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ABSTRACT 

The limited understanding of the electrochemical mechanism of Na-S battery systems is a 

barrier to further improve the performance of the Na-S energy storage. The characterization 

of sodium polysulfides in the Na-S battery systems can offer insightful information to 

understand the electrochemical reaction mechanism of the Na-S batteries and overcome the 

“inert” nature of short-chain polysulfides (Na2Sn, 1<n<4) during charge and discharge of the 

batteries. Up to now, there are limited studies on the sodium polysulfides compound in the Na-

S batteries. Meanwhile, although many synthesis methods for sodium polysulfides have been 

reported, many related studies offer unclear and misleading parameters. 

This work examines several reported synthesis methods for sodium polysulfide. The results 

show that the sodium polysulfides cannot be obtained by the reaction of Na2S and S using 

anhydrous ethanol as the reaction media. In “dry” synthesis method, the pressure will influence 

the components in the product, and only Na2S4 can be synthesized at atmospheric pressure. 

This study also revises the synthesis method for Na2S2 and Na2S5, and detailed synthesis 

parameters are presented.  

The properties of sodium polysulfides in tetraethylene glycol dimethyl ether TEGDME were 

studied in this thesis.  The solubility of Na2Sn in TEGDME increases with increasing sulfur in 

sodium polysulfide. The corresponding solution gets to longer-wavelength color and contains 

more long-chain polysulfides anions (Sn
2-, 4<n<8).  
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Qiaoyi Zhang 

GENERAL AUDIENCE ABSTRACT 

In recent decades, our society became more and more power-demanding, sodium-sulfur (Na-

S) energy storage systems attracted researchers’ attention due to their low cost and good 

performance. However, the limited understanding of the electrochemical mechanism of Na-S 

battery systems is a barrier to further improve the performance of the Na-S batteries. The 

characterization of sodium polysulfides in the Na-S battery systems can offer insightful 

information to understand the working mechanism of the Na-S batteries during charge and 

discharge of the batteries.  

Up to now, there are limited studies on the sodium polysulfides compound in the Na-S batteries. 

Meanwhile, although many synthesis methods for sodium polysulfides have been reported, 

many related studies offer unclear and misleading parameters. This work examines several 

reported synthesis methods for sodium polysulfide and offers complete processes with clear 

parameters for the synthesis of sodium polysulfide. Meanwhile, the sodium polysulfides 

solution in tetraethylene glycol dimethyl ether (TEGDME), an electrolyte solvent that was 

widely used in Na-S batteries, were analyzed to study the properties of sodium polysulfides in 

the Na-S battery system.    
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Chapter 1: Introduction  

1.1 Motivation 

In recent decades, our society became more and more power-demanding, efficient mobile and 

stationary energy storage systems attracted researchers’ attention. The Na-S energy storage 

systems became promising candidates in energy storage application due to their high power and 

energy density and lower cost of the electrode materials. Since the1960s, the Ford Motor Company 

first released their research result about Na-S energy storage systems, after that, there are many 

related successful technologies reported, furthermore, the theory of traditional high-temperature 

sodium-sulfur energy storage technology has already been commercially demonstrated [1-3]. In 

2006, Korean researchers reported that the room-temperature Na-S battery technology is able to 

further improve the performance and safety of the Na-S energy storage system [4]. 

Although, there were many studies about Na-S energy storage systems reported, the limited 

understanding of the electrochemical mechanism of Na-S battery systems provide a barrier to 

further improving the performance of the Na-S energy storage. By applying sodium polysulfides 

in the Na-S battery systems, researchers will have a deeper understanding of the electrochemical 

mechanism in the systems, and more information can be obtained to overcome the “inert” nature 

of short-chain polysulfides (Na2Sn, 1<n<4) during charge and discharge of the batteries. Up to now, 

there are limited studies that apply the sodium polysulfides compound in the Na-S batteries. 

Meanwhile, currently reported synthesis methods are also needed to be revised. Although many 

synthesis methods for sodium polysulfides have been reported, most studies did not offer clear 
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processing parameters, furthermore, some related studies even reported misleading processing 

parameters. 

1.2 Research Objectives 

The main objective of this research is to have a deeper insight into the working mechanism of 

sodium-sulfur batteries and offer more valuable information to further improve the performance 

of Na-S energy storage systems. 

The first goal of this research is to establish a complete synthesis process for sodium polysulfide 

which cannot be commercially obtained based on the sodium polysulfides synthesis method 

reported. And this study aimed to offer clear and detailed synthesis procedure and parameters for 

each sodium polysulfide. The second goal of this research is to analyze the electrochemical 

reactions happening in the electrolytes in Na-S energy storage system using the synthesized 

sodium polysulfide product.   
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Chapter 2 Background and Literature Review 

2.1 Sodium- Sulfur Battery 

In recent decades, our society became more and more power-demanding, efficient mobile and 

stationary energy storage systems attracted researchers’ attention [5-8]. As shown in Fig.1, among 

various existing and reported energy storage systems, sulfur-containing batteries, such as lithium-

sulfur batteries, and sodium sulfur batteries, are particularly attractive due to the high power and 

energy density and low cost of sulfur [9-13].  

 

 

(a) 
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(b) 

Figure 1 Comparison of the cost and specific energy of metal-sulfur batteries and other 

rechargeable batteries. (a. The chemical cost of reported energy storage systems. Reprinted with 

permission from [9] b. Specific energies for some rechargeable batteries. Reprinted with 

permission from [10]) 

 

Although the low cost of sulfur decreased the total cost batteries and increased the specific energy 

of Li-based batteries, Li-S batteries still can hardly meet the need of relatively large-scale 

stationary battery due to the limited natural abundance and the high price of lithium [14]. Hence, 

because of the much larger abundance and lower price of Na, and its suitable redox potential, 
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E(Na+/Na)
0 = 2.71V, sodium sulfur batteries were highlighted as a promising candidate for energy 

storage applications since the 1980s. 

