minutes in vitreous carbon crucibles inside a horizontal tube 

furnace hermetically sealed to the side of the glove box. Stoichiometric amounts of all starting 

materials were then milled inside a stainless steel mill pot with a single stainless steel ball using a 

Spex 8000M Mixer/Mill at 1725 rpm for 5 minutes. The glass batch was then melted twice for 15 

minutes each at temperatures ranging from 775 to 800 °C depending on composition inside a 

covered vitreous carbon crucible inside the same tube furnace described above. The first melt was 

used to determine if there was any disadvantageous weight loss of the glass batch on melting after 

cooling to room temperature, typically < 2 wt.%, and a second melt was used to ensure a 

homogenous liquid was achieved before quenching between two brass plates. All samples were 

quenched to red, visually homogonous pieces, approximately 1 mm or less in thickness. Note that 

error bars in the data represent the standard error of these samples made. Not all samples have 

error bars as not every sample was made in triplicate. These melt-quenched (MQ) glass samples 

were stored and handled in an inert atmosphere of a glove box filled with N2, with levels < 5 ppm 

O2 and H2O.  

Differential Scanning Calorimetry 

Bulk pieces of MQ glass, approximately 2 - 12 mg, were sealed in hermetic aluminum pans 

for DSC measurements. Measurements were made between 50 and 450 °C at 20 °C min-1 to 

determine the glass transition temperature, Tg, of each sample. To extract the Tg of the sample 

using a known thermal history, each sample was packed using a different specimen of glass and 

ran a second time. This sample was then cycled 50 °C past the Tg three times, and heated a fourth 

time up to 450 °C, the upper limit of the DSC, to not only determine the Tg reported but also the 
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crystallization and melting temperatures, Tc and Tm, respectively, if present. In no compositions of 

this NaPSiSO series, however, were crystallization exotherms observed. 

Powder X-Ray Diffraction 

Powder X-ray diffraction (PXRD) was run on a select number of the GSEs to determine 

the extent of crystallization, if any, that occurred during synthesis. Samples of MQ glass were 

ground to fine powders and packed onto a zero-background silicon wafer, which was sealed in a 

Bruker air-tight sample holder. The PXRD measurement was made with a Rigaku SmartLab X-

ray Diffractometer from 2θ values of 20° to 90° with a step width of 0.1° and scan speed of 5° 

min-1 for an 18-minute scan duration. All samples tested showed no evidence of crystallization, 

Figure S1. 

Density and Longitudinal and Transverse Sound Velocity Measurements 

The mechanical moduli of each glass in the NaPSiSO series were determined from density 

and sound velocity measurements. The densities of all of the glasses were measured using the 

Archimedes method. Due to the air and water sensitivity of these GSEs, all density measurements 

were performed inside an argon glove box with mineral oil of known density as the suspension 

liquid. The samples used were the same discs used for conductivity measurements, see below. The 

mechanical moduli were measured by first measuring the thickness of a polished sample across 

different points of the disc shaped glass sample. Next, the longitudinal (VL) and transverse sound 

velocities (VT) were measured using an Ultratek EUT3160 Pulser/Receiver configured as a 

thickness probe equipped with 15 and 5 MHz contact transducers with Vaseline and phenyl 

salicylate (Salol) as coupling agents for longitudinal and transverse waves, respectively. The 

mechanical moduli and the Poisson’s ratio of each GSE was then calculated from these four 

measured parameters, thickness (t), density (ρ), VL and VT, using Equations 1 - 5, shown below. 
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Electrochemical Impedance Spectroscopy 

The temperature dependent sodium ion conductivity was measured on glass samples cast 

and annealed into ~15 mm disks with a maximum thickness of ~ 2.5 mm. These samples were dry 

polished to a ~1 µm grit surface finish and sputtered with gold blocking electrodes (Au | GSE | 

Au) 10 mm in diameter using an Anatech Hummer VI sputtering system. Each cast, polished, and 

sputtered disk was sealed in a custom hermetic sample holder for variable temperature conductivity 

measurements using a Novocontrol Concept 80 dielectric spectrometer equipped with a cryostat. 

Each sample was measured in a frequency range of 0.1 Hz to 10 MHz from temperatures of -60 to 

150 °C. The d.c. sodium ion conductivity was determined by best fitting the complex impedance 

using an equivalent circuit of a parallel circuit of a constant phase element and a resistor in series 

with a Warburg element for pile-up of ions on the blocking, gold electrodes. 

Raman Spectroscopy 

Pieces of MQ glass were sealed in a hermetic tray under a N2 atmosphere to determine the 

Raman spectrum of each glass. The tray’s lid was a standard soda lime silicate glass microscope 

slide. Measurements were made using an inVia 488 nm Renishaw Coherent Laser Raman 

Microspectrometer. The instrument was calibrated using the main intense peak centered at 520.5 

cm-1 (±0.4) of an internal silicon reference before the sample measurements. Each spectrum was 

collected between 200 cm-1 and 1,500 cm-1 using a 20x objective lens, 10 s exposure, and 12.5 

mW power. Each sample was measured twice in different locations to ensure the sample was 

homogeneous, and each measurement had a maximum of 15 accumulations.  

Fourier Transform Infrared Spectroscopy 

Samples of MQ GSEs were prepared for FT-IR by diluting the GSE in cesium iodide (CsI) 

in a mass ratio of ~  1: 40. The GSE sample and CsI mixtures were ground to fine powders with a 
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mortar and pestle and pressed into a thin pellet, ~ 100 µm thick, to enable these samples to be 

measured in transmission mode. The samples were transferred to the FT-IR in a sealed container 

and kept under N2 flow before being placed into the vacuum chamber of the spectrometer. A 

Bruker Vertex 80v FT-IR spectrometer was used to collect the FT-IR spectra under vacuum from 

400 cm-1 to 4,000 cm-1 using a potassium bromide beam splitter. Measurements were obtained with 

4 cm-1 resolution and 32 accumulations.  

