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ABSTRACT

Two-dimensional (2D) materials combined with carbonaceous materials have

shown remarkable properties for boosting the performance of lithium-ion bat-

teries (LIBs). Precise spatial modulation and accurate transmission characteris-

tics of electronic conductivity require good contact between materials. Herein,

the preparation of a molybdenum disulfide/polyacrylonitrile-derived carbon

(MoS2/PDC) composite by heat treatment in argon atmosphere at 600 �C is

presented. The polyacrylonitrile (PAN) and MoS2 are subjected to phase

inversion preparation membrane and lignin-assisted exfoliation pretreatment,

respectively. The MoS2 nanosheets can enter into the pore of PAN membrane

and from C–S bonds during carbonization process, providing effective electron

transport paths. Highly conductive carbonized PAN layer can act as an electron

collector and provides the volume expansion space for MoS2. Cell tests indicate

that the MoS2/PDC electrode exhibits an ultra-high lithium-ion storage capacity

of 1354 mAh g-1 at a current density of 0.1 A g-1 and excellent cycling stability.

With the advantages of low cost, green process and high electrochemical per-

formance, the MoS2/PDC composite is a promising anode material of LIBs.
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Introduction

Since the discovery of graphene in 2014, two-di-

mensional (2D) materials have attracted numerous

attention in energy storage field, particularly in

lithium-ion batteries (LIBs) [1, 2]. Thanks to their

unique chemical, electronic and mechanical proper-

ties, many efforts have been devoted to break the

current limitations of anode materials [3–5]. Among

various 2D materials, 2D-layered transition-metal

dichalcogenides (TMDs) with thin atom layer have

been extensively researched due to their high theo-

retical energy storage capacity and low fabrication

cost [6, 7]. The currency conversion reaction between

TMDs and Li: MS2 ? Li? ? e- ? M ? Li2S

(M = Mo, W, etc.) implies a complex electrochemical

reaction process, which inspires the exploration of

the chemical reaction processes [8]. Specifically, it has

been demonstrated that monolayer molybdenum

disulfide (MoS2), one of the promising anode mate-

rials in LIBs, can be applied in low Li? migration

barriers with high intrinsic conductivity [9, 10]. MoS2
with short ion paths and highly exposed active sites

also presents a significantly high initial capacity. In

addition, the weak van der Waals interlayer in MoS2
leads to a relatively large spacing between the adja-

cent layers with a higher energy storage capacity than

the commercial graphite anode (670 mAh g-1 against

372 mAh g-1) [11, 12]. Nevertheless, due to electrode

structure collapse caused by volume expansion dur-

ing cycling, the relatively low intrinsic conductivity

and undesired cyclic stability strongly limit the rate

capabilities of MoS2 anodes [13–15]. Thanks to the

larger surface area and more active edges of MoS2
nanosheets, the electrochemical charge storage

