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A B S T R A C T   

Metal sulfides have been widely used as the anode materials of sodium-ion batteries (SIBs) due to their high 
theoretical capacity. However, their inherent low conductivity and irreversible volume expansion limit their 
electrochemical performance and application. To solve these problems, the MoS2@Sb2S3 heterostructure com-
posites wrapped by 3D interconnected reduce graphene oxide (rGO) are prepared. The MoS2@Sb2S3 hetero-
structure accelerates the transfer of ions and electrons, and provides rich active sites, which facilitates electrolyte 
penetration and improves the interfacial reaction kinetics. Wrap 3D interconnected rGO networks around the 
porous MoS2@Sb2S3 composites to reduce the volume expansion of composite materials in the process of 
sodiumization and desodiumization, and ensure the structural stability. The theoretical calculation further 
supports the experimental results that the MoS2@Sb2S3/rGO heterojunction promotes the redistribution of 
different charge density and optimizes the adsorption energy of the composite for Na+, thus accelerating the 
electrochemical reaction kinetics. The MoS2@Sb2S3/rGO composite as the anode materials of SIBs can achieve a 
discharge specific capacity of 591.6 mAh g− 1 at the second cycle with current density of 5 A g− 1, and 162.1 mAh 
g− 1 after 1100 cycles. High-rate capacities are achieved for SIBs (350.4 mAh g− 1 @ 1 A g− 1, 260.1 mAh g− 1 @ 5 
A g− 1). This work provides a practical method for preparing anode materials of SIBs with excellent electro-
chemical performance.   

1. Introduction 

Lithium-ion batteries (LIBs) have developed rapidly in recent years 
due to their high specific energy and excellent cycle performance. 
However, their large-scale application in electric energy storage is 
limited due to low natural abundance and uneven geographical distri-
bution of Li [1–3]. Green, clean, low-cost, high-capacity rechargeable 
batteries are still highly desired [4–6]. Due to its abundant natural re-
serves, modest cost and electrochemical characteristics similar to those 
of LIBs, sodium-ion batteries (SIBs) could be the perfect substitute for 
LIBs [7,8]. However, traditional commercial graphite as anode material 
of SIB shows dissatisfied specific capacity, and it has been widely used as 
anode material of LIBs and has achieved great success. The major factor 
is that ionic radius of Na+ is much larger than that of Li+, and it is 
difficult to insert the graphite lattice during sodiumization or 

desodiumization, resulting in huge volume expansion [9,10]. Therefore, 
finding anode materials with excellent sodium storage capacity and high 
structural stability is crucial for commercialization of SIBs. 

At present, layered metal sulfide MSx (M = Mo, Sb, Sn, Bi, etc.) has 
been widely studied as SIB anode material, mainly due to its high 
theoretical capacity [11–14]. As a feasible anode material for SIB, the 
theoretical capacity of Sb2S3 is 946 mAh g− 1. However, the huge volume 
expansion and poor ionic conductivity of Sb2S3 during charging and 
discharging lead to low specific capacity, poor cycling stability and low 
cycle life [15–18]. In order to solve these problems, heterostructure 
composites composed of two different metal sulfides have been widely 
studied [19–22]. By chemical vapor deposition technology, Fang et al. 
synthesized Sb2S3/SnS2 heterostructure exhibiting impeccable rate 
performance in SIBs [23]. Li et al. synthesized nitrogen-doped carbon- 
coated CoS2/Sb2S3 core/shell heterostructure, whose unique carbon- 
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coated heterostructure brought long cycle life [24]. Heterostructure can 
improve the interfacial reaction kinetics, accelerate the diffusion of ions 
and electrons, and thus improve the conductivity and electrochemical 
performance of electrode materials [25]. Meanwhile, the bimetallic 
sulfide also provides more redox sites and lower optical binding gap 
[26,27]. 

The combination of metal sulfide and carbon matrix is also one of the 
important strategies to solve the above problems. In general, simple 
carbon coating could effectively reduce the interface resistance, increase 
the electrical conductivity and improve the electrochemical perfor-
mance of materials [28]. However, the large radius of Na+ may still 
cause the cracking of carbon layer during desodiumization and 
sodiumization, thus reducing the electrochemical performance [29]. 
Recently, 3D interconnected reduced graphene oxide (rGO) network, as 
the electrode material of SIBs, has received great attention owing to its 
outstanding mechanical ductility, excellent electronic conductivity and 
significant specific surface area [30,31]. Zhang et al. reported SnSb 
nanoparticle-anchored N-doped 3D rGO as anode of SIBs, and the first 
cycle discharge specific capacity reached 1169 mAh g− 1 at 0.1C [32]. 
Cao et al. fabricated Sb2S3@FeS2/N-rGO hollow nanorods by a two-step 
solvothermal method, with a high-capacity retention rate of 85.7 % after 
1000 cycles at 5 A g− 1 [33]. Zhao et al. reported a new design of 
SnO2@SnS2 heterostructured quantum dots anchored on nitrogen- 
doped graphene (SnO2@SnS2@NG), used for SIBs anode materials to 
exhibit superstrong ion diffusion kinetics and excellent sodium storage 
performance [34]. The 3D interconnected rGO network promotes the 
electrolyte penetration and ion shuttle process, thereby greatly 
improving the sodium storage performance [35]. 

