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 ABSTRACT 

As a typical two-dimensional transition metal dichalcogenide, molybdenum

disulfide (MoS2) is considered a potential anode material for sodium-ion batteries

(NIBs), due to its relatively high theoretical capacity (~ 670 mAh·g–1). However, 

the low electrical conductivity of MoS2 and its dramatic volume change during 

charge/discharge lead to severe capacity degradation and poor cycling stability.

In this work, we developed a facile, scalable, and effective synthesis method to

embed nanosized MoS2 into a thin film of three-dimensional (3D)-interconnected

carbon nanofibers (CNFs), producing a MoS2/CNFs film. The free-standing 

MoS2/CNFs thin film can be used as anode for NIBs without additional binders

or carbon black. The MoS2/CNFs electrode exhibits a high reversible capacity of 

260 mAh·g–1, with an extremely low capacity loss of 0.05 mAh·g–1 per cycle after 

2,600 cycles at a current density of 1 A·g–1. This enhanced sodium storage 

performance is attributed to the synergistic effect and structural advantages

achieved by embedding MoS2 in the 3D-interconnected carbon matrix. 

 
 

1 Introduction 

Over the past three decades, lithium-ion batteries (LIBs) 

have been extensively applied in various energy storage 

systems, such as portable electronic devices, electrical 

vehicles, and smart grids, owing to their high specific 

capacity, absence of memory effects, and high energy 

density [1–3]. Nevertheless, the high cost and the 

geographical distribution of lithium sources in the 

earth crust have limited the large-scale application 

of LIBs [4, 5]. Recently, sodium-ion batteries (NIBs) 

have attracted increasing attention because of their 

low cost and the ubiquitous distribution of sodium 

salts [6–8]. Unfortunately, the anode material used in 

commercial LIBs, graphite, cannot be directly employed 

as anode for NIBs, because of the larger ionic radius 

of Na (0.102 nm) compared to Li (0.076 nm) [7, 9, 10], 

which makes it difficult to accommodate the insertion/ 

extraction of sodium ions in the graphite interlayer. 

This has prompted new studies aimed at identifying 

advanced anode materials for NIBs, including carbon- 

based materials [11–13], phosphorus [14–16], metallic  
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alloys [17–20], two-dimensional (2D) metal carbides 

(MXenes) [21, 22], and other materials [23, 24]. Among 

these systems, carbon-based and MXene materials 

deliver low capacities (less than 300 mAh·g–1) [11]. Alloy 

anodes have high theoretical capacities, but most   

of them exhibit poor cycle life as a consequence of 

extremely large volume changes during sodium ion 

insertion/extraction.  

Layered 2D molybdenum disulfide (MoS2) was 

recently applied in a wide range of fields, including 

hydrogen storage [25], electrocatalysis, [26], opto-

electronic transistors [27], and LIBs [28, 29]. As a 

representative transition metal dichalcogenide, bulk 

MoS2 consists of S–Mo–S layers, in which Mo atoms are 

sandwiched between S atoms through strong covalent 

bonds while the 2D sandwich layers are stacked 

together through weak van der Waals interactions. 

The distance between neighboring layers is about 

0.62 nm [30], which is much higher than that of graphite 

(0.34 nm). Recently, MoS2 materials with different 

morphologies have been applied as anodes for LIBs, 

showing a very high theoretical capacity (~ 670 mAh·g–1) 

based on the conversion reaction mechanism [28, 29, 

31]. Due to the similarity of the chemical reactions 

involving Li and Na, MoS2 could also be used as anode 

material for NIBs. The first study of the electrochemical 

properties of MoS2 for NIBs was conducted by the 

Park’s group in 2013 [32]. Commercial MoS2 delivers 

a low discharge capacity of 85 mAh·g–1 at 0.4–2.6 V 

after 100 cycles, based on the intercalation reaction. 

