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Carbon-based Nanocomposites 

and Their Applications in 

Rechargeable Batteries 

 

Seung-Keun Park 

Program in Nano Science and Technology 

Graduate School of Convergence Science & Technology 

Seoul National University 

 

Over the past decade, graphene, the thinnest and most representative 

two-dimensional (2D) carbon material, has aroused hugh research 

interest because of its remarkable optical, electronic and mechanical 

properties. Meanwhile, as other representative 2D material, transition 

matal dichalcogenides derived from layered bulk crystals have also been 

intensively studied in recent years due to their unique properties and a 
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broad range of applications such as energy storage devices, catalysis, 

electronic, optoelectronics and so on. Especially, in energy storage 

system, these 2D nanomaterials have been considered promising 

building blocks for construction of advanced electrodes with high energy 

density and stability. 

Nanocomposite material is a class of materials that are consisted of 

two or several components with at least one of them having a dimension 

in the nanoscale. The nanocomposite material possesses the advantages 

of its individual components, and at the same time may show new 

functions and properties for practical application, especially energy 

storage devices. Hybridizing nanomaterials with carbon is regarded as 

an effective way for enhancing the electrochemical performances due to 

the high conductivity, mechanical stability and surface area. However, 

currently, complicated and harsh synthetic processes are required to 

synthesize carbon-based nanocomposite, such as hydrothermal, 

solvothermal, and chemical vapor deposition (CVD) techniques; these 

are the main obstacles to mass producing these materials because these 

methods require expensive facilities, are time consuming, and are limited 

to small-sized reaction vessels. Especially, synthesizing 2D carbon-

based nanocomposites remains challenging. 
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In my dissertation, I aim to describe 2D carbon-based nanocomposites, 

particularly centering on their preparation strategies and applications in 

rechargeable batteries (i. e. Li and Na ion batteries and lithium-sulfur 

batteries). Firstly, solventless and scalable strategy is developed for the 

synthesis of few-layer MoS2 incorporated into hierarchical porous 

carbon (MHPC) nanosheet composites as anode materials for both Li- 

and Na-ion battery. An inexpensive oleylamine is introduced to not only 

serve as a surfactant and hinder the stacking of MoS2 nanosheets but also 

to provide a conductive carbon, allowing large scale production. In 

addition, a SiO2 template is adopted to direct the growth of both carbon 

and MoS2 nanosheets, resulting in the formation of hierarchical porous 

structures with interconnected networks. Due to these unique features, 

the as-obtained MHPC shows substantial reversible capacity and very 

long cycling performance when used as an anode material for LIBs and 

SIBs, even at high current density. Indeed, this material delivers 

reversible capacities of 732 and 280 mA h g-1 after 300 cycles at 1 A g-1 

in LIBs and SIBs, respectively. In addition, its Coulombic efficiency 

reached ~98 % after the 3rd cycle and exceeded 99 % after 100 cycles, 

indicating that efficient Li+ insertion and extraction occur in the MHPC 

composites. The results suggest that these MHPC composites also have 
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tremendous potential for applications in other fields.  

Secondly, monodisperse carbon nanocapsule ensemble-on-graphene 

nanosheet composites (MCNC/G) were prepared by a facile strategy, 

which involves mixing of iron-oleate and graphene, heat treatment, and 

finally, acid etching of iron oxide nanoparticles. The composites 

comprised highly uniform, hollow structured carbon nanocapsules with 

a diameter of about 20 nm that were densely deposited on the surface of 

the graphene nanosheets (the specific surface area = 172.4 m2 g-1 and 

pore volume = 0.96 cm3 g-1). In lithium-sulfur (Li-S) battery test, the 

MCNC/G-sulfur (MCNC/G-S) composite delivered a high specific 

capacity of 524.7 mA h g-1 after 100 cycles at 0.5 C-rate. In contrast, the 

capacity of graphene-sulfur (G-S) dropped significantly under the same 

conditions, even though the initial specific capacity (1337 mA h g-1) was 

higher than that of MCNC/G-S (1262 mA h g-1). 

Finally, we report the successfully synthesis of honeycomb-like 2D 

mesoporous carbon nanosheet (OMCNS) by an etching of self-

assembled iron oxide/carbon hybrid nanosheets as an advanced sulfur 

host for Li-S batteries. The obtained 2D nanosheets have close-packed 

uniform cubic mesopores of ~ 20 nm side length, resembling honeycomb 

structure (the specific surface area = 386.7 m2 g-1 and pore volume = 1.05 
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cm3 g-1). We loaded OMCNS with sulfur element simple melting 

infusion process (70 wt%) and evaluate the performance of the resulting 

OMCNS-sulfur composites as cathode material. the OMCNS-S 

electrode exhibits a reasonable cycling performance compared with G-S 

electrode, and it could maintain the specific capacity of 1237.7 mA h g-

1 at 1st cycle (0.1 C). After the galvanostatic rates were changed to 0.5 C, 

a specific capacity of 694.1 mA h g-1 is obtained with the capacity 

retention of 548.6 mA h g-1 at 0.5 C after 300 cycles. On the contrary, 

the G-S composite shows the fast capacity fading owing compared to 

OMCNS-S composite. 

Such these 2D carbon-based nanocomposites enables the achievement 

of electrode materials with high capacity and long cyclability for high-

performance rechargeable batteries. The results suggest that these 

nanocomposites also have tremendous potential for applications in other 

fields. 
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Chapter 1. Introduction: Two-dimensional Nanomaterials 

for Rechargeable Batteries and Dissertation Overview 

 

1.1. Introduction 

 

 

The energy crisis in the 21st century has been for some time one of the 

most significant current issues faced by researchers. To alleviate or save 

energy problems, an increasing interest is energy storage devices with 

high-performance such as long-term stability, high energy and power 

densities. Among them, rechargeable batteries have attracted tremendous 

attention due to their high energy density, however, they have 

performance limitations in their capacity decay, relatively long charging-

discharging time and consequently lower power densities. 

Since early 1990s, nanomaterials with dimensions less than 100 nm 

have attracted great attention from scientists in various fields because of 

their excellent mechanical, chemical, biological, electronic, optical 

properties that are often considerably different from their corresponding 

bulk counterparts. These unique characteristics strongly depend on the 
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size, composition, atomic structure, interfaces and, defects [1]. 

These nanomaterials offer many advantages in energy storage 

applications. Energy storage is highly related to physical interaction 

and/or chemical reaction at the interface or surface, therefore the surface 

energy, specific surface area, and surface chemistry play a very critical 

role. The smaller size of nanomaterials may also provide more favorable 

charge transfer, mass, and heat, as well as alleviate dimensional changes 

attributed to chemical reactions and phase transitions [2]. 

Nanomaterials can be classified in zero-dimensional (0D) as 

nanospheres, one-dimensional (1D) as nanowires, two-dimensional (2D) 

as nanosheets or nanoplates, or three-dimensional (3D) as metallic 

colloids (Figure 1.1). Different structures exhibit their unique 

performances based on structural properties and surface respectively 

(Figure 1.2a). 0D structures have the minimum surface area and exhibit 

superior thermal stability. 1D structures offer the opportunity to fabricate 

micro-devices. 2D structures often possess specific facets and large 

exposed surfaces. Most of 3D structures have the performance of 

secondary structures. 

Among them, 2D structured nanomaterials have been intensively 

investigated in various field such as optoelectronics, catalysis, energy 
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storage devices and so on [3-6]. Natural leaves as representative 2D 

structured materials have endured about billion years’ evolution (Figure 

1.2b). It is commonly acknowledged that the 2D shaped-leaves have 

more active sites than 0D and 1D nanomaterials. In addition, the leaf-

like structure has some excellent properties including large surface area, 

shorten pathway, and small weight, which interestingly, accord with 

exactly to the needs for rechargeable batteries, suggesting that 2D 

structured nanomaterials are ideal electrode materials to achieve fast 

charging-discharging time, cycle stability and high energy density. 

Furthermore, these 2D nanomaterials have been considered promising 

building blocks for construction of advanced electrodes. 

In this chapter, I would like to introduce classification and preparation 

of 2D nanomaterials for electrode in rechargeable batteries. In following 

section, applications of 2D nanomaterials in rechargeable batteries (i.e. 

lithium ion batteries, sodium ion batteries, and lithium-sulfur batteries) 

are described. 
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Figure 1.1. Classification of nanomaterials. (from Ref. 1. Feng et al., J. 

Mater. Chem., 2004, 14, 469) 
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Figure 1.2. (a) surface and structural properties of 0D, 1D, 2D and 3D. 

(b) the features of 2D tree leaf in nature. (from Ref. 6. Liu et al., Adv. 

Mater., 2012, 24, 4097.) 
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1.2. Classification of Two-dimensional Nanomaterials for Electrode 

in Rechargeable Batteries 

 

1.2.1. Two-dimensional carbon nanomaterials 

Graphene was originally defined as a 2D monolayer of sp2 bonded 

carbon, however, graphene-related materials consisting of chemical or 

structural derivatives of graphene are commonly called “graphene” by 

the research field. These materials include few-layer graphene and 

chemically reduced graphene oxide (G) [7-9].  

Over the last decade, the graphene has aroused much research interest 

due to its exceptional specific surface area (theoretical value: 2630 m2 g-

1), great electronic conductivity, mechanical stability and optical 

properties [10-13]. It is a basic component of other allotropes including 

carbon nanotubes, graphite, and fullerenes (Figure 1.3). These unique 

properties make it very promising electrode material for rechargeable 

batteries, supercapacitors, sensors, and nanoelectronic [14-19].  

In current rechargeable battery technology, graphite or hard carbon is 

widely used as a commercial anode material due to its low cost and safety 

[20-23]. However, due to its tightly stacked structure, these materials 

exhibits a limited capacity and poor rate performance; graphite or hard 
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carbon therefore cannot meet the high energy and power density 

demands. In contrast, the graphene provides better electrochemical 

performance than the existing materials in rechargeable batteries, which 

show great promise for high performance electrode materials. However, 

problems to be overcome still remain. In particular, complete utilization 

of the potential of graphene is very difficult because graphene nanosheets 

tend to restack during application and preparation processes, leading to 

a rapid capacity loss [24, 25]. To solve this problem, the hybrid 

electrodes consisting of graphene and other materials have been 

proposed [26-28]. Especially, combining with metal-based materials as 

spacer have shown enhanced electrochemical performance [27, 29, 30].   
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Figure 1.3. Various allotropes of graphitic carbon materials (graphene is 

the mother of all graphitic nanostructures). (from Ref. 10. Novoselov et 

al., Nat. Mater., 2007, 6, 183.) 
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1.2.2. Two-dimensional inorganic nanomaterials 

The unexpected physical, electronic and optical properties of graphene 

have inspired researchers to explore other 2D nanomaterials [31], as new 

building block for electrodes, that have similar layered structure 

characteristics but versatile properties, such as transition metal 

dichalcogenides (TMDs, e.g. MoS2, MoSe2, WS2, TiS2, etc) [32-35], 

hexagonal boron nitride (h-BN) [36, 37], graphitic carbon nitride (g-

C3N4) [38], layered double hydroxides (LDHs) [39], and layered metal 

oxides [40] (Figure 1.4).  

Among them, TMDs have received significant attention recently due to 

their superior magnetic [41], electronic [42] properties, and naturally 

abundant. TMDs consist of hexagonal layers of metal atoms (M = Mo, 

W, Nb, Re, V, Ta) sandwiched between two layers of chalcogen atoms 

(X = S, Se, Te) with an MX2 stoichiometry as shown in Figure 1.5 [43]. 

Graphene is normally chemically inert and can only be made active by 

functionalization with desired molecules, while TMDs show versatile 

physicochemical properties due to their unique structure and 

compositions, which are closely related to electrochemical performance 

[44, 45]. For these reasons, various TMDs have been intensively studied 

as electrode materials for rechargeable batteries [46-48].  
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Figure 1.4. Schematic illustration of different kinds of 2D nanomaterials. 

(from Ref. 31. Zhang et al., ACS Nano, 2015, 9, 9451.)  
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Figure 1.5. A schematic representation of a typical 2D TMDs. (from 

Ref. 43. Ahluwalia et al., Eur. Phys. J. B, 2012, 85, 1.)  
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Despite those predominant features, the practical application of TMDs 

as electrode materials are yet to be realized due to their low intrinsic 

electric conductivity and large volume changes during reactions, leading 

to dramatic electrode pulverization and electrical contact loss, thus 

resulting in poor cycle ability and rate performance [49, 50]. To 

overcome this problems, various strategies have been proposed to 

enhance the electrical conductivity and structural integrity of TMD-

based electrode materials, such as coupling TMDs with electrically 

conductive carbon or polymer [51-53].  
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1.2.3. Two-dimensional hybrid materials 

Hybrid material is a class of materials that are consisted of two or 

several components with at least one of them having a dimension in the 

nanoscale. A hybrid material possesses the advantages of its individual 

components, and at the same time may show new functions and 

properties for practical application, especially energy storage devices [26, 

54-56].  

Hybridizing nanomaterials with graphene is regarded as an effective 

way for enhancing the electrochemical performances due to the high 

conductivity, mechanical stability and surface area (Figure 1.6) [57, 58]. 

Indeed, graphene-based hybrid electrodes have already shown high 

capacity value, cycling stability, and excellent rate capability in 

rechargeable battery systems [59-61]. Inspired by the successful 

preparation of graphene-based hybrid materials, other 2D inorganic 

nanomaterials have also been considered promising building blocks for 

fabrication of advanced electrodes for realizing the improved properties. 

Generally, there are three types of hybrid electrodes based on 2D 

nanomaterials: i) controlled growth of other materials on 2D 

nanomaterials as synthetic templates [62], ii) assembly and/or growth of 

2D nanomaterials on 1D and 3D templating structures to generate 
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hierarchically porous structures [63], iii) formation of heterostructures 

by stacking or assembly different kinds of 2D materials to artificially 

make van der Waals layered crystals [64].  
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Figure 1.6. (a) SEM image of Ag NPs deposited on GO. (b) TEM image 

of Au square sheets synthesized on GO. (c) TEM image of Pt/PdCu 

nanocubes on graphene sheets. (d) TEM image of Co3O4 /graphene 

hybrid material. Inset: the corresponding SAED pattern. (e) TEM image 

of TiO2/MoS2/graphene hybrid. (f) TEM image of TiN/N-doped 

graphene hybrid. (from Ref. 57. Zhang et al., Adv. Mater. 2014, 26, 2185.) 
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1.3. Preparation of Two-dimensional Nanomaterials for Electrode in 

Rechargeable Batteries 

 

1.3.1. Mechanical exfoliation method 

Mechanical exfoliation method was first used for the preparation of 

monolayer 2D nanosheets using the scotch tape technique. This method 

utilizes a piece of scotch tape to draw a thin film. After repeated peeling 

from bulk film, it is finally stamped onto a SiO2/Si substrate and then the 

tape is carefully removed (Figure 1.7) [65]. During the early phase of 

nanosheets preparation, significant amount of work has been done [66-

68]. The obtained 2D nanomaterials exhibit single-and few layered 

structures with high quality, but the method is labour intensive and slow, 

thus it is utilized for only study of the fundamental properties of 2D 

nanomaterials rather than used in commercial applications. 