Based on above discussion, bimetallic sulfides coated with 3D 
interconnected rGO network may be a promising way to achieve high- 
performance SIBs, but the Sb-based anode material family still needs 
further exploration. In this work, MoS2@Sb2S3/rGO composite hetero-
structures are fabricated by hydrothermal vulcanization method. In the 
composite, 3D interconnected rGO is used as a support template to 
enhance conductivity and specific surface area, and cushion the volume 
expansion during charging and discharging. At the same time, the new 
design of the three-dimensional interconnected conductive skeleton 
structure greatly shortens the Na+ diffusion path and increases the 
contact area between the electrolyte and the active material. The 
interface between Sb2S3 and MoS2 induces an internal electric field, 
which promotes Na+ pumping into the interface, greatly reduces the 
activation barrier and improves the kinetics of the entire material con-
version reaction. In addition, the different redox potentials of Sb2S3 and 
MoS2 also alleviate the volume expansion during the sodiumization and 
desodiumization, and ensure the structural stability of the composite. As 
a result, the excellent performance of SIBs based on MoS2@Sb2S3/rGO 
anode is achieved. 

2. Experiment 

2.1. Synthesis of Sb2MoO6/rGO 

Graphene oxide (GO) was produced by a modified Hummers method 
[36]. Sb2MoO6/rGO was prepared by one-step hydrothermal method. 
Typically, 0.62 g ammonium molybdate tetrahydrate was dissolved in 
25 ml of GO aqueous solution under stirring. Then, 0.456 g antimony 
trichloride was dissolved in 10 ml absolute ethanol. Mixing the two 
solutions thoroughly until it turns to dark green. Finally, the mixed so-
lution was transferred into a 50 ml Teflon-lined reactor and kept at 
160 ◦C for 36 h. Powder samples were obtained after washing and 
freeze-drying. 

2.2. Synthesis of MoS2@Sb2S3/rGO 

The MoS2@Sb2S3/rGO heterostructures were fabricated by high 
temperature vulcanization in N2 atmosphere. At first, 0.2 g Sb2MoO6/ 

rGO and 0.6 g of sulfur powder were mixed and put in the center of a 
tube furnace, which is kept at 500 ◦C for 2 h in N2. After cooling, the 
black MoS2@Sb2S3/rGO powder sample was acquired. For comparison, 
MoS2@Sb2S3 was also produced using the same technique without the 
addition of GO. 

2.3. Material characterization 

The samples were characterized by X-ray diffraction (XRD, D/max- 
2500 PC X-ray diffractometer), field emission scanning electron micro-
scopy (FESEM, S4800, Hitachi Corporation), transmission electron mi-
croscopy (TEM, FEI Talos F200), X-ray photoelectron spectroscopy 
(XPS, Thermo Scientific, Waltham, MA, USA), and Raman spectrometer 
(Raman, HR-Evolution). The Brunauer-Emmett-Teller (BET) specific 
surface area and pore size distribution of the samples were determined 
by N2 adsorption/desorption (NOVA 2000, Quanta chrome). 

2.4. Electrochemical characterization 

In an argon glove box, the MoS2@Sb2S3/rGO electrode was assem-
bled into a CR2032 coin cell. The working electrode was consisted of 
MoS2@Sb2S3/rGO-based active material (70 wt%), conductive carbon 
black (20 wt%), and sodium carboxymethyl cellulose (CMC, 10 wt%). 
Use an appropriate amount of deionized water as the stirring solvent, 
grind for 1 h, and coat the slurry on the copper foil. After the copper foil 
was dried in a vacuum oven at 60 ◦C, it was cut into round pieces with a 
diameter of 1.2 cm, and the active substance load of each piece was 
between 1.2 and 1.5 mg cm− 2. The positive electrode is metal sodium 
sheet, and the separator is glass fiber membrane (Whatman, GF/D). 1 M 
NaClO4 was added to ethylene carbonate/diethyl carbonate (1:1, V/V) 
as the electrolyte. The galvanostatic charge–discharge (GCD) perfor-
mance in the voltage range of 0.01–3 V was tested by the blue electricity 
test system (LAND CT2001A). Cyclic voltammetry (CV) curves were 
measured in the 0–3 V voltage range at a scan rate of 0.1 mV s− 1. 
Electrochemical impedance spectroscopy (EIS) spectra were recorded at 
the frequency range of 0.01 HZ to 100 KHZ. Both of CV and EIS were test 
on CHI660E electrochemical workstation (Shanghai Chenhua Instru-
ment Co., Ltd.). 