Nuclear Magnetic Resonance Spectroscopy 

 All GSE samples were ground into powder with a mortar and pestle in an argon-filled 

glovebox prior to packing 4 mm zirconia rotors for solid-state MAS NMR experiments. The 29Si 

and 31P MAS NMR experiments were performed on a 400 MHz (B0 = 9.4 T) Bruker Avance III 

HD spectrometer equipped with a broadband double resonance HX 4 mm probe. All experiments 

were conducted with a MAS rotation speed of 12.5 kHz. The 29Si MAS NMR spectra were 

collected by co-adding 800-1500 transient scans, depending on the sample, each with a recycle 

delay of 75-90 s, a pulse length of 3.5 µs, and pulse power of 200 W.  The 31P MAS NMR spectra 

were collected by co-adding 96 transient scans, each with a recycle delay of 360 s, a pulse length 

of 3.5 µs, and pulse power of 200 W. All spectra were indirectly referenced to tetramethylsilane 

(TMSS) (δiso = 0 ppm) using the unified scale in the IUPAC standard.23 

Results 

Differential Scanning Calorimetry 

Each glass in the NaPSiSO series had a measurable Tg, Figure 1. In this entire series, no 

crystallization and, therefore, no subsequent melting transitions could be observed up to 450 °C, 

which was the upper limit of the DSC used to make these measurements, see Figure 1A. Assuming 

that the “2/3 rule” for Tg and Tl , where Tl is the liquidus temperature, holds for these compositions, 
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a nominal Tg of 275 °C would put Tl  at ~ 550 oC and this suggests that these compositions are 

highly resistant to crystallization below their Tl. 24 Figure 1B shows that the measured Tg for each 

GSE decreases with both x (PS5/2) and y (NaPO3). For a common x-value, the Tg’s were the highest 

for the glasses with the highest concentration of silicon and lowest amount of NaPO3 (y = 0.15), 

but as y increased, the Tg decreased, Figure 1B. PXRD was run to ensure full glassy character of 

the GSEs in the NaPSiSO series. The PXRD patterns of a select number of samples showed no 

crystalline peaks as can be found in Figure S1. 
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Figure 1: A) DSC thermograms of a few glasses in the (0.6-0.08y)Na2S + (0.4+0.08y)[(1-y)[(1-
x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO) series. B) Tgs of all of the GSEs in the NaPSiSO 
series. Error bars represent the standard error among all measurements of at least three 
different samples.  

 

Density and Ultrasonic Testing  

The density and mechanical moduli of the GSEs in the NaPSiSO series were determined 

and are shown in Figures 2A-D. The density, ρ (g cm-3), was determined using the Archimedes 

method. The longitudinal, L (GPa), and shear moduli, G (GPa), were determined from their 

relationship to the longitudinal, VL (mm µs-1), and transverse, VT (mm µs-1), sound velocities, 



11 
 

Equations 1-2, respectively. Poisson’s ratio, ν, and the Young’s modulus, E, were calculated using 

Equations 3-4, respectively. The bulk modulus, K, was calculated from the two moduli, L and G, 

Equation 5. The values for the ρ, sample thickness, VL and VT as well as L and K can be found in 

Table S2. 

(1)  2( )LL Vρ=       

(2)  2( )TG Vρ=     

(3)  
2

2( )
L G

L G
ν −

=
−

                                                                

(4)  (1 )2E Gν= +            

(5)  
4
3

K L G= −             

 In Figures 2A-D, the ranges of  the y-axis scales are relatively small for all of the values 

due to the relatively small changes in composition made across the NaPSiSO series, but the general 

trends in the density and moduli are consistent, Figure 2, and larger than the standard error of the 

measurements. The density and all moduli increase with increasing y, where the value of y 

represents added NaPO3 to the NaPSiSO series. The Poisson’s ratio are consistent with literature 

on highly modified GSEs and decrease with increasing y, which fits the decrease in network 

strength with added phosphorus, see below.25 The trends are less observable with the changes in x 

(added PS5/2).   
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Figure 2: The A) density, B) Young’s modulus, C) shear modulus, and D) Poisson’s ratio of the 
glasses in the (0.6-0.08y)Na2S + (0.4+0.08y)[(1-y)[(1-x)SiS2+xPS5/2]+yNaPO3] 
(NaPSiSO) series. Error bars represent the standard error between measurements of 
different samples. 

 

Electrochemical Impedance Spectroscopy 

Figures 3A-B show the Nyquist plots for the x = 0.15, y = 0.15 GSE for a selection of 

different temperatures and the equivalent circuit used to model and fit the data, respectively. Best-

fitting of the complex impedance experimental data to the equivalent circuit yielded the bulk 
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resistance, Rbulk, at each temperature. The temperature dependent d.c. sodium ion conductivity, 

σd.c., was then determined from the known relationship given in, Equation 6 

(6)   . .
1

d c
bulk

t
R A

σ  =  
 

 

where, t is the thickness of the GSE sample, and A is the area of the sputtered gold electrode. The 

Nyquist plots, Figure 3A, for temperatures of 25, 30, 45, and 60 °C show the typical semi-circle 

arcs in the complex impedance arising from the combined conduction and polarization 

mechanisms of the GSE followed by polarization due to the blocking gold electrodes.  

To elucidate the trends in the temperature-dependent sodium ion conductivity, the 

simplified Arrhenius plots for glasses with constant x and y are shown in Figures 3C-D, 

respectively. The same plots for the remaining GSEs in the NaPSiSO series can be seen in Figure 

S2. 
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Figure 3: A) Nyquist plot for the x = y = 0.15 NaPSiSO GSE at variable temperatures. B) R-
CPE-W equivalent circuit used to fit the Nyquist plots. C) Arrhenius plots of the d.c. 
sodium ion conductivity, σd.c., for x = 0.15, y = 0.15, 0.25, 0.35 glasses. D) and y = 
0.25, x = 0.0, 0.15, 0.25, 0.35 glasses in the (0.6-0.08y)Na2S + (0.4+0.08y)[(1-y)[(1-
x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO) series. The simplified log(σd.c.) vs. 1000/T 
Arrhenius plots are shown here to easily read the conductivities directly from the 
graph. The full Arrhenius plots were used to determine the conductivity activation 
energies, see below. 

