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The future trend toward flexible electronics demands for flexible power sources using 

rechargeable batteries, where freestanding and flexible electrodes are of critical importance. The 

utilization of high capacity anode materials like metal sulfides in flexible batteries is highly 

desirable for the miniaturization of electronic devices, nevertheless very challenging in the 

fabrication of electrode that is freestanding and flexible. Herein, a universal electrospinning 

strategy to fabricate freestanding and flexible metal sulfides@carbon electrodes is proposed 

based on the formation of chelate complexes between L-cysteine and metal cations. Taking SnS 

as a model material, flexible fiber electrodes are realized with SnS nanoparticles well embedded 

in the continuous and interwoven carbon fibers. As freestanding electrodes for lithium and 

sodium storage, high capacity, good rate capability and excellent cycling stability are 

simultaneously achieved. Such strategy is also successfully extended to the fabrication of 

Ni3S2/C fibers and Fe7S8/C fibers, suggesting the universality in fabricating freestanding and 

flexible high capacity electrodes.

1. Introduction

Rechargeable batteries have successfully powered the humankinds’ modern life, ranging from 

portable electronics, electric vehicles, to the emerging large-scale energy storage system. 

Lithium ion batteries (LIBs) are amongst the best battery technology which possesses the 

advantages of high energy density, no memory effect and long service life.1-5 However, the 

resource limitation of lithium in the earth’s crust has become one of main obstacles to satisfy the 

rapid growth of energy storage market. Operating under the same working-principle as LIBs, 

sodium ion batteries (SIBs) recaptured the attention to enrich the energy storage technology due 

to its similar chemistry to Li and high natural abundance.6-9 Recently, rechargeable batteries like 
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LIBs and SIBs are also extending their usage as power sources in the area of flexible electronics, 

where light-weight and flexible electrodes are one of key factors to meet the requirements.10-13 

Graphite-based materials have been applied as anodes for LIBs in the past decades. However, 

their limited theoretical specific capacity (372 mAh g-1) has obstructed the light-weighting of the 

electrode for LIBs.14-16 Furthermore, graphite has failed for sodium storage in traditional 

EC/DEC electrolyte system due to the superior difficulty in forming staged Na-intercalation 

compounds.17-21 Transition metal sulfides, TMS, have emerged as a competitive anodes materials 

for SIBs. Compared with transition metal oxides for LIBs, TMS show a more competitive 

advantage due to its high electric conductivity, which is caused by the weaker M-S bond than M-

O bond.22-23 Furthermore, metal sulfides undergoing conversion and/or alloying reactions upon 

lithium/sodium storage can deliver high theoretical capacity, which offer the huge possibility to 

be explored as light-weight and flexible electrodes.23-27 Electrospinning has been demonstrated 

as a cheap, versatile and scalable technique for the fabrication of flexible electrode materials, 

such as metal-oxide/carbon 28-29 and metal/carbon composite electrodes.30 However, when it 

comes to the metal-sulfides/carbon composites, successful application is quite rare yet. The 

introduction of sulfur in the previous reports is generally realized by additional sulfuration 

process, such as annealing under H2S atmosphere 31-32 or with sulfur gas,33 during which the 

flexibility is unavoidably destroyed. Employing sulfur-containing precursors during 

electrospinning also works, but choosing suitable precursor is tough and further limits its 

universality.34 Thus, it is highly desirable to develop a universal strategy with no need of 

additional sulfuration process for fabricating flexible metal-sulfides/carbon composite electrodes 

by electrospinning for both lithium and sodium storage.

Page 3 of 20

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4

Herein, a facile and universal strategy via a coaxial electrospinning method is proposed for the 

fabrication of freestanding and flexible metal sulfides@carbon fiber electrodes. The in-situ 

formation of metal sulfides is enabled through the formation of M-S bonds between metal 

cations and R-SH of L-cysteine in the precursor solution. The flexible composites consist of 

metal sulfide nanoparticles well embedded in the amorphous carbon matrix, which exhibit high 

capacity, good rate capability and long cycle life as freestanding electrodes both for lithium and 

sodium storage. 

