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ABSTRACT

Molybdenum disulfide/graphene (MoS2/rGO) nanocomposites are a promising

candidate for energy storage materials. However, it is still a challenge to uni-

formly disperse MoS2 on rGO nanosheets, which the performance mainly

depends on. In this work, we demonstrate a novel method to synthesize the

three-dimensional (3D) MoS2/rGO nanocomposites by the high-gravity reactive

precipitation in a rotating packed bed (RPB) reactor combined with the

hydrothermal method. The prepared nanocomposites have higher purity and

larger specific surface area than that prepared in the traditional stirred tank

reactor (STR). More importantly, MoS2 is uniformly and densely dispersed on

rGO nanosheets, resulting in the formation of an even 3D network structure and

contributing to the achievement of excellent energy storage performance. The

specific capacitance of the nanocomposites reaches 294 F g-1 at a scan rate of

20 mV s-1, which is obviously higher than that of pure MoS2 (122 F g-1) and

rGO (23 F g-1). The calculated energy density and power density are

57 Wh kg-1 and 50 W kg-1, respectively. Moreover, the preparation process is

environmentally friendly, controllable and suitable for a large-scale production,

which is significantly important for the development of the electrode materials

applied in the supercapacitors.
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Abbreviations

RPB Rotating packed bed

STR Stirred tank reactor

MoS3/GO Molybdenum trisulfide/graphene

oxide nanocomposites

MoS2/rGO Molybdenum disulfide/graphene

nanocomposites

MoS2/rGO-R Molybdenum disulfide/graphene

nanocomposites prepared by RPB

MoS2/rGO-S Molybdenum disulfide/graphene

nanocomposites prepared by STR

Csp Gravimetric specific capacitance

Introduction

Owing to the rapid depletion of non-renewable

resources and the environmental pollution caused by

conventional energy sources, there is an urgent need

for environmentally friendly and high-performance

energy storage devices in recent years [1–3]. Super-

capacitor has attracted a tremendous interest because

of its advantages in high power density, long cyclic

stability and ultrafast charge–discharge rate, which is

considered to be one of the most promising electro-

chemical energy storage devices for a wide range of

applications, including portable electronics, backup

power supply, regenerative braking system, motor

starter, etc. [4–6]. Supercapacitor is mainly composed

of electrode, electrolyte, diaphragm and shell. The

charge storage mechanisms and performance of

supercapacitors are primarily governed by the elec-

trode materials [7, 8]. Hence, the development of a

facile approach for the large-scale and controllable

synthesis of the electrode materials with excellent

energy storage properties is very important for the

wide application of supercapacitors.

Molybdenum disulfide (MoS2), a typical transition-

metal sulfide, has attracted widespread attention due

to its unique physical and chemical properties [9–11].

The sheet-like morphology of MoS2 provides a large

surface area to facilitate the double-layer charge

storage [12]. Meanwhile, MoS2 presents pseudoca-

pacitance by the intercalation of electrolyte ions into

S–Mo–S nanosheets due to the multiple oxidation

states of Mo atoms, which plays an important role in

enhancing the charge storage behavior [13]. How-

ever, MoS2 suffers from the intrinsically poor

electrical conductivity, thus leading to a low specific

capacitance, which restricts its application as energy

storage materials alone [14–16]. Taking advantage of

the extraordinary electronic behavior, graphene has

been employed to hybridize with MoS2 to enhance

the electrical conductivity and increase the specific

capacitance [17, 18]. The introduction of graphene as

a template can facilitate electron transport through

MoS2 nanostructures and maximize the charge stor-

age capability [19, 20]. Thus, the molybdenum

disulfide/graphene (MoS2/rGO) nanocomposites

hold promise as supercapacitor electrode materials

[21].

The methods of the synthesis of MoS2/rGO

nanocomposites are hydrothermal method [22–24],

liquid exfoliation method [25], layer-by-layer tech-

nique [26], microwave heating [27–29] or laser writ-

ing [30, 31]. Among them, the hydrothermal method

is widely accepted because of its simple operation.