 

Figure 3C shows that as NaPO3 is added to the series, increasing y at constant x, increasing 

the amount of added oxygen and phosphorus in the system, the conductivity decreases. Figure 3D 

shows that as SiS2 is substituted for PS5/2, increasing x at constant y, the conductivity decreases. 

The sodium ion conductivity, σd.c., at 75 °C and the conductivity activation energy, ∆Eact, were 
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determined for all glasses in the NaPSiSO series, Figure 4, by fitting the conductivity to the full 

Arrhenius equation, Equation 7 

 (7)   . . 0 exp act
d c

ET
RT

σ σ ∆ = − 
 

 

where σd.c. is the ionic conductivity, σ0 is the pre-exponential factor, R is the gas constant and T is 

the temperature.26 The composition dependence of the σd.c. for all of the NaPSiSO GSES at 105, 

25, and -30 °C can be found in Figure S4. 
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Figure 4: A) Sodium ion conductivity, σd.c. at 75 °C and B) conductivity activation energy, 

∆Eact, for GSEs in the (0.6-0.08y)Na2S + (0.4+0.08y)[(1-y)[(1-
x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO) series. Error bars represent the standard error 
between original measurements of different samples. The activation energies were 
obtained from the slope of a ln(σT) vs. 1000/T plots, see Figure S3.  

 
The σd.c. at 75 °C shows the same trends; the conductivity is highest for the compositions 

with the most SiS2 and the least added phosphorus and oxygen where, as NaPO3 is added to the 

GSE series, the conductivity decreases (increasing y). The ∆Eact follows an expected trend in the 

σd.c., where glasses with higher σd.c. have lower ∆Eact .  

In addition to the ionic conductivity, the relative permittivity, ε∞, was also determined for 

all the glasses in the NaPSiSO series. This was done by determining the real part of the 
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permittivity, ε’, as a function of temperature and frequency, and ε∞ was determined at the lowest 

temperature, -55 °C, and highest frequency measured, 1 MHz, see Figure 5A, where ε’ → ε∞. The 

ε∞ follows the expected trend, where added oxygen with is lower atomic polarizability decreases 

the relative permittivity value, Figure 5B.22, 27 
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Figure 5: A) Frequency and temperature dependence of the relative permittivity, ε’, for the x = 
0.35, y = 0.35 glass at 150, 25, and -55 °C in the GSE (0.6-0.08y)Na2S + 
(0.4+0.08y)[(1-y)[(1-x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO) series. The permittivity at -
55 °C and 1 MHz was taken as the ε∞ for the GSE. B) The ε∞ for all GSEs in the 
NaPSiSO series. 

Raman and FT-IR Spectroscopy 

 The Raman and FT-IR spectra were collected for all glasses in the NaPSiSO series, Figure 

6. The Raman spectra, Figures 6A-C, show modes associated with sulfide and MOS chemical 

species in the GSE series. Structural depictions of the SRO units can be found in Table S3. From 

here on, the superscripts define the number of bridging anions on the SRO structure. The  most 

intense peak in the Raman spectra for all the GSEs studied is centered at 421 cm-1 and is assigned 

to the symmetric stretching of P0 (phosphorus species with no shared corners) sulfide chemical 

species, PS4
3- and MOS PS3O3- species, see Figure S5.28-31 The peak spanning the range of 380 - 
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410 cm-1 is associated with the symmetric stretch of Si0, SiS4
4-, and edge-sharing E1Si2, Si2Si6

4-, 

sulfide species, at 395 cm-1 and 405 cm-1, respectively.19, 32-33 Here, the E1 notation indicates that 

this Si2 species shares one edge with 2 bridging sulfurs (BSs). Present in only some of the GSEs, 

the very weak shoulder at 436 cm-1 is assigned to the symmetric stretching mode of the polysulfide 

Na2S5.34-35 The peak centered at 470 cm-1 arises from an impurity found in all of these NaPSiSO 

GSEs in varying amounts is assigned to the symmetric stretching of the homopolar -S-S- bonds.35-

36 Two shoulders straddling this mode at 461 and 478 cm-1 arise from the symmetric stretch of 

Na2S2 and Na2S4 ionic polysulfide species, respectively.35-36 The amount of this sulfur/polysulfide 

impurity was estimated to be 2.5 wt.%. The methodology to determine this value is shown in 

Figure S6. Its significance, primarily on the electrochemical properties of these GSEs, will be 

examined and reported in future publications. The last peak of note in the Raman spectra is 

centered at 556 cm-1 and is assigned to the symmetric stretch of the MOS species PS2O2
3-.31  

The FT-IR spectra, Figures 6D-F, show sulfide, oxide, and MOS modes in the GSE series. 

The main mode in the IR spectra for all samples is the strong peak at 560 cm-1 and is attributed to 

the bending mode for the BS species, δ(Si-S-Si), and the asymmetric stretch of P0 PS4
3- and PS2O2

3- 

species.31, 37-38 Two shoulders are observed on this main peak at 497 cm-1 and 620 cm-1 and are 

attributed to the bending mode of non-bridging oxygen (NBO) species δ(-O-Si-O-) and to the 

asymmetric stretch of E1 Si2S6
4- chemical species, respectively.39-40 The absorbance at 670 cm-1 is 

assigned to the non-bridging sulfur (NBS) in Si0 species, Si-S- bonds and the absorbance band at 

~700 cm-1 is assigned to the NBS, P=S, of P0 chemical species PSO3
3-.31, 38 

 At higher wavenumbers, there are peaks between 800 and 1,200 cm-1 and while the spectra 

for some of the GSEs show less distinction and resolution in this region, the overall peak analysis 

remains the same across all of the GSEs in this series. All of these peaks arise from oxygen bonded 
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to Si and P. The peak at 924 cm-1 is assigned to the asymmetric stretch of NBO species, νas(≡Si-

O- ). 41 The peaks at and 950 cm-1 and 990 cm-1 are assigned to the NBOs of Si0, Si-O- bonds, and 

O=P-O-, respectively.42-43 The highest wavenumber peaks in the IR spectra at 1,040 cm-1 and 1,095 

cm-1 are assigned to the BOs in Si2 units and the symmetric stretch of BO Si-O-Si, respectively.42, 

44  
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Figure 6: A-C) Raman and D-F) FT-IR spectra for all glasses in the (0.6-0.08y)Na2S + 
(0.4+0.08y)[(1-y)[(1-x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO) series. 

