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ABSTRACT 

Antimony trisulfide (Sb2S3) is a prospective electrode material for lithium-ion 

batteries (LIBs) because of its thermal stability, low price and high specific capacity. 

However, the commercialization of the Sb2S3 as an anode material is greatly hindered 

by its poor electronic conductivity and massive volume variation during 

charge/discharge cycles. Moreover, growing demand in reducing greenhouse gas 

emissions requires the materials preparation process to be pollution-free and high 

energy-efficient. Herein, we introduce, for the first time, an eco-friendly and highly 

efficient one-step annealing method to construct a 3D flexible conductive network and 

buffer matrix for N-doped Sb2S3-carbon fibers (NSSCs) as a high-performance anode. 

It is assembled by mixing sulfur and antimony in atomicity level with stoichiometric 

ratio as the electrospinning precursor and then annealed in sealed quartz tube to assure 

the high atom utilization of nitrogen and sulfur. Benefiting from the 3D structure and 

compositional advantages, the NSSCs electrode with improved conductivity and carbon 

buffer matrix exhibits superior Li-storage performance. As a result, this work not only 

promotes the commercialization of antimony trisulfide but also points out a general 

eco-friendly method, which can be widely applied to synthesize a variety of flexible 

metal sulfides and metal nitrides with high atom utilization and zero discharge.  

KEYWORDS: high atom utilization, zero discharge, volume expansion, eco-friendly, 

energy storage.  
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INTRODUCTION. 

Traditional energy storage devices, such as alkaline batteries, nickel-metal hydride 

batteries and fuel cell have been gradually substituted by the lithium-ion batteries (LIBs) 

because of their long-term cycling life and high energy density.1-3 Together with 

additional features, such as being environmentally friendly, no memory effect and wide 

temperature applicability, LIBs are extensively used for intelligent devices, power 

sources and uninterrupted power supply system.4, 5 Moreover, the ever-increasing 

energy storage markets puts forward demanding applications on high power and high 

energy density LIBs.6-8 High-performing anode materials with excellent specific 

capacity and long cycle lifetime are always restricted and highly desired in the LIBs 

community. Graphite, generally, is a commonly-used anode material for energy storage, 

but its distinct advancement was largely shadowed by its minor theoretical specific 

capacity of 370 mA h g-1, limited power density due to the serious capacity loss under 

high-rate cycles.9  

Antimony trisulfide (Sb2S3) with high capacity, thermal stability and low price, 

recently has been developing a hopeful material for solar cells,10 light irradiation,11 

chalcogenide glasses,12 and electrochemical energy storage.13, 14 However, the charge-

discharge process of Sb2S3 is generally coupled with volume expansive deformation. 

And it will accompany with continuous formation and collapsing of solid electrolyte 

interface (SEI), giving rise to a rapid capacity weakening in the cycle performance.15-18 

Combining highly conductive carbon with active nanomaterials may be an effective 

strategy to address the volume expansion and low electrical conductivity of Sb2S3.
19, 20 
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And bundle-like Sb2S3 materials,21 imbedded ultrafine Sb2S3 nanoparticles in 

mesoporous carbon spheres,22 Sb2S3/C/Si composite fibers,23 have been reported to 

advance the practicability of the Sb2S3 for LIBs. However, the finite boost for capacity 

and cycling life of these materials hardly cannot accommodate the budget needs. 

Furthermore, in the Sb2S3 based battery community, few reports are focused on the full 

cell performance, leading to a disjointedness in practical application. Thus, lots of 

enhancements in nano material preparation and long cycling life of the promising Sb2S3 

material are deeply urgent. Furthermore, the poor intrinsic conductivity of Sb2S3 also 

severely impedes its electrontransport and rate performance.24-26 And the preparation 

process of Sb2S3 based active materials usually accompanies with S, Se and heavy 

metals discharge, which results in a waste of raw materials and serious environment 

pollution.27 Therefore, an ideal green synthesis method with low pollution and 100% 

utilization of reactant atoms is very imperative to commercialize the Sb2S3 materials 

for LIBs. In addition, the rapid advancement of wearable devices requires flexible and 

sustainable energy supply, which is also beyond the capability of conventional rigid 

batteries.28-35 

Herein, in this work, we developed N-doped Sb2S3 fibers (NSSCs) as an eco-

friendly and resource-conserving strategy to successfully address the common issues of 

poor conductivity, large volume expansion in Sb2S3 anode materials for LIBs. And a 

flexible full battery was also developed via coupling with the cathode material of α-

