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Abstract 

Growth of Hierarchical Graphene Structures as Energy-Related Materials 

by 

Jung-Soo Lee 

Doctor of Philosophy in Chemical engineering 

Ulsan National Institute of Science and Technology 

Professor Ji-Hyun Jang 

 

Graphene has received considerable attention due to its excellent electrical properties, high thermal 

conductivity, outstanding flexibility and great stiffness, Many methods such as chemical exfoliation of 

graphite oxide, liquid-phase ultrasonic exfoliation of graphite, epitaxial growth on SiC or metals, and 

chemical vapor deposition (CVD) growth on metal substrates have been exploited for the production 

of graphene sheets with excellent properties.  

Three-dimensional (3D) bi-continuous structures with controlled symmetry and periodicity have 

found use in many applications in photonic crystals, phononic crystals and micro-electromechanical 

systems. In addition, the large surface area and the availability of 3-dimensional responses to external 

stimuli provide further potential for using 3D structures in diverse areas of energy-related materials 

and tissue engineering. In particular, porous carbon materials have been suggested as effective 

electrodes for energy devices due to their large surface area and size tunable porosity for easy access 

of the electrolyte. More specifically, effective surface area and pore volume in the nanostructure 

provide active sites for better performance of the energy devices, which operates via a mechanism of 

charge-transfer at the electrochemical interface between the electrode and electrolyte. 

In this thesis, I studied on the direct route to producing hierarchical graphene structures of few-

layer graphene grown by CVD without using flammable gas. Mesopores are formed by the loss of 

organic materials during the carbonization process of polymer composites and metal precursors. 

Carbonized carbon and reduced metal precursors in a hierarchical structures formed by the thermal 

annealing of the sample in a hydrogen gas environment provide a solid carbon source and a catalyst 

for the graphene growth during the CVD process, respectively. The outstanding properties of 

hierarchical graphene structures suggest the great potential of interconnected graphene networks for 

energy-related materials such as electrode for electrical double layer capacitor, 3D-current collector 

for water splitting, counter electrode for DSSCs and lithium ion battery. 
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of SPS-COOH (functionalization of PS via carboxylation and sulfonation) and the FT-IR spectra of 
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Figure 6. TGA analysis of SPS-COOH and SPS-COOH/FeCl3. 

 

Figure 7. Raman spectra of MGB grown by precursor-assisted CVD with various composition ratios 

of FeCl3•6H2O to SPS-COOH. 

 

Figure 8. Characterization of of SPS-COOH/FeCl3 before (in black) and after (in red) CVD: a) XRD 
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Figure 10. a) Raman spectra of SPS-COOH/FeCl3 before (lower) and after (upper, MGB) CVD 
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voltammetry curves of p-doped MGB in a voltage range from -0.5 to 0.3 V and d) Specific 
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capacitance with increasing scan rate. e) Nyquist plots of MGB, p-doped MGB, and acetylene black 
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Chapter 1.  Introduction of Graphene: Properties and Fabrication Methods 

 

 

1. Introduction  

In nanoscale world, the atomic structure has a crucial affect on the physico-chemical properties of 

material. When the size of a material is decreased to the nano-scale, the material’s properties can be 

fairly modified from those of the bulk properties, due to effect of quantum confinement and increased 

surface-to-volume ratio. Furthermore, with a reduced scale-size, the action of material properties 

becomes more prominent due to a structural modification. Therefore, characterization and atomic 

scale control of the structure are of fundamental significance in this respect. From rare and pricey 

diamonds to a simple pencil lead, a people of the past have been using carbonaceous materials: 

diamond, graphite, carbon nanotube, fullerenes and amorphous carbon are the allotropes of carbon.1-3 

Recent advances in the field of science and technology allowed researchers to study properties of 

materials with a nanometer scale. This show a beginning of new genaeration for nanotechnology. It 

was found that the properties of nanoscale materials depend not only on the group of bonding but also 

on the shape and geometry of material. As shown in Figure 1, the different allotropes formed by 

carbon atoms with the sp2 bonding but having different properties. 

Much like the development of other carbon allotropes, the first isolation of graphene in 2004 has 

caused an abundance of scientific and technological research. Graphene is the 2-dimensional 

hexagonal crystal planes of sp2 bonded carbon atoms (Figure 1) in contrast to the 0-dimensional 

fullerenes and 1-dimensional CNTs. Graphene represents the 2-dimensional thickness limits for 

materials, while having outstanding mechanical properties because of the carbon-carbon sp2 bond. 

With a Young’s modulus of ~1 TPa, a suspended mono layer of graphene is one of the hardest 

materials as well-known to man. In spite of its excellent mechanical properties, the graphene boom 

was primarily generated due to the exceptional electrical properties caused by this 2-dimensional 

electron system.  

As mentioned above, graphene was first isolated from bulk graphite using mechanical exfoliation 

method with scotch tape in 2004 (Figure 2). After that, many research groups have developed 

exfoliation methods and growth methods such as chemical exfoliation in liquid, graphene derived 

from graphene oxide, chemical vapor deposion (CVD) on metal substrate (copper, nickel, etc.), 

epitaxial growth of silicon from SiC, molecular beam epitaxial growth. Depending on the method, the 

fabricated graphene sheet often has exhibited only some of the intrinsic graphene properties. Among 

them, the CVD method has been widely used for producing high-quality and large-area graphene 

sheets grown on metal substrates. From this point of view, among the various methods available for 

the fabrication of graphene sheets, chemical vapor deposition (CVD) growth on a metal substrate (Ni, 

Cu, etc.) is highly recommended, because the condutivity of graphene grown by CVD are much  
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Figure 1.  Allotropes of sp2 bonded carbon. (a) Fullerene (0D), (b) Single-walled carbon nanotubes 

(1D), (c) Graphene (2D) and (d) Graphite (3D) . 
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Figure 2. Graphene thin layer. (a) Photoimage (in normal white light) of a relatively large multi-layer 

graphene flake with thickness ~3 nm on top of an oxidized Si wafer. (b) Atomic force microscope 

(AFM) image of 2 μm by 2 μm area of this flake near its edge. Colors: dark brown, SiO2 surface; 

orange, 3 nm height above the SiO2 surface. (c) AFM image of single-layer graphene. Colors: dark 

brown, SiO2 surface; brown-red (central area), 0.8 nm height; yellow-brown (bottom left), 1.2 nm; 

orange (top left), 2.5 nm. Notice the folded part of the film near the bottom, which exhibits a 

differential height of ~ 0.4 nm. (D) Scanning electron microscope image of one of our experimental 

devices prepared from FLG. (E) Schematic view of the device in (D). (f) The band structure (top) and 

Brillouin zone (bottom) of graphene.3 
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superior to those of chemically prepared graphene sheet. 

 

1.1. Electronic Properties of Graphene 

Graphene has unusual electronic bandstructures and associated electronic properties. In the graphene 

honeycomb lattice, each carbon atom is bonded to its three nearest neighbors by strong sp2 or σ bonds 

(Figure 1). The low-energy electronic bandstructure of graphene is determined by the remaining pz 

orbital (or π bond). One of the most important features is that graphene has a linear dispersion relation 

around the Fermi energy level, EF (Figure 3).4 The graphene is semi-metallic with zero bandgap. In 

contrast, a typical semiconductor material exhibits a parabolic dispersion relation, in which the charge 

carriers move with some effective mass under electric and magnetic fields. Due to its linear 

bandstructure, graphene display a charge transport behavior of massless Dirac fermions. The massless 

charge transport behavior is also manifested as a half-integer quantum Hall effect (QHE) in 

graphene.5-6 The low-energy electronic behavior of graphene can be effectively described by the 

Hamiltonian = v σ ⃗ 	 ∙ 	  ⃗, where vF is the Fermi velocity ( vF ~ c / 300 F ), σ ⃗  are Pauli spin matrices 

acting on the graphene sublattice degree of freedom, and  ⃗ = 	ℏ  ⃗  is the momentum vector measured 

from the K point with the reduced Plank constant, ℏ. The sublattice degree of freedom σ ⃗  is also 

referred to as pseudospin in the literature. In graphene, the backscattering of charge carriers is 

suppressed due to the pseudospin; the backscattering involves reversing both of the momentum and 

pseudospin of the charge carrier, which is forbidden for long-wavelength disorder. The suppressed 

backscattering leads to the high electronic mobility of graphene. Especially, the ultrahigh electron 

mobility up to ~ 200,000 cm2/Vs has been demonstrated for suspended graphene samples at room 

temperature,which is higher than any other known material.7-13 

 

1.2. Mechanical Properties of Graphene 

Since 2009, graphene appears to be one of the strongest materials ever tested. Charaterization have 

shown that graphene has a remarkable strength 200 times greater than steel, with a tensile strength of 

130 GPa (19,000,000 psi).14 Using an atomic force microscope (AFM), the elastic constant of 

suspended graphene sheets has been determined. Graphene sheets, held together by van der Waals 

forces, were suspended over SiO2 cavities where an AFM tip was probed to measure its mechanical 

properties. Its elastic constant was in the range 1–5 N/m and the Young's modulus was 0.5 TPa, which 

differs from that of the bulk graphite. These high values make graphene very robust and rigid.15 

 

1.3. Optical Properties of Graphene 

The electronic properties of graphene show an unexpectedly high opacity for an atomic mono-layer, 

with a startlingly simple value: it absorbs πα ≈ 2.3% of light, where α is the fine-structure constant.16 

It’s imply that a consequence of the unique low-energy electronic structure of monolayer graphene 
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that features electron and hole conical bands meeting each other at the Dirac point is qualitatively 

different from more common quadratic massive bands.17 Recently it has been described that the band 

gap of graphene can be modulated from 0 to 0.25 eV by using voltage to a dual-gate bilayer graphene 

field-effect transistor (FET) at room temperature.28  The optical response of graphene nanoribbons has 

also been shown to be tunable into the terahertz regime by an applied magnetic field.18-19 

 

1.4. Thermal Properties of Graphene 

The thermal properties graphene are also amazing. Suspended graphene has very high in-plane 

thermal conductivity, up to 5,000 W/mK at ambient temperature. This value is around 10 times higher 

than that of copper. This suggests high potential of graphene for utilize in microelectronics and for 

thermal management. Thermal conduction in carbonaceous materials is normally dominated by 

phonons. With increasing the number of graphene layers, cross-plane coupling of the low-energy 

phonons be dominant and remarkably changes the phonon scattering mechanism. From a result, the 

thermal conductivity of graphene in-plane decreases and reaches the value of graphite, 2,000 W/mK at 

around four layers. Graphene also show a negative thermal expansion coefficient, measured to be ~-

6×10-6 /K, which is 5 ~ 10 times larger than that of graphite. The high negative thermal expansion 

coefficient is related to out-of-plane phonons and is a direct consequence of the two-dimensionality of 

graphene.20-21 

 

2. Exfoliation or Synthesis Methods of Grpahene 

As mentioned above, graphene was first exfoliated from bulk graphite using ‘Scotch tape method’ in 

2004.3 After that, many research groups have developed exfoliation methods and growth methods. 

 

2.1. Mechanical Exfoliated Graphene from Graphite 

The delaminated graphene was firstly prepared via mechanical exfoliation.3, 22 In the case of most 

scientific discoveries, graphene was discovered by accident and surprisingly atomic scale thin layer 

graphene samples were characterized by optical microscope. The important factor for the success 

probably was the utilization of high visual identification of graphene on an appropriate chosen 

substrate, which provides a small but prominent optical contrast. The graphene sheet prepared by 

mechanical exfoliation exhibit the highest crystallinity and the lowest defects among the preparation 

method for graphene samples until now and therefore it is suitable for studies about the physical and 

chemical properties of graphene. However, proficient skills are required for recognition of single-

layer graphene. 
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Figure 3. Mechanical properties of graphene. (a) Scanning electron microscopy (SEM) image of a 

graphene flake spanning an array of circular holes (scale bar, 3 μ m) and (b) Schematic illustration of 

nanoindentation on membranes; (c) and (d) show graphene oxide paper and its cross-section in SEM.  
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Figure 4. Optical properties of graphene. (a) Photoimages of a 0.05 mm aperture partially covered by 

graphene and that of bilayer. The line scan profile shows the intensity of transmitted white light along 

the yellow line. Inset shows the sample design: a 20 μm thick metal support structure has apertures 20, 

30, and 50 μm in diameter with graphene flakes deposited over them; (b) Optical image of graphene 

flakes with one, two, three, and four layers on a 285 nm thick SiO2 on Si substrate.  
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2.2. Chemical Exfoliation of Graphene in liquid 

Another approach to fabricate mass production of graphene is chemical exfoliation. The bulk graphite 

can be dispersed in organic solvent into single layer of graphene. N-methylpyrrolidone (NMP), N,N-

dimethylacetamide (DMAc), γ-butyrolactone (GBL) and 1,3-dimethyl-2- imidazolidinone (DMEU) 

have been used as a dispersion solvent. Recently, 1,2-dichlorobenzene was reported as the best solvent 

for dispersion of graphene with simple soncation method.23-24 

 

2.3. Reduced Graphene Oxide (RGO) 

Another method is utilizing oxidized graphite. Graphene oxide is exfoliated graphite oxide by bath 

sonication.25-26 Graphene oxide is well dispersed into polar solvent. Compared to the exfoliation 

method in organic solvent, the yield of mono-layer is relatively better than exfoliation method in 

aqueous solution. However, graphene oxide could be reduced to restore into graphene, and this 

procedure occur the agglomeration of chemically reduced graphene oxide. This problem was 

overcomed by the control of pH with addition of NH3. This treatment remains the positive charges on 

reduced graphene, which prevent the aggregation of reduced graphene oxide.25 

 

2.4. Growth of Graphene by Chemical Vapor Deposition (CVD) 

In 2008, Jing Kong in MIT and Byung Hee Hong in SKKU independently demonstrated the vapor 

method of thin film layer graphene using nickel substrate.27-28 The fabrcated graphene sheets have 

been successfully transferred to various substrates, which indicate the possibility for numerous 

electronic applications. The improved technique has been developed in cooper substrate where the 

growth automatically restrict after a single layer of graphene because of low carbon solubility, and 

arbitrarily large graphene films can be synthesized.29 In 2010, 30-inch graphene sheet for transparent 

electrodes have been grown via the same technique.30 

 

2.5. Epitaxial Growth of Graphene 

Another growth method is to heat silicon carbide (SiC) to high temperatures to isolate it to graphene. 

31-32 Ultrathin epitaxial graphite was grown on single-crystal SiC by vacuum graphitization. This 

process produces a sample size depending on the size of the SiC substrate. The face of the SiC used 

for graphene creation, the silicon-terminated or carbon-terminated, highly influences the thickness, 

mobility and carrier density of the graphene. By this method, most omportant properties of free-

standing graphene have been visualized. It was also shown that even without being transferred 

graphene on SiC exhibits the properties of massless Dirac fermions such as the anomalous QHE. 

Epitaxial graphene on SiC can be patterned using standard nanolithography techniques. In 2008, 

researchers at MIT Lincoln Lab have produced hundreds of transistors on single chip have been 

produced at the Hughes Research Laboratories on monolayer graphene on SiC. However, this method 
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is economically expensive for the realization integrated circuit or large-scale transparent electrode.33-34 

 

3. Applications for Energy Devices 

With the rapid development of the global economy, the depletion of fossil fuels and increasing 

environmental pollution, there is an urgent requirement for efficient, clean, and sustainable sources of 

energy, as well as new technologies associated with energy conversion and storage. In many 

application fields, some of the most effective and practical technologies for electrochemical energy 

conversion and storage are batteries, fuel cells, and electrochemical supercapacitors. 

 

3.1 Dye Sensitized Solar Cells (DSSC) 

The history of dye sensitized solar cells (DSSC) initiated in 1972 with a chlorophyll sensitized zinc 

oxide (ZnO) electrode. For the first time, photons were converted into an electric current by charge 

injection of excited dye molecules into a wide bandgap semiconductor. In the following years a lot of 

fundamental research was done on ZnO-single crystals, but the efficiency of these devices was poor. 