 

Figure 2 . Natural elemental abundances in the earth’s crust [15] 

 

In Na-S batteries, sodium acts as the anode, sulfur works as the cathode, and a sodium-ion-

conductive electrolyte and a separator used for Na+ ion transition. This kind of energy system 

works based on the reversible electrochemical reaction of Na-S system [16]. Up to now, there are 

many successful Na-S battery technologies reported, the theory of traditional high-temperature 

sodium-sulfur energy storage technology has already been commercially demonstrated [1-3]. 
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In the 1960s, scientists at the Ford Motor Company first reported the details of the Na-S energy 

storage systems, a tubular structure was used in the reported system because this design minimizes 

the influence of the volume change during cycling and the sealing area [1, 17]. The composition 

of the tubular molten Na-S batteries can be explained by Fig.3.  

 

           

Figure 3 . Schematic of the tubular Na-S cell. Reprinted with permission from [12] 

 

The working mechanism of high-temperature Na-S battery cell during charge and discharge can 

be explained by Fig.4. While discharge, the anode is oxidized from metal Na to Na+ ions as 

reaction described in Eq. (1), then transfers through the beta-Al2O3 ceramic electrolyte membrane 

and combines with reduced polysulfide anions [18], Sn2-, to generate sodium polysulfide Na2Sn in 

the cathode (the cathode reaction was shown in Eq. (2)). 
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Anode reaction: 

                                               2Na = 2Na+ + 2e-                                                         (1) 

Cathode reaction: 

                                                      nS + 2e- =   Sn
2-                                                          (2) 

Overall reaction: 

                                                2Na + nS = Na2Sn                                                        (3) 

 

 

Figure 4 High-temperature Na-S battery cell principle of operation. Reprinted with 

permission from [16] 

https://wol-prod-cdn.literatumonline.com/cms/attachment/cfd2aa8b-9d54-42e6-985e-5e738dad47ac/ijac_269_f1.gif
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The operating temperature of high-temperature Na-S batteries is about 270 to 350 ℃, thus, the 

electrodes in Na/S batteries are molten sulfur (melting point at 113.2℃ at 1 atm) as the cathode 

and molten sodium (melting point at 97.8℃ at 1 atm) as the anode. The sodium-ion conductive 

beta-alumina ceramics acts as both electrolyte and separator in molten Na-S batteries. During 

discharge, electrons that are stripped off from the anode move through the external circuit, 

combined with the sulfur in the cathode, then generate polysulfides, then Na+ can transport across 

the solid ceramics to the cathode to balance the electron charge. Electrochemical reactions are 

reversed during charge. The OCV profile versus the state-of-charge that suggested by Oshima et 

al.[16] was illustrated in Fig.5, according to this hypothesis, at high state-of-charge, S and initially 

formed Na2S5 co-existing phase in the cathode shows an OCV of 2.075V. Then, reduction of sulfur 

and polysulfide occurs from 2.075V to 1.74V, at 1.74V, sulfur and polysulfides convert to Na2S3, 

meanwhile a new phase forms. For deeper discharge, the cathode is further reduced to Na2S2, a 

solid discharge product.[3]. 

 

 

https://wol-prod-cdn.literatumonline.com/cms/attachment/b47e6482-ee6f-4aba-a7cc-85ba5e106add/ijac_269_f3.gif
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Figure 5  Representation of the voltage profile for High-temperature Na-S cell with phases 

present at each stage. Reprinted with permission from [16] 

 

In the 1980s, NGK and Tokyo Electric Power Company successfully developed the Na-S battery 

technology, and NGK commenced commercial Na-S energy storage systems in Japan. Despite the 

high efficiency of Na/S systems in general (normally around 89%), the high operating temperature 

and the corrosive sodium polysulfides in systems might cause safety issues, which limited them 

for wide range applications. Meanwhile, an independent heater must be used to keep the operating 

temperature to guarantee the process of the whole Na-S battery system. To this end, low-

temperature Na-S batteries might offer a more promising way for low-cost, high-capacity energy 

storage systems [19-23], otherwise, the low operation temperature might offer a safer way for 

energy storage, although this technology should be further revised to improve the performance of 

the battery and to mitigate some safety concerns when applying in the commercial-scale products. 

Low-temperature Na-S batteries can operate at room temperature or just below 100 ℃. When 

Korean researcher Hyo-Jun Ahn and his group first reported room-temperature Na-S batteries [4], 

they used NaCF3SO3 PVDF gel polymer electrolyte to conduct sodium ion. Conventional 

separators, such as glass fibers, and sodium salt solutions in organic electrolytes can be applied in 

low-temperature Na-S batteries directly. As shown in Fig.6, the room-temperature Na-S cell can 

be assembled similarly with room-temperature Li-S batteries, with sulfur or sulfur-containing 

cathode and sodium metal anode. A sodium salt (such as NaClO4 [14, 24, 25], NaCF3SO3 [26-28], 

NaPF6 [29-31], et.al) solution in an organic solvent (such as PC/EC(v:v=1:1) [22], TEGDME [32], 

EC/DEC(v:v=1:1) [30], etc.) works as electrolyte for the transport of sodium ion. And sometimes, 
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there will be an interlayer between the cathode and the separator as a polysulfide inhibitor to avoid 

the negative influence of shuttle effect. Similarly, with high-temperature Na-S batteries, while 

discharging, sodium anode oxidizes to Na+ and produce electrons, the electrons will transfer to the 

cathode to form Sn
- through the external circuit, meanwhile, the sodium ions pass through the 

electrolyte and the separator and combine with Sn
- produced by the reduction of sulfur in the 

cathode to form sodium polysulfides. 

  

Figure 6 Schematic configuration of a room-temperature Na–S battery with an interlayer 

between the cathode and the separator. Reprinted with permission from [33] 

 

According to Yu et al.’s research, the discharge process of room-temperature can be divided into 

four steps, shown in Fig.7. In the region I, there is a plateau at 2.2V, corresponding to the following 

reaction. 