In order to obtain a higher capacity, the cutoff discharge 

potential can be shifted to lower voltages (0.01 V), 

resulting in an increase in the capacity of MoS2 via a 

four-electron conversion reaction of MoS2 to Mo and 

Na2S [33]. In addition, pure MoS2 usually exhibits poor 

rate capability and a rapid capacity decrease due to 

the low electronic conductivity of MoS2 and the huge 

volume change during sodiation/desodiation processes 

[34, 35].  

Current strategies to overcome the above volume 

change and electronic conductivity issues are based 

on designing different MoS2 morphologies [36–39]. 

The fabrication of electrode architectures based on 

MoS2/carbon hybrid nanostructures is considered an 

effective solution to improve the electronic conductivity 

and structural stability of MoS2 [28, 35, 40]. The Lee’s 

group prepared MoS2–carbon monolayer sandwiched 

nanosheets through a solvothermal method; the 

as-prepared samples exhibited an extraordinary dis-

charge capacity of 620 mAh·g–1 at 0.2 A·g–1, and retained 

capacities of 477 and 415 mAh·g–1 at 0.2 and 1 A·g–1, 

respectively, over 200 cycles [41]. Zhang et al. prepared 

hollow MoS2@C nanotube composites through a facile 

hydrothermal process; the synthesized compounds 

showed an enhanced initial discharge capacity of  

640 mAh·g–1 at 0.5 C and a capacity retention of 80% 

after 200 cycles at a rate of 0.5 C [35]. Recently, Park 

et al. synthesized few-layer MoS2 incorporated into 

hierarchical porous carbon nanosheet composites, 

which delivered a reversible capacity of 280 mAh·g–1 

after 300 cycles at 1 A·g–1 for NIBs [42].  

In order to further enhance the performance by 

combining the approaches discussed above, we 

designed a new type of MoS2-based hybrid nanos-

tructures. This system consists of MoS2 nanoparticles 

uniformly embedded in a three-dimensional (3D) 

interconnected carbon nanofiber (CNF) film (the 

resulting composite film is denoted as MoS2/CNFs in 

the following), as a free-standing and binder-free anode 

for sodium-ion batteries. We developed a facile and 

easy scalable process to prepare MoS2/CNFs thin films 

using a common biomass material (bacterial cellulose, 

BC) as the carbon source [43–45]. The unique approach 

developed here is cost-effective and industrially 

viable, which are important requisites for its practical 

application. The present structures exhibit several 

desirable properties, including a highly porous and 

continuous conductive 3D network, which can not 

only enhance the diffusion kinetics of both ions and 

electrons, but also buffer the volume change of MoS2. 

The obtained free-standing MoS2/CNFs thin film was 

directly applied as a flexible electrode for NIBs, and 

resulted in a fairly high initial specific capacity of  

617 mAh·g–1 at 0.1 A·g–1, and a well-maintained capacity 

of 260 mAh·g–1 at 1 A·g–1 after 2,600 cycles. This scalable 

fabrication method and advantageous nanostructure 

make it versatile to a wide range of alloy-type anode 

materials towards improved battery performance. 

2 Experimental 

2.1 Materials synthesis 

BC membranes were purchased directly from Hainan 
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Yeguo Foods Co., Ltd. After cutting them into small 

pieces using a knife, the membranes were immersed 

in 20 mM ammonium tetrathiomolybdate (ATM) 

aqueous solution for 2 days. Subsequently, the samples 

were frozen in liquid nitrogen and freeze-dried for  

48 h. The dry BC/ATM aerogel was pyrolyzed at 

800 °C for 2 h in N2 atmosphere with a heating rate of 

5 °C·min–1. The MoS2/CNFs samples were obtained after 

cooling to room temperature in a tubular furnace. 

CNF slices were prepared by a similar method to that 

used for the MoS2/CNFs, with the exception that BC 

was only immersed in ultrapure water, without any 

additives. 