The main problem was that a monolayer of dye molecules on a flat surface can only absorb up to 1 % 

of the incident light. Introduction of nanoporous TiO2 electrodes with a roughness factor of ca. 1000 

dramatically increased the light harvesting efficiency and in 1991 solar cells of 7 % efficiency were 

introduced. This triggered a boom in research activities and today cells of 11.2 % are state of the art.35 

(Figure 5) 

 

3.2 Supercapacitor 

In recent years, supercapacitor or ultracapacitors have attracted significant attention, mainly due to 

their high power density, long lifecycle, and bridging function for the power/energy gap between 

traditional dielectric capacitors (which have high power output) and batteries/fuel cells (which have 

high energy storage). The earliest supercapacitor patent was filed in 1957. However, not until the 

1990s did ES technology begin to draw some attention, in the field of hybrid electric vehicles. It was 

found that the main function of a supercapacitor could be to boost the battery or fuel cell in a hybrid 

electric vehicle to provide the necessary power for acceleration, with an additional function being to 

recuperate brake energy. Further developments have led to the recognition that supercapacitor can 

play an important role in complementing batteries or fuel cells in their energy storage functions by 

providing back-up power supplies to protect against power disruptions. As a result, the US 

Department of Energy has designated supercapacitor to be as important as batteries for future energy 

storage systems. Many other governments and enterprises have also invested time and money into 

exploring, researching, and developing ES technologies. 36 (Figure 6)  
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Figure 5. Schematic of a DSSC illustrating the mechanism of electric power generation. 
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Figure 6. Principles of a single-cell double-layer capacitor and illustration of the potential drop at the 

electrode/electrolyte interface. 
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Figure 7. Diagram of the basic principles of water splitting for a photoelectrochemical cell with an n-

type semiconductor photoanode where oxygen is evolved and a photocathode (Pt sheet) where 

hydrogen is evolved. 
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3.3 Photocatalytic Water splitting 

Hydrogen is considered as an ideal fuel for the future. Hydrogen fuel can be produced from clean 

and renewable energy sources and, thus, its life cycle is clean and renewable. Solar and wind are the 

two major sources of renewable energy and they are also the promising sources for renewable 

hydrogen production. However, presently, renewable energy contributes only about 5 % of the 

commercial hydrogen production primarily via water electrolysis, while other 95 % hydrogen is 

mainly derived from fossil fuels. Renewable hydrogen production is not popular yet because the cost 

is still high. Photovoltaic water electrolysis may become more competitive as the cost continues to 

decrease with the technology advancement; however, the considerable use of small band gap 

semiconducting materials may cause serious life cycle environmental impacts. Alternatively, 

photocatalytic water-splitting for hydrogen production offers a promising way for clean, low-cost and 

environmentally friendly production of hydrogen by solar energy.37 (Figure 7) 

 

3.4 Lithium Ion Battery 

Development of novel and advanced rechargeable Li-ion batteries is one of the most important 

challenges of modern electrochemistry. This is mainly due to their high energy density, enhanced rate 

capabilities and superior safety features. In fact, the electric vehicle (EV) revolution depends on the 

R&D success of new generation Li ion batteries possessing the necessary qualifications needed for 

full electrical propulsion. Turning from vehicles driven by internal combustion engines to electric 

vehicles means a real ‘green’ revolution with highly positive impact on our environment and quality 

of life. Consequently, many research groups and industries throughout the world work intensively 

towards developing of new materials for Li ion batteries. After providing the necessary preface that 

discusses in brief the energy needs of modern society, the article reviews recent efforts and challenges 

in the development of new anode, cathode and electrolyte solutions. This review article aims at 

providing both people that work in the field and newcomers a comprehensive overview on a 

fascinating area in materials science and modern electrochemistry, which is highly important to 

enhance the quality of our future life.38 (Figure 8) 

 

 

 

 

 

 

 

 

 



25 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. A schematic presentation of the most commonly used Li-ion battery based on graphite 

anodes and metal oxide cathodes. 
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Chapter 2. Three-dimensional Nano-Foam of Few-layer Graphene grown by CVD for DSSCs 

 

 

1. Introduction 

Graphene has received considerable attention1 due to its excellent electrical properties,2-4 high 

thermal conductivity,5-6 outstanding flexibility and great stiffness.7 Many techniques such as chemical 

exfoliation of graphite oxide,8-10 liquid-phase ultrasonic exfoliation of graphite,11-12 epitaxial growth 

on SiC or metals,13-14 and chemical vapor deposition (CVD) growth on metal substrates15-17 have been 

exploited for the fabrication of graphene sheets with remarkable properties. Among them, the CVD 

method has been widely utilized for preparing high-quality and large-area graphene sheets grown on 

metal catalyst (Ni, Cu, etc.) substrates.16, 18-19 The conductivity of graphene grown by CVD is much 

superior to that of chemically fabricated graphene. However, severe degradation of the graphene 

quality occurs through subsequent physical transfer of the graphene to other substrates and issues 

caused by using highly flammable gases for raw carbon sources have also been raised. To address 

these problems, several groups have recently studied the direct growth of graphene sheets from solid 

carbon sources such as poly methyl methacrylate (PMMA), poly acrylonitrile (PAN), polystyrene (PS), 

and deposited amorphous carbon.20-23 

Three-dimensional (3D) bicontinous structures have been shown to have many applications in 

photonic crystal, MEMS, biosensors and tissue engineering due to their controlled periodicity, large 

surface area, and availability of three-dimensional reaction to outside stimuli.24-26 We can expect a 

multifunctional materials platform to result when the potentials of 3D networks are combined with the 

many superior properties of graphene. For example, a three-dimensionally-connected graphene 

network would be an ideal structure for an electrode, supercapacitor or catalytic substrate, offering the 

advantages of a large surface area and extremely high conductivity. 

To the best of our knowledge, there are only a few reports on the synthesis of 3D structures of 

graphene. Chen et al. have recently reported that 3D graphene structures with excellent mechanical 

properties and flexibility can be made from commercially available macro-porous nickel frame by the 

CVD method.27 However, 3D graphene networks fabricated via this technique have macro-pores of a 

few hundred micrometers in diameter. There are many reports which describe the occurrence of 

unusual structural behavior when the dimensions of the structures decrease to below the critical 

length-scale.28 In order to fully exploit the properties of atomic-scale graphene, 3D graphene 

structures in nano-meter or even smaller length-scales are needed. Another approach to producing 3D 

graphene structures is to fabricate nano-holes via chemical activation of graphene oxide at high 

temperature, which has been widely used to obtain porous activated carbon.29-31 It has been reported 

that supercapacitors based on graphene prepared by this approach showed performance superior to 

that of AC-based supercapacitors. However, the severe activation conditions and the process of 
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generating pores after the formation of the graphene might cause defects resulting in the deterioration 

of the physical properties of the graphene.  

A dye-sensitized solar cell (DSSC) is a type of photovoltaic system with a high energy conversion 

efficiency that can be easily produced at relatively low cost. It is composed of dye, electrolyte, a 

working electrode, and a counter electrode. Each of these elements is correlated with the performance 

of the DSSCs.32-33 Thus far, the counter electrode material in DSSCs has usually been Pt, in spite of its 

cost-inefficiency, due to its high stability, conductivity, and outstanding electrochemical activity.34 

However, finding good alternatives to Pt with comparable performance is critical for the 

commercialization of DSSCs. Recently, carbon materials have been suggested as substitutes for Pt due 

to their low-cost, high-conductivity and corrosion resistance against redox couples.35-36 Graphene, 

analogous to carbon materials yet with far superior proprieties, may be an appropriate novel material 

for the counter electrode in a DSSCs.  

 Herein, we report a unique and direct route to producing a three-dimensional nano-foam of few-layer 

graphene (3D-NFG) grown on SiO2/Si substrate by CVD without using toxic carbonaceous gas. 

Nano-pores are generated by the loss of organic materials during the carbonization process of a blend 

of polymer and nickel precursor. Carbonized-C and reduced nickel in a 3D nano-frame created by the 

pyrolysis of the sample in a hydrogen gas environment provide a solid carbon source and a catalyst 

for the graphene growth during the CVD process, respectively. This technique only needs spin-coating 

of the precursor solution rather than an expensive pre-deposition process of metal catalysts and works 

with the aid of a commonly used polymer instead of highly flammable CH4 or C2H2 gas. Further, we 

investigate the use of 3D-NFG as an alternative to a platinum counter electrode for dye sensitized 

solar cells (DSSC). The excellent performance of 3D-NFG in DSSC suggests the great potential of 

inter-connected graphene networks for energy-related materials such as supercapacitors, 

photocatalysts, and solar cells. 

 

2. Experimental 

 

2.1 Preparation of PVA/NiCl2•6H2O composite thin film 

Poly (vinyl alcohol) (PVA, Mw = 31,000-50,000) and NiCl2•6H2O were purchased from Aldrich Co. 

and used without any further purification. Poly (vinyl alcohol) (10 wt%) was dissolved in DI-water at 

90 oC and then also added with the percents of 100, 200, 250, 350, 400 and 500 phr (phr: part per 

hundred parts of resin) by weight of NiCl2•6H2O. PVA/NiCl2•6H2O composite thin films were 

produced by a spin-coating method. Any impurity in the solution was filtered by a 200 μm cellulose 

acetate syringe filter and then spin-coated on 300 nm SiO2/Si substrate. The composite thin films were 

completely dried in a vacuum oven for a day. 
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2.2. Fabrication of 3D-NFG 

The fabricated composite films were loaded in a quartz tube (Scientech Co.) with an diameter of 120 

mm, heated to 1,000 oC under H2 (100 sccm)/Ar at 4 torr with the heating ramp of ~20 oC/min, and 

then placed in isothermal for 30 min. After annealing, the chamber was cooled to room temperature. 

The 3D-NFG samples containing nickel (3D-NFG/Ni) were spin-coated with PMMA solution (Mw = 

350,000, 1.4 wt% in toluene) and dried at 120 oC for 5 min. Then the PMMA/3D-NFG/Ni on 300 nm 

SiO2/Si substrate was floated on etchant consisting of HF (5 %) and ammonium persulfate (1 M) for 

48 hrs to remove the SiO2 substrate and nickel at the same time. Free-standing 3D-NFG was obtained 

by removing the PMMA layer in acetone for 4hrs. 

 

2.3. Fabrication of DSSCs  

O2 Plasma-treated FTO glass substrate (2.2 mm; 18Ω/□) was immersed in a 40 mM aqueous TiCl4 

solution at 70 oC for 30 min and washed with water and ethanol. A layer of nanocrystalline-TiO2 

(solaronix Ti-nanoxide T/sP) was coated onto the FTO glass plates by screen printing and dried at 120 

oC for 5 min. The film was then annealed at 500 oC for 10 min. This screen printing procedure with 

paste (coating, drying and annealing) was repeated to obtain a working electrode with appropriate 

thickness. The TiO2 electrode was immersed in a 0.5 mM N719 dye (Solaronix) solution in a mixture 

of acetonitrile and tert-butyl alcohol (v/v: 1:1) and kept at room temperature for 24 hrs. To prepare the 

platinum counter electrode, commercial Pt catalyst (Solaronix platiso T) was coated on drilled FTO 

glass and was annealed at 450 oC for 10 min. The Pt coating procedure was repeated to achieve 

appropriate performance. 3D-NFG was attached on drilled FTO substrate for the 3D-NFG counter 

electrode. The dye-adsorbed TiO2 with a dimension of 0.25 cm2 (5 mm × 5 mm) and the platinum 

counter-electrode or 3D-NFG counter electrode were assembled into a sandwich-type cell and sealed 

with hot-melt surlyn (solaronix) with a thickness of 25 um. A drop of the electrolyte (Solaronix 

Iodolyte AN-50) was injected through the hole on the back side of the counter electrode. Each 

symmetrical dummy cell was assembled using two identical electrodes filled with the electrolyte in a 

method similar to that used for fabricating DSSCs. The active area of each dummy cell was 0.25 cm2. 

The symmetrical dummy cells were used in electrochemical impedance spectroscopy (EIS) 

experiments. 

 

2.4. Photovoltaic Characterization 

Photovoltaic performance of the DSSC was characterized under simulated AM 1.5 illumination (100 

mW/cm2, Oriel). An EIS experiment was carried out using a computer controlled potentiostat (Versa 

STAT 3, AMETEK). EIS data were fitted by using Zsimpwin 3.21 software. The measured frequency 

ranged from 100 mHz to 100 kHz with a 10 mV AC amplitude. The bias of EIS measurements was set 

at -0.75 V. 
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3. Results and Discussion 

 

 
Figure 1. Schematic procedures of the fabrication process for 3D nano-foam of few-layer graphene 

(3D-NFG). I) Spin-coating of PVA/NiCl2 film on 300 nm SiO2/Si substrate. II) Graphene growth by 

CVD on SiO2/Si substrate. III) Nickel etching. 

 

Figure 1 shows the three steps of the fabrication process for 3D-NFG. First, PVA/ NiCl2 solution is 

spin-coated on SiO2/Si substrate with a thickness of 500 nm. We chose nickel chloride hexahydrate 

(NiCl2•6H2O) and polyvinyl alcohol (PVA) as a precursor of Ni catalyst and a solid carbon source for 

graphene growth, respectively. The choice of PVA is due to the ability to creation a uniform dispersion 

with the nickel precursor derived from the electrostatic interaction between -OH groups of PVA and 

nickel ions in an aqueous of Nickel chloride solution.37-38 In the second step, the coated composite 

film on SiO2/Si substrate was heated to 1,000 oC in the annealing chamber. Annealing PVA/NiCl2 

composite at high temperature (> ~700 oC) induces the carbonization of PVA, resulting in the 

formation of nano-foam by the removal of most of carbon materials. It is known that about 70-80% of 

carbon materials are removed during the carbonization.39 By carefully controlling the ratio of NiCl2 to 

PVA, we determine the minimum amount of amorphous carbon that can be used as a solid carbon 

source during the subsequent graphene growth step. Another important role of the annealing step is to 

trigger the reduction process of the nickel ion (II) into nickel (0), which can be verified by the XRD 

data as shown in Figure 7. In the third step, Ni is removed in an ammonium persulfate solution, 

leaving 3D-NFG structures on the SiO2/Si substrate. Common transfer processes can be further 

employed to obtain a freestanding 3D-NFG (Briefly, in step III, a layer of PMMA is spin-coated onto 

graphene/Ni nano-foam to reinforce the structures. In step IV, nickel is removed in an ammonium 

persulfate solution leaving PMMA/graphene nano-foam. In step V, free standing 3D-NFG is obtained 

by dissolving the PMMA with acetone for 4 hrs). 

Figure 3 is the morphological confirmation of the 3D-NFG prepared by the CVD technique and 

followed by the etching of nickel. Figure 3a is the scanning electron microscopy (SEM) image of 3D-

NFG created by the growth of graphene on nickel/carbonized-C networks (See Raman mapping  
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Figure 2. Raman mapping spectra of 3D-NFG (annealed PVA/NiCl2•6H2O 350phr). a) and b) are as-

grown and after etching nickel of sample a. The wavelength of the excitation laser was 532 nm and 

the power of the laser was below 2 mW to prevent significant sample heating (a 100x objective lens 

(numerical aperture = 0.90) and 0.2 s of accumulation time were adopted). 
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Figure 3. The morphological confirmation of the 3D-NFG. a) SEM image of nickel/C-carbon 

networks. The bright part in the inset is the nickel domain generated by the agglomeration of nickel 

during the high temperature annealing. b) SEM image of 3D-NFG created after removal of nickel. 

The cross-section images were taken with a tilted angle of 10o and the insets are the top view images 

in both a and b. c) TEM image of the 3D-NFG; inset emphasizes the nano-pore structures in 3D-NFG. 

d) Photo of 3D-NFG transferred on PET substrate. Basically, the size of 3D-NFG is not restricted. 
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spectra in Figure 2). The bright region in the top view image is identified as nickel by Energy 

Dispersive Spectrometer (EDS) (Figure 4). In contrast to the SEM image of a homogeneously 

dispersed PVA/NiCl2 composite film (Figure 5a), nano-domains of Ni clusters formed from the 

nucleation of Ni particles at high temperature conditions and nano-forms created from the 

carbonization can be seen in Figure 5b. It is well known that metal is agglomerated as the annealing 

temperature increases. Figure 3b is the SEM image of a low density 3D-NFG with the thickness of 

150 nm after etching of the nickel. The thickness of the film is reduced to about 30% of the initial 

value because of the loss of nickel and carbonaceous materials. However, once the nano-pore 

structures are formed, it is robust and stable enough to be utilized for further applications. Figure 3c is 

a transmission electron microscope (TEM) image of the 3D-NFG and the inset is a close-up picture 

clearly showing the nano-pore structure. Figure 3d implies the optical transmittance of 150 nm of 3D-

NFG. Usually, it is assumed that the optical transmittance of graphene is reduced by 2.2–2.3% per 

layer and the space occupied by one layer is around 0.34 nm in length.12 Thus, the optical 

transmittance of graphene becomes almost 0% when the number of layers reaches about 44 or the 

thickness of the graphene structures is beyond 15 nm. The optical transmittance of 3D-NFG is around 

30% at 550 nm (Figure 6), which is much higher than expected considering that the thickness of the 

structure is 150 nm. This is probably because of the presence of many pores in the 3D-NFG. 

In order to confirm that Ni (II) is reduced into Ni (0), we exploit X-ray diffraction measurements. 

Figure 7a shows the XRD data of PVA/NiCl2 film before and after thermal treatment in a H2 

environment. Compared to the data taken from the pristine PVA/NiCl2 film with no significant peak 

except a broad Si substrate peak (in black), three peaks corresponding to the (111), (200), and (220) 

planes of Ni (0) and one peak at 2θ = 26o corresponding to the (002) plane of graphitic carbon are 

appeared for the annealed sample (in red, 3D-NFG incorporated with nickel).40 This reveals that 

reduced nickel in the nano-domain of 3D nickel/carbonized-C, created from high temperature 

annealing in a hydrogen environment, is polycrystalline, affecting the formation of few-layer 

graphene. In the uppermost spectrum (in blue), the three peaks from nickel disappear after the 

annealed PVA/ NiCl2 composite film is dissolved in buffered oxide etch (BOE) solution, indicating 

that the nickel is completely etched away, leading to the generation of pure 3D-NFG. The average 

pore size of the 3D-NFG captured in an area of 25 μm2 in the TEM images from more than 5 samples 

is approximately 40~50 nm, as shown in Figure 7b. Unfortunately, because of the low density of the 

3D-NFG, we were not able to collect enough material (approximately 0.1 g) to the final surface area 

and pore size measurement by Brunauer- Emmett-Teller (BET) analysis.  

Raman spectroscopy is a well-known, facile, and nondestructive technique for quality 

characterization of graphene, which also provides maximum structural and electronic information of 

graphene with high resolution. Figure 8a compares the Raman data of pristine PVA polymer film (in 

black) and 3D-NFG (in red) grown by the CVD method from PVA/NiCl2 film with an optimized ratio.  
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Figure 4. Energy dispersive X – ray energy spectroscopy. a) 3D-NFG containing nickel (after 

annealing PVA /NiCl2•6H2O composite film). b) 3D-NFG (after etching nickel of sample a). 
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Figure 5. SEM Images: a) Pristine PVA /NiCl2•6H2O composite film, b) 3D-NFG containing nickel 

(after annealing sample of a). c) 3D-NFG (after etching nickel of sample b). 
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Figure 6. UV–vis spectra of 3D-NFG films transferred on PET substrates.: The samples have similar 

UV absorption peaks for 5 different samples. 
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Figure 7. X-ray diffraction analysis. a) (a) The pristine PVA/NiCl2 film, (b) The annealed PVA/NiCl2 

composite film (3D-NFG containing nickel), (c) 3D-NFG obtained by etching nickel in the sample (b). 

b) Pore-size distribution captured by TEM. 
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There are broad D and G bands around 1,350 cm-1 respectively, but no 2D band at 2,700 cm-1 for 

pristine PVA. However, in the case of 3D-NFG, sharp G and 2D bands appear as evidence of the 

creation of graphene, whereas the D band is greatly reduced. The D band is related to the first order of 

zone-boundary phonons and is known as the disorder peak originated from a defect in the graphene 

layer. Therefore, the D band observed for 3D-NFG in Figure 8a can mainly be attributed to the 

disoriented regions derived from the partially defective graphene at the edges near the many pores. 

The G band is the primary mode for graphene and represents the planar configuration of the sp2 bond. 

The intensity of the G band tends to increase with the increase in the number of layers of graphene. 

