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Abstract 

 Na4P2S7-6xO4.62xN0.92x (NaPSON) glassy solid electrolytes (GSEs) were prepared and tested 

for their electrochemical properties and processability into thin films. The x = 0.2 composition 

(NaPSON-2) was found to be highly conducting, non-crystallizable, largely stable against Na-

metal and supports symmetric cell cycling up to >100 µA cm-2 without shorting and for these 

reasons was processed into thin films drawn to 50 µm and tested in symmetric and asymmetric 

cells. Measurements of the sodium ion conductivity using symmetric cells demonstrated that the 

conductivity of NaPSON-2 was unchanged by film forming. Galvanostatic cycling at 5 µA cm-2 

of 1.3 mm NaPSON-2 showed stability over 450 hours, while cycling a 50 µm thin film showed a 

very slow growth in the resistance. Cyclic voltammetry and x-ray photoelectron spectroscopy of 

the NaPSON-2 thin film GSE revealed that it did not react with Na-metal at its surface, but rather 

in the bulk of the film, showing S, Na2S, and Na3P reaction products. The source of the surface 

stability was determined to be the preferential segregation of trigonally coordinated 

nitrogen.  These low-cost and easily processed NaPSON GSEs provide a system of materials 

which could provide for significantly lower cost higher energy density grid-scale batteries.  
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1. Introduction 

Research into renewable energy resources has increased significantly due to the growing 

demand for energy along with the cumulative and damaging impacts of burning fossil fuels. Wind 

and solar energy are promising net-zero carbon energy harvesters to lower CO2 emissions. 

However, the intermittent nature of these energy systems has created a push to develop safe, low-

cost, highly energy dense energy storage systems.1 Solid-state sodium batteries (SSSBs) are being 

actively considered as alternatives to mature lithium ion batteries (LIBs) to lower cost and to 

reduce the competition for earth-scarce lithium resources in preference for earth-abundant sodium 

resources. To this end, while high temperature sodium-sulfur and sodium-nickel chloride batteries 

are already on the market today, they suffer from high cost, high thermal heat load requirements, 

and catastrophic failure modes.2-3 Even though these battery systems take advantage of low-cost, 

abundant sodium materials and are known to have high energy density and long lifetimes; they run 

at significantly higher temperatures, increasing operating costs and lowering safety.3-5 For these 

reasons, many installations often chose to use lower-operating-cost grid-adapted LIBs systems, 

even at the expense of safety and environmental concerns.6-7   

 The push for SSSBs comes from the need to eliminate the use of flammable, organic liquid 

electrolytes (OLEs) and expensive materials like lithium and cobalt8, while enabling the safe 

application of highly-energy dense Na-metal anodes.9 Although there are still many problems to 

be solved with other components in a SSSB, the solid-state electrolyte (SSE) separator has been 

the most heavily researched in order to solve the many critical problems caused by the use of 

OLEs.10-13  

Out of the many candidates for these SSEs, glassy solid electrolytes (GSEs) are promising 

materials as replacements for OLEs. As a universal solvent, glass acts as an excellent medium to 
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probe wide compositional spaces to develop an optimized SSE that can meet processing and 

performance needs.14 Glass can also be processed into homogenous and monolithic thin films. 

These thin films resist dendrite growth and enable the use of high energy density Na-metal 

anodes.14-15 Sulfide GSEs materials have been heavily researched as viable GSEs due to their high 

ionic conductivity.14, 16-20 For example, our group has studied a series of comparable mixed oxy-

sulfide GSEs in the series Na4P2S7−xOx where their conduction mechanisms have already been 

reported.21 However, many sulfide and even mixed oxy-sulfide (MOS) GSEs can be difficult to 

process, particularly to thin films, because of their poor chemical stability and rapid crystallization 

when heated above their softening points that is required to form them into thin films.22-25  

 In contrast, pure oxide and mixed oxy-nitride (MON) based GSEs show excellent chemical 

stability and the processing methods for oxide glasses are simple and well known.26-27 Further, it 

is quite common for oxide glasses to be processed down to the 10s of µm thicknesses at large scale 

as seen in smartphone screens.28 For example, the large-scale processability of the oxide-based 

GSE, LiPO3, to thin films for applications as a SSE has already been demonstrated.29 Despite the 

low lithium ionic conductivity of LiPO3 at room temperature, ~1 x 10-9 (Ωcm)-1, it showed the 

electrochemical viability of a thin film GSE by maintaining a low interfacial resistance in contact 

with lithium metal.29 

 Here, we expand upon our initial work that leveraged the easy processability of the pure 

oxide GSE LiPO3, and report on a new sodium ion conducting mixed oxy-sulfide-nitride (MOSN) 

phosphate GSE series that exhibits a unique balance between processability as measured by its 

resistance to crystallization when heated to above its glass transition temperature (Tg) and its 

electrochemical performance when assembled into symmetric and asymmetric cells. These MOSN 

GSEs have the full composition (1-x)[2Na2S + P2S5] + x[Na2S + 2NaPO2.31N0.46] which is 
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equivalent to Na4P2S7-6xO4.62xN0.92x, where 0 ≤ x ≤ 0.5 (NaPSON). With the atomic level short-

range order (SRO) structures and their thermal behaviors already reported,30 these NaPSON GSEs 

were synthesized in order to explore an optimized and processable composition (x in the expression 

above) that meets the required metrics of SSEs compatible with Na-metal anodes. Although the 

conductivities of these MOSN GSEs are very good for sodium ion conducting GSEs, they are still 

relatively modest and in the range of 1 x 10-6 (Ωcm)-1 at room temperature, but these NaPSON 

GSEs exhibit excellent chemical and thermal stability enabling processing into thin films (10s µm) 

without any evidence of crystallization or phase separation. Additionally, these NaPSON GSEs 

show stable cycling at 25 °C over hundreds of hours. As such, these low-cost and easily processed 

NaPSON GSEs provide an entirely new materials system which could provide for significantly 

lower cost, yet higher energy density grid-scale batteries.  

2. Experimental Methods 

2.1 Materials Synthesis 

  5 g batches of melt quenched (MQ) Na4P2S7-6xO4.62xN0.92x, 0 ≤ x ≤ 0.5 (NaPSON) 

compositions, and, for comparison purposes, of MQ Na4P2S7-6x’O6x’, 0 ≤ x’ ≤ 0.5 (NaPSO) 

compositions, were prepared with a constant R-value = 4Na/2P = 2. Batches were prepared inside 

a N2 atmosphere glovebox (< 5ppm O2 and H2O) using stoichiometric amounts of phosphorus 

pentasulfide (P2S5 98% Acros Organics), sodium sulfide (Na2S 99.9% Alfa Aesar), and NaPON 

(for the NaPSON GSEs) or NaPO3 (for the NaPSO GSEs). The Na2S was heat treated prior to use 

at 650 °C for 15 minutes in a vitreous carbon crucible to expunge excess sulfur observed in the as-

received material. NaPO3 and NaPON were synthesized according to methods developed by De 

Souza et al.31 For the synthesis of NaPON, a bulk sample of NaPO3 glass, approximately ~10-12 
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g, was directly nitrided through ammonolysis using NH3 (g) for 6 hours at 780 °C31. The reaction 

of NH3 with NaPO3 is given in the reaction below, Equation 131.  