 

31P and 29Si MAS NMR 

 The 31P and 29Si MAS NMR spectra were collected for all of the GSE samples in the 

NaPSiSO series, Figures 7A-F. Again, for a reference, the structural depictions of each of the 

SRO chemical species are provided in Table S3. The 31P MAS NMR spectra, shown in Figures 

7A-C, show a main peak centered at 87 ppm, which is assigned to P0 PS4
3- anions for the y = 0.15 
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glasses.10, 45 For glasses with higher oxygen concentrations, y = 0.25 and 0.35, this peak is also 

assigned in part (50%) and fully to the MOS species in the higher y GSEs, P0 PS3O3- anions, 

respectively.10, 45-46 This unique dual assignment has been confirmed through a careful assessment 

of the chemical shift anisotropy (CSA) values for the glasses with higher NaPO3 contents (y = 0.25 

and 0.35) as they are shown to increase, suggesting the presence of the P0 PS3O3- anion in these 

compositions, see Figure S7. For all of the GSEs, x and y, the two peaks at 63 and 35 ppm are 

assigned to MOS chemical species, P0 PS2O2
3- and P0 PSO3

3- anions, respectively.10, 45 For glasses 

with higher oxygen concentrations, y = 0.25 and 0.35, two additional peaks arise at 17 and 3.6 ppm 

and are assigned to the pure oxide P0 PO4
3- and P1 P2O7

4- anions, respectively.47  

The 29Si MAS NMR spectra, Figures 7D-F, show additional structural information for 

these GSEs that arises from the second glass former, silicon. First, the predominant peak at -0.5 

ppm is assigned to the Si0 SiS4
4- anion.45, 48 At 5 ppm, the defect species Si1Si Si2S6

6- , so-called 

because it has a direct Si-Si bond, see Table S3, is present in some of the glasses.49 The peak 

centered at ~ -13 ppm is in fact a doublet and the two peaks are assigned to the corner sharing Si2 

SiS3
2- species and the edge sharing E1 Si2S6

4- species, each centered at -11 and -15 ppm, 

respectively.48 The peaks centered at -32 and -40 ppm have been assigned to the MOS Si0 SiS2O2
4- 

and corner sharing Si2 SiS2O2- chemical species, respectively.19, 40 A second doublet with peaks 

centered at -67 and -76 ppm have been assigned to the Si0 SiSO3
4- and corner sharing SiSO2

2- 

chemical species.19, 40, 50  

Spectral deconvolutions of one 31P and one 29Si MAS NMR spectra of the GSEs, consistent 

with the 31P and 29Si MAS NMR spectra of all of the other GSEs in the NaPSiSO series, are shown 

in Figures 8A-B. Spectral deconvolutions of other GSEs can be found in Figure S8. A summary 
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of the peak assignments, the relative populations of the various SRO species, spectra widths, and 

CSA values for a selection of the NaPSiSO GSEs are shown in Tables S4-S5. 
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Figure 7: A-C) 31P MAS NMR and D-F) 29Si MAS NMR spectra for all glasses in the (0.6-
0.08y)Na2S + (0.4+0.08y)[(1-y)[(1-x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO) series. 
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Figure 8: A) 31P MAS NMR deconvolution for the x = 0.35,  y = 0.15, 0.25, 0.35 GSEs and B) 
29Si MAS NMR deconvolution for the x = 0.25, y = 0.35 GSE in the (0.6-0.08y)Na2S + 
(0.4+0.08y)[(1-y)[(1-x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO) series. 

Discussion 

Structural Analysis of NaPSiSO GSEs  

The 31P and 29Si MAS NMR spectra of each GSE has been deconvoluted in a similar way 

to the GSE samples shown in Figure 8 and through this, the absolute percentage of each SRO 

chemical species in each NaPSiSO GSE have been determined from the 31P and 29Si MAS NMR 

spectra, Figures 9A-F, respectively. Interestingly, the 29Si MAS NMR spectra show that the 

general trend among the silicon species is that the relative amounts of the different species present 

in the GSEs remain consistent for all the samples in the NaPSiSO series, they just decrease in their 

total amount as phosphorus is added to the composition with increasing x (added PS5/2) and y 

(added NaPO3), Figures 9A-C. Different than this, the 31P MAS NMR spectra reveal the phosphate 

SRO species show a more dramatic structural shift from mostly pure sulfide SRO species in the y  

0.15 GSEs, Figure 9D, to more MOS SRO species in the y = 0.25 and y = 0.35 NaPSiSO GSEs, 

Figures 9E-F.  
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Figure 9: Composition dependence, x, of silicon with A) y = 0.15, B) y = 0.25, and C) y = 0.35, 
and phosphorus with D) y = 0.15, E) y = 0.25, and  F) y = 0.35 chemical species for all 
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GSEs in the (0.6-0.08y)Na2S + (0.4+0.08y)[(1-y)[(1-x)SiS2+xPS5/2]+yNaPO3] 
(NaPSiSO) series. In these plots, for any one composition, the sum of all of the mol % 
values for both the Si and P SRO species is 100%. 