2.5. Computational method 

The Materials Studio was employed in the DFT calculation. The 
Perdew-Wang (PWC) version of the local density approximation (LDA) 
was applied for the exchange and correlation. The kinetic energy cutoff 
of 450 eV was adopted for the wave function expansion. Moreover, 
Brillouin zone integration on the grid with a 2 × 2 × 1 k-grid mesh was 
performed for geometry optimization and calculation of density of 
states. A 13 Å vacuum layer thickness was applied to avoid virtual 
interaction. The MoS2@Sb2S3 and MoS2@Sb2S3/rGO composites were 
assessed to reveal their structural and electronic properties. The cor-
rected adsorption energy of Sb2S3, MoS2@Sb2S3 or MoS2@Sb2S3/rGO 
(ΔEads) was defined as. 

ΔEads = Etotal - Ehost - Eguest - ENa
+ . 

where Etotal is the total energy of Sb2S3, MoS2@Sb2S3 or 
MoS2@Sb2S3/rGO surface adsorbed with Na+, while Ehost and Eguest are 
the total energy of Sb2S3, MoS2@Sb2S3 or MoS2@Sb2S3/rGO and solo 
Na+, respectively. 

3. Results and discussion 

The synthesis process of MoS2@Sb2S3/rGO is shown in Fig. 1. At 
first, the nanosheet-like Sb2MoO6/rGO precursor was synthesized by 
hydrothermal and freeze-drying processes. Subsequently, the Sb2MoO6/ 
rGO precursor was subjected to a high-temperature vulcanization pro-
cess in N2 atmosphere to obtain a porous sheet-like MoS2@Sb2S3/rGO 
heterostructure. The freeze-dried rGO nanosheets were transformed into 
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porous 3D internet-like structures, which completely covered on the 
surface of the MoS2@Sb2S3 composite. Therefore, the as-prepared 
MoS2@Sb2S3/rGO porous nanosheets is expected to have larger spe-
cific surface area, high electrical conductivity and fast ion transport 
channels. 

The morphologies of Sb2MoO6/rGO, MoS2@Sb2S3 and 
MoS2@Sb2S3/rGO were observed by SEM. As shown in Fig. S1, 
Sb2MoO6/rGO exhibits nanosheet morphology, and the average size is 
~ 7 μm. The surface is smooth, and the elemental mapping indicates the 
uniform distribution of O, Mo, Sb on rGO sheets. As shown in Fig. 2a, the 
size of the MoS2@Sb2S3/rGO nanosheets has not changed, and most of 
the nanosheets are embedded in the three-dimensional graphene 
network, forming a three-dimensional interconnected conductive 
framework structure. The high-magnification SEM image of 
MoS2@Sb2S3/rGO nanosheets is shown in Fig. 2b. It can also be seen 
that MoS2@Sb2S3/rGO nanosheets are wrapped by graphene networks. 
The inset shows that the nanosheets surface presents a porous and 
wrinkled structure. The origination of porous wrinkled structure is 
probably due to the MoS2 nanosheets generated by reorganizing binary 
metal oxides into metal sulfides at the lattice level during high- 
temperature sulfidation. The porous wrinkled network facilitates suffi-
cient wetting between the electrolyte and active material, which could 
greatly facilitate Na+ intercalation and deintercalation, and improve the 
reversibility of the material. As shown in Fig. S2(a, b), the size of 
MoS2@Sb2S3 composite without adding GO is slightly reduced with 
similar porous structure, showing a nano-block structure with a length 
of 3–4 μm. Fig. S3 shows the SEM image of pure graphene oxide, it can 
be seen that graphene presents a three-dimensional network structure. It 
facilitates the anchoring effect of the MoS2@Sb2S3 heterojunction, 
which is beneficial to buffer the huge volume expansion of the 
MoS2@Sb2S3/rGO composite during the charge–discharge process. 

From the TEM image in Fig. 2(c, d), it can be further observed that 
the MoS2@Sb2S3/rGO composite is composed of many ultrathin 

nanosheets with a large number of holes on the surface, MoS2@Sb2S3 
nanosheets are all embedded in the three-dimensional interconnected 
rGO, presenting a three-dimensional conductive framework structure, 
and this greatly increases the specific surface area of the composite 
material and facilitates the penetration process of the electrolyte into the 
material. Fig. 2d is the HRTEM image of MoS2@Sb2S3/rGO. The lattice 
spacing of 0.615 nm corresponds to the (002) crystal plane of MoS2 
(JCPDS: 24-0513). The lattice spacing of 0.565 nm is assigned to the 
(200) crystal plane of Sb2S3 (JCPDS: 73-0393), and the clear boundary 
between them proves the successful construction of the MoS2@Sb2S3 
heterojunction. Fig. 2e is the element mapping of MoS2@Sb2S3/rGO, 
which verifies that Sb, Mo, and S elements are uniformly distributed in 
the composite. The elemental mapping of MoS2@Sb2S3 are shown in 
Fig. S2c. 

