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a b s t r a c t   

Considering the superior performances of MOF-based and MoS2-based materials, a flower-like FeS/MoS2 

composite is synthetized using MIL-100(Fe) as a precursor. Electronic density of states and band structure 
are simulated by density functional theory (DFT) calculations, which prove that FeS/MoS2 heterostructure 
exhibits metallic behavior. Unique structure and powerful hetero-interface synergistic effect of FeS/MoS2 is 
conducive to improve the stability of sodium-ion batteries (SIBs). It provides reversible capacities of 464 
and 365 mA h g−1 at 0.1 and 1.0 A g−1. When the current density increases to 5 A g−1, FeS/MoS2 delivers a 
high capacity of 325 mA h g−1 with a capacity retention rate (71.1%). Moreover, it can maintain a stable 
specific capacity of 331 mA h g−1 at 2.0 A g−1 after 200 cycles. Adsorption energy calculated by DFT indicates 
that more Na atoms may be trapped on the top of Mo atom between FeS and MoS2 layers. This study may 
stimulate the interesting of multivariate-MOFs/ covalent organic frameworks (COFs) composite emerging 
two-dimensional materials and facilitate the application of composite electrode in high-performance SIBs. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

With the increasing consumption of fuels resources and demand 
of energy security, the sustainable energy storage technologies 
highlight the importance in the realm of electrical energy [1–3]. 
Lithium ion batteries (LIBs) are applied in electronic products and 
new energy vehicle largely, owing to the advantages of high energy 
density and long lifetime [4–6]. The limited and expensive lithium 
resources make the suitable alternatives of LIBs stand out [7,8]. Re
markably, sodium ion batteries (SIBs) have been regarded as the 
possible substitute for LIBs because of the similar storage me
chanism (insertion, conversion and alloying). It also has caught in
creasing attention in terms of large-scale energy storage depending 
on abundant resources, low cost and environmental friendliness  
[9–12]. Nevertheless, there are still some bottleneck problems for 
SIBs before further commercialization [13,14]. For example, the re
versible capacity and cycle stability are seriously affected by the high 
molar mass and large ionic radius of sodium. Compared with LIBs, 
graphite cannot be employed as commercial electrode in SIBs be
cause of the sodium ionic diameter (Na 1.02 Å vs. Li 0.76 Å) [15]. 

Moreover, electrode materials of SIBs are also restricted by the high 
ionization potential [16]. The key to improve the electrode perfor
mance is to choose the appropriate materials and carry out rea
sonable design or modification, so as to achieve the effects of 
excellent cycling performance and rate capability. To date, various 
alternative electrode materials, such as Prussian blue analogs [17,18], 
alloy compound [19,20], metal oxides and sulfides [21–23], carbon/ 
phosphorus-based materials [24,25], have been synthetized and 
proved to possess good potential value. 

Metal-organic frameworks (MOFs) have attracted great research 
interests in various fields because of their designable framework 
structure, high surface area, adjustable shape and porosity [26–32]. 
In general, energy storage electrode materials with hollow, core- 
shell and hetero-junction nanostructures can be easily prepared 
using MOFs as precursor [33,34]. For one thing the MOF-derived 
nanoporous can improve diffusion kinetics of sodium ion and relieve 
the electrode deformation during the process of Na+ intercalation/ 
de-intercalation. For another the carbon formed in situ by organic 
ligands can enhance the conductivity of electrode materials, creating 
an increase of the charge transfer efficiency. Pan et al. proposed a 
strategy using Cu-based MOFs as reactant template to fabricate 
porous hollow octahedron CuO/Cu2O, which delivers a steady ca
pacity of 415 mA h g−1 at 0.05 A g−1 [35]. Yang et al. synthesized a 
NHPCS active material and showed a specific capacity of 
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291 mA h g−1 at 0.2 A g−1 [36]. Zhu et al. fabricated a Ni3S2/Co9S8/N- 
doped carbon electrode using Ni-Co-MOF as precursor, exhibiting 
reversible specific capacities of 419.9 and 323.2 mA h g−1 at 0.1 and 
2.0 A g−1 [37]. In addition to the above transition-metal dichalco
genides (TMDCs), MoS2-based materials can be also used as the 
electrodes of SIBs. They possess graphite-like layered structure and 
high reversible capacity [38–41]. Considering the special properties 
of MOFs and two-dimensional materials, their composites will have 
certain research significance in SIBs. 

