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Abstract

Solvothermal Synthesis of Molybdenum 

Disulfide/Reduced Porous Graphene Oxide 

Nanocomposite as High Performance Anode 

Material for Lithium Ion Battery 

Youngkuk Bae

Program in Nano Science and Technology

Graduate School of Convergence Science and Technology

Seoul National University

Lithium ion batteries are widely used as power sources for portable electronic devices and hybrid 

electric vehicles. Electrode materialswith high lithium storage capacity have been studied to meet 

the requirements of these applications. Among these materials, molybdenum disulfide (MoS2) is one 

of promising anode material to replace commercial graphite anode because intercalation of a MoS2
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with 4 Li + ions results in a higher storage capacity for MoS2 (670mA h g-1) than commercial graphite 

anodes (372mA h g-1). Although MoS2 has a high theoretical capacity than graphite as an anode 

material for Lithium-ion battery, its intrinsic poor electrical/ionic conductivity decreases rate property 

and lithium storage capacity. In my thesis, I prepared MoS2/reduced porous graphene oxide (rPGO) 

composite by solvothermal method to complement conductivity and improve lithium storage 

properties of MoS2. PGO was synthesized by convenient, low-cost, and mass-producible nitric acid 

treatment method. Due to its enlarged surface area and porous structure, MoS2/rPGO sample 

exhibited improved capacity and cyclic stability than other MoS2/reduced graphene oxide (rGO) and 

MoS2 nanoparticle samples. After 100 cycles, MoS2/rPGO electrode shows improved capacity of 932

mA h g-1 while capacity of MoS2/rGO electrode is 395 mA h g-1 at 200 mA g-1.

keywords: Lithium ion battery, anode, porous graphene oxide, molybdenum disulfide, carbon 

composite

Student Number: 2015-26026
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1.  Introduction

1.1 Lithium-ion battery

The needfor electrical energy storage increases with time as a result of change in lifestyle and 

economic growth. Many applications such as portable electronics and electric vehicles rely on 

electrical energy storage. But as energy consumption increases, worries about environmental 

pollution and exhaustion of resource are becoming serious.Due to these concerns, alternative energy 

sources such as solar, wind and wave energy need to be developed.However, these renewable 

resources need energy storage devices because these energy is intermittent. Therefore, it is important 

to improve performance of energy storagefor expansion of energy based on renewable sources.[1]

Energy storage systems with high energy and power density are demanded to store energy from 

renewable sources. Among the electrochemical energy storage devices, rechargeable batteries are one 

of the most promising options. Various rechargeable battery systems have used for over a century in 

a many applications. But as the portable electronics become smaller, advanced rechargeable batteries 

have to be developed. Energy density, power, cost and safety are important requirement of batteries.[2]

Lithium-ion batteries (LIBs) are widely used as power sources for portable electronic devices due 

to their high energy capacity and relatively long lifespan.[3] The market demand for higher 

performance has led to many materials, such as silicon,[4] transition metal oxide[5, 6] and sulfide,[7]

being extensively studied for use as alternative anode materials in LIBs due to their higher lithium 

storage capacity.
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Figure 1 Molecular models of (a)2HïMoS2. (b) Lithiated 2HïMoS2 showing a 5% lattice 

expansion in the c-direction and a-direction dueto intercalation. (c) Lithiated 1TïMoS2 showing 

lithium ions occupyingoctahedral interstices. (d) 3RïMoS2 (e) Li2S (domains of this phasewould be 

interspersed with molybdenum nanoparticles). Dimensionsare shown in Angstroms.Adapted from 

ref. 11 (DOI: 10.1039/C3EE42591F) with permission.



3

1.2 Molybdenum disulfide

Among these materials, molybdenum disulfide (MoS2) has drawn attentionas a promisinganode 

material. MoS2 is a layered material analogous to graphite wherein the Mo and S atoms in each layer 

are bound by strong covalent bonds and the layers are stacked by weak van der Waals forces.[8] Three 

main structures of MoS2 depicted in Figure1 are 2H-MoS2, 3R-MoS2 and 1T-MoS2. Intercalation of 

a MoS2 with 4 Li+ ions results in a higher storage capacity for MoS2 (670 mA h g-1) than commercial 

graphite anodes (372 mA h g-1); a lower cycle fading than other active materials such as Si or Ge 

makes MoS2 a good candidate for an anode material in LIBs.[9-11] The low electrical/ionic 

conductivity of MoS2 itself results in poor cycle performance and low rate capability.[12] Volume 

expansion and pulverization are other major drawbacks that impede the electrochemical properties of 

the MoS2 anode.[13]

Nanostructure modification[14] or hybridization with a conducting material[15-18] have been 

studied and shown to be successful methods to overcome these problems.[19] Graphene,[20-22]

carbon nanotubes[23, 24]and conductive polymers[25] composited with MoS2 have been studied in 

this context. Among them, graphene has been considered as the most desirable matrix owing to its 

good electrical conductivity, high surface area and thermal/chemical stability.[18, 26] With these 

attempts, the resulting MoS2 nano-composites show improved electrochemical properties because of 

the buffering of the volume expansion during cycling and by supplementing conductivity of MoS2.[27, 

28]

1.3 Porous graphene oxide

To overcome these problems, nanostructure modification[14] or hybridization with a conducting 

material[15-18] have been studied and proven to be successful methods.[19] Typically, graphene,[20, 

21] CNT[23, 24]and conductive polymers[25] composited withMoS2 were studied in this context. 