NaFeO2 Al2O3-LiNi0.8Co0.15Al0.05O2. The NSSCs were assembled by mixing sulfur and 

antimony in atomicity level with stoichiometric ratio as the electrospinning precursor. 
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Annealing in sealed quartz tube assures the high atom utilization and zero discharge for 

nitrogen and sulfur. The 1D nanofiber form can alleviate the volume expansion process 

and facilitate the electrolyte infiltrating the interior region of anode material, 

contributing to superior Li-storage performance for LIBs. Furthermore, for binder-free 

anode, the creation of arrayed 1D nanofiber framework could deliver high-speed 

channels for electronic transportation, which can access the properties of metal current 

collector. The NSSCs electrode also shows improved conductivity and superior 

electrochemistry performance due to the carbon buffer matrix. The NSSCs electrode is 

demonstrated to contribute a capacity of 490.3 mA h g-1 after 1000 cycles and a rate 

capacity of 336 mA h g-1 at a current density of 8 A g-1 and even sustained a capacity of 

600 mA h g-1 at a current rate of 0.5 C after 200 cycles for the flexible full battery. This 

work represents a great advancement in the development and commercialization for 

high-preforming antimony trisulfide anode materials. 

RESULTS AND DISCUSSION  

The preparation details of Sb2S3 carbon fibers (NSSCs) composite are shown in 

Figure 1a-c. Typically, the PVA and PAN fibers are carbonized and the Sb source is 

decomposed at a high temperature.36 The antimony ions and valid heat-treatment 

accelerate the transformation of precursor and the carbon nanofiber matrix further limits 

the development of antimony nanoparticles. As a result, the Sb grains are uniformly 

embedded in the carbon nanofibers. It’s worth noting that the pyrolytic by-products may 

be ammonia, water and carbon dioxide.37, 38 The ammonia can be induced to the 

production of nitrogen and hydrogen free radicals. Following this process, the nitrogen 
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free radical can be coerced into the carbon fibers forming an N-doping system in a 

sealed quartz tube under high temperature and high pressure (Figure 1b). Meanwhile, 

sulfur atoms can be reacted with antimony atoms and formed the orthorhombic Sb2S3 

(Figure 1c). The NSSCs composite can still maintain the 1D nanofiber structure after 

the heat-treatment as shown in the insert of Figure 1c. The overall reaction processes 

could be expressed as follows. 

 

The crystal textures of as-prepared sample are shown in Figure 1d. All the 

diffraction peaks are satisfactorily ascribed to the orthorhombic Sb2S3 (JCPDS File No. 

42-1293) after sulfuration in a sealed quartz tube. No impure peaks are detected and the 

crystallinity can reach to 95.8% after a refine evaluation, demonstrating that NSSCs 

material with superior fineness, which can be prepared via the efficient electrospun. 

Furthermore, carbon material structure is certified by the Raman spectra. As shown in, 

The disorder-induced feature (D bands) and the E2g patterns of graphite (G bands) can 

be observed, and they located at 1363 and 1583 cm-1, respectively (Figure S1, 

Supporting Information).39 The X-ray photoelectron spectroscopy (XPS) spectra is 

further used to elucidate the valence-bond of the sample (Figure 1). The peaks of N 1s 

locate at 397.8, 399.9 and 401.6 eV are allotted to the pyridinic-N, pyrrolic-N and 
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graphitic-N, respectively.23 The N-doping carbon nanofibers can afford plentiful 

electrons to advance the electronic conductivity of the carbon nanofiber and advance 

the Li-storage performance. The Sb 4d spectrum shows three major peaks, located at 

35.1, 33.8 and 32.2 eV, respectively, corresponding to Sb 4d3/2, 4d5/2 and 4d, which can 

be attributed to the Sb (Ⅲ) in NSSCs (Figure S2a, Supporting Information). The 

binding energy of 2p1/2 and 2p3/2 of S (Ⅱ) are located at 163.6 and 162.5 eV, respectively, 

(Figure S2b, Supporting Information). All the results successfully demonstrate that 

the annealing carbonization and sulfuration processes are absolute. Moreover, the 

structure and purity of the final product are compelling.40 

Because of the high boiling point and nonvolatile for antimony, the facts of zero 

discharge and high atom utilization for nitrogen, sulfur and antimony elements are 

confirmed by precise assessment of the atom percent in the precursor and final product. 