2.2 Materials characterization 

X-ray diffraction (XRD) measurements were carried 

out on a Philips X΄Pert Pro Super diffractometer with 

Cu K radiation. Raman spectra were obtained using 

a Thermo Scientific DXR microscope with a 532 nm 

laser. X-ray photoelectron spectroscopy (XPS) mea-

surements were performed on a Thermo VG Scientific 

instrument. Nitrogen adsorption/desorption isotherms 

were determined by an ASAP 2020 accelerated surface 

area and porosimetry system. The carbon content   

of the MoS2/CNFs samples was determined by 

thermogravimetric analysis (TGA) using a TGA Q5000 

instrument. The microstructure of the samples was 

analyzed by field-emission scanning electron micro-

scopy (FESEM, JSM-6700) and transmission electron 

microscopy (TEM, JEOL 4000EX). 

2.3 Electrochemical characterization 

The as-obtained flexible MoS2/CNFs film was cut  

into small pieces (~ 1 cm × 1 cm, 2–2.2 mg·cm–2 mass 

loading), and directly used as electrode plate without 

subsequent processing. Standard CR2032 coin cells 

were fitted together in a high-purity argon-filled 

glovebox using sodium film as both reference and 

counter electrode. The MoS2/CNFs and sodium films 

were immersed in the electrolyte, composed of 1 M 

NaClO4 in ethylene carbonate (EC), dimethyl carbonate 

(DMC), and fluoroethylene carbonate (FEC) with 

EC:DMC:FEC = 1:1:0.05 volume ratios. Whatman 

glass fiber was used as the separator. Galvanostatic 

charge/discharge curves were measured by a Neware 

BTS-610 instrument at voltages ranging from 0.01 to 

3 V. Cyclic voltammetry (CV) curves were acquired 

on a CHI 660D electrochemical workstation. 

3 Results and discussion 

The synthesis of the free-standing and flexible MoS2/ 

CNFs films is illustrated in Fig. 1(a). First, the BC 

membranes were immersed in 20 mM ATM aqueous 

solution for 48 h under magnetic stirring at room 

temperature, to allow continuous absorption of ATM 

until saturation. Dried BC/MoS2 aerogels were obtained 

after removing water by freeze-drying. Finally, the 

dried MoS2/ATM aerogels were carbonized in a tubular 

furnace under N2 atmosphere. During the carbonization 

process, MoS2 nanoparticles were generated from ATM 

and embedded in the carbon nanofibers. The flexible 

MoS2/CNFs thin film can be used as a free-standing 

and flexible anode for NIBs (Figs. 1(b) and 1(c)). 

The morphology and microstructure of the CNFs 

and MoS2/CNFs samples were investigated by scanning 

electron microscopy (SEM) and TEM measurements. 

Figures S1(a)–S1(d) in the Electronic Supplementary 

Material (ESM) show the morphology of the pure 

CNFs, whose structure consists of 3D-interconnected 

fibers. Figure 2 shows the microstructure of the 

MoS2/CNFs, which display a similar morphology to 

the CNFs. The as-obtained MoS2/CNFs pellicles exhibit 

a 3D interconnected structure, in which each nanofiber 

 

Figure 1 (a) Schematic illustration of the synthesis process   
of MoS2/CNFs. (b) and (c) Photographs of the free-standing and 
flexible MoS2/CNFs electrode. 
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Figure 2 Structural characterization of MoS2/CNFs. (a) and (b) 
SEM images; (c) TEM image; (d) and (e) HRTEM images;     
(f) line profile corresponding to the framed area in (e). 

is around 20–80 nm in diameter and tens of micrometers 

in length (Figs. 2(a)–2(c)). The MoS2/CNFs exhibited  

a rougher surface compared to the CNFs, due to the 

MoS2 nanoparticles embedded in the carbon nanofibers. 