2. Experimental Section

2.1. Materials synthesis. SnS/C fiber composites were prepared via a coaxial electrospinning 

method followed by a post-treatment process, which is designated as Coa-SnS/C. 0.6 g 

Polyacrylonitrile (PAN, average MW = 150 000) and 0.5 g Polyvinylpyrrolidone (PVP, average 

MW = 1300 000) were dissolved in 7 and 5 mL dimethylformamide (DMF) respectively. After 

stirring for 2 hours, SnCl2 (0.6 M) and L-cysteine (0.66 M) were added into the above solution 

containing PVP. Keeping stirring for another 10 hours, the obtained viscous suspensions were 

separately loaded into two plastic syringes connected to a coaxial spinneret. The spinneret was 

assembled by two coaxial stainless steel capillaries. The inner diameters of the outer and inner 

steel capillaries were 0.4 and 0.9 mm, respectively. In the subsequent electrospinning process, 

the solution containing PVP was fed into the inner capillary while the solution containing PAN 

into the outer capillary at a constant flow rate of 0.5 mL h-1. The spinneret was connected to a 

high-voltage power supply and a voltage of 12 kV was applied to initiate the electrospinning 

process. The distance was set to be ~20 cm from the spinneret to the fiber collector. The 

electrospun fibers were then stabilized at 200 and 250 ºC each for an hour in air with a heating 
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rate of 2 ºC min-1. Eventually, Coa-SnS/C were obtained after annealing at 650 ºC for 4 h under 

Ar atmosphere with a heating rate of 5 ºC min-1. Moreover, we changed the corresponding metal 

precursor from SnCl2, to NiCl2 and FeCl2 with the same concentration to fabricate Ni3S2/C fibers 

and Fe7S8/C fibers, respectively.

For comparison, a single axial electrospinning method was applied for the preparation of Uni-

SnS/C using the same solution of core layer of Coa-SnS/C. The experimental parameters in the 

processes of electrospinning, pre-oxidation and annealing coincide with those in coaxial 

electrospinning method, except for a single axial electrospinning spinneret with a diameter of 0.4 

mm. 

2.2. Characterization. Fourier transform infrared spectroscopy (FT-IR, SGE/Agilent 

6890/Nicolet 5700) were obtained within 500 ~ 4000 cm-1. Notably, the liquid test samples were 

the same as the corresponding precursor solutions of core layer of Coa-SnS/C, Ni3S2/C and 

Fe7S8/C fibers without adding PVP. The morphology of the composites was characterized by 

scanning electron microscopy (SEM, Hitachi S-4800), and transmission electron microscope 

(TEM, JEOL 2100F). The composition and crystal structure were characterized by X-ray 

diffraction (X Pert PRO) in a 2θ range of 10~80º. Thermal gravimetric analysis (TGA) was 

performed on a Pyris 1 TGA thermal analyzer in air at a heating rate of 10 ºC min-1.

2.3. Electrochemical measurements. The Coa-SnS/C, Uni-SnS/C, Ni3S2/C and Fe7S8/C fiber 

composites were directly used as electrodes after being cut into disks without mechanical milling 

or slurry coating. The loading weight of the electrodes is around 1 mg cm-2 and the area of 

electrode is 1 cm2. For the assembly of the half cells, metallic lithium (sodium for SIBs) disks 

were employed as counter and reference electrodes. The electrolyte for LIBs contained 1 M 
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LiPF6 in the solvent of ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by volume), 

while the electrolyte for SIBs contained 1 M NaClO4 in the solvent of EC, DEC and propylene 

carbonate (PC) (4:4:2 by volume). Besides, 5% fluoroethylene carbonate (FEC) was added into 

the above both electrolytes. Afterwards, coin-type cells (CR2025) were assembled in an argon-

filled glovebox when the water and oxygen concentrations both were lower than 0.1 ppm. The 

galvanostatic charge/discharge tests were performed with a Neware BTS-5 battery test system. 

