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Abstract

Synthesis of 2D Materials by Chemical Vapor Deposition 

for Smart Applications

Sangmin Kang

Department of Chemistry

The Graduate School Seoul National University

Two-dimensional (2D) materials, which exist in layered 

structure, have been explosively researched over the last few 

years since graphene was firstly mechanically exfoliated. 

Although mechanical exfoliation provides high quality 2D 

materials, their micro-scale crystals limit their practical 

applications. Chemical vapor deposition (CVD) provides an 

answer for the scalable and reliable production. Currently the 

growth and development of the CVD based synthesis methods 

are the basis for industrial application of 2D materials. Among 

these practical applications, 2D materials show promising 

prospect in fields of electromagnetic interference (EMI)

shielding and electrochemical catalysts because of their ultra-

thin thickness and large surface area. Many world-wide 

groups have published reports on the synthesis of CVD based 

2D materials for EMI shielding and electrochemical 

applications. We also summarize our experimental results 

related to these new materials and future applications.

First, we demonstrate heat generation originated from the 
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unique electromagnetic (EM) wave absorption synthesized by 

low pressure chemical vapor deposition (LPCVD). The EM

wave induces an oscillating magnetic moment generated by 

the orbital motion of moving electrons, which efficiently 

absorbs the EM energy and dissipate it as a thermal energy. 

In this case, the mobility of electron is more important than 

the conductivity, because the EM-induced diamagnetic 

moment is directly proportional to the speed of electron in an 

orbital motion. We expect that the efficient and fast heating of 

graphene films by EM waves can be utilized for smart heating 

windows and defogging windshields.

In addition, we report the graphene based highly 

conducting contact lens platform that reduces the exposure to 

EM waves and dehydration. The EM wave shielding function 

of the graphene-coated contact lens was tested on egg whites 

exposed to strong EM waves inside a microwave oven. We 

also demonstrated the enhanced dehydration protection 

effects of the graphene-coated lens by monitoring the change

in water evaporation rate from the vial capped with the 

contact lens. Thus, we believe that the graphene-coated 

contact lens would provide a healthcare and bionic platform 

for wearable technologies in the future.

Second, we focus on the electrochemical application of 

beyond graphene materials. We devise a simple strategy to 

use conventional laser printer toner materials as precursors 
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for graphitic carbon electrodes. The toner was laser-printed 

on metal foils, followed by thermal annealing in hydrogen 

environment, finally resulting in the patterned thin graphene-

graphitic carbon electrodes for supercapacitors. The 

electrochemical cells made of the graphene-graphitic carbon 

electrodes show remarkable higher energy and power 

performance compared to conventional supercapacitors.

Finally, we demonstrate that metal organic chemical vapor 

deposition (MOCVD) and UV-ozone treatment on bilayer 

MoS2 could introduce more active sites and increased 

conductivity via the small grain size and oxygen doping, 

leading to a high density of exposed edges and a significant 

improvement of the hydrogen evolution activity. The 

mechanisms of increased electrochemical hydrogen evolutions 

are explained by enhanced photoluminescence (PL) and 

extended exciton life times. Our approach can be used directly 

to increase the hydrogen production activity in 

electrochemical reaction of 2D materials, and help to 

understand the catalytic effects and mechanisms of 2D 

materials.

Keyword : low pressure chemical vapor deposition (LPCVD), 

metal organic chemical vapor deposition (MOCVD), graphene, 

MoS2, electromagnetic interference (EMI), electrochemistry.

Student Number : 2014-21229
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Chapter 1. Introduction

1.1. Classification of 2D materials synthesis 

methods

1.1.1. Mechanical exfoliation

The first appearance of 2D materials is attributed to the 

graphene cleavage from highly ordered pyrolytic graphite 

(HOPG) in 2004.1 The experimental method of mechanical 

exfoliation is presented in Figure 1 using commercial Scotch 

tapes.2 A normal force (or adhesion force) between Scotch 

tape and the surface layers of 2D materials overcome the van 

der Waals attraction between their adjacent layers. Through 

numerous repetitions, single layer is appeared. This method

provides high-quality 2D materials on a target substrate

compared with other synthesis methods. However, the yield 

of this technique is too minuscule and not suitable for scalable 

and industrial application. In addition, sample preparations are

extremely hard working and time consuming. Although these 
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drawbacks are found in the mechanical exfoliation, this 

discovery has significant science value.