Herein, we first reported a convenient strategy of the synthesis of 
FeS/MoS2 composite via post-sulfuration of MIL-100(Fe) without the 
utilization of sulfur powder. The interfacial interaction between 
MoS2 and FeS is beneficial to capture polysulfide intermediate and 
relieve the volume deformation of FeS/MoS2 electrode. The charge 
transfer rate of sodium ion is accelerated because of interfacial 
electric field. FeS/MoS2 anode material exhibits stable specific ca
pacities of 464 and 365 mA h g−1 at 0.1 and 1.0 A g−1. Besides, after 
200 cycles, FeS/MoS2 also delivers a specific capacity of 331 mA h g−1 

at 2.0 A g−1. It is shown through comparison experiments that the 
cycling and rate capacities of FeS/MoS2 are much higher than those 
of FeS/FeS2 and MoS2. This design concept of using the Fe-MOF as a 
template to composite 2D materials may provide a wide application 
prospect for the development of high performance SIBs. 

2. Experimental section 

2.1. Materials 

Trimesic acid (98%) and ammonium tetrathiomolybdate (99.97%) 
were purchased from Shanghai Aladdin Bio-Chem Technology Co., 
Ltd. Iron(III) nitrate nonahydrate (≥ 98.5%), ethanol (≥ 99.7%), 
thioacetamide (≥ 99%), metallic sodium (99.7%) and N,N- 
Dimethylformamide (DMF, ≥ 99.5%) were ordered from Sinopharm 
Chemical Reagent Co., Ltd. Carbon black (Super P), glass fiber 
(Whatman, GF/A), CR-2032 cell shell, polyvinylidene fluoride (PVDF), 
N-methyl-2-pyrrolidone (NMP) and Cu foil were purchased from 
Guangdong Canrd New Energy Technology Co., Ltd. NaClO4 electro
lyte, fluoroethylene carbonate (FEC), dimethyl carbonate (DMC) and 
ethylene carbonate (EC) were ordered from DoDo Chemical 
Technology Co., Ltd. 

2.2. Preparation of MIL-100(Fe) and Fe3C precursor 

The MIL-100(Fe) was synthetized using a method described in 
Ref. [42]. Iron(III) nitrate nonahydrate (0.056 mol) and trimesic acid 
(H3BTC, 0.038 mol) were mixed with deionized (DI) water (56 mL) 
and stirred for 2 h. The above mixture was put in a sealed autoclave 
after complete dissolution, reacting at 160 °C for 15 h. The pre
cipitate was washed with DI water/ethanol and collected by cen
trifuging. The MIL-100(Fe) was obtained after drying at 80 °C for 
24 h. The Fe3C precursor was produced by a calcination treatment of 
MIL-100(Fe) at 700 °C in argon atmosphere for 2 h. 

2.3. Preparation of FeS/MoS2 composite 

The FeS/MoS2 composite was prepared via a solvothermal 
method [43]. Fe3C precursor (60 mg) and ammonium tetra
thiomolybdate ((NH4)2MoS4, 0.46 mmol) were added in the mixed 
solvents of DMF (50 mL) and ethanol (10 mL). After ultrasonic 
treatment and uniform stirring, the mixture was reacted at 200 °C 
for 24 h. The precipitate was washed with DMF/ethanol and dried in 
vacuum at 65 °C for 12 h. The target product (FeS/MoS2) was got by a 
heat treatment at 300 °C with a heating rate of 2 °C min−1 for 2 h. 
Additionally, pure MoS2 and FeS/FeS2 were prepared by the same 
process using (NH4)2MoS4 and Fe3C precursor/thioacetamide, re
spectively. 

2.4. Materials characterization 

The phases and elemental analysis of FeS/MoS2, FeS/FeS2 and 
MoS2 were detected by X-ray diffraction (D8 ADVANCE, Bruker) and 
X-ray photoelectron spectroscopy (XPS, ESCALAB 250X, Thermo 
Fisher Scientific). Morphology and lattice fringe spacing were ob
served by a field emission scanning electron microscopy (FESEM, 
ZEISS Sigma) and transmission electron microscopy (TEM, JEM-2100 
microscope, JOEL). The porosity and specific area were measured by 
an automated adsorption apparatus (JW-BK 100B) at 77 K using the 
BJH and Brunauer-Emmett-Teller (BET) methods. 