3 3-3 /23 2
3NaPO + NH aPO ON N + H
2y y yy →     (1) 

The weight loss due to this ammonolysis reaction which occurred over 6 hours at 780 °C 

was 4.52 wt.%. Following the methods of De Souza et al.,31 the nitrogen to phosphorus ratio (N/P) 

was determined using Equation 2 below to be 0.46, 

(101.96)(0.0452)N/P 0.46
9.992

y= = =       (2) 

where, 101.96 g mol-1 is the formula weight of NaPO3, 0.0452 is the fractional mass loss, assumed 

to be H2O according to reaction schema shown in Equation 1, achieved after the nitridation 

process, and 9.992 g mol-1 is the oxygen to nitrogen weight exchange ratio.31 The N/P ratio could 

then be used to calculate the specific composition of NaPON using Equation 3 below.  

3-3/2(0.46) 0.46 2.31 0.46NaPO N = NaPO N      (3) 

The above N/P ratio was assumed as an average value for the entire bulk sample of the 

prepared NaPON, so the bulk sample was ground to a fine powder to ensure a homogonous 

distribution of nitrogen would be incorporated into each of the small batch compositions. 

Stoichiometric amounts of all of the starting materials were then milled inside a stainless 

steel pot with a single stainless steel ball using a Spex 8000M Mixer/Mill at 1725 rpm for 5 minutes 

to obtain a homogenous, well-mixed powder. The glass batch was then melted twice for 15 minutes 

each at 580 °C inside a covered vitreous carbon crucible inside a horizontal tube furnace 

hermetically sealed to the side of the glove box; once to determine if there was any 

disadvantageous weight loss of the glass batch on melting after cooling to room temperature, 
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typically < 2 wt.%, and a second time to ensure a homogenous liquid was achieved before 

quenching between two brass plates.  

 The composition for drawing thin film was chosen to be x = 0.2, NaPSON-2, in the 

NaPSON series and corresponds to the composition ~Na4P2S5.8O0.92N0.18. A large batch of 150 g 

of NaPSON-2 was prepared by combining small batches of ~10 g, with NaPON with slightly 

varying N/P ratios between 0.45-0.55. The 10 g glass cullet batches, after being prepared as stated 

above, were combined and melted together at 580 °C inside a vitreous carbon crucible in a large 

vertical tube furnace hermetically sealed to the top of a large glove box for ~1 hour to generate a 

homogenous liquid. The molten glass was then cast onto a preheated brass mold 25 cm x 7 cm x 

0.5 cm held at 190 °C and annealed for 24 hours before cooling to room temperature at 0.5 °C min-

1. This MQ NaPSON-2 preform was then processed into a thin film, as described in section 2.3.. 

The thicker (mm scale) MQ and drawn thin film (µm scale) glass samples were stored and handled 

in the inert atmosphere of a glove box, either Ar or N2, with levels < 5 ppm O2 and H2O.  

2.2. Differential Scanning Calorimetry and Determination of the Viscosity 

 Approximately 6-12 mg of the glasses were sealed in hermetic aluminum sample pans for 

differential scanning calorimetry (DSC) measurements using a TA Discovery 2500 DSC. The DSC 

was used to determine the necessary parameters in the Mauro-Yue-Ellison-Gupta-Allan 

(MYEGA) equation32, that was used to model the temperature-dependent viscosity, η(T). All 

measurements of the onset Tg for the MYEGA model equation were determined at the heating and 

cooling rates given in Table S1 and cycled between 50 and 250 °C, approximately 100 °C below 

and above the Tg. Other compositions Tg’s were measured at 20 °C min-1 with the onset 

crystallization or melting temperatures (Tc and Tm, respectively) determined from these same DSC 

scans when crystallization of the supercooled liquid occurred. 
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2.3. Thin-Film Processing of the GSE 

 The cast and annealed GSE preform was transferred in an airtight container to a custom-

built draw tower located inside a separate N2 glovebox (<0.01 ppm O2 and <0.01 ppm H2O). A 

schematic diagram of the draw tower is shown in Figure 1A. The draw tower design allows for 

the adjustment of five different variables to control the film drawing process: the preform feed 

speed, upper furnace temperature, lower furnace temperature, the tractor speed, and the gas flow 

rate into the upper furnace zone. In order to draw the thin films, the preform was lowered so that 

the bottom 4 cm of the GSE preform was located in the hot zone of the upper furnace. The upper 

zone of the furnace was heated from room temperature to 193 °C at 0.25 °C min-1 and left to 

equilibrate for 4 hours, while the lower furnace was set to 100 °C. The actual temperature of the 

lower furnace was often higher than the setpoint temperature due to heat flow from the upper 

furnace. Following the isothermal hold at 193 °C, the gas flow was started at 0.2 standard liters 

per minute (SLPM), while the preform was heated to 214 °C at a rate of 0.5 °C min-1. Slow heating 

rates were utilized to limit thermal shock and prevent fracturing of the preform during heating and 

as such emphasize the importance of the resistance to crystallization that these specialized GSEs 

must exhibit. Once the film had started to be drawn, the preform feed rate speed was set to 0.001 

m min-1, while the tractor rollers below the furnace gripping and pulling on the thin film were set 

to 0.1 m min-1. This process led to films ~50 µm thick and ~5 cm wide, as shown in Figure 1B, 

when steady-state film drawing was reached. Before steady-state was reached, thicker films were 

produced and were also tested. While an edge thickening effect was observed,29 see Figure 1B, 

there was still a large center section of usable film that was used for further testing.  
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Figure 1: A) Side-view schematic of draw tower showing the main working features of the draw 
tower. B) Front-view image of a thin film as it exits the lower furnace before going into 
the tractor rollers. 

2.4. Raman Spectroscopy 

 Pieces of MQ and drawn thin film glass were sealed under a N2 atmosphere into a 

transparent tray and measured from 100 to 2000 cm-1 using an inVia 488 nm Renishaw Coherent 

Laser Raman Microspectrometer. Raman measurements were made to determine if the structure 

of the glass changed due to the thin film processing. Before collecting a Raman spectrum, the 

instrument was calibrated using an internal silicon reference standard centered at 520.5 cm-1 (± 0.5 

cm-1). Each spectrum was collected using a 20x objective, 10 s exposure, and 12.5 mW power with 

a maximum of 20 accumulations per sample. Each sample was measured at least twice at different 

locations to ensure homogeneity of the sample. 

2.5. Fourier Transform Infrared Spectroscopy 

The MQ samples were prepared for Fourier transform infrared spectroscopy (FT-IR) by 

mixing the glass sample with cesium iodide (CsI) in a mass ratio of ~1:40, grinding the mixture 
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into a fine powder with a mortar and pestle, and pressing it into a thin pellet. The thin film samples 

were not diluted in CsI, because they were thin enough to allow direct testing in transmission mode 

through the thin film. Samples were transferred to the FT-IR in a sealed container and kept under 

constant N2 flow until transferred to the vacuum chamber of the spectrometer. A Bruker IFS 66v/s 

FT-IR spectrometer was used to collect spectra under vacuum from 400 to 4000 cm-1 using a 

potassium bromide beam splitter. Measurements were obtained under vacuum with 4 cm-1 

resolution and 32 accumulations.  