The 2D band is the second order of the D band and occurs by the effect of the vibrational behavior of 

two phonon lattices. The intensity, shape and linewidth of the 2D band are strongly related to the 

number of layers of graphene.41-42 More precisely, the ratios of ID/IG and I2D/IG have been widely used 

to determine the number of layers of graphene. In the Raman spectra obtained by varying the amount 

of nickel to PVA, the maximum ratio of I2D/IG and the minimum ratio of ID/IG are obtained at 350 phr, 

which represents the optimized composition ratio of carbon source to metal catalyst, as shown in 

Figure 8b. Based on the Raman spectra, we performed XPS measurements of 3D-NFGs (annealed 

samples of NiCl2•6H2O 100, 350 and 500 phr) as shown in Figure 8c. The only intense peak at 284.18 

eV, which originates from C-C or C=C bonding, was observed for all samples. Compared to the full 

width at half maximum (FWHM) of 1.03 and 1.07 for 100 phr and 500 phr, respectively, the lowest 

FWHM of 0.86 eV, indicating a high quality graphene, was obtained for 350 phr, which agrees well 

with the Raman data. From the Raman and XPS data, we can conclude that, at 350 phr, the amorphous 

parts of carbonized-polymer are almost exhausted, leading to the minimum intensity of the D band 

and the maximum intensity of the 2D band. The ratio of I2D/IG (=1.62) of 3D-NFG at 350 phr 

identifies the presence of the few-layer graphene, as can be seen in the inset of Figure 8a, and the 

average sheet resistance measured by 4-point probe from more than 10 samples is 600~700 Ω/□ (the 

median value and its deviation are 686.18 Ω/□ and 31.0 Ω/□, respectively). 
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Figure 8. a) Raman spectra of pristine PVA and PVA/NiCl2 composite films after annealing at 1,000 

oC in a H2 environment. Inset is the high-resolution TEM image showing 4-5 layers of graphene. b) 

ID/IG and I2D/IG as a function of NiCl2•6H2O concentration (phr: part per hundred parts of resin). c) 

XPS spectra of 3D-NFGs (annealed samples of NiCl2•6H2O 100, 350 and 500 phr). d) 
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Figure 9. Photocurrent-voltage (I-V) curves for DSSC using 3D-NFG CE and Pt CE. 
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Figure 10. The impediance spectra for the devices with Pt reference and 3D-NFG. 

 

 

 

Table 1. Photovoltaic characteristic of the DSSC and EIS parameters of the symmetric cells with 3D-

NFG CE or Pt CE. 

 

 Rs (W) Rct (W) Voc (V) Jsc (mA/cm2) FF (%) h (%) 

Pt 4.3 1.7 0.7 12.1 69.2 5.7 

3D-NFG 5.0 11.47 0.71 12.2 60.0 5.2 
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In order to exploit the potential application of 3D-NFG, photovoltaic performances of a DSSC 

fabricated with 3D-NFG as a counter electrode (CE) are evaluated. Figure 9 shows the photocurrent-

voltage curves of a DSSC with a 3D-NFG CE compared with those of a reference cell with a Pt CE at 

an illumination intensity of AM 1.5. The inset is the schematic illustration of the DSSC with the 3D-

NFG CE. Surprisingly, both devices record similar open circuit voltages (Voc) of ~ 0.7 and short 

circuit current densities (Jsc) of ~ 12.1. However, the 3D-NFG CE cell shows a bit lower fill factor (FF) 

than does the Pt CE (60 % vs. 69.2 %, as shown in Table 1. Generally, fill factor is affected by sheet 

resistance (Rs) and other internal resistances (Rct). Electrochemical impedance spectroscopy (EIS) is 

a powerful technique to investigate internal resistance and charge transfer resistance at the interface of 

electrodes and electrolyte in electrochemical cells. A symmetrical dummy cell composed of two 

identical electrodes was fabricated to evaluate the electrochemical characteristics of the 3D-NFG CE 

and Pt CE.43-44 The photovoltaic characteristics and EIS parameters of the DSSCs with the 3D-NFG 

CE or Pt CE are summarized in Table 1.  

As expected from the fill factor values, both Rs and Rct for the 3D-NFG CE are a bit higher than the 

corresponding values for Pt CE. Those values imply higher sheet resistance and lower charge transfer 

rate at the interface of 3D-NFG CE and electrolyte. This is probably due to insufficient adhesion of 

the 3D-NFG structure onto the non-flat surface of the FTO substrate and a bit lower conductivity of 

the 3D-NFG structure compared to that of Pt. However, the energy conversion efficiency (η) of 5.2% 

is obtained for the 3D-NFG CE when the value for the Pt CE is 5.7%. We believe this reasonable 

value could originate from the large surface area resulting from the nano-porous nature of 3D-NFG, 

and that this is extremely encouraging since the efficiency might be further enhanced by optimizing 

several conditions for device assembly. 

 

4. Conclusion 

In conclusion, we have developed a simple and direct method for the fabrication of a 3D nano-foam 

of few-layer graphene with large-area coverage through the CVD method from polymer/nickel 

precursor film. Nano-pores are created from the removal of organic materials and reduced nickel 

domains. Our approach needs neither a defect-causing transfer process nor toxic carbonaceous gas. 

The ratio of I2D/IG (= 1.62) for the 3D-NFG verifies the presence of the few-layer graphene, and the 

average sheet resistance of 600~700 Ω/□ was obtained. The efficiency of a DSSC cell fabricated with 

a 3D-NFG CE is comparable to one with a Pt CE cell, which implies the possibility of 3D-NFG as an 

outstanding alternative to Pt. The 3D-NFG we have fabricated by simple and cheap means suggests a 

new route to nano-structured 3D graphene with great potential for electronic devices and 

photocatalytic sensors, as well as for energy-related materials. 
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Chapter 3. Three-Dimensional Graphene Nano-Networks with High Quality and Mass 

Production Capability via Precursor-Assisted Chemical Vapor Deposition 

 

 

1. Introduction 

Three-dimensional (3D) bi-continuous nanostructures with controlled symmetry and periodicity 

have found utilization in a lot of applications such as photonic crystals, phononic crystals and micro-

electromechanical systems.1-2 In addition, the large surface area and the availability of 3-dimensional 

responses to external stimuli provide further potential for using 3D structures in diverse areas of 

energy-related materials and tissue engineering.3-4  

Graphene is a atom-thick flat sheet that is densely packed with covalently sp2-bonded carbon atoms 

in a honeycomb lattice with low optical absorbance, great electrical conductivity, excellent flexibility 

and mechanical property, theoretical large specific surface area, and unusual transport properties.5-8 

Graphene grown on metal substrate by chemical vapor deposition (CVD) via carbon dissolution and a 

isolation mechanism on a catalyst surface has great conductivity because it has fewer defects and a 

relatively formation of large domain.9-14 Possible problems in CVD growth on a metal substrate are 

that the creation of single-crystalline graphene is restricted to the 2-dimensional plane and fabrication 

is restricted to small quantities. The potential of more sophisticated 3-dimensional graphene 

nanonetworks (3D-GNs) on a mass-production would enable significant enhancements in energy-

related materials, heat sinks, and cell culture plates by taking advantage of large surface areas, great 

high electrical/thermal conductivity, and 3-dimensional conditions. For instance, it has recently been 

reported that 3-dimensional graphene networks grown on a macro-porous nickel frame have 

outstanding mechanical strength, ultracapacitance, and thermal transport properties due to the nature 

of the 3-dimensional structures.6, 15-16 However, the dimensions of the structures prepared by this 

method are limited by the dimensions of the accessible nickel frame and are confined to a scale of a 

few hundred micrometers, which might in turn hamper a variety of potential applications for the 3-

dimensional graphene. Alternatively, a 3-dimensional graphene-frame on a micron scale has been 

produced by vacuum filtration of chemically fabricated graphene, although performance was rather 

low because of the utilization of reduced graphene oxide.17-18 Exploring approaches to grow graphene 

that admit for dimensional tunability reduce to the nanosize scale without loss of its intrinsic 

characteristics could play an important role in both basic study and the realization of potential 

graphene applications. So far Cu and Ni have been normally used as catalysts for CVD growth of 

graphene with well established technique, and minor progress has been recently accomplished in 

growing multilayer graphene film on Fe-based catalysts, which have been widely utilized for stnthesis 

of carbon nanotubes.19-21 Utilizing Fe as a catalyst will also broaden the applicability of graphene and 

be an attractive way of research, since Fe is the 4th most common element in the earth’s shell and it is 
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nontoxic, cheap, and easy to remove.  

Supercapacitors has a lot of attention as alternative energy storage devices to batteries and fuel cells 

due to their fast charging and discharging rates at high power density, long cycle stability, simple 

mechanism, and low operation cost.22-25 Among two different groups of supercapacitors sorted by 

their energy storage mechanism, electrochemical double-layer capacitors (EDLCs) and 

pseudocapacitors (PCs), EDLCs use the adsorption/desorption of ions creating an electrical double-

layer at the interface between an electrode and an electrolyte for charge storage. It is important to 

assure effective surface area and surface properties of the electrode. Additionally, the high specific 

surface area, several other factors, such as great electrical conductivity, proper pore size and 

distribution, and electro-chemical, thermal, and mechanical stability, are equally critical factors to 

supercapacitor performance. In light of these requirements, porous carbonaceous materials have been 

suggested as promising electrode materials for EDLCs.26-27 However, most porous carbonaceous 

materials with high specific surface area are affected from rather low electrical conductivity, which 

limits their application for high performance supercapacitors. On the other hand, graphene provides a 

promising alternative to existing EDLC materials, since it has very high electrical conductivity and 

outstanding mechanical and chemical stability and exceptionally large surface area. However, its 

theoretical value of parameters such as electrical conductivity (106 S/cm) and surface area (2,630 m2/g) 

still require to be realized, at least to some extent.28-29 

 Here, for the first time, we report a bi-continuous 3D-GN (3-dimensional graphene Nano-network) 

grown via a precursor-assisted CVD technique using solution processed Fe precursors, which 

potentially permit for any arbitrary structure of graphene with dimensional scalability and mass-

production ability. Graphene is grown on a 3D assembly of colloidal silica (CS) infiltrated with a 

PVA/Fe precursor solution. Annealing PVA/ Fe precursor in a hydrogen condition reduces the Fe, 

which can act as a catalyst for the dissolution of carbon during the following graphene growth process. 

A 3D-GN has a fairly enhanced geometrical surface area of 1,025 m2/g and a conductivity of 52 S/cm, 

which greatly exceeds the values of traditional 3D graphene structures, e.g., graphite with 0.6 m2/g 

and tens of kΩ/□, respectively.30-33 Furthermore, as a result of employing solution-prepared metal 

precursors, high-quality 3D graphene can be grown on any inert substrate, such as Al2O3, quartz or 

GaN, etc., enabling the production of ready-to-use graphene for use in the semiconductor industry. As 

a proof of concept, we have demonstrated that 3D-GN-based EDLC exhibits an excellent specific 

capacitance of 245 F/g and 96.5% retention after 6,000 cycles. The superior performance of a 3D-GN 

as an electrode for supercapacitors is attributed to the realization of the effective synergies of the great 

conductivity and large surface area of graphene in the form of a 3-dimensional network with proper 

pore sizes. Artificially created 3D-GNs with controlled shape and spacing offer excellent potential for 

application in areas where the advantages of both graphene and nanoscale 3D structures are needed, 

such as 3Delectrodes, energy conversion/storage devices, and thermal management systems. 
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2. Experimental 

 

2.1 Preparation of CS/PVA-FeCl3•6H2O composite thin film. 

Poly (vinyl alcohol) (PVA, Mw = 31,000–50,000) and FeCl3•6H2O were obtained from Aldrich Co. 

and utilized without any further purification. Poly (vinyl alcohol) (10 wt.%) was dissolved in di-

ionized water at 90 oC and then also dissolved with percents of 100, 200, 350, and 600 phr (phr: part 

per hundred parts of resin) by weight of FeCl3•6H2O. PVA/FeCl3 composite thin films were fabricated 

by self-assembly of CS, as reported elsewhere. Any impurities in the solution were filtered through a 

200 μm cellulose acetate syringe filter and the filtrated solution was spin-coated on a 300 nm SiO2/Si 

wafer. The prepared composite thin films were dried in a vacuum oven for one day. 3D-GNs was p-

doped by dipping in 20 mol% of HNO3 solution for 30 min followed by washing in di-ionized water 

in order to improve the conductivity for supercapacitance measurements.  

 

2.2. Fabrication of 3D-GNs 

The prepared composite films were placed in a quartz tube (Scientech Co.) with an outer diameter of 

120 mm, heated to 1,000 oC in a H2 (100 sccm)/Ar atmosphere at 4 torr with a heating rate of ~20 

oC/min, and then placed in isothermal conditions for 30 min. After annealing, the samples were 

cooled to an ambient temperature. The 3D-GN/Fe sample on a 300 nmSiO2/Si substrate was then 

immersed on BOE consisting of HF (5%) and HCl (3%) for 48 hrs to remove the SiO2 substrate and 

iron simultaneously. 

 

2.3. Characterization of 3D-GNs  

The structures of the samples were characterized by SEM (Nova Nano-SEM 230, 10 kV), TEM 

(JEM-2100, 200 kV) and Raman spectroscopy (WITec, alpha300R, excited by a 532nm laser). X-ray 

diffraction measurements were carried out with a Rigaku Co. High Power X-Ray Diffractometer 

D/MAZX 2500V/PC from 20o to 80o. Surface area determination was performed by Brunauer-

Emmett-Teller (BET) methods using a BELSORP-max (BEL JAPAN INC.). The sheet resitances of 

3D-GNs (both film and powder type) were characterized by 4 point-probe (Dasol Eng, FPP-RS8, pin-

spacing 1 mm, pin-radius 100 mm). The conductivities were obtained with the equation of σ = 1/(R ×  

d), where d is the thickness of the sample and R is the sheet resistance of the sample. To measure 

conductivities of powder type 3D-GN, the pellet with a diameter of 13 mm and thickness of 7 mm 

was prepared by mechanical milling and subsequent pressurizing (1,000 kg/cm2) of the 3D-GN. An 

energy dispersive X-ray analyser (EDX) was used to provide elemental identification and quantitative 

compositional information of samples, as shown in Figure 14. 
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2.4. Electrochemical Measurement 

The electrochemical properties of supercapacitor electrodes were measured in three-electrode 

systems by cyclic voltammetry using a computer controlled electrochemical interface (VMP3 biologic) 

from -0.2 to 0.8 V at room temperature. 3D-GNs, a graphite plate, Ag/AgCl, and 1 M H2SO4 were 

used as the working electrode, counter electrode, reference electrode, and electrolyte, respectively. To 

examine the electrochemical properties, the 0.5 mg of electro-active material (3D-GN) was mixed 

with acetylene black (10 wt.%), and polyvinylidenedifluoride (PVDF, 10 wt.%) as a binder, and then 

the mixture was pasted onto a FTO electrode (2.56 cm2) and dried at 150 oC for 20 min in an air 

atmosphere. The cyclic voltammetry was carried out at different scan rates ranging from 5 mV/s to 

500 mV/s. Electrochemical impedance spectroscopy (EIS) was carried out in 1M LiClO4/acetonitrile 

solutions at a frequency range from 100 kHz to 0.1 Hz using a potentiostat (Versa STAT 3, AMETEK). 

The control sample for EIS measurement was fabricated with 10 wt.% of acetylene black and 10 wt.% 

of PVDF. 
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3. Results and Discussion 

 

Figure 1. Schematic illustration of the fabrication process for a 3D-GN. (I) Self-assembly of CS on 

SiO2/Si substrate. (II) Infiltration of PVA-FeCl3 into 3D assembly of CS. (III) Graphene growth by 

CVD on 3D PVA-FeCl3/CS assembly. (VI) Iron/CS etching, leaving the 3D-GN. 

 

Figure 1 shows the four procedures of the fabrication process for the 3D-GN. First, surface-modified 

silica colloids (d = 30 nm, 150 nm, and 220 nm, as shown in Figure 2) prepared by treatment with 

H2SO4 were self-assembled using Colvin’s method into near single crystalline opals with a face-

centered cubic (FCC) structure on a 300 nm SiO2/Si wafer with a thickness of 3 um.34 Then a solution 

of PVA/FeCl3 was infiltrated into the 3D-assembly of silica colloids. We chose FeCl3•6H2O (iron 

chloride hexahydrate) and water-soluble poly (vinyl alcohol) (PVA) as a precursor of the Fe catalyst 

and a solid carbon source for graphene growth, respectively. poly (vinyl alcohol) was chosen because 

it can readily create a homogeneous dispersion with the Fe precursor (FeCl3, in this case) due to the 

electrostatic interaction between the -OH of PVA and Fe ions in the FeCl3 solution.35-36 In the third 

step, the composite film of PVA/FeCl3 infiltrated to 3D-CS (3D PVA-FeCl3/CS) on the SiO2/Si 

substrate was annealed to 1,000 oC in a quartz tube. The detailed thermal annealing parameters and 

conditions are shown in Figure 3. Annealing the 3D PVA-FeCl3/CS composite in a hydrogen 

condition at high temperature reduced the Fe ions (III) into Fe (0) and following growth of graphene 

using PVA as a carbon source on the surface of the Fe metal (Figure 4). This step is supported by a 

recent report illustrating CVD graphene growth on an Fe film.21 By carefully controlling the ratio of 

FeCl3 to PVA, we decided the minimum amount of PVA that can be decomposed and dissolved into 

reduced Fe during high temperature of thermal annealing, and segregated on the surface of the Fe to 

create graphene upon cooling. In the final step, Fe was etched with the HF/HCl solution leaving few-

layer 3D-GN structures on the SiO2/Si substrate. 
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Figure 2. SEM and TEM images of the silica particles exploited in this study: a) silica particle with a 

diameter of 150 nm, b) silica particles with a mean diameter of 220 nm, c-e) silica particles with a 

diameter of 20-30 nm. 
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Figure 3. Schematic diagram of the whole process for the growth of 3D-GNs growth via precursor 

assisted CVD. 
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Figure 4. Thermo-gravimetric analysis (TGA) of PVA/FeCl3 350  phr. 
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Figure 5. Morphological observation of 3D-GN. a) SEM image of 3D PVA-FeCl3/CS. b) SEM image 

of 3D-GN formed from graphene growth followed by removal of iron. c) TEM image of 3D-GN taken 

near the edges. d) Close-up image of a single graphene ball. e) The selected area electron diffraction 

(SAED) pattern showing the nearly single crystalline nature of the graphene ball in the image of d). 
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In Figure 5, the morphological observations of a representative 3D-GN obtained by CVD growth 

followed by etching the Fe and the assembly of 220 nm silica colloids. Figure 5a is a scanning 

electron microscope (SEM) image of a 3D assembly of PVA-FeCl3/CS with a thickness of 3 um. 

