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Experimental section 

Materials. 1,2-dimethoxyethane (DME, 99.5%), 1,3-Dioxolane (DOL, 99.5%), N,N′-dimethylformamide 

(DMA,99.8%), LiTFSI (99.95%), lithium bis(trifluoromethane) sulfonamide (LiTFSI,99.95%), lithium 

nitrate (LiNO3, 99.99%) were received from Sigma-Aldrich. Diallyl disulfide (DDS, >80%), bis(3-

fluorophenyl) disulfide (FDS, >97.0%), diphenyl disulfide (PDS, >99%), di(4-aminophenyl) disulfide 

(MDS, >98%) were received from TCI Chemicals. Diallyl trisulfide (DTS, 98%) was received from AIKE 

Reagent, China. PVDF powder (#140618) was received from Shenzhen Kejing of MTI Corp. LITHion™ 

Dispersion (lithiated Nafion polymer in isopropyl alcohol) was received from Ion Power Inc., US. Carbon 

paper (HCP020N) was received from Shanghai Hesen Electric Co. Ltd. Lithium foil was received from 

Shenzhen Meisen Electro-mechanical Co. Ltd. LiNO3 and LiTFSI were dried overnight under dynamic 

vacuum in a glass oven (Büchi, Switzerland) at 110 ℃. 

Preparation and assembly of nonaqueous lithium/organosulfides battery (LOB). The configuration 

and the components of a nonaqueous lithium/organosulfides battery (LOB) are shown in the Supplementary 

Fig. 2 and described in our previous works1-3. To assembly the LOB with LAGP electrolyte: i) lithium foil 

(Φ16 mm) was immersed in 0.1 M LiNO3 of DOL:DME (1:1 v:v) overnight before use; ii) one piece of 

lithium foil was pressed onto the surface of the stainless steel bottom casing; iii) total 120 µL anolyte, 1 M 

LiTFSI-0.4 M LiNO3 in DOL:DME (1:1 v:v), was added on the lithium foil; iv) two Celagrd 2325 (Φ19 

mm) was placed onto the lithium foil followed by LAGP solid electrolyte3, 4 (Φ19 mm). v) one piece of 

carbon paper (Φ 12 mm) was placed onto the LAGP to serve as both positive electrode and buffer layer; vi) 

10 µL catholyte was added onto this carbon paper; vii) additional piece of carbon paper was placed on the 

1st carbon paper to act as current collector followed by a stainless steel spring; viii) two casings (bottom 

and top) were separated by a spacer and the assembly was conducted in the Ar-filled glove box (Etelux, 

H2O < 1.0 ppm, O2 < 1.0 ppm). The catholytes include single component (i.e. 2.5 M 

MDS/PDS/FDS/DDS/DTS) and mixed organosulfides (i.e. 2.5 M DDS+2.5 M MDS/PDS/FDS and 2.5 M 

DTS+2.5 M MDS/PDS/FDS) in 0.2 M LiTFSI-0.1 M LiNO3 of DOL:DME (1:1 v:v), respectively. The 
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electrolytes were prepared by dissolving DDS, DTS, PDS, MDS, FDS, LiTFSI and LiNO3 in the binary 

solvents of DOL and DME. 

For the cell assembly with PNC separator, the two Celgards and one piece of LAGP was replaced with one 

PNC separator. The cells with PNC were left idle for 1 hour before test. 

For the flow cell assemble, the cell photograph is shown in Supplementary Fig.2d. LAGP was used as 

separator due to the underlying low resistance of porous Celgard-based membrane in hydraulic crossover 

between the half-cells. 5 mL catholyte was contained in a reservoir.  

Cyclic Voltammetry measurement. Cyclic voltammetry (CV) tests were conducted using a three- 

electrode configuration with carbon paper (CP) electrode as the working electrode, a platinum wire 

(diameter 0.5 mm) as the counter electrode and an Ag/Ag+ reference electrode (Ag wire in a 0.01 M 

AgNO3/0.1 M TBAP ACN solution, ALS CO., Ltd, Japan) as the reference electrode. The cell was 

assembled in Ar atmosphere. The concentration of active materials were 10 mM DTS, 10 mM PDS, 10 mM 

FDS, 10 mM DTS + 10 mM PDS and 10 mM DTS + 10 mM FDS in 1M LiTFSI-0.4 M LiNO3 DOL:DME 

(v:v=1:1). 