Among them,graphene has been considered as the most desirable matrix owing to its good electrical 
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conductivity, high surface area and thermal/chemical stability.[18, 26] With those attempts, the 

resulting MoS2 nanocomposites show improved electrochemical properties not only because of the 

buffering the volume expansion during cycling but also supplementing conductivity of MoS2.[27, 28]

In recent years, porous graphene and its compounds have been developed as anode materials with 

further improved electrochemical properties due to their unique porous structure combined with 

inherent properties of graphene.[29] Porous structure provides ion diffusion channel facilitating not 

only Li ion storage but also transport at high rate current densities.[30, 31]Moreover, these porous 

materials exhibited enhanced cycling stability during lithiation/delithiation cycles due to unique 

structure preventing agglomeration between sheets.[32-35] Preparation of porous graphene can be 

roughly categorized into out-of-plane producing of 3D porous structure and in-plane creation of 

defective pores into sheets. 3D out-of-plane porous graphene can be builtup by template[36, 37]or 

hydrothermal methods[38] while in-plane porous graphene can be synthesized by carbon erosion 

under acid/oxidizer solution. Among attempts to produce in-plane porous graphene, Shi et al. recently 

reported a one-step porous graphene oxide preparation by refluxing GO sheets in nitric acid solution, 

which is a robust and easy scalable method.[39] Until now, 3D out-of-plane porous graphene/MoS2

composites have been studied as anode materials for LIBs.[40-42] However, to the best of our 

knowledge, in-plane porous graphene/MoS2 composite as an anode material has not been studied yet.

Here, I report about synthesis of in-plane porous graphene/MoS2 composite (MoS2/rPGO) via 

solvothermal method. PGO powder was prepared by nitric acid treatment and ammonium 

tetrathiomolybdate were used as a precursor for MoS2 growth. BrunauerïEmmettïTeller method was 

conducted to analyze sampleôs porosity and surface area and morphology of composites was 

identified using scanning electron microscopy. MoS2/rPGO composite exhibited lager surface area 

and pore volume than MoS2/rGO composite while they show no significant morphology difference. 

As a result, MoS2/rPGO composite exhibits high capacity, good cycling retention (932 mA h g-1 at 

200 mA g-1 after 100 cycles) and improved rape capability (451 mA h g-1 at 2 A g-1) as anode material 

for Lithium-ion battery.
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2. Experimental

2.1 Materials

Graphite powder (<20 micron, synthetic), phosphorus pentoxide (P2O5, 97 %), potassium 

permanganate (KMnO4, 99.3 %), potassium persulfate (K2S2O8), sulfuric acid (H2SO4, 95-98 %), 

ammonium thiomolybdate {(NH4)2MoS4)} , N,N-dimethylformamide (DMF) and hydrazine (N2H4) 

from Aldrich and nitric acid (HNO3, 68~70%) and hydrochloric acid (HCl, 35.0-37.0 %) from 

SAMCHUN were purchased, respectively. All reagents were used without further purification. 

2.2 Synthesis of graphene oxides

Graphene oxide (GO) was synthesized from graphite powder (<20 micron) by a modified Hummers 

methods.[43] Briefly, 3 g of graphite, phosphorus pentoxide (P2O5, 2.5 g) and potassium persulfate 

(K2S2O8, 2.5 g) were dissolved in sulfuric acid(80 ml). The solution was stirred and heated at 95 

for 5 hours. Then it was neutralized using DI water and freeze-dried overnight. The obtained powders 

were further oxidized by 120 ml of sulfuric acid while 15 mg of KMnO4 were slowly added in ice-

bath. This mixture was reacted for another 4 hours at 70 and then hydrogen peroxide (H2O2, 30 

wt%) was added. The solution was washed with 1: 10 HCl aqueous solution followed by DI water 

washings to remove impurities and neutralize. Lastly, the precipitate was freeze-dried.

2.3 Synthesis of porous graphene oxides

Porous graphene oxide (PGO) was prepared by nitric acid treatment method reported by Shi 

groups.[39] Typically, 250 mg of GO was dissolved in 250 ml 8 M nitric acid solution and refluxed 

at 100 for 1 hour. The mixture was washed several times with DI water to neutralize, and then it 

was freeze-dried.
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2.4 Solvothermal synthesis of Molydenum disulfide/reduced porous 

graphene oxide nanocomposite

The MoS2/rGO, MoS2/rPGO nanocomposite and MoS2 nanoparticle were synthesized by a 

solvothermal method.[44] To synthesize MoS2/rPGO sample, 110 mg of ammonium thiomolybdate 

{ (NH4)2MoS4} and 150 mg of PGO powder were dissolved in 50 ml N,N-dimethylformamide (DMF) 

with and 500 ɛl hydrazine (N2H4) and sonicated for 30 min. Then the mixture was transferred into 

teflon-lined stainless steel autoclave and reacted at 200 for 10 h. After the solution cooled down 

to room temperature, the product was washed with DI water and ethanol. To remove other impurities, 

it was mixed with 3 M HCl solution and stirred. After 1 h of stirring, solution was washed using DI 

water until neutralized then dried overnight at 80 . MoS2/rGO sample were obtained using 110 mg 

GO powder and (NH4)2MoS4 each while MoS2 nanoparticle sample were synthesized with 110 mg of 

(NH4)2MoS4 only.