capacity is much larger than their bulk crystals

[16, 17]. MoS2 nanosheets can reduce the transfer

distance of electron and ions, accelerating the

exchange of electrons and ions in an electrode, thus

reducing the polarization resistance of electrode

[18, 19]. The instability of bulk crystals can be

improved through non-crystallization of 2D materi-

als. However, the low electrical conductivity still

cannot be effectively implemented as electrodes. In

this case, MoS2 nanomaterials aggregate during the

process of charging and discharging, resulting in the

structural integrity and large irreversible capacity

loss [13, 20, 21]. To solve such issues, several recent

works have been reported to combine MoS2 with

carbonaceous materials (e.g., graphene, carbon nan-

otubes (CNTs) and mesoporous carbon materials) for

enhancing the conductivity and integrity of nanos-

tructure [22–24]. Fang et al. [25] reported an in situ

grown 2D mesoporous carbon/MoS2 heterostruc-

tures via supramolecular self-assembly of mono

micelles under hydrothermal treatment, suggesting

the capability of ultra-high lithium storage. Wang

et al. [26] fabricated a 2D MoS2/graphene

heterostructure through layered graphene-oxide-as-

sisted ultrasonic exfoliate MoS2 method, showing an

ultra-high capacity of 1453 mAh g-1 at 0.1 A g-1. Ren

et al. [27] prepared a flexible 3D

graphene@CNT@MoS2 hybrid foam anode, which

exhibited a good conductivity and flexibility. How-

ever, due to the simply indexed as a point-to-point

contact mode, most of the MoS2 cannot sufficiently

contact with carbon materials. In addition, Zhang

et al. [28] developed a scalable method combining

electrospinning and hydrothermal process to prepare

MoS2-based composite fibers, which exhibited high

capacity and cycling performance in a lithium bat-

tery. Yao et al. [29] prepared a 3D assembly of

nitrogen-doped carbon nanofibers (NCFs) derived

from PAN through combined electrospinning/car-

bonization technique. The high manufacturing cost

and the relatively complex fabrication process of the

involved carbonaceous materials are unfavorable in

practical applications. In addition, the higher tem-

perature of PAN-derived N-doped carbon produced

is not conducive to the maintenance of disordered

flexible segment carbon. Therefore, it is highly

desired to design a low-cost and simple process to

effectively improve the electrochemical performance

of MoS2 nanomaterial in LIBs.

Various exfoliation techniques have been applied

for multilayer MoS2, including liquid-phase exfolia-

tion, micromechanical exfoliation, direct chemical

synthesis and chemical vapor deposition (CVD)

[26, 30, 31]. The liquid-phase exfoliation method is

favored to produce MoS2 nanosheets in terms of

economic and environmental concerns. To overcome

the challenge caused by hydrophobicity of MoS2 to

liquid-phase exfoliation, surfactants are generally

used to make the MoS2 nanosheets in suspension.

The exfoliation principle is shown in Scheme 1a. The

surfactants with negatively charged rigid macro-

molecules can enter the interlayer of MoS2. Owing to

the electrostatic repulsion and steric hindrance effect,

the multilayer MoS2 will be peeled into MoS2
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nanosheets during the exfoliation process [32].

Recently, porous polymer membrane prepared by

phase inversion plays an important role in electrolyte

membrane of LIBs due to the merits of facile opera-

tion, low cost and high efficient [33, 34]. The principle

of phase inversion is shown in Scheme 1b. After the

polymer dissolves in the soluble solvent, it is

immersed in the anti-solvent to replace the solvent, so

that the solvent is separated from the polymer matrix

[35]. The microspores formed are interconnected and

highly porous and hence ensure more electrolyte

absorption [36]. The lithium ions contained in the rich

electrolyte can react quickly to accept electrons,

which is capable to reduce the polarization of the

electrode, thus improving the electrochemical per-

formance of LIBs. Consequently, the formed micro-

spores may provide a large basal for MoS2.

According to previous reports, PAN, a semi-crys-

talline organic polymer with nitrile (-C:N) func-

tional group attached to the polyethylene backbone

as a unit structure, can be prepared as a porous

polymer membrane [37]. Due to the electron-attract-

ing induction effect of -C:N, the highly active car-

bon atom of connecting -C:N group and the edge S

atom in MoS2 forms a chemical bond in a high-tem-

perature inert environment, providing an efficient

electron transport channel and inhibiting polysulfide

dissolution [38, 39]. More prominent, the volume

change of S can be coordinated with that of flexible

segments of PAN polymer and effectively slow down

the instability of MoS2 [40]. Wang et al. [41] devel-

oped a polyacrylonitrile (PAN)-derived porous car-

bon by hybridizing with a small amount of MoS2
nanosheets by ZnCl2 through nitrile–zinc ion inter-

actions. However, this is not conducive to the high

activity of carbon atom of connecting -C:N group

because the negatively charged surface of MoS2
nanosheets can absorb Zn2?, resulting in local

enrichment of Zn2?. Tuning the interaction between

carbonaceous materials and MoS2 by adjusting space

structure through physical action is the key to solve

this problem.

In this work, the liquid-phase exfoliation method

with water as the medium is used to prepare single-

or few-layer MoS2. The PAN polymer porous mem-

brane is prepared by the phase inversion method as

carbon-based substrate material for MoS2 nanosheets.

