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Abstract. We report the MoS2/graphene coupling as the result of the decomposition of a mixture 

of ammonium tetrathiomolybdate and graphene oxide in thermal shock conditions. X-ray 

diffraction and Raman spectroscopy showed that the temperature of 400°C is sufficient for the 

formation of MoS2 crystallites. High-resolution electron microscopy detected that nanoscale MoS2 

crystallites are oriented along or perpendicular to the graphene surface or they are incorporated 

between the graphene layers. Electron energy loss C K-edge spectra confirmed a firm bonding 

between the components. Used as the electrodes of Li-ion batteries, the materials were able to 

sustain a specific capacity of 564 mAhg–1 at a current density of 10 Ag–1 with gradual growth of 

the capacity up to ~1730 mAhg–1 during next 425 operation cycles at 0.1 Ag–1. Our study revealed 

that rapid decomposition of the precursors creates defects in the graphene and MoS2 layers, short 

synthesis time enables the formation of few-layer MoS2 nanosheets, and high pressure, developed 

in the reactor, leads to covalent bonding between the components. These structural features ensure 

many sites for the adsorption of Li ions, fast transport of the ions, and high stability of the electrode 

during long-term operation of the battery.  
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1. Introduction 

Hexagonal MoS2 is a semiconducting material with a distance of 0.62 nm between the three-

atomic S-Mo-S layers [1]. Its electrochemical interaction with lithium ions includes the 

intercalation of lithium into the interlayer space and the conversion of LixMoS2 intercalates to 

molybdenum and Li2S [2]. The intercalation and conversion processes yield to specific capacities 

of 167 and 502 mAh g–1, respectively. Studies of MoS2-based electrodes have shown that the 

extraction of lithium ions results in the formation of sulfur species [3]. In the following charge-

discharge cycles, the battery works like the Li–S system, where the redox reaction of elemental 

sulfur with lithium yields a theoretical capacity of 1675 mAh g–1 [4]. Dissolution of intermediate 

polysulfides in the electrolyte results in fading of the capacity and addition of carbon in the 

electrode material prevents this process [5]. Graphitic carbon component stabilizes the active 

material and improves its electrical conductivity [6].  

Chang K. and Chen W. were the first to propose a method of the synthesis of nanostructured 

MoS2/graphene materials by a hydrothermal treatment of sodium molybdate and graphene oxide 

(GO) in the presence of an organic compound [7, 8]. The materials were able to deliver the specific 

capacity of 1187–1290 mAh g–1 at a current density of 0.1 A g–1 with no capacity fading during 

50–100 cycles of the Li-ion battery operation. To date, several approaches are proposed to obtain 

MoS2/graphene nanomaterials and their description can be found in a recent review [9]. The 

synthesis may include hydrothermal [10, 11], solvothermal [12, 13], sonication [14], microwave 

[15], and hot pressing [16, 17] treatments or be based on self-assembly [18, 19] and template [20] 

methods. The best reversible capacities for the MoS2/graphene anodes tested in Li-ion batteries at 

a current density of 0.1 A g–1 are within the range of 1350–1390 mAh g–1 [14, 21–24]. An even 

higher value of 1670 mAh g–1 is reported for MoS2 layers vertically grown on mesoporous carbon 

[25]. These high specific capacities cannot be explained by exclusively redox reactions between 

sulfur and lithium because the weight of the working electrode accounts molybdenum, which is 

inactive in these reactions. One of the reasons for the boost of the Li storage could be the 

augmentation of the surface and interfacial area in nanostructured electrodes that leads to more 

active sites for the adsorption of Li ions [26]. Reducing the anode materials to nanoscale can also 

prevent large volume changes during cycling and thus extend battery life [27].  

Many various architectures were designed to achieve the highest synergism between carbon 

and MoS2 components and improve the performance of the composite material in Li-ion batteries. 

It was shown that the vertical orientation of MoS2 sheets relative to the graphene surface and 

enlarged distance between the sheets increase the rate capability of the battery [25, 28–31]. A high 

crystallization of MoS2 and graphene layers and tight interface contact between their basal planes 

decreases the loss of the capacity at the first insertion of Li ions [32]. Sandwiching of MoS2 



between graphene layers [33–35] and encapsulation of MoS2 in graphene-like spheres [24, 36], or 

carbon matrixes [37, 38] prevent fading of the capacity during long-term cycling at high current 

densities.  

The studies of electrode materials after several discharge-charge cycles detected Mo clusters 

with a size smaller than 2 nm [39–41]. The calculations performed within density functional theory 

(DFT) predict that these clusters readily interact with lithium [41]. Hence, the reversible formation 

of MoxLiy species can contribute to the lithium storage in MoS2-based electrodes [42]. The Mo 

clusters could also act as pining sites for lithium polysulfides thus preventing their dissolution 

[43]. Stabilization of atoms or clusters of molybdenum can be achieved through the bonding with 

functional groups [44–46] or dangling carbon atoms [47, 48] present in the structure of carbon 

component. A strong interaction at the MoS2/graphene interface boosted the charge transfer [44] 

and contributed to the steady growth of the capacity [48]. 