Figure 5b is a SEM image of a low-density 3D-GN formed from graphene growth and followed 

etching of Fe/CS. The optimum ratio of PVA to FeCl3 was decided by careful control of the pressure 

and flow rate of the gas during the CVD process. The thickness of the 3D-GN created from the 

etching of the CS template was decreased to approximately 80% of the original thickness due to the 

loss of carbon materials and a slight collapse of the 3D-GN near the substrate caused by the surface 

tension of aqueous solvent during the drying process. However, once the nanopore structures created, 

they were rigid and robust enough to be utilized for further applications as expected from the high 

modulus (1,100 GPa) of graphene reported elsewhere.6, 28 Figures 5c and 5d are a TEM image of the 

3D-GN near the edges clearly showing a nano-pore of the 3D-GN and a zoom-up image of a single 

unit cell of the 3D-GN with a diameter of 220 nm, respectively. In addition, we now and then 

observed another set of nano-cavity with diameters of ~ 40 nm on the surface of a single graphene 

ball. This is likely attributable to the etching of Fe nano-domains created due to the aggregation of Fe 

during the thermal treatment. More TEM images, confirming few-layer graphene are shown in Figure 

6. Figure 5e is a SAED image of a single unit cell of graphene, revealing the single crystalline nature 

of graphene. Besides the formation of the network in the film, a bulk scale of the 3D-GN fabricated 

by the drop-casting of solution followed by CVD also yielded a comparable quality of graphene 

(Raman, conductivity, etc.). Figure 7 shows photoimages of the 3D-GN in the type of a powder (a) 

and films (b,c) prepared by drop-casting and spin-coating, respectively, indicating the large scale 

synthesis of 3D-GN (All the processes including silica templating for drop casting samples are the 

same as those for the film samples except the method of casting). 

X-ray diffraction (XRD) characterization was conducted to analysis the reduction of Fe (III) to Fe 

(0). Figure 8a shows the XRD pattern of the PVA-FeCl3/CS (220 nm) film at a FeCl3 concentration of 

350 phr before and shortly after annealing in a H2 condition. Compared to the data taken from the 

pristine PVA-FeCl3 film showing many broad and unspecified peaks in red, two sharp peaks 

corresponding to the (200) and (110) planes of Fe (0) and another strong and sharp peak specified to 

the (002) plane of graphene are appeared for the annealed sample in black (3D-GN containing Fe).37 

These peaks confirm that the Fe ions are completely reduced to the nearly single crystalline iron metal 

with the preferred growth direction in the (110) plane, which shows the capability of successfully 

creating single crystalline graphene which appears at 2θ = 26o.The conversion of FeCl3 to Fe metal 

followed by CVD graphene growth can be further confirmed by analyzing the X-ray photoelectron 

spectroscopy (XPS) spectra of Fe, Cl, and C in the same samples as the ones for XRD. Figure 8b-d 

shows the XPS spectra of Fe 2p, Cl 2p, and C1s in pristine PVA/FeCl3 (all in red) and converted 3D-

GN/Fe (all in black) after the CVD growth procedure. 
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Figure 6. TEM images of a few layer 3D-GNs prepared with 220 nm of silica colloids captured in 

various sector. There are more layers of graphene formed in the interstitial area where three graphene 

balls meet in the upper-right image. 

 

 

 

 

 

 

 



60 

 

 

 

 

Figure 7. Characterizations of 3D-GN with a mean diameter of 30 nm : a-c) Photoimages of the 3D-

GNs in the type of a powder a), film on Si substrate b), and film on TFTE c) prepared by drop-casting, 

spin-coating, and spin-coating followed by transferring onto TFTE film, respectively, indicating the 

large scale synthesis and flexible process of 3D-GNs. d) Raman spectrum of 3D-GN grown by CVD 

on a bulk scale. e) XPS spectrum of C in the film of 3D-GN fabricated on a bulk scale. f) TEM image 

of 3D-GN. g) Zoom-up image of a few layer 3D-GN. All data in d-g) are from the 3D-GN with a 

diameter of 30 nm prepared on a bulk scale. 
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Figure 8. X-ray diffraction (XRD) and X-ray photoelectron (XPS) spectra before (all in red) and after 

(all in black) annealing of PVA-FeCl3/CS (220 nm) film at a FeCl3 concentration of 350 phr. a) The 

XRD of pristine FeCl3•6H2O (iron chloride hexahydrate) is shown in red and that of an annealed film 

of PVA-FeCl3/CS composite (3D-GN containing iron) is in black. b-d) XPS spectra of Fe, Cl, and C in 

the film at a FeCl3 concentration of 350 phr. 
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Major differences between the Fe ion species and metallic Fe can be seen in the Fe2p region at around 

700-730 eV, as shown Figure 8. The Fe 2p peak from the pristine PVA/FeCl3 sample is deconvoluted 

into two major peaks, at 711.5 eV and 724.54 eV, corresponding to the binding energy of Fe3+ in FeCl3 

and Fe2O3, respectively, which suggests the coexistence of FeCl3 and oxidized Fe2O3.
38-39 On the other 

hand, a peak at around 704 eV, corresponding to the binding energy of Fe ions, appears for the 

annealed samples, clearly indicating the reduction of Fe ions. The peak between binding energies of 

195 eV and 204 eV in the XPS spectra (in Figure 8c) reveals the presence of Cl in the samples. The 

two broad peaks in red at binding energies of 198.8 eV and 199.95 eV, corresponding to 2p3/2 and 2p1/2 

electrons of Cl ions (Cl−), respectively, in the pristine sample and the disappearance of the Cl ion peak 

in the 3D-GN/Fe sample suggest that the Cl is completely evaporated under the high temperature 

growth conditions of the 3D-GN. Finally, compared to the broad and significantly low C1s peak in the 

pristine samples in Figure 8d, the intense, sharp peak in the 3D-GN/Fe, centered at 284.18 eV, which 

originated from the C-C or C=C bond, implies the transformation of amorphous carbon into high 

quality graphene. A full width at half maximum (FWHM) of 0.82 was obtained for the 3D-GN; this is 

comparable to the FWHM of a high quality single layer of graphene.40-41 

Figure 9 shows the Raman spectra of 3D-GNs grown by the dissolution and segregation of carbon on 

the surface of 3D Fe networks with various composition ratios of PVA to Fe precursors. On the basis 

of previous reports that describe the growth of graphene on Fe, one significant issue to be considered 

is that the relatively high solubility of carbon in Fe could lead to the creation of a few layer graphene 

with some defective site. We found that the initial amount of Fe and carbon greatly affected the 

quality of graphene and the structural formation of the 3D-GN, since both elements are nearly used up 

during the growth process, as shown in the TGA data, Figure 4. Optimum growth conditions of 

graphene on PVA-FeCl3/3D-CS were determined by precise control of the pressure and the flow rate 

of the gas at 1,000 oC in all the experiments during CVD until we obtained the best Raman peak 

(Figure 10). The typical Raman spectrum of the 3D-GN at various Fe to PVA ratios analyzed at more 

than 20 random sites are compared with that of pristine FeCl3/PVA with broad, strong D and G peaks 

as shown in the bottom of Figure 10a. The formation of graphene in the 3D-GN can be confirmed by 

the reduction in the intensity of the D band and the evolution of sharp G and 2D bands at the higher 

frequency region. The intensity of the G band steadily increased as the amount of FeCl3 increased 

(from bottom to top) indicating the creation of a planar configuration of sp2 bonds. The remarkable 

increase in intensity of the 2D band of the 3D-GN at 350 phr implies high quality of graphene. The 

negligible D peak around 1,350 cm-1 for the 350 phr sample suggests that the 3D-GN at 350 phr has 

few defects or symmetry-broken sites. The maximum ratio of I2D/IG and the minimum ratio of ID/IG 

optimized at 350 phr are 1.74 and 0.15, respectively, as shown in Figure 10. Therefore, the Raman 

spectra indicate that amorphous parts of carbonized-C are nearly used up and transformed into few-

layer 3D graphene networks when the ratio of PVA to Fe was set at around 1:3.5. 
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Figure 9. Raman spectra of 3D-GNs synthesized by CVD. a) Raman spectra with various composition 

ratios (phr: parts per hundred parts of resin) of PVA-FeCl3 by templaing 220 nm of CS. The Raman 

spectrum of pristine PVA after annealing at 1,000 oC in a H2 environment is presented in black. b) 

Raman spectra of 3D-GNs grown on various substrates by templating 220 nm of CS with PVA-FeCl3 

solutions at a FeCl3 concentration of 350 phr. There is basically no limitation on the choice of 

substrate as long as it is stable and inert at high temperature. 
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Figure 10. The graph with the value of ID/IG and I2D/IG as a function of FeCl3•6H2O concentration (phr: 

part per hundred parts of resin). 
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Surprisingly, the mean electrical conductivity of the 3D-GN determined from ~ 20 samples was 52 

S/cm, which is much superior to the previously reported value. Moreover, the mean electrical 

conductivity of the 3D-GN before the etching of Fe was ~200 S/cm, indicating potential for the direct 

utilization of 3D-GN/Fe as a porous 3D electrode. More importantly, one of the significant advantages 

of the proposed technique is that it allows for mass-production. Since the Fe precursor can be evenly 

dispersed with the carbon source to form the graphene structure, there is essentially no restrict to the 

scale of production for this type of precursor-assisted CVD. For example, we could obtain 2 g of 3D-

GN per batch of CVD, which is comparable to 2,050 m2 of planar 2D graphene based on the surface 

area of our 3D-GN. Due to such large scale production, BET analysis is easily available. The surface 

area of the 3D-GN obtained by templating 220 nm uniform silica colloids (in Figure 5) was 

determined to be 448 m2/g and the pore size of a 3D-GN range from approximately 210-230 nm in 

diameter, with some much smaller mesopores with a mean diameter of 14 nm, as shown in Figure 11. 

The surface area of 448 m2/g is much superior to that of same size CS templates (13 m2/g), which can 

be attributed to the presence of pores as well as a few layers in graphene. We believe further 

enhancement of the physical characteristics of 3D-GNs will be possible, i.e., much smaller pores by 

using a smaller size uniform silica template and better conductivity with more systematic control of 

composition ratios as well as growth conditions. In fact, we were possible to obtain a 3D-GN with a 

specific surface area of 1,025 m2/g and conductivity of 5.4 S/cm by templating silica particles with a 

dimension of 20-30 nm in diameter on a bulk scale (Figures 11 and 12). Even though they had lower 

uniformity in particle size and shape and somewhat agglomerated morphology compared to the larger 

size particles, comparable quality of Raman peaks and other characteristics to those of the uniform 

larger size and well assembled 3D-GNs were observed, as shown in Figure 7. 

Another very useful benefit of this method compared to previously reported methods is that the 

graphene growth does not limit the choice of substrate due to the utilization of metal precursor 

solutions, which basically allow the dimensional scalability. Moreover, this circumvents the 

requirement for a transfer process which can lead to the creation of additional defects. Figures 9b 

shows the Raman spectra of a 3D-GN grown on any arbitrary substrate such as pristine silicon, 

sapphire, GaN, or quartz. We used the same growth conditions here as employed for growth on a 

SiO2/Si wafer. The finest Raman spectrum, with a more improved 2D band and a lower D band, was 

obtained from the 3D-GN grown on the sapphire substrate; this may be attributed to the close match 

of the sapphire (111) facet with the lattice of graphene, which provides an ideal surface for graphene 

epitaxy.40, 42 The direct growth of a 3D-GN on any electronic device-compatible substrate will open up 

the availability of producing ready-to-use graphene with minimum defects in the semiconductor 

industry. As a explanation of the potential of 3D-GNs, the performance of the 3D-GN sample as an 

EDLC electrode was evaluated using cyclic voltammetry (CV) and galvanostatic charge/discharge 

measurements. 
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Figure 11. BET measurement of a) 220 nm, b) 150 nm and c) 30 nm SiO2 particle. The inset is 

distribution of pore-size curve.  
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Figure 12. a, c) Conductivity analysis of 3D-GN a) in film form and c) in powder form. b, d) 

Conductivity analysis of P-doped 3D-GN b) in film form and d) in powder after HNO3 treatment. The 

conductivity of the samples retains original value for a month under the nitrogen condition. 
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Here we utilized a 3D-GN grown with a specific surface area of 1,025 m2/g and conductivity of 5.4 

S/cm prepared on a bulk scale. The 3D-GN was p-doped by dipping it in a HNO3 solution to further 

improve conductivity up to 6.9 S/cm. Figure 13a shows the CV results of 3 cell electrodes assembled 

with 3D-GNs as the active material at various scan rates in a range of -0.2 V to 0.8 V vs Ag/AgCl. 

Generally, for a supercapactior that uses a carbon-based electrode, the CV curve shape and the 

specific capacitance can significantly degrade as the voltage scan rate increases, showing distortion of 

the rectangular shape. The CV curves of the 3D-GN supercapacitor at all scan rates except the one at 

the highest scan rate of 500 mV/s were nearly rectangular, implying that the 3D-GN is an ideal carbon 

electrode material with great capacitance behavior and low contact resistance. A deviation from an 

ideal double-layer capacitor at a very high scan rate of 500 mV/s could be related to the increased 

resistance. An outstanding specific capacitance of 245 F/g in a H2SO4 solution was obtained at a scan 

rate of 5 mV/s, calculated by equation (1) (This is very encouraging since the capacitance value could 

be further improved by optimizing several parameters for cell fabrication). 

ò×D×
= IdV

Vm
C

n

1
         --------  (1) 

The essentially greater specific capacitance of the 3D-GN relative to that of previously reported 

values for graphene electrode materials (101-205 F/g, as shown in Figure 13) is attributable to the 

large accessible surface area achieved by proper-sized mesopores and 3-dimensionally interconnected 

conducting pathways of graphene. More specifically, compared to several previously reported 

supercapacitors with high specific surface area greater than 2,000 m2/g, which show relatively low 

capacitance values due to the presence of predominant micro-pores less than 2 nm in diameter, our 

3D-GNs have a reasonably great specific surface area of pores with controlled sizes of about 10 nm in 

diameter which can be effectively and fully used for electrochemical reaction sites.43-44 The specific 

capacitance per unit surface area was as high as 23.9 μF/cm2, an outstanding value for double-layer 

capacitors. The galvanostatic charge/discharge method was applied to evaluate the capacitance 

performance of the 3D-GN. A well symmetric charge/discharge characteristic with a triangular shape 

distinctive for an ideal capacitor was observed even at a high current load of 100 A/g (Figure 13b). 

Importantly, the capacitance loss of graphene was less than 13 %, with a current variation from 5 A/g 

to 100 A/g, as shown in Figure 13c. 

In order to obtain a comprehensive perspective on the capacitive response, an electrochemical 

impedance test was conducted. The Nyquist plot of the 3D-GN in Figure 13d exhibits a small 

semicircle at the high frequency region and a straight line in the medium frequency region. The small 

diameter of the semicircle at the high frequency region represents the low charge transfer resistance at 

the interface between the electrode and electrolyte. The nearly vertical second partial semicircle at the 
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Figure 13. Electrochemical performance of 3D-GN-based supercapacitor. a) Cyclic voltammogram 

curve at different scan rates. b) Charging/discharging curve at different discharge current densities. c) 

Capacitance change at various current densities. d) Nyquist impedance plot. e) Capacitance retention 

plot with cycle number. f) Plot of recorded specific capacitances of EDLC electrodes acquired from 

various methods. 
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Figure 14. EDX analysis of a) Fe/Graphene on SiO2 substrate, b) 3D-GN on SiO2 substrate after 

removal of Fe, c) 3D-GN fabricated on a bulk scale, and d) P-doped 3D-GN after HNO3 treatment.  
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medium frequency region indicates the low charge transfer resistance for the adsorption process, 

which is greatly affected by the surface morphology of the electrode. The low resistance at both the 

high and medium frequency regions can be due to improved conductivity in the 3-dimensionally 

interconnected graphene networks through the nano-channels with proper diameters. The 3D-GN 

based supercapacitor retains ~ 96.5% of its performance even after 6,000 cycles, suggesting great life-

cycle stability of the 3D-GN based electrode materials for their practical use in electrochemical 

capacitors as shown in Figure 13e.  

 

4. Conclusion 

In conclusion, we developed an easy and direct method for fabricating 3D networks of few-layer 

graphene via the CVD technique from a PVA/Fe precursor on a bulk scale. Our substrate-free CVD 

technique adds the dimensional tunability to high quality graphene, by enabling the formation of 

nanonetworks. A 3D-GN can be synthesized on any inert substrate such as Al2O3, quartz, or SiO2/Si 

wafer, etc. and can be further transferred onto any arbitrary substrate for flexible devices, cell culture 

plates, etc. The ratio of I2D/IG (= 1.74) for the representative 3D-GN confirms the creation of few-layer 

graphene. A conductivity of ~52 S/cm, high surface areas of 1,025 m2/g, and a great porosity of 

around 3.4 cm3/g were recorded for the 3D-GN. Electrochemical measurements indeed proved that 

the high surface area 3D-GN based electrode, which provides easy contact and transportation of both 

charges and the electrolyte through the 3D conducting pathways, shown great specific 

supercapacitance. The excellent performance of 3D-GNs prepared with this easy and cheap method 

suggests a straightforward route to achieve nano-textured 3D graphene with strong potential for use in 

electronic devices and heat-dissipation systems, as well as for energy-related materials. 
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Chapter 4. Chemical Vapor Deposition of Mesoporous Graphene Nanoballs for Supercapacitor 

 

 

1. Introduction 

Supercapacitors have raised increasing attention due to their long life stability, highly reversible 

charge storage mechanism, and high specific power density along with raised issue over the 

exhaustion of abundant resources.1-4 Among the generally used active materials such as conducting 

polymers and metal oxides, carbonaceous materials such as porous carbons, carbon aerogels, and 

carbon nanotubes (CNTs) have been intensively studied due to their low cost, considerably inert 

electrochemistry, reasonable electrical conductivity, and high specific surface area.5-9 Specially, 

porous carbonaceous materials have been suggested as effective electrodes for supercapacitors due to 

their large surface area and size tunable porosity for easy approach of the electrolyte.10-14 More 

specifically, effective surface area and pore volume in the nanostructure provide active sites for better 

performance of the supercapacitor, which operates via a mechanism of charge-separation at the 

electrochemical interface between the electrode and electrolyte. 

In the past few years, graphene, a single layer of flat carbon layer with sp2-hybridized honeycomb 

lattices, has been considered as a alternative active material of supercapacitors because of its great 

electrical conductivity and high surface area, as these are the two most important needs for 

supercapacitors.15-18 From this point of view, among the various technique available for the synthesis 

of graphene sheets, chemical vapor deposition (CVD) growth on a metal substrate (Ni, Cu, etc.) is 

highly recommended, because the electrical conductivity and other properties of graphene synthesized 

by CVD are much better than those of chemically fabricated graphene.19-21 Current researches on the 

application of graphene-based electrodes for supercapacitors have focused on accomplishing large 

surface area approaching the theoretical surface area via nano-structuring.22-28 For instance, Ruoff et al 

reported a great increasement in the surface area of graphene by the activating a graphene oxide with 

KOH.29 Cheng et al obtained increased surface area of active materials by the direct synthesis of 

graphene on a macro metal-strcuture (Ni foam).30 However, the former might have relatively low 

electrical conductivity as chemically synthesized graphene is utilized as a precursor and the latter has 

only macro-pores of a few hundred micrometers in diameter because of the limited dimensions of the 

available metal template. Hence, it is important to guarantee both great conductivity and large 

effective surface area of an electrode material for optimal performance of supercapacitors.  