                                                      S8+2Na++2e- → Na2S8                                                   (4) 
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And there is an inclined region after region I in the voltage range from around 2.20 to 1.65V, and 

there is a liquid-liquid reaction happening in this state, namely, the dissolved Na2S8 is being 

reduced to Na2S4 by the following mechanism. 

                                                  3Na2S8+2Na++2e- → 4Na2S6                                                (5) 

                                                 6Na2S6+2Na++2e- → 5Na2S5                                                 (6) 

 

                                                4Na2S8+2Na++2e- → 5Na2S4                                                  (7) 

In the third state, there is a low-voltage plateau at about 1.65V, in this region, insoluble Na2S3 and 

Na2S2 are formed. 

                                                3Na2S4+2Na++2e- → 4Na2S3                                                  (8) 

                                                  Na2S4+2Na++2e- → 2Na2S2                                                  (9) 

                                                2 Na2S3+2Na++2e- → 3Na2S2                                               (10) 

Region IV is another inclined region in the range of 1.65 to about 1.20V occurs in the last state, 

the polysulfides can further be reduced to insoluble Na2S2 and Na2S. 

                                                2 Na2S2+2Na++2e- → 2Na2S                                                (11) 
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Figure 7 Theoretical versus practical discharge capacities. Reprinted with permission from 

[33] 

 

Theoretically, low-temperature sodium-sulfur batteries have higher capacity than high-

temperature cells due to the temperature difference. However, most reports fail to realize even half 

of the theoretical gravimetric capacity of the sulfur cathode (1673 mAh/g) [3, 14, 27, 32, 34, 35]. 

Although theoretical data of the electrochemical reaction can be illustrated as above-mentioned 

electrochemical equations, the detailed mechanism at room temperature still needs deeper studies 

to further improve the room-temperature Na-S battery technology. 
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2.2 Sodium- sulfur System 

The Na-S system has been widely investigated to obtain a deep understanding of the nature of 

polysulfides. The study of Na-S system also offered information for industry, for example, the 

theory of Na-S system can offer clues to improve the performance of Na-S high energy-density 

storage system [16, 36]. 

In 1914, K. Friedrich et al. [37] first published the sodium-sulfur phase diagram. In their research, 

he postulated the existence of several tetrasodium polysulfides (Na4Sn, n= 3, 5, 7, 9, etc.). After 

that Rule and Thomas offered a further investigation and claimed that only the disodium 

polysulfides (Na2Sn, n=1, 2, 3, 4, etc.)  can be established as compounds [38, 39]. And Pearson et 

al.[40] confirmed their results and revised the Na-S diagram (Fig.8).  
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Figure 8 The assessed Na-S phase diagram. Reprinted with permission from [40] 

40 years later, the partial pressure of sulfur was calculated from the sodium activities via Gibbs-

Duhem equation, and all these results were used for analysis to add optimized iso-PS2 curves in the 

Na-S phase diagram [41]. After taking the partial pressure of sulfur into consideration, an assessed 

Na-S phase diagram with the isobaric curve of the partial pressure of sulfur can be illustrated as 

Fig.9, which can be used as a reference for Na-S battery design and the synthesis of sodium 

polysulfides. 
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Figure 9 Assessed Na-S phase diagram including the isobar of the pressure of S2. Reprinted 

with permission from [42] 
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2.3 Current Synthesis Method for Sodium Polysulfides 

As illustrated above, the study of the sodium-sulfur system can offer valuable information for Na-

S density storage system. The sodium polysulfides can also be applied in the Na-S batteries and 

study the working mechanism of Na-S batteries. For example, to screen the impact from the 

reaction of S8 to long-chain Sn2-, Yu et al. dissolved Na2S and S stoichiometrically (Na2S:S=1:5) 

in TEGDME, and used this solution as the intermediate product, Na2S6, as the starting cathode to 

study the lower-voltage-plateau region of Na-S batteries [14]. Kim et al. [25] used the same method 

to prepare intermediate product sodium polysulfides to study the Na-S batteries. In 2015, Yu et 

al.[43] prepared a Na2S cathode by spreading the multi-walled carbon nanotube (MWCNT)-

wrapped Na2S particles onto MWCNT fabrics to study the Na-S batteries and try to overcome the 

“inert” nature of Na2S. However, there are limited studies using sodium polysulfides compounds 

as the intermediate in the cathodes, Na2Sn compounds will help to have a better understanding of 

Na-S battery. Up to now, there are several methods reported for the synthesis of sodium 

polysulfides. 

2.3.1 Na2S – Sodium Sulfide 

Anhydrous state Na2S can be prepared by element sodium and sulfur in protecting media [44, 45], 

drying Na2S▪9H2O or the reduction of Na2SO3 and Na2SO4 by S, C or H2. When synthesizing 

elements sodium and sulfur, the reaction is performed in anhydrous liquid ammonia according to 

Eq.12. A N2 or CO2 cooling bath can be used to keep the temperature of the liquid ammonia during 

the reaction. After the reaction is completed, the NH3 media will be evaporated [46]. 

                                                     2 Na + S→Na2S                                                                (12) 
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Anhydrous Na2S can also be obtained by drying pure Na2S • 9 H2O. Pure Na2S • 9 H2O should be 

stored over superabsorbent agents, such as concentrated H2SO4 or H3PO4 in a vacuum desiccator 

for about 14 days. The operating temperature should be around 15 °C in the initial phase and can 

be raised slightly to about 35 °C [47]. The reaction equation can be illustrated as Eq.13. 

                            Na2S • 9 H2O 
Concentrated H2SO4 or H3PO4(vacuum) 
→                               Na2S + 9 H2O                               (13) 

Commercially, anhydrous Na2S can also be prepared by the reduction reaction of Na2SO4 using C, 

CO or H2. However, this method is not able to produce a sufficiently pure product [48]. Anhydrous 

Na-S is a white hygroscopic crystalline compound, it will change color in moist air and has a 

melting point of 1180 ± 10 °C (under vacuum).  