In this paper, we report a simple approach, based on simultaneous thermal decomposition of 

the precursors of MoS2 and graphene in an inert atmosphere, which provides a tight coupling of 

the components at nanoscale. This technique has shown a capability for the preparation of few-

layer graphene materials from the graphite derivatives [49]. Here, the mixtures of graphene oxide 

(GO) and ammonium tetrathiomolybdate (ATM), (NH4)2MoS4, are used to obtain few-layer MoS2 

nanocrystals distributed on the graphene surface or between the graphene layers. Electrochemical 

tests of the MoS2/graphene materials showed superior performance in Li-ion batteries. 

2. Experimental 

2.1 Materials 

Graphite oxide was synthesized using a modified Hummer’s method. The details of the 

synthesis and results of characterization of the product are described elsewhere [50]. ATM was 

prepared by passing gaseous H2S through an ammonium solution of (NH4)6Mo7O24·4H2O. Needle 

reddish-brown crystals were collected on a glass filter, washed with ethanol, and dried in air.  

The weighted graphite oxide specimen was dispersed in water using mechanical stirring and a 

certain amount of freshly prepared ATM was added there. After the complete dissolution of ATM, 

the container with the suspension was immersed into liquid nitrogen. The obtained product was 

freeze-dried under 10 Pa at –50 °C to get ATM/GO aerogel. A vertical quartz reactor constantly 

flushed with argon was heated by an electrical oven to 400 °C and the aerogel was quickly placed 

there. After 15 s, the reactor was removed from the oven and naturally cooled to room temperature. 

The ratio of the precursors used in the synthesis was calculated according to the decomposition 

reaction of ATM (NH4)2MoS4 → MoS2 + 2NH3↑ + 2H2S↑, and considering~45% weight loss of 

used GO under thermolysis at 400 °C (Fig. S1). The masses of the ATM and graphite oxide were 



in a ratio of 0.81, 1.62, and 2.44 to obtain MoS2/graphene materials with the corresponding weight 

ratio of the components 1:1, 2:1, and 3:1, respectively. These samples are denoted as 1MoS2/G, 

2MoS2/G, and 3MoS2/G, respectively. Reference samples were synthesized from pure ATM 

(MoS2 sample) and pure GO (G sample) under the same synthesis conditions as hybrid samples.  

2.2  Instrumental methods 

Thermogravimetric (TG) study of GO and ATM/GO aerogels was performed on an STA 449 

F1 Jupiter thermal analyzer in a helium flow (30 mL min–1) at a heating rate of 10 °C min–1. The 

study was accompanied by evolved gas analysis (EGA) using a QMS 403D Aëolos quadrupole 

mass spectrometer (MS, Netzsch, Germany). An electron impact ionizer operated at an energy of 

70 eV. Ion currents of the selected mass/charge (m/z) numbers were monitored in multiple ion 

detection mode with a collection time of 1 s for each channel. 

Contents of elements in MoS2/G samples were determined using a vario MICRO cube analyzer 

(Elementar, Germany) in the CHNS mode. The specific surface area of the samples was calculated 

by the Brunner-Emmett-Teller (BET) method using N2 adsorption/desorption isotherms recorded 

on a Sorbi-MS analyzer (ZAO “Meta”, Russia) at 77 K.  

Morphology and structure of MoS2/G samples were characterized by scanning electron 

microscopy (SEM) on a FEI Helios 450S dual-beam microscope and high-resolution transmission 

electron microscopy (HR TEM) on a Titan 60-300 microscope (FEI, The Netherlands) using 80 

kV acceleration voltage. Electron energy loss (EEL) C K-edge spectra were recorded using a high 

resolution Quantum GIF spectrometer (Gatan, USA). A specimen was prepared by ultrasonic 

dispersion of MoS2/G in isopropanol on a copper TEM grid.  

The phases were identified using X-ray diffraction (XRD) patterns taken on a Shimadzu XRD-

7000 diffractometer (Cu Kα radiation, Ni filter on the reflected beam). Raman scattering was 

recorded with a Spex triple spectrometer using an Ar+ laser at 488 nm. The power and spot of the 

laser beam were 0.5 W mm–2 and 0.1 mm, respectively. 

X-ray photoelectron spectroscopy (XPS) experiments were performed at the Berliner 

Elektronenspeicherring für Synchrotronstrahlung (BESSY II), Helmholtz Zentrum Berlin using 

radiation from the Russian−German beamline. The spectra were measured using 

monochromatized radiation at 830 eV with an energy resolution of better than 0.4 eV (full width 

at half maximum, FWHM).  