2.5. Electrochemical measurements 

The electrochemical properties of electrodes were tested with 
half-cells (CR2032), which assembled at a glove-box of high purity 
Ar atmosphere. The electrodes were prepared as follows: FeS/MoS2, 
Super P and PVDF (60:30:10) were mixed with NMP to form the 
slurry and coat on pure Cu foil. Coated foil was dried at 90 °C in 
vacuum for 8 h. The obtained working electrode was cut into discs 
with a diameter of 12 mm. The mass range of active substances is 
about 1.2–1.8 mg. Glass fiber (Whatman, GF/A) was used as the se
parator. Metallic sodium was used as counter electrode for SIBs. 
1.0 M NaClO4 dissolved in EC/DMC with FEC (5 wt%) was used as 
electrolyte. CHI 760E electrochemical workstation was applied for 
measuring cyclic voltammetry (CV) plots. The galvanostatic charge/ 
discharge tests for sodium storage were detected by a LANHE 
CT2001A instrument within a work voltage range of 0.01–3.0 V. 

2.6. Density functional theory (DFT) calculation 

In order to determine the bind ability between Na+ and anode 
material, the density functional theory (DFT) calculations were 
performed by a VASP package.The electron/ ion potential was ana
lyzed with projected augmented wave (PAW) and the exchange- 
correlation functional was discussed by generalized gradient ap
proximation (GGA) [44]. The geometric structures of FeS and MoS2 

were optimised by the k-point meshes of 4 × 4 × 2 and 15 × 15 × 1  
[45]. The kinetic energy cut-off, energy convergence and stress force 
criterions were set as 500 eV, 10−5 eV and 0.01 eV Å−1. The van der 
Waals interaction force was analyzed with a semi-empirical DFT-D3 
method [46,47]. The relaxed lattice parameters of FeS (MoS2) were 
a = b = 5.706 Å, c = 10.346 Å (a = b = 3.183 Å). When constructing a 
heterobilayer, a 5 × 5 MoS2 and a 3 × 3 FeS were used. The adsorption 
energy (Eads) of the Na atom on FeS/MoS2 can be defined as follows: 

= +E E E Eads bilayer Na bilayer Na

where Ebilayer+Na and Ebilayer are the total energy of heterobilayer with 
and without Na atom respectively, ENa is the energy of an isolated 
Na atom. 

3. Results and discussion 

The flower-like FeS/MoS2 was prepared via solvothermal reaction 
and calcination using MIL-100(Fe) as a precursor, of which the 
schematic diagram was illustrated in Fig. 1. MIL-100(Fe) was firstly 
prepared by a hydrothermal method and calcined at 700 °C for 2 h 
under the protection of Ar, producing Fe3C (Fig. S1). After the sol
vothermal sulfurization with (NH4)2MoS4 and calcination in argon 
atmosphere, the final product FeS/MoS2 was gained. 

The morphology of FeS/MoS2 was systematically characterized by 
FESEM and TEM (Fig. 2). As exhibited in Fig. 2a, the FESEM images of 
FeS/MoS2 composite reveal a flower-like structure, which is synthe
tized with the calcined MIL-100(Fe) as a template (Fe3C). Comparing 
the FESEM images of MIL-100(Fe) and Fe3C presented in Fig. S2, it is 
clear that the surfaces of as-prepared MOFs become rougher and even 
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appear some flaws after calcination treatment. The roughness and 
flaws changes of MOFs template are conducive to the formation and 
growth of FeS/MoS2 composite. The energy-dispersive spectroscopy 
(EDS) elemental mapping images of FeS/MoS2 are presented in 
Fig. S3a–e, which indicate that the Fe, S, Mo and C elements exist in 
the above as-prepared composite. In terms of structure and size of the 
as-synthesized material, the results of TEM images and above FESEM 
images are in good agreement. As displayed in Fig. 2b, the internal 
structure of FeS/MoS2 is relatively compact rather than a core-shell 
structure. This structure will result in a low initial coulomb efficiency 
and a slow rising trend of the specific capacity, which is consistent 
with the actual results using FeS/MoS2 as anode for SIBs. The high- 
resolution TEM (HRTEM) images of FeS/MoS2 are shown in Fig. 2c–d. 
The lattice fringe spacing of 0.62 nm is consistent with the (0 0 2) 

plane of MoS2 phase and the lattice fringe spacing measured to be 
0.26 nm corresponds to the (1 1 2) plane of FeS phase. Furthermore, 
FeS and MoS2 phases are proofed with elected-area electron diffrac
tion (Fig. S3f). The diffraction rings correspond to the (3 0 0), (1 1 4), 
(1 1 2) and (1 0 0) planes of FeS and MoS2 respectively. These results 
show that the flower-like FeS/MoS2 composite has been synthesized 
successfully. 