By controlling the size of the nanosheets and mem-

brane, pore MoS2 nanosheets are solid on the PAN-

derived carbon during carbonization process through

a direct coupling of edge sulfur atoms of MoS2 with

the carbon chain. Then, the MoS2/PDC composite

structure is shown in Scheme 1c. It is expected that

the MoS2 evenly distributed in the PAN membrane

can fully expose the active sites and serve as an iso-

lation layer to isolate the relock tendency of MoS2,

Scheme 1 (a) Exfoliation of schematic of bulk MoS2; (b) schematic diagram of phase inversion; (c) schematic of C-S band in MoS2/PDC

composite.
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which maximize the lithium storage of MoS2
nanosheets. The formation of C–S bond ensures that

electrons can be effectively transported to the active

substances. The MoS2-/PAN-derived carbon elec-

trode exhibits high lithium-ion storage capacity of

1354 mAh g-1 at the current density of 0.1 A g-1 and

excellent cycle performance of 540 mAh g-1 and 461.9

mAh g-1 at 0.1 A g-1 and 1.0 A g-1 after 100 cycles,

respectively. Therefore, the pretreatment MoS2-/

PAN-derived carbon composite is expected to be a

good candidate for high-performance LIBs’ anode

materials.

Materials and methods

Preparation of few-layered MoS2

Firstly, 25 mg alkali lignin (AL) was dissolved in

100 ml deionized water to form a uniform aqueous

solution. Then, 1.0 g bulk MoS2 was added into the

AL solution, and subsequently the mixture was

continuously sonicated for 6 h under an ultrasound

system. The obtained dispersion could stand for

3 days under natural conditions, forming a few-lay-

ered MoS2 aggregated at the bottom of bottle and

removing un-exfoliated MoS2 on the surface of solu-

tion. The remaining dispersion was centrifuged for

15 min at 1500 rpm to further remove the un-exfoli-

ated MoS2, followed by suction filtration, repeated

washing three times, and finally dried to obtain a

relatively pure few-layered MoS2 power.

Preparation of MoS2/PDC composite

The phase inversion method was used to prepare

PAN membrane. The principle is shown in

Scheme 1b. The PAN power (200 mg) is first dis-

solved in N, N-dimethylformamide (DMF, 1.89 ml)

with continuous stirring at 60 �C for 30 min until

completely dissolved. Then, the solution was evenly

poured onto a glass plate, which was slowly

immersed into deionized water, and after more than

ten seconds one kind of white membrane appeared

on glass. The membrane was taken off and then dried

in the electric blast oven at 60 �C for 6 h. To obtain

the mass loss data of PAN membrane after car-

bonization, the PAN was carbonized separately at

600 �C for 2 h in argon. The mass loss data obtained

is 45.5%. To obtain a carbon content of 10% in the

final composite, the new PAN membrane and few-

layered MoS2 were mixed at a ratio of 1: 4.8 by mass.

A proper amount of deionized water was added,

followed by ultrasonic for 30 min, so that MoS2 can

enter the pores of PAN membrane. At last, the mix-

ture is heated to 200 �C and left for 30 min to remove

deionized water and then was carbonized at 600 �C
for 2 h in argon to obtain MoS2/PDC composite

(heating rate: 10 �C/min; argon flow rate: 80 ccm).

The PAN-derived carbon is abbreviated as PDC. In

this laboratory, three groups of control experiments

will be carried out, which are bulk MoS2, few-layered

MoS2 and bulk MoS2/PDC composite.

Structural and morphological characterization

X-ray diffraction (XRD) of MoS2 was emerged with

an X-ray diffractometer DX-2700B at 40-kV generator

voltage. Raman spectra were obtained using a con-

focal Raman spectrometer with an excitation wave-

length at 633 nm. The structure characteristics of

MoS2/PDC composite were performed using XPS

with a monochromatized AlKa X-ray source and

FTIR in a wavenumber range of 4000–400 cm-1. The

morphology of the prepared PAN membrane and

carbonized MoS2/PDC composite was observed by

scanning electron microscopy (SEM, ZEISS EV0

MA15). The thickness of few-layered MoS2 is mea-

sured by atomic force microscope (AFM).

Electrochemical characterization

The electrochemical performances of MoS2/PDC

complex were evaluated by using a CR2032 cell with

lithium metal as the counter and reference electrodes,

a Celgard 2600 membrane as the separator, and LiPF6
in EC/DMC/EMC (ethylene carbonate/dimethyl

carbonate/ethyl methyl carbonate, 1/1/1, w/w/w,

LBC305-01, battery grade) as the electrolyte. The

preparation of anode round piece (diameter: 14 mm,

mass loading of MoS2: 2.0 mg cm-2) was carried out

by mixing 85 wt% C/MoS2 complex, 10 wt% carbon

black, and 5 wt% polyvinylidene fluoride (PVDF).