Cyclic voltammetry (CV) in a voltage range between 2.50 and 0.01 V vs Li/Li+ (Na/Na+, SIBs) 

and electrochemical impedance spectroscopy (EIS) were carried out on a CHI660C 

electrochemistry workstation.

3. Results and Discussion

A facile one-step fabrication procedure of metal sulfides@carbon fibers via a coaxial 

electrospinning method is illustrated in Figure 1a. PVP/metal salt/L-cysteine and PAN are 

chosen as the precursors of the core and shell layer separately. L-cysteine possesses three 

different ligands, thiol group (R-SH), carboxyl group (R-COOH) and amino group (R-NH2), 

which are expected to bond with metal ions to form chelate complex.35-38 The key to prepare 

metal sulfides using electrospinning technique is the formation of bonds between metal cations 

and R-SH of L-cysteine. FT-IR spectroscopy was conducted to determine the bonding states 

between SnCl2 and L-cysteine, as shown in Figure 1c. Two absorption peaks at 2552 and 942 

cm-1, which are attributed to characteristic peaks of the R-SH group in L-cysteine, disappear in 

the mixed solution of SnCl2 and L-cysteine. It clearly indicates that L-cysteine is coordinated to 

tin (ᴨ) cation through sulfur atom.36, 39-40 Another two peaks at 2082 and 1532 cm-1 of R-NH2 

group are also absent in the chelate complex, representing the coordination between Sn2+ and 
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nitrogen atom.35, 38 Furthermore, there is no significant change about the characteristic peaks of 

the R-COOH group with a slight shifting of one peak from 1588 to 1658 cm-1, which suggests 

unfavorable formation of Sn-O bond.35, 37 According to the FT-IR results, the typical molecular 

structure of chelate complex is illustrated as shown in Figure 1b, which is characterized by the 

bonding among Sn2+, sulfur and nitrogen atom. Worthy of noting is that the electrospun fibers 

after pre-oxidation shows the similar FT-IR characteristic peaks as that in the chelate complex, 

demonstrating the stability of bonding states (Figure S1).41-42 Such chelate complex in the 

precursor solution enables the in-situ formation of metal sulfides during electrospinning and 

subsequent annealing, as verified that all of the XRD peaks can be well indexed to orthorhombic 

SnS (JCPDS No. 75-2115) in Figure 2a. Furthermore, Uni-SnS/C via a single axial 

electrospinning method was also prepared using the same precursor of the core layer of coaxial 

electrospinning fibers (Coa-SnS/C). No obvious difference is found between their XRD patterns, 

Figure 1. (a) Schematic illustration of the fabrication procedure of metal sulfides@carbon 

fibers via a coaxial electrospinning method; (b) The proposed structure of chelate complex 

between L-cysteine and metal cations; (c) The FT-IR spectra of L-cysteine and the mixed 

solution of SnCl2 and L-cysteine (precursor solution without adding PVP) within 500 ~ 

4000cm-1.
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revealing that it is the chelate complex rather than the electrospinning method matters in the 

formation of metal sulfides.

Both Uni-SnS/C and Coa-SnS/C show smooth fibrous morphologies before annealing, as 

shown in Figure S2. However, Figure 2b-c show the SEM pictures of Uni-SnS/C and Coa-