2.5 Structural and morphological characterization

The Morphology of the composites was characterized by field emission scanning electron 

microscopy (FE-SEM, Hitachi S-4800), High-resolution transmission electron microscope (TEM) 

equipped with an energy-dispersive X-ray spectrometer (EDX). X-ray photoelectron spectroscopy 

(XPS) data were obtained by AXIS-His spectrometer (KRATOS) with a monochromatic Al Ka source. 

X-Ray diffraction (XRD) patterns were acquired using a New D8-advance, equipped with a Cu KŬ 

source (ɚ = 1.5406 ¡), operating at 40 kV and 40 mA,and using a scan range of 10 º~80 º. Brunauerï

EmmettïTeller (BET) method was used to calculate specific surface area. Pore volume and average 

pore diameter were calculated by BarrettïJoynerïHalenda (BJH) method. Thermogravimetric 

analysis (TGA) measurement data were acquired by TGA/DSC 1 (Mettler Toledo) analyzer with a 
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heating rate of 10 min-1 up to 700 in air. Raman spectra was obtained on a Horiba jobin yvon 

T64000 Raman Spectrometer equipped with excitation lasers with wavelengths of 514 nm.

2.6 Electrochemical characterization

The working electrode was fabricated by mixing 80 wt% of active material (samples), 10 wt% of 

binder (PVDF) and 10 wt% of conductive carbon (Super P). These materials were mixed with the n-

methyl-2-pyrrolidinone and coated onto the Cu foil by a doctor blade. After drying at 60 in a 

vacuum oven for 2 h, the coated foil was compressed and cut into circular electrodes. Electrodes were 

dried for 12 h in 120 vacuum oven and transferred to argon-filled glove box. Electrochemical tests 

were conducted using coin-type half cells (2016 type) assembled in an argon-filled glove box. 

Lithium metal was used as counter and reference electrodes and the electrolyte was 1.0 M LiPF6 in a 

mixture of ethylene carbonate/diethyl carbonate (volume ratio 1:1). WBCS3000 cycler system 

(Wonatech, Korea) was used for galvanostatic charge/discharge (voltage range between 0.01 and 3.0 

V vs. Li/Li+) and cyclic voltammetry (CV) test (scanning rate of 0.5 mV s-1). Electrochemical 

impedance spectroscopy (EIS) was conducted in the range of 100 kHz to 10 mHz with an AC 

amplitude of 5 mV on CHI 660e model.
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3. Result and Discussion

Figure 2 Schematic illustration of the MoS2/rPGO composite synthesis
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3.1 Structural and morphological characterization

The MoS2/rPGO nanocomposite was synthesized by the solvothermal method depicted in Figure

2. PGO powder was synthesized via nitric acid treatment and (NH4)2MoS4 precursor were dissolved 

in N,N-dimethylformamide (DMF) with N2H4. By solvothermal process, PGO was reduced (rPGO) 

and the (NH4)2MoS4 precursor was decomposed to MoS2 on the rPGO sheets.[44]

The Morphological images of MoS2/rGO and MoS2/rPGO nanocomposites in Figure 3 were 

obtained by SEM and transmission electron microscope (TEM). Figure 3a&b show that the two 

nanocomposites exhibit analogous morphologies; the MoS2 nanoparticles grew on GO and PGO 

sheets in sphere shapes consisting of disordered MoS2 nanosheets. Figure 3c-f are TEM and high-

resolution transmission electron microscope (HR-TEM) images of MoS2/rGO and MoS2/rPGO 

nanocomposite. In agreement with SEM images, Figure 3c&d show similar growth of MoS2

nanoparticles on both GO and PGO sheets. MoS2 interlayer distances of the samples exhibited in 

Figure 3e&f are larger (~ 0.8 nm) than normal (002) plane interlayer distance of MoS2 (0.62 nm)due 

to randomly oriented layers,[45] which corresponds with X-Ray diffraction (XRD)patterns in Figure 

4a. [46]
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Figure 3 SEM images of (a) MoS2/rGO,(b) MoS2/rPGO; TEM images of (c) MoS2/rGO,(d) 

MoS2/rPGO; HRTEM images of (e) MoS2/rGO,(f) MoS2/rPGO.
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Figure 4 (a) XRD patterns of MoS2/rGO and MoS2/rPGO; (b) TGA curves of MoS2 nanoparticle, 

MoS2/rGO and MoS2/rPGO.