The internal dynamic characteristics of the cell were

performed by cyclic voltammetry (CV) in the poten-

tial range of 0.01–3 V (vs. Li/Li?) and EIS method

(CHI-660D electrochemical analyzer) between fre-

quency 0.1–100,000 Hz. The charge–discharge per-

formances were recorded using the Neware

BTSe5V50mA battery test system between 0.01 and

3 V (vs. Li/Li?) at room temperature. The cycling
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performance and Coulomb efficiency were measured

at 0.1 A g-1.

Results and discussion

Structural and morphological characterization

Figure 1a shows the X-ray diffraction (XRD) patterns

of bulk MoS2 and few-layered MoS2. All diffraction

peaks of few-layered MoS2 correspond to hexagonal

2H-MoS2 without any other phases visible. The

attenuation of the (002) reflection peak for the few-

layered MoS2 is compared to the bulk MoS2, which

proves that MoS2 was exfoliated successfully. The

absence of no characteristic diffraction peaks sug-

gests that the overall structure of MoS2 has not been

destroyed by the AL-assisted ultrasonic process. The

Raman spectra of bulk MoS2 and few-layered MoS2
are shown in Fig. 1b-c. The high energy A1g at higher

wavenumber mode and E1
2g active mode at lower

wavenumbers are observed in all MoS2 samples,

which represent the interlayer vibration and in-plane

bending. In Fig. 1c, the red shift of A1g peaks from

409.1 to 407.5 cm-1 can be ascribed to the weakened

interlayer van der Waals force after exfoliation with

the reduction of the number of layers. Typically, the

E1
2g mode at 384 cm-1 of few-layered MoS2 should

show a blue shift due to the long-range interlayer

Coulomb interactions compared with bulk MoS2. In

our case, no significant blue shift of E1
2g peak is

observed. This is because that the AL or solvent can

be adsorbed on the surface of MoS2, thereby affecting

Figure 1 (a) XRD patterns of bulk MoS2 and few-layered MoS2; (b, c) Raman spectra of bulk MoS2 and few-layered MoS2 at 633 nm;

(d) FTIR spectrum of PAN polymers, MoS2 and few-layered MoS2/PDC composite.
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in-plane atomic bending vibration. In addition, a

peak at 1050 cm-1 of few-layered MoS2 suggests the

formation of defects on MoS2 surfaces. As shown in

Figure S1, the defects make S atoms have lone pairs of

electrons, which is conducive to the formation of

more C–S bonds.

We then investigate the structure of MoS2 and PAN

composite after carbonization. Figure 1d shows

Fourier transform infrared (FTIR) spectra of PAN,

few-layered MoS2 and few-layered MoS2/PDC com-

posite. The peak at 2243 cm-1 represents the

stretching vibration of nitrile group (-C:N) as

characteristic group in PAN. The characteristic peaks

at 1450 cm-1 and 1420 cm-1 are corresponding to the

vibration of -CH3 and -CH2, respectively, which are

disappeared in the few-layered MoS2/PDC compos-

ite after carbonization. Note that the broad bands

between 3700 and 3200 cm-1 are attributed to the

-OH stretching of the free water in the air or residual

water on the sample [42]. The absorptions at 1410,

1085 and 611 cm-1 can be attributed to the MoS2 [43].

The peak at 1431 cm-1 in the few-layered MoS2/PDC

composite is caused by the stretching vibration of the

C–S bond. In Figure S2, the peak at 1421 cm-1 can

also be expressed in the bulk MoS2/PDC composite,

confirming that the bulk MoS2 and PAN can also

form C–S bonds after carbonization. To clarify the

interface properties between MoS2 and carbon chain,

the X-ray photoelectron spectroscopy (XPS) of few-

layered MoS2/PDC composite is carried out as

shown in Fig. 2. Mo, S, C and O elements are

observed in the MoS2/PDC composite. It can be cal-

culated from XPS spectra that the Mo/S atomic ratio

is close to 1:2, which indicates that a stable MoS2
structure exists in the MoS2/PDC composite after

carbonization. In detailed XPS spectra of S2p

(Fig. 2b), two peaks at 163.5 and 162.4 eV represent S

2p1/2 and S 2p3/2 of S2-, respectively. The detailed

XPS spectra of Mo 3d core levels are shown in Fig. 2c.