2.3.2 Na2S2 – Sodium Disulfide 

There are three synthetic methods that were reported to prepare sodium disulfide. Firstly, it can be 

synthesized by elemental sodium and sulfur in the ammonia media by the same method as Na2S 

[46]. Sod odium disulfide can also be obtained by the reaction of sodium tetrasulfide with sodium 

in the media. A stoichiometric amount of metal sodium was added into the prepared Na2S4 ethanol 

solution under N2, according to Klemm et al.’s report, the precipitate of Na2S2 can be obtained 

[38].  

                                                      Na2S4+2Na→2Na2S2                                               (14) 

Besides, Na2S2 can be obtained by the reaction of Na2S and S. Appropriate stoichiometric amount 

of Na2S and S are heated at 500 °C under vacuum to obtain beta-Na2S2 according to the following 

reaction equation. 
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Na2S+S
500 °C (vacuum)
→           Na2S2                                           (15) 

Na2S2 is a light yellow, microcrystalline, very hygroscopic powder. The melting point is 

approximately 490 °C. 

2.3.3 Na2S3 – Sodium Trisulfide 

Na2S3 can be obtained by the reaction of the elemental sodium and sulfur in liquid ammonia media 

or from the melt Na2S2 and Na2S4 stoichiometrically, but the XRD of Na2S3 shows that the product 

is a mixture of Na2S2 and Na2S4[49].  

2.3.4 Na2S4 – Sodium Tetrasulfide 

Similarly, Na2S4 can be obtained by elemental sodium and sulfur in ammonia media or by heating 

Na2S and stoichiometric amount S under vacuum. It also can be obtained by the reaction between 

Na and sulfur according to the following reaction [50]. 

                                                   2NaHS + 3S→Na2S4 + H2S                                              (16) 

2.3.5 Na2S5 – Sodium pentasulfide 

Na2S5 has been successfully synthesized by the reaction of elemental sulfur and sodium. Na2S5 is 

orangish yellow powder, and very hygroscopic. 

 

Although many synthesis methods for sodium polysulfides have been reported, most studies did 

not offer clear processing parameters, furthermore, some related studies even reported misleading 
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processing parameters. This study studied the operating conditions for sodium polysulfides 

synthesis and offered clear procedures and parameters for each sodium polysulfide synthesis. 

2.4 Characterization of Sodium Polysulfides in Na-S battery 

2.4.1 Powder X-ray diffraction 

XRD is one of the most common characterization methods for powder sample, it can characterize 

the phase composition of the crystalline material and offer information about the crystalline 

structure of the material. XRD is widely used in the characterization of the discharge products in 

the cathode of Na-S battery system and the study of the crystalline structure of the sodium 

polysulfides. Fig.10 shows Mali et al.[49]’s structure refinement study of sodium polysulfides 

basis the XRD patterns. 

 

(a) 
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(b) 

Figure 10 Structure refinement study of sodium polysulfides (a. XRD patterns of sodium 

polysulfides, b. Unit cells of crystalline sodium polysulfides. Reprinted with permission from 

[49] 

2.4.2 Raman spectroscopy 

Raman spectroscopy uses an analysis of scattered light to characterize the molecular vibration, 

which can provide a structural fingerprint and is commonly used to identify the species of 

molecules, cations, and ions. It is spectroscopic technique used to observe vibrational, rotational 

and other low-frequency modes in a system by Raman effect. The Raman effect is based on the 

interaction between the electron cloud of a sample and the external electric field of the 

monochromatic light, which can create an induced dipole moment within the molecule based on 

its polarizability. Raman spectroscopy is widely used as an ex-situ method to characterize the 

composites of electrodes and electrolytes [51-56], sometimes, combined with other 



21 

 

characterization techniques, such as XRD, FTIR, etc. Raman can be applied on both solid and 

liquid samples, and is nearly non-destructive for the testing sample, except laser or light-sensitive 

materials, otherwise, it can be quickly performed. Because of above merits, Raman spectroscopy 

is widely used in the study of polysulfide and metal-sulfur battery systems, Yeon et al.[51]applied 

in-situ Raman spectroscopy to theirs study about Li-S battery to investigate the reaction 

mechanism that limits the capacity, as shown in Fig.11,  they found Li2S cannot be found in the 

discharged cathode, the capacity of the battery might be limited by the diffusion-control reaction 

from insoluble Li2S2 to Li2S. 

 

Figure 11 Raman spectra of sulfur cathodes obtained from seven representative points (a. 

Pristine cathode. b. Discharged to 2.28 V. c. Discharged to 2.1 V. d. Full discharge. e. Charged 

to 2.34 V. f.  Charged to 2.4 V. g. Full charge.) Reprinted with permission from [51] 

http://jes.ecsdl.org/content/159/8/A1308/F5.large.jpg
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2.4.3 Fourier transform infrared spectroscopy (FTIR) 

FTIR can identify molecular bond and structure of both solid and liquid. Contrast with Raman 

spectroscopy, in FTIR, energy of absorbed photon matches the difference in energy between the 

initial and final rovibronic states. The FTIR characterization mainly depends on the change in 

dipole moment. If a bond is strongly polarized, a small change in its length such as that occurs 

during a vibration, will have only a small additional effect on polarization. Due to the electrical 

characteristic of the vibration, the strong bands in infrared spectrum of one compound often 

corresponds to weak bands in the Raman spectrum. Hence, FTIR is complementary to Raman 

spectroscopy, it can be applied in the study of batteries combined with Raman spectroscopy. 

