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Methods 

Synthesis of coated cellulose nanocrystals precursors 

The PR@CNC nanoparticles were synthesized by a modified process according to our previous 

reports.
[1] 

Cellulose nanocrystals (CelluForce Inc.) exhibit an average charge density of 0.26 

mmol g
-1

. Typically, FeCl3 (45.0 mM) was added into 150 mL 0.2 wt% CNC dispersion with 

stirring. The mixture was introduced dropwise into the rhodanine monomer solution prepared by 

dissolving rhodanine monomers (45.0mM) in 150 mL deionized water. The polymerization was 

completed at 85 
o
C overnight. The PR@CNC was obtained after ultrafiltration on filter-paper 

membranes (100 nm pores) and rinsing with millipore-Q water until the filtered solution became 

colourless. Similarly, polydopamine coated CNC, used for N single-doped carbon, was 

synthesized via in-situ polymerization of dopamine in the presence of 

tris(hydroxymethyl)aminomethane  (Tris). 

Preparation of NSC, NC, CDC and NP-NSC 

For the synthesis of NSC, NC and CDC, tetraethyl orthosilicate (TEOS) was added to the 

corresponding 3.5 wt% aqueous precursor suspension (pH=2.5) in the desired ratio. The mixture 

was stirred to yield a homogeneous colloidal solution, which was allowed to dry in a polystyrene 

Petri dish under ambient conditions. The pyrolysis was carried out at 900
 o
C for 6 hours under Ar 

flow, with a ramp rate of 2 K min
-1

. The carbon materials were recovered by completely etching 

the silica in 5 wt% HF solutions. For synthesis of NP-NSC, the procedure was the same, except 

no TEOS was added in the precursor dispersion.  

Synthesis of NSC/S-70 and CDC/S-70 composites 

NSC/S-70 sulfur composites were prepared via a well-established melt-diffusion method. The 

free-standing NSC film was hand ground into a powder and mixed with elemental sulfur in the 

desired ratio. The mixture was heated under ambient atmosphere at 55 
o
C for 12 hours. The 

CDC/S-70 and NP-NSC/S-70 composites were similarly prepared by the same general route. 
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Synthesis of Li2S4 and Li2S4 composites for the interaction study  

Li2S4 was synthesized via the reaction between sulfur S8 and lithium superhydride (LiEt3BH) in 

the desired ratio in anhydrous tetrahydrofuran (THF) at room temperature for 1 h inside an argon 

glovebox (< 2 ppm O2 and H2O). The THF was removed in vacuo and the resulting solid was 

washed with toluene and vacuum dried. To study the interaction of  NSC with Li2S4 by XPS, the 

Li2S4 solutions were prepared by dissolving 4 mg of Li2S4 in 5 ml of THF. The NSC (5 mg) was 

added into the solution and allowed to stir for 6 hours, and then centrifuged. The solid was 

recovered and dried in vacuo for XPS analysis. The CDC-Li2S4 was prepared in the same way for 

comparison purposes. All procedures are performed in the glovebox. 

Polysulfide adsorptivity measurements  

Measurement of polysulfide adsorption was conducted by electrochemical titration to determine 

the amount of residual LiPS in solution after contact with the host cathode material.
 [2]

 Sample 

solutions were prepared by stirring a known mass of materials (NSC, CDC, VC, Super P, meso-

TiO2) in a known concentration of Li2S4 in tetraethylene glycol dimethyl ether (TEGDME), 

respectively. The mixtures were stirred for 18 hours before centrifugation, and the supernatant 

was collected. The supernatant was diluted to 16 mL using 1M LiClO4 in TEGDME. The 

oxidation potential of the sample solutions was held at 3.0V and the capacity was determined 

based on the integrated current passed until it reached 0 mA. The actual adsorption was 

determined by extrapolation from a calibration curve using standard materials.
[2] 

All procedures 

are performed in an argon-filled glovebox.
 