Thangappan et al. [23] presented an optimized pro-

cess for in situ formation of MoS2 on graphene sheets

by the hydrothermal method. The nanocomposite

shows a higher specific capacitance (270 F g-1 at

0.1 A g-1) than pure MoS2. However, in the forma-

tion process of MoS2 nanosheets, the growth rate is

very fast due to the formation of large quantity of

unstable MoS2 nuclei with high surface energy [23],

which makes it difficult to control the growth process

of MoS2, resulting in the uneven distribution and

agglomeration of MoS2 nanosheets. Therefore, it

remains a great challenge to controllably synthesize

the MoS2/rGO with good dispersion and appropriate

coverage density of MoS2 on rGO nanosheets during

the hydrothermal process, which is very important

for the large-scale production of MoS2/rGO

nanocomposites with excellent electrochemical

performance.

Herein, we proposed a novel process of the high-

gravity reactive precipitation coupled with

hydrothermal reduction process to prepare the

MoS2/rGO nanocomposites with uniform three-di-

mensional (3D) network structure. Firstly, molybde-

num trisulfide/graphene oxide (MoS3/GO)

nanocomposites were synthesized by the high-grav-

ity technology using a rotating packed bed (RPB)

reactor, and then, both of MoS3 and GO were reduced

to obtain the MoS2/rGO nanocomposites in the

hydrothermal process. In this way, the MoS2
nanosheets are evenly and densely dispersed on rGO,

which contributes to the formation of a homogeneous
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3D conductive network for the achievement of the

excellent energy storage performance. Remarkably,

the specific capacitance of MoS2/rGO nanocompos-

ites reaches 294 F g-1 at a scan rate of 20 mV s-1,

which is greater than that prepared by the traditional

stirred tank reactor (STR) (218 F g-1), indicating the

superiority of adopting RPB to synthesize MoS2/rGO

nanocomposites.

Experimental

Materials

Heptamolybdate ammonium tetrahydrate ((NH4)6-
Mo7O24�4H2O), L-cysteine (C3H7NO2S), potassium

permanganate (KMnO4), hydrogen peroxide (H2O2,

35%) were purchased from Sinopharm Chemical

Reagent Co., Ltd. (Shanghai, China). Sodium sulfide

nonahydrate (Na2S�9H2O), sulfuric acid (H2SO4),

nitric acid (HNO3), hydrochloric acid (HCl), ammo-

nium hydroxide (NH3�H2O) were purchased from

Beihua Fine Chemicals Co., Ltd. (Beijing, China). All

reactants were of analytical purity and used as

received. Deionized water was used throughout the

experiments.

Preparation of GO dispersion

GO was prepared from natural graphite via a modi-

fied Hummers’ method [32]. After freeze-drying the

GO product, 100 mg of GO was dissolved into

400 mL deionized water with the aid of ultrasound

for 2 h; then, the fresh GO dispersion was formed for

further use.

Preparation of MoS3/GO nanocomposites

MoS3/GO nanocomposites were synthesized via

high-gravity technology. The experimental setup for

the synthesis of MoS3/GO nanocomposites is

schematically shown in Fig. 1.

In a typical synthesis, 100 mL (NH4)6Mo7O24�4H2O

aqueous solution was added dropwise into 400 mL

fresh GO dispersion in tank A under continuous

stirring for 30 min. Then, the mixture and 100 mL

Na2S�9H2O aqueous solution (in tank B) were intro-

duced into RPB at the flow rate of 100 mL min-1 and

20 mL min-1, respectively. The mass ratio of raw

materials (NH4)6Mo7O24�4H2O to GO was 10 or 15.

After a period of reaction, 40 mL HCl solution

(9.0 mol L-1, tank C) and the resulted mixture (col-

lection chamber in tank D) were pumped into RPB

with the flow rate of 150 mL min-1 and

10 mL min-1, respectively. After the HCl solution

was exhausted, the products were pumped into RPB

in a recycling mode, which was processed for 30 min.

In this process, the rotating speed of RPB was set to

1500 rpm and the jacket temperature of RPB was

maintained at 40 �C. Finally, 70 mL brownish-red

MoS3/GO suspension was collected for the further

reaction.

For comparison, a similar process was performed

in STR. The solution from tank A, tank B and tank C

was pumped successively into tank D at 40 �C under

continuous stirring. After that, the resultant mixture

was stirred for another 30 min to obtain the brown-

ish-red MoS3/GO dispersion.