Dillard et al. [57] studied the interactions between redox species in the Li-S batteries, they applied 

in-situ ATR-FTIR with attenuated total reflection to monitor both polysulfides and electrolyte 

during charging and discharging. Fig.12 shows the schematic of the in-situ ATR-FTIR experiment 

in their study. Hence, FTIR is able to characterize the discharge product in electrode materials and 

the state of charge in Na-S batteries [58].   
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Figure 12 Schematic of the in situ infrared spectroelectrochemical experiment with a 

lithium-sulfur cell on the ATR crystal of the FT-IR spectrometer. Reprinted with permission from 

[57]. Copyright (2019) American Chemical Society. 

2.4.4 Electron spin resonance (EPR) spectroscopy.  

EPR spectroscopy is an efficient strategy to fully investigate the electrolyte composition, as 

previously reported in the literature. This technique can measure the diffusion of various materials, 

such as transition metal ions and organic free radicals [59, 60]. The direct EPR spectroscopy 

comparison of the electrolyte composition before and after cycles helps us investigate the 

crossover effect on the electrochemical performance. The EPR spectroscopy technique has been 

recently developed to probe the polysulfides species in the electrolyte [61, 62]. For example, 

Barchasz et al. reveal the S
•− 

3  radical in the electrolyte during the discharge and charge process, 

resulted from the disproportionation reaction (Fig.13) [63]. The special S
•− 

3  radical was produced 

during the first step and then consumed along with the electrochemical process. In Vijayakumar 

et al.’s[64] investigation about the stability of PS electrolyte and the influence of solvents on the 

electrochemical reaction of polysulfide in the for Li-S batteries, they probed the intermediates to 

have a further insight of the electrochemical step of lithium polysulfides dissolved in the 

electrolyte by EPR. 
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Figure 13 X-band ESR spectra (vertical shifted) obtained at 100 K for catholyte samples 

after the cell polarization at different potentials. Reprinted with permission from [63]. Copyright 

(2019) American Chemical Society. 

 

2.4.5 X-ray absorption near-edge structure (XANES). 

XANES has been widely used for determining the local geometric or electronic structure of the 

materials. For the polysulfides species, sulfur K-edge X-ray absorption near-edge structure has 

been introduced to measure different sulfur compounds, including metal sulfides and polysulfides. 

The results demonstrate that the pre-edge and sulfur K-edge resonances are sensitive to the sulfur 

oxidation state. The energy peak location of the sulfur K-edge shifts to a higher position with an 

about 6 eV between elemental sulfur and sulfate [65]. This property facilitates us to figure out 
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different oxidation state of sulfur in the Na-S batteries. Meanwhile, the local symmetry of sulfur 

atoms in the polysulfides possesses a strong impact on the observed shape of the sulfur edge and 

pre-edge resonances, which could be used as a clue for identifying individual sulfur in the 

polysulfides species [66]. Recently, Dominko et al. report the application of XANES on detailed 

analysis of different component in the cathode and separator [67]. The precise results illustrate the 

relative sulfur amounts in the cathode and separator through the linear combination fit of the 

XANES spectra based on the reference compounds. The XANES spectra provide us a technique 

to probe the relative amount Li or Na in Li2Sx and Na2Sx species (Fig.14), which could help us 

investigate the mechanism of the PSRFBs system. 

 

Figure 14 . Sulfur K-edge XANES spectra reveal relative amount Li (a) or Na (b) in Li2Sx 

and Na2Sx species. Spectra are shifted vertically for clarity. Reprinted with permission from [67]  
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Chapter 3 Material and Experimental 

3.1 Material and chemical agents  

Anhydrous Na2S (Sigma-Aldrich, >99%), Na2S4 (Beantown Chemical, >90%), and sulfur (Alfa 

Aesar, 99.5%) are used in this research to synthesize sodium polysulfides. All the above-

mentioned chemical agents are argon-packed, and all opened and stored in the argon-filled Glove-

box. For the liquid synthesis method, anhydrous ethanol was used as a medium. 

The solvent used to dissolve obtained sodium polysulfide products is tetraethylene glycol dimethyl 

ether (TEGDME, Sigma-Aldrich), the residual water and other impurities in the TEGDME was 

further removed by molecular sieve, the purified TEGDME was stored in the argon-filled glove-

box. 

3.2 Equipment 

In this research, the muffle furnace (KSL-1100X, MTI corporation) and tube furnace (OTF-1200X, 

MTI corporation) shown in Fig.15 were used in the heating synthesis method. 
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(a) 

 

(b) 

Figure 15  Pictures of equipment used in this research (a. Picture of the  muffle furnace, b. 

Picture of the tube furnace.) 
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3.3 Material characterization 

3.3.1 X-ray Diffraction Patterns 

Instrumentation 

XRD patterns of raw material and sodium polysulfide products in this research were collected 

using a bench-top X-ray diffractometer (Bruker, D2 PHASER) at a scanning rate of 0.06°/s in the 

2θ range from 15° to 80° (Cu Kα radiation, 40kV, 30mA, λ = 1.5418 Å).  

Sample preparation: 

Due to the air-sensitivity of sodium polysulfides, all sodium polysulfide samples are prepared in 

the glove box using a zero-diffraction plate with a cavity for XRD (MTI, Si crystal). Firstly, the 

zero-diffraction plate was cleaned by suitable detergent and ultrasonicated in DI water for 10 

minutes, after rinsed by ethanol for several times, it was dried in the oven at 65℃ for more than 1 

hour and transfer to the glove-box. Then, placed the sample in the middle of the cavity on the plate, 

and trimmed the surface of the sample and made it completely flat. Finally, cover the plate and 

seal the sample in the cavity by Kapton® tape (Dupont). 