1.3.2 Chemical exfoliation method 

 Chemical exfoliation method is one of the commonly used approaches 

in research field, which is to exfoliate or intercalate the 2D nanomaterials 

by using suitable chemical reagents such as surfactants and strong acids.  
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Figure 1.7. (a) Optical micrograph of MoS2 films deposited on the 

SiO2/Si substrate, (b) Atomic forced microscopy (AFM) height image 

taken for the 8x8 m2 area indicated by dotted lines in (a) and (c) Raman 

spectra of bulk and thin MoS2 films. (from Ref. 65. Ryu et al., ACS Nano 

2010, 4, 2695.)  
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In case of graphene, exfoliation of graphite by an oxidation technique 

followed by chemical reduction has been considered for low cost and 

large-scale production of graphene, called ‘Hummers methods’ [69, 70]. 

In this method, graphite oxide (GO) has been synthesized via strong 

oxidation of graphite using concentrated acids and strong oxidants. Due 

to the presence of oxygen containing groups, the GO has hydrophilic 

property which helps better dispersion in polar solvents than bare 

graphene. The GO can be converted to reduced GO (G) by chemical 

reduction, however, the obtained product often suffers from irreversible 

agglomeration or poor dispersion in water.  

 As for 2D inorganic nanomaterials, many groups have reported that the 

exfoliation process can be achieved by sonication of the bulk in various 

liquid phases such as N-methylpyrrolidone, dimethylformamide, or a 

mixture of ethanol and water [71, 72]. These liquid phases can not only 

exfoliate 2D nanomaterials but also stabilize the nanosheets to some 

given extent due to their effect on the surface energy. Especially, TMDs 

can be intercalated with lithium in organolithium compounds to give the 

reduced Lix-TMDs phase with expanded lattice, this can be easily 

exfoliated in a next step into single-and few-layer nanosheets by 

ultrasonic-assisted process [73, 74]. However, long reaction time is 
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commonly required when n-butyl lithium is used as agent. To overcome 

this problem, Loh group has proposed the use of metal naphthalenide 

adducts for intercalation-exfoliation of TMDs and obtained high yield of 

micron-sized monolayer sheet (Figure 1.8) [75].   
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Figure 1.8. Schematic of fabrication processes of chemical exfoliated 

TMDs. (from Ref. 75. Loh et al., Nat. Commun., 2014, 5, 2995.)   
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1.3.3. Chemical vapor deposition 

Due to the violent nature of the chemical exfoliation, the original 

structure of 2D nanomaterials becomes deformed. Furthermore, the 

harsh process remains many defects and unnecessary functional groups 

on the 2D nanomaterials, which results in properties degradation such as 

low electrical conductivity and weak mechanical strength. However, 

large-area 2D nanomaterials with high quality mono or several-layer 

structures can be synthesized by using the chemical vapor deposition 

(CVD) method. Compared with the chemical exfoliation, the CVD 

method is more efficient in growing 2D nanomaterials films on specific 

substrate, with controllable thickness and high quality [76, 77]. 

Furthermore, the formation of the large-area 2D nanomaterial films by 

CVD is compatible with the current electronic fabrication processes, 

making this a promising candidate for building block. Figure 1.9 

demonstrates a schematic of an experimental setup CVD. It basically 

consists of a horizontal or vertical tube furnace for high temperature 

heating, a quartz vacuum chamber, a vacuum and pressure control 

system for the growth condition adjustment, and several mass flow 

controllers (MFC) to provide precursor and reactant gases with a 

necessary flow rate.  
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Figure 1.9. Schematic of a common setup for chemical vapor deposition 

of graphene.  
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1.3.4 Wet chemical synthesis 

Bottom-up wet chemical synthesis is the direct synthesis in the solution 

phase assisted with surfactants or polymers. It provides a potentially 

powerful alternative to exfoliation routes for synthesizing 2D 

nanomaterials, which can produce greater yield than other methods. 

Parameters that are well-known to control nanoparticle size, uniformity, 

and shape, including prudent choice of surface stabilizing ligands and 

reaction conditions, may also be applicable to 2D nanomaterials. To 

systemically design, an understanding of the properties of individual 2D 

nanomaterials is essential. In this section, we focus on three main wet-

chemical synthesis methods including hydro/solvothermal synthesis and 

soft colloidal templated synthesis. 

  

1.3.4.1 Hydro/solvothermal synthesis 

Hydro/solvothermal synthesis is typical method that has been widely 

used for synthesis of 2D nanomaterials [78-80]. This method is carried 

out in a stainless steel autoclave to achieve high temperature and pressure, 

which facilitates producing nanomaterials with high quality and 

crystallinity (Figure 1.10a). As a typical example, Stride and co-workers 

demonstrated the gram-scale production of graphene via solvothermal 
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synthesis. In the method, the common laboratory reagents ethanol and 

sodium are reacted to give an intermediate solid that is then pyrolized to 

graphene sheets [81]. In addition, Dai group have developed a selective 

solvothermal synthesis of MoS2 nanoparticles on G shoots using 

dimethylformamide as solvent. The selective growth of GO is attributed 

to the interactions between Mo precursors and functional groups on GO 

in a suitable condition [82]. 
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Figure 1.10. (a) Schematic diagram of an autoclave for 

hydro/solvothermal reactions (b) Example of the bulk quantity of 

graphene product synthesized via solvothermal. (c) Schematic 

solvothermal synthesis of MoS2/G composites. (from Ref. 81, 82 Stride 

et al., Nat. Nanotechnol., 2009, 4, 30, Dai et al., J. Am. Chem. Soc., 2011, 

133, 7296.)  
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1.3.4.2 Soft colloidal templated synthesis 

Generally, soft colloidal templated synthesis represents a type of oil 

phase-based method to synthesize of 2D inorganic nanomaterials [83, 

84], where the long-chain surfactant such as oleylamine and/or oleic acid 

are used as the soft colloidal templates for directing the crystal growth. 

The soft colloidal templated synthesis has been employed for synthesis 

of ultrathin 2D inorganic nanocrystals, especially for semiconductors [85, 

86]. In 2009, Hyeon and co-workers used this method to synthesize 

ultrathin CdSe nanosheets. In the synthesis, the intermediate complexes 

consisted of 2D arrays of CdCl2 and alkyl amine or/and oleic acid were 

obtained, in which the alkyl amine or/and oleic acid acted as the soft 

colloidal template (Figure 1.11) [85]. 

 Despite their many advantages, the wet chemical synthesis of 2D 

nanomaterials is still in its infancy. The major synthetic challenges 

include i) careful control over metal oxidation states, ii) achieving high 

yield and purity, and iii) availability and selection of appropriate 

precursors. The comparision of above methods for synthesis of 2D 

nanomaterials is summarized in Table 1.1. 
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Figure 1.11. 2D CuS nanosheets synthesized using soft colloidal 

templated synthesis. (from Ref. 85. Hyeon et al., Angew. Chem. Int. Ed., 

2009, 48, 6861.)  
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Table 1.1. comparison of the typical synthetic methods for 2D 

nanomaterials. 

 

Chemical 

exfoliation 

Direct sonication of layered 

bulk crystals in solvents or in 

presence of surfactants or 

polymers 

Solution processibility, 

massive production, low 

cost, simplicity 

Low yield of single layers, 

uncontrollable 

layer number, relatively 

small lateral size 

Chemical vapor 

deposition 

One or more volatile 

precursors react and/or 

decompose on the exposed 

substrate surface to produce 

2D crystals at high 

temperature and high vacuum 

High quality, large lateral 

size, controllable   

thickness, few defects 

High temperature, high 

vacuum, relatively 

complicated experiments, 

high cost 

Wet chemical 

synthesis 

Direct synthesis in the 

solution phase assisted with 

surfactants or polymers 

Solution processibility, 

high yield, massive 

production 

Surfactants required, hard 

to obtain uniform single-

layer nanosheets 

 

  

Method 
Brief description of the 

method 
Advantage Disadvantage 

Mechanical 

exfoliation 

Adhesive Scotch tape is used 

to peel layered bulk crystals. 

The peeled flakes are then 

deposit on a target substrate to 

get single- or few-layer sheets 

High quality, large lateral 

size, few defects, 

simplicity 

Low yield, non-massive 

production 
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1.4. Applications of Two-dimensional Nanomaterials in 

Rechargeable Batteries 

 

1.4.1. Lithium ion batteries 

Currently, the research community is engaging in much efforts to achieve 

effective energy storage strategies that are the key for exploring 

alternative energy and thus for the replacement of conventional fossil 

fuels and energy sources [87]. In this regard, Li-ion batteries (LIBs) play 

an important role due to their high volumetric and gravimetric energy, 

high power density, low self-discharge property and long cycle life [88, 

89]. In addition, they have proved to be the most efficient energy storage 

systems for a wide range of portable devices [90, 91]. However, the 

application of LIBs in hybrid electric vehicles (HEV) and plug in hybrid 

electric vehicles (PHEV) demands from two to five times more energy 

density than the current LIB technology can offer (150 wh kg-1) [92]. 

The increase of the energy density of LIBs can be achieved by 

developing high capacity anode and cathode electrode materials. In this 

sense, notable research is still under progress to enhance the performance 

of LIBs by using hybrid-based materials. 

 As shown in Figure 1.12 [93], the present LIBs consist of the cathode 
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side (transition metals oxide or phosphates), anode side (graphite), 

polymer separator and electrolyte containing lithium salts in alkyl 

organic carbonates. The polymer separator prevents the direct electrical 

contact between cathode and anode and, at the same time, it allows the 

diffusion of Li+ from cathode to anode during the charging and the 

reverse discharging process. The detailed electrochemical reactions 

during the charge/discharge are the following: 

 

Anode: 

C + x Li + xe- ↔ LixC6 

 

Cathode 

LiCoO2 ↔ Li1-xCoO2 + xLi + xe-
 

 

Active materials should satisfy the requirements of good ionic and 

electrical conductivity, high reversible capacity, long cycle life, high rate 

of Li+ diffusion into active material, low cost and eco-compatibility. 

Graphite is definitely the most used anode owing to its low cost, good  
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Figure 1.12. Schematic illustration of the first LIBs (LiCoO2/Li+ 

electrolyte/graphite). (from Ref. 93. Park et al., J. Am. Chem. Soc., 2013, 

135, 1167.)  
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cycle life and low working potential vs. Li+. However, graphite allows 

the intercalation of only one lithium ion with six carbon atoms, with a 

resulting stoichiometry of LiC6 and thus an equivalent reversible 

capacity of 372 mA h g-1. Furthermore, it shows poor power density due 

to low diffusion rate into carbon materials (10-9 and 10-7 cm2 s-1) [94]. 

Therefore, the path leading to LIBs with improved energy and power 

density has, as major challenge, the selection of suitable anode materials 

that can provide high reversible capacity and easy diffusion of Li+ into 

the anode, along with good cycle life and free from safety concerns 

(Figure 1.13) [87]. 
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Figure 1.13. Schematic illustration of active anode materials for the next 

generation of LIBs. Potential vs. Li/Li+ and the corresponding capacity 

density are shown. (from Ref. 87. Capiglia et al., J. Power Sources, 2014, 

257, 421.)   
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Many attempts have been done in the investigation of a lot of materials 

for high performances and high capacity anode in LIBs. A short list must 

include: carbon nanotubes, carbon nanofibers, graphene, porous carbon, 

silicon and transition metal oxides [95-97]. Furthermore, TMDs, 

phosphides and nitrides might be also considered for anodes candidates 

[98, 99]. However, high volume expansion, poor electron transport, 

capacity fading, and low Coulombic efficiency as well, are the main 

obstacles that have to be overcame before they can be applied to practical 

devices. In this sense, promising results and a bright propect is offered 

by nanostructuring the above listed materials. Nano-size and tailored 

morphology represent the key factor capable of leading these innovative 

materials from being theoretically relevant to a valuable technological 

breakthrough. 
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1.4.2. Sodium ion batteries 

Owing to their excellent electrochemical performance, LIBs have been 

considered as a power source in HEV and mobile electronic devices such 

as lap-top computers and mobile phones. However, the current 

technology for LIBs is not expected to be able to satisfy the demands for 

power sources in future energy storage applications. Furthermore, 

lithium resources are relatively expensive and too geographically 

constrained [100]. Correspondingly, new rechargeable battery systems 

such as sodium ion, magnesium, metal-air and metal-sulfur batteries are 

being considered as promising alternatives to replace LIBs. Among them, 

sodium ion batteries (SIBs) have attracted much attention due to the low 

cost of sodium and batter safety compared to sodium-metal batteries [101, 

102]. Thanks to their low cost, the main potential application of SIBs is 

considered to be large-scale energy storage systems (ESS).  

 Battery system components and electric storage mechanisms of SIBs 

are basically similar as LIBs except ion carriers (Figure 1.14) [103]. SIB 

is composed of two electrodes of sodium insertion materials for positive 

and negative electrodes and they are electrically blocked by a separator, 

which are soaked with organic electrolyte containing a Na salt. As 

sodium is the second-lightest and –smallest metal next to lithium,   
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Figure 1.14. Schematic illustration of SIBs. (from Ref. 103. Komaba et 

al, J. Electrochem. Soc., 2015, 162, A2538.) 
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the sacrifice in performance is expected to be minimized when 

electrochemical Na+ insertion/de-insertion is same as that of Li-system. 

Furthermore, a Cu current collector for an anode is able to be replaced 

with much cheaper aluminum because sodium metal does not react with 

Al, which is ultimately advantageous of SIBs. 

 Despite their many advantages, the atomic weight and standard 

potential of sodium are critical challenging issues to be considered. In 

addition, most electrode materials that have been introduced for SIBs 

show similar or somewhat lower redox potential and specific capacities 

than those for LIBs, resulting in lower energy density for the SIBs. 

Therefore, it is important to develop new electrode materials with high 

energy densities for SIBs to reduce the cost per energy unit. 

The energy density can be improved by i) using electrode materials with 

high specific capacities, ii) using anode materials with low redox 

potentials, and iii) using cathode materials with high redox potentials. 

However, most cathode materials store sodium ions by intercalation, 

which indicates that the number of storage sites is limited, suggesting 

that it will be difficult to quite increase the specific capacity of the 

cathode materials. The use of cathode materials with high redox 

potentials is also limited due to electrolyte decomposition at high 
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potentials. Therefore, the feasible strategy is developing anode materials 

with appropriately low redox potential ranges and high specific 

capacities to improve the energy density of SIBs so that they can 

successfully replace Li-ion batteries. Figure 1.15 shows the specific and 

volumetric energy densities of full cells with various reported anode 

materials [104]. This reveals that a similar energy density to those of 

commercialized Li-ion batteries (150–200 Wh kg-1, 400–650 Wh L-1) 

can be achieved by using only high-capacity anode materials such as 

alloy material, metal oxides, metal sulfides and phosphorus-based 

materials for SIBs.  
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Figure 1.15. Theoretical gravimetric and volumetric energy densities of 

full cells with various reported anode materials for SIBs. (from Ref. 104.  

Lee et al., Adv. Mater., 2014, 26, 4139.)  
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1.4.3. Lithium-sulfur batteries 

 As mentioned above section, the present LIBs can not satisfy the energy 

demands for commercialization of HEV and PHEV. Therefore, 

alternative electrode materials that provide higher capacities need to be 

developed. To overcome the limitations of compound electrodes with 

insertion mechanism, materials that undeG conversion reactions while 

accommodating more ions and electrons are becoming a promising 

candidate, but are highly challenging. In this sense, Li-O2 and Li-S 

batteries with high energy are being intensively pursued [105, 106]. 

 Sulfur, one of the most abundant elements, provides a high theoretical 

capacity of 1672 mA h g-1, which is an order of magnitude higher than 

those of the traditional cathode materials. The high capacity value is 

based on the conversion reaction of sulfur to form lithium sulfide (Li2S) 

by reversibly incorporating two electrons per sulfur atom compared to 

one or less than one electron per transition-metal ion in insertion-oxide 

cathodes.  