Preparation of MoS2/rGO nanocomposites

To convert the MoS3/GO nanocomposites into the

MoS2/rGO nanocomposites, the synthesized 70 mL

MoS3/GO suspension was first mixed with 1.0 g L-

cysteine. Then, the pH of the solution was adjusted to

4.50. Finally, the mixture was transferred into a

150-mL Teflon-lined stainless-steel autoclave and

heated at 200 �C for 24 h. After cooling to room

temperature, the obtained black precipitate was

washed with ethanol and water and freeze-dried for

further characterizations. For comparison, bare MoS2
and rGO samples were also prepared under the same

conditions.

For the convenience of expression, we will simply

refer to the synthesized MoS3/GO nanocomposites

by STR or RPB as MoS3/GO-S and MoS3/GO-R, and

the synthesized MoS2/rGO nanocomposites by STR

or RPB at the mass ratio of raw materials (NH4)6-
Mo7O24�4H2O to GO of 10 and 15 as MoS2/rGO-S10,

MoS2/rGO-S15, MoS2/rGO-R10 and MoS2/rGO-R15,

respectively.

Characterization

The crystal structure of the materials was determined

using Bruker D8 Advance X-ray diffractometer (XRD)

equipped with a CuKa tube. Transmission electron

microscopy (TEM) images were obtained with Hita-

chi HT7700 EXALENS. High-resolution transmission

electron microscopy (HRTEM) images and selected
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area electron diffraction (SAED) patterns were stud-

ied using Hitachi HR9500. X-ray photoelectron

spectroscopy (XPS) analysis was performed using a

Thermo ESCALAB 250 X-ray photoelectron spec-

trophotometer with an Al Ka anode (300 W). The

surface morphology of MoS2/rGO nanocomposites

was characterized by scanning electron microscopy

(SEM) (Hitachi S-4700, Japan). The specific surface

area was determined by Brunauer–Emmett–Teller

(BET) measurements using an ASAP2020 surface area

analyzer.

Electrochemical measurements were taken on a

CHI 760E electrochemical workstation with a stan-

dard three-electrode system at room temperature. A

platinum foil electrode and an Ag/AgCl electrode

were used as the counter and reference electrodes,

respectively. The electrolyte was 1 M Na2SO4 aque-

ous solution. The working electrode was prepared by

mixing the MoS2/rGO nanocomposites, ethanol and

Nafion solution in appropriate proportion to obtain

an optimum viscous suspension. The resulted slurry

was casted on a glassy carbon electrode and dried for

30 min under ambient condition. The electrochemical

measurements were characterized with a potential

range of - 0.8 to 0.2 V. Cyclic voltammetry (CV),

galvanostatic charge–discharge (GCD), cyclic stabil-

ity and electrochemical impedance spectroscopy

(EIS) measurements were taken to evaluate the elec-

trochemical performance. Before all electrochemical

experiments, the working electrodes were activated

by the cyclic voltammetry method with a scanning

rate of 100 mV s-1 for 500 circles. The gravimetric

specific capacitance (Csp, F g-1) of the samples was

calculated from the CV curves using Eq. (1) [33, 34].

Csp ¼
R
IdV

m � DV � m ð1Þ

where I is the response current (A), m is the active

mass of the electrode material (g), m is the potential

scan rate (V s-1) and DV is the potential window (V).

Results and discussion

Formation process and principle of MoS2/
rGO nanocomposites

The schematic illustration of the preparation process

for MoS2/rGO-R nanocomposites is given in Fig. 2. In

brief, the entire process is divided into two steps:

preparation of MoS3/GO nanocomposites by high-

gravity reactive precipitation method and prepara-

tion of MoS2/rGO nanocomposites by hydrothermal

reduction of MoS3/GO.

In the first step, MoS3 nanoparticles were synthe-

sized via an in situ reaction and deposited on GO due

to the interactions between functional groups on GO

sheets and Mo precursors [35]. The reactions were

taken place in RPB, and the equations are shown in

Figure 1 Schematic diagram

of experimental setup for the

synthesis of MoS3/GO

nanocomposites.
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Formula (2) [36]. In the raw materials solution, the

pH value of the resultant mixture was about 12, and

Mo(VI) ions were existed in the form of MoO4
2- [37].