Figure S2 in the ESM shows a cross-section SEM image 

of the MoS2/CNFs film, whose thickness is about 

200 μm. The TEM image of the MoS2/CNFs (Fig. 2(c)) 

confirms the roughness of their surface, in agreement 

with the SEM result. The high-resolution TEM (HRTEM) 

image in Fig. 2(d) highlights the core–shell structure 

of the MoS2/CNFs, in which the MoS2 particles 

formed in situ are uniformly dispersed in the CNFs 

matrix. The average size of the MoS2 nanoparticles  

is ~ 10 nm. Figure 2(e) displays an enlarged view of 

the MoS2 nanoparticles, showing that the interlayer 

distance between crystalline MoS2 sheets is 0.70 nm 

(according to the statistics in Fig. 2(f)), corresponding 

to the (002) planes of hexagonal MoS2. This interlayer 

separation is larger than that of standard bulk MoS2 

(0.62 nm) [30, 46]. The expanded interlayer of the 

present samples could provide more room for sodium 

ion transport. Furthermore, the 3D-interconnected 

porous carbon matrix derived from carbonization of 

BC can also accelerate electron and ion transport.  

The XRD patterns of MoS2, CNFs, and MoS2/CNFs 

are displayed in Fig. 3(a). Obviously, the main diffraction 

peaks of MoS2 and MoS2/CNFs match well those of  

 

Figure 3 (a) XRD patterns and (b) Raman spectra of MoS2, 
CNFs, and MoS2/CNFs; (c) N2 absorption–desorption isotherms; 
(d) pore distributions of the MoS2/CNFs. 

the 2H-MoS2 structure (JCPDS 37-1492) [28, 47]. The 

carbon content of as-synthesized MoS2/CNFs was 

determined by TGA (Fig. S3 in the ESM). During the 

TGA tests in air, the carbon in the MoS2/CNFs sample 

would burn when the temperature exceeds 300 °C, 

while MoS2 is oxidized to MoO3 [40, 42]. Based on the 

34.1% mass loss of MoS2/CNFs between 300 and 450 °C, 

the corresponding MoS2 and carbon contents are 

73.2% and 26.8%, respectively. The prepared samples 

were further analyzed by Raman spectroscopy, and 

the results are shown in Fig. 3(b). Raman peaks at 379 

and 402 cm–1 are associated to the E1
2g (in-plane)  

and A1g (out-of-plane) vibrational modes of 2H-MoS2 

[48, 49], respectively. Moreover, the two broad peaks 

located at 1,360 and 1,598 cm–1 correspond to the D 

and G modes of carbon, respectively [50, 51], further 

confirming the presence of carbon and 2H-MoS2 in 

the as-obtained composites. The porous nature of  

the MoS2/CNFs was probed by nitrogen adsorption– 

desorption analysis (Fig. 3(c)), whereas Fig. 3(d) displays 

the corresponding pore size distribution. A surface 

area of 158 m2·g–1 was estimated using the Brunauer– 

Emmett–Teller (BET) equation, along with a 2–10 nm 

mesoporous distribution, which is beneficial for 

sodium-ion diffusion and electrolyte infiltration.  

The XPS analysis was used to determine the 

composition and chemical environment of elements 

present in the MoS2/CNFs composite (Fig. 4). The 

typical sharp peaks of Mo 4p, Mo 4s, S 2p, Mo 3d,   

C 1s, Mo 3p, and O 1s species can be clearly seen    
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Figure 4 (a) XPS spectrum of MoS2/CNFs; (b)–(d) high-resolution 
XPS spectra of Mo 3d, S 2p, and C 1s. 