 A Li-S cell is an energy storage device through which electrical energy 

can be stored in sulfur electrode. A schematic of the typical Li-S cell 

system and its operation is depicted in Figure 1.16 [107]. A conventional 

Li-S cell consists of a Li metal anode, a sulfur composite cathode, and   
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Figure 1.16. Schematic diagram of a typical Li-S cell with its 

charge/discharge operations. (from Ref. 107. Manthiram et al., Chem. 

Rev., 2014, 114, 11751.) 
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an organic electrolyte. The reaction mechanism occurring during 

discharge are given below, and the backward reactions will occur during 

charge. 

 

Negative electrode: anodic reaction (loss of electrons) 

2Li → 2Li+ + 2e- 

 

Positive electrode: cathodic reaction (gaining electrons) 

S + 2Li+ + 2e- → Li2S 

 

Overall cell reaction (discharge) 

2Li + S → Li2S  

 

Based on above reactions, the Li-S cell delivers a theoretical capacity of 

1167 mA h g-1. The discharge reaction has a cell voltage of 2.15 V.  

 Sulfur atoms show a strong tendency to catenation, generating homo-

cyclic rings or long homo-atomic chains of various sizes [106]. Cyclo-

S8, crystallizing at 25 oC as orthorhombic -S8, is the most stable sulfur 

allotrope at room temperature. During discharge process, cyclo-S8 is 

reduced and the ring opens, resulting in the formation of high-order Li2Sx 
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(6 < x ≤ 8). As the discharge continues, lower order Li2Sx (2 < x ≤ 6) are 

newly formed with the incorporation of additional lithium. In voltage 

profiles of a Li-S cell, there are two distinct discharge plateaus at 2.3 and 

2.1 V with ether-based liquid electrolytes, which attributed to the 

conversions of S8 to Li2S4 and Li2S4 to Li2S, respectively. As shown in 

Figure 1.17, Li2S is formed at the end of discharge. During the following 

charge process, the Li2S is converted to S8 via the formation of the 

intermediate lithium polysulfides, leading to a reversible cycle [108]. 

 Despite its high theoretical capacity, there are critical challenges facing 

the Li-S technology. First, the high electrical resistance of sulfur (~10-30 

S cm-1) and lithium polysulfides formed during cycling along with their 

morphological and structural changes are tremendous challenges, 

resulting in unstable electrochemical contact within sulfur cathodes. 

Furthermore, the conversion of sulfur to lithium sulfide involves 

morphological and structural changes as well as deposition of reactive 

and species repetitive dissolution, which tend to passivate both the 

electrodes, leading to a severe increase in impedance. These issues lead 

to a low utilization of the active sulfur material, low system efficiency 

and poor cycle life. Unfortunately, Li-S batteries have also serious self-

discharge behavior due to the dissolution of polysulfides even in the 
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resting state (Figure 1. 18) [107]. 

 To overcome these problems, various strategies have been proposed. i) 

sulfur coating with conductive polymer, ii) sulfur-impregnation into 

porous carbon materials and iii) sulfur-metal oxide/chalcogenide 

composites. Especially, the sulfur/porous carbon composites have been 

intensively studied due to high conductivity, mechanical strength and 

confine effect of porous carbon materials [26, 109-111]. 
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Figure 1.17. Voltage profiles of a Li−S cell. (from Ref. 106. Tarascon et 

al., Nat. Mater., 2012, 11, 19.)  
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Figure 1.18. (a) Illustration of the shuttle mechanism occurring in a Li-

S cell, (b) Typical discharge plateaus of pristine sulfur cathodes with 

different resting times. (from Ref. 107. Manthiram et al., Chem. Rev., 

2014, 114, 11751.) 
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1.5. Dissertation Overview 

Two-dimensional (2D) carbon-based nanocomposites has aroused 

hugh research interest because of their remarkable optical, electronic and 

mechanical properties. Especially, in energy storage system, these 2D 

composites have been considered promising building blocks for 

construction of advanced electrodes with high energy density and 

stability. 

In my dissertation, I aim to describe 2D carbon-based nanocomposites, 

particularly centering on their preparation strategies and applications in 

rechargeable batteries (i. e. Li and Na ion batteries and lithium-sulfur 

batteries). Firstly, solventless and scalable strategy is developed for the 

synthesis of few-layer MoS2 incorporated into hierarchical porous 

carbon (MHPC) nanosheet composites as anode materials for both Li- 

and Na-ion battery. An inexpensive oleylamine is introduced to not only 

serve as a surfactant and hinder the stacking of MoS2 nanosheets but also 

to provide a conductive carbon, allowing large scale production. In 

addition, a SiO2 template is adopted to direct the growth of both carbon 

and MoS2 nanosheets, resulting in the formation of hierarchical porous 

structures with interconnected networks. Due to these unique features, 

the as-obtained MHPC shows substantial reversible capacity and very 
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long cycling performance when used as an anode material for LIBs and 

SIBs, even at high current density. Indeed, this material delivers 

reversible capacities of 732 and 280 mA h g-1 after 300 cycles at 1 A g-1 

in LIBs and SIBs, respectively. In addition, its Coulombic efficiency 

reached ~98 % after the 3rd cycle and exceeded 99 % after 100 cycles, 

indicating that efficient Li+ insertion and extraction occur in the MHPC 

composites. The results suggest that these MHPC composites also have 

tremendous potential for applications in other fields.  

Secondly, monodisperse carbon nanocapsule ensemble-on-graphene 

nanosheet composites (MCNC/G) were prepared by a facile strategy, 

which involves mixing of iron-oleate and graphene, heat treatment, and 

finally, acid etching of iron oxide nanoparticles. The composites 

comprised highly uniform, hollow structured carbon nanocapsules with 

a diameter of about 20 nm that were densely deposited on the surface of 

the graphene nanosheets (the specific surface area = 172.4 m2 g-1 and 

pore volume = 0.96 cm3 g-1). In lithium-sulfur (Li-S) battery test, the 

MCNC/G-sulfur (MCNC/G-S) composite delivered a high specific 

capacity of 524.7 mA h g-1 after 100 cycles at 0.5 C-rate. In contrast, the 

capacity of graphene-sulfur (G-S) dropped significantly under the same 
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conditions, even though the initial specific capacity (1337 mA h g-1) was 

higher than that of MCNC/G-S (1262 mA h g-1). 

Finally, we report the successfully synthesis of honeycomb-like 2D 

mesoporous carbon nanosheet (OMCNS) by an etching of self-

assembled iron oxide/carbon hybrid nanosheets as an advanced sulfur 

host for Li-S batteries. The obtained 2D nanosheets have close-packed 

uniform cubic mesopores of ~ 20 nm side length, resembling honeycomb 

structure (the specific surface area = 386.7 m2 g-1 and pore volume = 1.05 

cm3 g-1). We loaded OMCNS with sulfur element simple melting 

infusion process (70 wt%) and evaluate the performance of the resulting 

OMCNS-sulfur composites as cathode material. the OMCNS-S 

electrode exhibits a reasonable cycling performance compared with G-S 

electrode, and it could maintain the specific capacity of 1237.7 mA h g-

1 at 1st cycle (0.1 C). After the galvanostatic rates were changed to 0.5 C, 

a specific capacity of 694.1 mA h g-1 is obtained with the capacity 

retention of 652.6 mA h g-1 at 0.5 C after 100 cycles. On the contrary, 

the G-S composite shows the fast capacity fading owing compared to 

OMCNS-S composite 

Such these 2D carbon-based nanocomposites enables the achievement 

of electrode materials with high capacity and long cyclability for high-
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performance rechargeable batteries. The results suggest that these 

nanocomposites also have tremendous potential for applications in other 

fields. 
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Chapter 2. Synthesis of MoS2/Porous Carbon Nanosheet 

Nanocomposites for High-Performance Lithium and 

Sodium Ion Battery Anodes 

 

 

 

2.1. Introduction 

 

 

Rechargeable Li-ion batteries (LIBs), which have the advantages of 

excellent properties, such as high energy density, design flexibility, and 

long cycle life, are considered to be a dominant power source for 

transportation, consumer electronics, and energy-storage devices [1, 2]. 

In contrast, Na-ion batteries (SIBs) are seen as promising options for 

large-scale commercial energy-storage systems (such as grid storage) 

because of the abundant reserves and even distribution of this element 

worldwide [3, 4]. However, in current technologies, the energy densities 

and rate capabilities of both LIBs and SIBs are insufficient to completely 

satisfy social needs. To fundamentally solve these problems, it is 
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necessary to develop advanced electrode materials with higher stability 

and capacity than those that are currently used. Furthermore, exploring 

electrode materials capable of storing both Li+ and Na+ would be of great 

importance. 

MoS2, which features a layered structure resembling that of graphite, 

is a promising anode material in both LIBs and SIBs because its specific 

capacity is higher than that of commercial carbonaceous materials [5-12]. 

However, because of its high surface energy and interlayer van der Waals 

forces, [13] two-dimensional (2D) nanosheets inevitably restack during 

the cycling process, causing a rapid capacity decrease and poor rate 

performance [14-16]. This behavior is especially important for Na+ 

storage because Na atoms are larger than Li atoms. To overcome these 

issues, various strategies have been proposed to enhance the structural 

stability of MoS2-based anodes. One effective strategy is to assemble the 

MoS2 nanosheets into a three-dimensional (3D) porous structure able to 

retain the large surface area and offer more active sites for ion 

intercalation [17-22]. For example, Yang’s group reported 3D radially 

oriented MoS2 nanospheres constructed by few-layered 2D MoS2 

nanosheets, which exhibited high specific capacity and excellent rate 

capability when used as anode materials for LIBs [20].   
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Another strategy is to expand the interlayer distance between the MoS2 

nanosheets by introducing carbon buffer layers or using surfactants or 

physicochemical methods [23-27]. This strategy can provide sufficient 

open channels for fast ion intercalation and inhibit the aggregation of the 

2D nanosheets. It has been reported that the carbon layers between MoS2 

nanosheets provide not only the electrode’s electric conductivity but also 

buffer spaces to accommodate the volume changes during the cycling 

process. However, currently, complicated and harsh synthetic processes 

are required to achieve the above strategies, such as hydrothermal, 

solvothermal, and chemical vapor deposition (CVD) techniques; these 

are the main obstacles to mass producing these materials because these 

methods require expensive facilities, are time consuming, and are limited 

to small-sized reaction vessels [28-31]. Furthermore, synthesizing 

MoS2/carbon nanocomposites with both expanded interlayer distances 

and 3D porous structures remains challenging.  

In this work, we demonstrate an effective and simple solventless 

method to synthesize few-layer MoS2 incorporated into hierarchical 

porous carbon (MHPC) nanosheets in which MoS2 nanosheets are very 

uniformly distributed over the porous carbon sheets. In this synthesis 

strategy, oleylamine plays important roles as not only a carbon precursor 
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to provide the electrical pathway but also as a surfactant to prevent the 

restacking of MoS2 nanosheets via complex formation with [MoS4]
2-. In 

addition, silica templates provide an “inverse opal structured substrate” 

to direct the growth of a hierarchical porous structured nanosheets 

network. As a result, the as-prepared few-layer MoS2/carbon nanosheets 

have open structures, which facilitate the efficient diffusion and transport 

of ions and electrons throughout the electrode and also provide sufficient 

void space to buffer the volume changes of MoS2 during cycling. 

Furthermore, the expanded interlayer distance of the MoS2 nanosheets 

benefits fast ion intercalation and provides structural stability, leading to 

long-term cyclability. As expected, these novel structured nanosheets 

exhibit outstanding cycling performance and rate capability for both 

LIBs and SIBs. In addition, this synthetic method may be suitable for 

mass production. 
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2.2. Experimental Section  

2.2.1. Chemicals 

Ammonium tetra thiomolybdate (ATTM, > 99.97 %), oleylamine (OA, 

technical grade, 70 %) were purchased from Aldrich Chemical Co. 

Sodium hydroxide (bead, > 98 %) was purchased from Samchun. 

Silicon(IV) oxide, (powder, 0.5 micron, 99.9 %) was purchased from 

Alfa Aesar. 

2.2.2. Characterization methods 

The morphologies of all samples were observed by FE-SEM (Hitachi 

S-4800). The TEM images were obtained using a TEM instrument 

(JEOL JEM-2010). XPS analyses were performed using an AXIS-His 

spectrometer with a monochromatic Al K source. A Mettler Toledo 

TGA/DSC 1 model was used for TGA. Crystal phases were identified 

using an XRD instrument (D8-advance) equipped with a Cu K source 

operating at 40 mA and 40 kV with a scan range of 5‒80. N2-sorption 

measurements were performed on a BELSORP-mini II.  

2.2.3. Synthesis of few-layer MoS2/hierarchical porous carbon 

(MHPC) nanosheet hybrids 

The MHPC composites were prepared using a solventless process. 

Typically, 0.1 g of ATTM was solventlessly mixed with 0.2 ml OA by 



９２ 

 

using a mortar and pestle until completely combined. Then, the obtained 

red precursor mixture was combined with 0.15 g of commercial SiO2 

nanoparticles using a mortar and pestle. After mixing thoroughly, the 

mixture was transferred to an alumina boat for thermal processing at 800 

C for 2 h under a N2/H2 (5 %) atmosphere. Finally, the resulting black 

powder was dispersed in aqueous NaOH at 90 C for 6 h to remove the 

silica. The composite was collected by filtration with deionized (DI) 

water and ethanol. The content of MoS2 nanosheets in the composites 

was particularly easily tunable by adjusting the amount of ATTM. In this 

study, three different amounts (0.05, 0.1, and 0.2 g) were tested, and the 

composites were named MHPC-0.05, MHPC-0.1, and MHPC-0.2 for 

convenience. For the control experiment, MoS2/C composites were 

prepared using the same procedure without SiO2 nanoparticles (OA: 0.2 

mL, ATTM: 0.1 g). In addition, MoS2 nanoparticles were synthesized 

using only ATTM. 

2.2.4. Electrochemical Characterization 

To evaluate the electrochemical performance of the samples, a slurry 

composed of 70 wt% active materials, 15 wt% Super-P, and 15 wt% 

polyvinylidenefluoride (PVDF) in n-methyl-2-pyrrolidone (NMP) was 

applied on a Cu foil. After vacuum drying, 2016-type coin cells were 
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fabricated in an Ar-filled glove box. Li metal or Na metal was used as 

the reference and counter electrodes, and the electrolyte was 1.0-M LiPF6 

in a 1:1 v/v mixture of diethyl carbonate (DEC) and ethylene carbonate 

(EC) or NaClO4 in a 1:1:1 v/v mixture of EC, DEC, and poly carbonate 

(PC) for LIBs and SIBs, respectively. Charge/discharge tests were 

performed on a WBCS3000s cycler (WonATech, Korea) using a voltage 

window of 0.01‒3.0 V vs. Li/Li+ or 0.01‒2.9 V vs. Na/Na+. 