The phases of the as-prepared samples were studied by XRD 
(Fig. 3). There are three diffraction peaks around at 14.4°, 32.7° and 
58.3° in the pattern of MoS2, which correspond to (0 0 2), (1 0 0) and 
(1 1 0) planes of the MoS2 (JCPDS No.87-2416). For the pattern of FeS/ 
FeS2, some diffraction peaks around 29.9°, 33.9°, 43.9°, 53.1° and 
28.5°, 33.1°, 37.1°, 40.8°, 47.4°, 56.3°, corresponding to (1 1 0), (1 1 2), 
(1 1 4), (3 0 0) and (1 1 1), (2 0 0), (2 1 0), (2 1 1), (2 2 0), (3 1 1) planes 

Fig. 1. Schematic illustration of preparation procedure of flower-like FeS/MoS2.  

Fig. 2. FESEM images (a), TEM images (b) and high-resolution TEM images (c) of the FeS/MoS2 composite.  
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of FeS (JCPDS No.89-6928) and FeS2 (JCPDS No.42-1340). In the XRD 
pattern of FeS/MoS2, there are a series of diffraction peaks at 29.9°, 
33.9°, 43.9°, 53.1° and 14.4°, 32.7°, 58.3°, which are corresponded to 
(1 1 0), (1 1 2), (1 1 4), (3 0 0) and (0 0 2), (1 0 0), (1 1 0) planes of FeS 
(JCPDS No.89–6928) and MoS2 (JCPDS No.87–2416). XRD pattern 
verifies the results of TEM images, showing that MoS2, FeS/FeS2 and 
FeS/MoS2 have been prepared. The nitrogen adsorption-desorption 
isotherms of FeS/MoS2 composite is illustrated in Fig. S4, getting 
the BET specific surface area of 16.46 m2/g and pore volume of 
0.13 cm3/g. The result indicates that FeS/MoS2 composite can provide 
sufficient active sites for contacting with the electrolyte when it is 
applied as an electrode in SIBs. 

Elemental composition and oxidation states of the FeS/MoS2 

were investigated by XPS. Four elements of Fe, Mo, S and C in the 
FeS/MoS2 composite were confirmed according to the survey spec
trum (Fig. S5). As presented in Fig. 4a, the spectrum of Fe 2p can be 
divided into three characteristic peaks. The peaks at 711.5, 724.9 and 
721.5 eV correspond to the characteristic peaks of Fe2+ 2p3/2, Fe2+ 

2p1/2 and satellite in FeS, respectively [48–50]. For the spectrum of 
Mo 3d, there are two groups of peaks around at 231.8, 228.5 eV and 
233.2, 229.6 eV, belonging to 1T-MoS2 and 2H-MoS2 [51]. In Fig. 4b, 
there are four characteristic peaks at 226.7, 229.6, 232.7 and 
236.1 eV, which correspond to S 2s, Mo4+ 3d5/2, Mo4+ 3d3/2 and Fig. 3. XRD patterns of the FeS/MoS2, FeS/FeS2 and MoS2.  

Fig. 4. High-resolution XPS spectra of FeS/MoS2, (a) Fe 2p spectrum, (b) Mo 3d spectrum, (c) S 2p spectrum and (d) C 1s spectrum.  
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Mo6+-O, respectively [51,52]. The reason for Mo6+-O is that the 
FeS/MoS2 composite is partially oxidized in air before XPS detection. 
For the S 2p spectrum (Fig. 4c), the characteristic peaks located at 
162 and 163.2 eV are separately assigned to S 2p3/2 and S 2p1/2, 
indicating that sulfur is as S2- states in FeS and MoS2 [52,53]. In 
addition, the characteristic peak at 168.5 eV corresponds to a sa
tellite peak of sulfur (polysulfide or oxidized group). The spectrum of 
C 1s, as depicted in Fig. 4d, is fitted as three peaks. The characteristic 
peaks at 284.6, 286.4 and 289.2 eV are assigned to CeC, CeO and C]O 
bonds [54,55]. Oxygen-containing groups in the FeS/MoS2 composite 
are derived from the partial oxidation and thermal decomposition 
of the samples [48]. The valence and bonds of all the elements in 
FeS/MoS2 composite have been verified by the XPS analysis. 