There are two peaks at 232.5 and 229 eV represented

to Mo 3d3/2 and Mo 3d5/2 binding energies of Mo4?,

respectively. Meanwhile, the components centered at

235.5 eV can be ascribed to 3d3/2 of Mo6? (typical of

the Mo–O), which may be due to the reaction of MoS2
with dilute oxygen at high temperature. The peak at

226.2 eV corresponds to the S 2 s component. Fig-

ure 2d shows the high-resolution XPS spectrum of C

1 s. Two peaks at 284.7 and 286.5 eV are assigned to

C–C and C–O bands. The peaks at 289.4 eV can be

ascribed to C = O bands, which indicates that the

part of the conjugated planes or pseudo-graphite

microcrystal are formed during carbonization. It is

noteworthy that a weak peak at 287.8 eV verifies the

existence of C–S bonds, indicating that electron

transfer occurs in the hybrid structure of the MoS2/

PDC sample. The model of C–S bond interactions is

schematically demonstrated in Scheme 1c. As dis-

cussed above, the existence of C–S bonds between

MoS2 and carbon chain enhances the electron trans-

port rate and structural stability.

The surface morphologies of PAN membrane, bulk

MoS2, few-layered MoS2 and few-layered MoS2/PDC

composite are shown in Fig. 3a–e. After phase

inversion, it can be seen that the surface of PAN

membrane shows an ordered pore network structure.

A huge number of cavities are in large domains, and

many interconnected pores have pore size ranging

from 1.0 to 1.5 lm (Fig. 3a). The particle size of the

MoS2 powder is selected as 0.5–1.0 lm, ensuring that

MoS2 sheet can enter into the pores of PAN mem-

brane. As shown in Fig. 3e, the atomic force micro-

scope (AFM) image indicates that the few-layered

MoS2 sheet has a two- to five-layered structure with a

thickness of 3.2 nm. TEM results for the exfoliated

MoS2 sonicated as shown in Fig. 3f, g indicate that

the samples have a sheet structure in irregular

shapes. Meanwhile, it reveals the periodic atomic

arrangement of MoS2 nanosheets at selected posi-

tions, and the measured interplanar spacing is

0.62 nm. Before carbonation, MoS2 enters into the

pores of PAN membrane due to fluid movement

(Fig. 3c). Then, even though the shrinkage of carbon

chain after carbonization leads to the decrease of pore

size, the pore structure is still maintained (Fig. 3d),

which is instrumental in composite adapt to the

volume change of MoS2 during charging–discharging

for few-layered MoS2/PDC electrode. Such compos-

ite displays a fine contact between MoS2 and carbon

chain. The structure of the composite is further veri-

fied by the energy-dispersive spectroscopy (EDS)

mappings. Figure S3 shows a rough distribution of C,

O, S and Mo in a specific area. The Mo/S atomic ratio

of MoS2 nanosheets is close to 1:2. Combined with

XPS, it can be recommended that the S atoms of MoS2
interact with the carbon layer during the carboniza-

tion, and MoS2 can be uniformly embedded in the

carbon matrix to form a hierarchical mixed structure

with potential electronic conductivity.
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Electrochemical performance

The electrochemical performances of MoS2/PDC

electrode are evaluated by using a CR2032 cell. Fig-

ure 4 shows the first three cyclic voltammetry (CV)

curves of bulk MoS2 and few-layered MoS2/PDC

electrode in a voltage range of 0.01–3.0 V at a scan

rate of 1.0 mV s-1. For the few-layered MoS2/PDC

electrode, there are two main reduction peaks at

about 0.55 V and 0.25 V in the first cycle. The peak at

0.55 V is attributed to the insertion of Li? into the

MoS2 layer, accompanied with a phase transition

from 2H (triangular prism) to 1 T (octahedron). The

peak at 0.25 V is possibly caused by the further

insertion of Li? into 1 T-MoS2, which may decom-

pose and form Li2S and Mo atoms. The anodic peak

at 2.5 V is attributed to the oxidation of Li2S to sulfur

and Li?. In the following cycles, the two reduction

peaks drift to 1.75 V and 1.0 V. The peak at 1.75 V is

due to the reaction of S to S8 and form a chain

intermediate of Li2S8, accompanied with the disso-

lution reaction of Li2S8 to Li2Sn (n[ 2). The peak at

1.0 V is the transformation of soluble Li2Sn to insol-

uble Li2S or Li2S2. The peaks of Li2S appeared in the

XRD pattern after 3rd cycles in Figure S6, which

further evidence that the lithium storage mechanism

of MoS2 is a conversion reaction. The process of

producing different types of stored lithium is shown

Figure 2 (a) XPS survey spectrum of few-layered MoS2/PDC composite; (b–d) high-resolution spectra at three core levels: (b) S2p,