The atom percent of N, S and Sb are 2.67%, 58.41% and 38.93% in the precursor, 

respectively. According to the Energy Dispersive X-Ray Spectroscopy (EDX) and XPS 

spectra (Figure S3, Supporting Information), the atom percent of N, S and Sb can be 

calculated to be 2.54%, 27.63% and 69.83% in the final product, respectively. The 

results are closely consistent with the atom percent in the precursor, which could also 

verify the N-doping strategy with a one-step annealing is effective and nearly zero 

nitrogen discharge. Moreover, the Sb2S3 nanoparticle content in the composite is 

deduced by TG-DSC as shown in Figure 1f. Two obvious exothermic peaks at both 

461 °C and 537 °C, which could be assigned to the burning process of carbon matrix 

and Sb2S3 nanoparticles, respectively. The final oxidation product is Sb2O3 and its 
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weight percentage is 11.36%, which can speculate that the atomic ratio of S and Sb is 

3:2. This result further confirms the form of S and Sb elements in carbon fibers. 

Meanwhile, the Sb2S3 nanoparticle in the carbon nanofibers is 49.06% on account of 

the mass loss from carbon matrix. 

The N-doped Sb2S3 carbon fibers were attained by an electrospinning method, as 

illustrated in Figure 2a. The dimension of precursor nanofiber exceeds 30 µm, 

providing a self-supporting interpenetrating network (Figure S4a-b, Supporting 

Information). The fibers shrunk for the follow-up annealing process with a decrease 

size of 70 nm (Figure 2b and Figure S4c, Supporting Information). Additionally, the 

product can still maintain fiber structure and its surface is smooth with few particles 

after the sulfuration process. The average diameter of NSSCs is about 200 nm (Fig. S4d, 

Supporting Information). Moreover, the elements of C, N, S and Sb can be 

distinguished in the Figure 2c. The nanoscale active material can provide large specific 

area and more action sites. The as-prepared NSSCs composite endows an advanced 

interlinked 3D conductive network, which successfully constructed a binder-free and 

flexible electrode. Consequently, the interactions between NSSCs anode and electrolyte 

are reinforced, which may strengthen its cycle and rate performance in the LIBs. Figure 

2d is enlarged area as indicated by the arrows (yellow box) in Figure S5a (Supporting 

Information), respectively. The Sb2S3 nanoparticles are homogenously situated in 

carbon nanofiber matrix and the distribution of particle size are shown in Figure S5b-

c (Supporting Information), which can speculate the size of Sb2S3 nanoparticle is 

about 15 nm. The high-resolution transmission electron microscopy (HRTEM) image 
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displays a d-spacing of 0.317 nm for parallel fringes, which are consistent with the 

crystal (021) plane of orthorhombic Sb2S3 (Figure S5d, Supporting Information). 

Meanwhile, the selected area electron diffraction (SAED) pattern can be well assigned 

to the pure Sb2S3 phase, consistent with the diffraction peaks of (021), (130) and (002) 

planes revealed in the XRD pattern (Figure 2e). Figure 2f reveals the elemental 

distribution in the NSSCs composite by HAADF-STEM. Carbon, sulfur, antimony and 

nitrogen are identified in the fibers and the component of S and Sb is located in the 

carbon matrix. The 3D interconnected network offers rapid electrical channels and the 

surrounding amorphous carbon matrix structure also plays a durable buffer unit to 

assuage the volume expansion stress during the charge-discharge process. 

The binder-free and flexible films of NSSCs composite are straight used as 

electrode for LIBs. Its electrochemical performance of NSSCs is studied by CR2032 

coin-type cells using Li-metal as the counter electrode for LIBs. The cyclic 

voltammetry (CV) curves of the NSSCs anode between 0.01 V and 3.00 V as shown in 

Figure 3a. Two distinct cathodic peaks locate at 1.32 and 0.76 V, and a broad peak 

locates at 0.23 V, which can be ascribed to the multistep reactions including the 

disintegration of electrolyte and the formation of a SEI layer during the first cathode 

scan.41, 42 Two anodic peaks at 1.09 and 2.34 V can be accredited to dealloy and 

conversation process, respectively. All the facts can confirm the hierarchical 

electrochemical reactions of the NSSCs anode, which are in accord with the reported 