Due to the high modifier content in these GSEs, R = 3, where R = [Na]/([Si] + [P]), the 

preponderance of the various SRO species has large numbers of NBO and NBSs. It is noted that 

the terminal P0 SRO group has R = 3, whereas the terminal Si SRO group has R = 4. Now that all 

the fractions of all of the various SRO groups in these GSEs are known, the overall fractions of 

BS, BO, NBS, and NBO can be determined, and these are shown in Figures 10A-B. As expected 

from the high R-value for these glasses, most of the oxygen and sulfur are in the form of NBO and 

NBS, respectively. Figure 10A shows that the fractions of the NBOs and BOs more strongly 

depend upon y, but are nearly independent of x, where the fractions of NBO and NBS increase 

with increasing y.  Figure 10B shows that the relatively high NBS fractions and the relatively low 

BS fractions are essentially independent of y, but do increase and decrease, respectively with x, 

the amount of PS5/2 in the GSEs.  
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Figure 10: A) Bridging oxygen (BO) (bottom) and non-bridging oxygen (NBO) (top), B) bridging 
sulfur (BS) (bottom) and non-bridging sulfur (NBS) (top) for all the glasses in the (0.6-
0.08y)Na2S + (0.4+0.08y)[(1-y)[(1-x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO) series. 
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Figure 11: The percentage of oxygen bonded to silicon tetrahedra as a function of the fraction of 
phosphorus in the GSEs. At low oxygen concentrations, black symbols, almost 100 % 
of the oxygen are bonded to silicon tetrahedra. As the concentration of oxygen 
increases, red and blue symbols, the oxygen bonds more equally to the silicon and 
phosphorus tetrahedra.  

Interestingly, at low concentrations of oxygen, silicon coordinates with almost 100% of the 

oxygen, Figure 11. At higher concentrations of oxygen, however, the oxygen is equally shared 

between the glass formers, silicon and phosphorus. Generally, the much more negative Gibb’s 

Free-Energy of formation of silicates compared to phosphates, ∆G◦
formation(SiO2, 298K) = -205 kJ 

mol-1 compared to ∆G◦
formation(PO5/2, 298k) = -161 kJ mol-1,51   explains the preferential bonding of 

oxygen (~95%) with silicon at low concentrations of oxygen, O/(O+S) = 0.12. However, and 

perhaps unexpectedly, as the concentration of oxygen increases, O/(O+S) = 0.20 and O/(O+S) = 

0.28, oxygen is distributed to silicon and phosphorus more uniformly, Figure 11. Due to this 

inconsistency, the reaction energies of the precursors Na2S, PS5/2, SiS2, and NaPO3 to create the 

various end product SRO species were determined and used to investigate the most favorable 
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reaction pathways.52-53 This method and various inputs into the calculations are shown in Table 

S6. 

The reaction energies for the formation of the observed SRO species was identified with 

the series of reactions shown in Table 1, where each row depicts Reaction Schema 1-7.54-56 The 

most energetically favorable reaction, Reaction Scheme 1, is the formation of Na3PS4 from Na2S 

and P2S5. Therefore, P2S5 and its compounds are expected to be the first to consume Na2S. This is 

consistent with the NMR analysis, where the P0 SRO unit, Na3PS4, was determined to be present 

in all of the GSEs reported here, Figure 9B. The second most favorable reaction pathway was the 

anion exchange reaction between SiS2 and NaPO3, Reaction Scheme 2. In this process, SiS2 and 

NaPO3 react and NaPS3 and SiO2 form. While this may not be the final product, it suggests a high 

affinity for oxygen-silicon bonding. Furthermore, this allows for even more Na3PS4 to form as the 

third most favorable reaction, Equation 3, which shows the formation of Na3PS4 from Na2S and 

NaPS3. SiO2 can then react and form the MOS networking and non-networking species seen in the 

MAS NMR spectra, Figure 9B, while the remaining unreacted SiS2 can form various thio-silicates, 

Equation 4-5. Therefore, at low concentrations of NaPO3 and high concentrations of silicon, low 

y, there is an energetic driving force for anion exchange where silicon extracts oxygen from the 

NaPO3 and in turn releases sulfur to bond to the phosphorus.  

At higher concentrations of NaPO3, higher y, there becomes a limited concentration of 

remaining Na2S within the system due to the more favorable occurrence of the pathways shown in 

Reaction Schema 1-5. This results in a series of competing reactions occurring until all the 

precursors are consumed and the system achieves charge neutrality Reaction Schema 6-8. 

Therefore, we see not only the pure sulfide P0 SRO structures, but also the MOS P0 species.  

  



26 
 

 

Table 1: Tabulated reaction energies for precursors used in the synthesis of these NaPSiSO GSEs. 
Calculated via the mixed GGA/GGA+U/R2SCAN functionals via the Materials Project API.54-

55 
 

Reaction 
Scheme Reactants Product(s) Reaction Energy (kJ mol-1) 

1 3 Na2S + P2S5 2 Na3PS4 -80.2 

2 3 SiS2 + 2 NaPO3  2 NaPS3 + 3 SiO2 -50.2 

3 Na2S + NaPS3  Na3PS4 -47.0 

4 2 Na2S + SiS2 Na4SiS4 -37.9 

5 Na2S + SiS2 Na2Si2S5 -31.9 

6 Na2S + NaPO3 Na3PSO3 -33.0  

7 3 Na2S + 5 NaPO3  Na3PS3O + 2 Na4P2O7 -30.5 

8 2 Na2S + 3 NaPO3  Na3P(SO)2 + Na4P2O7 -31.0  
  

Physical Properties of NaPSiSO GSEs 

The densities and moduli, necessary parameters to model the conductivity activation 

energies, see below, were found to be highly dependent on the concentration of oxygen.57 To 

present these dependencies, the O/(O+S) ratio was held constant while the P/(P+Si) ratio was 

varied, Figures 12A-B. The densities are within a range of ~ 2.06 to 2.16 g cm-3, expectedly lower 

than the density of soda lime glass, ~ 2.5 g cm-3, and within the expected range of similar sulfide 

GSEs seen in literature.58-59 Watson et al., for example, reported values of ~ 2.05 g cm-3 in the pure 

sulfide Na2S-SiS2-PS5/2 GSE system.58 The range of density values determined for the MOS 