The elemental composition of the samples was accurately deter-
mined by XRD. In Fig. S4a, all the diffraction peaks of Sb2MoO6/rGO 
correspond to the XRD card (JCPDS NO. 26-0107) of the triclinic 
structure Sb2MoO6. Fig. 3a is the XRD pattern of MoS2@Sb2S3/rGO 
composite, there are three diffraction peaks at 14.3◦, 33.4◦, and 39.5◦, 
which belong to the the (002), (101) and (103) crystal planes of MoS2 
(JCPDS: 24-0513), respectively. The diffraction peaks at 17.5◦, 24.9◦, 
29.2◦, and 32.3◦ correspond to the (201), (103), (211) and (212) 
characteristic surfaces of Sb2S3 (JCPDS: 73-0393), respectively. The 
XRD pattern of MoS2@Sb2S3 was also analyzed in Fig. S4b, and all 
diffraction peaks detected correspond exactly to standard cards of MoS2 
(JCPDS: 24-0513) and Sb2S3 (JCPDS NO. 26-0107), which proves the 
successful synthesis of MoS2@Sb2S3. 

MoS2@Sb2S3/rGO bonds and valence states were measured by XPS. 
The survey spectrum in Fig. 3b shows that MoS2@Sb2S3/rGO contains 
the elements Sb, Mo, S, and C. The high-resolution Sb 3d XPS spectrum 
of the MoS2@Sb2S3/rGO composite split into two spin–orbit doublet 
states in Fig. 3c. The peaks at 539.1 eV and 540 eV can be connected to 
the Sb 3d3/2 state, and the peaks at 529.6 and 530.4 eV can be ascribed 

Fig. 1. Schematic illustration of the synthesis process of MoS2@Sb2S3/rGO.  
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with the Sb 3d5/2 state [37], the photoelectron peaks at MoS2@Sb2S3/ 
rGO at 531.6 eV and MoS2@Sb2S3 at 533.1 eV both belong to O 1s, 
which may be caused by partial absorption of oxygen and water when 
the sample is exposed to air. Compared with the MoS2@Sb2S3 material, 
each peak in the Sb 3d spectrum (Fig. 3c), Mo 3d spectrum (Fig. 3d) and 
S 2p spectrum (Fig. 3e) of MoS2@Sb2S3/rGO composites shift to lower 
binding energies, this result confirms the electronic coupling effect be-
tween MoS2@Sb2S3 and 3D interconnected rGO, in which electrons 
transfer rapidly. In Fig. 3d, the Mo 3d peaks of the MoS2@Sb2S3/rGO 
composite appeared at 232.4 eV (Mo 3d3/2) and 229.3 eV (Mo 5d3/2), 
compared with the MoS2@Sb2S3 spectra (232.7 eV and 229.6 eV), 
moving to lower binding energy, the characteristic peak intensities are 
also smaller, indicating that rGO masks the peak intensities of the MoS2 
and Sb2S3 components [38]. As shown in Fig. 3e, in the 
MoS2@Sb2S3@rGO composite, the sulfur peaks at 162.2 eV and 163.4 
eV were ascribed to the S 2p3/2 and S 2p1/2 orbitals of S 2p, respectively, 
proving that the sulfurization was successful. Fig. 3f is the high- 
resolution C 1s XPS spectrum of MoS2@Sb2S3/rGO, two peaks at 
284.8 eV and 286.3 eV in the C 1s spectra are closely correlated with the 
C–C/C––C and C–O bonds, respectively [39]. The total spectrum of 
MoS2@Sb2S3 is also given in Fig. S6a, Supporting Information, and Mo, 
Sb, and S elements are detected. The high-resolution XPS spectra of 
Sb2MoO6/rGO are analyzed in detail in Fig. S6, Supporting Information. 

Fig. 3g and Fig. S7 present the Raman spectra of MoS2@Sb2S3@rGO 
and Sb2MoO6/rGO, respectively. Two strong peaks were observed 
around 1340 and 1580 cm− 1 for both composites, corresponding to D 
band and G band, respectively, confirming the existence of rGO. In 
Fig. 3g, the small characteristic peak at 100–300 cm− 1 belongs to Sb2S3, 
and the MoS2 in-plane E1

2g and out-of-plane A1g vibrations are repre-
sented by the two sharp peaks at 378 and 403 cm− 1, respectively, 
confirmed the successful formation of MoS2@Sb2S3 heterojunction. In 

Fig. S7, the two peaks at 716 and 812 cm− 1 are ascribed to Sb2MoO6. 
Fig. 3h shows the specific surface area of MoS2@Sb2S3/rGO by 
measured BET method to be 33.1828 m2 g− 1, which is larger than those 
of Sb2MoO6/rGO (30.0743 m2 g− 1) and MoS2@Sb2S3 (24.6340 m2 g− 1), 
demonstrating that the introduction of 3D interconnected rGO increased 
the specific surface area, facilitated electrolyte penetration, and pro-
vided more reactive sites for Na+ intercalation. Fig. 3i and Fig. S8 are the 
pore size distribution diagrams of MoS2@Sb2S3/rGO and MoS2@Sb2S3, 
respectively, and the measured average pore sizes of MoS2@Sb2S3/rGO 
and MoS2@Sb2S3 are 8.1314 nm and 9.658 nm, respectively. 