3.3.2 Raman Spectroscopy 

Instrumentation 

Raman spectra of all materials and products in this research were collected using a confocal Raman 

spectrometer (WITec, Alpha 500R). The laser wavelength used in the Raman spectroscopy 

characterization was 633 nm and the integration time for a single Raman spectrum accumulation 
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was 1s and accumulated for 5 times. Collected photons were dispersed by a 1200 gr/mm grating, 

the spectrum center was set to 650 ref. cm-1 for solid sample characterization and 800 ref. cm-1 for 

liquid sample characterization. The 10× objective was used has a laser spot diameter of about 10 

μm. The excitation wavelength of the laser was calibrated by a flat silicone plate before spectra 

collection. For solid samples, Raman spectra of more than 6 random points on the sample were 

collected. For homogeneous solutions, Raman spectrum of only one point in each solution was 

collected.  

Liquid sample preparation 

All liquid samples were prepared in argon-filled glove-box using capillary tubes (Fisher Scientific). 

The capillary tubes were dried and stored in the oven at 65℃ and transfer to the glove-box. 

Submerge one end of a capillary tube into the supernatant of each liquid sample and let the liquid 

flow into it by capillary effect. Seal both two ends of the capillary tube using vacuum grease (Dow 

Corning). 

Solid (powder) sample preparation 

Same with liquid sample preparation procedure, all powder samples are prepared in the glove-box 

using capillary tubes. Firstly, one end of the capillary tube was placed on the flame until this end 

was sealed. Ultrasonicated above-mentioned of one-end-sealed capillary tubes in ethanol and 

rinsed using ethanol for several times to remove the impurity on the inner surface near the sealed 

end, then dried them in the oven at 65℃ for more than 24 hours and transferred prepared capillary 

tubes to the glove-box.  
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Tap slightly the open end of the capillary tube in the powder sample to get the sample into the tube, 

then tap the sealed end slightly to compact the powder sample in the sealed end. Finally, the open 

end was sealed with vacuum grease. 

3.4 Material synthesis 

3.4.1 Liquid synthesis method (“Wet” synthesis method) 

The apparatus for liquid synthesis method was shown in Fig.16. This apparatus consists of a round-

bottom flask, a reflux condenser, a glycerin bath, and a heater. Meanwhile, argon was used as a 

protecting gas, the reaction in the round-bottom flask can be protected from reacting with the air 

by the argon passing through the solution. Firstly, a solution of Na2S4 in anhydrous ethanol was 

prepared and placed in a round-bottom flask. Removed the reflux condenser, added stoichiometric 

fresh metal sodium into the solution, then put back the reflux condenser rapidly. The mixture was 

heated at 80℃ for 30 min. According to the method recorded in Courtois’ study [47], a light yellow 

precipitate of sodium disulfide can be obtained by this reaction, and after removing the solvent by 

filtration and washing by absolute ethanol, a relatively pure Na2S2 can be obtained. 
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Figure 16 Apparatus for the preparation of Na2S2 by liquid synthesis method 

3.4.2 Heating synthesis method (“Dry” synthesis method) 

Atmospheric pressure heating synthesis 

Al2O3 crucibles used for atmospheric pressure heating were cleaned by ethanol, then roasted at 

1000℃ for more than 2 hours to further remove the impurity on the surface of crucibles and store 

the crucibles in the oven at 65℃. As shown in Fig.17, the mixtures of sodium sulfide and sulfur 

should be sealed in crucibles. Firstly, the vacuum grease was smeared on the covers of the crucibles, 

and crucibles and covers were transported into the glove-box. Then, 0.50g of sodium sulfide and 

the stoichiometric amount of sulfur powder was gathered and sealed in each alumina crucible. The 

Heater 

Glycerin bath 
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crucibles with mixture should be sealed with ceramic glue again when they were taken out from 

the glove-box. After the ceramic glue dried thoroughly, crucibles were rolled and shake to well 

mix the Na2S and sulfur in them. The prepared samples were roasted in the muffle furnace 

according to the certain heating procedure. Several heating procedure settings were tried out and 

will be illustrated in detail in Chapter 4. 

 

Figure 17 Schematic for the atmospheric-pressure heating synthesis 

Vacuum heating synthesis 

At first, the vacuum heating was conducted in the tube furnace connected to a vacuum pump. 

Before transfer to the glove-box, the samples were prepared by a similar procedure for 

atmospheric-pressure heating synthesis and sealed in the crucibles by vacuum grease in the glove-

box. The crucible was transferred with a sample from the glove-box and placed it in the middle of 
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the tube furnace, then vacuumed the tube furnace and roast the sample according to the certain 

heating procedure. 

Revised vacuum heating synthesis 

Due to the evaporation of sulfur, the vacuum heating method was revised. As shown in Fig.18, 

0.50g Na2S and the stoichiometric amount of sulfur was combined and ground in the agate mortar 

and gathered in the bottom of a quartz tube using a long-neck funnel. The open end of the quartz 

tube was sealed by the Teflon tape temporarily, then, connected to vacuum line after the quartz 

tube was transferred out of the glove box, and sealed by high-temperature oxyhydrogen flame after 

the tube was vacuumed to 10-6 torr. The prepared vacuumed quartz tubes were roasted in the muffle 

furnace, the heating procedure will be shown in Chapter 4. 
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(a) 

 

(b) 

Figure 18 Preparation of samples for revised heating synthesis method (a. Preparation 

procedure of the samples, b. Picture of the sample sealed in the vacuum quartz tube.) 