Preparation of PVDF-Nafion coated Celgard (PNC). 421 mg PVDF powder and 5 mL LITHion™ 

Dispersion were firstly dried overnight at 60 ℃ and added into 5 ml of DMA. The mixture solution was 

stirred vigorously and heated at 80 ℃ for 2 hours in an Ar-filled glove box until a clear solution was 

obtained. Then the above solution was cooled to room temperature. One piece of Celgard 2325 was 

immersed into the above solution and placed onto a petri dish, which was dried in an oven at 60 ℃ for 1 

hour to remove the solvent. After the modified Celgard was cooled to room temperature, it was peeled off 

from the petri dish in DI water. The final product was dried in an oven at 60 ℃ overnight before use. The 

thickness of the coating film (onto each side of Celgard) is about 6 µm according to electron microscope 

characterization.  
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Test of static and flow batteries. Galvanostatic tests were carried out with a Bio-logic VMP3 potentiostat 

at ~20 ℃. The charge and discharge tests of the LOB are operated with constant current method (current 

density is based on the active geometric area of the electrode). The cutoff voltages for the typical charge 

and discharge cycle with LAGP separator at 0.1 mA cm-2 are 3 V and 1.7 V (3 V-1.6 V for MDS), while 

those with PNC separator at 1 mA cm-2 are 3 V and 1.5 V. The performance of the LOB in continuous flow 

mode was studied with LAGP at 0.1 mA cm-2. The flow rate was 8 mL min-1.  

Computational method. Density functional theory (DFT) calculations of all molecules were performed by 

the Gaussian 09 program5. The geometries of all the molecules were calculated at the UM116/6-311+G(d,p) 

level. The minima were confirmed with no imaginary frequencies. The implicit SMD7 continuous solvation 

model for the tetrahydrofuran (THF) was adopted. In the DFT calculation, the solvent effect was considered 

by employing the implicit Solvation Model based on Density (SMD) but not the explicit solvent molecules 

since the S-S or C-S bond breakage is an intrinsic property and the surrounding solvent molecules are 

expected to have very small or negligible effect. 

Characterization. GC-MS analysis was conducted with an Agilent 7890B gas chromatograph coupled to 

an Agilent 5977A mass spectrometer with a mass range m/z of 40 to 400 and a solvent delay of 2 mins 

(avoiding the overloaded solvent peak in the chromatograph). An Agilent J&W HP-5ms Ultra Inert GC 

Column (30 m by 0.25 mm, df = 0.25 μm) was used with helium as the carrier gas. Samples (diluted by 

acetonitrile) were injected (1 μL for each test) at 220 ℃ with a split ratio of 50:1, and the oven temperature 

was programmed to increase at 6 ℃ min-1 to 200 ℃ and held constant for 30 mins. The MS transfer line 

temperature was 230 ℃. Species were identified by matching sample mass spectrum with those of the 

National Institute of Standards and Technology (NIST) MS spectral library for peaks presented in the 

chromatograms. The PNC was characterized by the scanning electron microscopy (SEM) with a JSM-

7800F Schottky Field Emission Scanning Electron Microscope. XPS experiments were performed using 

Thermo Fisher Scientific instrument equipped with focused monochromatic Al K (alpha) source. XPS 

spectra with the energy step of 0.05 eV were recorded using software SmartSoft-XPS v2.0 and processed 
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using CasaXPS software. The spectrum was calibrated setting its C1s binding energy (BE) to 284.8 eV and 

verified using adventitious (aliphatic) carbon (e.g. PET) BE. The XPS spectra were fitted using a 

combination of Gaussians and Lorentzians with 0–50% of Lorentzian contents. Shirley background was 

used for curve-fitting. The S2p3/2 and S2p1/2 doublets were constrained using peak areas of 2:1 with a 

splitting of 1.2 eV.  

 

 

 Fig. S1. Mass spectra of corresponding GC peaks shown in Fig. 2 in the main text. 
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Fig. S2. Schematic representation of the proposed LOB cell configuration and photographs. 

Cell configuration a) with LAGP electrolyte at 0.1 mA cm-2. b) with PNC separator at 1 mA cm-2. 

Photographs of c) static cell d) flow cell.  
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Fig. S3.  Galvanostatic voltage profiles with different catholyte for the 1st cycle at 0.1 mA cm-

2. a, DDS+MDS. b, DDS+PDS. c, DDS+FDS. d, DTS+MDS. e, DTS+PDS. f, DTS+FDS. The 

performance of the individual system under the same condition are included. 