in Fig. 4(a), indicating that the MoS2/CNFs composite 

contains Mo, S, C, and O atoms [29, 52]. Figures 4(b)– 

4(d) display the high-resolution spectra of Mo 3d, S 2p, 

and C 1s, respectively. The Mo 3d3/2 and 3d5/2 peaks 

located at 232.82 and 229.62 eV, respectively, reveal 

the presence of Mo4+ in the MoS2/CNFs composite [41, 

53]. Moreover, the peak at 236.17 eV can be assigned 

to the Mo6+ species in MoO3, formed by surface 

oxidation of the product by oxygen in air [42]. A 

small broad peak at a binding energy of 226.75 eV is 

attributed to the S 2s spectrum of MoS2. In addition, 

two peaks at 162.62 and 163.62 eV can be observed in 

the high-resolution S spectra, corresponding to S 2p3/2 

and 2p1/2, respectively [54, 55]. The C 1s spectrum can 

be easily resolved into two peaks centered at 284.82 

and 286.52 eV, corresponding to C–C and C–O bonds, 

respectively [56]. The presence of oxygen derives 

from the incomplete carbonization of BC [43, 45]. The 

high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) image and 

elemental mappings of Mo, S, C, and O (Fig. 5) 

clearly indicate that the MoS2 nanoparticles were 

well-proportioned distributed in the MoS2/CNFs 

composites. 

Next, we assessed the performance of the as-prepared 

free-standing MoS2/CNFs films as electrodes for NIBs. 

Figure 6(a) shows the CV profiles of MoS2/CNFs 

recorded in the first three cycles, in the voltage 

window of 0.01–3 V vs. Na+/Na and at a scan rate of 

0.1 mV·s–1. Three pronounced cathodic peaks at 1.02,  

 

Figure 5 HAADF-STEM image of MoS2/CNFs (a) and 
corresponding elemental mappings: (b) C, (c) S, (d) Mo, (e) O, 
and (f) overlap of elements. 

0.80, and 0.01 V are observed in the first discharge 

process. The first irreversible peak at about 1.02 V is 

attributed to the decomposition of the electrolyte, 

accompanied by formation of the solid/electrolyte 

interphase (SEI) [40, 47]. The second peak at 0.8 V 

originates from the stepwise intercalation reaction 

between MoS2 and sodium ions, to form NaxMoS2 

[40, 41]. The third deep peak between 0.3 and 0.01 V 

is assigned to the conversion reaction to form metallic 

Mo and Na2S, together with sodium intercalation 

into the interlayer of carbon [42, 46]. Subsequently, a 

broad peak observed between 1.4 and 1.9 V during 

the first charge process could be ascribed to a reversible 

phase transition to MoS2 [41, 42]. After the first 

charge/discharge process, the redox peaks become 

broader and unapparent, due to the amorphization of 

crystalline MoS2 during the charge/discharge process. 

Remarkably, the CV curves remain almost unchanged 

after the first cycle, demonstrating the excellent 

stability of the MoS2/CNFs electrode.  

Figure 6(b) displays the galvanostatic charge– 

discharge profiles of the MoS2/CNFs at a current rate 

of 0.1 A·g–1. The initial discharge and charge specific 

capacities are 1,238 and 617 mAh·g–1, respectively, 

corresponding to an initial Coulombic efficiency (ICE) 

of 50%. The large irreversible capacity can be attributed 

not only to the electrolyte decomposition at the 

electrode surface to form the SEI film, but also to the  
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irreversible reaction of sodium ions with MoS2 and 

carbon [35, 40]. The cycling stability of the MoS2/ 

CNFs at 0.1 A·g–1 is illustrated in Fig. 6(c). The electrode 

delivers a high specific capacity of about 500 mAh·g–1 

after 80 charge–discharge cycles. As a reference, the 

cycling performance of CNFs and MoS2 are shown  

in Fig. S5 in the ESM. The first discharge and  

charge capacities of CNFs at 0.1 A·g–1 are 1,265 and 

215 mAh·g–1, respectively. The CNFs maintain a 

reversible capacity of 167 mAh·g–1 for 80 cycles, while 

MoS2 shows poor reversible capacity (94 mAh·g–1 after 

80 cycles). It can be concluded that embedding MoS2 

in CNFs considerably improves not only the specific 

capacity, but also the cycling stability. Figure 6(d) 

shows the rate capability of the MoS2/CNFs. The 

reversible capacity decreases very slowly with 

increasing current density: The measured discharge 

capacities are 500, 488, 440, 410, 360, 285, and     

210 mAh·g–1 at 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 A·g–1, 

respectively. In addition, when the current density is 

reduced back to 0.1 A·g–1, a high charge specific 

capacity of 510 mAh·g–1 is rapidly recovered. In contrast, 

pure CNFs show a low specific capacity when tested 

under the same conditions (see Figs. S3–S5 in the ESM). 