In order to explore the reduction–oxidation behavior of 
MoS2@Sb2S3/rGO during sodium storage, we performed CV tests. In 
Fig. 4a, the first broad peak appears around 1.25 V during the first 
discharge, indicating that Na+ intercalate into the MoS2 lattice [40]. A 
reduction peak appeared around 0.87 V and disappeared in subsequent 
scans, it was proved that the solid electrolyte interface (SEI) film was 
formed. The two reduction peaks at 0.68 V and 0.4 V correspond to the 
transformation of Sb2S3 components and the further alloying of Sb0 to 
form by-products, respectively [41]. The sharp peak at 0.01 V is 
attributed to the formation of NaxMoS2 [42]. The NaxMoS2 and Mo 
phases formed during the discharge process can both reduce the volume 
expansion when the Sb2S3 components are converted to Sb0 and Na3Sb, 
thereby ensuring the structural stability of the MoS2@Sb2S3/rGO com-
posite [43]. During the first charge, the oxidation peaks at 0.75 V and 
1.3 V are assigned to the reverse transformation of Na3Sb and the for-
mation of Sb0 components, respectively [44]. The broad peaks at 1.84 V 
and 2.34 V correspond to the process of Na+ extraction to form MoS2 and 
Sb2S3 components [45]. In the subsequent second and third scans, the 
CV curves are highly overlapped, indicating that the composite has su-
perb structural stability and high electrochemical reversibility. The CV 
curves of Sb2MoO6/rGO and MoS2@Sb2S3 are shown in Fig. S9a, b, 

Fig. 2. (a) Low magnification SEM images of MoS2@Sb2S3/rGO. (b) High magnification SEM images of MoS2@Sb2S3/rGO, the inset is a partial enlarged view of 
MoS2@Sb2S3/rGO nanosheets. (c, d) TEM image of MoS2@Sb2S3/rGO. (e) HRTEM image of MoS2@Sb2S3/rGO and the corresponding lattice spacing profile. (f) 
element mapping of MoS2@Sb2S3/rGO. 
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respectively. The electrochemical reactions of MoS2@Sb2S3/rGO during 
sodium storage are as follows:  

MoS2 + xNa+ + xe- ↔ NaxMoS2                                                      (1)  

Sb2S3 + 6Na+ + 6e- ↔ 2Sb0 + 3Na2S                                               (2)  

Sb0 + 3Na+ + 3e- ↔ Na3Sb                                                             (3)  

NaxMoS2 + (4 − x)e- + (4-x)Na+ ↔ Mo + 2Na2S                               (4) 

The GCD curves of MoS2@Sb2S3/rGO at 0.1 A g− 1 for the first 5 
cycles are shown in Fig. 4b. Generally, the significant capacity loss in the 
first cycle is attributed to the formation of SEI film. The first discharge 
capacity is 679 mAh g− 1 and the charging capacity is 547 mAh g− 1, 
corresponding to an initial coulombic efficiency of 80.6 %. The char-
ge–discharge curves of the last four laps almost overlap, indicating that 
the battery capacity decays slowly. In contrast, as shown in Fig. S10a, 
the first charge–discharge capacity of Sb2MoO6/rGO is only 404 mAh 
g− 1 and 670 mAh g− 1, and the initial coulombic efficiency is 60 %. The 
charge–discharge curve of MoS2@Sb2S3 is shown in Fig. S10b, the initial 
charge–discharge capacity is 488 mAh g− 1 and 601 mAh g− 1, respec-
tively, and the initial coulomb efficiency is 81 %. 

Fig. 4d compares the cycling performance of MoS2@Sb2S3/rGO, 
Sb2MoO6/rGO, and MoS2@Sb2S3. The MoS2@Sb2S3/rGO exhibits a 
second discharge capacity of 618 mAh g− 1, which can provide a 
discharge capacity of 380.6 mAh g− 1 after 100 cycles at 0.1 A g− 1. In 
contrast, the capacity of Sb2MoO6/rGO and MoS2@Sb2S3 electrode 
materials decreased significantly, the second discharge capacities are 
470 mAh g− 1 and 502 mAh g− 1, respectively, and the specific capacities 

after 100 cycles are 260 mAh g− 1 and 72 mAh g− 1, respectively. At the 
same time, it can be noticed that Sb2MoO6/rGO exhibits better cycle 
stability than MoS2@Sb2S3, which is attributed to the coating of the 3D 
interconnected rGO network, buffering its volume expansion during the 
sodium deintercalation process. 

The rate performances of MoS2@Sb2S3/rGO, Sb2MoO6/rGO, and 
MoS2@Sb2S3 are also investigated. As shown in Fig. 4(c, e), the electrode 
delivers discharge capacities of 678, 486.2, 413.2, 350.4, and 260.1 
mAh g− 1 at 0.1, 0.2, 0.5, 1.0 and 5.0 A g− 1, respectively. The material’s 
specific capacity was 588.5 mAh g− 1 when the current density was 
restored to 0.1 A g− 1, and the rate performance was basically recovered. 
In contrast, the Sb2MoO6/rGO and MoS2@Sb2S3 anode materials in 
Fig. S11(a, b) exhibit poor rate performance. At 5 A g− 1, the discharge 
specific capacities are only 114 mAh g− 1 and 166 mAh g− 1, respectively. 
When recovered to 0.1 A g− 1, the discharge specific capacities are 377 
mAh g− 1 and 325 mAh g− 1, respectively. Fig. 4f is a photo of a sodium- 
ion battery lighting an LED lamp based on MoS2@Sb2S3/rGO electrode 
material. 