Herein, we report a unique route to obtain a mass-producible mesoporous graphene nano-ball (MGB) 

with large surface area and great conductivity via precursor-assisted CVD using metal precursors as a 

catalyst. The metal precursor solution uniformly coated onto -COOH and -SO3H functionalized 

polystyrene beads offers three-dimensional (3D) metal frames and assists the graphene growth via 

reduction of metal precursors into a metal catalyst during the CVD process. The massively produced 



77 

few layer MGB presents a specific surface area of 508 m2/g and a single-modal mesoporosity with a 

mean pore diameter of 4.27 nm. The conductivity of p-doped MGB was measured to be 6.5 S/cm. The 

MGB-based supercapacitor demonstrates an outstanding capacitance of 206 F/g and 96 % retention of 

capacitance after 10,000 cycles even at a high current density of 20 A/g. The excellent perfomance of 

the MGB as an electrode for supercapacitors highlights its potential for use in energy related areas. 

 

2. Experimental 

 

2.1 Synthesis of Sulfonated Poly (styrene-co-methacrylic acid) (SPS-COOH) Sphere 

Poly (styrene-co-methacrylic acid) spheres were synthesized by an emulsion polymerization. The 

preparation of poly (styrene-co-methacrylic acid) spheres was achieved as follows. Styrene (10 ml), 

methacrylic acid (1 ml) and di-ionized water (100 ml) were introduced into a 250 ml two-necked flask 

equipped with a magnetic stirring device, a reflux condenser, a nitrogen inlet, and a temperature 

controller. After purging the reaction solution with N2 bubbling for 30 min, the temperature was 

increased to 70 oC and then 2 ml of potassium persulfate (0.25g/10 ml water) was added as an initiator 

to start the polymerization process. The reaction was allowed to proceed for 2 hr 30 min and poly 

(styrene-co-methacrylic acid) spheres were attained as a stable dispersion in water. 

 For the synthesis of sulfonated poly (styrene-co-methacrylic acid) spheres, 100 ml of concentrated 

sulfuric acid was added dropwise into a poly (styrene-co-methacrylic acid) sphere dispersion mixture 

in an ice bath and then held at 40 oC for 8 hrs.31 The prepared sulfonated poly (styrene-co-methacrylic 

acid) spheres were filtrated and washed several times with D.I. water and ethanol, respectively. 

 

2.2. Synthesis of Mesoporous Graphene Nano-Balls (MGBs) 

SPS-COOH (1 g) was fully dipersed in D.I. water (16 g) and then FeCl3 (4 g) was added in an ice 

bath. The dried SPS-COOH/FeCl3 mixture was placed in a quartz tube (Scientech Co.) with an outer 

diameter of 2 inches, heated to 1,000 oC under a H2 (100 sccm)/Ar (200 sccm) atmosphere with a 

heating rate of ~100 oC/min, and then placed in isothermal conditions for 30 min. After annealing, the 

samples were rapidly cooled to ambient temperature. Reduced iron in the sample was etched away in 

HCl 3 % for 6 hrs to obtain a pure MGB. MGB was p-doped by dipping in 1M H2SO4 solution for 3 

hr at 120 oC followed by washing in D.I. water in order to enhance the conductivity for 

supercapacitance measurements. 

A SO3H/COOH ratio in SPS-COOH was obtained from the value of ion exchange capacity (IEC), 

which can be determined by titration. 0.4 g of each sample was dispersed in 50 ml of 1 M NaCl 

solutions and stirred for 1 day for complete exchange of H+ ions in SPS-COOH with Na+. The HCl 

solutions created from ion exchange reactions were titrated with 0.1 M NaOH. The ratio of –COOH to 

–SO3H in SPS-COOH is calculated to be 1:0.68 from the value of IEC of PS-COOH and SPS-COOH.  
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2.3. Charaterization  

The structures of the samples were characterized by SEM (Nova Nano-SEM 230, 15 kV), TEM 

(JEM-2100, 200 kV) and Raman spectroscopy (WITec, alpha300R, excited by a 532nm laser). X-ray 

diffraction measurements were carried out with a Rigaku Co. High Power X-Ray Diffractometer 

D/MAZX 2500V/PC from 10o to 80o. The variation of the chemical structure was confirmed by FT-IR 

(Agilent, USA, ATR mode). Surface area determination was performed by Brunauer-Emmett-Teller 

(BET) methods using a Belsorp-max (Bel Japan inc.) surface area analyzer. To measure conductivity 

of powder type MGB, the pellet with a diameter of 13 mm and thickness of 20 μm was prepared by 

mechanical milling and subsequent pressurizing (1,000 kg/cm2) of the MGB. The conductivity was 

obtained with the equation of σ = 1/(R × d), where d is the thickness of the sample and R is the sheet 

resistance of the sample. The sheet resitance of MGB was characterized by 4 point-probe (Dasol Eng, 

FPP-RS8, pin-spacing 1 mm, pin-radius 100 μm). 

 

2.4. Electrochemical measurement 

The electrochemical properties of supercapacitor electrodes were measured in three-electrode 

systems by cyclic voltammetry using a computer controlled electrochemical interface (Solartron SI 

1287) from -0.5 to 0.3 V at room temperature.32-33 MGB, a graphite plate, Ag/AgCl, and 1M H2SO4 

were used as the working electrode, counter electrode, reference electrode, and electrolyte, 

respectively. To measure the electrochemical properties, the electro-active material (MGB) was mixed 

with acetylene black (10 wt.%), and polyvinylidenefloride (PVDF, 10 wt. %) as a binder, and then the 

mixture was pasted onto a stainless steel electrode (1cm X 1cm) and dried at 150 oC for 20 min in an 

air atmosphere. The cyclic voltammetry was carried out at different scan rates ranging from 5 mV/s to 

100 mV/s. Electrochemical impedance spectroscopy (EIS) was carried out at a frequency range from 

100 kHz to 0.1 Hz using a potentiostat (Versa STAT 3, AMETEK). The control sample for EIS 

measurement was fabricated with 90 wt.% of acetylene black and 10 wt.% of PVDF. 
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3. Results and Discussion 

 

Figure 1. Schematic procedures of the mesoporous graphene nano-ball (MGB): a) The fabrication step 

of SPS-COOH (functionalization of PS via carboxylation and sulfonation) and the FT-IR spectra of 

the samples. b) The fabrication process of MGB: step 1. Drop casting of the SPS-COOH/FeCl3 

solution onto the substrate and subsequent CVD growth of graphene; step 2. The removal of Fe 

domains to leave the MGB. 

 

The synthesis process of MGB starts by the functionalization of PS in order to attain a uniform 

coating of the hydrophilic Fe precursor solution onto the hydrophobic PS spheres, as described in 

Figure 1a. Briefly, the synthesis of functionalized PS involves the subsequent 2 steps: synthesis of 

carboxylated PS (PS-COOH: Poly(styrene-co-methacrylic acid))  by emulsion polymerization and 

sulfonation of carboxylated PS (SPS-COOH: sulfonated poly (styrene-co-methacrylic acid)), as 

shown in Figure 1a (the detailed process is described in Figure 2). PS-COOH spheres were 

synthesized first in order to improve the dispersibility of the PS spheres in the aqueous Fe precursor 

solution where the subsequent sulfonation occurs. Due to the relatively low wettability of PS in 

aqueous solution, the aggregated COOH domains result in morphologically bumpy spheres (Figure 3  
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Figure 2. Emulsion polymerization process for synthesis of sulfonated poly (styrene-co-methacrylic 

acid) (SPS-COOH). 
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Figure 3. SEM images of a) PS-COOH and b) SPS-COOH. 
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a). However, the domains of COOH finally arbitrate the wettability difference between the initial 

hydrophobic PS spheres and the aqueous solution, facilitating the creation of highly dispersible SPS-

COOH spheres with a very flat surface in the FeCl3 solution, as shown in Figure 3b. FT-IR spectral 

difference of PS, PS-COOH spheres, and SPS-COOH spheres are exhibited in the right panel of 

Figure 1a and in Figure 4 (zoom-up image). The peak at 1,697 cm-1 in both SPS-COOH and PS-

COOH confirms the presence of a carbonyl group. The synthesis of SPS-COOH was confirmed by 

several definite peaks related with the sulfonic group at 1,125-1,223 cm-1 and at around 3,500 cm-1.34-

36 The ratio of -COOH functional groups to -SO3H functional groups was 1:0.68, determined by 

titration and supported by zeta potential results (Figures 5).37 A uniform dispersion of SPS-COOH in 

the solution of the Fe precursor derives from the electrostatic interaction between the highly 

negatively charged groups (-COOH, -SO3H) of SPS-COOH and Fe ions (Fe3+) in FeCl3 solution, 

leading to adsorption of a adequate amount of Fe ions onto the spheres.38 In fact, PS-COOH spheres 

that are functionalized by a single -COOH group did not form a uniform coating of FeCl3, thus 

resulting in imperfect creation of the graphene layer. This is due to the lower ionic strength of -COOH 

as compared to that of -SO3H. We experimentally determined that a SO3H/COOH ratio better than 0.6 

can lead to the creation of a uniform dispersion, therefore leading to uniform coverage of FeCl3 and 

dense packing of agglomerated Fe metals. For the synthesis of the MGB, the mixture of as-prepared 

SPS-COOH and FeCl3 solution was drop-casted onto a 300 nm SiO2/Si wafer and dried in a vacuum 

oven at ambient temperature, as shown in Figure 1b. We utilized iron chloride (FeCl3) and highly 

dispersible SPS-COOH as a precursor of the Fe catalyst and a solid carbon template for graphene 

growth, respectively. Fe has been intensively researched as a catalyst for carbon nanotube growth, and 

could also be used for the growth of graphene given the extensive information on its binary phase 

diagram with carbon.39 Compared to common metal catalysts such as Cu and Ni, Fe offers 

affordability, a mild etching process, and more importantly, a higher melting point, which helps to 

sustain the nanoscale morphology under the high temperature CVD conditions. The totally dried 3D 

composites of FeCl3/SPS-COOH on the SiO2/Si wafer were subsequently heated to 1,000 oC in a 

quartz tube under a H2/Ar atmosphere (I). During the process of thermal treatment at high temperature 

(>700 oC) in the hydrogen condition, SPS-COOH polymer spheres and Fe ions undergo different 

transformations. About 95 % of SPS-COOH was evaporated, as checked by the TGA curve (Figure 6), 

whereas the Fe ions that had absorbed on the SPS-COOH surface via electrostatic interaction were 

reduced into Fe metal. Here, the reduced Fe served as 3-dimensional nano-domains as well as a 

catalyst for growth of few-layer graphene. Nano-domains of Fe clusters are formed from the 

aggregation of Fe particles followed by the percolation of Fe into the soft PS spheres at high 

temperature thermal treatment. The ratio of FeCl3 to SPS-COOH was precisely controlled to decide 

both the minimum amount of residual amorphous carbon and proper content of Fe, as shown in Figure 

7. Eventually, a reduced Fe frame work was etched away in a 3 % HCl solution for 6 hrs, leaving a  
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Figure 4. FT-IR analysis of a) PS, b) PS-COOH, and c) SPS-COOH. 
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Figure 5. a) IEC of PS-COOH and SPS-COOH. b) Zeta potential of PS, PS-COOH, and SPS-COOH. 

The stronger ionic strength of –SO3H functional group than –COOH functional groups leads to 

stronger negative Zeta-potential of SPS-COOH. 
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Figure 6. TGA analysis of SPS-COOH and SPS-COOH/FeCl3. 
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Figure 7. Raman spectra of MGB grown by precursor-assisted CVD with various composition ratios 

of FeCl3•6H2O to SPS-COOH. 
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Figure 8. Characterization of of SPS-COOH/FeCl3 before (in black) and after (in red) CVD: a) XRD 

patterns; b) Photograph of the sample before (left) and after (right) the CVD processes; c, d) X-ray 

photoelectron spectroscopy (XPS) spectra of Fe and C of the sample. The black curve was 

decomposed into superposed red, blue, and pink curves representing the specific binding states of 

each functional group in d). All upper images represent the samples after the CVD whereas the lower 

images represent those before the CVD procedure in a), c), and d). 
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MGB structure (II, step 2). 

In order to utilize Fe (0) as a metal catalyst for initiation of the graphene growth, it is critical to fully 

convert Fe (III) to Fe (0). To confirm that Fe (III) is reduced into Fe (0), we performed X-ray 

diffraction measurements. Figure 8a shows the XRD pattern of the SPS-COOH/FeCl3 mixture before 

and after annealing in a H2/Ar condition. In contrast with the data taken from the pristine SPS-

COOH/FeCl3 film where there was no definite peak except a tardily raised SiO2/Si substrate peak at 

2θ = 70o (in black), one strong peak corresponding to the (110) plane of Fe (JCPDS 01-071-3763) and 

another peak at 2θ = 26o corresponding to the (002) plane of graphitic carbon (JCPDS 01-075-1621) 

are evolved for the annealed sample (in red). In addition, some peaks indexed to Fe3C (JCPDS 98-

000-0170) were also appeared at the area marked with inversed triangles. It is known that both Fe3C 

and Fe can act as catalysts for the growth of carbon nanotubes and nanofibers which could be 

applicable to the graphene growth.40-42 The results indicate that reduced Fe in the mesoporous 

Fe/carbon is multi-crystalline, subsequently resulting in the creation of few-layer graphene. The solid 

carbon source afforded by PS spheres results in some residual carbon even after the segregation 

procedure, leading to amorphous characteristics of MGB with defect sites and thus rather weak 

intensity of the carbon peak in the XRD pattern. The left image in Figure 8b shows the easily 

dispersible SPS-COOH in FeCl3 solutions after functionalization of PS and the right image displays 

the mass-producible few-layer graphene attained by the CVD of the sample. As can be seen in the 

photo images in Figure 8b, we attained gram scale few-layer graphene nanoballs after the precursor-

assisted CVD process of dried FeCl3/SPS-COOH. X-ray photoelectron spectroscopy (XPS) further 

determined the change of SPS-COOH/FeCl3 under the CVD conditions. Figures 8c and 8d show XPS 

spectra of Fe and C of the sample before and after the CVD.42 The reduction of Fe (3+) into Fe (0) is 

confirmed by the appearance of the peak at 706.68 eV (in red, after CVD growth) and the 

disappearance of the peak at 711.48 eV (in black, before CVD growth) that corresponds to Fe 2p. The 

black curve in XPS spectrum of C is deconvoluted into red, blue, pink, and green curves representing 

the specific binding conditions of each functional group, as shown in Figure 8d. Compared to the XPS 

peak of C that is decomposed into several peaks from many oxygen containing extra bonds in 

FeCl3/SPS-COOH (bottom, before CVD growth), the XPS analysis of MGB (top) with an intense 

C=C/C-C bond peak at 284.18 eV and only a small peak originating from the C-O bonds ensures 

reasonable quality of the MGB.43-44 

Figure 9 shows the morphological characterization of the polymer spheres and MGB formed by 

precursor-assisted CVD growth. The scanning electron microscope (SEM) image in Figure 9a implies 

that SPS-COOH spheres with a diameter of around 250 nm are nearly homogeneous in size and 

morphology. It is very crucial to obtain a proper dispersion in FeCl3 solution for obtaining even size 

and aspect of MGB. As can be seen from the smooth surface morphology, the styrene part in the 

surface of PS-COOH was rendered much hydrophilic by sulfonation of PS-COOH, via an electro- 
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Figure 9. SEM images of a) SPS-COOH and b) MGB obtained by CVD of sample a). The inset in b) 

shows the zoom-up SEM image of mesoporous single graphene ball. c) TEM images of MGB taken 

near the edges of the sample. The inset confirms ~ 7 layers of MGB with an interlayer spacing of 0.34 

nm. d) Zoomed-up image of a single graphene ball with mesopores. 
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philic substitution reaction at the p-position of styrene, creating a well dispersed SPS-COOH aqueous 

solution (Figure 2). Note that the utilization of single type of PS-COOH spheres causes imperfect 

creation of the graphene layer because of inadequate coating of FeCl3, thus resulting in the breakdown 

of the nanoball after the etching of Fe domains. A comparison of the features of PS-COOH and SPS-

COOH (Figure 3) confirms that our two-step fabrication method via functionalization of PS has 

successfully solve the problem of aggregation of -COOH groups on the surface of PS in the aqueous 

solution. Figure 9b is a SEM image of MGB synthesized from FeCl3/SPS-COOH. Polymer spheres 

were successfully transformed to MGB via precursor-assisted CVD in a H2/Ar condition without any 

significant breakdown of the spherical shape. Close inspection by high resolution TEM confirms the 

creation of a mesoporous graphene nanoball with a mean pore size of 4.27 nm, as shown in Figure 9c 

and d. These mesopores are formed from the etching of the Fe domains, formed because of the 

aggregation and subsequent percolation of Fe into the soft SPS-COOH spheres at the high 

temperature annealing conditions. The inset of Figure 9c verifies the formation of few-layer graphene 

with a lattice spacing of 3.4 A. 

Figure 10a shows the Raman data of FeCl3/SPS-COOH (in black) with an optimal ratio and 

corresponding MGB (in red) synthesized by the precursor-assisted CVD technique. The existence of 

broad D and G bands at around 1,350 and 1,580 cm-1, in combination with the absence of 2D band at 

2,700 cm-1 for the pristine polymer sphere, reveals the amorphous characteristics of FeCl3/SPS-COOH. 

In contrast, the sharp G and 2D bands and decreased D band in MGB (red) clearly show the creation 

of few-layer graphene. The maximum ratio of I2D/IG of 0.87 and the minimum ratio of ID/IG of 0.46 

with the full width at half-maximum (FWHM) of 44.6 indicate an affordable quality MGB (FWHM of 

single layer graphene ≈33).The specific surface areas and the pore-size distribution plots of MGB 

were attained using the Brunauer- Emmett-Teller (BET) method by N2 adsorption isotherms and the 

Barrett-Joyner-Halenda (BJH) method. The shape of the isotherm in Figure 10b is classified as type 

IV, implying the presence of mesopores in MGB. The surface area and pore volume of MGB were 

508 m2/g and 0.74 cm3/g, respectively. The BJH pore size distribution shows a mesoporosity of MGB 

with a mean pore size of 4.27 nm, calculated through the desorption isotherm, as shown in the inset of 

Figure 10b. Such high surface area is unusual for simple PS spheres (the surface area of same size PS 

spheres is 15.1 m2/g) and is due to the presence of a large fraction of mesopores in the graphene ball. 