Sb2S3 anode materials.21, 22, 43 The total discharge-charge process of the NSSCs anode 

are stated using the following equations: 
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Discharge: 

 

Charge: 

 

The charge-discharge curves of the NSSCs electrode at a specific current density 

with a value of 1 A g-1 is shown in Figure 3b. The initial discharge-charge capacities of 

NSSCs electrode are 1110 mA h g-1 and 780 mA h g-1, respectively. And its initial 

Coulombic Efficiency (CE) is 70%. The first cycle delivering irreversible capacity are 

mainly ascribed to the establishment of the SEI film and electrochemical disintegration 

of the solvent in the cell. It is worthy of a lot of pyrolyzed carbon from the PAN 

precursor will reduce the initial CE and electrochemical properties of the NSSCs anode. 

And the pyrolyzed carbon at 700 °C can only carry a capacity of 70 mA h g-1 at 0.2 A 

g-1 after 200 cycles with 61.3% initial CE (Figure S6, Supporting Information). The 

capacity donated by NSSCs electrode is about 606.3 mA h g-1 after 150 cycles and 

deliver a superior capacity retention (83%). The CE of the second cycle is close to 100% 

and keeps unchanging for the rest 150 cycles.  

High cycle performance is a critical factor for battery-operated applications. The 

NSSCs anode shows unchanging cycle performances at 0.2 A g-1 with a good initial 

discharge capacity of 1110 mA h g-1 and a finished capacity of 606.3 mA h g-1 after 150 

cycles (Figure 3d). Even at 1 A g-1, the NSSCs electrode can still deliver a high capacity 

of 490.3 mA h g-1 after the long-time cycles (Figure 3e). For comparison, the undoped 
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Sb2S3 carbon fibers (SSCs) and ordinary Sb2S3 particles (SSPs) electrodes only can 

obtain a capacity of 443.3 and 93.1 mA h g-1 after 150 cycles, respectively because of 

their poor conductivity and uncontrolled volume variation throughout the charge-

discharge process (Figure S7a, Supporting Information). Furthermore, the cycled 

morphology indicates that the SSPs cluster together and partial particles are cracked 

(Figure S7b, Supporting Information). The rate properties of the NSSCs anode is 

revealed in Figure 3c. As the cyclic capacity keep unchanging after 20 cycles, therefore, 

the rate performance was steered after pre-cycling 20 cycles at 0.2 A g-1. The discharge 

capacity only slightly drops from 0.2 A g-1 to 8 A g-1. Once the current density reaches 

to 0.2, 1, 4 and 8 A g-1, the release capacities are 657, 631, 483 and 336 mA h g-1, 

respectively. And the current densities were set back to 0.2 A g-1, the reversible capacity 

can be regained to 603 mA h g-1 exhibiting outstanding rate performance. The outcomes 

show that the NSSCs electrode demonstrates more advanced reversible capacity and 

cycling properties than other reported Sb2S3 anode materials (Table S1, Supporting 

Information). 

To bring real impact and commercialize the NSSCs as a promising anode material, 

the full cell performance is very critical. The full cell is assembled by coupling α-

NaFeO2 Al2O3-LiNi0.8Co0.15Al0.05O2 cathode (AO-NCA) with the as-developed NSSCs 

anode.44 The nickel-rich cathode has been wildly used in energy storage devices due to 

its high theoretic capacity, stable charge-discharge plateau and low price. The NSSCs 

anode are authorized to achieve twelve electrons, and the AO-NCA cathode principally 

holds twelve Li-ions extraction ability. The integral chemical reaction of the battery is 
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revealed as follows: 

 

For safety design of the full cell, the anode capacity is excess 15% than that of 

AO-NCA cathode. Moreover, the charge-discharge voltage is restricted between 3.0 

and 4.2 V to assure the layered structure stability of NCO cathode and the safe operation 

of the full cell. The assembled cell packages were refolded 300 times before 

electrochemistry performance test and the Li-storage property of the battery is 

evaluated as exhibited in Figure 4a-d. The representative charge-discharge profiles of 

the full cell at a current rate of 0.1 C were shown in Figure 4a. The specific capacity of 

anode material is evaluated on account of the counter electrode mass. The first 

discharge profile reveals a distinct potential plateau around 3.75 V. The plateau 

preserves steadily in the succeeding cycles, which is corresponding with the CV curves 