SnS/C. Different from the rough morphology with lots of nanoparticles dispersed on the surface 

of fibers in Uni-SnS/C, Coa-SnS/C fibers exhibit quite smooth surface. Furthermore, Coa-SnS/C 

fibers with a narrower diameter distribution and smaller average diameter exhibit good flexibility 

even at a large bending angle (Figure 2d), which is indispensable for the fabrication of flexible 

energy storage devices. TEM analysis was further conducted to identify the refined morphology 

and microstructure of a single Coa-SnS/C fiber. The SnS nanoparticles are well embedded in the 

amorphous carbon matrix, which is due to the confinement effect of out-layer assuring the fast 

electron transfer and good buffering during charge/discharge.43-45 Furthermore, amorphous 

structures of metal sulfides can be detected from both the XRD and TEM results, which have 

been verified in improving the capacity, rate capability and long-term cycling stability of LIBs 

and SIBs.46 Metal-sulfides/carbon composites fabricated via such coaxial electrospinning method 

are freestanding when served as electrodes due to their good flexibility, meaning that neither an 

insulating binder nor an additional conducting agent is required. Above all, heavy current 

collectors (e.g. copper foil, around 7~10 mg cm-2), which provide no capacity but might lead to 

poor contact with active materials, can be discarded to greatly improve the energy density of 

whole battery devices.

We further conducted detailed electrochemical analyses to explore the lithium/sodium storage 

performance using such freestanding Coa-SnS/C as working electrodes. CV analysis was carried 

out for the first three cycles at a scan rate of 0.1 mV s-1 in the voltage range of 0.01 to 2.5 V to 
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clarify the electrochemical process. Figure 3a shows the CV curves for lithium storage. During 

the first cathodic scan, the distinctive reduction peak at 1.34 V is attributed to the conversion 

reaction of SnS to Sn and Li2S (SnS + 2Li+ + 2e- = Sn + Li2S). The peak located at 0.35 V 

corresponds to the alloying reaction of Sn and Li (Sn + xLi+ + xe- = LixSn). A wide irreversible 

peak ranging from 0.7 V to 1.2 V reveals the formation of the solid electrolyte interphase (SEI) 

film, while the similar phenomenon has occurred in other previously reported Sn-based anode 

materials.47-48 Subsequently, in the first anodic scan, four peaks at 0.50, 0.62, 0.80 and 1.18 V 

represent the multi-step Li–Sn dealloying processes and the wide peak around 2.0 V is ascribed 

to the reversible conversion of Sn and Li2S into the SnS phase.49-50 

Figure 2. (a) XRD patterns of Uni-SnS/C and Coa-SnS/C. The standard reflections of SnS 

(JCPDS No. 75-2115) are displayed at the bottom; (b, c) SEM images of Uni-SnS/C (b) and 

Coa-SnS/C (c) and their corresponding diameter distribution histogram; (d) Digital 

photographs of Coa-SnS/C at a large bending angle; (e) TEM image of Coa-SnS/C; (f) 

HRTEM of a single Coa-SnS/C fiber.
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Similar to lithium storage, the CV curves for sodium storage also present the reduction peaks 

corresponding to conversion and alloying reactions. In the first cathodic scan, the peak at 1.05 V 

is attributed to the conversion reaction of SnS to Sn and Na2S (SnS + 2Na+ + 2e- = Sn + Na2S). 

The distinctive reduction peak around 0.35 V corresponds to the alloying reaction of Sn and Na 

(Sn + xNa+ + xe- = NaxSn) together with the formation of the solid electrolyte interphase (SEI) 

film.51-53 Another alloying reaction peak at 0.55 V also represents the multi-step alloying 

process. However, the CV peaks for sodium storage are much broader and weaker than those for 

lithium storage, which should be largely ascribed to the sluggish kinetics resulting from the 

larger ionic radius (Na+/Li+, 0.102 nm/0.076 nm).54 Furthermore, from the second scan onward, 

all the CV curves for both lithium and sodium storage are clearly overlapped, revealing excellent 

reversibility of Coa-SnS/C as electrodes of LIBs and SIBs.