2.6. Powder X-Ray Diffraction 

X-ray diffraction (XRD) was run to ensure no crystallization occurred after thin film 

processing of the NaPSON-2 GSE. A sample of the thin film was ground to a powder and packed 

onto a zero-background silicon wafer, which was sealed in a Bruker air-tight sample holder. The 

XRD measurement was made using a Rigaku SmartLab X-ray Diffractometer from 20° to 90° 2θ 

with a step width of 0.01° and scan speed of 2° min-1 for a 45-minute scan duration.   

2.7. Ionic and Electronic Conductivity 

 The temperature-dependent ionic conductivity of all the samples was measured using a 

Novocontrol 2 dielectric spectrometer equipped with a cryostat to determine the Arrhenius 

temperature dependence of the sodium ion conductivity, σd.c., and its conductivity activation 

energy. 

 MQ GSE samples were prepared by casting and annealing the glass into a ~15 mm disk 

with a maximum thickness of ~2.5 mm. The samples were dry polished to ~1 µm grit and sputtered 

with gold electrodes (Au | GSE | Au), 10 mm in diameter, using an Anatech Hummer VI sputtering 

system. Each MQ sample was sealed in a custom air-tight sample holder. Samples were measured 

from -60 to 150 °C using a frequency range of 0.1 Hz to 10 MHz.  
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  The ionic conductivity of the thin film GSE samples were made by constructing symmetric 

cells (Na | thin film | Na) in CR2032 coin cells. The thin film was not polished due to the 

mechanical fragility of the thin glass and because the surface of the thin film was smooth after the 

drawing process. The Na-metal electrodes were approximately 6 mm in diameter and placed on 

the thin film and MQ samples by hand. The stack pressure was no more than the pressure exerted 

by the coin cell, approximately 1 MPa. Due to the low melting temperature of Na-metal, ~98 °C, 

these samples were measured between -60 and 80 °C and compared to the conductivity of the MQ 

samples using the same frequency range of 0.1 Hz to 10 MHz.  

 Using a MQ sample and the same cell configuration for the MQ samples as described above 

(Au | GSE | Au), the electronic conductivity was determined by holding the GSE sample at various 

applied voltages for 9.5 hours and determining the limiting current. The applied voltage was set to 

0.2 V and step-wise increased in increments of 0.2 V, with the maximum voltage being 1 V.  

2.8. Electrochemical Characterization 

 Electrochemical characterization was done on the x = 0.2 NaPSON-2 GSE, in both MQ 

and thin film forms for comparison. Cyclic voltammetry (CV) measurements were done on 

asymmetric cells (Na | GSE | steel) while electrochemical impedance spectroscopy (EIS) and 

galvanostatic cycling experiments were done using symmetric cells (Na | GSE | Na) in CR2032 

coin cells. The GSE was polished prior to cell assembly to ensure good contact between the Na-

metal and steel electrodes for the symmetric and asymmetric cell configurations. The Na-metal 

electrodes were ~6 mm in diameter and placed on the GSE by hand. Again, the stack pressure was 

no more than the maximum pressure exerted by the coin cell. Measurements were made using a 

BioLogic VMP-300 potentiostat. EIS measurements were made immediately after cell assembly 

and then every 30 minutes to determine the evolution of the bulk and interfacial impedances over 
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a 24-hour period and to enable conformal contact of the Na-metal electrodes with the surface of 

the GSE before cycling.   

2.9. X-Ray Photoelectron Spectroscopy 

 Samples were packed under an Ar atmosphere in an air-tight sample holder to transfer to 

the x-ray photoelectron spectroscopy (XPS) spectrometer. Sulfur (S2p), oxygen (O1s), nitrogen 

(N1s) and phosphorus (P2p) XPS were done on the NaPSON-2 thin film before and after CV and 

galvanostatic cycling at the surface and after Ar+ ion etching. The post-CV and post-cycling coin 

cell samples were carefully opened using a crimping disassembler. The disassembly was done 

slowly to ensure the glass would not shatter due to the pressure of the de-crimping instrument. An 

area that was in contact with Na-metal was chosen for measurement in the XPS.  

The XPS measurements were performed using a Kratos Amicus/ESCA 3400 instrument. 

The sample was irradiated with 240 W unmonochromated Al Kα x-rays and photoelectrons 

emitted at 0° from the surface normal were energy analyzed using a DuPont-type analyzer. The 

pass energy was set at 150 eV. For sputter depth profiling, a beam of 500 eV Ar+ ions was used. 

The emission current was 50 mA and the Ar partial pressure was 0.01 Pa. Under these sputtering 

conditions, the etch rate was ~1 nm s-1. Two 300 second sputtering steps were performed to 

determine the depth profile. XPS data was fit with a Shirley baseline and a combination of 

Gaussian and Lorentzian line shapes. 

3. Results and Discussion 

3.1 Ionic Conductivity of MQ GSEs  

 The sodium ion conductivity for all GSEs in the NaPSON and NaPSO series was 

determined. Figure 2A shows a few of the Nyquist plots of the complex impedance of the 

NaPSON-2 MQ GSE for a few temperatures that were fit to obtain the effective d.c. impedances, 
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Rbulk, that were used to determine the d.c. sodium ion conductivity, σd.c.. The plots were fit 

according to the equivalent RC circuit model shown within Figure 2B, which includes a Warburg 

impedance that models the space-charge polarization of the mobile sodium ions in the vicinity of 

the blocking gold sputtered electrodes. The temperature-dependent ionic conductivities of the 

NaPSON GSE series are shown in Figure 2B. The Arrhenius dependence of the conductivities for 

NaPSO GSE series are given in Figure S1 for comparison. 

 

Figure 2: A) Nyquist plots of the complex impedance for the NaPSON-2 MQ GSE, sputtered with 
gold blocking electrodes (Au | GSE | Au) at 25, 30, 45 and 60 °C. B) Temperature-
dependent ionic conductivity for all MQ GSEs in the Na4P2S7-6xO4.62xN0.92x, 0 ≤ x ≤ 0.5 
glass series from -60 to 150 °C. 
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 The Arrhenius plots for all x and x’ GSEs were used to extract the activation energy, ∆Eact, 

of each composition in the NaPSON and NaPSO series as well as the conductivity at various 

temperatures, Figure 3A, using Equation 4.  