 

 

Fig. S4. Galvanostatic discharge and charge curves comparison. a, DDS mix with MDS, PDS 

and FDS. b, DTS mix with MDS, PDS and FDS. LAGP was used as the separator and the discharge 

and charge current density was 0.1 mA cm-2. 
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Fig. S5. The 2nd cycle of 2.5 M DTS+ 2.5 M PDS with different electrolyte mixing time at 0.1 

mA cm-2  

 

 

Fig. S6. CVs comparison for DTS-mixed systems (10 mM DTS+ 10 mM PDS ,10 mM DTS+10 

mM FDS and 10 mM individual member included) at different scan rates. 
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Fig. S7. FDS:DTS ratio effects on the electrochemical performance. a, the initial three cycles 

with LAGP membrane at 0.1 mA cm-2. b, cycle stability of FDS: DTS system with PNC membrane 

at 1mA cm-2 c, capacity, voltage hysteresis and cycle retention comparison. Here we use the 

percentage (capacity at 100th cycle/maximum capacity) to represent the cycle retention. d, 

discharge-charge profile at 100th cycle from b. 

 

Table S1. The bond lengths of the organosulfides (d, in Å). The schematic geometries show the 

selected bond by d1, d2, d2’, and d3. 
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 d1 (C-S) d2 (S-S) d3 (C-S) 

 Neutral Anion Neutral Anion Neutral Anion 

DDS 1.84 1.84 2.07 2.79 1.84 1.84 

PDS 1.79 1.76 2.11 2.83 1.79 1.76 

PADS 1.84 1.84 2.07 2.80 1.80 1.76 

 d1 (C-S) d2 (S-S) d2’ (S-S) d3 (C-S) 

 Neutral Anion Neutral Anion Neutral Anion Neutral Anion 

DTS 1.84 1.84 2.08 2.07 2.08 3.33 1.84 1.84 

PTS 1.80 1.84 2.07 2.05 2.09 2.83 1.79 1.79 

PATS 1.84 1.84 2.07 2.05 2.09 2.84 1.79 1.79 

 

Table S2. Calculated cleavage reaction energies (in eV) of disulfide- and trisulfide-based 

system. 

R1-S2-R2  
    𝐓𝐇𝐅    
→       Products 

R1 R2 Products ΔG (eV) R1 R2 Products ΔG (eV) 

P P 2PS• 1.35 P A [A• + PS2•] 1.33 

  [P• + PS2•] 2.42   [PS• + AS•]a 1.56 

  [PS- + PS+] 3.84   [PS- + AS+]a 2.33 

  [P+ + PS2
-] 4.51   [P• + AS2•] 2.36 

  [P- + PS2
+] 5.77   [A+ + PS2

-] 2.97 



11 

 

A A [A• + AS2•] 1.30   [PS+ + AS-] 4.19 

  2AS•a 1.80   [P+ + AS2
-] 4.63 

  [AS- + AS+]a 2.71   [A- + PS2
+] 5.20 

  [A+ + AS2
-] 3.12   [P- + AS2

+] 5.89 

  [A- + AS2
+] 5.35     

R1-S3-R2  
    𝐓𝐇𝐅    
→       Products 

R1 R2 Products ΔG (eV) R1 R2 Products ΔG (eV) 

P P [PSS• + PS•] 1.06 P A [ASS• + PS•] 1.08 

  [P• + PSSS•] 2.50   [PSS• + AS•]a 1.35 

  [PS- + PSS+] 3.48   [A• + PSSS•] 1.48 

  [PSS- + PS+] 3.78   [PSS- + AS+]a 2.34 

  [P+ + PSSS-] 4.46   [P• + ASSS•] 2.50 

  [P- + PSSS+] 5.91   [A+ + PSSS-] 2.99 

A A [ASS• + AS•]a 1.26   [PS- + ASS+] 3.67 

  [A• + ASSS•] 1.39   [AS- + PSS+] 3.90 

  [ASS- + AS+]a 2.44   [ASS- + PS+] 3.97 

  [A+ + ASSS-] 2.92   [P+ + ASSS-] 4.48 

  [AS- + ASS+] 4.00   [A- + PSSS+] 5.42 

  [A- + ASSS+] 5.29   [P- + ASSS+] 5.89 

a The [AS•] and [AS+] products refer to the more stable structures which are tautomerized. 
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Fig. S8. XPS of the discharged sample at 1.7 V versus Li/Li+. a, S 2p region of DDS+PDS, 

DTS+PDS, pure PDS, pure DDS and pure DTS. b, C 1s region of DDS+PDS, DTS+PDS, pure 

PDS, pure DDS and pure DTS.  
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Discussion of Fig. S8: X-ray photoelectron spectroscopy (XPS) was conducted to identify whether 

Li2S is produced in the discharged process for DDS- and DTS-mixed systems. Supplementary Fig. 