NaPSiSO glasses reported here are higher and increase with the concentration of oxygen, Figure 

12A. This trend is consistent with the slight decrease in molar volume, Vm, with increasing oxygen, 

Figure 12C, and trends observed in other MOS GSEs. For example, the Na4P2S7-xOx series 

reported by Kmiec et al. showed an increase in density and corresponding decrease in molar 
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volume with increasing x.22 These NaPSiSO GSEs show Young’s moduli that are comparable to 

other pure sulfide GSEs and are on the order of 20 GPa and higher.22, 60 In Figure 12C, as the 

concentration of oxygen increases, so do the moduli. Despite the increase in non-networking P0 

SRO species with increasing phosphorus, Figure 9A, there is no decrease in the density and 

moduli, Figure 12C. Added oxygen, even when 50% of it is bonded to non-networking P0 species, 

Figure 11, increases the density and modulii of GSE in this system, Figure 12C. 
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Figure 12: A) Density, ρ, B) Young’s, E (top), and shear, G (bottom), modulus, C) and the 
molar volume, Vm of GSEs in the (0.6-0.08y)Na2S + (0.4+0.08y)[(1-y)[(1-
x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO) series plotted in groups of their O/(O+S) molar 
ratios as a function of their variable P/(P+Si) ratios. 

Sodium Ion Conductivity 
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 Similar to the large changes exhibited by the Tg’s, the changes in the conductivity span 

over an order of magnitude. For example, compare the highest to the lowest conductivity samples: 

the sample with x = 0.0, y = 0.15 where σd.c.(75 °C) = 4.23 x 10-4 (Ωcm)-1 versus the sample with 

x = 0.35, y = 0.35 σd.c.(75 °C) = 2.75 x 10-5 (Ωcm)-1. Figure 13A shows the combined effects of 

oxygen and phosphorus on the ionic conductivity, where the O/(O+S) ratio was held constant while 

the P/(P+Si) ratio was varied. Added oxygen at constant phosphorus decreases the conductivity, 

as does added phosphorus at constant oxygen.  

The decrease in the conductivity with added oxygen is consistent with the general trends 

of more poorly conducting oxide glasses. The trend of decreasing conductivity with increasing 

phosphorous is consistent with the trend observed by Martin et al.61 Due to the P+5 valency, the 

many phosphorus SRO units carry less charge for the four bonding atoms, oxygen and sulfur, than 

silicon at the same R value for the glass. For example, at R = 3, Na3PS4 has four bonded sulfur 

atoms and their associated volumes. While at R = 3 for Na3SiS3S1/2, there are only 3.5, on average, 

bonded sulfur atoms. Hence, the sodium cation density is higher for silicon SRO structures leading 

to shorter cation jump distances, see below, for the silicon rich GSEs and longer cation jump 

distances as silicon is replaced by phosphorus. This is shown in Figure 14A where the conductivity 

is extrapolated out to 100% phosphorus for the Na3P3S3.4O0.6, which has a comparable oxygen to 

sulfur ratio of, 0.15, compared to the 0.12 ratio of the GSEs reported here. These effects will be 

examined in more detail below where the conductivity activation energies are modeled. 

Despite the relatively small changes in the moduli and density of the GSEs in the NaPSiSO 

series, there are significant changes in the Tg of the NaPSiSO GSEs. Across the series, there is a 

change in the Tg by over 100 °C; see the x = 0.0, y = 0.15 (Tg = 322 °C) sample compared to the x 

= 0.35, y = 0.35 (Tg = 215 °C) sample, Figure 1B. Figure 13C presents the Tg’s as a function of 
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the percent phosphorus out of the total glass former, P/(P+Si) ratio, in groups on the percent 

oxygen out of the total anion concentration, O/(O+S) ratio. The NaPSiSO MOS system reported 

here exhibits a linear decrease in the Tg with added phosphorus, Figure 13C, independent of 

oxygen. The phosphorus is found in essentially fully P0 SRO units, 100 % non-networking, and 

this is consistent with the compositional R-value = 3 for these GSEs, Figure 9A.Thus, the observed 

decrease in the Tg is not only independent of the coordination of oxygen on these phosphorus 

tetrahedra, but also is consistent with a decrease in networking SRO structures; simply, an increase 

in the concentration of phosphorus SRO units. The decrease in Tg to almost 200 °C is consistent 

with other phosphate glass systems; for example, the Na3PS4-xOx and Na4P2S7-xOx GSE systems, 

with R-values of 3 and 2, respectively, both have Tg values below 200 °C, despite the latter series 

being more highly networked.10, 62 

Figure 13B shows that the conductivity activation energies increase with both the 

P/(P+Si)) and O/(O+S) ratios. However, the activation energies decrease linearly with Tg and are 

essentially independent of the O/(O+S) ratio, Figure 13D. To understand these relationships, it is 

important to note that the structure of these invert glasses is comprised of isolated monomeric and 

dimer anionic SRO species. Without a long-range, polymeric network, as is expected in covalent 

glasses, the ionic interactions (non-bridging species) among the sodium ions and the anionic SRO 

species dictate the average bonding strength affecting both the properties and the ion conduction 

mechanisms. From the NMR analysis shown in Figure 10 and discussed above, the incorporated 

oxygen and sulfur were found to reside primarily on non-networking phosphorus and silicon SRO 

species, leading to an increase in the ionic bond strength while decreasing the degree of covalency 

in the glass structure. Surprisingly, while these findings are unique in the family of MOS glasses, 

they are in good agreement with correlations found in many oxide glasses.63   
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Figure 13: A) Ionic conductivity, B) conductivity-activation energies, and C) glass transition 
temperatures, Tg’s,  of GSEs in the (0.6-0.08y)Na2S + (0.4+0.08y)[(1-y)[(1-
x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO) series plotted in groups of their O/(O+S) molar 
ratios as a function of the variable P/(P+Si) ratio. D) Activation energies from B 
plotted against the Tg’s from C. *Conductivity at 75 °C of Na3PS3.4O0.6, where 
P/(P+Si) =1, is taken from Chi et al.10 