(Figure S8, Supporting Information). The initial charge and discharge capacities of 

the cathode are 234.4 and 194.5 mA h g-1, respectively, with a CE of 82.9%. The charge-

discharge profiles almost overlap at following cycles. The rate capability of the cathode 

is also assessed by applying several kinds of current from 0.5 to 32 C (Figure 4b) after 

10 pre-cycling. The cathode delivers superior reversible capacities of 187, 163, 129, 

106, 83 and 48 mA h g-1 at 0.5, 1, 4, 8, 16 and 32 C, respectively. And when the current 

was set back to 0.5 C, the reversible capacity can be returned to 185 mA h g-1. The value 

is near to its initial capacity, indicating its good acceptance of large current rate. 

Effective capacity as high as 177.8 mA h g-1 can still be sustained at 0.5 C after 200 

cycles, which indicates that the superior long-term cycling performance (Figure 4c). It 
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is worth noting that the NSSCs anode can deliver a capacity of 600 mA h g-1 after 200 

cycles at the same current density by cathode capacity conversion. As shown in Figure 

4d-f, the full cell with a charge state can well drive a motor and power on an electronic 

thermometer. The results verify the NSSCs electrode can well match with cathodic 

material and show superior Li-storage with a promising potential for portable 

equipment and power unit. 

Benefiting from the well-designed structure and new idea of synthetic route, the 

NSSCs electrode with improved conductivity and carbon buffer matrix exhibits 

superior Li-storage performance. The electronic transfer, Li-ions diffusion mechanism 

and volume expansion were simulated of NSSCs electrode (Figure 5). A synergistic 

effect of high temperature treatment and the abundant fibers forming an enormous 

electrons transportation channel. As a result, it can provide an expressway for electrons 

transport leading an excellent electroconductibility of NSSCs electrode (Figure 5a). 

Electrochemical impedance spectroscopy (EIS) is applied to verify the superior Li-ions 

diffusion and electric conductivity mechanism of NSSCs electrode (Figure 5c-d). The 

equivalent circuit model is shown in the Supporting note 1. The internal resistance (Rct) 

values are 60, 100 and 428 Ω for NSSCs, SSCs and SSPs electrodes, respectively, which 

illustrate more advanced electric conductivity and worse inferior ions diffusion 

resistance than undoped Sb2S3 carbon fiber a and single component SSPs.45-47 The “σ” 

value negatively correlated with the “D” value (Supporting note 2) and all the σ values 

of anodes are displayed in Figure 5d.48 The σ values are 19, 24 and 30 corresponding 

to NSSCs, SSCs and SSPs anodes, respectively. These results are consensus with the 
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gradients of the real part “ω-1/2”. The results indicate that the N-doping matrix carbon 

fibers can successfully advance the conductivity and Li-ion diffusion of the NSSCs 

anode. The controlled-release mechanism of charge-discharge process accompanying 

the volume expansion is also shown in Figure 5b. The Sb2S3 nanoparticles imbedded 

in the matrix carbon fibers constructed a stable protective layer, which can positively 

confine the volume variation during the Li-ions intercalation course. The exceptional 

structure can offer a structurally firm parasitifer for Li-ions diffusion process. 

Noteworthily, the Sb2S3 nanoparticles are still embedded in the carbon matrix after 

long-time cycles. This phenomenon can attest the NSSCs electrode is great steady for 

high performance LIBs (Figure S9a, Supporting Information). Moreover, after high-

rate cycling, the TEM structure of NSSCs still holds its primary structure without and 

none of the Sb2S3 nanoparticles aggregate. The results can be confirmed by Figure S9b 

(Supporting Information). All the results illustrate that the NSSCs 3D interconnected 

network which is comprised of abundant Sb2S3 nanoparticles and carbon nanofibers 

composites can successfully advance the electric conductivity, Li-ions diffusion and 

release the volume expansion to ensure the excellent Li-storage for LIBs. 

CONCLUSIONS 

In summary, we demonstrate an eco-friendly method to synthesize the self-supported 

N-doped Sb2S3 carbon fibers (NSSCs) with high atom utilization and zero discharge for 

nitrogen and sulfur, by annealing the electrospinning precursor in a sealed quartz tube. 