When Na2S�9H2O was added, the released S2- would

combine with MoO4
2- to form MoS4

2-. Then, MoS3
nuclei attached on the surface of GO were formed

after the addition of HCl.

MoO2�
4 þ 4S2� þ 4H2O � MoS2�4 þ 8OH�

MoS2�4 þ 2Hþ ! MoS3 # þH2S "
ð2Þ

In the second step, MoS3 nanoparticles continued

to grow and were simultaneously reduced to MoS2
nanosheets during the hydrothermal process. GO

was also reduced to rGO by L-cysteine at the same

time. Eventually, the MoS2/rGO nanocomposites

with the morphology of MoS2 nanosheets uniformly

standing on rGO were synthesized.

According to the studies [38, 39], in the first step,

the induction time of MoS3 nucleation (s) is usually

within 1 ms. In order to obtain MoS3 distributed on

rGO uniformly, it is necessary to ensure that the

reaction environments of the system, such as the

concentration, temperature and supersaturation, are

homogeneous before nucleation. However, in the

traditional STR, the characteristic time of micro-

mixing (tm) is estimated to be on the order of

5–50 ms, which is obviously greater than s. So the

reaction environments cannot be completely uniform

before the nucleation of MoS3, indicating that it is

difficult to achieve the uniform distribution of MoS3
nuclei on GO. According to our previous research

[40, 41], RPB can intensify micro-mixing and mass

transfer effectively in the reaction system. The tm of

RPB is estimated to be 0.01–0.1 ms, which is smaller

than s. Therefore, the MoS3/GO nanocomposites are

suitable for synthesis in RPB to finely control the size,

dispersity and coverage density of MoS3 on GO

sheets, especially for the large-scale production. In

this way, the distribution of MoS2 nanosheets on rGO

during hydrothermal process can be precisely

controlled.

Structure and composition of samples

Figure 3a, b is the TEM image of the prepared MoS3/

GO-R and MoS2/rGO-R nanocomposites, respec-

tively. As can be seen from Fig. 3a, the MoS3
nanoparticles with irregular shapes are densely and

uniformly distributed on the surface of GO sheets.

Figure 3b exhibits the sheet-like MoS2 homoge-

neously anchored on rGO substrates. The average

longitudinal length of the MoS2 nanosheets is about

85 nm, and no MoS2 agglomeration can be observed

in the nanocomposites. From the SEM image of the

MoS2/rGO-R in Fig. 3c, it can also be seen that MoS2
is uniformly distributed, densely arranged and

interlaced on the surface of rGO to form an obvious

3D mesh structure [42]. The HRTEM image of MoS2/

rGO-R (Fig. 3d) shows that MoS2 nanosheets have a

hierarchical crystal lattice structure with an interlayer

distance of 0.93 nm. Each MoS2 nanosheet is com-

posed of 4–6 layers, which is lower than pure MoS2
(tens of layers) [43, 44], indicating that rGO inhibits

the restacking of MoS2 layers [42]. The d-spacing

value of MoS2 nanosheets is 0.26 nm, which can be

ascribed to the (100) plane of MoS2 [45]. In addition,

the clearly visible and non-overlapping lattice of

MoS2 indicates that MoS2 nanosheets are perpendic-

ular to rGO. The crystalline structure of MoS2/rGO-R

was also investigated by the SAED pattern, as shown

in Fig. 3e. Four diffraction rings attributed to the

(002), (100), (103) and (110) planes of MoS2 can be

obviously observed, indicating the formation of pure

hexagonal phase of MoS2 [46].

Figure 2 Schematic

illustration of the preparation

process for MoS2/rGO

nanocomposites.
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Figure 3f is the TEM image of the MoS2/rGO-S

nanocomposites synthesized by the traditional stir-

ring method. The MoS2 nanosheets are unevenly

distributed on the surface of rGO. Some MoS2
nanosheets are sparsely distributed, and some are

densely distributed and even agglomerated. Fig-

ure 3g shows the TEM image of MoS2/rGO-R15.