0( ) exp actET
T RT
σσ −∆ =   

      (4) 

where ∆Eact can be divided into two terms, Equation 5: 

act c sE E E∆ = ∆ + ∆          (5) 

and where the conductivity pre-exponential factor, σ0, is given by the expression, Equation 6:  

2 2
0

0
c ae Z Z n
R

ω λσ =       (6) 

In Equation 5, ∆EC is the mobile carrier number activation energy and ∆ES is strain activation 

energy. In Equation 6, ω0 is the sodium ion vibrational frequency in its atomic energy well, e is 

the electron charge, Zc and Za are the charges on the cation and anion, here +1 and -1, 

respectively, λ is the sodium ion jump distance between cation sites, n is the number density of 

sodium ions and R is the ideal gas constant.33  

The conductivities at 0, 25, and 60 °C for both GSE series are shown in Figure 3B as a 

function of x and x’. With increasing x and x’, which increases the oxygen content in the NaPSO 

series and the oxygen and nitrogen contents in the NaPSON system, respectively, there is a general 

decrease in the σd.c. and a general increase in the ∆Eact. These trends are expected, and have been 

seen in literature in other MOS GSEs such as in Li2O-Li2S-P2S5 23, 0.5Li2S + 0.5GeS2-xOx
34

 and   

Na3PS4-xOx series14 series, showing the same trend with additions of Li2O in the former and oxygen 

in the two latter series, respectively. These results were interpreted as the higher field strength 
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oxygen anion creating deeper Coulombic energy wells, increasing ∆EC, for the mobile lithium and 

sodium ions thereby increasing the total ∆Eact.35  

However, on close inspection of Figure 3A for the x = 0.05 GSE, there is a significant 

decrease in the ∆Eact combined with a corresponding increase in the σd.c. that is most apparent at 

low temperatures, 0 and 25 °C. Such an increase in the conductivity with small additions of oxygen 

to a pure sulfide GSE has been seen in the literature; for example, in the 0.5Li2S + 0.5GeS2-xOx
34 

and the Na3PS4-xOx series.14 The small decrease in the activation energy has been attributed to the 

incorporation of smaller anions, oxygen and nitrogen, which increases the free volume available 

for ion conduction at very low concentrations, thereby lowering the ∆ES.36 At x = 0.1, this effect 

on the volume becomes null as the smaller and higher field strength oxygen anion now decreases 

the free volume of the GSE which actually increases not only the mechanical ∆ES but also the ∆EC 

of the ∆Eact, thereby lowering the σd.c.
 with further increases in x.35-36  

 When comparing the ion transport properties of the NaPSON and NaPSO GSEs, the 

decrease in the conductivity is found to be stronger with the additions of only oxygen with 

increasing x’ in the MOS NaPSO GSE series, Figure 3A and B, compared to addition of oxygen 

and nitrogen to the MOSN NaPSON GSE series. This trend is expected, and found in literature, 

where any amount of nitrogen substituted for oxygen in any LiPON glass yields an increase in the 

ionic conductivity.37 Here, small additions of nitrogen in the NaPSON GSEs, x ≤ 0.1, do not have 

a strong effect on the σd.c., but glasses with higher concentrations of nitrogen, x ≥ 0.2, do have 

notably higher conductivities than the NaPSO GSEs.  

The unexpected trend, however, appears in the activation energy, where although the 

conductivity is higher in the NaPSON glasses, so is the activation energy, compared to the NaPSO 

glasses. Consistent with the higher σd.c. at a higher activation energy, the σ0 values were found to 
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be larger in the NaPSON GSEs compared to those of the NaPSO GSEs, shown in Table S2, which 

gives numerical values for the conductivities at 0, 25, and 60 °C, and the ∆Eact and σ0  values. 

Given the very similar composition and atomic level structures of the NaPSON and NaPSO GSEs, 

there are few parameters of σ0 that are expected to be different between these two GSE series 

outside of n, the temperature dependent number density of charge carriers. Equation 6 shows that 

n is thermally activated by ∆EC. Given the relatively small differences in the conductivities of the 

NaPSO and NaPSON series, only modest decreases in ∆EC are required to generate the increases 

observed. For example, comparing the glasses with the biggest difference in the conductivity, x = 

x’ = 0.5, only a 1.5 kJ mol-1 decrease in ∆EC accounts for this conductivity increase.  

Similarly, research on nitrogen doped ionically conducting LiPON and NaPON GSEs have 

also reported higher conductivities over those of the pure oxide GSEs. These workers have 

associated the higher conductivities to the polarization of charge away from the charge 

compensating non-bridging oxygens (NBOs) by the higher field strength nitrogen.37 This decrease 

in charge density at the NBO leads to a lower ∆EC thereby increasing n for the NaPSON GSEs. 

So, despite the decrease in ∆EC which increases n, the larger increase in ∆ES increases the overall 

∆Eact. However, these arguments do suggest that more research on this interesting behavior is 

needed to understand these compositional trends more fully. 
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Figure 3: A) Conductivity at 25 °C and activation energy as well as the B) conductivity at 0, 25, 
and 60 °C for all x in the Na4P2S7-6xO4.62xN0.92x and Na4P2S7-6x’O6x’ glass series. 

  

3.2 DSC and the MYEGA Model of the Viscosity 

In determining an optimum composition for thin film drawing, resistance to crystallization 

and high ionic conductivity were initially considered as the most important criteria for 

compositional selection. To examine the crystallization resistance, the DSC thermograms of the x 

= 0.0, Na4P2S7 (NaPS), x’ = 0.2, NaPSO-2, and x = 0.2 NaPSON-2 GSEs are shown in Figure 4. 

Even though NaPS has the highest conductivity, it crystallizes only ~75 °C above its Tg and lacks 

the stability needed in the supercooled liquid state to resist crystallization during the slow heating 

steps used to draw thin films. Likewise, NaPSO-2, Na4P2S5.8O1.2, crystallizes ~100 °C above its Tg 

and is similarly unstable against crystallization in the supercooled liquid state.  

However, Figure 4 shows that the NaPSON-2, Na4P2S5.8O0.92N0.18, does not exhibit any 

crystallization even when heated ~250 °C above its Tg and far into the supercooled liquid region. 

Indeed, an estimation of the liquidous temperature, Tl, given by the relationship Tg/Tl = 2/3,38-39 is 

expected to be ~ 400 °C, meaning this liquid is resistant to crystallization across its full supercooled 
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liquid region, an incredible finding for these highly modified invert GSEs.  Further, NaPSON-2 

has a higher conductivity than NaPSO-2, which led it to be chosen for thin film forming.  

 

150 200 250 300 350 400 450

N
or

m
al

iz
ed

 H
ea

t F
lo

w
 (e

nd
o 

up
) [

W
 g

-1
]

Temperature [°C]

 NaPS

 NaPSO-2

 NaPSON-2

Tg

Tc

Tm

 

Figure 4: DSC thermograms for NaPS, NaPSO-2, and NaPSON-2 GSEs. DSC scans were run at 
20 °C min-1 up to 450 °C.  

In order to determine the processing temperature for viscous thin film drawing of NaPSON-

2, the temperature dependence of the viscosity, η(T), was modeled using the method of Mauro et 

al. and their MYEGA model32 given in Equation 7. 