The long-cycle performance of MoS2@Sb2S3/rGO anode material at 
5 A g− 1 was further tested. In Fig. 4g, the discharge capacity decreased 
sharply in the first 50 cycles, possibly due to the protective effect of the 
SEI film, which resulted in insufficient contact between the electrolyte 
and the active material, and difficulty in Na+ insertion/extraction. As 
the electrolyte slowly penetrated into the inside of the active material, 
the discharge capacity is stable after 200 cycles. The discharge capacity 
of 162 mAh g− 1 can still be maintained after 1100 cycles. As shown in 
the inset of Fig. 4g, Sb2MoO6/rGO without heterostructure and the 
MoS2@Sb2S3 anode material without adding 3D interconnected rGO 

Fig. 3. (a) XRD patterns of MoS2@Sb2S3/rGO. (b) High-resolution XPS Survey spectra of MoS2@Sb2S3. (c-e) are High-resolution of Sb 3d, Mo 3d and S 2p XPS spectra 
of MoS2@Sb2S3 and MoS2@Sb2S3/rGO composite. (f) High-resolution C 1s XPS spectra of MoS2@Sb2S3/rGO. (g) Raman spectra of MoS2@Sb2S3/rGO. (h) N2 
adsorption/desorption isotherms. (i) pore size distribution of MoS2@Sb2S3/rGO. 
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network will agglomerate and pulverize during the process of sodium-
ization and desodination, resulting in lower discharge capacity. After 
200 cycles at 5 A g− 1, the discharge capacity almost drops to zero. 

It can be thus concluded that MoS2@Sb2S3/rGO has high-rate per-
formance and long cycle stability, which is mainly attributed to the 
formation of a unique heterostructure, and the interfacial energy of the 
heterointerface reaction and the electrode reaction’s kinetics are 
enhanced. In the process of Na+ intercalation and de-alloying, the 
formed interphase NaxMoS2 and Mo elements can effectively limit the 
volume expansion of the Sb2S3 component, thereby reducing the pul-
verization of electrode materials. In addition, the 3D interconnected rGO 
network also provides a abundant holes and active sites for the material, 
which facilitates the penetration of the electrolyte and improves the 
sodium storage performance of the composite [46,47]. 

The reaction kinetics of MoS2@Sb2S3/rGO was further analyzed by 
comparing the CV curves at various scan speeds. In Fig. 5a, with the 
increasing scan speeds, the redox peaks shifted in opposite directions 
with similar profiles, indicating that the charge storage process of 
MoS2@Sb2S3/rGO composites involves diffusion-controlled intercala-
tion and surface capacitance processes [48]. Following is a description 
of the connection between scan rate (v) and peak current (i) [49]: 

i = avb (5)  

logi = blogv+ loga (6) 

Both a and b values can be adjusted. Diffusion control is dominant 
when b is equal to 0.5, and when the value of b is 1, it is dominated by 
the surface capacitive process [50]. In Fig. 5b, the b values of the five 

peaks of the CV curve are all close to 1, indicating that the MoS2@Sb2S3/ 
rGO composite is mainly dominated by the surface capacitance contri-
bution, accompanied by a small part of the diffusion-controlled process. 
Additionally, at a certain scanning speed, the diffusion contribution and 
the surface capacitance contribution can be calculated by Equation (7) 
[51]: 

i = k1v+ k2v1/2 (7)  

k1v and k2v1/2 represent the surface capacitance contribution and the 
diffusion contribution, respectively, and can be calculated from equa-
tion (7) at each scan speed. Fig. 5c demonstrates that the MoS2@Sb2S3/ 
rGO composite has a capacitive control contribution of 94.1 % at 0.5 mV 
s− 1, which is greater than that of the Sb2MoO6/rGO (49.1 %, Fig. S12) 
and MoS2@Sb2S3 (88.2 %, Fig. S13). According to Fig. 5d, the contri-
bution of the MoS2@Sb2S3/rGO surface capacitance rises from 77.8 % to 
97.3 % when the scan speed increases from 0.1 mV s− 1 to 1 mV s− 1. The 
above results reveal that the sodium storage process of MoS2@Sb2S3/ 
rGO composites is mainly dominated by the surface capacitance 
contribution, this result is mainly due to the formation of a porous sheet- 
like heterostructure with a unique wrinkle network, which accelerates 
the penetration of the electrolyte and enhances the Na+ diffusion ability. 
At the same time, the close contact of p-type Sb2S3 and n-type MoS2 
makes the charge distribution around them non-uniform, which accel-
erates the transfer of Na+ on the heterointerface. 