Comparing the morphology between MoS2/rGO-R10

(Fig. 3b) and MoS2/rGO-R15 (Fig. 3g), it can be

obviously seen that when the mass ratio of (NH4)6-
Mo7O24�4H2O to GO is increased from 10 to 15, the

loading of MoS2 on rGO increases remarkably,

resulting in excessive stacking and partially

agglomeration of MoS2 on rGO.

The nitrogen adsorption/desorption isotherms of

MoS2/rGO-R10 and MoS2/rGO-S10 nanocomposites

Figure 3 a TEM image of MoS3/GO-R. b TEM image of MoS2/

rGO-R. c SEM image of MoS2/rGO-R. d HRTEM image of MoS2/

rGO-R and the details of the MoS2 in the inset. e Typical SAED

pattern of MoS2/rGO-R. f TEM image of MoS2/rGO-S10. g TEM

image of MoS2/rGO-R15.
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are shown in Fig. 4. Both samples show the type-II

isotherms with hysteresis loop. The desorption hys-

teresis at the relative pressure between 0.2 and 0.9

reveals that the porosities of the nanocomposites are

mainly composed of mesoporous [42]. The BET

specific surface area of MoS2/rGO-S10 is calculated

to be 75 m2 g-1, which is only 62% of MoS2/rGO-R10

(121 m2 g-1). In addition, the MoS2/rGO-R10 has an

average pore size of 3.8 nm, which is larger than

MoS2/rGO-S10 (2.4 nm). Therefore, the uneven dis-

tribution of MoS2 nanosheets on the surface of rGO

synthesized in STR might lead to the decrease in the

specific surface area of MoS2/rGO-S10. The specific

surface area of MoS2/rGO-R15 reaches 133 m2 g-1.

However, the larger specific surface area of MoS2/

rGO-R15 than MoS2/rGO-R10 does not seem to

increase the specific capacitance, as discussed in

Electrochemical Characterization section.

Figure 5 shows XRD patterns of GO, MoS2 and

MoS2/rGO-R nanocomposites. The strong and sharp

diffraction peak of GO at 11.0� is corresponded to the

(001) crystallographic plane, and this plane is disap-

peared in the pattern of MoS2/rGO-R nanocompos-

ites, revealing the reduction of GO during the

hydrothermal process [23]. The diffraction peaks at

13.3�, 33.0�, 40.1� and 58.3� of MoS2 are assigned to

the (002), (100), (103), (110) crystallographic planes of

the hexagonal phase MoS2 (JCPDS No. 37-1492) [47].

From the XRD pattern of MoS2/rGO-R, the peak

attributed to (002) plane of MoS2 cannot be seen and

only two peaks attributed to (100) and (110) planes

can be found. This fact indicates that rGO inhibits the

growth of the (002) plane MoS2 crystal, resulting in

the reduction in the number of layers of MoS2

nanosheets [48], as can be seen from the HRTEM

image. The two new diffraction peaks of MoS2/rGO-

R located at 9.0� and 17.5� are named as a and b,
which are indexed to neither MoS2 nor rGO. The d-

spacing corresponding to a and b peaks should be

attributed to the interlayer distance of adjacent MoS2
nanosheets on rGO and the spacing between the

MoS2 layer and the rGO layer, respectively [17, 33].

Figure 6 shows the Raman spectra related to GO,

MoS2 and MoS2/rGO-R nanocomposites. Two peaks

at 1356 cm-1 and 1588 cm-1 are corresponded to D

and G bands of graphene [49]. D band represents the

defects nature of graphene, and the G band repre-

sents the structure ordering of graphene associating

with the sp2 carbon atom E2g vibration mode [50, 51].

From Fig. 6, it can be seen that the intensity ratio of D

and G bands (ID/IG) is less than 1 for GO and above 1

for MoS2/rGO-R, which demonstrates that a mass

Figure 4 Nitrogen adsorption isotherms of MoS2/rGO-R10 and

MoS2/rGO-S10 nanocomposites.

Figure 5 XRD patterns of pure MoS2, GO and MoS2/rGO-R

nanocomposites.