2.3  Electrochemical measurements 

The working electrodes were prepared by mixing the material used (80 wt.%), super P (10 

wt.%) and polyvinylidene fluoride (10 wt.%) in N-methyl-2-pyrrolidinone (NMP). The resulting 

suspension was distributed over a copper foil and dried at 60 °C for 12 h under vacuum. The weight 



of each electrode material was ca. 1 mg. The CR2032 coin cells were assembled in a glove box 

filled with argon, with lithium metal as the counter electrode. The electrolyte was a 1 M solution 

of LiPF6 in a mixture of ethylene carbonate and dimethyl carbonate (1: 1 by volume) from Merck 

Co. Galvanostatic charge/discharge tests were performed on a NEWARE CT-3008 station in the 

voltage range from 0.01 to 2.50 V vs. Li/Li+ at current densities from 0.1 A g-1 to 10 A g-1. Cyclic 

voltammograms (CV) were recorded using a Bio-Logic SP-300 station from 0.01 to 3.0 V. 

3. Results and discussion 

The summary of MoS2/G materials preparation is shown in Fig. 1. GO strongly interacts with 

H2O molecules via oxygen-containing groups, resulting in its delamination and the formation of 

stable aqueous suspension [51]. In this suspension, the surface of the layers is highly assessable 

for ATM molecules. We expect that fast freezing of the solution to the temperature of liquid 

nitrogen and removal of the ice by sublimation produce an aerogel consisting of GO layers 

uniformly coated by ATM species. Thermal decomposition of the aerogel accompanied by 

flushing of the reactor with an inert gas should yield MoS2 nanocrystals anchored to the surface of 

graphene. 

 
Figure 1. Schematic presentation of the process of the synthesis of MoS2/graphene samples. 

 

TG study of the decomposition of ATM/GO aerogel in helium atmosphere revealed three 

stages (Fig. S2): GO loses oxygen groups between 110 and 210 °C, (NH4)2MoS4 decomposes to 

MoS3 at about 310 °C, and MoS3 decomposes to MoS2 at about 410°C. These values agree with 

the characteristic temperatures of GO reduction and thermal transformation of ATM from the 

literature [52–54]. The aerogel continues to lose weight up to 800 °C (Fig. S2). The main released 

gas in the temperature range of 410–750 °C is CO2, which indicates continuous GO decomposition.  

To obtain the MoS2 crystals as small as possible, the syntheses of the MoS2/graphene materials 

were carried out at 400 °C. Concentrations of elements determined from the CHNS analysis are 

summarized in Table 1. Note, that the samples contain traces of nitrogen derived from ATM. The 



concentration of carbon is systematically lower than that assumed from the ATM and GO 

decomposition reactions. Under thermal shock conditions some carbon atoms from graphene 

lattice are removed together with oxygen atoms. This process is favorable when the hydroxyl and 

epoxy groups are located near to each other [55]. However, the fraction of carbon in the samples 

is in correlation to the ratio of precursors, used for sample preparation. A decrease in the amount 

of carbon in a set of samples 1MoS2/G>2MoS2/G>3MoS2/G is accompanied by a reduction of the 

BET surface area from ca. 57 m2 g–1 determined for 1MoS2/G to ca. 6 m2 g–1 for 2MoS2/G and 

then to ca. 5 m2 g–1 for 3MoS2/G. The concentration of sulfur in the products also changes in 

accordance with the ratio of ATM and GO used in the synthesis and the CHNS values well agree 

with the expected ones. The total content of molybdenum and oxygen, which was determined as 

the residual weight of the analyzed sample, is almost constant and this may indicate an excess of 

sulfur in 2MoS2/G and 3MoS2/G at least. According to the XPS data, all samples are enriched by 

sulfur (Table 1) as compared to ideal MoS2 composition and the sulfur to molybdenum ratio 

increases with the use of more ATM in the synthesis. The concentrations of elements determined 

by the two methods are in fairly good agreement and the differences may be due to the fact that 

XPS is a surface-sensitive method.  

 

Table 1. Concentrations of elements in MoS2/G materials expected from decomposition reactions 

of ATM and GO and determined by CHNS (error ~10%) and XPS (error ~10%) analyzes. 

Sample Expected, wt% CHNS, wt% XPS, wt% 

 C S Mo C S N Mo+O C S Mo O 

1MoS2/G 50 20 30 33.3 22.6 1.8 42.3 45.1 18.8 22.5 13.5 

2MoS2/G 33 27 40 22.9 31.1 1.5 44.5 43.7 20.2 20.4 15.8 

3MoS2/G 25 30 45 15.9 39.5 1.2 43.4 30.6 28.2 23.6 17.6 

 

SEM study of the synthesized materials showed interconnected thin graphene layers (Fig. 2). 