The diffusion dynamics of hetero-interfaces between FeS and 
MoS2 were analyzed by density functional theory (DFT) calcula
tions (Fig. 5). The geometric models of single FeS, MoS2 and 
FeS/MoS2 heterostructure are exhibited in Fig. 5a and d. With the 
generation of the heterojunction in the interfaces of FeS and MoS2 

and the introduction of electric field, the charge transfer rate of Na+ 

will be accelerated [56–58]. As depicted in Fig. 5b-c and e, there are 
great differences in electronic DOS and band structure of MoS2, FeS 
and FeS/MoS2. These results manifest that the primary band-gap of 
MoS2 is greatly reduced when it is compounded with FeS. The 
FeS/MoS2 heterostructure exhibits metallic behaviour, indicating 
that ionic/electronic conductivity at the heterogeneous interface 
is higher, which is more conducive to the kinetics of Na-ion 
diffusion [56,59]. 

In the light of the above structure characterization and element 
component results, the as-formed FeS/MoS2 can afford to be a 
proper anode material for SIBs. The electrochemical behaviors were 
firstly researched by cyclic voltammetry (CV) method. Fig. 6a de
monstrates the CV curves of FeS/MoS2 composite electrode for four 
consecutive cycles tested at 0.1 mV s−1 within a voltage range of 
0.01–3.0 V (vs. Na+/Na). There are five peaks at 0.15, 0.3, 0.62, 0.87 
and 1.5 V in the first cathodic scan. The peaks around at 1.5, 0.87 and 
0.3 V are associated with the electrochemical reduction between Na+ 

and FeS to form Na2FeS2, Na2S and Fe, along with the solid electro
lyte interface (SEI) films formation [48,49,60]. Two cathodic peaks 
around at 0.62 and 0.15 V are related to the insertion of Na+ into 
MoS2 to form NaxMoS2, NaxS, Na2S and Mo [16,39,61]. During the 
anodic scan process, five oxidation peaks are observed and located at 
0.49, 0.73, 1.34, 1.77 and 2.14 V. Two peaks appear at 0.73 and 1.77 V, 
which are because of the oxidation of Mo from zero-valent to 
Mo4+/Mo6+ [62,63]. The oxidation peaks around at 0.49, 1.34 and 
2.14 V are attributed to the transition of Fe and Na2S to Na2FeS2 and 
NaxFeS phases during the desodiation process [49,64]. For the 
second scan process, the cathodic peaks are located at 0.11, 0.66, 1.29 
and 2.25 V, which are different from the peaks in the first cathodic 
process. The reason can be attributed to the final product after first 
cycle is Na2-xFeS2 rather than the original FeS [65–67]. For the anodic 
process, the corresponding oxidation peaks are also shifted slightly. 
Compared with the second cycle, there is a voltage deviation in the 
cathodic peak of the third cycle at low potential, which is assigned to 
the effect of Na2-xFeS2 on the insertion reaction between Na+ and 

Fig. 5. (a) Geometric models of MoS2 and FeS, (b–c) band structure and electronic density of states (DOS) of MoS2 and FeS, (d) crystal model, (e) band structure and electronic 
density of states (DOS) of FeS/MoS2. 
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Fig. 6. (a) CV curves of FeS/MoS2 at 0.1 mV s−1 and (b) discharge/charge curves at 0.1 A g−1, (c) rate capability of FeS/MoS2, FeS/FeS2 and MoS2 and (d) cycling performance at 
1.0 A g−1, (e) cycling performance of FeS/MoS2 at 2.0 A g−1. 
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MoS2. The subsequent CV curves are almost overlapped, suggesting 
that FeS/MoS2 electrode has high reversibility and stability in SIBs. 