Figure 6 Raman spectroscopy of pure GO, pure MoS2 and

MoS2/rGO-R.
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defects are introduced into the structure during the

reduction process of GO to rGO [52]. In the MoS2
spectrum, only the peaks at 376 and 402 cm-1 are

observed, indicating that the typical 2H phase of

MoS2 is synthesized [9]. The corresponding two

peaks of MoS2/rGO-R nanocomposites are slightly

shifted to low frequencies (373 cm-1 and 400 cm-1),

resulting from the decreased number of layers of

MoS2 nanosheets [23], as confirmed by HRTEM and

XRD characterization.

In order to further understand the chemical com-

position and atom valence states of the MoS2/rGO

nanocomposites, XPS analysis was performed. The

XPS spectrum of MoS2/rGO-R is shown in Fig. 7a.

The characteristic peaks at 161 eV, 230 eV, 285 eV

and 532 eV are corresponded to the binding energy

of S 2p, Mo 3d, C 1s and O 1s [44]. Figure 7b is the

high-resolution XPS spectrum of C 1s of MoS2/rGO-

R. The C 1s peak is composed of C–C/C=C, C–O and

OH–C=O species at 284.6, 285.7 and 289.0 eV,

respectively. Figure 7c, d shows Mo 3d XPS survey of

MoS2/rGO-R and MoS2/rGO-S, respectively. Two

dominant peaks at 231.6 and 228.4 eV in both fig-

ures are assigned to Mo 3d3/2 and Mo 3d5/2 binding

energies. The valence of Mo in MoS2/rGO-R

nanocomposites is all Mo(IV) without other valences.

However, the peaks of Mo 3d XPS spectrum of MoS2/

rGO-S at 235.9 eV and 229.5 eV are the characteristic

peaks of Mo(VI) and Mo(V), respectively, which

indicates that MoS3 prepared by the traditional stir-

ring method is not completely reduced. The distri-

bution of MoS3 nanoparticles on GO prepared by

RPB is more homogeneous than that prepared by

STR, so the MoS3 nanoparticles are more uniformly

and sufficiently contacted with the reducing agent,

and finally Mo(VI) is more completely reduced dur-

ing the hydrothermal process. Obviously, the purity

of MoS2/rGO-R is higher than that of MoS2/rGO-S,

resulting in that the electrochemical performance of

MoS2/rGO-S is inferior to that of MoS2/rGO-R due to

the presence of Mo(VI) and Mo(V) impurities.

Electrochemical characterization

The electrochemical performance of rGO, MoS2 and

MoS2/rGO was evaluated by CV and GCD mea-

surements. Figure 8a–c shows the CV curves of the

electrodes made from rGO, MoS2 and MoS2/rGO-R

with the scanning rate from 20 to 100 mV s-1,

respectively. Generally, the current density increases

as the scanning rate increases. The curves of pure

rGO electrode achieve rectangular shapes, which is a

Figure 7 a Wide XPS

spectrum of MoS2/rGO-R. b C

1s deconvolution spectra and

c Mo 3d deconvolution spectra

of MoS2/rGO-R. d Mo

3d deconvolution spectra of

MoS2/rGO-S.
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characteristic of an ideal double-layer capacitor

[53, 54]. The MoS2 electrode also shows near-rectan-

gular curved shapes without obvious redox peaks,

resulting from that the double-layer capacitive

behavior of MoS2 is exhibited at high scan rates of

more than 20 mV s-1 [13]. The CV curves of MoS2/

rGO-R electrode show quasi-rectangular and sym-

metrical shapes, indicating that MoS2/rGO mainly

follows the double-layer capacitance mechanism. The

integral area of the CV curves of MoS2/rGO-R

nanocomposites electrode is higher than that of bare

MoS2 and rGO, indicating a higher specific

Figure 8 CV curves of a pure rGO, b pure MoS2, c MoS2/rGO-R

modified electrode at different scan rates (20, 30, 50, 80,

100 mV s-1) in 1 M Na2SO4 aqueous solution. d Galvanostatic

charge–discharge curves of MoS2/rGO-R at different current

densities (0.1, 0.2, 0.3, 0.5, 0.6, 0.7 and 1 A g-1). e CV curves

comparison of MoS2/rGO-S10, MoS2/rGO-R10 and MoS2/rGO-

R15 at a scan rate of 20 mV s-1. f Specific capacitance of MoS2/

rGO-R10, MoS2/rGO-R15 and MoS2/rGO-S10 nanocomposites at

different scan rates.
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capacitance. The improvement in electrochemical

performance is mainly attributed to the synergistic

effects of MoS2 and rGO sheets [23]. The rGO matrix

facilitates the dispersion of MoS2 nanosheets and acts

as a highly conductive current collector and an active

interface center for enhancing the electrical conduc-

tivity, and the large specific surface area of MoS2
nanosheets with nanoscale size can reduce the dif-

fusion length of ions and increase the diffusion rate of

ions [55].