10cpm 10cpm

10 10 10
10

log ( )=log (12-log ) exp -1 -112-log
king gT TmT T Tη η η η

   
   +
   
    

∞ ∞
∞

  (7) 

In this model, only three parameters are necessary to determine η(T), the infinite 

temperature viscosity, η∞, the Tg at 10 °C min-1, Tg10cpm, and the kinetic fragility index, mkin. η∞ 

was taken from literature values40 as 10-0.5 Pa-s, while the Tg10cpm and mkin were determined through 

DSC experiments. Following the methods by Mauro et al.32, Tg was determined at varying heating 

rates, such that the previous cooling rate matches the following heating rate, Table S1, to establish 
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the same thermal history for each measurement of Tg, Figure 5A.41 The Tg/Tg10cpm values were 

then plotted in an Arrhenius plot against the heating rate, Ṫ, where the slope is the calorimetric 

fragility index, mcal, Figure 5B. Finally, mcal was converted to mkin using Equation 8.41 

1.289( 14.97) 14.97 94.5m mkin cal= − + =       (8) 
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Figure 5: A) The DSC curves for NaPSON-2, run at equivalent cooling and heating rates as 
outlined in Table S1. The circled numbers show the progression of the heating and 
cooling scans used to determine the various Tg values. Note that NaPSON-2 is fully 
resistant to crystallization over all of these temperatures. B) Arrhenius plot of the 
heating rate and Tg/Tg10cpm values for three different NaPSON-2 samples run with the 
same program. The dotted line is a standard linear fit: the slope of which is the mcal, 
representative of all three samples. 

Using these three parameters, the η(T) was calculated for NaPSON-2 using Equation 7 

and is shown in Figure 6 which also shows the region of viscosities desired for thin film drawing 

of these GSEs. From the viscosity, it can be seen that the drawing temperature of 214 °C 

corresponds to a viscosity of ~109.5 Pa-s, significantly higher than the viscosity of ~ 104
 Pa-s 

commonly reported for drawing oxide glasses.42 This difference in draw viscosity could potentially 
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be due to differences in the draw speed. More work is being done to further explore the effects of 

temperature, draw speed and feed speed on the thin film drawing process.  

200 225 250 275 300 325

3

6

9

12

Lo
g(

η 
[P

a-
s]

)

Temperature [°C]

NaPSON-2
mkin = 95

Viscosity at Tg

Estimated viscosity 
range for drawing

 

Figure 6: The temperature-dependent viscosity, η(T), of NaPSON-2. The Tg10cpm value is the 
average from the three samples measured, 200 °C, and the mkin is calculated using the 
slope in Figure 5B. The shaded red region denotes the error, calculated assuming a 95 
% confidence of the slope in Figure 5B. The estimated viscosity range needed for 
drawing thin film (shaded in gray) and the actual temperature the film was drawn at 
(dotted circle) are shown.  

 

3.3 Raman and FT-IR Spectra and Powder XRD 

The Raman and FT-IR spectra of NaPSON-2 were used to determine if there were any 

significant chemical structural changes in the GSE during thin film processing, Figure 7. These 

spectra have already been used to carefully probe the SRO species in these NaPSO and NaPSON 

GSEs in bulk form and as such provided deep insight into the kind and proportion of each SRO 

species in these GSEs.30, 43 The main peak in the Raman spectra centered at 400 cm-1 is attributed 

to the P2S7
4- SRO unit, which has two shoulders at 387 cm-1 and 415 cm-1, attributed to the P2S6

4- 
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and PS4
3- SRO units, respectively.44-45 The peaks between 450 and 550 cm-1 arise from vibrational 

modes associated with impurity level of ionic, Na+ -S(Sn)S-Na+, and covalent, Sn, sulfur species.46-

47 The FT-IR spectra shows the same pure sulfide SRO species as seen in the Raman spectra, where 

peaks centered at 560 cm-1 and 610 cm-1  are attributed to the non-bridging sulfur (NBS) of the 

PS4
3- and P2S7

4- anions, respectively.46 The FT-IR spectra also show a mode centered at 463 cm-1 

which is attributed to the dihedral bending of the bridging sulfur (BS), P-S-P, bonds and the 

asymmetric stretch of ionic sulfur, -S-(Sn)S-.45-46 The modes centered at 878 cm-1 and 1043 cm-1 

are attributed to the asymmetric vibration of bridging oxygens (BOs), P-O-P, bonds and the 

symmetric stretch of P2O7
4- anions.48 The other modes, centered at 936 cm-1, 1091 cm-1, 1156 cm-

1, and 1235 cm-1 are attributed to the NBO of PSO3
3- anions, BO in P-O-P of PO3.5

2- units, and the 

symmetric stretch of O-P-O NBOs in PO3
- and P=O in the PO3

- anions, respectively.48-49 Because 

the position, intensity, and area of each peak matches well between the MQ and thin film and there 

are no other peaks unique to either the MQ of thin film GSE, it is very likely that there is no 

significant structural changes in the glass after thin film processing. 
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Figure 7: A) Raman spectra of the NaPSON-2 MQ preform and the thin film in the middle (~100 
µm thick) and at the edge (~300 µm thick). B) FT-IR spectra of the MQ preform and a 
~100 µm thin film. 

 In addition to examining the Raman and FT-IR spectra, powder XRD was used to verify 

that no crystallization occurred in the thin film during processing. The XRD pattern, Figure S2, 

shows no evidence of crystallization in the NaPSON-2 GSE thin film.  

3.4.Sodium Ion Conductivity of Thin Film GSE 

The Nyquist plots for a 50 µm thin film between 25 °C and 60 °C are shown in Figure 8A. 

These curves were fit using the same equivalent circuit used for the MQ GSEs, but without the 

Warburg impedance element, to determine their σd.c.. No polarization was observed in the Nyquist 

plot due to the use of non-blocking, Na-metal electrodes in the symmetric cells used to measure 

the samples. The ionic conductivities of thin films ranging in thicknesses between 50 µm to 250 

µm were measured and compared to the conductivity of the MQ sample, Figure 8B. The σd.c. 

values of each of the thin film samples shows good agreement to those of the MQ sample. The 

conductivity of the thin films at 25 °C varied between a maximum value of 2 x 10-6 (Ωcm)-1 and a 

minimum of 8.5 x 10-7 (Ωcm)-1. Recall, the MQ sample was measured with sputtered gold 

electrodes, while the thin film samples were measured using symmetric coin cells (Na | thin film | 

Na), and variations between the two measurements could be due to varying areas of the Na-metal 

electrodes. It can be concluded that the sodium ion conducting properties of the glass remain the 

same after processing.  
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Figure 8: A) Nyquist plots of the complex impedance of a 50 µm NaPSON-2 GSE measured in 
symmetric coin cells (Na | thin film | Na) at 25, 30, 45 and 60 °C. B) Temperature-
dependent ionic conductivity for the NaPSON-2 MQ sample, from Figure 2B, and 
over a range of thin film thicknesses from 50 µm to 250 µm. These samples were 
measured from -60 °C to 80 °C, to prevent the Na-metal electrodes from melting. 

 

3.5. Electrochemical Characterization 

3.5.1.  Electrochemical Impedance Spectroscopy and Galvanostatic Cycling 

While the thin film is the focus of this article, the MQ NaPSON-2 GSE was tested as a 

baseline for comparison to the thin film GSE. Before cycling, the bulk and interfacial resistances 
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as a function of time were determined for the MQ and thin film samples immediately after cell 

construction and then over 24 hours before cycling. The EIS and constant current cycling for the 

MQ NaPSON-2 GSE can be seen in the SI, Figures S3 and S4. Figure 9A shows EIS plots taken 

every 30 minutes to determine the evolution of the bulk and interfacial resistances after making 

the thin film cell. Then, the area specific resistances (ASRs) of the bulk and interface were 

determined and plotted as a function of time, Figure 9B. The NaPSON-2 50 µm drawn thin film 

showed a decrease in both the bulk and interfacial ASR values, Figure 9. This result was very 

similar for the MQ sample, Figure S3. In this cell, the initial bulk and interfacial resistances of the 

thin films are both higher prior to stabilizing after 24 hours. This is likely because during the 

assembly of the cell it is difficult to evenly press the Na-metal onto the surface of the thin film, 

because care has to be taken to not apply uneven pressure that might cause the thin film to fracture. 