The charge/discharge profiles of Coa-SnS/C in terms of lithium and sodium storage are 

depicted in Figure 3b and 3e at a current density of 50 mA g-1 between 0.01 and 2.5 V. The first 

discharge/charge capacity reach 1155.3/812.7 mAh g-1 for lithium storage and 500.8/327 mAh g-

1 for sodium storage respectively, corresponding to the Coulombic efficiency (CE) of 70.3% and 

65.3%. The much lower capacity of Coa-SnS/C anodes in SIBs than that in LIBs is in agreement 

with the broader and weaker CV peaks for sodium storage, as a consequence of the sluggish 

kinetics of sodium insertion and extraction.55 The initial capacity loss mainly results from the 

formation of SEI layer and decomposition of electrolyte.53 Worthy of noting is that the specific 

capacity values in the present work are calculated based on the total mass of the composite, 

which could be even higher by deducting the content of carbon, 55.2% observed from the TGA 

curve (Figure S3). 
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Figure 3c shows the superior rate performance of Coa-SnS/C anodes in LIBs. A reversible 

capacity of 752.1, 633.4, 556.7, 484, 389.7 and 317.9 mAh g-1 is achieved under the current 

density of 50, 200, 500, 1000, 2000 and 5000 mA g-1, respectively. Such high rate performance 

in the present work is even comparable with previous non-flexible SnS/Carbon composites using  

heavy current collectors (Table S1). This phenomenon owes to the good charge transfer kinetics 

Figure 3. Electrochemical performance for lithium (a-c, g) and sodium (d-f, h) storage: 

(a, c) Galvanostatic charge/discharge profiles of Coa-SnS/C at 50 mA g-1; (b, e) Cyclic 

voltammetry curves of Coa-SnS/C at a scan rate of 0.1 mV s-1 for the first three cycles; (c, f) 

Rate capability of Coa-SnS/C; (g) Cycling performance of Coa-SnS/C for lithium storage at 1 

A g-1 and 2 A g-1 separately; (h) Cycling performance of Uni-SnS/C and Coa-SnS/C for 

sodium storage at 50 mA g-1, respectively.
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of the Coa-SnS/C NFs anodes for lithium storage, manifested by EIS analysis, as shown in 

Figure S4.52-53, 55 Meanwhile, Figure 3h revealed that Coa-SnS/C exhibits superior cycle stability 

for lithium storage. The specific charge capacity remains 403.9 mAh g-1 after 400 cycles at a 

current density of 1 A g-1. During cycling, the Coulombic efficiency gradually increases and 

finally maintains around 99.8% at a current density of 1 and 2 A g-1. Furthermore, after 100 

cycles at a current density of 1 A g-1, the superior stability of Coa-SnS/C is observed from the 

SEM and TEM images (Figure S5). 

For sodium storage, the reversible capacity remains 323.3, 276.6, 253.3, 228.6, 210.5 and 

166.4 mAh g-1, at the current density of 50, 200, 500, 1000, 2000 and 5000 mA g-1, respectively. 

Moreover, a high reversible capacity of 330.4 mAh g-1 for sodium storage is maintained after 

100 stable cycles at a current density of 50 mA g-1. The slight increase in capacity is caused by 

the activation of Coa-SnS/C during cycling.51 Notably, the rate performance together with 

cycling performance of Coa-SnS/C NFs for sodium storage is also comparable among other 

reported SnS/Carbon composites (Table S2). For comparison, the charge/discharge cycling 

performance of Uni-SnS/C is investigated in terms of sodium storage at a current density of 50 

mA g-1. The reversible capacity only remains 163.4 mAh g-1 after 20 cycles even though the first 

discharge/charge capacities reach 679.6/439 mAh g-1. This phenomenon is attributed to the 

exposure of SnS nanoparticles on the surface of Uni-SnS/C, where more contact with electrolyte 

accelerates the conversion and alloying reaction. However, the pulverization caused by large 

volume change during sodiation/desodiation, which is effectively buffered by carbon matrix in 

Coa-SnS/C, inevitably leads to serious capacity loss. 
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From all the above, Coa-SnS/C fabricated via coaxial electrospinning method exhibit the 

superior electrochemical performance for both lithium and sodium storage. Further considering 

the freestanding and flexible characteristics, Coa-SnS/C show a favorable prospect not only in 

anodes of LIBs and SIBs with high performance but also in light-weight and flexible electrodes.