8a shows that for pure PDS, a pair of S 2p3/2 and S 2p1/2 dual peaks is observed at 161.7 eV and 

162.9 eV, which is ascribed to PhSLi, the reduction product of PDS8, 9. Pure DDS shows two S 

2p3/2 peaks at 161.7 eV and 163.3 eV. According to the literature9-11, the two peaks can be ascribed 

to AllSLi (A-S-Li) and AllSSLi (A-S-S-Li), which is the reduction product of DDS and DTS, 

respectively. Similar to DDS, DTS also exhibits two S 2p3/2 peaks, which can be attributed to 

AllSLi and AllSSLi. Interestingly, for DDS+PDS and DTS+PDS systems, in addition to the 

observed peaks in individual member (i.e. PDS, DDS and DTS), a small peak at 160.3 eV was 

observed, which can be attributed to Li2S9-11. The XPS results support our DFT calculation that 

the asymmetric allyl-substituted organosulfides promote the formation of Li2S compared to the 

symmetric counterpart.  

The C 1s XPS spectra of different organosulfides is shown in Supplementary Fig. 8b. For C 1s, 

the peaks at 284.8, 286.7 and 288.6 eV are related to C-C bonds, C-O-C and O-C=O functional 

groups, accordingly12, 13. 

 

 

 

 

Fig. S9. Reported self-reaction products of the diallyl disulfide (DDS) molecule. a, thioacrolein. 

b, diallyl sulfide/trisulfide. c, allyl mercaptan. d, diallyl thiosulfoxide, and e, other species. 
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Fig. S10. SEM images of Celgard 2325 and PNC. The surface of a) Celargd 2325 and b) the 

PNC. The cross-sectional area of c) Celgard 2325 and d) the PNC. The scale bars are the same at 

10 µm. Noted that the thickness of Celgard 2325 is about 24 µm. Samples were briefly frozen in 

liquid nitrogen for ~15 min and broken manually, and then dried for SEM test. 
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Fig. S11. EDX analysis of the surface. a, Celargd 2325. b, the PNC. It is clearly seen that 

elements of F and S are found onto the surface of the PNC while only C element is found for the 

case of Celgard. It is noted that Pt element was introduced during sample sputtering treatment. 

 

Discussion of Figs. S10 and S11: As shown in Fig. S10, sandwich-like structure was observed for 

the PNC. The EDX analysis confirms these two polymers were successfully coated onto the 

surface of the Celgard (Fig. S11). This PNC is expected to reduce the crossover by size exclusion 

and electrostatic repulsion, while provide selective and sufficient ionic conductivity for Li+ ions.  

Compared with regular polysulfide, organosulfides have bulky functional groups that could further 

impede the crossover process. In comparison to the commonly used membranes for nonaqueous 

electrochemical systems whose pretreatment (includes ion-exchange and membrane wetting) 

generally take 5 days to achieve good performance14, this PNC requires very little pretreatment 

before use and greatly simplifies the preparation of NRFBs. We then examine the cycling stability 

and the Coulombic efficiency of the proposed LOB with PNC at high applied current density. 

 



16 

 

 

Fig. S12. Selected cycles for DTS-mixed systems (DTS+PDS and DTS+FDS) at 1 mA cm-2 

with PNC separator from Fig.5c-d. 

 

Fig. S13 Selected cycles for DDS-mixed systems (DDS+PDS and DDS+FDS) at 1 mA cm-2 

with PNC separator from Fig.5e-f. 
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Fig. S14. Capacity and CE retention of DTS+PDS, DTS+FDS, DDS+PDS, DDS+FDS and 

individual system (10 μL) at 1 mA cm-2 with PNC separator. 
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Fig. S15. Selected cycles at 1 mA cm-2 with PNC separator. a, DTS+PDS. b, DTS+FDS. c, 

DDS+PDS and d, DDS+FDS.  