 

Electrochemistry measurements 

Sulfur composites (NSC/S-70 or CDC/S-70, NP-CDC/S-70) with Super P and Kynar Powerflex 

binder were dispersed in dimethylformamide in a weight ratio of 8:1:1. The slurry was drop-cast 

onto carbon paper disk (2 cm
2
, AvCarb P50) to prepare the cathodes. The electrodes were dried at 

60 °C overnight before use. Coin cells 2325 were assembled inside the glovebox with a lithium 

foil anode and an electrolyte comprising 50 µL 1 M bis(trifluoromethanesulfonyl)imide lithium 

(LiTFSI) and 2 wt% of LiNO3 in a mixture of 1,2-dimethoxyethane and 1,3-dioxolane (v/v = 1:1). 

The electrolyte without LiNO3 had same composition except that no LiNO3 was added. The sulfur 

loading was controlled at 2.8 – 3.4 mg per electrode. The cells were operated in a voltage window 

of 1.8-3.0 V at different C rates using a BT2000 battery cycler (Arbin Instruments). At low rate 

C/20, a voltage window of 1.9-3.0 V was used and at high rate 2C, 1.7-3.0 V was used. The EIS 

and CV measurements were carried out on a VMP3 potentiostat/galvanostat station with EIS/Z 

capabilities (Bio-Logic Science Instruments). For EIS measurements, the DC voltage was 
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maintained at open-circuit voltage and an AC voltage of 5 mV in amplitude was applied with a 

frequency of 200 kHz - 20 mHz. For CV measurements, a sweep rate of 0.1 mV/s within the 1.8 -

3.0V window was applied.  

The estimated volumetric capacity of the electrode (including current collector) is ca. 120 Ah L
-1, 

based on these values: sulfur specific capacity - 1370 mAh g
-1

, sulfur loading - 1.5 mg cm
-2

, 

electrode thickness - 170 um (thickness of carbon paper is 120 um).  

Preparation of cycled electrodes for SEM imaging 

Positive electrodes that underwent 500 cycles at C/2 were retrieved at charged status by 

dissembling the cells in the glovebox. The electrodes were washed with DME twice to remove 

the lithium salts on the surface, followed by drying in vacuo for 30 minutes. The electrodes were 

transferred to the SEM chamber under an Ar atmosphere protection for imaging. 

Materials characterization 

The XRD pattern was collected on a Bruker D8-Advance X-ray diffractometer, operating at 40 

kV/30 mA with Cu-Kα radiation. SEM studies and EDX elemental mapping were carried out 

using a LEO 1530 field emission SEM (Zeiss). The TEM samples were imaged using a Philips 

CM10 TEM microscope. The surface area and pore volume were measured using a 

Quantachrome Autosorb-1 system at 77K. Surface areas were calculated using the Brunauer-

Emmett-Teller (BET) method and pore size distribution was carried out using quenched solid 

density functional theory (QSDFT) method. Degassing at 180 °C was performed before 

measurement. TGA analysis was conducted at a heating rate of 10 °C/min under a N2 flow, using 

a TA Instruments SDT Q600. Electronic conductivity was measured on the sample pellets using a 

Jandel four-point probe connected to an RM3000 test unit. An average conductivity value was 

obtained by measurement at three different spots.  Raman analysis was performed on a LabRam 

HR system (HORIBA Jobin Yvon) using 633 nm laser irradiation. XPS analysis was performed 

on a Thermo ESCALAB 250 instrument. A monochromatic and non-monochromatic Al Kα 

source were used for conductive composite and non-conductive materials, respectively. The 

samples were transported to the spectrometer under an Ar atmosphere and transferred into the 

chamber anaerobically. All spectra were fitted with Gaussian-Lorentzian functions and a Shirley-

type background. For S 2p spectra with 2p3/2 and 2p1/2 doublets, a splitting of 1.2 eV, a peak area 

ratio of 2:1 and equal full width half maximum was applied. The binding energy values were all 

calibrated using the C 1s peak at 284.8 eV. 
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Computational methods 