2.5 Preparation of sodium polysulfide solution in TEGDME 

To study the influence of electrolyte solvent on the sodium polysulfides. The amount of each 

polysulfide to prepare 0.25M solution in TEGDME was added into the TEGDME solvent, and the 

mixtures were placed on the stirring table overnight. The supernatant of the solution of each 

polysulfide was analyzed by Raman spectroscopy.  
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Chapter 4 Result and Discussion  

4.1 Feasibility of “wet” synthesis method  

In contrast with the phenomena recorded in Courtois’s study [47], the Na2S4 cannot dissolve in the 

ethanol solvent thoroughly. The metal sodium pieces added into the solution reacted with ethanol 

rapidly. There was no obvious color change happening to the solution and the undissolved Na2S4 

precipitation during the heating process. And the precipitate obtained was dried and characterized 

by XRD. As shown in Fig.19, the precipitate mainly consists of Na2S4 and some unknown 

impurities and there was no peak belonging to Na2S2 observed in the XRD pattern. 
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Figure 19 XRD pattern of the precipitate obtained in the ethanol  
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4.2 Feasibility of “dry” synthesis methods 

4.2.1 Feasibility of atmospheric pressure heating synthesis  

The sample was prepared as the method illustrated in Chapter 3. According to the heating 

procedures reported [10, 68], mixtures (with the S/Na2S ratio of 0.5, 1, 2, 3, 4, 5) roasted at 400℃ 

for 2 hours, after that, melted at 600 for 1 hour and annealed at 200℃ for 6 hours, then cooled 

down to room temperature slowly. 

According to the XRD pattern of the products (shown in Fig.20, only Na2S4 can be obtained by 

this method, which is coincident with the Na-S phase diagram with isobar of the partial pressure 

of sulfur (shown in Fig.9), at atmospheric pressure, only Na2S4 phase can be generated when 

heated to above 400℃. 
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Figure 20 XRD patterns of products with different S/Na2S ratio by heated at atmospheric 

pressure 
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4.2.2 Feasibility of vacuum heating synthesis  

By this method, the mixture with the S/Na2S ratio of 1 was heated by the same heating process of 

atmospheric-pressure heating. According to the XRD pattern of the product shown in Fig.21, by 

vacuum heating, Na2S2 can be generated, which meets the Na-S phase diagram. However, it is 

difficult to control the real ratio of the reactants by this method because of the evaporation of sulfur 

during heating, hence, it is hard to obtain relatively pure sodium polysulfide phase by this method. 
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Figure 21 XRD pattern of vacuum heating synthetic product  
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4.2.3 Feasibility of revised vacuum heating synthesis 

To avoid the influence caused by the evaporation of sulfur, the vacuum heating synthesis method 

was revised. The mixtures of the precursors were sealed in vacuum quartz tubes, by the former 

heating process. By this method and heating process, a relatively pure Na2S2 can be obtained, the 

XRD pattern and Raman spectra of the Na2S2 product will be shown in 4.3.2.  

However, Na2S5 cannot be obtained by the same heating process, the XRD pattern of the product 

obtained by this heating process was shown in Fig.22. According to this figure, when the sample 

with a S/Na2S ratio of 4 was prepared and heated by the same procedure, an amorphous product 

was obtained. According to the Na-S phase diagram, the melting point of Na2S5 is much lower 

than that of Na2S2, the annealing temperature for Na2S2 might be too high for the synthesis of 

Na2S5 and not benefit for the crystal growth for Na2S5. Hence, the heating process was revised, the 

precursor was heated at 400℃ for more than 2h to make sure sodium sulfide and sulfur can react 

completely and melt at 600℃. Then the roasted sample was cooled down slowly, annealed at 200℃ 

and 100 ℃ in sequence for 5h respectively. By this revised heating process, a relatively pure Na2S5 

can be obtained, the characterization of this product will be shown in 4.3.4. 
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Figure 22 XRD pattern of vacuum heating products with S/Na2S ratio of 4 and annealing 

temperature of 200℃ 

4.3 Sodium polysulfides and their characterization. 

4.3.1 Na2S and its characterization 

Na2S is a white crystalline compound, the picture of the Na2S obtained from Sigma-Aldrich was 

shown in Fig.23a, and the XRD pattern and the Raman spectrum of it were shown in Fig.23b and 

23c, respectively. According to Fig.23b and 23c, commercial Na2S is in very high purity.  
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(c) 

Figure 23 Picture (a), XRD pattern (b) and Raman spectrum (c) of Na2S 

4.3.2 Na2S2 and its characterization 

As shown in Fig.24a, the Na2S2 obtained by the revised vacuum heating synthesis method is light 

yellow, very hygroscopic powder. According to the XRD pattern of the product shown in Fig.24b, 

the product mainly consists of Na2S2, and there is also a slight amount of Na2S residue in it. And 

according to the Raman spectrum of the product (shown in Fig.24c), the solid phase of Na2S2 can 

be characterized by the S-S stretching band at 450 cm-1 and S2
2- liberational band at 133 cm-1 [68], 

only bands belong to Na2S2 can be observed in the Raman spectrum.  
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(c) 

Figure 24 Picture (a), XRD pattern (b) and Raman spectrum (c) of Na2S2 

4.3.3 Na2S4 and its characterization 

Na2S4 (>90%) can be obtained from the Beantown Chemical Company is a hygroscopic grayish-

yellow powder, the photo of the Na2S4 powder was shown in Fig.25a. The XRD pattern shown in 

Fig.25b shows that there are some unknown impurities in the commercial Na2S4. The Raman 

spectrum of the commercial Na2S4 was shown in Fig.25c, bands that have been reported belong to 

Na2S4 was labeled in the figure, according to the figure, most of the bands that can be observed in 

the spectrum belong to Na2S4 [68-71]. 
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(c) 

Figure 25 Picture (a), XRD pattern (b) and Raman spectrum (c) of Na2S4 

4.3.4 Na2S5 and its characterization 

The revised annealing process allowed the crystal growth of Na2S5. As shown in Fig.26a, the 

Na2S5 obtained is very hygroscopic yellowish-brown powder. According to the XRD pattern of 

the product shown in Fig.26b, this product mainly consists of Na2S5. And according to the Raman 

spectrum of the product (shown in Fig.26c), the solid phase of Na2S5 can be characterized by the 

stretching bands at 391 cm-1, 429 cm-1, 444 cm-1 and 488 cm-1, bending bands at 214 cm-1 and 266 

cm-1, and torsional bands at 103 cm-1 and 135 cm-1 [68]. All bands can be obviously observed in 

the Raman spectrum belong to Na2S5. 
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(c) 

