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Supporting information 

 

Experimental section 

Synthesis of covalent-SC 

The covalent sulfur-carbon (covalent-SC) composite was prepared by a simple, novel 

and one-step wet chemical solvothermal reaction. Briefly, 1 g of commercial red 

phosphorus (RP, Alfa Aesar, amorphous, 98.9%) without purification and 100 mL of 

carbon disulfide (CS2, Sinopharm Chemical Reagent Co., Ltd) were added into a 200 

mL vessel (hastelloy alloy) with temperature and pressure detection and then heated at 

different temperatures (250, 300, 400 and 500 ℃) for 12 h. The covalent-SC 



composites were obtained by washing with CS2 and absolute ethyl alcohol for three 

times respectively and then dried at 70 ℃ for 12 h in a vacuum.  

Materials characterization 

The morphology of covalent-SC was observed by Field Emission Scanning Electron 

Microscopy (FESEM, JEM7600F) and Transmission electron microscope (TEM, 

JEOL2100). The structure feature of covalent-SC was collected by the PANalytical 

Multi-Purpose Diffractometer equipped with a Cu Kα radiation (λ=0.15406 nm). The 

Raman spectrum of covalent-SC was collected on the LabRAM HR800 Raman 

system with a Raman light source of 532 nm. The Fourier transformed infrared (FTIR) 

spectrum was measured on the Bruker VERTEX 70 FTIR spectrometer. The XPS 

spectra of covalent-SC was obtained on the AXIS-ULTRA DLD spectrometer with a 

monochromatic Al Kα X-ray source. The Tristar II 3020 instrument was used to 

characterize the nitrogen adsorption and desorption isotherms of covalent-SC at 77 K. 

The thermogravimetric analysis (TGA) was carried out to obtain the weightless 

information of covalent-SC under N2 atmosphere in the Netzsch Instruments (STA 

449 F5). The composition of covalent-SC was determined by using a Vario Micro 

cube elemental analyzer (EA).  

Electrochemical measurements 

The electrochemical performance was evaluated by assembling 2025 coin-type cell in 

the glove box filled with argon (H2O＜0.1ppm, O2＜0.1ppm). To fabricate the 

working electrode, the active materials, Ketjenblack and PVDF were grinded in the 

agate mortar for 20min with a mass ratio of 7:2:1, then grinded in the NMP for 10min 



to obtain a homogeneous slurry. The obtained slurry was uniformly pasted on the 

copper foil and dried under vacuum at 80 ℃ for 24 h, then cut into small slices 

(diameter~10mm). The mass loading of slice was 1.4-1.7 mg. Then, sodium metal 

was applied as anode, 1M NaClO4 in ethylene carbonate(EC)/ diethyl carbonate(DEC) 

(1/1, V/V) with 5 wt% fluoroethylene carbonate (FEC) and glass fiber were used as 

electrolyte and separator respectively. The galvanostatic charge and discharge tests 

were measured on the battery testing system (LAND Electronic Co., China) under 

different interval of voltage range from 0.01-3 V to 1.0-3.0 V. The CV measurements 

were carried out on the electrochemical workstation (CHI 604E, china) with different 

scan rates (0.1~5 mV s-1). The electrochemical impedance spectra (EIS) were 

obtained by the electrochemical workstation (CHI 604E, china) with the frequency 

range from 100000 to 0.01 Hz. 

 

 

Figure S1. Schematic and figure of the vessel used for the high-temperature reactions. 

Caution: as shown in Figure S1, the vessel should be fastened by 8 nuts and screwed 

to 200 N with a torque wrench (75 cm long). The reaction temperature and pressure 



can be monitored by the temperature and pressure sensors and displayed on the 

controller panel. It is important to note that pressure and temperature should not 

exceed the design range (here the maximum temperature and pressure are 550 ℃ and 

25 Mpa, respectively). In addition, the volume of solvent should not exceed half of 

the volume of vessel, and it cannot be used for the reaction of corrosive system. 

 

 

Figure S2. The products (black and dark red) obtained at 250 ℃ for 12h. 

 

Figure S3. XRD patterns of red phosphorus and the dark red products obtained at 250 ℃ 

(a), XRD patterns of the product obtained at 500 ℃ (b), XRD patterns of the dark 

products obtained at different temperatures (250, 300, 400 and 500 ℃) (c). 

 



 

Figure S4. TEM and HRTEM images of the covalent-SC composites obtained at 250 ℃ 

(a), 300 ℃ (b), 400 ℃ (c), 500 ℃ (d).  

 

Figure S5. TG curves under N2 atmosphere of the covalent-SC composites obtained at 

different temperatures. 

There is a significant weight loss between 280 and 520 ℃ in the black composite 



obtained at 250 ℃, corresponding to the cleavage of P-S functional groups. This 

weight loss content decreases with the increase of synthetic temperature and becomes 

extremely small at 400 ℃, indicating that the synthetic reactions are completed. 