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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Figure 2.1. Schematic Depicting the Synthesis Procedure of MHPC 

Composites. 
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Figure 2.2. SEM and TEM images of MHPC composite before silica 

etching 

  



９６ 

 

 

 

 

 

 

 

Figure 2.3. (a) Low- and (b) high-magnification SEM images of MoS2/C 

composites synthesized by using oleic acid as the precursors. 
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Figure 2.4. Large scale synthesis of MHPC composites (using 1 ml of 

OA and 0.52 g of ATTM) 
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2.3. Results and Discussion 

 

The route used to prepare the MHPC composites is illustrated in 

Figure 2.1. In the first step, the as-prepared SiO2 nanoparticles were 

mixed with ammonium tetrathiomolybdate (ATTM)/OA precursor in a 

mortar. The MoS2 content was easily tunable by adjusting the amount of 

ATTM. In this experiment, three different amounts (0.05, 0.1, and 0.2 g) 

were tested, and the composites were named MHPC-0.05, MHPC-0.1, 

and MHPC-0.2, respectively, for convenience. Then, the resulting sticky 

mixture was heated for 2 h under a N2/H2 (5 %) atmosphere. During the 

thermal processing, OA was converted into conductive carbon, which 

firmly deposited on the SiO2 template, and the in situ formation of few-

layer MoS2 nanosheets from ATTM occurred inside the forming carbon 

(Figure 2.2). To understand the roles of the OA additive, an experiment 

was designed and performed in which we substitute oleic acid with a 

carboxylic acid end group for OA under the same conditions as those 

used for the preparation of MHPC composites. Interestingly, we were 

able to obtain irregularly shaped microparticles without 2D nanosheet 

structures, suggesting that the ATTM/oleic acid precursor cannot form 

complexes (Figure 2.3). According to a previous report, this is because 
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the negatively charged tetrahedral [MoS4]
2- in ATTM can 

electrostatically interact with only positively charged (amine-terminated) 

additives [32]. As a result, the MoS2 sheets are covered by a protective 

coating of OA that effectively suppresses aggregation and stacking 

phenomena, thus ensuring more active sites. Finally, the MHPC 

composites were obtained after removing the SiO2 nanoparticles. 

Importantly, the above thermal processing was carried out using solid-

phase foam without any solvents, which makes this in situ synthesis 

approach very inexpensive, easily controllable, and suitable for the mass 

production of MoS2-based composites. Indeed, using only 1 mL of OA 

and 0.52 g of ATTM yielded 0.43 g of the MHPC (Figure 2.4). 

Furthermore, because the OA-ATTM precursor exists in the liquid phase, 

it can be easily mixed with templates of various shapes, implying that 

the morphology of the resulting MoS2/C composites can be readily 

controlled. 
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Figure 2.5. (a) XRD pattern, (b) TGA curve, (c, d) SEM images, and (e, 

f) TEM images of MHPC-0.1 composites. 
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Figure 2.6. XRD pattern of MHPC-0.05, MHPC-0.2 and MoS2 powder 

synthesized without OA. 
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Figure 2.7. TGA curves of MHPC-0.05, MHPC-0.2, and MoS2/C 

composites 
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Figure 2.8. SEM images of (a, c) MHPC-0.05 and (b, d) MHPC-0.2 

composites   
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Figure 2.5a shows the X-ray diffraction (XRD) pattern of MHPC-0.1 

composites. Except for the weak diffraction peak at 25˚ that is attributed 

to the carbon phase, all of the identified peaks agree well with previous 

reports, indicating the phase purity of the MoS2 nanosheets in the MHPC 

composites [33, 34]. Compared to the XRD pattern of bare MoS2 powder, 

all the broad peaks indicate that the crystallites are at the nanoscale 

(Figure 2.6). In particular, the diffraction peak of the (002) plane at 

approximately 14˚, which is assigned to the ordered stacking of MoS2 

sheets, is barely observable, implying that the MHPC-0.1 composites 

contain few-layered MoS2 nanosheets [35, 36]. This interesting 

phenomenon may be attributed to the involvement of OA during the 

synthetic process. According to previous reports, these few-stacked 

MoS2 nanosheets can decrease the diffusion paths for ion transfer, 

leading to fast rate performance [21, 37-39]. In addition, MHPC-0.05 

and 0.2 also show very weak peaks at 14˚, suggesting that even a small 

amount of OA is sufficient to inhibit the restacking of MoS2 nanosheets. 

From the thermogravimetric analysis (TGA) curve of MHPC-0.1, we 

were able to estimate that the MoS2 content is approximately 62.3 %, 

assuming that the final product after measurement was pure MoO3 

(Figure 2.5b). The carbon contents in MHPC-0.05 and MHPC-0.2 with 
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different ATTM amounts were approximately 41.1 and 32.6 wt%, 

respectively, which suggests that the carbon content can be determined 

by the amount of precursors (Figure 2.7). 

Figures 2.5c and d show the field emission scanning electron 

microscopy (FE-SEM) images of a MHPC-0.1 nanocomposite. The 

analyzed sample has a highly interconnected 3D structure with macro- 

and mesopores, and the exposed edges of the network walls exhibit clear 

corrugation and low contrast, indicating that these ultrathin (< 4 nm) 

sheets have great mechanical flexibility. In contrast, MHPC-0.2 shows 

slightly thicker sheets and less-developed pore structure and size (Figure 

2.8). These morphological differences are caused by the presence of 

excess ATTM and the resulting high viscosity. Meanwhile, the MoS2/C 

composites synthesized without SiO2 nanoparticles contain 

agglomerated microparticles, indicating that the SiO2 precursor ratio is a 

critical factor for the synthesis of MoS2/carbon nanocomposites with 

well-developed porous structures (Figure 2.9). Examining the 

transmission electron microscopy (TEM) images of MHPC-0.1 in detail 

provide additional confirmation of the existence of an interconnected 3D 

network, but in MHPC-0.2, some agglomerates were found (red circles 

in Figure 2.10b), as in the SEM images.  
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Figure 2.9. SEM images of MoS2/C composites synthesized without 

SiO2 template. 
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Figure 2.10. TEM images of (a, c) MHPC-0.05 and (b, d) MHPC-0.2 

composites. 
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Figure 2.11. (a) A HR-TEM image, (b) SAED pattern, and (c) a TEM 

image and corresponding C, Mo, and S element mapping of MHPC-0.1. 
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The detailed microstructures of the MHPC nanocomposites were 

further characterized by high-resolution transmission electron 

microscopy (HR-TEM), selected-area electron diffraction (SAED), and 

elemental mapping (Figure 2.11). In the HR-TEM image in Figure 

2.11a, we can observe the stacking and distribution of the MoS2 

nanosheets, which are distributed along the carbon network walls. This 

result provides an additional evidence that the ATTM precursor can form 

complexes with OA. Correspondingly, the stacked MoS2 nanosheets are 

difficult to identify in all samples (Figures 2.10c and d). Energy-

dispersive X-ray spectroscopy (EDX) scanning elemental mapping of 

Mo, S, and C elements also verified the formation of MoS2 nanosheets 

inside the 3D carbon network (Figure 2.11b). This intimate contact 

between carbon and MoS2 nanosheets not only effectively hinders the 

restacking and aggregation of MoS2 nanosheets and improve the 

material’s cycling stability but also substantially promotes fast ion and 

electron transport across the interface and enhances the rate capacity [40-

43]. The circle mode in the SAED pattern further confirms the presence 

of polycrystalline MoS2 (Figure 2.11c). 
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Figure 2.12. (a, c) The N2-sorption isotherms of MHPC-0.05, 0.1, 0.2 

and MoS2/C and (b, d) their pore size distribution curves. 
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The Brunauer-Emmett-Teller (BET) specific surface areas and pore 

structures of the MHPC and MoS2/C composites were characterized by 

N2-sorption measurements (Figure 2.12). Unlike the MoS2/C composite, 

all the MHPC products show typical IV isotherm graphs, indicating the 

existence of mesoporous structures [44-45]. These pore structures are in 

good agreement with the SEM and TEM images. The specific surface 

area and pore volume of the MoS2/C composite were significantly 

increased by the use of SiO2 nanoparticles as templates: from 12.7 to 

109.7 m2 g-1 and from 0.082 to 0.19 cm3 g-1, respectively (for MHPC-

0.1). Therefore, the template is clearly an important determinant for the 

specific surface area and pore volume. Additionally, the surface area and 

pore volume tend to decrease as the amount of ATTM precursor is 

increased because of high MoS2 mass loading (MHPC-0.05: 138.6 9 m2 

g-1 and 0.23 cm3 g-1; MHPC-0.2: 90.9 m2 g-1 and 0.17 cm3 g-1). 

 The pore sizes of the MHPC composites were investigated using 

Barrett-Joyner-Halenda (BJH) pore size distribution data (Figure 2.12b 

and d). Interestingly, in the MoS2/C composites, most of the pores 

exceeded 20 nm, whereas the BJH plot of the MHPC-0.1 sample shows 

two important regions located below 10 nm and above 100 nm. This is 

clear evidence that the MHPC composites have a hierarchical porous 
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structure consisting of meso- and macropores. Clearly, the macropores 

were formed by removing the SiO2 nanoparticle template, whereas the 

mesopores in the MHPC composites may be attributed to the release of 

gas during the thermal processing. 
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Figure 2.13. (a) XPS survey spectrum of MHPC-0.1 composite. High-

resolution XPS spectra of (b) Mo 3d, (c) S 2p, and (d) C 1s of MHPC-

0.1 composite. 
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Table 2.1. Atomic and mass concentration of Mo, S and C of MHPC-0.1 

from high resolution XPS peak integration. 

 

Peak 
Position  

BE (eV) 

FWHM 

(eV) 

Atomic  

Mass 

Atomic  

Conc % 

Mass  

Conc % 

S 2p 166.5 1.879 32.065 12.06 19.67 

Mo 3d 227.3 0.929 95.922 6.23 30.40 

C 1s 282.4 1.646 12.011 81.71 49.93 

 

 

  



１１５ 

 

To further investigate the chemical information and surface electronic 

states of MHPC composites, X-ray photoelectron spectroscopy (XPS) 

was conducted (Figure 2.13). As shown in Figure 5a, the survey XPS 

spectrum shows the presence of Mo, S, O, and C elements in the MHPC 

composites, which is consistent with the EDX data. In the high-

resolution XPS spectra of Mo 3d, two peaks are observed at 229. 5 and 

232.7 eV, which are assigned to Mo 3d5/2 and Mo 3d3/2, respectively 

(Figure 2.13b). These values are known to correspond to Mo4+ in MoS2. 

Additionally, the XPS peak at 235.8 eV is ascribed to Mo6+ 3d5/2 of 

MoO3, which may have been produced via partial surface oxidation in 

air [46, 47]. Furthermore, the small peak at 226.7 eV corresponds to the 

S 2s species of MoS2 [48]. Figure 2.13c shows the high-resolution S 2p 

spectrum, which contains S 2p3/2 and S 2p1/2 peaks at 162.3 and 163.5 

eV, respectively. These results are characteristic of S2- in MoS2. The 

deconvoluted C 1s spectra of the MHPC-0.1 composite show four 

different peaks centered at 284.5, 2885.5, 287.0, and 289.0 eV, which 

are attributed to sp2 C, sp3 C, C-O, and O-C=O groups, respectively 

(Figure 2.13d). The sp3/sp2 concentration ratio (0.67) shows that the 

carbon in the composites consists of a partial amorphous phase and a 

dominant graphitic phase. 
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Figure 2.14. Electrochemical performance of MHPC-0.1 and MoS2/C 

used in LIBs. (a) CVs of MHPC-0.1 at a scanning rate of 0.2 mV s-1. (b) 

Galvanostatic discharge/charge profiles of MHPC-0.1 at 0.1 A g-1. (c) 

Cycling and (d) rate capability performance of MHPC-0.1, MoS2/C 

composites, and bare MoS2 powder electrodes. (e) Long-term cycling 

performance at a current density of 1 A g-1.  
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Figure 2.15. (a) Cyclic voltammograms of bare MoS2 at a scanning rate 

of 0.2 mV s-1. (b) Galvanostatic discharge/charge profiles of bare MoS2 

at 0.1 A g-1. 
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The electrochemical properties of bare MoS2, MoS2/C, and MHPC-0.1 

for use in LIBs were evaluated according to the results shown in Figure 

2.14. Figure 2.14a shows the cyclic voltammograms (CVs) of the first, 

second, and fifth cycles of the MHPC-0.1 electrode in the potential range 

of 0.01–3 V vs Li+/Li. As previous reported, a dominant cathodic peak 

appears at 0.5 V only in the first cycle; this peak is associated with the 

reaction between LixMoS2 and Li+, which leads to the formation of 

metallic Mo nanoparticles and Li2S [6, 9] From the second cycle on, two 

new reduction peaks at 1.88 V and 1.21 V emerge, which can be ascribed 

to the multi-step Li+-insertion mechanism [49]. Upon charging, the two 

main peaks that appear at 1.51 V and 2.23 V correspond to the oxidation 

of Li2S to S and Li+; they exhibit no significant variation, even after the 

fifth cycle, indicating the favorable reversibility of the MHPC electrodes. 

Furthermore, the weak oxidation peak at 1.9 V and reduction peak at 1.66 

V (Figure 2.15a), which were not apparent in the CVs of the bare MoS2 

electrode, can be ascribed to reversible Li storage on the hierarchical 

porous carbon nanosheets. This suggests that both the few-layered MoS2 

and the 3D carbon nanosheets can store Li+ during the charge/discharge 

process. 
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Figure 2.13b shows the charge/discharge voltage profiles of MHPC-

0.1 for the first, second, fifth, and tenth cycles at a current density of 0.1 

A g-1. Compared to that of bare MoS2, the profiles of MHPC-0.1 exhibit 

poor voltage plateaus, which is good agreement with its CVs (Figure 

2.14b). This result is caused by the combined effects of hierarchical 

porous carbon and few-layered MoS2 nanosheets. In the first cycle, the 

MHPC-0.1 electrode delivers a discharge capacity of 1400 mA h g-1 and 

a charge specific capacity of 925 mA h g-1, indicating a Coulombic 

efficiency of 66 %. The irreversible capacity loss is mainly caused by 

electrolyte decomposition and the formation of a solid-electrolyte 

interface (SEI) [50, 51]. However, in the subsequent cycles, both charge-

discharge profiles remained nearly constant, implying excellent stability 

of MHPC-0.1 electrode. 

 The cycle behaviors of bare MoS2, MoS2/C, and MHPC-0.1 at a 

current density of 0.1 A g-1 are shown in Figure 2.14c, together with 

their Coulombic efficiencies. MHPC-0.1 delivered reversible specific 

discharge capacities of 947 and 983 mA h g-1 at the 2nd cycle and after 

100 cycles, respectively, confirming that this material’s specific capacity 

increases with cycling. This phenomenon could be attributed to the 

formation of a gel-like polymeric layer and the electrochemical 
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activation of the composites [52]. In addition, its Coulombic efficiency 

reached ~98 % after the 3rd cycle and exceeded 99 % after 100 cycles, 

indicating that efficient Li+ insertion and extraction occur in the MHPC 

composites. The MoS2/C composite exhibited good cycling stability but 

had a relatively low capacity of only ~ 668 mA h g-1 after 100 cycles 

because of its low surface area and dense micro-structure. In contrast, 

the bare MoS2 electrode showed continuous and rapid capacity decay 

during cycling. Indeed, after 100 cycles, the bare MoS2 electrode 

delivered only 168 mA g h-1.  
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Figure 2.16. (a) SEM, (b) TEM, (c, d) HR-TEM images and FFT pattern 

(inset) of the cycled MHPC-0.1 electrode in LIBs test  
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Table 2.2. Comparison of the electrochemical performance of some 

related composite materials for LIBs in the literature 

 

Sample Specific discharge capacity Current 

density 

Voltage 

windows 

Reference 

MHPC 496 mA h g-1 10 A g-1 0.01-3.0 V Our work 

MoS2/Carbon 

nanosheets 

280 mA h g-1 10 A g-1 0.005-3.0V [40] 

3D radially oriented 

MoS2 nanospheres 

354 mA h g-1 2 A g-1 0.01-3.0 V [20] 

CMK-3/MoS2 

composites 

380 mA h g-1 1 A g-1 0.005-3.0 V [52] 

3D hierarchical 

MoS2/C 

511 mA h g-1 1 A g-1 0.005-3.0 V [44] 

MoS2 nanocages 680 mA h g-1 1 A g-1 0.005-3.0 V [19] 
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To investigate the rate capabilities of MoS2/C, bare MoS2, and MHPC 

electrodes, we conducted electrochemical testing at varying current 

densities (Figure 2.14d). As the current densities increased from 0.1 to 

0.2, 0.5, 1, 5, and 10 A g-1, the MHPC-0.1 electrode exhibited discharge 

capacities of 948, 864, 786, 725, 579, and 496 mA h g-1, respectively. 