The image of 1MoS2/G sample (Fig. 2a) is typical for aerogels and hydrogels prepared from 

reduced GO [18, 56]. An increase in the loading of graphene layers by MoS2 causes the formation 

of denser structures (Fig. 2b,c). The same regions of the samples recorded in back-scattering 

electron (BSE) mode are shown in Fig. 2d–f. Since molybdenum and sulfur are heavier than 

carbon, they provide more backscattered electrons and appear on the image as bright regions. 

Uniform BSE contrast of the most graphene layers implies homogeneous distribution of MoS2 

layers in the 1MoS2/graphene materials. Bright dendritic structures observed in 2MoS2/G and 

3MoS2/G samples (Fig. 2e, f) correspond to MoS2 crystals trapped between thin graphene layers. 

Previously, the growth of the dendritic MoS2 monolayers was observed in chemical vapor 



deposition syntheses when the relative concentration of sulfur was large [57]. This is also true for 

our syntheses, carried out at the temperature, when according to the TG data excess sulfur is still 

not removed from the decomposition products (Fig. S2).  

 

 
Figure 2. SEM images of 1MoS2/G (a, d) 2MoS2/G (b, e) and 3MoS2/G (c ,f) in conventional mode 

(a–c) and BSE mode (d–f). 

 

A comparison of the XRD patterns demonstrated a decrease in the relative intensity of (002) 

graphitic reflection with an increase of the MoS2 fraction in the obtained materials (Fig. 3a). Due 

to a complex shape of the patterns, the width of this reflection is hard to determine, however, the 

absence of a sharp peak at the corresponding diffraction position is a sign of high exfoliation ratio 

of the graphene layers. The peak at about 2θ=14.4° corresponds to the distance of 0.62 nm, 

characteristics of the interlayer spacing in 2H-MoS2 [58]. This peak is suppressed in the pattern of 

1MoS2/G as compared to the samples with higher MoS2 loading. Since the XRD data were 

collected for samples of approximately the same mass and under identical experimental conditions, 

the lower intensity of the (002) 2H-MoS2 reflection indicates a smaller number of stacked layers 

in 1MoS2/G. This number is most likely less than five [59]. The presence of (hkl) reflections at ca. 

33.5, 40.1, and 58.9° in the patterns of all samples characterizes atomic ordering in the MoS2 

layers.  



 
Figure 3. XRD pattern (a) and Raman scattering of MoS2 component (b) and graphene component 

(c) measured for synthesized samples. 

 

Raman spectroscopy confirmed the formation of MoS2 in all the studied samples (Fig. 3b). 

Positions of peaks E12g and A1g associated with in-plane and out-of-plane vibrations of atoms in 

the MoS2 layers are 379.3–380.1 cm–1 and 403.2–403.9 cm–1, respectively. These values, while 

being significantly smaller than the corresponding values of 383 and 408 cm–1 for bulk MoS2 [60], 

could not be explained by any form of MoS2 few-layer structures [61]. The softening of intralayer 

MoS2 vibrations is attributed to strong coupling with the support and strain in the layers [62]. The 

number of layers affects the distance between peaks E12g and A1g. This value is ca. 24.3 cm–1 for 

2MoS2/G and 3MoS2/G samples and it decreases to ca. 23.1 cm–1 for 1MoS2/G. Based on the 

reference data for MoS2 flakes [61], we conclude the number of stacked MoS2 layers in the first 

two samples is about 5–6 and about 3 in the latter sample. In the interval from 1000 to 2000 cm–1 

the spectra exhibited peaks corresponding to the carbon component in the samples (Fig. 2c). G-

peak located at 1591 cm–1 originates from the stretching of C-C bonds and D-peak at 1359 cm–1 is 

induced by disorder in sp2-hybridized carbon lattice [63]. High relative intensity of D-peak is 

common for graphene materials obtained by the thermal expansion of graphite oxide [64]. Folds, 

atomic vacancies, topological defects, and sp3-bonds with the residual hydrogen and oxygen are 

responsible for D-peak activation.  

The electronic state of carbon, sulfur, and molybdenum was analyzed for 2MoS2/G. C 1s 

spectrum of the sample exhibited a dominant peak at ca. 284.6 eV (Fig. 4a), which is characteristic 

of sp2-hybridized carbon. A component at ca. 285.3 eV is attributed to disordered sp2-carbon 

surfaces including possibly C–H bonds [65]. The C–S bonding between graphene and MoS2 in the 

hybrid gives the component at ca. 286.1 eV [66, 67]. The C–O component at ca. 287 eV can be 

attributed to carbon interacting with hydroxyl group or to C–O–Mo bonding. Weak components 

at ca.288.1 and 289.2 eV correspond to carbonyl and carboxyl groups, respectively. The fitting of 



the spectrum that ca. 10 % of carbon is bound to oxygen. TG-EGA data for ATM/GO aerogel 

recorded a high ion current corresponding to CO2 at a temperature of ca. 600°C (Fig. S2), since 

our samples produced at 400°C contain a small fraction of carbon bonded with oxygen, we 

conclude that decomposition of GO under thermal shock occurs much faster than that with slow 

heating.  