The effects of added oxygen on the ionic conductivity and activation energy are shown in 

Figures 14A-B, where the conductivities and activation energies of groups of GSEs with similar 

P/(P+Si) ratios, 0.36 and 0.44,  are plotted as a function of their O/(O+S) ratios. Like many other 

MOS GSEs reported in the literature, small concentrations of added oxygen increase the ionic 

conductivity, Figure 14A.10, 13, 38 The pure sulfide GSE, NaPSiS, having no MOS species, has a 
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smaller free volume compared to the NaPSiSO GSEs, Figure 14C. The formation of MOS anion 

P0, Si0, and Si2 species appear to increase the free-volume, allowing more space for ionic motion 

at low oxygen concentrations, Figure 14C. Up to an O/(O+S) molar ratio of 0.2, the conductivity 

increases before decreasing, where the free-volume maximizes and the coulombic binding energy 

term of the total activation energy, see below, increases with higher concentrations of PS2O2
3- and 

PSO3
3- anions, Figure 14B, for the P/(P+Si) = 0.36 GSEs. The P/(P+Si) = 0.44 GSEs appear to 

show no such maximum in the free-volume. 
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Figure 14: A) Ionic conductivity and B) activation energy of the GSEs in the NaPSiSO series 
plotted in groups of their P/(P+Si) ratios as a function of the O/(O+S) ratio. While the 
y = 0 pure sulfide GSEs were not prepared as a part of the NaPSiSO series, this one 
was synthesized for comparison purposes such that some of the MOS GSEs could be 
compared to a pure sulfide GSE. C) The calculated free volume of each glass in A-B. 
D) Ionic conductivity of the NaPSiSO GSE as a function of the percentage of MOS 
phosphate SRO species (PS3O3-, PS2O2

3-, PSO3
3-) for NaPSiSO GSEs from graph A. 

The specific percent of phosphorus and oxygen are identified for each glass in the 
legend. 

Oxygen has a profound impact on the conductivity of these GSEs, particularly with respect 

to its coordination around phosphorus. As shown in Figure 14D, the conductivities of the samples 
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from Figure 14A are replotted as a function of the percent of the MOS phosphate SRO species. 

This graph shows the impact of increased oxygen surrounding phosphorus SRO species. At low 

concentrations of oxygen, where there are almost no MOS phosphate species, the conductivity is 

relatively unchanged despite the 35% increase in the concentration of phosphorus; note the square 

symbols. However, as the concentration of oxygen increases and oxygen coordinates more 

prominently around phosphorus SRO species, the conductivity decreases systematically.  

Finally, considering a conductivity of 10-5 (Ωcm)-1 at room temperature as a minimum 

metric for competitive SSEs for use in sodium ASSBs, only the y = 0.15 GSEs in the NaPSiSO 

series meets this requirement, which has a concentration of only ~ 4 mol% oxygen. At higher 

concentrations of oxygen, the conductivity may become too low, especially at 25 °C, for many 

battery applications. At low oxygen concentrations, the oxygen is found primarily in BO Si-O-Si 

sites due to the higher field strength of the oxygen anion and the more negative Gibb’s free-energy 

of formation of alkali silicates compared to alkali phosphates. However, as described above, at 

high oxygen contents, this favorable Gibb’s Free-Energy for oxide silicates over oxide phosphates 

is lost and oxygen equally shares with the phosphorus centers forcing it to NBO sites. Therefore, 

when oxygen occupies covalent BO sites, the ionic conductivity remains high; however, when 

oxygen bonds in ionic NBO sites, these act as sodium ion trapping sites and decrease the 

conductivity.   

CMAS Model for Conductivity Activation Energy 

To investigate further the combined effects of mixing the anions, oxygen and sulfur, and 

mixing the glass forming cations, phosphorus and silicon, on the ionic conductivity, we next 

investigate the dominant factor controlling the composition dependence of the sodium ion 

conductivity, that is the conductivity activation energies. The  conductivity activation energies in 
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these GSEs were modeled using the Christensen-Martin-Anderson-Stuart (CMAS) model, first 

presented by Christensen et al.64 This model has addressed many of the short comings of the 

original Anderson Stuart description of the activation energy for ionic conduction in glasses.65 The 

activation energies for each glass in the NaPSiSO series were calculated using the CMAS model 

to check the agreement between the experimentally determined values for the activation energy. 

The CMAS model for the total activation energy, ∆ECMAS in kJ mol-1, is taken as the sum of the 

strain energy, ∆ES, and the binding energy, ∆EB, Equation 8. The ∆ES is defined as the energy 

required for a sodium ion to mechanically strain the lattice and jump to an adjacent site, Equation 

9, while the ∆EB is the electrostatic binding energy that is needed to generate mobile charge 

carriers, Equation 11.  

(8)  CMAS S BE E E∆ = ∆ + ∆  

(9)  ( )2

2
cation

S DNa
E G r rλπ +

 ∆ = − 
 

 

(10)  
1/3

2 m
cation

Na A

V
N N

λ
 

=  
 

 

In Equation 9, G is the shear modulus, shown in Figure 2, in Pa, and rNa+ is the ionic 

radius of a mobile sodium ion in m. rD is the doorway radius in m, approximated by fitting the 

composition dependence, O/(O+S), of the rD values between pure sulfur tetrahedral sites, O/(O+S) 

= 0, and pure oxygen trigonal bipyramidal oxygen sites, O/(O+S) = 1, using a fourth order 

polynomial, see Figure S9.22 The cation jump distance, λcation in m, was approximated using a 

simple cubic model, which is defined in Equation 10, where Vm is the molar volume in m3 mol-1, 

NNa is the moles of sodium in one formula unit of glass, and NA is Avogadro’s number in mol-1. 
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(12)  O O S SX
r f r f r− = +  

In Equation 11, MC is the Madelung constant, ZNa and ZX are the charges of the cation and 

anion, e is the charge in C of the electron, ε0 is the permittivity of free-space in C2 N-1 m-2, ε∞ is 

the relative permittivity of the GSE, see Figure 5B, and rX- is the anion radius in m. Due to the 

MOS compositions in these NaPSiSO GSEs, rX- is composition dependent. In Equation 12, rX- 

was calculated using a weighted average of the anionic radii of oxygen and sulfur, rO and rS, 

respectively; where, fO and fS are the mole fractions of oxygen and sulfur, respectively, in each of 

the GSEs. Table S7 provides all the values and parameters used to in the CMAS calculations. 