Importantly, these capacities are much higher than those of the MoS2/C 

and bare MoS2 electrodes and are also superior or comparable to those 

reported for previous MoS2-based composites (as shown in Table 2.2). 

Notably, when the current density decreased to 0.1 A g-1, the discharge 

capacity of the MHPC-0.1 electrode rose to 1020 mA h g-1, suggesting 

that the Li-storage performance of the MHPC composites is not degraded 

by high current density. Inspired by this material’s excellent cycle 

stability and rate capability, the long-term cycling performance of the 

MHPC-0.1 electrode was also confirmed at a high current of 1 A g-1 for 

300 cycles (Figure 2.14e). Very surprisingly, this electrode delivered a 

specific discharge capacity of 732 mA h g-1 after 300 charge/discharge 

cycles, confirming that it has high-rate cycling capability over the long 

term. According to the cycling curve, this capacity increase primarily 

occurs during the initial 200 cycles; subsequently, the capacity remains 

stable at a value of ~ 730 mA h g-1. Furthermore, the Coulombic 
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efficiency during long-term cycling remains near 100 %. Meanwhile, as 

shown in Figure 2.16, the porous structures of the electrodes are 

unbroken even after 300 cycles at a current density of 1 A g-1, indicating 

the excellent stability of the HPMC composite electrodes because of their 

highly flexible and robust properties. 
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Figure 2.17.. Electrochemical performance of MHPC-0.05, 0.1 and 0.2 

for LIBs (a) Long-term cycling performance at a current density of 1 A 

g-1 and (b) rate capability. 
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Figure 2.18. Electrochemical impedance spectra of MHPC-0.1 and bare 

MoS2 electrodes in LIBs (a) before cycling and (b) after 50 cycling.  
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To further study the effect of the initial ATTM/OA ratio on the 

electrochemical performance, MHPC-0.05 and 0.2 were evaluated at a 

current density of 1 A g-1 for 300 cycles (Figure 2.17a). The MHPC-0.05 

electrode exhibited good cycling stability but a low capacity of 568 mA h g-

1 after 300 cycles. This result may be attributed to its relative large carbon 

content. In contrast, MHPC-0.2 showed the lowest capacity values among 

the MHPC composites tested, possibly because of its poor electrical 

conductivity, which is related to its relatively high content of MoS2. 

However, in the rate capability test, the MHPC-0.2 composite had higher 

capacity values than MHPC-0.05, and it can be assumed that the initial 

charge/discharge process at a low current density improved the 

electrochemical performance of the MHPC-0.2 composite (Figure 2.17b). 

Figure 2.18 shows the EIS data of MHPC-0.1 and bare MoS2 electrodes 

before cycling and after 50 cycling at 100 mA g-1, which is closely related 

to the stability of electrodes. The Nyquist plots exhibit semicircles in the 

medium frequency region, which is assigned to the charge-transfer 

resistance (Rct) and a line inclined to the real axis in the low frequency 

region, which corresponds to the ion diffusion process within the electrodes. 

The semicircle diameters for MHPC-0.1 electrode are significantly smaller 

than those of bare MoS2 electrode before and after cycling, indicating 

enhanced lithium and electron ion transport of MHPC-0.1 electrode.  
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Figure 2.19. Electrochemical performance of MHPC-0.1 used in SIBs. 

(a) CVs at a scanning rate of 0.2 mV s-1. (b) Galvanostatic 

discharge/charge profiles at 0.1 A g-1. (c) Cycling and (d) rate capability 

performance of the electrodes. (e) Long-term cycling performance at a 

current density of 1 A g-1. 
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Table 2.3. Comparison of the electrochemical performance of some 

related composite materials for SIBs in the literature. 

 

 

 

  

Sample Specific discharge capacity Current 

density 

Voltage 

windows 

Reference 

MHPC 293 mA h g-1 1 A g-1 0.01-2.9 V Our work 

MoS2/graphene 

paper 
173 mA h g-1 0.2 A g-1 0.1-2.25 V [54] 

MoS2/graphene 

synthesized via 

microwave 

214 mA h g-1 1 A g-1 0.005-2.5 V [55] 

Liquid exfoliated 

MoS2 
120 mA h g-1 0.8 A g-1 0.4-2.5 V [26] 

MoS2/CNT 328 mA h g-1 0.5 A g-1 0.001-2.5 V [24] 

MoS2/graphene  352 mA h g-1 0.64 A g-1 0.01-3.0 V [56] 
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Furthermore, the Na-storage properties of the samples were 

determined using conditions similar to those used for the LIBs (Figure 

2.19). In the CV of the first cycle, the MHPC-0.1 composite showed two 

reduction peaks at approximately 0.48 and 0.03 V and corresponding 

oxidation peaks at approximately 1.2 and 1.8 V. In the second cycle, we 

observe new reduction peaks at approximately 0.64 and 1.57 V; here, the 

peak located at 1.57 V can be attributed to Na+ intercalation into the 

MoS2 layer, whereas that at 0.64 V can be ascribed to the conversion 

reaction [53, 54] This mechanism is also confirmed by the 

charge/discharge profiles of the MHPC-0.1 composite. Figure 2.19c 

demonstrates the cycling performance of the MHPC-0.1 composite over 

100 cycles at 0.1 A g-1. Although an unstable charge/discharge process 

occurred during the initial 5 cycles, the capacity values quickly stabilized 

within 10 cycles; this behavior is attributed to the poor electrochemical 

reaction kinetics of the Na ion compared to those of the Li ion.  

 The MHPC-0.1 composite delivered a high reversible discharge 

capacity of 404 mA h g-1 after 100 cycles, which is approximately 85 % 

of the reversible capacity of the 10th cycle, and a Coulombic efficiency 

exceeding 96 % was estimated. Furthermore, MHPC-0.1 displayed 

excellent reversible capacities of 467, 406, 338, 293, 183, and 122 mA h 
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g-1 at current densities of 0.1, 0.2, 0.5, 1.0, 5.0, and 10.0 A g-1, 

respectively. As in LIBs, the capacity of the MHPC-0.1 electrode rapidly 

returned to higher values when the  current density was decreased to 0.1 

A g-1, suggesting that the MHPC electrodes are also very suitable for 

high-rate SIBs. Accordingly, a long-term cycling test including 300 

cycles at a current density of 1 A g-1 was performed and revealed stable 

capacity values without rapid capacity fading (the discharge capacity 

was 280 mA h g-1 at the 300th cycle).  

 Clearly, these MHPC composites’ outstanding cycling stabilities and 

rate capabilities for both Li and Na storage are associated with their 

unique nanostructure, which provides the following advantages: 1) The 

conductive carbon nanosheets that tightly anchor the MoS2 nanosheets 

ensure the stable and fast transport of both ions and electrons, especially 

during high-rate cycling, thereby inhibiting the stacking of MoS2 

nanosheets and significantly enhancing the rate cycling stability and 

capacity. Moreover, sandwiching the MoS2 nanosheets between carbon 

nanosheets minimizes their intrinsic volume expansion and stacking 

problems during the charge/discharge process. 2) The hierarchical 

carbon nanosheet architecture, which has a high surface area and 

interconnected networks, contributes substantially to the efficient and 
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fast 3D transport of ions and electrons deep into the electrode. 3) The 2D 

characters of the carbon and MoS2 nanosheets provide short diffusion 

distances, facilitating efficient ion and electron transport and enhancing 

the rate performance and Coulombic efficiency. 
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2.4. Conclusion 

 

In summary, we developed a facile and scalable solventless strategy 

for the synthesis of MHPC nanosheets as high-performance anode 

materials for LIBs and SIBs. OA, which has positively charged amine 

end groups, was introduced to serve as both a surfactant to inhibit the 

stacking of MoS2 nanosheets and a carbon source to enhance the 

electrode’s electrical conductivity. In addition, an inverse opal structured 

SiO2 template was used to direct the growth of both the carbon and MoS2 

nanosheets, resulting in the formation of a hierarchical porous structure 

with interconnected networks These unique features enhance the 

structural stability of the overall electrode and enable high rates of fast 

ion and electron transport deep into the electrode to access the active 

sites there. Consequently, this hierarchical porous architecture shows 

significantly improved capacity and excellent long-term cycling 

performance when used as an anode material for LIBs and SIBs, even at 

high rates. Indeed, the materials tested here delivered reversible 

capacities as large as 732 and 280 mA h g-1 after 300 cycles at 1 A g-1 in 

LIBs and SIBs, respectively. All of the results indicate that this MHPC 

composite has tremendous potential for applications in other fields, 
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including in catalysis, supercapacitors, and electronic devices. 

Furthermore, this solventless synthesis protocol can be readily extended 

to the construction of other metal-based materials incorporated in 

hierarchical porous carbon nanosheets for various applications. 
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Chapter 3. Uniform Carbon Nanocapsule/Graphene 

Nanosheet Hybrids as Cathode Reservoirs for Lithium-

Sulfur Batteries 

 

 

3.1. Introduction 

 

 

Among the known next-generation battery systems, rechargeable 

lithium-sulfur (Li-S) batteries have earned distinction due to their 

high specific energy density (2600 W h kg-1), environmental 

friendliness, and the natural abundance of sulfur [1-3]. Despite 

these considerable advantages, there are two major drawbacks of 

using sulfur: its electronic insulating nature and the rapid capacity 

fading caused by the high solubility of the intermediate products 

Li2Sx (2 < x ≤ 8) in organic electrolyte solutions [4-8]. In addition, 

large volume expansion of the sulfur particles during cycling can 

result in structural collapse of the electrode [9, 10]. These issues 

greatly restrict the practical applications of Li-S batteries. A 

reasonable strategy to overcome these problems is to utilize 
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conductive carbon materials as effective hosts for sulfur loading. 

Such carbon materials include carbon nanotubes [11-13], graphene 

[14-16], hollow carbon spheres [9, 17, 18], and porous carbon [19-

21] that can improve the electrical conductivity of the active 

materials and minimize the dissolution of lithium polysulfide into 

the electrolyte. 

 Among these carbon materials, graphene has been intensively 

studied as a matrix for the electrode of Li-S batteries due to its high 

specific surface area, excellent electrical conductivity, and good 

mechanical strength [22-25]. However, the ability of graphene as a 

host material to effectively confine the intermediate products in the 

cathodes during cycling is limited due to its open structure. Thus, 

polysulfides can still easily diffuse out of the cathodes, which leads 

to gradual capacity decay [26, 27]. 

 As a partial solution, considerable effort has been made to 

incorporate other carbon materials that can confine sulfur into the 

graphene structure, such as carbon nanocapsules [28, 29], 

mesoporous carbon [30, 31], and conducting polymers [32, 33]. 

Specifically, the combination of carbon nanocapsules (CNCs) with 

graphene has been considered as an interesting host because this 
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composite may offer improved electrical conductivity as well as 

confine the sulfur or polysulfides under the carbon shell [28, 29]. 

Liu et al. synthesized three-dimensional (3D) nanostructure of 

graphene-hollow carbon spheres with a diameter of 180 nm as the 

sulfur host via a hydrothermal self-assembly method. The as-

prepared cathode delivers high capacity and excellent rate 

performance [28]. However, preparation of CNC/graphene 

composites currently requires complicated and time-consuming 

processes, resulting in a low-yield and higher cost. Furthermore, the 

synthesis of small (< 50 nm) and uniformly sized carbon 

nanocapsule-based composites with short ion/electron transfer 

distances and stable active sites in the structure is still challenging.  

 Herein, we propose a facile strategy for synthesis of 

monodisperse carbon nanocapsule anchored on graphene nanosheet 

(MCNC/G) composites as effective host materials to confine sulfur 

for Li-S batteries (Figure 3.1). Impregnation of elemental melted 

sulfur into the unique pore structure of MCNC/G imparts 

significantly improved electrochemical performance to the 

MCNC/G-sulfur (MCNC/G-S) composite compared to that of bare 

graphene nanosheets.  
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3.2. Experimental Section  

3.2.1. Chemicals 

Iron(III) acetylacetonate (Fe(acac)3) and oleic acid was purchased 

from Aldrich Chemical Co. Sulfur powder was purchased from 

SAMCHUN Chemical Co. 

3.2.2. Characterization methods 

X-ray diffraction (XRD) pattern were obtained using a diffractometer 

(D8-advances) with a Cu Kα radiation source (λ=0.154 nm) from 20 to 

70˚ at a scan rate of 2˚ min-1. The structure and morphology of the 

composites was investigated by field-emission scanning electron 

microscopy (FE-SEM, Hitachi S-4800) and high-resolution transmission 

electron microscopy (TEM, JEOL JEM-2010) equipped with an energy-

dispersive X-ray (EDX) spectrometer. Thermal gravimetric analysis 

(TGA) was performed using a thermal analyzer (TGA/DSC 1, Mettler 

Toledo) at a heating rate of 10 ˚C min-1 under an N2 atmosphere. The 

Brunauer-Emmett-Teller (BET) specific surface area and pore size 

distribution of the composites were measured by N2 

adsorption/desorption using an adsorption analyzer (BELSORP-mini II). 
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3.2.3. Preparation of graphene 

Graphene oxide (GO) was synthesized from commercial graphite 

powder (Aldrich, < 20 micron) by a modified Hummers method [Ref]. 

Graphene was prepared by a thermal expansion of the GO under vacuum 

condition. In a typical process, the GO powder was put into a two-neck 

round-bottom flask and then it was connected to a high vacuum pump. 

After creating a vacuum state, the flask was rapidly heated by a heating 

mantle. At about 190 ˚C, a dramatic expansion of GO can be observed. 

To reduce the GO completely, the black powder was kept at 300 ˚C for 

3 h. 

3.2.4. Preparation of carbon coated monodisperse iron 

oxide/graphene (IO@C/G) composite 

In a typical synthesis, 0.7g of Fe(acac)3 was solventlessly mixed with 1.7 

ml of OA. These red-colored iron–oleate precursors were then mixed 

well with 0.13 g of as-prepared graphene powder in mortar with a pestle. 

The mixture was heated to 600 ˚C with the heating rate of 10 ˚C min-1 

under an Ar atmosphere and then kept at that temperature for 3 h. 
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3.2.5. Preparation of monodisperse carbon nanocapsule/G 

(MCNC/G) composite 

To obtain MCNC/G composite, monodisperse iron oxide nanoparticles 

in IO@C/G composite were etched with 3 M hydrochloric acid (HCl) for 

5 hrs. After washing with DI water and EtOH, the obtained MCNC/G 

powder was thermally treated at 800 ˚C for 3h to improve the 

conductivity of carbon. 

3.2.6 Preparation of sulfur-loaded MCNC/G (MCNC/G-S) 

composite 

The sulfur loading into MCNC/G composite were implemented by the 

general melting-diffusion method. In a typical process, the as-prepared 

MCNC/G powder was ground with sulfur (SAMCHUN, 60 wt % of total 

mass). The mixture was then transferred to alumina boat and heated to 

155 ˚C in a tube furnace for 18 hrs under Ar atmosphere. 