 
Figure 4. XPS C 1s (a), S 2p (b), and Mo 3d (c) spectra of 2MoS2/G sample. 

 

The XPS S 2p spectrum of 2MoS2/G was fitted by 2p3/2/2p1/2 spin-orbit doublets with the 

intensity ratio of 2:1 of the components and the splitting of 1.2 eV (Fig. 4b). An intense doublet 

with binding energies of the 2p3/2/2p1/2 components of 162.2/163.4 eV corresponds to sulfide S2– 

in MoS2 [68]. Next doublet at 163.2/164.4 eV is attributed to bridging S22– pairs at the edges of 

MoS2 layers [54] or elemental sulfur S0 [69]. A doublet at 163.9/165.1 eV could be assigned to S–

C bonds [67, 70] at the MoS2/graphene interface. A low-energy shoulder is due to the MoS2 edge-

like sites [71]. The high-energy doublet indicates the presence of oxidized sulfur states on the 

sample surface [69]. Non-oxidized sulfur states form a low-energy S 2s peak in the region of Mo 

3d core levels (Fig. 4c). The XPS Mo 3d spectrum of 2MoS2/G was fitted by three spin-orbit 

doublets with the intensity ratio of 3:2 for the 3d5/2/3d3/2 components separated by ∼3.1 eV. The 

dominant doublet at 229.2/232.3 eV corresponds to the Mo4+ state in MoS2 [68], the weak doublet 

at 229.0/232.1 eV is attributed to tight Mo–C contacts [72] and component Mo–O–C at 

230.3/233.4 eV is assigned to the bonding between graphene and MoS2 through oxygen. [17].  

A firm bonding between graphene and MoS2 layers achieving in thermal shock conditions was 

also confirmed using EELS measurements for graphene areas rarely populated by MoS2 

nanoparticles and completely covered by MoS2 (Fig. 5a,b). The C K-edge spectra (Fig.5c) for both 

areas exhibited the π* and σ* resonances characteristic of sp2-hybridized carbon materials [73]. 

The spectrum of graphene under continuous MoS2 coating shows an increase in the intensity 

between these resonances, which is commonly attributed to covalent bonds of carbon atoms with 

foreign elements. In our case, these spectral features could indicate the formation of C–S, C–Mo–

S, or C–O–Mo bonds between graphene and MoS2. These bonds were identified in the XPS spectra 



(Fig. 4). It has been shown that covalent bonds between MoS2 and carbon component enhance the 

stability of electrode materials in Li-ion batteries [46, 48, 70, 74, 75]. 

 
Figure 5. TEM images of 2MoS2/G sample (a,b) and EEL spectra measured at C K-edge (c) for 

the selected regions. TEM images of 2MoS2/G sample showing (d) porous deposits on graphene 

layers, (e) MoS2 agglomerates in deposit, (f) intertwined MoS2 nanosheets vertically oriented to 

graphene surface (enlarged squire from (e)) and MoS2 layers aligned along graphene surface (g) 

and sandwiched between defective graphene layers (h). Nanoscale vacancy defects in graphene 

layers are shown by circles in (g).  

 

TEM study detected porous deposits on or between graphene layered (Fig. 5d). HR TEM 

images showed that the deposits consist of vertically oriented MoS2 nanosheets (Figs. 5e,f). The 

intertwining of nanosheets from neighboring stacks produces pores. MoS2 monolayers and bi-



layers are distributed along with the graphene layers on the surface of flakes (Fig. 5g) or forming 

the sandwich-like structure (Fig. 5h). Decomposition of GO in thermal shock conditions results in 

the formation of nanoscale pores in graphene layers (shown by circles in Fig. 5g). 

Electrochemical tests of the synthesized materials in Li-ion half-cells detected initial values of 

the specific capacity equal to 1150 mAh g–1 for 1MoS2/G, 1640 mAh g–1 for 2MoS2/G, and 1213 

mAh g–1 for 3MoS2/G at a current density of 0.1 A g–1. In the subsequent cycles, 1MoS2/G and 

2MoS2/G electrode materials lost ca. 28 % of the initial capacity and the loss was ca. 20 % for 

3MoS2/G electrode. The irreversible capacity is due to the formation of solid electrolyte interphase 

(SEI) layer [76] and trapping of Li ions by high energy cites of electrode materials [32]. The first 

discharge curves of all electrode materials exhibited a small plateau around 1.8–1.9 eV (Fig. S3), 

which indicates an interaction of Li ions with elemental sulfur or S22– pairs present at MoS2 edges. 