From Equations 9 and 11, the only unknown parameter is MC which can only be modelled 

in glassy solids, though needed to apply Equation 8 to the GSEs reported here. With this in mind, 

∆EB/MC and ∆ES values were calculated from the known values described above. Figure 15A 

shows ∆ES values between 1.4 and 2.2 kJ mol-1, which agree well with the literature of similar ion 

conducting glasses.22, 64-65 Similarly, Figure 15B shows the values for ∆EB/MC in these high 

modifier, high conductivity GSEs, which are expectedly lower than those of high activation energy 

oxide glasses and lower than those of less highly optimized and lower conductivity pure sulfide 

glasses.64, 66 Additionally, the ∆ES and ∆EB/MC values show an expected trend with composition, 

where as oxygen increases in the glass (increasing y), the permittivity decreases and the doorway 

radius decreases, leading to each part of the total activation to increase. The values of ∆EB/MC and 

∆ES along with the experimental value ∆Eact can be used to calculate MC through Equation 13 and 

are shown in Figure 15D. 
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Figure 15: A) The ∆ES B) and ∆EB/MC parts of the total C) ∆Eact obtained from Arrhenius 
conductivity plots, Figure 3, as well as the calculated D) MC derived from Equation 
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11 for all GSEs in the (0.6-0.08y)Na2S + (0.4+0.08y)[(1-y)[(1-
x)SiS2+xPS5/2]+yNaPO3] (NaPSiSO) series. 

The calculated values for the lattice-constant-based, charge compensated Madelung 

constant, MC, agree well with the literature values for NaCl, which is reported as 3.49.67-68 The 

value is calculated using a fixed lattice constant, rather than the more commonly used nearest 

neighbor distance. Using a lattice constant is more consistent with the random network theory used 

to model glass, where the sodium ions are assumed to be evenly distributed throughout the glass 

network due to like-charge repulsion.69 Due to the lack of long-range order, this approach is well-

suited to apply to the GSE system reported here and is in good agreement with the simple cubic 

model for calculating the jump distance, Equation 10 and Figure 15D.67-68 Overall, the value of 

3.49 calculated for NaCl using the fixed lattice spacing is consistent with the values reported here 

and the model follows the expected trends, Figure 15, validating the reported values for the 

conductivity-activation energies. 

Conclusions 

 In conclusion, the NaPSiSO GSEs investigated here were found exhibit among the highest 

yet reported sodium ion conductivities for any GSE and reach ~ 2.5 x 10-4 (Ωcm)-1 at 75 oC, an 

expected application temperature. As found in other MOS GSEs, the conductivity exhibits a 

maximum value at low oxygen additions and this has been ascribed to a maximum in the free-

volume of the glass.  The free-volume maximum is associated with a maximum in the number of 

BOs. Thereafter, the conductivity decreases with further oxygen additions as the oxygens convert 

to ionic non-bridging oxygens that serve as more stable deep energy well traps for sodium. The 

SRO structures of these MGF MOS GSEs were investigated using 29Si and 31P MAS NMR spectra, 

which showed a predominance of Si0 and Si2 and non-networking, P0 sulfide and MOS chemical 

species. The activation energies for sodium ion conduction as well as the mechanical properties 
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and densities were affected strongly by the concentration of oxygen in these MGF MOS GSEs. 

Contrastingly, the Tg values of these glasses were independent of oxygen and decreased 

exclusively due to increasing phosphorus, which plasticized the glass network due to its non-

networking P0 structure. The conductivities were dependent both on added phosphorus and 

oxygen, evident not only in the effect of oxygen on the activation energies, but also when compared 

to pure phosphate glass with similar O/S ratio. The coulombic force from oxygen as well as the 

resonance from the double bond on the phosphorous tetrahedra created a stronger activation energy 

for sodium ion conduction. Although this glass series does not report a complete spectrum of 

P/(P+Si) percentages, from 0 to 100%, this work does report a linear trend in properties when 

silicon is substituted for phosphorus. Future work will include further glasses in this compositional 

series to solidify a potential MGF effect. In addition, the resistance to crystallization observed in 

this compositional series will be further investigated and related to the sulfur impurities present in 

each composition. 
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Figure S1: XRD of select NaPSiSO samples. 

Figure S2: Supplementary Arrhenius conductivity plots. 

Figure S3: Example ln(σT) plot for reference. 

Figure S4: Conductivity at high, intermediate, and low temperatures for all NaPSiSO samples. 

Figure S5: Raman of all the NaPSiSO samples compared to a sulfide sample. 

Figure S6: Sulfur impurity calculation for all NaPSiSO samples. 

Figure S7: Comparison of spinning side bands of three 31P MAS NMR spectra. 
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Figure S8: All NMR deconvolutions. 

Figure S9: Polynomial used to fit doorway radius, rD. 

Figure S10: 31P and 29Si MAS NMR spectra of a pure sulfide NaPSiS GSE. 

Table S1: Summary of compositions. 

Table S2: Summary of sound velocity measurements and moduli calculations. 

Table S3: Structural depictions of SRO species in NaPSiSO samples. 

Table S4: Summary of parameters used to fit 31P MAS NMR spectra. 

Table S5: Summary of parameters used to fit 29Si MAS NMR spectra. 

Table S6: Summary of data used for most favorable reaction determinations. 

Table S7: Summary of parameters used to apply CMAS model. 
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