3.2.7. Electrode preparation 

The electrodes consisted of MCNC/G-S as an active material, conducting 

agent (Acetylene black), and polymer binder (Polyvinylidene flouroide, 

PVdF) in a ratio of 7:2:1 (wt%), it was homogenized well using a ball-

milling (Mini-Mill PULVERISETTE 23, FRITSCH) at 40 instruction 

per second for 30 min. Then, the homogeneous slurry was casted on pure 
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aluminum foil by using doctor blade with the thickness of 100 µm. The 

electrodes were dried in the vacuum oven at 60℃ during the overnight, 

and were punched for diameter of 11 mm. The mass loading of active 

material is averagely between 0.6 and 0.8 mg cm-2. 

3.2.8 Electrochemical characterization 

Electrochemical performances were conducted by using a CR2016-type 

coin cell. The cells were fabricated in Ar-filled glove box (O2 and H2O 

contents below 0.1 ppm). Commercial polymer separator (Celgard 2400) 

and 1.0 M bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and 

0.3 M LiNO3 in a 1:1 by volume mixture of 1,3-dioxolane (DOL) and 

dimethoxymethane (DME) as the electrolyte was used. Lithium metal 

foil was used as an anode electrode and this cell was measured for a half-

cell. All electrochemical measurements were carried out at a room 

temperature of 25 oC. For Galvanostatic charge/discharge measurement 

(WBCS3000s cycler, WonATech, Korea) was used in a voltage window 

of 1.7 and 2.8 V vs. Li/Li+. 
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Figure 3.1. Schematic illustration of preparation of the MCNC/G and 

MCNC/G-S composites. 
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Figure 3.2. SEM images of (a, b) bare graphene nanosheets and (c, d) 

G-S composite.  
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Figure 3.3. (a, b) SEM images and (c, d) TEM images of IO@C/G 

composites.  
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Figure 3.4. Large scale synthesis of MCNC/G composites (using 0.14 g 

of graphene). 
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3.3. Results and Discussion 

 

In the typical process, the graphene nanosheets were first prepared 

via vacuum-assisted thermal reduction of graphene oxide (Figure 

3.2a and b). Then The graphene nanosheets were combined with 

the viscous iron-oleate precursor prepared by simply mixing oleic 

acid and iron acetylacetonate, followed by heating at 600 ˚C for 3 

hrs under Ar. During this process, monodisperse carbon-coated iron 

oxide nanoparticles were formed on the graphene nanosheets via 

thermal decomposition of the iron-oleate precursor (IO@C/G, 

Figure 3.3) [34]. Finally, the IO@C/G composite was subjected to 

acid etching to obtain the MCNC/G. The obtained MCNC/G 

composite was infiltrated with sulfur using the melt-infusion 

method to obtain the MCNC/G-S composite. Because this facile 

strategy was implemented under solvent-free conditions, it is very 

economical, easily controllable, and suitable for scalable 

production (Figure 3.4). 
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Figure 3.5. SEM images of (a) MCNC/G and (b) MCNC/G-S. TEM 

images of (c) MCNC/G and (d) MCNC/G-S. (e) Dark field image and 

the corresponding C and S element mappling of MCNC/G-S. 
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 The structures and morphologies of the MCNC/G and MCNC/G-

S composites were characterized by scanning and transmission 

electron microscopy (SEM and TEM, Figure 3.5). As shown in Fig. 

1a and c, CNCs with a uniform diameter of about 20 nm and shell 

thickness of 2 nm were densely deposited on the surface of the 

graphene nanosheets. Even though the MCNC/G composite was 

subjected to high temperature annealing, no CNC aggregates were 

detected, indicating that these composites have a very stable 

structure. Interestingly, after sulfur infusion, the void space inside 

the CNCs was filled with sulfur species of the same size as the 

CNCs (Figure 3.5b and d) and some sulfur element was deposited 

on the surface of graphene. This result provides clear evidence that 

the elemental melted sulfur was well infiltrated into the CNCs due 

to the capillarity interaction and excellent wettability with carbon 

[28]. In contrast, the SEM images of the bare graphene 

nanosheet/sulfur (G-S) composites show some agglomerated sulfur 

particles of several micrometer (Figure 3.2c and d). These 

morphological differences reveal that the unique structure of the 

MCNC/G composites successfully inhibits aggregation of sulfur 

during the melting process. The partially empty voids in the TEM 
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image of the MCNC/G-S composite are attributed to sulfur 

sublimed by the electron beam heating effect under the ultra-high 

vacuum. The dark field image and the corresponding carbon and 

sulfur mapping of MCNS/G-S provide further evidence that sulfur 

was uniformly confined within the CNCs with a small fraction on 

the surface of the graphene sheets. 
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Figure 3.6. (a) XRD patterns of IO@C/G, MCNC/G, and MCNC/G-S. 

(b) Raman spectra of MCNC/G and bare graphene; (c) nitrogen 

adsorption-desorption isotherms, and (d) pore-size distributions of 

MCNC/G and MCNC/G-S.  
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Figure 3.7. Pictures in (a, b) show that powder of MCNC/G was not 

attracted by a magnet after acid etching of IO@C/G. 
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Figure 3.8. TGA curves of MCNC/G-S and G-S 
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Figure 3.9. (a, c) The N2-sorption isotherms and (b, d) the pore size 

distribution curves of bare graphene nanosheets and IO@C/G, 

respectively. 
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The X-ray diffraction (XRD) patterns of the samples are shown in 

Figure 3.6a. After the etching process, no peaks attributed to the 

maghemite phase (-Fe2O3, JCPDS No. 39-1346) were detected in 

the XRD pattern of MCNC/G, suggesting that the iron oxide 

nanoparticles were completely removed. Further, the MCNC/G 

powder was not attracted by a magnet, unlike the IO@C/G 

composite (Figure 3.7). The XRD pattern of the MCNC/G-S 

composite is the same as that of pure elemental sulfur 

(orthorhombic, JCPDS No. 08-0247), indicating that the process of 

sulfur infiltration into the MCNC/G composite does not induce any 

crystal structure changes. Thermogravimetric analysis (TGA; 

Figure 3.8) indicated that the sulfur content in the MCNC/G-S 

composite was about 60 wt%. 

 Raman scattering is substantially sensitive to the electronic 

structure of materials and an effective technique for characterizing 

crystallinity of carbon [35, 36]. In Figure 3.6b, Raman spectra 

display obvious two broad peaks located at ca. 1360 and 1600 cm-

1 which are related to D and G bands of graphitic materials with 

defects [37]. The D band is assigned to the vibration of C atoms 

with dangling bonds of the graphite with defects whereas the G 
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band is attributed to the vibration of sp2-bonded C atoms (C=C, 

typical graphite bonds) [38, 39]. It is noteworthy that the G band of 

both materials are shifted to higher wavelength number compared 

with that of bare graphite crystals (1580 cm-1), suggesting a 

structural imperfection of them [40]. The relative intensity ratios 

(ID/IG) of the two peaks are related to the graphitization degree. The 

intensity ratios of D and G bands of MCNC/G and bare graphene 

are 0.94 and 0.84, respectively, indicating that both samples have 

partially disordered graphitic crystalline structure, but there are 

more defects in MCNC/G. These results could be due to the 

influence of relatively low pyrolysis temperature and acid treatment 

The details of the differences in the pore structure and the 

Brunauer–Emmett–Teller (BET) specific surface area of the 

products were evaluated from the N2 adsorption-desorption 

isotherms and pore-size distributions (Figure 3.6c and d and 

Figure 3.9). As shown in Figure 3.9, the specific surface area and 

pore volume of the bare graphene sheets (265 m2 g-1 and 1.5 cm3 g-

1) declined significantly to 137 m2 g-1 and 0.57 cm3 g-1, respectively, 

after deposition of the iron oxide nanoparticles due to the intrinsic 

low surface area of iron oxide and additional carbon coating on the 
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surface of graphene caused by the iron-oleate precursor. However, 

after removal of the iron oxide nanoparticles, the MCNC/G 

composite gave rise to a typical type IV isotherm with hysteresis, 

indicative of mesopores [41]. Further, the specific surface area 

(172.4 m2 g-1) and pore volume (0.96 cm3 g-1) were higher than 

those of IO@C/G composite due to the void spaces inside the CNCs 

formed by etching of the iron oxide nanoparticles. 

 The pore size distribution curves (Figure 3.6d) indicate a 

multimodal pore size distribution for the MCNC/G composite. The 

pore size distribution of MCNC/G is generally similar that of bare 

graphene (Figure 3.9b), except for the appearance of a peak 

centered at about 15 nm (yellow colored region), which may be 

attributed to the monodisperse CNCs. After infusion of sulfur into 

the MCNC/G composite, the surface area and pore volume declined 

significantly, providing clear evidence that sulfur occupies the 

available pores of the MCNC/G composite, which contains void 

spaces in the CNCS [42, 43]. 

  



１６３ 

 

 

Figure 3.10. (a and b) Galvanostatic discharge/charge profiles of 

the MCNC/G-S and G-S composite at 0.1 C. (c and d) Cyclic 

voltammograms of the MCNC/G-S and G-S composite at a 

scanning rate of 0.1 mV s-1. (e) Cycling and (f) rate capability 

performance of the electrodes of the MCNC/G-S and G-S 

composite, respectively.  
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Figure 3.10a and b show typical charge-discharge profiles of the 

MCNC/G-S and G-S composites containing about 60 wt.% sulfur 

at a current density of 0.1 C. All discharge curves of MCNC/G-S 

and G-S show the typical two-plateau profile of Li-S batteries, with 

peaks around 2.3 and 2.1 V, respectively. These two plateaus are 

related to the formation of soluble long-chain polysulfides (Li2S8, 

Li2S6, Li2S4, and Li2S3) at 2.3 V and the precipitation of insoluble 

short-chain polysulfides (Li2S2 and Li2S) at 2.1 V due to the 

dissolution of sulfur during electrochemical cycling [1, 2]. 

Compared with the profiles of G-S, the capacity difference between 

the 1st and 2nd cycle is smaller in the case of MCNC/G-S, 

suggesting good reversibility and stability. Furthermore, the 

overpotentials (ΔV) determined from the profiles of the two 

samples indicate a difference in the electrode polarization 

(MCNC/G-S: 0.24 V and G-S: 0.39 V). The overpotential in the 1st 

cycle is caused by the dissolution of Li2S into the electrolyte, which 

is closely related to the Li2S particle size effect [44]. Smaller Li2S 

particles lead to a considerably larger surface area of the polysulfide, 

which enhances the chemical reaction between S8 and Li2S. 

Because the MCNC/G-S composite has small and uniform pores, it 
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can confine sulfur in the pores more effectively than the G-S 

composite, resulting in reduction of the overpotential with the 

former. The overpotential of the MCNC/G-S electrode in the 2nd 

cycle is similar to that in the 1st cycle, whereas the second cycle 

overpotential is larger than that of the 1st cycle in the case of G-S 

because the G-S structure cannot mitigate the dissolution of Li2S 

with a large particle size. 

The results presented above are consistent with the cyclic 

voltammograms (CV) acquired at a scanning rate of 0.1 mV s-1 

(Figure 3.10c and d). Figure 3.10c shows the CV curve of the 

MCNC/G-S cathode in the 1st and 2nd cycles. Two reduction peaks 

were observed during the cathodic scan. The two apparent 

reduction peaks positioned around 2.3 and 2.0 V correspond to the 

two reduction processes of elemental S [45, 46]. These results 

correspond with the positions of the two plateaus in the discharge 

profiles in Figure 3.10a. In contrast with the apparent redox peaks 

at around 2.1 and 2.3 V, the CV curves of G-S show well-defined 

peaks with weak intensity under the same conditions. In the 1st 

cycle, the electrode fabricated with the G-S composite undergoes 

severe dissolution of polysulfides because the open structure of G-
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S cannot confine the intermediate products of elemental S, resulting 

in an irreversible reaction and loss of the active materials and an 

inability to withstand the high C-rate. 

 The cycling performance of the MCNC/G-S and G-S composites 

is shown in Figure 3.10e (based on the mass of S, 1 C = 1675 mAh 

g-1). After the initial 5 cycles at 0.1 C-rate, the MCNC/G-S 

composite delivered a high specific capacity of 524.7 mA h g-1 after 

100 cycles at 0.5 C-rate. In contrast, the capacity of G-S dropped 

significantly under the same conditions, even though the initial 

specific capacity (1337 mA h g-1) was higher than that of MCNC/G-

S (1262 mA h g-1). In the rate capability test (Figure 3.10f), the 

MCNC/G-S composite exhibited an initial specific discharge 

capacity of 1233.2 mA h g-1 at 0.1 C-rate and capacity values of 

779.9 and 644.4 mA h g-1 at 0.5 and 1 C-rate, respectively. The 

excellent rate-stability gave rise to specific discharge capacities of 

391.2, 265.9, and 150 mA h g-1 even at higher rates of 2, 3, and 5 

C, respectively, although the higher rate gave rise to capacity fading 

due to irreversible loss of the active material owing to the 

dissolution of polysulfide with increasing current. After a rate of 5 

C, a discharge capacity of 928.7 mA h g-1 was again obtained when 
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the rate was again reduced to 0.1 C. These rate performances are 

substantially better than those of the G-S composites. This can be 

attributed to the monodisperse carbon nanocapsules in the 

MCNC/G composite, which lead to small volume expansion and 

physical confinement of sulfur due to the void spaces inside the 

CNCs. 
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3.4. Conclusion 

In summary, a MCNC/G composite with high electrochemical 

performance was prepared by a facile strategy for application to Li-

S batteries. The strategy involves mixing of iron-oleate and 

graphene, heat treatment, and finally, acid etching of the iron oxide 

nanoparticles. The composites comprised highly uniform, hollow 

structured CNCs with a diameter of about 20 nm that were densely 

deposited on the surface of the graphene nanosheets. After heat-

treatment, elemental sulfur was impregnated into the uniform void 

spaces of the CNCs and partially deposited on the graphene 

nanosheets. In this rational design, the void spaces inside the CNCs 

effectively confined the sulfur and polysulfides, leading to 

mitigation of the shuttle effect and improvement of the electrical 

conductivity of the sulfur cathode. Owing to the unique structure of 

the composites, the MCNC/G-S electrode exhibits excellent 

electrochemical performance compared to the bare G-S electrode. 

Typically, at 2 and 3 C-rates, the MCNC/G-S electrodes deliver 

discharge capacities of 391.2 and 265.9 mA h g-1. We believe that 

the MCNC/G composites will be useful in electrodes for other 

energy storage devices and applications.  
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Chapter 4. Synthesis of Honeycomb-like Two-dimensional 

Mesoporous Carbon and Its Application in Lithium-Sulfur 

Batteries 

 

4.1. Introduction 

 

 

With the increasing need for inexpensive and efficient energy 

storage devices, rechargeable lithium-sulfur (Li-S) batteries 

become one of the most promising candidates for the next 

generation battery systems because of their high theoretical energy 

density (2600 Wh kg-1), high theoretical specific capacity (1675 

mA h g-1), environmental friendliness and economic cost [1-3]. In 

spite of these considerable advantages, the utilization of sulfur as 

cathode bring serious problems that hinder their commercialization. 