The reaction kinetics were further analyzed by EIS test. As shown in 
Fig. 5e, the inset is the equivalent circuit diagram model, each Nyquist 
curve consists of a semicircle and a slope line. The Warburg impedance 
(Zw) during Na+ diffusion is shown by the oblique line, and the 

Fig. 4. (a) CV curves of MoS2@Sb2S3/rGO at a scan rate of 0.1 mV s− 1 for the first three cycles. (b) GCD curves of MoS2@Sb2S3/rGO for the first five cycles at 0.1 A 
g− 1. (c) GCD curves of MoS2@Sb2S3/rGO at different current densities. (d) Cycling performance and coulombic efficiency of MoS2@Sb2S3/rGO, Sb2MoO6/rGO and 
MoS2@Sb2S3 at 0.1 A g− 1. (e) Rate capability of MoS2@Sb2S3/rGO, Sb2MoO6/rGO and MoS2@Sb2S3 at different current density. (f) Photo of lighting up LED lights. 
(g) Cycling stability of MoS2@Sb2S3/rGO anode at 5 A g− 1 for 1100 cycles. The inset is the cycle performance diagram of MoS2@Sb2S3 and Sb2MoO6/rGO at 5 A g− 1. 
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semicircle’s diameter corresponds to the charge transfer impedance 
(Rct). In Table S1, the charge transfer impedance (316 Ω) of 
MoS2@Sb2S3/rGO is smaller than that of Sb2MoO6/rGO (457.5 Ω) and 
that of MoS2@Sb2S3 (535.1 Ω), indicating that MoS2@Sb2S3/rGO has 
excellent electrode kinetics. To further explore the Na+ transfer mech-
anism, the connection between Z’ and ω-1/2 was plotted in Fig. 5f. The 
diffusion rate (DNa) of Na+ can be calculated from Equation (8) [52]: 

DNa = R2T2/2A2n4F4C2σ2 (8) 

R, T, A, n, F, C, and σ indicate gas constant, absolute temperature, 
electrode surface area, transmitted electrons per unit mass, Faraday’s 
constant, and Warburg factor, respectively. According to Table S1, the 
Na+ diffusion coefficient (DNa) of MoS2@Sb2S3/rGO superior to that of 
Sb2MoO6/rGO and MoS2@Sb2S3, demonstrating that the 3D inter-
connected rGO network coated porous MoS2@Sb2S3 heterostructure can 
accelerate Na+ transport rate, thereby enhancing the electrochemical 
reaction kinetics. 

Fig. 5g reveals the reason for the significantly improved sodium 
storage performance of MoS2@Sb2S3/rGO composites. Firstly, the con-
struction of the heterostructure of porous MoS2@Sb2S3 sheet not only 
shortens the Na+ diffusion distance, but also exposes more active sites. 
The different redox potentials of MoS2 and Sb2S3 can also accommodate 
the huge volume changes during the process of sodiumization and des-
odiumization. Secondly, the two components MoS2 and Sb2S3 will 
generate a phase boundary at the heterointerface, which will induce an 
internal electric field and accelerate the rapid transfer of Na+ and 
electrons, enhancing the electrochemical reaction kinetics. Thirdly, the 

strong coupling between MoS2 and Sb2S3 is beneficial to maintain the 
integrity of the Sb/Na2S interface and alleviate the agglomeration of 
nanoparticles, and thus form a stable SEI film. Finally, the external 3D 
interconnected rGO network provides a conductive framework with 
abundant 3D channels, which accelerates the Na+ diffusion rate and 
facilitates the penetration of the electrolyte. Therefore, MoS2@Sb2S3/ 
rGO can exhibit high-rate capacity and ultra-long cycling life as an 
anode for SIBs. 

In order to better explain the effect of heterostructure and graphene 
doping on the performance of composite materials, density functional 
theory (DFT) calculations were conducted [53–55]. Fig. 6(a-f) are the 
molecular model diagrams and three-dimensional differential charge 
density diagrams of the six structures of Sb2S3, Na-Sb2S3 MoS2@Sb2S3, 
Na-MoS2@Sb2S3, MoS2@Sb2S3/rGO, and Na-MoS2@Sb2S3/rGO, 
respectively, in which blue represents the increase of electron density, 
yellow represents the decrease of electron density. Fig. 6(g-l) are pro-
jected density of states (PDOS) diagrams of the six models. Comparing 
Fig. S14(a, d), it can be found that the surface electron orbital of Sb2S3 
overlaps with the Na+ electron orbital, forming a strong adsorption. It 
can be seen in Fig. 6(g, j) that the energy maximum of PDOS orbital after 
Na+ adsorption rises from 25.07 eV to 27.63 eV, corresponding to the 
increase in the specific capacity of the anode electrode material after 
adsorbing Na+ during the charging process, that is, the rise in the sys-
tem’s overall electron density. Comparing Fig. S14(d-f), it can be found 
that after combining MoS2 on Sb2S3, the ability to adsorb Na+ is 
weakened, which facilitates the release of Na+ from the anode electrode 
material during discharge. The introduction of graphene provides 