To further evaluate the long-term cycle life of   

the MoS2/CNFs, the cell was cycled at 1 A·g–1 for 

2,600 cycles: As shown in Fig. 6(e), the electrode 

delivers a stable reversible capacity of 260 mAh·g–1 

with an extremely low capacity loss of 0.05 mAh·g–1 

per cycle. To inspect possible structural changes in 

MoS2/CNFs after the long-term cycling, we performed 

SEM and HRTEM measurements to determine the 

morphology of the composites after 2,600 cycles    

at 1 A·g–1. Figure 7(a) confirms that the nanofiber  

 

Figure 6 Electrochemical measurements for MoS2/CNFs. (a) CV curves for the first three cycles at a scan rate of 0.1 mV·s–1.
(b) Galvanostatic charge/discharge curves for the first three cycles at 0.1 A·g–1. (c) Cycling stability at 0.1 A·g–1. (d) Rate capability at 
different specific currents. (e) Long-term cycling stability at 1 A·g–1 with five-cycle activation at a low current density of 0.1 A·g–1. 
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Figure 7 (a) TEM and (b) HRTEM images of MoS2/CNFs after 
2,600 cycles at a current density of 1 A·g–1. 

structure remains intact. The HRTEM image (Fig. 7(b)) 

reveals the presence of amorphous MoS2 and porous 

carbon rather than crystalline 2H-MoS2 before the 

electrochemical sodiation process, due to the conversion 

reaction. Moreover, the SEM images of the MoS2/CNFs 

composite at the first discharge state and the charge 

state of the first and 100th cycles are shown in Fig. S6 

in the ESM. Compared with the original morphology, 

the surface of the nanofibers becomes covered by a 

stable SEI film after the first discharge process. Even 

at the 100th cycle, the MoS2/CNFs electrode maintains a 

3D interconnected network structure without any 

broken. 

The improved electrochemical performance of the 

present MoS2/CNFs electrodes can be attributed to 

the synergistic effect and structural advantages of 

embedding MoS2 in the 3D-interconnected carbon 

matrix, which produces the following benefits: (1) The 

3D interconnected carbon nanofibers possess a large 

surface area and high mechanical flexibility, providing 

a 3D-interconnected electronic and ionic pathway for 

fast charge transfer and ion diffusion; (2) the CNFs 

matrix can buffer the volume change of MoS2 during 

sodiation/desodiation processes, leading to long cycle 

life and outstanding rate capability.  
 

4 Conclusions 

In order to enhance the performance of MoS2 electrodes, 

we have rationally designed and synthesized a 

flexible and free-standing MoS2/CNFs film by using 

a typical biomass material (bacterial cellulose) as 

carbon source. The present fabrication process is 

facile, environmentally friendly, and easy to scale up. 

The MoS2/CNFs electrodes show a 3D interconnected 

network structure, in which MoS2 nanoparticles are 

encapsulated in the porous carbon nanofibers. The  

robust structure and highly conductive network make 

the MoS2/CNFs composite an ideal free-standing 

anode for NIBs. In fact, the electrode delivers an 

excellent cycling stability (260 mAh·g–1 after 2,600 cycles 

at 1 A·g–1) and rate performance (210 mAh·g–1 at    

20 A·g–1). The carbon network not only provides 

superior electrical conductivity, but can also accom-

modate volume changes and improve ion transport. 

The present synthetic strategy should be extendable 

to fabricate other 2D materials encapsulated into 

flexible and free-standing 3D carbon networks, with 

potential application in energy storage and catalysis 

fields. 
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