To investigate the performance of MGB as an electrode material for supercapacitors, we conducted 

electrochemical measurements in a voltage range from -0.5 to 0.3 V. Here, MGB was p-doped by 

dipping in H2SO4 to further improve the conductivity, which has an important effect on the 

capacitance of a supercapacitor. It has been reported that the electrical properties of graphene can be 

controlled by doping changes derived from the sulfuric acid and oxide groups, which influence the π 

electrons of carbon atoms. Figure 11a shows the C1s XPS spectrum of p-doped MGB with a strong 

peak at 284.18 eV, originating from C-C and the sulfur onto the graphene basal plain due to the  
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Figure 10. a) Raman spectra of SPS-COOH/FeCl3 before (lower) and after (upper, MGB) CVD 

growth of graphene. b) The N2 adsorption-desorption isotherm loop of MGB. The inset is a histogram 

of the pore size distribution (PSD). 
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structural changes derived from the sulfuric acid and oxide groups, which influence the π electrons of 

carbon atoms. Figure 11a shows the C1s XPS spectrum of p-doped MGB with a strong peak at 284.18 

eV, originating from C-C and C=C and a increased shoulder peak that is deconvoluted into several 

peaks at 285.5, 287.4, and 289.3 eV, corresponding to C=O, C- (OH), and C-S. The spectrum verifies 

the incorporation of sulfuric acid and oxide groups during the doping process (XPS data of O1s and 

S2p are shown in Figure 12). Both the G peak and 2D peak in Raman spectra are shifted to lower 

energy, due to the additional defects in the graphene lattice, caused by incorporating heteroatoms, 

which is in accordance with a previous report on p-doped graphene.45 The large peak shift indicates 

that MGB is strongly p-doped and, as a result, the conductivity of MGB was increased from 1.7 to 6.5 

S/cm after doping, as shown in Figure 13. However, unexpectedly, the BET and BJH results of p-

doped MGB reveal a reduction of surface area from 508 to 346 m2/g while retaining a mean mesopore 

diameter of 4.27 nm after doping (Figure 14). This may be attributed to the incorporation of heavy 

sulfur and oxygen atoms onto the graphene lattice during the doping process, inducing an increase in 

the density of the samples, and thus a reduction in the specific surface area. Figure 11c shows the CV 

curves of the p-doped MGB electrode at different scan rates. The relatively rectangular shape of the 

CV even at a high voltage scan rate verifies traditional double-layer capacitance characteristics with a 

negligible contribution of the pseudo-capacitance property from the faradic processes, which can 

occur at the oxygen groups in the p-doped MGB. The specific capacitance slightly decreased from 

206 F/g to 191 F/g with an initial increase of the voltage scan rate from5 to 20 mV/s and then 

remained almost unchanged for a scan rate range of 20 to 100 mV/s. The outstanding specific 

capacitance of p-doped MGB with relatively low surface area (346 m2/g) is attributed to the excellent 

electrical conductivity of pristine MGB achieved via a CVD-graphene growth process, which is 

supported by previous reports.46-47 The enhanced conductivity of p-doped MGB can be further 

explained by the EIS data, which show characteristics of various electrochemical processes at specific 

operating frequency ranges in the equivalent circuit. EIS measurements of the p-doped MGB, MGB, 

and acetylene black as a control sample were carried out to evaluate the intrinsic resistance, as shown 

in Figure 11e. The partial semicircles in the high frequency region (in the inset) reflect the 

characteristic of the process occurring at the carbon electrode electrolyte interface due to the 

conductivity difference between the carbon electrode (electronic conductivity) and liquid electrolyte 

path (ionic conductivity). The noticeable difference in the diameter of the semicircles indicates that 

both the MGB and p-doped MGB with greater conductivity have much lower resistance in charge 

propagation at the interface between the electrode/electrolyte than the acetylene black. The impedance 

behavior of MGBs at the medium frequency region is characteristic of a surface reaction induced by 

charge-transfer resistance, as shown in Figure 11e. Compared to the relatively slanted lines of MGB 

and acetylene black reference sample, the vertical-line feature of p-doped MGB close to 90 indicates 

good capacitive behavior and low diffusion resistance of ions in the structure of the electrode due to 
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Figure 11. a) C1s XPS spectra and b) Raman spectra of MGB and p-doped MGB. c) Cyclic 

voltammetry curves of p-doped MGB in a voltage range from -0.5 to 0.3 V and d) Specific 

capacitance with increasing scan rate. e) Nyquist plots of MGB, p-doped MGB, and acetylene black 

as a reference material. The inset is the close-up EIS image in the high frequency region. f) Cycle 

performance of p-doped MGB-based supercapacitor at a current density of 20 A/g. 
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Figure 12. XPS analysis of p-doped MGBs : O1s peak a) and S2p peak b). 
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Figure 13. Conductivity analysis of MGBs a) and p-doped MGBs b). 
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Figure 14. BET analysis of a) PS, b) MGB, and c) p-doped MGB. 
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Figure 15. a) Charge/discharge curves of p-doped MGB with increasing time. Symmetric 

charge/discharge curves indicate MGB-based ideal capacitor properties. b) Specific capacitance of p-

doped MGB at various current densities. 
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the mesoporous surface morphology, which provides better accessibility to the electrolyte even at a 

higher current density condition. Moreover, by doping MGB with sulfuric acid groups, the surface 

wettability is improved, resulting in a beneficial impact on accessibility of electrolytes. Therefore, the 

great specific capacitance of p-doped MGBs is attributed to the large accessible and effective surface 

area achieved by proper-sized mesopores of 4.27 nm, offering advantages in transport of the 

electrolyte as well as high electronic conductivity of p-doped MGBs. (Charge/discharge curves at 

different current densities are shown in Figure 15.) Further, the MGB sample was tested for 

potentiostatic charge/discharge cycles at a current density of 20 A/g to evaluate its long-term stability. 

The capacitance retention of the MGB sample after 10,000 charge/discharge cycles is found to be a 

reasonable value of 96% even at a high current density, as shown in Figure 11f. This demonstrates that 

repeated charge/discharge does not appear to cause a significant structural change to the MGB 

electrode. 

 

4. Conclusion 

We have developed a direct method for mass-producible fabrication of mesoporous graphene 

nanoballsfrom a polymer/metal precursor solution via a precursor-assisted CVD process. The MGB 

presents a specific surface area of 508 m2/g and mesoporosity with mean pore diameters of 4.27 nm. 

The mesopores were created from the aggregation and subsequent percolation of iron into the soft 

SPS-COOH spheres at high temperature annealing conditions, followed by the removal of the iron 

domains. The conductivity of the p-doped MGB obtained from more than 10 samples was 6.5 S/cm. 

The MGB-based supercapacitor shows good performance, including an excellent capacitance of 206 

F/g and 96% retention of capacitance after 10,000 cycles even at a high current density. The 

outstanding performance of MGB as an electrode for supercapacitors highlights its potential for use in 

a variety of applicaitons. 
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Chapter 5. Three-dimensional Graphene Conducting Electrode for Efficient Hematite-based 

Water Splitting 

 

 

1. Introduction 

Photoelectrochemical (PEC) water splitting utilizing semiconductors for solar hydrogen generation 

has received intense attention in the last decade since hydrogen is believed to be a next generation 

environmentally-friendly energy source.1 Among many semiconductor materials, α-Fe2O3 is an earth-

abundant, stable, and promising n-type candidate for solar water splitting with an appropriate bandgap 

of 2.2 eV, ranging in the visible region.2-5 Two main issues remain to be addressed for cost-efficient α-

Fe2O3 to be broadly used as a photoelectrode in PEC devices: its short hole diffusion length of 2 - 4 

nm, resulting in a high fraction of recombination, and low absorption coefficient near the bandedge.6-7 

Various efforts, such as nanostructuring, impurity doping, and assembling heterojunction, have been 

suggested to overcome these issues in α-Fe2O3-based PEC devices.4, 8-11 For example, Gratzel et el. 

have reported on 500 nm thick and finely nanostructured α-Fe2O3with a greatly improved 

photocurrent density of 1.62 mA/cm2.12-13 They reduced the chance of recombination in the nano-

scaled active structures by providing holes a shortcut to the surface of hematite where the oxidation 

reactions occur. However, the thickness of the α-Fe2O3 film (thereby the amount of active materials) 

was limited, because the path from the sites where the carriers are generated to the current collector 

needs to be short due to nonfacile transport of electrons through the lattice of low conductive α-Fe2O3. 

A straightforward approach to address these drawbacks would be to directly and quickly transfer 

photogenerated electrons created in photoelectrodes to a 3D-nanostructured current collector. 

A three-dimensional (3D) nano-network is of considerable interest as an electrode material in 

energy-related areas due to its large surface area permitting a large number of accessible active sites, 

short-distance contact, and bi-continuity facilitating the transport of carriers.5, 14-17 As a conducting 

electrode, graphene has great potential due to its great electron mobility, transparency, flexibility, and 

high mechanical strength. Among numerous techniques available for the preparation of graphene, 

chemical vapor deposition (CVD) growth of graphene on a metal substrate is presently a powerful 

way to fabricate high quality and large area-graphene.18-20 However, CVD growth of graphene, in 

general, has utilized highly flammable CH4 or C2H4 gas as a precursor and graphene quality has 

suffered from severe degradation during the subsequent transfer process of the graphene to the 

appropriate on-demand substrate. Additionally, limitations caused by the high temperature growth 

condition, around 1,000 oC, influences the choice of substrates, which might greatly determine the 

performance of the devices. For example, FTO glass, commonly used as a conducting substrate, has 

been questioned as a substrate for graphene growth, since it is unstable at high temperature conditions 

due to the low melting temperature of the glass and the thin film of FTO. Thus, finding a way to grow 
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graphene directly on the substrate, which removes the need for the transfer process, would bring great 

advantage for the broad and practical use of graphene as an electron conductor with reliable 

performance.  

In this work, we report a new type of three-dimensional (3D) graphene conducting electrode which is 

directly grown on FTO substrate at 500 oC via carbon segregation on the surface of a 3D-Ni inverse 

opal (NIO) frame. α-Fe2O3 NPs were decorated onto 3D-graphene inverse opal (GIO) nanostructures 

via hydrothermal method for efficient water splitting reactions. The 3D-nanostructured α-Fe2O3/GIO 

exhibited 1.4 times increased efficiency relative to pristine α-Fe2O3 at a bias of 0.5 V, which can be 

attributed to the direct transfer of photogenerated electrons from α-Fe2O3 to the 3D-graphene 

conducting electrode by short and direct contact.  

 

2. Experimental 

 

2.1 Preparation of Graphene Inverse Opal (GIO) 

Polystyrene (PS) particles were prepared by emulsion polymerization. A styrene (Aldrich) monomer, 

azobisisobutyronitrile (Aldrich) initiator and PVP 40k (Aldrich) stabilizer were used without further 

purification. The prepared PS particles were dispersed in EtOH (5 wt%) and then PS particles was 

assembled by spincoating the solution onto a fluorine-doped tin oxide (FTO) substrate at 1,000 rpm 

for 60 sec. The height of the PS nanostructure used in this experiment was around 5 um (Figure 2). 

Then Ni was electrodeposited into IO in a solution of NiSO4•6H2O (Aldrich), NiCl2•6H2O (Aldrich) 

and H3BO3 (Aldrich). The PS nanostructures were dissolved in toluene for 6 hrs. For the growth of 

graphene, NiO on FTO was carburized in triethylene glycol (Aldrich) at 250 oC 12 hrs. The prepared 

samples were annealed in a furnace with an argon atmosphere at 500 oC for 1 hr, resulting in 

graphene/NiO. GIO was obtained by etching the nickel in ammonium persulfate solutions for 12 hrs. 

 

2.2. Preparation of pristine α-Fe2O3 and α-Fe2O3/GIO 

For the synthesis of β-FeOOH NPs on GIO, the GIO on FTO was immersed in 10 ml of FeCl3•6H2O 

(25 mM) aqueous solution and kept in a convection oven at 75 oC with a ramp rate of 1 oC/min for 4 

hrs. The samples were washed with DI water and EtOH. Finally β-FeOOH/GIO was annealed at 750 

oC for 1 hr with a ramp rate of 10 oC/min, and was naturally cooled down to room temperature in an 

argon atmosphere. The pristine α-Fe2O3 from β-FeOOH NPs was prepared following recently reported 

papers. 

 

2.3 Photoelectrochemical Measurement 

The PEC performance of the α-Fe2O3/GIO electrodes was explored in a three-cell electrode system 

under front-side illumination of AM 1.5 G. An Ag/AgCl electrode and a Pt mesh were used as 



105 

reference and counter electrodes, respectively. A solution of 1 M NaOH was used as an electrolyte. 

The exposed area of the working electrode was fabricated to have an exact value of 0.25 cm2 using 

scotch tape. Photocurrent stability tests were carried out by measuring the photocurrent produced 

under chopped light irradiation (light/dark cycles of 10 s) at a bias of 1.5 V versus RHE. 

Electrochemical impedance spectroscopy (EIS) was carried out at a frequency range from 100 kHz to 

0.1 Hz using a potentiostat. 
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3. Results and Discussion 

 

Figure 1. Illustration for the fabrication of α-Fe2O3/ GIO. 

 

α-Fe2O3/GIO was prepared by the following four steps, as illustrated in Figure 1. First, PS particles 

(350 nm) synthesized via emulsion polymerization were assembled into 3D-opal structures on an FTO 

substrate by spin-coating, followed by electrodeposition of nickel into the 3D-PS opal structures. The 

dimension of PS was determined so as to efficiently scatter light for maximized light trapping as 

optimized in our previous reports.21 Second, the PS opal structure was dissolved in toluene, leaving 

the nickel inverse opal (NIO) structures. Third, the prepared NIO was carburized using polyol solution 

at 250 oC with the assistance of catalytic Ni.22 During the subsequent CVD process at 500 oC for 1 hr 

under Ar atmosphere, dissociated carbon percolated down through the NIO structures. The carbon 

then segregated from the carbon-dissolved NIO during the cooling processes, creating a graphene 

structure on the surface of the 3D-NIO frame. After removing NIO in an ammonium persulfate 

solution, a 3D-graphene inverse opal (GIO) with a diameter of 350 nm was created. Fourth, high 

crystalline α-Fe2O3/GIO was obtained by further heating (750 oC) the FeOOH NPs/GIO which was 

synthesized by dipping GIO in FeCl3 aqueous solutions. The FTO substrate retains sheet resistance of 

as low as 6.4 Ω/□ ± 0.15 even after the high temperature heating processes, as shown in Table 1. 

Figure 3 displays scanning electron microscope (SEM) images of NIO, graphene/NIO, GIO and α-

Fe2O3/GIO. The NIO created from 350 nm PS particles is well constructed with a low degree of 

defects, shown in Figure 3a. It should be noted that the IO structures, having a dimension comparable 

to the wavelength of light, present photon trapping effects which maximize the utilization of light in 

the long wavelength region via scattering, which can be proven in the diffuse reflectance spectra 

(Figure 8a). After carburization and subsequent CVD growth at 250 oC and 500 oC, respectively, the 

graphene-deposited NIO retained its original structure and size without noticeable collapse or 

agglomeration (Figure 3b). Because of the high carbon solubility of Ni, multi-layer graphene was 

created on the surface of NIO, which agrees with the results of other related studies.23-24 Remarkably, 

the GIO nanostructures were not considerably broken-up or deformed during the nickel etching step,  
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Figure 2. SEM images of a, b) assembled PS opal and c, d) NIO structure. 
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Table 1. Sheet resistances measured for the FTO substrate annealed at 750 °C. 
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Figure 3. SEM images. a) Nickel inverse opal structures (NIO). b) Graphene/NIO. c) GIO after 

etching nickel. d) α-Fe2O3/GIO. 
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as shown in Figure 3c. Importantly, the physicochemical properties obtained from our low 

temperature graphene growth conditions, such as conductivity of 1.4 kΩ/□ and transparency of 59 % 

at 550 nm, were not greatly inferior to those of graphene grown at 1,000 oC. Finally, hydrothermal 

preparation of α-Fe2O3 NPs via FeOOH at 750 oC produced high quality α-Fe2O3 for the PEC 

applications (Figure 3d). 

Here we targeted α-Fe2O3 NPs with diameters of less than 10 nm, which ensure a short diffusion path 

of holes to the surface of hematite where the oxidation reaction occurs, as well as enhanced surface 

area to compensate the relatively low number of active sites in the larger dimension GIO frame. The 

surface area of the α-Fe2O3/GIO was enhanced up to 63 m2/g after α-Fe2O3 deposition, which is four 

times greater than 15 m2/g of GIO (Figure 7). The details for controlling the size of FeOOH precursor 

NPs can be found in Figure 6. The well-arranged pores in Figure 3d confirm α-Fe2O3/GIO maintains 

the original IO structures without great deformation. 

The formation of NIO, GIO, and α-Fe2O3 NPs on the surface of GIO was confirmed by XRD and 

Raman analysis. The inverse triangle and circle in the XRD of NIO (black curve in Figure 4a) 

respectively represent the specific peaks of FTO glass and Ni preferentially grown in cubic (111) 

phase (JCPDS 01-071-4655). The two peaks of α-Fe2O3 at 35.92o and 64.3o, corresponding to the (110) 

and (300) planes (JCPDS 99-000-1511) appeared in the XRD of α-Fe2O3/GIO (red curve). It has been 

reported that the electron or hole transfer of α-Fe2O3 in the (110) direction is four orders higher than 

that in the perpendicular direction.25 In the present results, the dominant peak of α-Fe2O3 in the (110) 

direction indicates facile transport of the charges through the α-Fe2O3 lattice. According to increasing 

annealing temperature, the crystalline of α-Fe2O3 was remarkbly improved as shown in Figure 11. The 

typical graphene peak at 26o corresponding to the (002) plane, which was created on the surface of 

NIO by CVD of carburized-NIO at 500 oC, was not detected in the XRD curve due to the overlap with 

the strong peak of FTO at 27o. Instead, the creation of graphene was proved by Raman data. Raman 

spectrum of the GIO in Figure 4b revealed the D and G bands at around 1,350 cm-1, 1,580 cm-1 and 

the 2D band at 2,700 cm-1 of graphene. D and G peaks represent defect areas and sp2 portions of 

graphene in the hexagonal lattice, respectively, whereas the 2D peak reflects the number of layers of 

graphene. The clear appearance of these main peaks, ID/IG ratio of 0.674, and I2D/IG ratio of 0.167 

prove the creation of a multi-layer of graphene, obtained under the low temperature graphene growth 

conditions (500 oC). 