(c) Mo3d, and (d) C1s.
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in Fig. 4a. Interestingly, there is still a peak at 0.15 V,

indicating that the transition from LixMoS2 to Li2S

and Mo still exists. Therefore, the anodic peak at

1.0 V can be explained to a partial oxidation of Mo to

form MoS2, which can also be confirmed in Raman

spectra in Figure S7. Both A1g and E12g exist in Fig-

ure S7 and only a relative red shift occurs, which is

the result of partial collapse of MoS2 structure. All the

peaks are stable and appear in the third cycles, con-

firming the reversible electrochemical reaction pro-

cess of MoS2. It can be noticed that the S, Mo and

MoS2 are the main components of electrode material

after the first cycle, instead of the initial MoS2. This

indicates that the active substance of storage lithium

must be based on S apart from the first discharge,

which can be easily dissolved in electrolyte, resulting

in huge capacity loss [44, 45]. The formation of C–S

bond in the MoS2/PDC composite can just alleviate

the phenomenon. As we expected, the peak of few-

layered MoS2/PDC electrode remains more

stable compared to the bulk MoS2 electrode in the

following second three cycles (Figure S5), demon-

strating an excellent stability. Compare to few-lay-

ered MoS2/PDC electrode, the (002) diffraction peak

of XRD pattern in Figure S6 is almost covered up for

bulk MoS2, explains the collapse of the overall

structure. In addition, the potential gap between

anodic and the first catholic peaks for the few-layered

MoS2/PDC electrode (1.2 V) is smaller than that of

multilayered MoS2 electrode (1.3 V), indicating a

smaller polarization for the few-layered MoS2/PDC

electrode. Similar phenomenon occurred in other

samples (Fig. 4c and Figure S4a-b). Moreover, the

potential gap of multilayered MoS2/PDC electrode

and few-layered MoS2 is less than 1.3 V, which sug-

gests that the MoS2 nanosheets and the formation of

C–S bonds both can accelerate the exchange of elec-

trons and ions, thus improving the battery

performance.

To further explore the mechanism of energy stor-

age for LIBs based on MoS2/PDC electrode, the

positions of reduction and oxidation peak are mea-

sured at different scanning rates from 0.2 to 5 mV s-1

in Fig. 5a. With the increase in scanning rate, the

current density of electrode increases, which is

caused by the faster electron migration rate. Mean-

while, due to the mismatch of the acceleration rate

between electron and ion, the potential gaps between

anodic and catholic peaks are broadened, leading to

the incensement of polarization. The potentials of all

few-layered MoS2/PDC electrode are lower than

those of bulk MoS2 electrodes, implying that a batter

rate matching of ions is presented. In Fig. 5c, d, the

relationship between the peak current and the scan-

ning rate can be expressed as a linear relationship

between logi and logv, which proves that the diffu-

sion process plays a major role in electrode and can

be described by:

log i ¼ b log vþ log a ð1Þ

where i is the peak current, v is the scan rate, a and

b are the fitted constants and the b value can exactly

Figure 3 (a) SEM image of PAN membrane; (b) SEM image of

bulk MoS2; (c, d) SEM image of few-layered MoS2/PDC

composite before and after carbonization; (e) AFM image of

few-layered MoS2 and surface height fluctuation curve; (f, g) TEM

images of the exfoliated MoS2 nanosheets.
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reflect types of energy storage. The electrochemical

energy storage can be divided into two types: Fara-

day intercalation and capacitance process. The sys-

tem is mainly controlled by lithium-ion insertion

process when the b value is near to 0.5, while the

capacitance turns to dominant as the b value

approaches to 1. The b values corresponding to all

peaks are shown in Table 1. Although the b values of

all peaks are close to 0.5 in both samples, the few-

layered MoS2/PDC electrode exhibits more efficient

diffusion and electrochemical performance.