Significantly, this facile method based on the formation of chelate complexes between L-

cysteine and metal cations via the coaxial electrospinning method is universally applicable. We 

have successfully fabricated a series of flexible metal sulfides@carbon fibers and applied these 

materials as anodes of SIBs. For instances, Ni3S2/C fibers and Fe7S8/C fibers are obtained by 

adopting this method under the same condition except for the corresponding metal precursors. 

Figure 4. (a) The FT-IR spectra of corresponding precursors of Ni3S2/C fibers and Fe7S8/C 

fibers without adding PVP; (b) XRD patterns of Ni3S2/C fibers and Fe7S8/C fibers; The 

standard reflections of Ni3S2 (JCPDS No. 44-1418) and Fe7S8 (JCPDS No. 24-0220) are 

displayed; (c-d) Galvanostatic charge/discharge profiles of Ni3S2/C fibers (c) and Fe7S8/C 

fibers (d) at 50mA g-1, respectively; (e, f) Rate capability of Ni3S2/C fibers (e) and Fe7S8/C 

fibers (f), respectively.
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The FT-IR spectra (Figure 4a) of mixed solutions containing NiCl2 or FeCl2, and L-cysteine 

have the same characteristics as that of Coa-SnS/C, demonstrating the identical formation 

mechanism for these metal sulfides@carbon composites. The representative XRD patterns 

further reveal the formation of Ni3S2 (JCPDS No. 44-1418) and Fe7S8 (JCPDS No. 24-0220) 

while the SEM images illustrate their fibrous morphology. Moreover, such metal 

sulfides@carbon fibers all exhibit high reversible capacities, good cycling performance and 

favorable rate performance in terms of sodium storage. Reversible capacities for Ni3S2/C fibers 

and Fe7S8/C fibers remain 421.4 and 251.1 mAh g-1 after 50 cycles, respectively (Figure 4c-d). 

When Ni3S2/C fibers was discharged and charged at a rate of 200, 500, 1000, 2000, 3000 and 

5000 mA g-1, a reversible capacity of 278.0, 210.3, 155.7, 99.4, 61.4 and 26.4 mAh g-1 is 

achieved (Figure 4e). For Fe7S8/C fibers, as shown in Figure 4f, the reversible capacity is 260.8, 

239.0, 210.4, 153.9, 103.4 and 53.7 mAh g-1 under the current density of 50, 100, 200, 500, 1000 

and 2000 mA g-1, respectively.

4. Conclusions

A facile and universal strategy to fabricate freestanding and flexible metal sulfides@carbon 

fibers via a coaxial electrospinning method has been demonstrated. The key to prepare metal 

sulfides is the formation of bonds between metal cations and R-SH of L-cysteine. Coa-SnS/C is 

taken as an example to further explore the morphology, structure and electrochemical 

performance. SnS nanoparticles are uniformly embedded in the continuous and interwoven 

carbon fibers, to provide fast electron transport pathways and buffer the large volume change 

during lithium/sodium insertion/extraction. Such freestanding Coa-SnS/C composite exhibits a 

high reversible capacity, superior cycling stability and excellent rate capability for both lithium 
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and sodium storage. Moreover, this facile but versatile fabrication strategy can be easily 

extended to a series of metal sulfides, such as Ni3S2/C fibers and Fe7S8/C fibers. The proposed 

strategy might pave the way for fabricating flexible energy storage devices as well as exploring 

metal sulfide anodes of LIBs/SIBs with excellent electrochemical performance. 
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A series of freestanding and flexible metal-sulfides/carbon composite electrodes fabricated via a 

coaxial electrospinning method exhibit high capacity and good cycling stability for both lithium 

and sodium storage.
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