The quality of graphene was further proved by C1s XPS in Figure 5a. The XPS spectrum of the C1s 

of GIO after etching Ni was deconvoluted into a strong sp2 carbon peak (284.3 eV) and small C−OH 

(285.8 eV) and COOH (288.1 eV) peaks originating from the C-O bonds, ensuring the graphene was 

of reasonable quality in Figure 5a.23-24 Figure 5b compares the XPS spectra of β-FeOOH NPs before 

and after annealing. In the annealed sample the appearance of specific XPS peaks of Fe 2p3/2 and Fe 

2p1/2 at 710.58 and 724.18 eV, in red, confirms the successful transformation into α-Fe2O3 from β-  
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Figure 4. a) XRD analysis of NIO (black line) and b) Raman analysis of α-Fe2O3/GIO. 
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Figure 5. a) C1s peak in XPS analysis of GIO. b) Fe2p in XPS analysis of β-FeOOH before and after 

annealing. c, d) TEM images of α-Fe2O3/ GIO. The inset images in c) and d) are the SAED pattern, 

and lattice plane (110), of α-Fe2O3, respectively. 
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Figure 6. SEM images of β-FeOOH/GIO which show the variations in the size of NPs at various 

concentrations of FeCl3•6H2O solution. a) 5 mM, b) 10 mM, c) 25 mM and d) 50 mM. 
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Figure 7. BET analysis of a) GIO and b) α-Fe2O3 /GIO.  
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FeOOH, with the peaks of 2p3/2 and 2p1/2 at 712.58 and 725.98 eV in black.26 The transmission 

electron microscopy (TEM) images in Figures5 and 5d reveal aggregated high density α-Fe2O3 

nanoparticles with diameters of about 10 nm on the surface of ~10 layers of graphene in α-Fe2O3/GIO. 

The selected area electron diffraction (SAED) patterns of α-Fe2O3 nanoparticles in the inset of Figure 

5c are overlapped with the graphene pattern, implying the deposition of α-Fe2O3 nanoparticles onto 

GIO had occurred. The inset in Figure 5d shows the zoomed-up image of high crystalline α-Fe2O3 

particles with lattice spacing of 2.5 Å, corresponding to the (110) plane, deposited on the surface of 

graphene. 

As previously mentioned, we hypothesized that the GIO structures effectively provide a light 

harvesting mechanism which potentially improves the photoconversion efficiency of low absorptive 

α-Fe2O3 where it is poor, in the red spectral region, as reported in other researches focused on IO 

structures.27-28 In order to investigate the intensity of scattered light under beam irradiation on the 

device, the diffuse reflectance spectra of α-Fe2O3/GIO and α-Fe2O3 were measured, as shown in 

Figure 8a and Figure 12. Here, α-Fe2O3 is a nanostructured control sample with a thickness of 150 nm 

composed of NPs fabricated by the same method as the ones deposited on the surface of GIO.4 

Compared to α-Fe2O3, the α-Fe2O3/GIO exhibited significantly higher diffuse reflection spectra in the 

visible spectrum of light (550 - 800 nm), indicating that the absorbed light was efficiently scattered 

within the nanostructure due to the dimensions of GIO in the few hundred nm scale, thus providing 

longer passages of light. The effect of introducing photon trapping GIO into the hematite was clearly 

observed by comparing the UV-absorbance spectrum of the α-Fe2O3/GIO with two types of samples 

without the photon trapping effects, which were due to the small dimensions of the pores (the pristine 

α-Fe2O3 and graphene nanofoam containing ~ 40 nm pores) as shown in Figure 8b. Compared to the 

typical absorption spectrum of the α-Fe2O3 and that of the 150 nm thick graphene nanofoam which 

shows similar absorption peak values in the overall spectral range as previously reported by the 

authors,24 the α-Fe2O3/GIO showed a greatly raised characteristic absorption spectrum in the longer 

wavelength region (450 - 650 nm). This indicates that low absorption in α-Fe2O3 NPs was effectively 

overcome in α-Fe2O3/GIO, which can be attributed to the GIO frame with the photon trapping effects. 

The photocurrent densities of α-Fe2O3/GIO were measured at a potential range from 0.6 to 2.0 V 

under AM 1.5 G simulated sunlight illumination, as shown in Figure 9a. Compared to pristine α-Fe2O3, 

the photocurrent density of α-Fe2O3/GIO exhibited remarkable enhancement when it was exposed 

under UV-visible light. The pristine α-Fe2O3 showed a photocurrent density of 1.17 mA/cm2 at a 

voltage of 1.5 vs RHE, which is similar to the reported values of pristine α-Fe2O3 in other studies.26, 28-

29 The maximum photocurrent density of α-Fe2O3/GIO reached 1.62 mA/cm2 at 1.5 V vs RHE, which 

is 1.4 times higher than that of pristine α-Fe2O3 and similar to that of element-doped α-Fe2O3 in other 

detailed studies.4, 9, 26, 30 This increment can be attributed to the direct contact of α-Fe2O3 NPs onto the 

3D-conducting electrode of GIO which facilitates fast electron transfer through the bi-continuous  
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Figure 8. Optical properties of α-Fe2O3/GIO. a) Diffuse reflectance spectra. b) UV-visible spectra. 
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Figure 9. The photocurrent behaviors of α-Fe2O3/GIO. a) The photocurrent vs. potential of α-Fe2O3 

and α-Fe2O3/GIO under UV-visible and dark conditions. b) I-t curve of α-Fe2O3/GIO at a bias of 1.5 V 

vs RHE under UV-visible and visible light illumination. c) Nyquist plots of α-Fe2O3 and α-Fe2O3/GIO 

at a bias of 0.5 V. d) Measurement of the incident photon-to-electron conversion efficiency. 
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Figure 10. Tauc plots of α-Fe2O3 and α-Fe2O3/GIO to obtain band gap energy. 
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Figure 11. XRD analysis of α-Fe2O3/ GIO with different annealing temperatures 
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Figure 12. Schematic diagram of water splitting of α-Fe2O3/GIO with photon trapping effects and 

direct contact of α-Fe2O3 with the 3D-graphene conducting electrode. 
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networks in α-Fe2O3/GIO. In addition, the onset potential of α-Fe2O3/GIO was 0.1 V lower than that 

of control, which could be explained by the reduction of electrochemical overpotential due to 

enhanced absorption of α-Fe2O3/GIO and the conclusively lower bandgap (1.92 eV vs 2.02 eV) as 

obtained in Figure 10. The I-t curve of α-Fe2O3/GIO photoanode was obtained by chopped 

illumination of AM 1.5 at an interval of 10 s on/off for UV-visible light at 1.5 V (Figure 9b). The 

abrupt occurrence and decay in the photocurrent density with sharp rectangular shapes during the 

on/off illumination sequence implies the fast conduction of photocreated electrons from α-Fe2O3 to the 

GIO conducting electrode. In order to explore the electrical behavior of α-Fe2O3 and α-Fe2O3/GIO, 

EIS measurements were carried out at a frequency range from 100 kHz to 0.1Hz under 1 M NaOH 

electrolyte and open circuit voltage conditions, as shown in Figure 9c. The onset point on the real axis 

(Rs) at the high-frequency region represents the intrinsic resistance and the contact resistance of the 

electrode material with the substrate. The diameter of the semicircle, Rct, at the middle frequency 

region conveys the interfacial charge transfer resistance. α-Fe2O3/GIO had a lower Rs value, of 23 Ω, 

than that of pristine α-Fe2O3, 26 Ω, indicating that the α-Fe2O3/GIO electrode has lower contact 

resistance and better intrinsic conductivity than the pristine α-Fe2O3electrode. This implies a strong 

advantage of the direct and short-distance contact of α-Fe2O3 with a 3D-networked graphene current 

collector, which eventually facilitates the transport of electrons. The improvement can also be 

attributed to our direct growth method of GIO on FTO substrate. Furthermore, the diameter of the 

semicircle of α-Fe2O3/GIO at the middle frequency range is much smaller than that of α-Fe2O3, 

implying that α-Fe2O3/GIO provides pathways for more effective charge transfer between electrolytes 

and electrodes and thus more suppressed recombination. In Figure 9d, the incident photon-to-electron 

conversion efficiency (IPCE) exhibits a maximum value of 42 % at 320 nm with an extended 

photoresponse window up to 600 nm. Overall, the IPCE values of the α-Fe2O3/GIO are apparently 

much higher than those of a typical α-Fe2O3 electrode, indicating that more photons have been 

converted to currents in α-Fe2O3/GIO. 

 

4. Conclusion 

In conclusion, we have shown that by coupling GIO with photoelectrode materials, the problem of 

low diffusion length and low absorption in α-Fe2O3 was efficiently addressed, and thereby the water 

splitting photocurrent density generated by α-Fe2O3 could be greatly enhanced. GIO, directly grown 

on FTO substrate at low temperature conditions via carburization, provides the 3D-conducting 

networks for shuttling electrons and photon trapping effects. The diffuse reflectance spectra and EIS 

data respectively proved the enhanced absorption and the presence of direct and fast electron transfer 

pathways, and reduced electron-hole recombination in α-Fe2O3/GIO. α-Fe2O3/GIO showed 1.4 times 

higher PEC value than that of typical α-Fe2O3 at 1.5 V vs RHE. Furthermore, the preparation method 

and the methodology for the design introduced here can be readily extended to other metal oxide 
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materials and systems, which provide strong potential for our strategy in energy conversion systems. 
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끔은 선배처럼, 친구처럼 실험하는 것을 도와 주고 조언을 아끼지 않았던 효진, 남은 기

간 동안 준비 잘해서 좋은데 가고, 건강도 잘 챙기고, 너가 있어 박사 기간이 덜 힘들고 

행복한 시간 이었다. 멋진 연구해서 정상에서 보자. 나이 먹은 오빠들 챙기느라 애들 챙

기느라, 여자 혼자 외롭게 연구한 선이, 남은 기간 동안 후배들 잘 챙겨주고, 과제의 대

가가 돼서 대전에서 보자. 어리지만, 나이 든 형들, 누나 챙겨주느라 고생한 종철이, 이제 

다시 시작이니 하던 데로만 하면 좋은 결과 나올꺼야. 어리지만 어리지 않은 광현이, 중

간에서 너가 잘들 챙겨서 좋은 결과 많이 내길 빌고, 군대 생활 대신 한다는 마음으로 

조금만 더 하고 후배들 잘 챙겨주고, 항상 한결 같은 모습으로 묵묵히 연구실 생활한 기

용이, 항상 최선을 다하면 결국 좋은 결실 있을 거야. 손맛 좋은 명준이 허리만 관리 잘

하면 넌 알아서 잘할 거라 걱정 안 된다. 환경하다 와서 화학 실험 하는 성욱이 고생스

럽겠지만 힘내고, 여자친구 있는 익희 연애도 잘하고 연구도 잘하고, 정엽이는 사회성 더 

길러서 연구와 인생살이 열심히 하고, 경남이는 공부 좀 열심히 하고, 우리 pradheep 고

생했다. 506호 최고참 승민이 형님 인생 선배로서 조언들 정말 감사했습니다. 형민씨 신

호는 교회 잘 다니고 졸업 준비 잘하고, 그래핀 센터로 이사간 강동우, 너 때문에 재미있

는 시간이 많았다. 양지은씨, 이정인씨 같은 기로에 서서 정말 도움과 위로가 많이 됐습

니다. 그리고 5층 유일한 내 친구 은용이 나랑 잘 놀아주고 고민도 많이 들어줘서 정말 

고마웠다. 평생 친구라는 거 있지 마라.  

저를 여기 보내 놓고 노심초사 하셨을 최재학 교수님, 정찬희 선생님 정말 감사합니다. 

연구의 연 자도 모를 때의 저를 연구자의 길로 인도 하여 주셔서 여기까지 올 수 있었습

니다. 
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어렸을 때부터 수많은 추억을 함께 했던 친구들, 대학교 친구들, 정읍 첨단 방사선 과학

연구소 동기들에게도 고마운 마음을 전합니다. 

 

오늘의 제가 있기까지 모든 정성으로 키워주신 아버지, 어머니의 무한한 은혜에 머리 

숙여 진심으로 감사드리며, 언제나 잘한다고 칭찬해 주시고 인자하게 대해주신 장인어른, 

장모님께 가슴 깊이 감사의 마음을 전합니다. 물심양면으로 도와주신 후원자이자 커다란 

힘이 되어준 큰누나, 큰매형, 형, 형수님, 작은누나에게도 진심으로 깊은 감사의 마음을 

전합니다. 삼촌이 과학자라며 좋아하는 7조카들에게도 감사의 마음을 전합니다. 마지막으

로 홀로 서울에서 울산으로 내려와 남편 뒷바라지를 하면서 힘든 내색도 하지 않고 맛있

는 음식을 해주고, 내조를 잘해준 아내 미진이에게 고마움을 전하며, 이 작은 결실을 바

치며, 사랑한다는 말을 전합니다. 

 

2014년 07월의 어느 무더운 날 506호 에서 

이정수 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



128 

■ Publication List 
 

2014 

 

1. Yoonkook Son, Mi-Hee Park, Younguk, Son, Jung-Soo, Lee, Ji-Hyun Jang, Youngsik Kim, 

Jaephil Cho, “Quantum Confinement and its related Effects on Critical Size of GeO2 

Nanoparticles Anodes for Lithium Batteries” NNaannoo  LLeetttt., 2014, 14, 1005. 

 

2. Chan-Hee Jung, Dong-Woo Kang, In-Tae Hwang, Jae-Hak Choi∗, Jung-Soo Lee, Ji-Hyun Jang, 

and Kwanwoo Shin,“The Fabrication of Patterned Gold Nanoparticle Arrays via Selective Ion 

Irradiation and Plasma Treatment”, J. Nanosci. Nanotechnol., 2014, 14, 6158.  

 

2013 

 

1. Pradheep Thiyagarajan, Hyo-Jin Ahn, Jung-Soo Lee, Jong-Chul Yoon, and Ji-Hyun Jang, 

“Hierarchical Metal/Semiconductor Nanostructure for Efficient Water Splitting”, Small, 2013, 

DOI: 10.1002/smll.201202756. 

- Selected as a Cover Paper. 

 

2. Sun-I Kim, Jung-Soo Lee, Hyo-Jin Ahn, Hyun-Kon Song, Ji-Hyun Jang, “A Facile Route to an 

Efficient NiO Supercapacitor with a Three-dimensional Nano-network Morphology”, ACS Appl. 

Mater., 2013, 5, 1596. 

 

3. Jong-Chul Yoon*, Jung-Soo Lee*, Sun-I Kim, Kwang-Hyun Kim, Ji-Hyun Jang, “Three-

Dimensional Graphene Nano-Networks with High Quality and Mass Production Capability via 

Precursor-Assisted Chemical Vapor Deposition”, Sci. Rep., 2013, 3, DOI: 10.1038/srep01788.  

   - *These authors contributed equally to this work. 

 

4. Jung-Soo Lee, Jong-Chul Yoon and Ji-Hyun Jang, “A route towards superhydrophobic graphene 

surfaces:surface-treated reduced graphene oxide spheres”, J. Mater. Chem. A, 2013, 1, 7312.  

 

5. Jung-Soo Lee*, Sun-I Kim*, Jong-Chul Yoon, and Ji-Hyun Jang, “Chemical Vapor Deposition of 

Mesoporous Graphene Nanoballs for Supercapacitor”, ACS Nano, 2013, 7, 6047. 

- *These authors contributed equally to this work. 

 

6. Jong-Chul Yoon, Chang-Sung Yoon, Jung-Soo Lee, and Ji-Hyun Jang, “Lotus Leaf-inspired CVD 



129 

grown Graphene for a Water Repellant Flexible Transparent Electrode”, Chem. Comm., 

2013,49, 10626. 

 

2012 

 

1. Jung-Soo Lee, Jong-Chul Yoon, Pradheep Thiyagarajan, Ji-Hyun Jang, “Graphene oxide-

terminated partially fluorinated poly(arylene ether sulfone)”, Chem. Lett., 2012, 41, 76.  

 

2. Jung-Soo Lee, Hyo-Jin Ahn, Jong-Chul Yoon and Ji-Hyun Jang, “Three-dimensional nano-foam 

of few-layer graphene grown by CVD for DSSC”, Phys. Chem. Chem. Phys., 2012, 14, 7938.  

- Selected as a Cover Paper.  

 

3. Hyo-Jin Ahn, Sun-I Kim, Jong-Chul Yoon, Jung-Soo Lee and Ji-Hyun Jang, “Power conversion 

efficiency enhancement based on the bio-inspired hierarchical antireflection layer in dye sensitized 

solar cells”, Nanoscale, 2012, 4, 4464. 

 

2010 

 

1. Jae-Hak Choi, Chan-Hee Jung, In-Tae Hwang, Mi-Young An, Byoung-Min Lee, Dong-Ki Kim, 

Jung-Soo Lee, Young-Chang Nho, Kang Moo Huh, and Sung-Kwon Hong, "Micropatterning of 

Polymer-Embedded Metal Nanoparticles by an Ion Beam Contact Lithography", J. Nanosci. 

Nanotechnol., 2010, 10, 6879. 

 

2. Jung-Soo Lee, Chan-Hee Jung, Su-Yeon Jo, Jae-Hak Choi, In-Tae Hwang, Young-Chang Nho, 

Young-Moo Lee, Jae-Suk Lee, "Preparation of Sulfonated Crosslinked Poly(2,6-dimethyl-1,4-

phenylene oxide) Membranes for Direct Methanol Fuel Cells by Using Electron Beam Irradiation", 

J. Polym. Sci. A, 2010, 48, 2725. 

 

2009 

 

1. Jae-Hak Choi, Mi-Young An, Byoung-Min Lee, Dong-Ki Kim, Chan-Hee Jung, In-Tae Hwang, 

Jung-Soo Lee, Kwanwoo Shin, Kang-Moo Huh, and Sung-Kwon Hong, "Micropatterning of 

poly(vinyl pyrrolidone)/silver nanoparticle thin films by ion irradiation", J. Nanosci. 

Nanotechnol., 2009, 9, 7090. 

 

 



130 

■ Patents 

 

1. “Surface treated Proton Exchange Membrane by using Ion Beam Irradiation” Korea Patent No. 10-

2010-0005159. 

 

2. “Three-Dimensional Nano-Foam of Few-Layer Graphene Grown by CVD” Korea Patent No. 10-

2012-0041558. 

 

3. “Method for Preparing Mesoprous Poly(Styrene-Co-Methacrylic acid) Spherical Granule, and 

Spherical Granule, Graphene and Supercapacitor Produced Therefrom” Korea Patent No. 10-

2012-0127411. 

 

4. “Three-Dimensional Graphene Nano-Networks with High Quality and Mass Production Capability 

via Substrate-Free CVD” Korea Patent No. 10-2013-0026168. 

 

5. “A Route to Superhyhobic Graphene Surfaces: Surface-Treated rGO Spheres” Korea Patent No. 

10-2013-0035263. 

 

6. “Optimization of Hematite via Three-dimensional Graphene Conducting Electrode for Efficient 

Water Splitting” Korea Patent No. 10-2014-0007429 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



131 

■ Conference 

 

● Oral presentation  

 

1. Jung-Soo Lee, Jong-Chul Yoon and Ji-Hyun Jang, “The growth of three-dimensional graphene 

structure as an energy-related material via precursor-assisted CVD technique” 1st Korean 

Graphene Symposium, Buyeo, Korea, 2014, 04, 04. 