The electrochemical impedance spectra of all

samples are shown in Fig. 6. In the Nyquist plots, the

small semicircle at high frequency is the charge

transfer resistance (Rct), which can be attributed to

the reaction of Li? ? e- $ Li on the lithium metal

electrode. The straight line at low frequency denotes

the open Warburg impedance (Zw), whose slope has a

positive correlation with the electrode diffusion

coefficient [46, 47]. The intercepts at real axis under

the high frequency remain unchanged for all sam-

ples, which are corresponding to the bulk resistance

(Rb). The few-layered MoS2/PDC electrode exhibits a

minimum Rct compared with the other three samples,

indicating faster kinetics in the few-layered MoS2/

PDC electrode. It can be attributed to that MoS2
nanosheets provide fast electron and ion migration

channels and C–S bonds enhancing the transfer of the

electron and Li? [48]. The close binding of MoS2 and

PAN carbon chain enhances the electronic conduc-

tivity and the diffusion rate of Li?, which is beneficial

to reduce electrode polarization. Meanwhile, the

diffusion coefficient from the plots in the low-fre-

quency region shows a maximum for few-layered

Figure 4 The schematic diagram of different types of storage lithium and conversion reaction (a); the first three cyclic voltammetry curves

of the (b) few-layered MoS2/PDC and (c) bulk MoS2 electrode at a scanning rate of 1 mV s-1.
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MoS2/PDC electrode, indicating that the PAN carbon

chain can activate the microstructure of MoS2
nanosheets. The reason is that the pore structure

ensures the lithium ions contained in the rich elec-

trolyte can react quickly to accept electrons. More-

over, the carbon chain provides a direct path for

rapid lithium-ion diffusion, thus reducing the charge

transfer resistance and increasing the diffusion of

ions. The most critical reason is that the existence of

C–S bond in composite can increase the electronic

and ionic conductivities, thus allowing fast transport

of electrons and ions.

The charge/discharge performance is the most

significant indicator for evaluating LIBs [49]. Fig-

ure 7a displays the typical charge/discharge curve of

few-layered MoS2/PDC electrode at the 1st, 5th, 10th,

50th and 100th cycles under a current density of 0.1 A

g-1 with a potential window of 0.01 V to 3.0 V (vs.

Li/Li?). Firstly, the initial discharge capacity and

charge capacity were 1321 mAh g-1 and 1001 mAh

g-1, respectively. The capacity loss during the first

cycle was possibly related to the formation of a solid

electrolyte interface (SEI) on the electrode surface due

to the decomposition of electrolyte [50]. In addition,

Figure 5 (a, b) Cyclic voltammetry curves of few-layered MoS2/PDC electrode and bulk MoS2 electrode at different scanning rates; (c,

d) fitting curve of log(i) versus log(v).

Table 1 Slope value of log(i)–log(v) fitting curve

Peak Bulk MoS2 b value Few-layered MoS2/PDC b value

1 0.75 0.72

2 0.86 0.77

3 0.69 0.69
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the uneven deposition of lithium on the surface of

anode may hinder the insertion and dis-insertion of

lithium. It is worth mentioning that the reversibility

of capacity increases significantly in the 2nd and 3rd

cycles, reaching 97% and 98%, respectively. On the

contrary, the Coulomb efficiency of bulk MoS2 cannot

increase rapidly to 95% after three cycles, as shown in

Fig. 7b. This can be attributed to that the flexible

carbon segment in few-layered MoS2/PDC composite

ensures smooth electrochemical conversion of poly-

sulfide and rapid lithium-ion migration. The result

promotes the formation of an effective stable passi-

vation layer and ensues the efficient reversible

lithium-ion de-intercalate/intercalate process. Dif-

ferent discharge platforms between 0.1 and 2.25 V

can be clearly seen in the 5th, 10th, 50th cycles, and

Figure 6 EIS curves of bulk MoS2, few-layered MoS2, bulk

MoS2/PDC and few-layered MoS2/PDC between frequencies

0.1–100,000 Hz.