Figure 8d is the GCD curve of the MoS2/rGO-R

electrode within the voltage window of - 0.8 to

0.2 V. All the curves are approximately linear and

symmetrical at different current densities, which

validated the good reversibility of MoS2/rGO-R

electrode [44]. Figure 8e shows the comparison of the

typical CV curves of MoS2/rGO-S10, MoS2/rGO-R10

and MoS2/rGO-R15 at the same scan rate. From these

CV curves, the specific capacitances of them are cal-

culated according to Eq. (1), as shown in Fig. 8f. It is

proved that the capacitance properties of MoS2/rGO

prepared by RPB are obviously superior to that of

MoS2/rGO prepared by STR, mainly resulting from

the higher purity and the formation of uniform 3D

network structure as mentioned above. When the

scan rate is 20 mV s-1, the specific capacitance of

MoS2/rGO-R10 (294 F g-1) is 1.35 times of MoS2/

rGO-S10. Moreover, the capacitance performance of

MoS2/rGO-R10 is better than MoS2/rGO-R15 pos-

sessed a larger specific surface area. The main reason

is that the agglomerated MoS2 nanosheets of MoS2/

rGO-R15 nanocomposites reduce the electrochemical

utilization efficiency of MoS2, thereby reducing the

synergy between MoS2 and rGO [44, 56]. Therefore,

the dispersion state of MoS2 nanosheets has a great

influence on the electrochemical performance of the

nanocomposites.

Table 1 shows the comparison of the electrochem-

ical performance of MoS2/rGO nanocomposite elec-

trodes prepared in our work and reported in the

studies [20, 22, 23, 26]. The specific capacitance of

MoS2/rGO-R nanocomposites is superior to that of

the previously reported materials. More importantly,

the ratios of the specific capacitances of the

nanocomposites to the pure rGO and MoS2 in this

work are 12.8 and 2.4 times, respectively, obviously

higher than that reported in the studies. This indi-

cates that the MoS2/rGO nanocomposites synthe-

sized by the high-gravity technology have a better

synergistic effect between rGO and MoS2.

The cycling stability of the prepared MoS2/rGO-S

and MoS2/rGO-R nanocomposites was carried out at

a scan rate of 20 mV s-1. The specific capacitances at

different cycling stages are shown in Fig. 9. It can be

seen that the specific capacitance of MoS2/rGO-S

nanocomposites is 166 F g-1 after 2000 cycles, which

is only 76% of the initial value. However, about 85%

of the initial capacitance of MoS2/rGO-R can still be

retained, indicating a superior cycling performance.

EIS measurement was also taken to clarify the

internal resistance of the electrode as well as the

resistance between the electrode and the electrolyte.

The Nyquist plots of the fabricated MoS2/rGO-R and

MoS2/rGO-S electrodes are demonstrated in Fig. 10.

MoS2/rGO-S electrode shows an incomplete semi-

circle in the high-frequency region and a straight line

in the low-frequency region. The incomplete semi-

circle is attributed to the charge transfer impedance at

the electrode–electrolyte interface, and the straight

line reveals the ideal capacitive behavior [57]. How-

ever, MoS2/rGO-R does not show the semicircle

region at high frequency, which is probably due to

the low faradic resistance [56]. MoS2/rGO-R exhibits

a larger slope in the low-frequency region than

MoS2/rGO-S, demonstrating a faster internal ion

diffusion rate. Moreover, the electron transfer resis-

tance (Rct) of MoS2/rGO-R (4.4 X) is less than that of

MoS2/rGO-S (25.7 X), resulting from that the inter-

connected 3D conductive network is beneficial to

improve the conductivity of MoS2/rGO-R. All these

results show that the MoS2/rGO-R electrode with 3D

structure has a lower charge transfer impedance at

the electrode–electrolyte interface and a faster inter-

nal electron transport velocity than the MoS2/rGO-S

electrode. Therefore, MoS2/rGO-R composite shows

higher Csp than MoS2/rGO-S [20, 42].