Fig. 5. (a) CV curves of MoS2@Sb2S3/rGO at scan rates from 0.1 to 1.0 mV s− 1. (b) Fitting graph of log(i) and log(v) under each peak. (c) Capacitive contributed 
capacity ratio of MoS2@Sb2S3/rGO at 0.5 mV s− 1. (d) Capacitive contribution ratio of MoS2@Sb2S3/rGO at different scan rates. (e) EIS spectra of MoS2@Sb2S3/rGO, 
Sb2MoO6/rGO, MoS2@Sb2S3 and Sb2MoO6. (f) Relationships between Z’ and ω-1/2 in the low frequency range of MoS2@Sb2S3/rGO, Sb2MoO6/rGO and MoS2@Sb2S3. 
(g) Schematic illustration of the sodium storage mechanism. 
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abundant electrons for the composite material, and the surrounding 
delocalized electron density increases, improving the conductivity of the 
anode material, which is consistent with the results in Fig. 5(e, f). The 
reason is that sp2 and sp3 in carbon materials are hybridized with a large 
number of loose electron clouds, which can effectively transport elec-
trons. Comparing Fig. 6(g-i), it can be found that after Sb2S3 is com-
pounded with MoS2 and rGO, the bandgap at the top of the valence band 
and the bottom of the conduction band is filled, which increases the 
conductivity of the composite material. 

In addition, the specific adsorption energy values for Na+ were 
calculated. The adsorption energy of Sb2S3 to Na+ is 10.34 eV, the 
adsorption energy of MoS2@Sb2S3 to Na+ is 3.03 eV, and the adsorption 
energy of MoS2@Sb2S3/rGO to Na+ is 0.529 eV. The huge interaction 
force between pure Sb2S3 and Na causes Na+ to be firmly embedded in 
the Sb2S3 lattice, and it is difficult to come out during discharge, 
resulting in low coulombic efficiency. After the introduction of MoS2 
and rGO on the basis of Sb2S3, the adsorption capacity of Na+ is 

weakened in turn, which facilitates the adsorption and deintercalation 
of Na+, and improves the reaction reversibility and cycle stability of the 
composite material. 

In Fig. S15(a, b), from the SEM images of MoS2@Sb2S3/rGO com-
posite after 100 cycles at 0.1 A g− 1, the porous nanosheet structure was 
well maintained without significant pulverization, indicating the 
excellent structural stability of the nanocomposite. Table S2 compares 
the present results with previous reports. While different reports based 
on different measurement conditions, it can be concluded that present 
MoS2@Sb2S3/rGO composite as anode of SIBs achieved excellent per-
formance specially in long-term cycle stability. At the same time, the 
MoS2@Sb2S3/rGO composites exhibit competitive coulomb efficiencies 
(99 %, Fig. 4 d) compared with Sb and Mo based materials in Table S2. 
Its excellent electrochemical performance benefits from the new design 
of the three-dimensional interconnected conductive skeleton structure, 
which greatly shortens the Na+ diffusion path and improves the con-
ductivity and structural stability of the electrode material. Furthermore, 

Fig. 6. Molecular models and 3D views of differential charge density for Sb2S3 (a), Na-Sb2S3 (b), MoS2@Sb2S3 (c), Na-MoS2@Sb2S3 (d), MoS2@Sb2S3/rGO (e), Na- 
MoS2@Sb2S3/rGO (f). Projected density of states (PDOS) for Sb2S3 (g), Na-Sb2S3 (j), MoS2@Sb2S3 (h), Na-MoS2@Sb2S3 (k), MoS2@Sb2S3/rGO (i), Na-MoS2@Sb2S3/ 
rGO (l). 
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the formation of a heterostructure between MoS2 and Sb2S3 facilitates 
the electron transfer kinetics and enhances the electrochemical perfor-
mance of the composite. 

4. Conclusion 

In summary, the porous MoS2@Sb2S3/rGO composite is prepared by 
hydrothermal and high-temperature sulfidation method for anode ma-
terial of SIBs. The heterogeneous interface between Sb2S3 and MoS2 can 
induce internal electric field, which promotes Na+ pumping into the 
heterointerface and greatly reduces the activation barrier, thereby 
improving the whole material reaction kinetics. The MoS2@Sb2S3 het-
erojunction is encapsulated in 3D interconnected rGO to form a 
conductive carbon framework. It provides certain mechanical toughness 
and higher specific surface area, buffering volume expansion during 
sodiumization and desodiumization, and providing 3D channels for the 
diffusion of Na+. The different redox potentials of MoS2 and Sb2S3 are 
beneficial to reduce composite material volume expansion and increase 
the cycle stability of the electrode material, manifested in a second-cycle 
discharge specific capacity of 591.6 mAh g− 1 at 5 A g− 1 and 162.1 mAh 
g− 1 after 1100 cycles. DFT calculation shows that a large delocalized 
electron density is formed around MoS2@Sb2S3/rGO composite, which 
optimizes the electronic structure, increases the material’s conductivity, 
facilitates the adsorption energy of the composite for Na+, and promotes 
the reversibility of the electrochemical reaction. 
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