First, sulfur and its intermediate products Li2Sx during cycling 

(x=1-8) show poor electronic and ionic conductivity, which results 

in poor active material utilization [4, 5]. Second, the intermediate 

products Li2Sx (mainly 2 < x ≤ 8) can be easily dissolved into the 

organic electrolyte solution, causing a rapid capacity fade and the 
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so-called “shuttle effect” that further aggravates the 

electrochemical performances by forming the electrochemically 

inactive layer on the anode (Li2S2 or Li2S) [6, 7]. In addition, the 

huge volume expansion of sulfur could cause serious structural 

collapse of the electrode, which further decrease the cycling 

stability of cell [8, 9].  

 A reasonable solution to overcome these problems is that 

combining sulfur with carbon materials such as graphene [10-13], 

carbon nanotubes [14-16], carbon coating [17, 18], and porous 

carbon [19-21], which could improve the electrical conductivity of 

cathode and alleviate the dissolution of polysulfides into the 

electrolyte solution. Especially, in comparison with other carbon 

materials, porous carbon materials can buffer the volume change of 

sulfur and absorb polysulfides due to the presence of pores, 

resulting in improved cycle stability and Columbic efficiency [22-

25]. Zhang group synthesized a mesoporous carbon foam with a 

high specific surface area that exhibits the improved 

electrochemical performance due to its porous structure [26]. 

Among the various porous carbon materials, ordered mesoporous 

carbon with high surface area and large pore volume has been 
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considered as promising host for sulfur loading [27-30]. Its ordered 

mesochannel shorten the distance of ion diffusion and also, high 

conductivity is in favor of fast electron transport during cycling. 

Nazar group firstly demonstrated that a cathode based on 

nanostructured sulfur/highly ordered mesoporous carbon (CMK-3) 

materials can exhibit stable and reversible capacities [31], which 

has opened up new possibilities for Li-S batteries. Sun group 

developed ordered mesoporous carbon/sulfur composites with 

hierarchical structure which delivers a superior reversible capacity 

and high rate capability [30]. Most of the ordered mesoporous 

carbon materials studied, such as cubic or hexagonal structures, are 

three-dimensional (3D) assemblies with interconnected 

mesostructured frameworks. In contrast, a well-defined two-

dimensional (2D) mesoporous carbon material with ordered 

structures and uniform pore size has been rarely reported to date. 

 2D nanostructured carbon materials such as graphene and carbon 

sheets are being newly explored for energy storage systems owing 

to their large surface-to-volume ratios and continuous pathways for 

electron transport [32-35]. Moreover, some studies have shown the 

introducing pores into 2D carbon materials, that provides short 
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distance for charge transfer, pore channel configuration with a large 

specific surface area, and better contact between electrolyte and 

active materials than bare 2D carbon materials [36-38]. For 

example, Kang group prepared nitrogen-doped hierarchical porous 

carbon nanosheets via direct pyrolysis. The as-prepared sample 

shows high discharge capacity and Coulombic efficiency when 

used a cathode host for Li-S [38]. Ruoff group synthesized a porous 

graphene with extremely high surface area via chemical activation 

(KOH), which shows the improved specific capacitance value [39]. 

However, the reported 2D porous carbon materials exhibit irregular 

and wide pore size distribution and the orderings of the 

mesostructures were mostly poor, leading to heterogeneous contact 

between sulfur and carbon conductors, followed by partially 

unstable electrochemical reaction [40]. In addition, time-

consuming and low-yield synthetic methods resulted from 

complicated process limit the mass production and cost-down. 

Therefore, it is required to develop facile synthetic methods of 2D 

carbon materials with ordered mesostructure for effective cathode 

host of Li-S batteries. 
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 Herein, we report the successful synthesis of honeycomb-like ordered 

mesoporous carbon nanosheets (OMCNS) by an etching of self-

assembled iron oxide nanocubes/carbon hybrid nanosheets as a new 

sulfur host for Li-S batteries. While the synthetic process is simple and 

uncomplicated, as-obtained nanosheets have close-packed uniform cubic 

mesopores of ~20 nm side length. The sulfur element is incorporated into 

the empty mesopores by simple melting infusion process (OMCNS-S). 

The uniform cubic mesopores offer enough space for the volume 

expansion of sulfur inside and trap the polysulfides during charging-

discharging process. Furthermore, the OMCNS structure provides a short 

diffusion distance of ion and fast electron transport through it carbon 

framework, thus allowing for improved electrochemical performances.  
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4.2. Experimental Section  

4.2.1. Chemicals 

FeCl3•6H2O and Na2SO4 were purchased from Sigma-Aldrich. Sodium 

oleate and sulfur power were purchased from TCI and Samchun, 

respectively. All reagents were used without further purification. 

4.2.2. Characterization methods 

X-ray diffraction (XRD) pattern were measured using a D8-advances 

diffractometer with a Cu Kα radiation source from 20 to 70˚ at a scan 

rate of 2˚ min-1. The crystalline structure and morphology of the samples 

was investigated by transmission electron microscopy (TEM, JEOL 

JEM-2010) equipped with an energy-dispersive X-ray (EDX) 

spectrometer and field-emission scanning electron microscopy (FE-SEM, 

Hitachi S-4800). Thermal gravimetric analysis (TGA) was performed 

using the TGA/DSC 1 (Mettler Toledo) thermal analyzer at a heating rate 

of 10 ˚C min-1 under an N2 atmosphere. To confirm the specific surface 

area and pore size distribution of the samples, the Brunauer-Emmett-

Teller (BET) were measured by N2 adsorption/desorption using the 

BELSORP-mini II adsorption analyzer. Raman spectra were obtained by 

a Raman spectrometer (HORIBA Scientific-T64000) equipped with a 

514.5 nm Argon laser. 
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4.2.3. Preparation of ordered mesoporous carbon nanosheets 

(OMCNS)  

Iron-oleate precursor was prepared following a previously reported 

method [28, 29]. For the preparation of OMCNS, 2.5 g of iron-oleate was 

mixed with 40 g of Na2SO4 and the mixture was heated at 600 oC under 

Ar atmosphere for 3 h. After heating, carbon sheets embedded with iron 

oxide nanoparticles were washed with water for 3 h to remove Na2SO4 

and the iron oxide nanoparticles were etched with HCl. The black 

colored powder was obtained by filtration and thermally treated at 800 

oC for 3 h to improve the conductivity of carbon. 

4.2.4 Preparation of OMCNS-S composites 

The sulfur loading into OMCNS powder was implemented by the 

common melting-diffusion method [30, 31] In a typical process, the as-

prepared OMCNS powder was ground with sulfur (70 wt % of total 

mass). The mixture was then transferred to alumina boat and heated to 

155 ˚C in a tube furnace for 18 hrs under Ar atmosphere. 

4.2.5 Electrode preparation 

The electrode of OMCNS-S was made up an active material, conducting 

agent (Acetylene black), and polymer binder (Polyvinylidene flouroide, 

PVdF) by a weight ratio of 7:2:1 (wt%), it was surely homogenized by 
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using a ball-milling (Mini-Mill PULVERISETTE 23, FRITSCH) at 40 

instruction per second during 30 min. The homogeneous slurry was 

casted on commercial aluminum foil by using a doctor blade (the 

thickness of 100 µm). The manufactured electrodes were dried in a 

vacuum oven at 60℃ during the overnight, and were punched for a 

diameter (11 mm). The mass loading of OMCNS-S active material is 

averagely 1.1-1.3 mg cm-2. 

4.2.6 Electrochemical characterization 

Electrochemical performances were performed by using a coin cell 

(CR2016-type). All cells were manufactured in aGn-filled glove box 

(both O2 and H2O amount below 0.1 ppm). Polymer separator (Celgard 

2400) was used and an electrolyte consists of 1.0 M 

bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and 0.3 M LiNO3 

in 1:1 mixture (volume %) of 1,3-dioxolane (DOL) and 

dimethoxymethane (DME). A lithium metal foil as an anode electrode 

was used and all cell tests were measured for a half-cell. All 

electrochemical evaluations were carried out at a room temperature. 

Galvanostatic measurement (WBCS3000s cycler, WonATech, Korea) 

was used in a potential window of 1.7-2.8 V vs. Li+/Li. 
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Figure 4.1. Schematic illustration of preparation of the OMCNS and 

OMCNS-S composites.  
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Figure 4.2. SEM images of IO-C NS.  
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Figure 4.3. Large scale synthesis of OMCNS.  
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4.3. Results and Discussion 

 

 The synthesis of OMCNS is carried out by a modification of the 

previous report from our group (Figure 4.1) [43]. First, carbon 

nanosheets embedded with iron oxide (-Fe2O3) nanocubes are 

synthesized via heating a mixture of iron-oleate precursor and 

sodium sulfate (Na2SO4) fine powder at 600 oC for 3 h under Ar 

atmosphere. During this process, both the formation of -Fe2O3 

nanocubes and their self-assembly occur at the surface of the 

sodium sulfate powder (Figure 4.2). At the same time, alkyl ligands 

of oleate that binding the surface of the nanocubes are carbonized 

into the nanosheets. The obtained black colored powder was 

washed by DI water and further acid etched to remove sodium 

sulfate powder and the iron oxide nanocubes, respectively, leaving 

the ordered mesoporous carbon nanosheets. The above thermal 

processing is accomplished using solid-phase state without any 

solvents, which enables this in situ synthetic approach inexpensive 

and suitable for the mass production of OMCNS (Figure 4.3). 
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Figure 4.4. SEM images of (a, b) OMCNS (inset: a photo image of 

honeycomb) and (c, d) OMCNS-S composites.  
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The morphology and structure of OMCNS were investigated by 

FE-SEM (Figure 4.4). A large number of OMCNSs with their sizes 

of several micrometers and thickness of several nanometers can be 

observed (Figure 4.4a). The OMCNS consists of uniform cubic 

mesopores of ~ 20 nm side length and the gap between pores is 

about 4 nm (Figure 4.4b). Actually, this structure resembles the 

honeycomb consisting of ordered array of hexagonal pores 

partitioned by honeycomb walls (the inset of Figure 4.4b), which 

implies structural stability and large pore volume. After sulfur 

infusion, the pores inside OMCNS were filled with sulfur species 

of the same shape as the cubic mesopores (Figure 4.4c and d). 

These images provide obvious evidence that the elemental melted 

sulfur species was well infusion into the pores of OMCNS due to 

the good wettability and capillarity interaction with carbon [44]. In 

contrast, the SEM images of G-S display some agglomerated sulfur 

microparticles (Figure 4.5c and d), suggesting that the unique 

structure of OMCNS successfully hinder the rapid growth of sulfur 

crystals during the melting process. 
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Figure 4.5. SEM images of (a, b) bare graphene nanosheets and (c, d) G-

S composite (sulfur content: 70 wt%) 

  



１８９ 

 

 

 

 

Figure 4.6. TEM images of (a, b) OMCNS and (c) OMCNS-S. (d , e) A 

dark field image and the corresponding S and C element mapping of 

OMCNS-S composite.  
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To investigate the detailed pore structure and sulfur distribution in 

the samples, TEM and the corresponding elemental mapping were 

carried out in the selected region (Figure 4.6). The mesopores form 

ordered arrangement over the whole area of the carbon nanosheets 

that is as large as several square micrometers (Figure 4.6a and b). 

This result is in agreement with the SEM data. In a TEM image of 

OMCNS-S, some of the mesopores are filled with some dark 

species and some are filled with nothing, the dark species are 

believed to be sulfur (yellow circles, Figure 4.6c) [6, 45, 46]. Due 

to the electron beam under the ultra-high vacuum, almost sulfur 

may sublimate off, resulting in mesopores with nothing left inside. 

The dark field TEM image and the corresponding elemental 

mapping of carbon and sulfur give visible evidence that sulfur was 

uniformly distributed on the surface of nanosheets and inside 

mesopores (Figure 4.6e). 
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Figure 4.7. (a) The XRD pattern of the IO-C NS, OMCNS and OMCNS-

S. (b) A TGA curve of the OMCNS-S and G-S.  
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X-ray diffraction (XRD) analysis are performed to figure out the crystal 

structure and phase purities of IO-C NS, OMCNS, and OMCNS-S 

composite as shown in Figure 4.7a. Firstly, all diffraction peaks of the 

IO-C NS are attributed to the maghemite phase (-Fe2O3, JCPDS No. 39-

1346) without any impurity peaks. After etching process for IO-C NS, 

no peaks corresponded to maghemite phase were observed in the XRD 

pattern of OMCNS, implying that the iron oxide nanocubes inside IO-C 

NS were completely removed. The XRD pattern of OMCNS-S 

composite is in accord with reference peaks of elemental sulfur 

(orthorhombic, JCPDS No. 08-0247), resulting that the process of sulfur 

infusion into the OMCNS does not induce any structural changes as well 

as impurities. TGA was conducted in N2 atmosphere to determine the 

sulfur content in OMCNS-S composite. As shown in Figure 4.7b, the 

sulfur content of OMCNS-S is 70 wt%, which the mass loss of elemental 

sulfur from vaporization is entirely finished after 300oC.  
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Figure 4.8 (a) Nitrogen adsorption-desorption isotherms of the 

OMCNS, OMCNS-S and IO-C NS composites (inset: pore-size 

distributions) and (b) Raman spectra of OMCNS and bare graphene. 
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N2 adsorption-desorption measurement was carried out to further 

investigate the details of the differences in the pore structure and 

calculate the specific surface area of samples (Figure 4.8). As 

shown in Fig. 5a, the N2 adsorption-desorption isotherm of 

OMCNS exhibits a typical type IV isotherm with hysteresis, 

indicating presence of mesopores in OMCNS [47]. After acid 

etching of IO-C NS (44.4 m2 g-1 and 0.13 cm3 g-1), the obtained 

OMCNS exhibits high specific surface area and pore volume (386.7 

m2 g-1 and 1.05 cm3 g-1), which is due to the void spaces inside 

OMCNS formed by removal of iron oxide nanocubes. From the 

pore size distribution curves, it could be clearly observed that the 

pore sizes are distributed narrowly and located at about 15 and 20 

nm, suggesting the existence of uniform mesopores in OMCNS, 

which is consistent with the pore size observed from SEM and TEM 

images (Figure 4.8a inset). After sulfur infiltration into OMCNS, 

the surface area and pore volume decreased significantly, indicating 

that the available pores of the OMCNS are filled with sulfur species.  

 Raman scattering is significantly sensitive to the electronic 

structure and effective tool for characterizing crystallinity of carbon. 

In Figure 4.8b, Raman spectra show obvious two peaks located at 
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ca. 1360 and 1600 cm-1 which correspond to D and G bands of 

disordered graphitic materials. The D band is attributed to the 

vibration of carbon atoms with dangling bonds of the disordered 

graphite while the G band is associated with the vibration of sp2-

bonded carbon atoms (C=C, typical graphite bonds) [48]. It is worth 

noting that the G band peaks of both samples are shifted to higher 

wavelength number as compared with that of graphite crystals 

(1580 cm-1), indicating a structural imperfection of the both 

samples [49]. The relative intensities (ID/IG) of the two peaks 

indicate the graphitization degree. The intensity ratios of D and G 

bands of OMCNS and bare graphene are 0.93 and 0.82, respectively, 

implying that both samples have graphitic crystalline structure with 

some disorders, but there are more defects in OMCNS. These 

results may be due to the influence of relatively low pyrolysis 

temperature and acid treatment. 
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Figure 4.9. (a, c) Charge-discharge curves of OMCNS-S and G-S 

composites, obtained using a current density of 0.1C. (b, d) Cyclic 

voltammetry (CV) profiles of OMCNS-S and G-S composites obtained 

at a scanning rate of 0.05 mV s-1.  
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Figure 4.9a and c show the charge/discharge profiles of OMCNS-

S and G-S composites, respectively. The two electrodes are cycling 

with a cut-off voltage window of 1.7–2.8 V at 0.1 C. In the 

discharge curves, two plateaus are observed at about 2.3 and 2.05 

V during a shuttle reaction in which the one at 2.3 V is 

corresponded to the formation polysulfides with high chain of 

sulfur (Li2Sx, x= 6-8) from S8, resulting from the reduction reaction 

of sulfur with Li+ during discharge process. The other at 2.05 V is 

related to the formation of lower order polysulfides Li2Sx (2 < x ≤ 

6). During the following charge process, only one plateau was 

obtained at approximately 2.3 V, corresponding the reversible 

oxidation of soluble polysulfides [15, 20, 29] to S8. The gap 

between the charge and discharge curves (overpotential) of the 

OMCNS-S electrode was narrower than that of the G-S electrode, 

suggesting the improved electrical performance of OMCNS-S. 