This decrease in ASR has been attributed in other Na-metal-SE interfaces to void filling at the Na-

GSE interface arising from the modest stack pressure applied by the coin cell that causes an 

increasing area with increasing time until the full area of the Na-metal electrode is filled in.29, 50 
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Figure 9: A) EIS measured after cell construction every 30 minutes for 24 hours on 50 µm thin 
film NaPSON-2 symmetric cell. B) The ASR of the bulk and interface plotted against 
time.  

On the same symmetric cell, EIS measurements were made before and between each set of 

galvanostatic cycling experiments, Figure 10,  at 5 µA cm-2 and room temperature on the 

NaPSON-2 50 µm thin film cell for 100 cycles. There was a definitive increase in the resistance, 

~0.5% per hour, as seen in the increased measured voltage, over the cycling period of 450 hours. 

The resistance of the cell prior to cycling was ~36 kΩ, compared to 97 kΩ at the end of the last 

cycle. It is important to note that there was negligible change in the potential of the MQ sample 

after 450 hours of cycling, Figure S4. There were slight variations in voltage at each cycle as 

evidence of minor variation in the cell impedance over this series of cycles, but the changes seen 

are random and minor and perhaps associated with slight variations in temperature, Figure S4. 



25 
 

0 20 40 60 80 100
0

10

20

30

40

-Z
 [k

Ω
]

Z' [kΩ]

Cycle #:
 0
 1
 20
 40
 60
 80
 100Thin film:

t = 50 µm
A = 0.283 cm2

A

B

0 100 200 300 400

−0.2

−0.1

0.0

0.1

0.2

Time [h]

Po
te

nt
ia

l v
s.

 N
a/

N
a+  [V

]

−5.0

−2.5

0.0

2.5

5.0

C
ur

re
nt

 D
en

si
ty

 [µ
A/

cm
2 ]

 

Figure 10: A) The EIS scans of a symmetric cell of a 50 µm thin film NaPSON-2 GSE run before, 
cycle 0, after one 40-hour cycle, cycle 1, then after each group of 20 cycles to determine 
the evolution of the cell impedance under an applied voltage and sustained current. B) 
Galvanostatic cycling over 450 hours. The first 35-hour cycle was run at 1 µA cm-2 to 
establish a conformal interface for further cycling at 5 µA cm-2 for 4-hour intervals. 

After cycling for 450 hours, variable current density experiments were done on the same 

cells, starting at 5 µA cm-2 up to 100 µA cm-2, Figure 11. 



26 
 

0 20 40 60 80 100 120

−10

−5

0

5

10
Po

te
nt

ia
l v

s.
 N

a/
N

a+  [V
]

MQ:
t = 1.3 mm
A = 0.283 cm2

A

−100

−50

0

50

100

0 20 40 60 80 100 120

−3

−2

−1

0

1

2

3 B

−100

−50

0

50

100

Thin film:
t = 50 µm
A = 0.283 cm2

108 110 112 114 116

−10

−5

0

5

10

MQ:
t = 1.3 mm
A = 0.283 cm2

C

−100

−50

0

50

100

108 110 112 114 116

−3

−2

−1

0

1

2

3

Time [h]

D

−100

−50

0

50

100

 C
ur

re
nt

 D
en

si
ty

 [µ
A 

cm
-2

]

Thin film:
t = 50 µm
A = 0.283 cm2

 

Figure 11: A-B) Variable current density experiments for the NaPSON-2 MQ and 50 µm thin film 
cells, respectively. Three cycles were run at each current density from 5 µA cm-2 to 
100 µA cm-2. C-D) Focused regions of the same graphs shown in A and B, 
respectively, for clarity. 

 

Both the MQ, Figure 11A and C, and thin film cells, Figure 11B and D, sustained currents 

up to 100 µA cm-2 without shorting. However, the thin film cell showed a measurable increase in 

resistance after cycling for 450 hours, so any measured voltage for these variable current density 

experiments could be affected by this. Indeed, Figure 11D is consistent with a σd.c. of 2 x 10-7 

(Ωcm)-1 for the 100 µA cm-2 cycling data for the thin film, whereas Figure 11C is consistent with 
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an σd.c. nearly a full order of magnitude higher at 1.7 x 10-6 (Ωcm)-1 for the MQ NaPSON-2 GSE. 

Despite the high current density achieved through the variable current density experiments, 

consistently cycling at these higher values proved challenging with the NaPSON-2 electrolyte. 

This is likely due to the reactivity, explained below, leading to poor cycling, and eventual shorting, 

see Figure S5. 

3.5.2. Cyclic Voltammetry 

To determine the oxidative stability of the NaPSON-2 MQ and thin film GSEs, asymmetric 

cells were assembled and used for CV scans. CV scans were run at 0.1 mV s-1 between -0.5 and 4 

V to show the plating and stripping behavior, Figure 12, and between 0-4 V to emphasize any 

parasitic oxidation and reduction reactions that occur at higher voltages, Figure 12. Despite 

differences in the galvanostatic symmetric cell cycling, both the MQ and thin film GSEs show 

essentially the same result; notably, a clear peak at ~3 V associated with the reaction of free sulfur 

in the glass. Equations 9 and 10 show the standard potentials for the oxidation of Na-metal and 

the reduction of sulfur, respectively, and combining these two equations, Equation 11, shows that 

the reaction due to the formation of Na2S in the electrolyte occurs at 2.27 V. The shift to ~3 V, as 

seen in Figure 12, can be attributed to not only kinetic polarizations but also thermodynamic 

solutions reasons. While the Na-metal in this reaction can be considered as nearly standard state 

sodium, the sulfur is presumably not pure, as it is dissolved in the glass and not at unit activity. 

Further, this result is consistent with the Raman spectra of Figure 7A in section 3.3. that showed 

the presence of free sulfur and polysulfides in the MQ and thin film NaPSON-2 GSE. 

+ -Na Na + e       ;      2.713NaU→ = −                                   (9) 

- 2-S + 2e  S        ;      0.407SU→ = −                                                    (10)                                     

+ 2-
22Na +S Na S   ;   = 0.407 ( 2.719) 2.27 VNa SU U→ − − − − =            (11) 
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Figure 12: A-B) Wide voltage CV scan of NaPSON-2 measured between -0.5 to 4 V for the MQ 
and 700 µm thin film, respectively. C-D) Positive-only CV scan between 0 to 4 V to 
examine the reactions occurring in contact with Na-metal.  