The ab initio calculations were performed with the plane-wave-based VASP code, applying 

projector augmented wave (PAW) pseudopotentials to describe electron-ion interactions, and the 

Perdew-Burke-Ernzerhof (PBE) version of the generalized gradient approximation (CGA) for the 

electronic exchange correlation effect.
34

 A cut-off energy of 400 eV was used for the plane wave 

basis to ensure convergence. For modeling lithium polysulfides, Li2S2 was employed as a 

representative polysulfide. A single-layer graphene of a 6×6 supercell size was adopted as the 

model for non-doped carbon. Herein, the pyrrolic nitrogen and thiophene-like sulfur were used as 

representative dopants for the doped carbon. A vacuum layer of 16 Å was used in the vertical 

direction, in order to exclude the interaction between the graphene layer and its images. The k-

space was sampled with a 3×3×1 k-point grid using the Monkhorst-Pack method. The conjugate-

gradient algorithm was used for ionic relaxation. The binding energy (Ebind) of Li2S2 on the 

carbon substrate is defined as  

Ebind =  Esub + ES - Esub+S 

where Esub, Es and Esub+S represent the ground-state energies of the carbon substrate, Li2S2 and 

carbon-Li2S2 composites. A larger positive value refers to a greater binding ability. 
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Figure S1. TEM images of a) pristine CNCs (with FeCl3 dye) and CNC@PR (without 

FeCl3 dye). Comparison of a and b shows there is a uniform distribution of polyrhodanine 

on CNCs in the form of nanoparticles. c) TEM image of NSC carbon material, showing 

the arrangement of carbon nanorods. 

 
Figure S2. N2 adsorption/desorption isotherms and pore size distributions of NSC 

materials prepared at different PR@CNCs/TEOS ratios. 
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Figure S3. a) The EDX spectrum of NSC showing the presence of both N and S, with 

their atomic concentration in the inset; EDX mapping of the elements C, N, S, O in the 

area corresponding to (b).  

 

 
 

Figure S4. Raman spectra of CDC and NSC. 
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Figure S5. The survey a) and high-resolution b) C1s, c) N 1s and d) S 2p spectra of CDC. 

 

 

 

Figure S6. TGA curves of NSC/S-70, CDC/S-70 and NP-NSC/S-70 composites measured under 

a N2 flow with a heating rate of 10 
o
C/min. 
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Figure S7. The fully relaxed  structure of carbon substrates with (a) no dopant, (b) 1 N atom 

dopant, c) 1 N + 1 S dual-atom doping and d) 1 N + 2 S dual-atom doping (per supercell). Grey, 

blue, yellow balls represent C, N and S atoms, respectively. The calculated charge population on 

doped N and S atoms are noted, whereas the balanced charge is delocalized over the whole 

carbon lattice. 

 

Figure S8. SEM images of a) NP-NSC and b) NP-NSC/S-70. 
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Figure S9 a) CV curve (1.6-3.0 V) for the first three cycles; b) voltage profile (1.8-3.0 V) 

and c) cycling performance at a current of 82 m A g
-1

 for the NSC blank electrode 

without sulfur; d) Nyquist plots for the NSC/S-70 electrodes before cycling (pristine) and 

over the first 10 cycles; e) First-cycle voltage profiles (at a C/20 rate) and (f) Coulombic 

efficiency evolution upon cycling (at a C/2 rate) of NSC/S-70, NC/S-70 and CDC/S-70 

electrodes in cells without LiNO3 additive in the electrolyte.  
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Figure S10. SEM images of (a,c) pristine electrodes before cycling and (b,d) after 500 cycles at 

charged status for (a,b) CDC/S-70 and (c,d) NSC/S-70 composites; scale bar, 5 µm. The small 

particles are the Super P carbon additive. 
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