The NSSCs electrode with improved conductivity and carbon buffer matrix exhibits 

excellent electrochemical performance, and it can obtain a capacity of 490.3 mA h g-1 
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at a current density of 1 A g-1 after 1000 cycles. It even sustained a capacity of 600 mA 

h g-1 at a current rate of 0.5 C after 200 cycles for the full cell. The excellent Li-storage 

performance further reveals that the NSSCs anode has tremendous potential for the 

energy storage application. In addition, this eco-friendly approach can be widely 

extended to synthesize various flexible metal sulfides and metal nitrides with high atom 

utilization and zero discharge. 

Experimental section 

Materials Synthesis. Synthesis of N-doped Sb2S3 carbon nanofibers: 1 g polyvinyl 

alcohol (PVA, average Mw = 88,000, Sigma-Aldrich), 0.05 g Polyacrylonitrile (PAN, 

average Mw = 150,000, Sigma-Aldrich), 0.6 g antimony glycolate (C6H12O6Sb2, 99%, 

Sigma-Aldrich) and 0.6 g sulfur powder (99%, Sigma-Aldrich) were liquified in N, N-

dimethylformamide (DMF, anhydrous, 99.8%, Aldrich), dimethylacetamide (DMAc, 

anhydrous, 99.8%, Sigma-Aldrich) and carbon disulfide (CS2, 99.8%, Sigma-Aldrich) 

for 12 h with continuous stirring at 65 °C. The precursor solution was placed in a 5 mL 

with a 23-gauge syringe needle, and then was applied to electrospun on spinning system 

(TEADFS-100, BJ TECHNOVA) at 19 kV. An aluminum foil located 15 cm away from 

the needle was utilized to collect the film at a speed of 20 rpm min-1. The whole 

synthesis process was carried out in an airtight box (humidity below 40%). The 

obtained films were cut into small squares (1.5*1.5 cm) and placed into a vacuum 

quartz tube. The first heat-treatment was set at 5 °C min-1 up to 280 °C for 4 h for 

stabilizing the fiber structure. The temperature further increased to 700 °C for 

carbothermal and sulfuration reaction. Then, the furnace temperature decreased to 
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450 °C for 2 h to stabilize the final product. Lastly, the obtained NSSCs electrode was 

dried in a vacuum oven to remove the residual moisture at 80 °C. 

Synthesis of Sb2S3 nanoparticles. The stoichiometry of antimony powder and sulfur 

powder were placed in a laboratory planetary mill (QM-3SP04, Nanjing, China) and 

the speed was controlled at 400 rpm min-1. And the Sb2S3 nanoparticles can be obtained 

after milling for 12 h.49 

Preparation of Al2O3 coated LiNi0.8Co0.15Al0.05O2: Stoichiometric amount of reactants 

Al3(NO3)2·9H2O (AR, 99%), Ni(CH3COO)2·4H2O (AR, 99%), Co(CH3COO)2·4H2O 

(AR, 99%) and CH3COOLi·2H2O were dissolved in deionized water. Citric acid was 

added with the equal molar ratio of the total transition metal ions. Then ammonium 

hydroxide solution was used to adjust the precursor pH and the value was maintained 

at 6.7. The obtained gel was transferred into a vacuum oven and dried at 120 °C for 12 

h, forming the amorphous powders. The as-prepared powder was disposed at 500 °C 

for 5 h to take away the organic component and then calcined at 700 °C for 10 h to 

obtain the final product.44, 50 Then, 100 mg LiNi0.8Co0.15Al0.05O2 powder was dispersed 

in DMF and 15 mg aluminum isopropoxide (AR, 99%) was added in the mixed liquor 

for continuous stirring with 3 h . Lastly, the compound was desiccated in an oven at 

150 °C for 10 h, and calcinated at 400 °C to form Al2O3 coated LiNi0.8Co0.15Zn0.05O2 

cathode material (AO-NCA). 