Figure 11 shows the Ragone plots of MoS2/rGO

nanocomposites. The specific energy density (E) and

specific power density (P) of the MoS2/rGO elec-

trodes are calculated according to Eqs. (3) and (4)

[58, 59].

E ¼ 0:5CspV2

3:6
ð3Þ

P ¼ 3600E

t
ð4Þ

where Csp (F g-1) is the specific capacitance of the

electrode. The values of V (V) and t (s) are taken from

Fig. 8d, which represent the voltage change during

the discharge process after internal resistance drop
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and the discharge time, respectively. It can be seen

from Ragone plots, the energy density gradually

decreases as the power density increases and the

energy density of MoS2/rGO-R is always greater than

that of MoS2/rGO-S at the same power density.

When the power density is 50 W kg-1, the energy

density of MoS2/rGO-R reaches 57 Wh kg-1, while

the energy density of MoS2/rGO-S is only

30 Wh kg-1. These results illustrate that the MoS2/

rGO-R nanocomposites have excellent electrochemi-

cal properties of high energy density and power

output.

According to the results of electrochemical char-

acterization, the superior electrochemical perfor-

mance of MoS2/rGO-R is mainly due to the

synergistic effects of MoS2 and rGO sheets, as well as

the uniform 3D mesh network structure. The uniform

3D network structure helps to reduce the electron

transport resistance and facilitate fast transportation

of electrons through the whole electrode matrix. The

formation of this unique 3D structure is attributed to

the homogeneous reaction environment created by

the RPB. In addition, the yield of MoS2/rGO-R is as

high as 94.3%. Therefore, the MoS2/rGO electrode

Table 1 Comparison of electrochemical properties of different MoS2/rGO materials for supercapacitor electrodes

Electrode materials Csp of nanocomposites

(F g-1)

Csp of rGO

(F g-1)

Csp of MoS2
(F g-1)

Ratio References

MoS2 layers deposited on graphene 265 40 – 6.6/– [20]

Layered MoS2–graphene nanocomposites 243 35 120 6.9/2.0 [22]

Graphene decorated with MoS2 nanosheets 270 – 162 –/2.2 [23]

MoS2 nanosheet–graphene nanosheet 282 – 156 –/1.8 [26]

3D MoS2 nanosheets coupled on graphene 294 23 122 12.8/2.4 Present work

The ratio is equal to the Csp of MoS2/rGO divided by the Csp of rGO or MoS2 electrodes

Figure 9 Cycle stability analysis of MoS2/rGO-R and MoS2/

rGO-S at a scan rate of 20 mV s-1.

Figure 10 Impedance spectra of the as-fabricated MoS2/rGO

nanocomposites electrodes. Inset shows the high-frequency region

of the impedance spectra.

Figure 11 Ragone plots for MoS2/rGO-R and MoS2/rGO-S

nanocomposites.
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material with excellent energy storage performance

can be synthesized by RPB reactor on a large scale to

meet the requirements of supercapacitor.

Conclusion

Three-dimensional MoS2/rGO nanocomposites with

homogeneous network structure are successfully

synthesized by high-gravity technology and

hydrothermal reduction method. When tested as an

electrode, the as-obtained MoS2/rGO-R nanocom-

posites exhibit high capacity and excellent rate

capability. Electrochemical measurements indicate

that the electrode exhibits a specific capacitance as

high as 294 F g-1 at a scan rate of 20 mV s-1. The

calculated energy density and power density are

57 Wh kg-1 and 50 W kg-1, respectively. This supe-

rior electrochemical performance is attributed to the

synergistic effects between MoS2 and rGO sheets, as

well as the unique 3D mesh network architecture that

reduces the electron transfer resistance and Faradic

resistance. This research provides an effective pro-

cedure for the large-scale manufacturing of MoS2/

rGO by the high-gravity technology. Moreover,

MoS2/rGO nanocomposites with excellent perfor-

mance are a promising candidate for electrode

materials in supercapacitor electrodes and other

energy storage devices.
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