Although the graphene has high specific surface area and superior 

electrical conductivity that are favorable for the accessibility for Li+ 

and electrons, its open structure limits the suppression of the 

polysulfides dissolution into organic electrolyte during the shuttle 
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reaction. Thus, the G-S electrode exhibited electrical contact loss, 

resulting in larger hysteresis during electrochemical cycling. 

 The cyclic voltammetry (CV) profiles of the OMCNS-S and G-

S composites are shown in Figure 4.9b and d. CV tests of 

OMCNS-S and G-S composites are performed in the voltage range 

of 1.7‒2.8 V with a scan rate of 0.05 mV s‒1. During the first scan, 

two reduction peaks at about 2.30 V and 2.05 V and one anodic 

peak at 2.38 V were observed, which are in accord well with the 

charge-discharge profiles. In the 2nd scan, anodic shifts of reduction 

peaks are found, indicating a lowered polarization of the electrode 

material. 

  



１９９ 

 

 Figure 4.10 Galvanostatic charge-discharge curves of (a) 

OMCNS-S and (b) G-S electrodes at 10th, 50th, 100th, 200th, and 

300th cycles at a current density of 0.5C (c) Cycle performance at 

current densities of 0.1C and 0.5C. (d) Charge-discharge curves in 

300th cycle at a current density of 0.5C, and (e) Rate capability at 

various current densities (0.1C, 0.2C, 0.5C, 1C, and 2C) of 

OMCNS-S and G-S composites.  
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Figure 4.10a and b show the cycled charge-discharge profiles of 

the OMCNS-S and G-S electrodes at a current density of 0.5C. As 

shown in Figure 4.10a, the charge-discharge curves of OMCNS-S 

electrode present clear two cathodic and one anodic plateaus at 10th, 

50th, 100th, 200th, and 300th cycles. The OMCNS-S electrode 

delivers the specific discharge capacity of 713.9 mA h g-1 at 10th 

cycles and exhibits a stable capacity retention about 80 % of the 

capacity of 10th cycles even after 300 cycles. In contrast, the G-S 

electrode without pore structure undergo a rapid capacity decay 

during 300 cycles under same conditions (Figure 4.10b). The 

corresponding cycling performance is shown in Figure 4.10c. 

Before cycle test at 0.5 C, the cells were first cycled at 0.1 C for 10 

cycles to activate the redox reaction. During the initial 10 cycles 

(0.1 C), two electrodes have a similar decreasing tendency, 

however, when the current density increased to 0.5 C, the G-S 

electrode shows a rapid capacity decay compared to the OMCNS-

S electrode. The difference between capacity values of two 

electrodes is continuous increasing to 300 cycles, finally, the 

OMCNS-S and G-S electrodes delivers the specific discharge 

capacities of 548.6 and 339 mA h g-1, respectively. After 300 cycles, 
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the charge/discharge profiles of both cells were obtained as shown 

in Figure 4.10d. The OMCNS-S cell has the over-potential of 

0.276 V at 300th cycle which is higher than that of 1st cycle (0.21 V, 

as shown in Figure 4.9a). The result is due to the increased internal 

resistance caused by the dissolution of lithium polysulfides during 

cycling. The over-potential of G-S cell after 300 cycles is higher 

than that of OMCNS-S cell (0.312 V), which is attributed to high 

dissolution rate of polysulfides of G-S with open structures. 

 To investigate the rate capabilities of OMCNS-S and G-S 

electrodes, we carried out electrochemical testing at various current 

densities (Figure 4.10e, 0.1 to 2 C). To prevent the irreversible 

reaction resulting from the reduction of LiNO3, the cell was 

measuring over a voltage window of 1.7 to 2.8 V [50]. The 

OMCNS-S electrode exhibited an initial specific discharge capacity 

of 1216 mA h g-1 at 0.1 C-rate and capacity values of 840 and 753 

mA h g-1 at 0.5 and 1 C-rate, respectively. Even at the high current 

density of 2 C, the OMCNS-S electrode delivered a specific 

capacity of 580 mA h g‒1, whereas that of G-S electrode was under 

10 mA h g‒1. It is noteworthy that the discharge capacity of the 

OMCNS-S electrode rose to over 1000 mA h g‒1 when the current 
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density decreased to 0.1 C, revealing that the electrochemical 

performance of the OMCNS-S composites is not deteriorated by 

high current density. The high capacity and excellent rate capability 

of OMCNS-S can be attributed to the great electrical conductivity, 

high surface area, and unique mesoporous structure, indicating that 

it could efficiently prevent dissolution of polysulfides compare to 

the bare graphene. 
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Figure 4.11 Electrochemical impedance spectra of OMCNS-S and 

G-S electrodes (a) before cycling and (b) after 100 cycling. SEM 

images of (c) OMCNS-S and (d) G-S electrodes after 100 cycles at 

0.5 C. 
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As shown in Figure 4.11a and b, the stability of the OMCNS-S and G-

S electrodes is also evidenced by the electrochemical impedance 

spectroscopy (EIS) data before and after 100 cycles at 0.5 C-rate. The 

Nyquist plots show depressed semicircles in the medium frequency 

range, which corresponded to the charge-transfer resistance (Rct) of the 

cells generated at the interface between the electrolyte and electrode and 

formation of lithium polysulfides (Li2S2 and Li2S) [51]. The OMCNS-S 

electrode had a considerably lower Rct before cycling compared to G-S 

electrode. After 100 cycles, the EIS results of two electrodes had a 

similar tendency with lower Rct of OMCNS-S electrode compared with 

G-S sample, indicating that polysulfides were well confined in the 

cathode and dissolution of polysulfides into electrolyte was successfully 

avoided owing to a unique mesoporous structure of OMCNS. Figure 

4.11c and d shows SEM images of OMCNS-S and G-S electrodes after 

100 cycles. In the SEM image of OMCNS-S electrode, it is observed that 

the OMCNS-S electrode still maintain a porous structure to penetrate the 

electrolyte while the G-S electrode loses its a unique structure due to a 

severe dissolution of lithium polysulfides, which is corresponds to EIS 

results in Figure 4.11b. The continuous accumulation of lithium 

polysulfides on electrodes have a bad influence on the cycle stability and 
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rate capability. 

The outstanding overall electrochemical performance of a 

OMCNS-S cathode could be attributed to the following factors. 

First, the OMCNS host can confine and encapsulate the sulfur and 

polysulfides inside its numerous mesopores with ordered structure 

by a physical interaction. A well-uniform pores with diameter of 

15-20 nm in OMCNS provide mesopore traps for sulfur elements 

during melting process that have easily access Li+ ions from the 

electrolyte and electrons from the Al current collectors. Second, the 

OMCNS exhibits an excellent electrical conductivity that is 

sufficient for fast electron transport within the electrode. Third, the 

2D nanostructure of OMCNS is favorable for high-performance 

energy storage systems owing to excellent mechanical strength, 

large surface-to-volume ratios and short pathways for a rapid 

electron and ion transport. 
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4.4. Conclusion 

To better suppress the rapid capacity decay during cycling and improve 

the electrical conductivity of cathode for Li-S batteries, it is required to 

develop simple synthetic methods of carbon materials with a novel 

nanostructure for effective cathode host. In this work, we report the 

successfully synthesis of ordered mesoporous carbon nanosheets  by an 

etching of self-assembled iron oxide/carbon hybrid nanosheets as an 

advanced sulfur host for Li-S batteries. The obtained 2D nanosheets have 

close-packed uniform cubic mesopores of ~20 nm side length, 

resembling honeycomb structure. We loaded OMCNS with sulfur 

element simple melting infusion process and evaluate the performance 

of the resulting OMCNS-sulfur composites as cathode material. The 

improved electrochemical properties could be attributed to the fact that 

the uniform cubic mesopores offer enough space for the volume 

expansion of sulfur inside and trap the polysulfides during charging-

discharging process. Therefore, this unique structured carbon nanosheets 

can be promising candidate for other energy storage applications.  
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Chapter 5. Conclusion 

 

The aim of this dissertation was to develop various kinds of synthetic 

methods for hybrid nanostructures based on 2D carbon nanomaterials 

which are used in rechargeable batteries. Due to their remarkable 

electronic, mechanical, and electrochemical properties, the carbon-based 

2D nanomaterials were selected as electrodes. Further, these 

nanostructures have been considered promising building blocks for 

construction of advanced electrodes with high energy density and 

stability. 

In my dissertation, I aim to describe 2D carbon-based nanocomposites, 

particularly centering on their preparation strategies and applications in 

rechargeable batteries (i. e. Li and Na ion batteries and lithium-sulfur 

batteries). Firstly, solventless and scalable strategy is developed for the 

synthesis of few-layer MoS2 incorporated into hierarchical porous 

carbon (MHPC) nanosheet composites as anode materials for both Li- 

and Na-ion battery. An inexpensive oleylamine is introduced to not only 

serve as a surfactant and hinder the stacking of MoS2 nanosheets but also 

to provide a conductive carbon, allowing large scale production. In 

addition, a SiO2 template is adopted to direct the growth of both carbon 
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and MoS2 nanosheets, resulting in the formation of hierarchical porous 

structures with interconnected networks. Due to these unique features, 

the as-obtained MHPC shows substantial reversible capacity and very 

long cycling performance when used as an anode material for LIBs and 

SIBs, even at high current density. Indeed, this material delivers 

reversible capacities of 732 and 280 mA h g-1 after 300 cycles at 1 A g-1 

in LIBs and SIBs, respectively. In addition, its Coulombic efficiency 

reached ~98 % after the 3rd cycle and exceeded 99 % after 100 cycles, 

indicating that efficient Li+ insertion and extraction occur in the MHPC 

composites. The results suggest that these MHPC composites also have 

tremendous potential for applications in other fields.  

Secondly, monodisperse carbon nanocapsule ensemble-on-graphene 

nanosheet composites (MCNC/G) were prepared by a facile strategy, 

which involves mixing of iron-oleate and graphene, heat treatment, and 

finally, acid etching of iron oxide nanoparticles. The composites 

comprised highly uniform, hollow structured carbon nanocapsules with 

a diameter of about 20 nm that were densely deposited on the surface of 

the graphene nanosheets (the specific surface area = 172.4 m2 g-1 and 

pore volume = 0.96 cm3 g-1). In lithium-sulfur (Li-S) battery test, the 

MCNC/G-sulfur (MCNC/G-S) composite delivered a high specific 
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capacity of 524.7 mA h g-1 after 100 cycles at 0.5 C-rate. In contrast, the 

capacity of graphene-sulfur (G-S) dropped significantly under the same 

conditions, even though the initial specific capacity (1337 mA h g-1) was 

higher than that of MCNC/G-S (1262 mA h g-1). 

Finally, we report the successfully synthesis of honeycomb-like 2D 

mesoporous carbon nanosheet (OMCNS) by an etching of self-

assembled iron oxide/carbon hybrid nanosheets as an advanced sulfur 

host for Li-S batteries. The obtained 2D nanosheets have close-packed 

uniform cubic mesopores of ~ 20 nm side length, resembling honeycomb 

structure (the specific surface area = 386.7 m2 g-1 and pore volume = 1.05 

cm3 g-1). We loaded OMCNS with sulfur element simple melting 

infusion process (70 wt%) and evaluate the performance of the resulting 

OMCNS-sulfur composites as cathode material. the OMCNS-S 

electrode exhibits a reasonable cycling performance compared with G-S 

electrode, and it could maintain the specific capacity of 1237.7 mA h g-

1 at 1st cycle (0.1 C). After the galvanostatic rates were changed to 0.5 C, 

a specific capacity of 694.1 mA h g-1 is obtained with the capacity 

retention of 548.6 mA h g-1 at 0.5 C after 300 cycles. On the contrary, 

the G-S composite shows the fast capacity fading owing compared to 

OMCNS-S composite. 
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Such these 2D carbon-based nanocomposites enables the achievement 

of electrode materials with high capacity and long cyclability for high-

performance rechargeable batteries. The results suggest that these 

nanocomposites also have tremendous potential for applications in other 

fields. 
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국 문 초 록 

효율적인 에너지 활용 문제는 21세기에 들어서 연구자들이 

풀어내야할 가장 큰 숙제 중에 하나이다. 이러한 에너지 

문제를 해결하기 위한 하나의 방법으로서 고성능을 가진 

이차전지개발은 필수적이다. 그러나 현재 이차전지에 사용되는 

전극소재는 이론 용량 및 구조적 한계로 인해 사회의 다양한 

요구를 충족시키지 못한다. 따라서 이를 해결하기 위해 높은 

용량과 안정성을 가진 차세대 전극소재에 대한 개발이 

요구된다. 

2차원 탄소기반의 나노복합체들은 우수한 기계적, 전기적, 

광학적특성을 보여줌으로서 연구자들의 높은 관심을 끌고 

있다. 특히 다양한 구조적 특징과 높은 이론용량값으로 인해 

에너지 저장장치 전극소재로서 큰 관심을 불러 일으키고 있다. 

본 학위 논문에서는 2차원형태의 탄소를 기반으로 한 

나노복합재료를 제조하고 이를 이차전지에 응용하는 연구에 

대해 보고하였다. 먼저는 대량합성이 가능한 계층적 

기공구조를 가진 황화몰리브덴/탄소 전극물질의 합성법을 

제안하였고, 실제로 합성된 물질은 리튬 및 소듐전지의 

음극으로서 높은 용량특성을 보였다 (300 사이클 후, 

전류밀도 1A g-1에서 리튬전지: 732 mAh g-1, 소듐전지: 280 
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mA h g-1). 다음으로, 2차원 그래핀 층 위에 균일한 

나노크기의 탄소캡슐이 올라가 있는 복합체를 합성하여 

리튬-황 전지 양극재로서 가능성을 확인하였다. 이는 기존의 

그래핀 대비 높은 안정성과 용량값을 보여줌을 확인할 수 

있었다 (100 사이클 후, 전류밀도 0.5 C-rate에서 524.7 mA 

h g-1). 마지막으로는 벌집모양의 기공구조를 가진 2차원 

탄소시트를 합성한 후, 리튬-황전지의 양극의 호스트물질로서 

활용하였다. 이는 쉽게 대량합성이 가능할뿐만 아니라 그래핀 

대비 훨씬 뛰어난 전기화학적 특성을 보였다 (300 사이클 후, 

전류밀도 0.5 C-rate에서 548.6 mA h g-1). 

다양한 방법으로 합성된 2차원 탄소복합체는 전기화학적 

특성평가를 통해 이차전지 전극소재로서의 가능성을 

보여주었으며, 이는 이러한 물질 및 합성법이 앞으로 다양한 

응용분야에 적용될 수 있다는 것을 보여주었다. 

 

주요어: 2차원 물질, 탄소 복합체, 그래핀, 

전이금속칼코겐화합물, 이차전지 
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