Galvanostatic discharge/charge curves of FeS/MoS2 for the 1st, 
2nd, 5th, 10th, 20th, 50th and 100th cycles are presented in Fig. 6b, 
and the slopes match well with the results of CV curves. When 
discharge and charge at 0.1 A g−1, FeS/MoS2 composite delivers initial 
discharge and charge capacities of 835 and 495 mA h g−1, respec
tively, corresponding to a Coulombic efficiency (CE) of 59.3%. In the 
initial cycle, the capacity loss is caused by the electrolyte decom
position and SEI layer formation [68,69]. In the subsequent cycles, 
there is no discrepancy in the discharge and charge curves. The re
versible discharge capacities for the 2nd, 5th, 10th, 50th and 100th 
cycles are 499, 462, 457, 467, 489 and 464 mA h g−1 with a CEs of 
~ 98%, manifesting that FeS/MoS2 electrode delivers stable capacities 
in SIBs. 

The rate capabilities of FeS/MoS2, FeS/FeS2 and MoS2 electrodes 
were assessed at 0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 A g−1, as depicted in  
Fig. 6c. The reversible capacities of FeS/MoS2 are 457, 424, 393, 371, 
356 and 325 mA h g−1 at 0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 A g−1 with ca
pacity retention rates of 100%, 92.7%, 86.0%, 81.1%, 77.9% and 71.1% 
respectively, which are much greater than those values of the 
FeS/FeS2 and MoS2 (Fig. S6). When the current density returns from 
5.0 to 0.1 A g−1, the discharge capacity is still up to 509 mA h g−1 and 
then stable at 487 mA h g−1 after 50 cycles, indicating that as-made 
FeS/MoS2 composite has a high sustainability. In contrast, the 
FeS/FeS2 and MoS2 electrodes show pretty poor rate capability. 
Reversible capacities and capacity retention rates of FeS/FeS2 and 
MoS2 are 52 mA h g−1, 17 mA h g−1 and 30.6%, 5.6% at 5.0 A g−1. Also, 
the cycling performance of the FeS/MoS2, FeS/FeS2 and MoS2 

electrodes were tested and contrasted at 1.0 A g−1 (Fig. 6d). For the 
FeS/MoS2 composite anode, the initial discharge and charge capa
cities are 711 and 435 mA h g−1 at 1.0 A g−1, leading to a CE of 61.1%. 

The discharge capacity is 365 mA h g−1 with the CE up to 99% after 
100 cycles. For the FeS/FeS2 and MoS2 anodes, the discharge/charge 
capacities are 465/264 mA h g−1 and 580/262 mA h g−1 at the same 
cycle conditions and the retention rates are only 14.7% and 10.3%. 
These results prove that FeS/MoS2 composite anode has a great 
advantage in rate capability and cycling performance over FeS/FeS2 

and MoS2. Besides that, the cycling performance of FeS/MoS2 

electrode was further studied at a large current density (Fig. 6e). After 
200 cycles, it delivers a high reversible capacity of 331 mA h g−1 at 
2.0 A g−1 and the capacity retention rate is up to 78% in contrast 
with the 2nd cycle. The outstanding cycling and rate capabilities of 
as-synthesized FeS/MoS2 composite demonstrate that the activation 
energy and Ohmic resistance of sodium ion diffusion are reduced after 
combining with MoS2, which result in the speedy Faraday effects. The 
reason can be summed up that short paths, open structure and large 
amounts of ion insertion channels promote the rapid diffusion of so
dium ion [43,70,71]. The cyclic performance of FeS/MoS2 composite as 
an anode for SIBs is compared to the reported FeS and MoS2 materials, 
as listed in Table 1. Most of reported FeS and MoS2 electrode materials 
are limited to current density of less than 1000 mA g−1 or low cycle 
numbers. For the FeS/MoS2 composite anode, it can deliver an excellent 
cycling capacity (331 mA h g−1) even at a large current density 
(2000 mA g−1). 

In order to more clearly understand the sodium storage perfor
mance of the above materials, electrochemical impedance spectro
scopy (EIS) spectra for the FeS/MoS2, FeS/FeS2 and MoS2 electrodes 
were performed at the open circuit potential. As displayed in Fig. 7, 
all Nyquist plots show oblique lines at low frequency area and 
compressive semi-circles at high frequency area, corresponding to 
the Warburg impedance associated with Na+ diffusion and the 
charge transfer resistance (Rct) at the electrode and electrolyte in
terface, respectively [77]. The corresponding resistance values were 
gained by the simulation of testing data with the equivalent circuit 
model. Obviously, the Rct of FeS/MoS2 composite electrode is 53.2 Ω, 
which is smaller than those of FeS/FeS2 (95.1 Ω) and MoS2 (99.8 Ω). 
The results imply that the electrochemical reaction rate and elec
trical conductivity of FeS/MoS2 composite are superior to the other 
two electrodes (Fig. 7a) [78]. As the number of cycles increases, the 
Rct value of FeS/MoS2 electrode is decreased and then stable at 
42.5 Ω after the 100th cycle (Fig. 7b), which shows a good cycling 
stability in sodium-ion storage. 