The plateaus corresponding to the intercalation of Li ions between MoS2 layers (around 1.1 V vs. 

Li/Li+ [42]) and graphene layers (below 0.2 V vs. Li/Li+ [4]), and the conversion of LixMoS2 

intercalates to Mo and LiS2 (around 0.6 V vs. Li/Li+ [42]) are difficult to distinguish on slopes, but 

should appear on CV curves. Such behavior is a characteristic of poorly ordered structures 

containing various adsorption sites [77].  

To determine the potentials for electrochemical interaction of MoS2/G with Li ions, we have 

measured CV curves at a scan rate of 0.1 mV s–1. Typical curves for three initial full discharge-

charge cycles are shown in Fig. 6a. Four prominent peaks at 1.58, 1.46, 0.2, and 0 V vs. Li/Li+ are 

observed at the first insertion of Li ions into the electrode material. The first two peaks appear at 

the potentials, which are larger than the potential of LixMoS2 intercalates formation. A study of 

MoS3/graphene materials found the reduction peaks at 1.59 and 1.45 V, which were attributed to 

the interaction of MoS3 with Li ions yielding MoS2 and the subsequent intercalation of the obtained 

MoS2, respectively [78]. Although these values are very close to the positions of the discussed 

peaks for our materials (Fig. 6a), we cannot use the above-mentioned assignment for the peak at 

1.58 V because of the XRD, XPS, and HR TEM data indicated the formation of MoS2 layers as 

the result of the synthesis. We suppose this peak is due to the insertion of Li ions into the interface 

between graphene and MoS2. Indeed, the theory predicts that the accommodation of Li in 

MoS2/graphene space should require more energy as compared to that between MoS2 layers (~1.1 

V) [79]. A wide CV peak centered at ca. 0.25 V can be attributed to the decomposition of LixMoS2 

into Mo and Li2S. A sharp peak at ca. 0.01 V corresponds to the intercalation of Li ions between 

graphene layers. On the de-lithiation curve, there are two large peaks at 2.2 and 1.9 V and a weak 

peak at ca. 1.35 V that accompany the extraction of Li ions from the electrode materials. The latter 

peak can be due to the lithium de-intercalation through vacancy defects [77, 80] created in 

graphene layers under thermal shock conditions. The peaks with higher potentials correspond to 



partial de-lithiation of lithium sulfides with the formation of Li2Sn (n>4) and Li2S2, respectively 

[81]. The second and third CV curves showed a decrease in the areas of the reduction peaks at 1.46 

and 0.25 V and rise of the peak at 1.58 V. These CV curves almost overlap, indicating the 

reversibility of reactions of the Li intercalation to MoS2/graphene interface and redox interactions 

between sulfur and Li ions.  

 

Figure 6b compares the rate behavior of the electrode materials for ten cycles at different 

current densities. The best-performing material 2MoS2/G was able to reversibly deliver 1044, 924, 

868, and 817 mAh g–1 at current densities of 0.1, 0.5, 1, and 2 A g–1, respectively. The capacity of 

this electrode was even increased to 1246 mAh g–1, when the current density was switched back 

to 0.1 A g–1 after 80 cycles. Material 3MoS2/G had the capacity values lower by 40–120 mAh g–1 

than the corresponding values for 2MoS2/G. However, at a high current density of 2 A g–1 this 

electrode still delivered 769 mAh g–1 and its capacity reached 1165 mAh g–1 in the following cycles 

at 0.1 A g–1. Material 1MoS2/G with the least MoS2 loading showed the lowest values of the 

specific capacity at all applied current densities. The weight fraction of MoS2 in this material is 

below 60 % (Table 1) and this may not be enough to provide a high capacity of the hybrid. For 

 
Figure 6. CV curves of 1MoS2/G for the first three cycles at a scan rate of 0.1 mV s–1 (a). Rate 

capability of synthesized materials (b). Consistent cycling of 3MoS2/G (c) and 2MoS2/G (d) at 

current densities of 5 A g–1, 10 A g–1, and 0.1 A g–1. 

 



further demonstration, we studied samples MoS2 and G obtained from correspondently ATM and 

GO in thermal shock conditions (Fig. S4). At current densities of 0.1 and 0.5 A g–1, pure MoS2 

had specific capacities comparable with the corresponding values for MoS2/G materials, while the 

capacity dropped rapidly as the current density increased to 1 A g–1. The Li-ion cell with thermally 

exfoliated graphene material worked stable at all current densities, but the capacity did not exceed 

615 mAh g–1 at 0.1 A g–1. These results confirm the benefits of combining the two components 

into hybrids.  