 

Figure S6. FESEM images (a, b), high resolution TEM image (c) and the 

corresponding interlayer spacing (d) of the covalent-SC obtained at 400 ℃. 

 

Figure S7. N2 adsorption−desorption isotherms (a) and pore distribution (b) of the 



covalent-SC obtained at 400 ℃. 

 

Figure S8. FTIR spectrum of covalent-SC. 

 

Figure S9. Survey XPS spectrum (a), high resolution XPS spectra of C 1s (b), P 2p (c) 

and a rational structure of covalent-SC (d). 



The interaction of sulfur with carbon matrix can be further identified by XPS. As 

shown in Figure S9a, five predominant peaks at about 127, 165, 228, 285 and 534 eV 

observed in the XPS survey spectrum of covalent-SC correspond to the P 2p, S 2p, 

S2s, C 1s and O 1s characteristic peaks, respectively. The detection of element 

phosphorus here is due to the fact that a small portion of P (2.31 wt%) inevitable 

remains in the carbon structure during the desulfurization process. The high resolution 

C 1s spectrum (Figure S9b) can be deconvoluted into five peaks at 289.0, 286.7, 

285.2, 284.9, and 283.8 eV, which correspond to C=O, C-O, C-S, C-C/C=C and C-P 

bonds respectively, [23-25] indicating that S and a small quantity of P are incorporated 

into carbon matrix. The P 2p spectrum of covalent-SC (Figure S9c) can be fitted into 

three peaks. The binding energies of 134.3 and 132.7 eV are assigned to P-S and P-C 

bonds, while peak at 135.2 eV is attributed to P-O bond due to the surface oxidation 

of RP,[26.27] suggesting that slight phosphorus is incorporated into carbon matrix. It 

should be mentioned here that the incorporation of phosphorus into carbon structure 

can improve the electronic conductivity of the materials and boost the adsorption of 

the Na+ ions, as revealed in previous reports,[23,28] which may promote the 

combination of sulfur and Na+ ions and enhance the electrochemical performance. A 

rational structure of covalent-SC can be illustrated in Figure S9d. The covalent sulfur 

uniformly distributes among the matrix (including the boundary and interior regime) 

at molecular level with C-S bonds, thus keeping intimately electrical contact with 

carbon. Furthermore, this short-chain covalent sulfur may be directly converted into 

low order sulfide without dissolution problem, which is expected to achieve a high 



electrochemical performance. In addition, it should be noted that boundary sulfur may 

be more active than interior sulfur due to the higher energy of boundary atoms. 

Moreover, in a layered structure, an energy barrier for intercalating into the interlayer 

must be overcome to react with interior atoms, which further increases the resistance 

of the reaction. 

 

Figure S10. Voltage profiles of covalent-SC electrode cycled in the voltage of 0.5-3.0 

V at 100 mA/gtotal without activation (a) and after an activated process in the voltage 

of 0.01-3.0 V (b).  

 

Figure S11. Cycle performance of covalent-SC composites obtained at different 



temperatures. 

Obviously, the covalent-SC obtained at 400 ℃ exhibits the best performance 

including high capacity and recyclability. 

 

Figure S12. CV curves of the covalent-SC electrode in the voltage of 0.5-3.0 V (a), 

0.01-3.0 V after a gradually reduced low-cutoff voltage (b), 0.5-3.0 V after a fully 

activated process (c) at the scan rate of 0.5 mV s-1. 

 

Figure S13. Cycling performance of the covalent-SC electrode with gradually reduced 

low-cutoff voltage (0.5 to 0.01 V) (a) and the corresponding voltage profiles (b) at 

500 mA/gtotal. 



 

Figure S14. Cycling performance of the covalent-SC electrode with a gradually 

increased low-cutoff voltage (0.1-1.0 V) after a fully activated process in the voltage 

range of 0.01-3 V (a) and the corresponding voltage profiles at 500 mA/gtotal (b).  

 

Figure S15. Electrochemical impedance spectra of the covalent-SC electrode at 

fully-charged states after 5 cycles in the different voltage ranges. 



 

Figure S16. Ex situ high resolution XPS spectrum of S 2p of the covalent-SC 

electrode at 3.0 V in the first cycle.  

 

Figure S17. Ex-XRD patterns of covalent-SC electrodes at various intermediate states 

in the first (a) and second cycles (b). 



 

Figure S18. Ex situ HRTEM images of covalent-SC at fully discharged state of 0.01 V 

(a) and fully charged state of 3.0 V (b) in the first cycle. The insets are the 

corresponding interlayer distances, respectively.  

  

Figure S19. Ex-XRD patterns of covalent-SC electrodes at various intermediate states 

in the first (a) and second cycles (b). 