To deeply comprehend the effect of FeS/MoS2 composite 
hetero-bilayer on the electrochemical performance of sodium ion 
storage, DFT calculations were performed by VASP package to 
investigate adsorption behavior of Na on FeS/MoS2 hetero-bilayer. 

Table 1 
Summary of the electrochemical performances of FeS and MoS2 as anodes for SIBs.      

Material structure Specific capacity  
(mA h g−1) 

Current density  
(mA g−1) 

Cycling 
number  

FeS@C-N [72]  354.5  100  500 
FeS/ZnS [73]  475.1  100  50 
CL-C/FeS [74]  260  1000  200 
G-MoS2 [75]  175  2000  400 
N-doped MoS2/C [76]  128  2000  5000 
This work  331  2000  200    

Fig. 7. Nyquist plots of (a) three different electrodes after one cycle, (b) the FeS/MoS2 electrode after different cycles.  
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For the FeS/MoS2 composite, there are six typical positions for the 
adsorption of Na atom (Fig. 8). As illustrated in Table S1, the ad
sorption energies of Na atom in a, b, c, d, e and f are − 2.91, − 3.72, 
− 2.10, − 2.36, − 3.87 and − 4.22 eV, respectively. Previous simula
tion studies of Li+/Na+ batteries have shown that Li/Na atoms may 
be captured in the hetero-layers or on the surface of the electrode 
materials [79,80]. It is found that the adsorption energies of d and 
e sites are much lower than those of a, b, c and d, suggesting that 
Na atom tends to be adsorbed between MoS2 and FeS layers in the 
FeS/MoS2 hetero-bilayer. Moreover, the adsorption energy at e is 
0.35 eV higher than that at f, which implies more Na atoms may be 
trapped on the top of Mo atom between FeS and MoS2 layers. 

The excellent electrochemical performance of FeS/MoS2 compo
site is derived from the synergistic effects between FeS and MoS2. 
The aggregation of MoS2 is alleviated by an interfacial interaction 

produced by van der Waals interaction between MoS2 and FeS, 
which provides more active sites for electrode and electrolyte in
teraction. Owing to the improvement of the electron transfer effi
ciency under the interfacial interaction, the conductivity of FeS is 
enhanced. Meanwhile, the FeS/MoS2 hetero-bilayer has the ability to 
improve the adsorption of sodium ions, which is conducive to the 
sodium storage in SIBs. 

4. Conclusions 

In summary, we have successfully compounded the MoS2 onto 
the MIL-100(Fe) precursor via step by step process, producing the 
FeS/MoS2 composite. This composite structure is beneficial to im
prove the electronic conductivity, alleviate the volume deformation 
of electrode, catch the polysulfide intermediate and increase specific 

Fig. 8. The configurations of sodium into the FeS/MoS2 hetero-bilayer. (a) Na adsorbed on the top of a S atom over FeS layer, (b) Na adsorbed on the top of a Fe atom over FeS layer, 
(c) Na adsorbed on the top of a S atom over MoS2 layer, (d) Na adsorbed on the top of a Mo atom over MoS2 layer, (e) Na adsorbed on the hollow site of the hexagon ring between 
MoS2 and FeS layers, (f) Na adsorbed on the top of a Mo atom between FeS and MoS2 layers. 
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capacity. The band structure, electronic density of states (DOS) and 
adsorption energy are discussed by the density functional theory 
(DFT). Serving as anode for SIBs, FeS/MoS2 manifests stable capa
cities of 464 and 365 mA h g−1 at 0.1 and 1.0 A g−1. The as-made 
material also delivers a good rate capability of 325 mA h g−1 at a 
current density of 5.0 A g−1, which are much better than those of FeS/ 
FeS2 and MoS2. Even at a large current density of 2.0 A g−1, it still 
delivers an excellent cycling capacity of 331 mA h g−1. Such a hetero- 
structure of MIL-100(Fe) composite 2D materials has broad appli
cation prospects in SIBs and is expected to expand to multivariate- 
MOF and covalent organic framework. 
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