Figure 26 Picture (a), XRD pattern (b) and Raman spectrum (c) of Na2S5 

4.4 Na2Sn in TEGDME 

The solution of Na2Sn in TEGDME was prepared. For each sample, an amount to prepare a 0.25M 

solution was used. The picture of the prepared solutions was shown in Fig.27. Na2S can hardly 

dissolve in TEGDME, and the supernatant is a colorless liquid. Na2S2 is slightly soluble in the 

TEGDME, and the color of the supernatant is transparent green. Na2S4 can dissolve in TEGDME 

and has a much larger solubility than Na2S and Na2S2, the supernatant shows color of brownish-

green. Na2S5 can easily dissolve in TEGDME, and the color of the solution turns to yellowish-

brown. The color of Na2Sn TEGDME solutions prepared by Na2Sn compounds is obviously 

different with solutions prepared by the stoichiometrically mixed Na2S and S in Kim et al.’s 
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research [25], each solution in their research shows a higher solubility and a longer-wavelength 

color than the corresponding solution in this research. Solutions prepared by the Na2Sn compounds 

can act as better standard references for the mechanism study of Na-S battery. 

 

 

Figure 27 Picture of Na2Sn solution prepared by TEGDME 

The supernatant of each solution was characterized by Raman spectroscopy, and the Raman 

spectra of the supernatants were shown in the following figure. Due to the low solubility of Na2S, 

there was no obvious band can be found in the supernatant of Na2S in TEGDME. And in the 

supernatant of Na2S2 in TEGDME, the dissolved Na2S2 reacted with TEGDME and generated S3
2- 

(band at 532 cm-1) and S2O4
2- (band at 1066 cm-1) [72]. The components in the supernatants of 

Na2S4 and Na2S5 are almost the same, dissolved Na2S4 and Na2S5 forms S4
2- (band at 233 cm-1), 

S6
2- (band at 299cm-1) ,S3

2- (band at 532 cm-1), Sx
2- (x=4-8,band at 766 cm-1), S2O4

2- (band at 1066 

cm-1) [72, 73]. S2O4
2- might be generated by the reaction of sodium polysulfide and the TEGDME. 
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Hence, the color difference among these Na2Sn solutions in TEGDME might be due to the different 

polysulfide anions that exist in the solution. The intensity of each band increased with the 

increasing sulfur containing in sodium polysulfides, which might be because of the increased 

amount of the dissolved sodium polysulfide in corresponding supernatants. The Raman spectra of 

the Na2Sn in the TEGDME can be used to determine the discharged product in the cathode for the 

in-situ Raman study of the TEGDME of Na-S battery. 
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Figure 28 Raman spectra the supernatants of Na2Sn in TEGDME 
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Chapter 5 Conclusion and Future Works  

5.1 Conclusion 

This research examined several reported synthesis methods for sodium polysulfide reported and 

revised the synthesis method and process for Na2S2 and Na2S5. After that, the commercial and 

obtained sodium polysulfides was dissolved in TEGDME, their properties in TEGDME were 

studied in this thesis. 

1) Na2S2 cannot be obtained by the liquid synthesis method using anhydrous ethanol as media 

for the reaction of Na2S and S; 

2) Only Na2S4 can be generated by the reaction of Na2S and sulfur when the mixture of Na2S 

and S (S/Na2S=0.5, 1, 2, 3…) at atmospheric pressure; 

3) Na2S2 and Na2S5 can be obtained by the vacuum heating synthesis, Na2S and S should be 

sealed in the vacuumed container to avoid the evaporation of sulfur during the synthesis; 

4) For the synthesis of Na2S2, Na2S and S were mixed with a ratio of 1:1 and sealed in a 

vacuum quartz tube, the sample was roasted in a muffle furnace, after heating the precursor 

at 400℃ for 2 hours and melting it at 600℃ to homogeneous for 1 hour, the sample should 

be annealed at 200℃ for 6 hours and cooled down to room temperature slowly to benefit 

the crystal growth of Na2S2 product; 

5) For the synthesis of Na2S5, the annealing temperature should be decreased due to the 

crystallizing points of Na2S2 and Na2S5. Na2S and S were mixed with a ratio of 1:4 and 

sealed in the vacuum quartz tube, the sample was roasted in a muffle furnace, after heating 

the precursor at 400℃ for 2 hours and melting it at 600℃ to homogeneous for 1 hour as 
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the heating process for the synthesis of Na2S2, the sample should be annealed at 200℃ and 

100℃ in sequence for 5 hours respectively and cooled down to room temperature slowly. 

6) Na2S can hardly dissolve in TEGDME, and the supernatant is a colorless liquid. Na2S2 is 

slightly soluble in the TEGDME, and the color of the supernatant is transparent green. 

Na2S4 can dissolve in TEGDME and has a much larger solubility than Na2S and Na2S2, the 

supernatant shows color of brownish-green. Na2S5 can easily dissolve in TEGDME, and 

the color of the solution gets to yellowish-brown. 

7) Dissolved Na2Sn reacted with TEGDME, for Na2S2, only short-chain polysulfide anion, 

S3
2-, can be observed. With the increase of the sulfur-containing in Na2Sn, the long-chain 

polysulfide anions were generated in the solution. 

5.2 Future works 

Commercial sodium polysulfides and the synthetic sodium polysulfides obtained in this thesis will 

be used to prepare cathodes to study the lower-voltage-plateau region of Na-S batteries avoiding 

the influence of the transformation of S8 to polysulfide anions. Na2Sn will be combined with carbon 

black and PTFE by a ratio of 2:2:1 by a dry-blending process and several common electrolytes 

will be applied in cells. This research might be able to determine the most stable discharge product 

in the cathode of Na-S energy storage systems and offer helpful information to increase the 

reversibility of the Na-S batteries. Meanwhile, sodium polysulfide will be dissolved in several 

other common electrolytes and used as standard references for in-situ study of the Na-S battery 

system. 
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