The cells with two best hybrids were further tested at higher rates. The electrode 3MoS2/G 

sustained 548 mAh g–1 at a current density of 5 A g–1 and 140 mAh g–1 at 10 A g–1 (Fig. 6c). After 

twenty repeating discharge-charge cycles at 10 A g–1, the current density was returned to 0.1 A g–

1 that resulted in the growth of the specific capacity until 1327 mAh g–1. However, after more than 

150 successful operation cycles, the capacity dropped to 1060 mAh g–1 and then gradually 

decreased over the next four hundred cycles. The electrode 2MoS2/G delivered 717 and 564 mAh 

g–1 at current densities 5 and 10 A g–1, respectively (Fig. 6d). The value of the specific capacity 

was 1060 mAh g–1 when the current density was decreased to 0.1 A g–1 and during the next 425 

operation cycles the capacity stabilized around to 1730 mAh g–1. The different behavior of 

3MoS2/G and 2MoS2/G during long-term tests can be associated with different amounts of MoS2 

in the hybrid. An ultimate contact between graphene and MoS2 surfaces is achieved when the 

weight ratio of MoS2 to carbon is 1.45 [17]. An estimate from the CHNS data (Table 1) gives the 

values of ca. 1.35 for 2MoS2/G and ca. 2.48 for 3MoS2/G. Hence, the ratio of the components is 

close to optimal in the former hybrid, while MoS2 overloads the latter material. The graphene 

component of 3MoS2/G cannot properly stabilize the redox-active component and provide 

sufficient electrical conductivity of the hybrid [46] whose capacity as a result decreases during 

cycling (Fig. 6c). 

A gradual increase of the specific capacity under long-term repeated insertion/extraction of Li 

ions is uncommon phenomena for electrode materials but was previously observed for carbon 

materials [82], MoS2 nanosheets on a Ti substrate [83], and MoS2/carbon composites [36, 41, 48, 

84, 85]. In the case of carbon, such behavior is attributed to the activation of initially closed pores 

[82, 48] and the extension of vacancies, which facilitate intercalation of Li ions between the layers 

[84]. A major contribution to the extra capacity in MoS2 was related to the accommodation of 

several Li ions with Mo atoms and clusters [41]. Convincing identification of such species requires 

special approaches such as cryo-scanning TEM [40]. To find out the reasons for the increase in 

capacity in 2MoS2/G material, we analyzed discharge-charge curves measured at 540th cycle. 

Compared to initial battery operation (see the third cycle in Fig. S3), the discharge-charge curves 

have no distinguished plateaus at 540th cycle (Fig. S5). Hence, the electrode material is a mixture 



of defective graphene-like layers, molybdenum clusters, and sulfur species. A gain in the capacity 

with long-term cycling was received from all reactions (Table S1), namely, the interaction of Li 

ions with carbon component below 0.2 V, Mo atoms and clusters between 0.2 and 1.9 V, and sulfur 

species above 1.9 V. During long repeating insertion/extraction of Li ions, the Mo nanoparticles 

formed during the MoS2 conversion gradually decrease to atomic-scale and this creates more sites 

for the accommodation of lithium [41]. The interactions between Li ions and highly-dispersed 

molybdenum lead to an increase in the capacity of the material by about two times at compared to 

that at the third cycle (Table S1). At the same time, the contribution from the reaction of Li ions 

with graphene component increased by more than three times. HR TEM images observed 

vacancies in graphene layers (Fig. 5g). These vacancies can extend during the cycling [84] thus 

facilitating the insertion of more Li ions between the graphene layers. The ratio of the components 

in 2MoS2/G allows part of the graphene surface to remain uncoated with MoS2 and therefore the 

contribution from the defective carbon component in the capacity of this sample is so significant. 

A large amount of MoS2 in 3MoS2/G covers the entire surface of graphene (Fig. S6), blocking the 

access of Li ions to vacancies. 

The rate tests show that the synthesized MoS2/G materials can survive current densities of 5–

10 A g–1 and recover initial capacity afterward. The specific capacities delivered by the 2MoS2/G 

electrode are among the best values reported for MoS2/carbon materials (Table 2). At the selected 

current densities of 0.1, 0.5, 5, and 10 A g–1 this electrode fails behind to only to two materials 

from the list, namely, the composite MoS2/C-3, where curved and bent MoS2 particles were 

distributed in an amorphous carbon matrix [37], and the sandwich-like structure from few-layered 

graphene and metallic 1T-MoS2 nanosheets [41]. However, the syntheses of these materials are 

energy- and time-consuming, while our MoS2/G materials are produced quickly and in a scalable 

manner.  

 

Table 2. Comparison of the performance of 2MoS2/G material in a lithium-ion battery with the 

best examples of high-rate MoS2/carbon electrodes reported in the literature. Values exceeding 

capacities obtained in this work are highlighted in bold.  