 

3.6. XPS of Reaction Products 

Despite the similarities in structure and properties of the MQ and thin film NaPSON-2, 

there was a measurable increase in the resistance of the thin film. Significantly, the Nyquist plots 

shown in Figure 10A show no clear evidence of the formation of distinct interfacial impedance, 

rather a growth in bulk resistance. This suggests that it is the bulk of the thin film that is changing 

uniformly rather than an adlayer, meaning, that the instability of the NaPSON-2 thin film is not 
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limited to the interfacial contact with the Na-metal electrodes. To investigate this unusual behavior 

and the reaction observed through CV measurements, XPS was used to determine the oxidative 

stability and identify any decomposition reactions occurring, respectively.  

Specifically, XPS was used to determine if the reaction products, Na2S and sulfur that were 

suggested from the CV scans shown in section 3.5.2., were in fact present and if so to determine 

if they might be at root of the chemical changes leading to the increase in bulk resistance for the 

50 µm thin film cell. S2p and P2p XPS are reported for the surface and Ar+ ion etched depth of 

the pristine thin film and the Na-metal side of the post-mortem CV cell and symmetric 50 µm thin 

film cell. To illustrate differences in the surface and depth profiles of these samples, the O1s and 

N1s XPS are also reported.  

3.6.1. Sulfur S2p XPS 

The S2p XPS of the as-synthesized pristine thin film and the post-mortem CV and 

symmetric 50 µm thin film cells for the surface and depth are shown in Figure 13. 
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Figure 13: A-C) S2p XPS of NaPSON-2 GSE surface of the as-synthesized pristine thin film, 
post-mortem CV cell, and post-mortem 50 µm cell, respectively. D-F) S2p XPS of 
NaPSON-2 of the depth of the as-synthesized pristine thin film, post-mortem CV 700 
µm cell, and post-mortem 50 µm cell, respectively. S2p XPS shows the formation of 
excess, impurity Na2S formed in the bulk. 

The results of the S2p XPS show the same chemical species at the surface, even for samples 

measured after contact with Na-metal in both asymmetric CV cells (Figure 12) and symmetric 

galvanostatic cycling cells (Figure 10), Figure 13A-C. The three spectra do show one set of peaks 

at higher binding energies that are centered at 167.3 eV and 166.0 eV, which have been assigned 

to the S2p1/2 and S2p3/2 spin-orbits of the BS species, respectively, and a second set of lower 

binding energy peaks centered at 165.2 eV and 164.0 eV, which have been assigned to the S2p1/2 

and S2p3/2 spin orbits of the NBS species, as highlighted in Figure 13A.51-52 Again, and 

significantly, the surfaces of the pristine thin film, the CV scanned thin film, and the galvanostatic 



31 
 

cycled thin film all show the same and expected constitution of the expected sulfur species and do 

not show any apparent changes in chemistry after exposure to and cycling in contact with Na-metal 

.  

However, upon etching the surface, the exposed depth of the pristine thin film, Figure 13D, 

shows impurity peaks centered at 162.5 eV and 162.1 eV which are attributed to the S2p1/2 and 

S2p3/2 spin orbits of Na2S.53-54 The etched surface of the sodium side of the post-mortem CV cell, 

Figure 13E, shows a significant growth in these same peaks associated with Na2S. Finally, the 

post-mortem 50 um cell, Figure 13F, shows a small but measurable increase in relative area of 

sulfur XPS peaks associated with increased concentrations of Na2S compared to the pristine 

sample. These results are consistent with the CV results that suggest that the production of Na2S 

occurs at 3 V vs. Na+/Na. 

3.6.2. Phosphorus P2p XPS 

The P2p XPS of the pristine NaPSON-2 thin film and thin films from the post-mortem CV 

(Figure 12) and galvanostatic symmetric cells (Figure 10) collected from the surface and the Ar+ 

ion etched depth are shown in Figure 14. 
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Figure 14: A-C) P2p XPS of NaPSON-2 of the surface of the as-synthesized pristine thin film, 
post-mortem CV cell, and post-mortem 50 µm cell, respectively. D-F) P2p XPS of 
NaPSON-2 of the depth of the as-synthesized pristine thin film, post-mortem CV 700 
µm cell, and post-mortem 50 µm cell, respectively. P2p XPS shows the formation of 
the defect anion P2S6

4- and Na3P formed in the bulk under an applied voltage and 
sustained current. 

  

Similarly to the S2p XPS, the P2p XPS of the surface scans for all of these samples are 

essentially identical and showed no evidence of impurities or reaction products as a consequence 

of testing, Figure 14A-C. Figure 14A shows the P2p XPS of the pristine thin film and the 

phosphorus chemical species, with peaks centered at 134.8 eV and 135.9 eV, are assigned to the 

P2p1/2 and P2p3/2 spin orbits of phosphorus atoms in non-bridging X=P-X- bonds (X = S, O, or 

N in these MOSN glasses), respectively.55 The peaks centered at 136.9 eV and 138.2 eV are 
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attributed to the P2p1/2 and P2p3/2 spin orbits of the phosphorus atoms in bridging P-X-P bonds 

in the glass.55  

Now, turning to the Ar+ ion etched exposed depth of the as-synthesized thin films,  Figure 

14D shows the P2p XPS spectra of the pristine thin film is unchanged from that of the surfaces 

and shows no evidence for chemical impurities or reaction products. This is significant because as 

described in section 3.3., the Raman spectra, Figure 7A, shows that a small concentration of defect 

P2S6
4- anions, which are missing the BS between the two phosphorus atoms, is present in the as-

synthesized thin film due to the presence of the small shoulder at 387 cm-1. To form P2S6
4- anions, 

the BS in the P-S-P bond is removed from the P2S7
4- anion, leaving phosphorus to bond with itself 

and excess free sulfur in the glass. The latter species is confirmed in the Raman spectra, Figure 

7A, by the presence of a peak at ~ 472 cm-1, associated with free sulfur. The absence of a P2p XPS 

signal arising from the P-P bond in this P2S6
4- defect may suggest that its concentration is below 

the detection limit in the P2p XPS measurements of the pristine sample.  

From the P2p XPS spectra of the thin film GSE from the post-mortem CV cell, Figure 

14E, and the thin film post-mortem symmetric galvanostatic cycling cell, Figure 14F, there is 

evidence that reduced phosphorus species form based on the peaks at 133.6 eV and 132.7 eV which 

are assigned to the P2p1/2 and P2p3/2 of the P2S6
4- defect anion. The presence of a second reduced 

phosphorus species is evidenced from the peaks at 130.7 eV and 131.6 eV and this peak is assigned 

to the P2p1/2 and P2p3/2 of sodium phosphide, Na3P.54-56 The XPS of Na3P can be found in Figure 

S6.  

In summary, the P2p XPS spectra combined with the S2p XPS spectra suggest that the 

reaction P2S7
4- → P2S6

4- + S occurs on symmetric cell and CV cycling, where the excess sulfur 

reacts with Na-metal and forms additional excess Na2S in the GSE. In a similar way, it is suggested 
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that the PS4
3- anion decomposes to form Na3P and Na2S.57 Hence, the formation of Na2S must be 

electrochemically and chemically favorable to form from the pure sulfide glass network species, 

PS4
3- and P2S7

4-, at oxidizing potentials, Figure 14E, as seen in the CV scans, and to a lesser extent, 

Figure 14F, after galvanostatic cycling.  