As can be seen in the Figure S19a, the peaks belonging to Na2Sx (x=1~4) do not 

appear with weak intensity until discharged to 0.5 V in the first cycle, while in the 

second discharge process, they appear at 0.8 V furthermore with extremely strong 

intensity at 0.5 V, indicating that Na+ could access into the interlayers to react with 



covalent sulfur owing to the enlarged d-spacing in the first cycle (Figure S19b). Such 

adsorption-like intercalated behavior may make the reaction between the interior 

sulfur and sodium ions exhibit a pseudocapacitive characteristic which is revealed in 

Figure S26, boosting an enhanced rate capability. In addition, no characteristic peaks 

belonging to element sulfur can be found in the electrode charged to 3.0 V, indicating 

the absence of element sulfur (Figure S20). 

 

Figure S20. XRD patterns of pure sulfur and covalent-SC electrodes at different 

states. 

 

Figure S21. EIS of the covalent-SC electrode at different intermediate states in the (a) 

first cycle and (b) fifth cycle. 



Obviously, the charge transfer resistance of discharge process in the fifth cycle is 

significantly reduced after the activation process in the first cycle, indicating the 

energy barrier and resistance of intercalation of Na+ ions are reduced owing to the 

enlarged layer spacing. 

 

Figure S22. Cycling performance and coulombic efficiency of the activated 

covalent-SC electrode at 1.6 C. 

 

Figure S23. Electrochemical performance of covalent-SC electrodes directly cycled 

from 0.5 V to 3.0 V without activation for RT-Na/S batteries. Long cycle performance 

and the corresponding coulombic efficiency at 0.8 C (a), rate performance (b). 

As shown in Figure 5a and Figure S23a, the activated covalent-SC electrode delivers 



an initial discharge capacity of 1069.9 mAh g-1 at 0.8 C, and retains a reversible 

capacity of 888.9 mAh g-1 after 600 cycles, far higher than that of electrode without 

activation (607.0 mAh g-1 after 600 cycles). Moreover, the activated covalent-SC 

electrode exhibits high discharge capacities of 1336, 1140, 1016, 940, 843 and 700 

mAh g-1 at 0.16C, 0.32C, 0.8C, 1.6C, 3.2C and 8.1C, respectively, also much higher 

than that of unactivated electrode (730, 686, 618, 549, 475 and 361 mAh g-1 at 0.16C, 

0.32C, 0.8C, 1.6C, 3.2C and 8.1C, respectively) as revealed in Figure S23b. These 

results demonstrate the significant enhancement of electrochemical performance by 

the activation process. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1. A cyclic performance comparison of sulfur-carbon cathodes reported in the 

previous literatures with the activated covalent-SC electrode developed in this work. 

 



 

Figure S24. The effect of different active mass loadings on the capacities. 

 

 

Figure S25. Cycling performance of the activated covalent-SC electrode in the voltage 

of 0.5-3.0 V at 0.16C.  



 

Figure S26. The kinetic analysis of the activated covalent-SC electrode. CV curves (a) 

at various scan rates (0.1 to 5 mV s-1), the fitted lines of log(ν)-log(i) applied to 

estimate the b-values (b), Calculated pseudocapacitive contributions at various scan 

rates (c) and the pseudocapacitive current contribution at 5 mV s-1 (d). 

To further understand the excellent rate capability of covalent-SC, the CV curves at 

various scan rates from 0.1 to 5 mV s-1 (Figure S26a) are performed to analyze the 

reaction kinetics based on the equation 1:  

𝑖 = 𝑎𝑣𝑏 

Where a and b are adjustable values, and v is the scan rate. When the b value 

closes to 0.5, it indicates that the reaction is controlled by the diffusion process. While 

the b value approaches 1, it represents that the reaction is dominated by capacitive 

process.[16-19] The b value can be calculated by linearly fitting the log(v)-log(i) curve. 



As shown in Figure S26b, the b values for two anodic peaks (peak1 and peak2) and 

cathodic peak (peak3) are 0.76, 0.84 and 0.71, respectively, indicating the reaction is 

dominated by capacitive process. The contribution of capacitive capacity can be 

further calculated by investigating the current response to scan rate with the equation 

2: 

𝑖(V) = 𝑘1ν + 𝑘2ν
1/2 

where i(V) is the current response at a certain voltage which consists of the 

pseudocapacitive current (k1ν) and the diffusion-controlled current (k2ν1/2).[20-22] The 

pseudocapacitive contribution can be quantitatively determined by solving for the 

values of k1 and k2 at each voltage. As shown in Figure S26c, the pseudocapacitive 

contribution accounts for 55.1% of the total capacity at the scan rate of 0.1 mV s-1. 

When the scan rate increases from 0.1 to 5 mV s-1, the pseudocapacity contribution 

ratio increases from 55.1% to 94.0% (Figure S26d), indicating that the 

pseudocapacitive behavior is dominated and responsible for the fast kinetics of 

covalent-SC electrode. Furthermore, this dominated pseudocapacitance contributed by 

the rapidly binding of boundary sulfur with Na+ and the reaction between interior 

sulfur and intercalated Na+ with adsorption-like behavior.  
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