Sample Reversible capacity (mAh g–1) at given current density Ref. 

0.1 A g–1 0.5 A g–1 5 A g–1 10 A g–1 

2MoS2/G 1730 920 717 564 this work 

VA-C/MoS2 1085 891 702 - 11 



EG-MoS2 1385  1217  970  - 14 

NDG/MoS2 1050  810  460  - 19 

HFMEC-91 954.5  - 675.7 562.9  20 

MoS2/GNS-15 1483 - - - 21 

AC-MoS2 1355  ~1050 ~830 670  23 

MoS2@NC - 1360  565  - 24 

MoS2/hCNC 1535  ~1350 633  543  25 

MoS2-NC - 926  574  - 28 

G/MoS2 ~1100 903  ~640 - 29 

MoS2@C ~1180  ~1080 ~800 597  31 

MoS2/C-3 1742.7 ~1680  - 672.8  37 

1T-MoS2/graphene 1840 ~1130 ~850 750 41 

MoS2/N-CNT - ~1100 ~930 792 75 

MoS3/r-GO - 1276 ∼1000 - 76 

1T-MoS2/C 1150 900 680 600 86 

MoS2/GNRA-65.2wt% - 854 ~600 507 87 

MoS2/Mo2N/C 958 775 575 - 88 

 

The kinetics of charge storage in the synthesized MoS2/G was studied from the analysis of CV 

curves measured at scan rates varied from 0.1 to 1 mV s–1 (Fig. 7a). The peak current (i) depends 

on the scan rate (v) according to the power law: i=avb [89]. A b value of 0.5 induces that diffusion 

controls an electrochemical process and for the case b=1 the process is capacitive. Figure 7b shows 

the plots log(i) vs. log(v) for the four main redox peaks observed in the CV curves (Fig. 7a). The 

b values determined from these plots are larger 0.85, hence capacitive-like processes dominate in 

the hybrids over diffusion-controlled reactions [90]. The largest impact of the diffusion is observed 

for the oxidation peak O2 (b=0.87). The equation i(v)=k1v + k2v1/2 was used to quantify the 

capacitive (the first term) and diffusion (the second term) contributions at a certain scan rate [91]. 



The kinetics analysis carried out at 1 mV s–1 is presented in Fig. 7c, where the shaded region 

corresponds to the capacitive contribution. Figures 7d summarizes ratios of the capacitive and 

diffusion behaviors at the used scan rates. The capacitive contribution increases with the scan rate 

and this evidences that high-rate performance of the MoS2/G materials is surface-controlled. A 

high degree of exfoliation of graphene and MoS2 layers, the small lateral size of MoS2, and tight 

contact between the components created in the conditions of thermal shock reaction provide the 

efficient exposure of the electrochemically active species to Li ions. 

 
Figure 7. CV curves of MoS2/G material at different scan rates (a), log(i) vs. log(v) plots for four 

redox peaks (b), contribution of the capacitive behavior into CV response measured at scan rate of 

1 mV s–1 (c), the normalized ratio of capacitive and diffusion-controlled contributions at different 

scan rates (d). 

4. Conclusions 

MoS2/graphene materials were synthesized in a simple way using GO and (NH4)2MoS4, which 

are commercially available. GO easily exfoliates in water giving charged layers for the adsorption 

of (NH4)2MoS4 species. Rapid freezing of the dispersion and sublimation of solvent leads to the 

formation of an aerogel with a fine distribution of the precursor compounds. Decomposition of the 



aerogel in an inert atmosphere in the conditions of thermal shock produces defect-enriched 

graphene layers coupled with MoS2 nanosheets perpendicular to or aligned along the graphene 

surface. The synthesis temperature of 400°C is sufficient for removal of most oxygen from GO 

and arrangement of Mo and S atoms in hexagonal MoS2 lattices. High pressure created by the 

gases evolved during the synthesis, enables curving and intertwining of vertical MoS2 nanosheets 

and formation of covalent bonding with graphene. As the result, obtained MoS2/graphene materials 

possess a high capacity, high rate capability and stability in Li-ion batteries. The material with a 

ratio of MoS2 to carbon of about 4 to 1 by the weight showed the best performance reversibly 

delivering 1044, 717, and 564 mAh g–1 at current densities of 0.1, 5, and 10 A g–1. These values 

are among the best ones currently reported in the literature. Moreover, when the current density 

was switched from 10 to 0.1 A g–1 the specific capacity of the material increased to 1730 mAh g–

1 during the next operation cycles. This phenomenon was related to the enlarging atomic vacancies 

in graphene layers, accommodation of several Li atoms around on a Mo atom, and complete 

extraction of Li ions from lithium sulfides. The last two processes are attributed to anchored and 

dispersed molybdenum and sulfur species on and between defective graphene layers. 
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