3.6.3. Oxygen (O1s) and Nitrogen (N1s) XPS 

 In addition to the S2p and P2p XPS, the O1s and N1s XPS spectra were also collected to 

determine if there were any differences in the chemistry between the surface and bulk of the thin 

films, which may be the cause of the increased electrochemical stability of the surface of the thin 

film. Figure 15 shows that both the O1s and the N1s XPS show an observable difference between 

the surface and depth profile of the NaPSON-2 thin film.  
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Figure 15: XPS spectra of pristine NaPSON-2 100 µm thin film. A-B) O1s XPS C-D) N1s XPS 
at the surface and depth. There is a greater concentration of Nt and NBO species at 
the surface compared to the depth.  

 The O1s XPS shows peaks centered at 537 eV, corresponding to the BO of the P-O-P 

bonds, and at 535 eV and 534 eV correspond to the two NBOs in the glass associated with the 

doubly bonded oxygen and the charged oxygen of the O=P-O- unit.37, 58 The N1s XPS spectra 

shows peaks centered at 403 eV, 401.2, and 398 eV and are assigned to a minor impurity of NH3, 

trigonal coordinated nitrogen (Nt) and linearly coordinated, doubly bonded nitrogen (Nd), 

respectively.37, 58 The surface of these thin film GSEs shows a higher proportion of Nt compared 
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to Nd and higher fraction of NBO species. With nitrogen occupying covalent and neutral Nt 

coordinated positions in the glass network, these additional amounts of Nt nitrogen at the surface 

must lead to additional NBO species in order to maintain charge balance at the surface of the GSE. 

This preferential ordering of neutral Nt and NBOs at the GSE surface may lead to a stable 

passivating solid electrolyte interface (SEI) layer in contact with Na-metal which limits the 

production of reaction products at the surface of the GSE. However, such a preferential ordering 

is not observed in the exposed depth of the thin film and as such, this lack of this favorable SEI 

layer may result in the observation that the depth of the thin film is vulnerable to electrochemical 

reaction, Figure 10A. At this point, however, the cause of the increase in the concentration of 

these two important species, Nt nitrogen and NBOs, at the surface of the thin film is unknown, but 

it is being further investigated. 

3.7. Electronic Conductivity 

 With the determination that adverse reactions in the NaPSON-2 thin film GSE were 

occurring in the bulk of the thin film, the electronic conductivity of the thin film is of interest to 

determine if a higher than expected electronic conductivity might be enabling these reactions even 

as the surface of the film remains stable. Equation 12 relates the driven electronic current, It, to 

the applied voltage, E, and enables the electronic conductivity, σe, in (Ωcm)-1 to be determined.59  

exp( )
(1 exp( ))

t
h e

I LF u
RTA u

σ σ= +
− −

    (12) 

EFu
RT

=       (13) 

Here, L and A are the thickness, in cm, and area, in cm2, of the sample, respectively, and T the 

temperature in K. R and F are the gas constant in J mol-1 K-1 and Faraday’s constant in C mol-1. 

Lastly, u is defined in Equation 13, and is the hole conductivity, σh, in (Ωcm)-1. In a series of 
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experiments, the applied voltage, E, was held constant and the resulting current was measured 

until it stabilized, and this limiting stable current was determined. The voltage was then 

increased and the experiment was repeated. The voltage and resulting current were then used as 

parameters in Equation 12, and plotted in Figure 16. 
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Figure 16: The relationship between current and voltage for the NaPSON-2 thin film, where the 
intercept represents the electronic conductivity and is shown in the figure for this 
glass at 25 °C. 

 The electronic conductivity of the electrolyte was determined from the intercept to be 4.6 

x 10-8 (Ωcm)-1. The ionic conductivity of the thin film is ~1 x 10-6 (Ωcm)-1, leaving less than two 

orders of magnitude between it and the electronic conductivity. This parasitic electronic 

conductivity is too high for this electrolyte to be viable in a battery, but also, it could be aiding 

the electrochemical reactions observed in the bulk of the thin film as described above in section 

3.6..  
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3.8. Oxygen’s role in electrochemical stability 

 Oxygen has been shown to improve the electrochemical stability of sulfide solid 

electrolytes, like in the Na3PS4-xOx system, where excellent stability was determined at x = 0.6, 

which has a S/O ratio of 5.67.14 However, in the NaPSON-2 GSE reported here, which has a 

comparable S/(O+N) ratio of 5.27, the GSE appears to be unstable. Added oxygen still improves 

the stability of these GSEs, which is clear when considering the decomposition behavior of the 

pure sulfide, Na4P2S7, see Figure S7, compared to the composition reported here. NaPSON-2 

however contains some proportion of P2S7
4- anions, as well as some PS4

3- anions which form in 

the glass as a result of a disproportionation reaction30, leading to instability issues. So, while the 

S/O ratio is important, engineering the structural units present in GSEs is the key in improving 

stability.  

4. Conclusion 

 Thin films of a fast sodium ion conducting GSE have been drawn from a new series of 

NaPSON MOSN glasses. The σd.c. of the NaPSON GSE series was found to generally decrease 

with increasing x, added oxygen and nitrogen, but had significantly higher conductivities 

compared to their NaPSO counterparts. The x = 0.2 GSE in this NaPSON series, NaPSON-2, was 

observed to be uncrystallizable and yet still had a significant sodium ion conductivity and for this 

reason, it was chosen as the composition to be drawn into a thin film. When comparing the 

galvanostatic cycling, the MQ GSE showed little change in the resistance over 100 cycles (450 

hours), but the thin film showed an almost three-fold increase in resistance. Despite this, the MQ 

sample has an order of magnitude higher resistance, making changes in bulk resistance at low 

current densities due to any decomposition reactions less notable. Based on the reactions that were 

determined to occur through CV and XPS experiments, it is likely that the changes in resistance 
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for the MQ material indeed occurred, but perhaps due to the 20 times larger resistance of the MQ 

material it was less noticeable but could be found at longer times and over a greater number of 

cycles (>100). The changes in resistance of the thin films are suggested to arise in the bulk of the 

thin films, where reaction products were observed. Post-cycling XPS measurements showed that 

the surface of the thin film did not change after contact with Na-metal.  The stability of the surface 

of the thin films was associated with higher concentrations of trigonally Nt nitrogen and NBOs 

compared to the bulk of the thin film. Reactions in the bulk of the thin film were observed and 

thought to be exacerbated by a relatively high electronic conductivity of the NaPSON-2 GSE. 

Future GSE compositions will be optimized to lower the electronic conductivity and avoid pure 

sulfide P2S7
4- and PS4

3- anions, which are easily reduced to P2S6
4- anions and Na3P, which make 

the GSE vulnerable to excess, reactive free sulfur.  

Supporting Information 

 Table showing the DSC program used to model the viscosity of NaPSON-2, Arrhenius 

plot for glasses in the NaPSO series, conductivity values at variable temperatures, activation 

energies, and pre-exponential factors for all the glasses in NaPSON series, XRD pattern for thin 

film NaPSON-2, EIS and galvanostatic cycling of MQ NaPSON-2, cycling of thin film 

NaPSON-2 at 50 µA cm-2, XPS of Na3P and Na4P2S7. 
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