 

● Poster presentation  

 

[International Conference] 

 

2013 

 

1. Jung-Soo Lee, Jong-Chul Youn, Sun-I Kim, Kwanghyun Kim, Ji-Hyun Jang, “Hierachical 

graphene nano-structures with high quality and mass production capability as a supercapacitor” 

Fall Meeting of Materials Research Society, Boston, U. S., 2013, 12, 05. 

 

2012  

 

1. Jung-Soo Lee, Hyo-Jin Ahn, Jong-Chul Youn, Ji-Hyun Jang, “Hierarchical nano-structure of 

multi-layered graphene” 1st international Conference on Emerging Advanced Nanomaterials 

(ICEAN), Brisbane, Australia, 2012, 10, 22. 

 

2. Hyo-Jin Ahn, Sun-I Kim, Jong-Chul Youn, Jung-Soo Lee, Ji-Hyun Jang, “Bio-mimic 

nanostructures with increaesed photon trapping and scattering effect for highly efficient DSSC” 1st 

international Conference on Emerging Advanced Nanomaterials (ICEAN), Brisbane, Australia, 

2012, 10, 22. 

 

2011 

 

1. Jung-Soo Lee, Jong-Chul Youn, Ji-Hyun Jang, “Graphene oxide terminated partially fluorinated 

poly (arlyene ether sulfone)” KJF international conference on organic materials for electronics 

and photonics, Gyeongju, Korea, 2011, 09. 

 

2009 



132 

1. Chan-Hee Jung, Jae-Hak Choi, Mi-Young An, Dong-Ki Kim, In-Tae Hwang, Jung-Soo Lee, 

Kwanwoo Shin, and Kang-Moo Huh, “Simultaneous preparation and patterning of polymer/metal 

nanoparticles by ion irradiation”, 20th International Conference on Molecular Electronics and 

Devices, Sogang University, Korea, 2009, 05, 22. 

 

2. In-Tae Hwang, Dong-Ki Kim, Chan-Hee Jung, Jung-Soo Lee, Jae-Hak Choi, Dong-Hack Suh, and 

Kwanwoo Shin, “Patterned immobilization of biomolecules on a polymer surface functionalized by 

radiation grafting”, 20th International Conference on Molecular Electronics and Devices, 

Sogang University, Korea, 2009, 05, 22. 

 

3. Jung-Soo Lee, Chan-Hee Jung, In-Tae Hwang, Jae-Hak Choi, Young-Chang Nho, Young Moo Lee, 

“Effects of high energy irradiation on Nafion membranes”, The 13th International Conference 

on Accelerator & Beam Untilization, Gyeongju, Korea, 2009, 10, 14. 

 

4. Jae-Hak Choi, Chan-Hee Jung, In-Tae Hwang, Dong-Ki Kim, Jung-Soo Lee, In-Seol Kuk, Young-

Chang Nho, “The Ion Beam-Based Techniques for Selective Immobilization of Metal 

Nanoparticles”, The 3rd Asian Conference on Colloid and Interface Science, Jeju (ICC), korea, 

2009,10, 12. 

 

2008 

 

1. Jae-Hak Choi, Mi-Young An, Byoung-Min Lee, Dong-Ki Kim, Chan-Hee Jung, In-Tae Hwang, 

Jung-Soo Lee, Ho-Je Kwon, Young-Chang Nho, Dong-Hack Suh, Kang-Moo Huh, Sung-Kwon 

Hong, “A new patterning method of silver nanoparticles by ion implantation”, 16th International 

Conference on Ion Beam Modification of Materials (IBMM 2008), Dresden, Germany, 

2008,09,03. 

 

2. Jae-Hak Choi, Mi-Young An, Byoung-Min Lee, Dong-Ki Kim, Chan-Hee Jung, In-Tae Hwang, 

Jung-Soo Lee, Kwanwoo Shin, and Sung-Kwon Hong, “Micropatterning of PVP/silver 

nanoparticle thin films by an ion irradiation”, 19th International Conference on Molecular 

Electronics and Devices 2008 (IC ME&D), Ajou University, Korea, 2008, 05, 29.  

 

3. Byoung-Min Lee, Mi-Young An, Chan-Hee Jung, Dong-Ki Kim, Jung-Soo Lee, In-Tae Hwang, 

Jae-Hak Choi, Kang Moo Huh, Sung-Kwon Hong, Young-Chang Nho, Dong-Hack Suh, 

“Micropatterning of poly(4-hydroxystyrene) by ion implantation”, 20th International Conference 

on the Application of Accelerators in Research and Industry (CAARI 2008), Texas, USA, 



133 

2008, 08, 13. 

 

4. Jung-Soo Lee, C. H. Jung, D. K. Kim, I. T. Hwang, J. H. Choi, P. H. Kang, Y. C. Nho, 

“Preparation and characterization of polymer/polyhedral oligomeric silsesquioxanes 

nanocomposites”, Nano Korea, KINTEX, Korea, 2008, 08, 28. 

 

5. Dong-Ki Kim, In-Tae Hwang, Chan-Hee Jung, Mi-Young An, Byoung-Min Lee, Jung-Soo Lee, 

Young-Chang Nho, Jae-Hak Choi, Dong-Hack Suh, “Selective immobilization of biomolecules on 

poly(acrylic acid)-grafted PVDF films by ion beam-induced graft polymerization”, The 12th 

international workshop on accelerator and beam utilization 2008, Gyeongju, Korea, 2008, 09, 

04. 

 

6. Chan-Hee Jung, In-Tae Hwang, Byoung-Min Lee, Dong-Ki Kim, Mi-Young An, Jung-Soo Lee, 

Young-Chang Nho, Jae-Hak Choi, “Ion beam micropatterning of polymer-stabilized silver 

nanoparticles”, The 12th international workshop on accelerator and beam utilization 2008, 

Gyeongju, Korea, 2008,09, 05. 

 

7. Jae-Hak Choi, Chan-Hee Jung, In-Tae Hwang, Mi-Young An, Byoung-Min Lee, Dong-Ki Kim, 

Jung-Soo Lee, Young-Chang Nho, and Dong-Hack Suh, “Micropatterning of Polymer-Embedded 

Metal Nanoparticles by an Ion Beam Contact Lithography”, International Conference on 

Advanced-Functional Polymers and Sefl-Organized Materials 2008, Busan, Korea, 2008, 09, 

23. 

 

 

[Domestic Conference] 

 

2014 

 

1. Jong-Chul Yoon, Jung-Soo Lee and Ji-Hyun Jang, “Superhydrophobic, flexible and conducting 

electrodes using CVD grown graphene”, 1st Korean Graphene Symposium, Buyeo, Korea, 2014, 

04, 03. 

 

2013 

 

1. Jung-Soo Lee, Jong-Chul Yoon and Ji-Hyun Jang, “Superhydrophobic surface of surface-treated 

nano-graphene structure”, Fall Meeting for The Korea Korea Society , 2013, 10, 16. 



134 

 

2. Jung-Soo Lee, Sun-I Kim, Jong-Chul Yoon and Ji-Hyun Jang, “Polymer sphere directly converted 

to mesoporous graphene ball”, Spring Meeting for The Korea Chemical Society , 2013, 04, 17. 

 

3. Jong-Chul Yoon, Sun-I Kim, Jung-Soo Lee and Ji-Hyun Jang, “Synthesis of 3D-graphene nano-

structure for supercapacitor via chemical vapor deposition (CVD)”, Spring Meeting for The 

Korea Chemical Society , 2013, 04, 17. 

 

4. Sun-I Kim, Jung-Soo Lee, Hyo-Jin Ahn and Ji-Hyun Jang, “Influence of pore characteristics on 

electrochemical performance of nickel oxide for pseudocapacitor applications”, Spring Meeting 

for The Korea Chemical Society , 2013, 04, 17. 

 

2012  

 

1. Sun-I Kim, Jung-Soo Lee, Jong-Chul Yoon and Ji-Hyun Jang, “Morphology responsive 

characteristrics of nickel oxide as supercapacitor electrode materials”, Fall Meeting for The 

Electrochemical Society , 2012, 11, 09. 

 

2. Jung-Soo Lee, Sun-I Kim, Jong-Chul Yoon and Ji-Hyun Jang, “Hierarchical graphtic carbon 

sphere directly derived from polymer shpere as a supercapacitor”, Fall Meeting for The Korea 

Electrochemical Society , 2012, 11, 09. 

 

3. Pradheep Thiyagarayan, Hyo-Jin Ahn, Jung-Soo Lee, Jong-Chul Yoon and Ji-Hyun Jang, “Surface 

coated nanowires for efficient energy conversion”, Spring Meeting for The Polymer Society of 

Korea , 2012, 04, 12. 

 

4. Jung-Soo Lee, Hyo-Jin Ahn, Jong-Chul Yoon and Ji-Hyun Jang, “Nano-foam of few-layer 

graphene grown by CVD”, Spring Meeting for The Polymer Society of Korea , 2012, 04, 12. 

 

5. Sun-I Kim, Jung-Soo Lee and Ji-Hyun Jang, “Synthesis of nanoporous NiO structure by Sol-Gel 

process”, Spring Meeting for The Polymer Society of Korea , 2012, 04, 12. 

 

2011 

 

1. Jung-Soo Lee, Hyo-Jin An and Ji-Hyun Jang “Synthesis and characterization of partially 

fluorinated poly (arylene ether sulfone) containing cross-linkable moieties”, Spring Meeting for 



135 

The Polymer Society of Korea, 2011, 04, 07. 

 

2010 

 

1. Jung-Soo Lee, Hyo-Jin An and Ji-Hyun Jang “Two-dimensional nano-periodic structures with 

thermoresponsive properties ”, Fall Meeting for The Polymer Society of Korea, 2010, 10, 07. 

 

2009 

 

1. Jung-Soo Lee, Chan-Hee Jung, Jae-Hak Choi, Young-Chang Nho, Phil-Hyun Kang and Young 

Moo Lee, “Synthesis of sulfonated crosslinked poly(pheylene oxide) membranes by a high energy 

irradiation”, Spring Meeting for The Polymer Society of Korea, 2009, 04, 10. 

 

2. Jung-Soo Lee, Chan-Hee Jung, In-Tae Hwang, Jae-Hak Choi, Young-Chang Nho and Young Moo 

Lee, “Radiation-crosslinked polyphenylene oxide membranes for direct methanol fuel cells”, Fall 

Meeting for The Korea Society of Industrial Engineering Chemistry, 2009, 10, 16. 

 

2008 

 

1. Mi-Young An, Byoung-Min Lee, In-Tae Hwang, Chan-Hee Jung, Jung-Soo Lee, Sung-Kwon 

Hong, Kang-Moo Huh, Young-Chang Nho and Jae-Hak Choi, “Specific and Non-specific 

adhesions of cells on ion beam irradiated polymers”, Fall Meeting for The Korea Society of 

Industrial Engineering Chemistry, 2008,11, 14. 

 

2. Jung-Soo Lee, Dong-Ki Kim, Chan-Hee Jung, Dong-Ki Kim, Young-Chang Nho and Jae-Hak 

Choi, “Preparation of poly(acrylic acid)-grafted polystyrene beads by radiation-induced graft 

polymerization”, Fall Meeting for The Korea Society of Industrial Engineering Chemistry, 

2008, 11, 14. 

 

3. Byoung-Min Lee, Chan-Hee Jung, In-Tae Hwang, Mi-Young An, Jung-Soo Lee, Sung-Kwon 

Hong, Kang-Moo Huh, Young-Chang Nho and Jae-Hak Choi, “Ion beam micropatterning of 

polymer thin films using a 300 keV ion implanter”, Fall Meeting for The Korea Society of 

Industrial Engineering Chemistry, 2008, 11, 14. 

 

4. Jung-Soo Lee, Chan-Hee Jung, Jae-Hak Choi, Jun-Hwa Shin, Young-Chang Nho, Phil-Hyun Kang 

and Young-Moo Lee, “Preparation of crosslinked poly (2,6-dimethyl-1,4-phenylene oxide) 



136 

membranes for fuel cells by electron beam irradiation”, Fall Meeting for The Korea Society of 

Industrial Engineering Chemistry, 2008, 11, 14. 

 

5. Chan-Hee Jung, Jung-Soo Lee, Dong-Ki Kim, In-Tae Hwang, Young-Chang Nho and Jae-Hak 

Choi, “Radiation effect on the mechanical and thermal properties of PP nanocomposites 

containing polyhedral oligomeric silsesquioxanes”, Fall Meeting for Korean Society of 

Radiation Industry, 2008, 11, 07. 

 

6. Jung-Soo Lee, Chan-Hee Jung, Jae-Hak Choi, Jun-Hwa Shin, Young-Chang Nho, Phil-Hyun Kang 

and Young-Moo Lee, “Synthesis and characterization of a crosslinked poly(arylene ether sulfone) 

membrane by electron beam irradiation”, Fall Meeting for Korean Society of Radiation 

Industry, 2008, 11, 07. 

 

 

 

 


	Abstract
	Contents
	List of Figures
	List of Table
	Chapter 1.  Introduction of Graphene: Properties and Fabrication Methods
	1. Introduction
	1.1. Electronic Properties of Graphene
	1.2. Mechanical Properties of Graphene
	1.3. Optical Properties of Graphene
	1.4. Thermal Properties of Graphene

	2. Exfoliation or Synthesis Methods of Grpahene
	2.1. Mechanical Exfoliated Graphene from Graphite
	2.2. Chemical Exfoliation of Graphene in liquid
	2.3. Reduced Graphene Oxide (RGO)
	2.4. Growth of Graphene by Chemical Vapor Deposition (CVD)
	2.5. Epitaxial Growth of Graphene

	3. Applications for Energy Devices
	3.1 Dye Sensitized Solar Cells (DSSC)
	3.2 Supercapacitor
	3.3 Photocatalytic Water splitting
	3.4 Lithium Ion Battery

	4. References

	Chapter 2. Three-dimensional Nano-Foam of Few-layer Graphene grown by CVD for DSSCs
	1. Introduction
	2. Experimental
	2.1 Preparation of PVA/NiCl2?6H2O composite thin film
	2.2. Fabrication of 3D-NFG
	2.3. Fabrication of DSSCs
	2.4. Photovoltaic Characterization

	3. Results and Discussion
	4. Conclusion
	5. References

	Chapter 3. Three-Dimensional Graphene Nano-Networks with High Quality and Mass Production Capability via Precursor-Assisted Chemical Vapor Deposition
	1. Introduction
	2. Experimental
	2.1 Preparation of CS/PVA-FeCl3?6H2O composite thin film.
	2.2. Fabrication of 3D-GNs
	2.3. Characterization of 3D-GNs
	2.4. Electrochemical Measurement

	3. Results and Discussion
	4. Conclusion
	5. References

	Chapter 4. Chemical Vapor Deposition of Mesoporous Graphene Nanoballs for Supercapacitor
	1. Introduction
	2. Experimental
	2.1 Synthesis of Sulfonated Poly (styrene-co-methacrylic acid) (SPS-COOH) Sphere
	2.2. Synthesis of Mesoporous Graphene Nano-Balls (MGBs)
	2.3. Charaterization
	2.4. Electrochemical measurement

	3. Results and Discussion
	4. Conclusion
	5. References

	Chapter 5. Three-dimensional Graphene Conducting Electrode for Efficient Hematite-based Water Splitting
	1. Introduction
	2. Experimental
	2.1 Preparation of Graphene Inverse Opal (GIO)
	2.2. Preparation of pristine α-Fe2O3 and α-Fe2O3/GIO
	2.3 Photoelectrochemical Measurement

	3. Results and Discussion
	4. Conclusion
	5. References

	Acknowledgement


<startpage>6
Abstract 1
Contents 2
List of Figures 4
List of Table 11
Chapter 1.  Introduction of Graphene: Properties and Fabrication Methods 12
 1. Introduction 12
  1.1. Electronic Properties of Graphene 15
  1.2. Mechanical Properties of Graphene 15
  1.3. Optical Properties of Graphene 15
  1.4. Thermal Properties of Graphene 16
 2. Exfoliation or Synthesis Methods of Grpahene 16
  2.1. Mechanical Exfoliated Graphene from Graphite 16
  2.2. Chemical Exfoliation of Graphene in liquid 19
  2.3. Reduced Graphene Oxide (RGO) 19
  2.4. Growth of Graphene by Chemical Vapor Deposition (CVD) 19
  2.5. Epitaxial Growth of Graphene 19
 3. Applications for Energy Devices 20
  3.1 Dye Sensitized Solar Cells (DSSC) 20
  3.2 Supercapacitor 20
  3.3 Photocatalytic Water splitting 24
  3.4 Lithium Ion Battery 24
 4. References 26
Chapter 2. Three-dimensional Nano-Foam of Few-layer Graphene grown by CVD for DSSCs 29
 1. Introduction 29
 2. Experimental 30
  2.1 Preparation of PVA/NiCl2?6H2O composite thin film 30
  2.2. Fabrication of 3D-NFG 31
  2.3. Fabrication of DSSCs 31
  2.4. Photovoltaic Characterization 31
 3. Results and Discussion 32
 4. Conclusion 44
 5. References 45
Chapter 3. Three-Dimensional Graphene Nano-Networks with High Quality and Mass Production Capability via Precursor-Assisted Chemical Vapor Deposition 49
 1. Introduction 49
 2. Experimental 51
  2.1 Preparation of CS/PVA-FeCl3?6H2O composite thin film. 51
  2.2. Fabrication of 3D-GNs 51
  2.3. Characterization of 3D-GNs 51
  2.4. Electrochemical Measurement 52
 3. Results and Discussion 53
 4. Conclusion 71
 5. References 72
Chapter 4. Chemical Vapor Deposition of Mesoporous Graphene Nanoballs for Supercapacitor 76
 1. Introduction 76
 2. Experimental 77
  2.1 Synthesis of Sulfonated Poly (styrene-co-methacrylic acid) (SPS-COOH) Sphere 77
  2.2. Synthesis of Mesoporous Graphene Nano-Balls (MGBs) 77
  2.3. Charaterization 78
  2.4. Electrochemical measurement 78
 3. Results and Discussion 79
 4. Conclusion 98
 5. References 99
Chapter 5. Three-dimensional Graphene Conducting Electrode for Efficient Hematite-based Water Splitting 103
 1. Introduction 103
 2. Experimental 104
  2.1 Preparation of Graphene Inverse Opal (GIO) 104
  2.2. Preparation of pristine ес-Fe2O3 and ес-Fe2O3/GIO 104
  2.3 Photoelectrochemical Measurement 104
 3. Results and Discussion 106
 4. Conclusion 121
 5. References 123
Acknowledgement 126
</body>