 

 

Table S3. Characteristics of the state-of-the-art redox active liquid-based catholytes for 

nonaqueous flow batteries.   

Catholytes 
Potential 

vs. Li/Li+ 

Number 

of 

electron 

transfer 

Max. 

demonstrated 

concentration 

(mol L-1) 

Current 

density 

(mA cm-2) 

Max. 

demonstrated 

capacity 

Ref 

Ferrocene/Ferrocenium 3.2 1 0.6 0.71 16.1 15 

Acetyl ferrocene/Acetyl ferrocenium 3.65 1 0.81 0.03 21.7 16 

Fc1N112-TFSI 3.49 1 0.85 3.5 22.8 17 
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Hydroquinone(H2BQ/BQ) 3.4 1 0.6 3.4 17 18 

Meo-TEMPO 3.6 1 2.35 1 56 19 

TEMPO oxoammonium 3.5 1 2 1 36 20 

DMFc/DMFc+ 3.15 1 3 2 68 4 

FeCp2 3.7 1 1 1.5 13.4* 21 

LiI 3 2/3 5 2.5 65 2 

[Co(P3O9)2]
3-/[Co(P3O9)2]

4- 3.95 1 0.01 0.73 0.2 22 

[Fc4]
0/[Fc4]

4+ 3.15 4 0.1 1.16 5 23 

Cu[Tf2N]0/Cu[Tf2N]+ 4.56 1 1 2.5-20 12 24 

[VBH]2-/[VBH]- 3.1 1 0.01 NA 0.128 25 

Nitronyl nitroxide 3.93 1 0.016 1 1.8 26 

CP 3.6 1 0.05 0.07 1.2 27 

DBMMB 4.3 1 1 10-60 2.5-3.4 28 

Metallocene functionalized 

fullerenes 
3.78 2 0.001 1-10 0.1 29 

TMPD 3.2-3.8 2 0.1 0.01 NA 30 

Ni([14]aneS4)[TFSI]2 4.5 1 0.3 0.05 6.25 31 

Dialkoxybenzenes 4-4.2 1 0.15 5-7.5 2.5 32 

Polyoxovanadate-alkoxide 3.8-4.4 1 0.01 0.01-0.1 0.07 33 

Molybdenum polyoxometalates 3.4 1 0.01 0.1-0.5 NA 34 

TMTD 3.36 2 0.1 5 6 35 

DPTS 2.4 4 1 1.6 66 36 

Polysulfide (liquid) 2.3 2 5 1.5 47 37 
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LiFePO4 3.2 1 
TMPD-

targeting 
0.125 320 38 

Sulfur/Carbon (semi-solid) 2.5-2.0 8 20% S 4-6 294 1 

EVI2 2.5 1 PB-targeting 0.025 46.8 39 

DTS+FDS (this work) 2.2 4 2.5 0.1 224  

DTS+PDS (this work) 2.1 4 2.5 0.1 200  

Notes: 

* the cell capacity is limited by anolyte. 

Abbreviations of active species in Supplementary Table 3.  
FcN112-TFSI: ferrocenylmethyl dimethyl ethyl ammonium-bis(trifluoromethanesulfonyl)imide  

Meo-TEMPO: 4-methoxy-2,2,6,6-tetramethylpiperidine 1-oxy 

TEMPO oxoammonium: 2,2,6,6-tetramethylpiperidine-1-oxoammonium tetrafluoroborate 

DMFc: 1,1-dimethylferrocene  

FeCp2: decamethylferrocenium 

LiI: Lithium iodide 

Fc: Ferrocene derivative 

VBH: Vanadium bis-hydroxyiminodiacetate 

CP: Tris(dialkylamino)cyclopropenium 

DBMMB: 2,5-di-tert-butyl-1-methoxy-4-[2’-methoxyethoxy]benzene 

TMPD: N,N,N’,N’-tetramethyl-p-phenylenediamine 

TMTD: Tetramethylthiuram disulfide 

DPTS: Diphenyl trisulfide 

TMPD: 2,3,5,6-tetramethyl-p-phenylenediamine 

EVI2: Ethyl viologen diiodide 

PB: Prussian Blue 

FDS+DTS: bis(3-fluorophenyl) disulfide + diallyl trisulfide 

PDS+DTS: diphenyl disulfide + diallyl trisulfide 
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