Figure 7 (a) The charge/discharge curves of few-layered MoS2/

PDC electrode between 0.01 and 3.0 V at a current density of 0.1

A g-1; (b) Coulombic efficiency and cycling stability of few-

layered MoS2/PDC electrode and bulk MoS2; (c, d) cycling

performance of bulk MoS2, few-layered MoS2, bulk MoS2/PDC

and few-layered MoS2/PDC electrodes at 0.1 A g-1 and 1.0 A g-1.
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the corresponding voltage can correspond to the

characteristic peak of CV curve. There is no obvious

capacity loss between 50 and 100th cycles, and the

discharge capacity possess 540 mAh g-1 after 100th

cycles, which is superior to the bulk MoS2 (25 mAh

g-1 after 100th cycles). The few-layered MoS2/PDC

electrode displays a higher specific capacity and

excellent cycle stability compared to bulk MoS2 from

5 to 100th cycles at 0.1 A g-1 (Fig. 7c). Next, the cell

with few-layered MoS2/PDC electrode can present a

stable capacity of 461.9 mAh g-1 after 100 cycles at 1.0

A g-1 (Fig. 7d). Worse still, the MoS2 electrode shows

a specific capacity of only 14.8 mAh g-1. Figure S8

shows the SEM image of lithium electrode after 100

cycles at 0.1 A g-1 for bulk MoS2 (a) and few-layered

MoS2/PDC electrodes (b). For bulk MoS2, there are

many bumpy particles on the surface of lithium

anode, which are caused by the growth of lithium

dendrite and the deposition of polysulfide, which

lead the large fluctuations in the Coulomb efficiency

of bulk MoS2. On the contrary, there are only a small

number of particles and relatively smooth on the

surface of lithium for few-layered MoS2/PDC elec-

trodes, indicating that excessive MoS2 nanosheet can

be prevented from dissolving and uneven deposition.

The same phenomenon also appears on the bulk

MoS2 and few-layered MoS2/PDC electrodes in Fig-

ure S9. The excellent performance can be ascribed to

the following three reasons: First, the optimized

electrolyte uptake of electrode ensures easier ion

transmission and better retention of electrolyte dur-

ing cycle. Second, the presence of C–S bonds can

prevent excessive MoS2 nanosheets deposition and

facilitate electron and ion transport, thereby main-

taining the cycling stability. Third, the carbon chain

may be a more positive factor to improve the elec-

trochemical performance. However, the bulk MoS2/

PDC electrode cannot exhibit the same outgoing

properties (after 100th cycle at 0.1 A g-1 and 1.0 A

g-1, the discharge capacities are 35.2 mAh g-1 and

25.6 mAh g-1, respectively) as few-layered MoS2/

PDC electrode. This may be attributed to the severe

collapse caused by volume change of bulk MoS2,

which inevitably reduces the interlayer structure and

transmission path of ion. It is necessary to mention

that all samples act out a similar large margin

reversible capacity between 1st to 100th cycles, which

are mainly attributed to the dissolution of polysulfide

in the electrolyte and the insoluble product of reac-

tion with electrolyte decomposition and electrode.

Conclusion

The composite of MoS2 nanosheets and PAN polymer

were successfully prepared by carbonization. Based

on the clear porous structure of PAN membrane, the

MoS2 nanosheets, prepared by lignin-assisted exfoli-

ation, can enter into the pore to form C–S bonds with

PAN polymer during carbonization process, which

facilitate electron transport and effectively inhibit

polysulfide dissolution. Remarkably, the composite

as an anode for LIBs exhibited outstanding specific

capacities and excellent cycle performance. The fab-

ricated porous structure can adapt to the volume

change of sulfur and effectively slow down the

instability of MoS2 during the charge/discharge

process. The few-layered MoS2/PDC electrode exhi-

bits an ultra-high discharge of 1354 mAh g-1 at 0.1 A

g-1 and maintains 540 mAh g-1 and 461.9 mAh g-1

at 0.1 A g-1 and 1.0 A g-1 after 100 cycles, respec-

tively. Moreover, the exposed active edges of MoS2
nanosheets increase the extraction/insertion kinetics

of Li?. This work provides a low-cost and simple

process for preparing hybrid carbonaceous 2D

materials for the LIBs with high energy storage

capacity and stability.

Acknowledgements

This work was supported by the Fundamental

Research Funds for the Central Universities

(ZYGX2019Z018), the Innovation Group Project of

Sichuan Province (20CXTD0090), and the ‘‘111 Pro-

ject’’ (B20030).

Declarations

Conflicts of interest There are no conflicts to

declare.

Supplementary Information: The online version

contains supplementary material available at http

s://doi.org/10.1007/s10853-021-06619-1.

References
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