Material Characterization. The scanning electron microscopy (SEM, NOVA 450, FEI) 

and a transmission electron microscopy (TEM, G2, F30 FEI) were used to obtain 

morphology of the NSSCs before and after charge-discharge cycles, respectively. The 
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X-ray diffraction (x’pert3 powder) was used to characterized the crystalline structures 

of the as-prepared nanofibers. Raman spectra of the products were performed on a 

Thermo scientific FT-Raman spectrometer (FRA 106/s) with an excitation wavelength 

of 532 nm. The TG measurement (Diamond TGA/DSC 6300) at a heating rate of 5 ℃ 

min-1 in air and N2 was used to analysis the composition of NSSCs. X-ray electron 

spectrometer (XPS, AXIS-ULTRA DLD-600W) was used to analysis the valence states 

of NSSCs.  

Electrochemical Measurements. The NSSCs and SSCs films were directly used as 

electrode with a dimension of 10 mm. And then the electrode material (80 wt%), 

acetylene black (10 wt%) and binder (10 wt% polyvinylidene fluoride, PVDF) are 

mixed in solvent for the preparation of SSPs anode sheets. The mass of the active 

material was maintained at 2.7 mg cm-2. Moreover, the thickness of anode is around 

0.30 mm. The batteries were packaged with lithium foil, electrolyte and separator in a 

glove box with ultralow water/oxygen values. The full cells were packaged by coupling 

with Al2O3-LiNi0.8Co0.15Al0.05O2 cathode. The LAND cycler (CT 2001, Wuhan 

Kingnuo Electronic Co., China) was used to conduct the galvanostatic charge-discharge 

and the CHI 760D electrochemical workstation (ChenHua Instruments Co., China) 

were used to carry out cyclic voltammetric and electrochemical impedance 

spectroscopy. 
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Figure 1. Schematic illustration of the fabrication process and structure of N-

doped Sb2S3 carbon fibers composite. (a), The electrospinning process. (b), The heat-

treatment process and the structure of the electrospun fiber (scale bar, 5 μm). (c), The 

as-developed NSSCs composite (scale bar, 200 nm). (d), XRD pattern of NSSCs 

composite. (e), High-resolution XPS spectra of N 1s. (f), The TG-DSC curves of NSSCs 

composite at a heating rate of 5 ℃ min-1 in air.  
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Figure 2. Microstructure characterization of the as-prepared N-doped Sb2S3 

carbon fibers. (a), SEM image of the precursor fibers (scale bar, 5 μm). (b), SEM 

image of NSSCs (scale bar, 1 μm). (c), SEM elemental mapping images of C, N, S and 

Sb elements in the NSSCs composite. (d), TEM image of NSSCs nanofiber (scale bar, 

10 nm). (e), The SAED pattern of NSSCs (scale bar, 10.0 1/Gm). (f), TEM HAADF 

elemental mapping images of C, N, S and Sb elements in the NSSCs composite.  
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Figure 3. Electrochemical behavior of as-prepared N-doped Sb2S3 carbon fibers 

composite for Li-storage. (a), CV curves of the NSSCs electrode from 0.01 V to 3.0 
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V at a scan rate of 0.1 mV s-1. (b), The initial discharge-charge profiles of the NSSCs 

electrode between 0.01 V and 3.0 V at a current rate of 1 A g-1. (c), Cycling performance 

of the NSSCs, SSCs and SSPs electrodes at a current density of 0.2 A g-1, respectively, 

and the Coulombic efficiency of NSSCs anode. (d), Rate capability of the NSSCs 

electrode at various current rates from 0.1A g-1 to 8 A g-1. (e), Long-term cycling 

performance of NSSCs electrode at a cycling rate of 1 A g-1 with 1000 cycles. 
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Figure 4. Full battery performance coupled NSSCs anode with AO-NCA cathode. 

(a), Charge-discharge profiles between 3.0 and 4.2 V. (b), Rate performance with 

current rate from 0.5 C to 32 C. (c), Cycling performance at a current rate of 0.5 C. (d), 

The voltage testing of AO-NCA/NSSCs full cell with a charge state (scale bar, 3cm). 

(e), Driving a motor by the full cell (scale bar, 3cm). (f), Lighting an electronic 

thermometer by the full cell (scale bar, 5cm). 
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Figure 5. The electronic transfer, Li-ions diffusion and volume expansion 

mechanism of the N-doped Sb2S3 carbon fibers electrode. (a), The schematic of 

electronic transport in NSSCs electrode. (b), The schematic of Li-ion diffusion in 

NSSCs electrode. (c), Nyquist plots of the impedance spectra. (d), The real part of 

complex impedance versus ω-1/2 at open circuit voltage. 
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