1.1.2. Liquid exfoliation

Liquid exfoliation could improve the realistic problems of 

mechanical exfoliation. This techniques give large quantities 

of dispersed 2D materials and a possibility for their industrial 

applications. In this chapter, we briefly summarize main liquid 

exfoliation methods and their limits, as shown in Figure 2.3

Actually, the Scotch tape method is not the first attempt 

to observe a monolayer materials. Before the mechanical 

exfoliation, bulk layered materials like graphite are commonly 

treated with oxidation and subsequent sonication into 

appropriate solvents.4 The results are lots of production of 

homogenously atomic thin flakes (5~20 layers) dispersed in a 

solvent. However, the flakes have various dangling bonds like 

hydroxyl, carbonyl, carboxyl and etc. Although these dangling 

bonds are removed by reduction or heat treatment, remained 

structural defects could degrade electrical, optical and thermal 

properties.
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Liquid exfoliation also uses ionic species to intercalate the 

layer spacing or exchange the cationic counterions in layered 

bulk materials like transition metal dichalcogenides 

(TMDC).5,6 Intercalation and subsequent sonication increases 

the layer spacing, resulting in 2D dispersed nanosheets. 

Nevertheless, ionic intercalation or exchange process 

inevitably grips with physical or chemical absorption of the 

ions at the surface, which damage the intrinsic properties. The 

electrical and optical properties of the layers synthesized by 

this method show comparable that of the mechanical 

exfoliated layers. There
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1.1.3. Chemical vapor deposition

Chemical vapor deposition (CVD) breaks fresh ground for 

large-area synthesis of 2D materials and its industrial 

applications. First, graphene is synthesized by low pressure 

CVD (LPCVD) method using methane gas and transition metal 

catalysts at high temperature, as shown in Figure 3.7-9 Taking 

this discovery, various doping and transfer methods have been 

explosively studied.10,11 The LPCVD method has also been 

utilized to the synthesis of TMDC materials as well as 

graphene, using their solid or gas phase precursors.

However, the LPCVD based TMDC synthesis has 

difficulty in controlling precise flow of the precursor in a 

reaction chamber and often provide inhomogeneous layers on 

target substrates. Recently, metal organic CVD (MOCVD)

demonstrates layer by layer uniform growth of the TMDC, as 

shown in Figure 4.12 Therefore, we believe that MOCVD based 

2D materials synthesis would provide a platform for industrial 

and practical technologies in the future.
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In our study, we introduce LPCVD based graphene 

synthesis for EMI shielding and smart contact lens application. 

Furthermore, we demonstrate graphene-graphitic carbon 

synthesis for electrochemical application, using roll-to-roll 

laser printing techniques. Finally, we develop MOCVD based 

MoS2 synthesis as a catalyst for hydrogen evolution reaction.
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1.2. EMI shielding properties of 2D materials

Recently, flexible, wearable and wireless network 

electronic devices are widespread throughout the developed 

world and future society is even more so. However, these 

devices can have harmful impacts on device performance, 

surrounding environments and even human body.13 Conducting 

materials, whose charge carriers could interact with 

electromagnetic fields, have been used as main components 

for commercial EMI shielding application.14,15

Light-weight and very thin shielding materials are 

necessarily needed by the minute with advances in electronic 

device. Figure 5 shows that 2D materials are proper 

alternatives for conventional metal based shielding materials, 

because they have atomic thickness and superior conductivity 

for EMI shielding.16 Especially, graphene, planar honeycomb 

lattice of sp2 hybridized carbon, is promising for transparent 

EMI shielding and absorbing material. The electromagnetic 
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loss characterization of graphene, which is normalized to the 

film thickness, shows at least two orders of magnitude higher 

than that of conventional EMI shielding and absorbing 

materials.17

In our study, we demonstrate heat generation of graphene

films by electromagnetic absorption. Furthermore, we 

introduce graphene coated smart contact lenses for EMI 

shielding and dehydration protection. We believe that our 

study could pave the way for EMI shielding application of 2D 

materials.
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1.3. Electrochemical properties of 2D materials

Energy emergency is one of the greatest problems for 

solution in our modern societies. Two dimensional materials 

have been recognized as a promising material in the field of 

electrochemical catalysts and energy storage devices due to 

their own superior properties like flexibility, light-weight, 

environment friendly and etc.18

In case of energy storage applications, graphite is a 

frequently used anode materials for lithium ion batteries.19,20

Recently, other 2D materials have been also explosively 

studied as batteries or supercapacitor applications.21-24 Their 

layered structure allow ions or electrons to migrate, showing 

considerable mechanical and chemical stability, as shown in 

Figure 6.25 The developments of 2D materials and their 

hetero-structure give a possibility to overcome the 

challenges substantially owned by energy needs.

Considering aspects of electrochemical catalysts, 2D 
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materials also have many advantages for improving the 

conventional efficiency. In particular, many previous research 

have focused on the electrochemical production of hydrogen 

at various 2D materials based catalysts.26-29 There are two 

main efforts to increase the catalyst effect of 2D materials; 

i)providing more hydrogen revolution reaction (HER) active 

sites, ii) increasing the intrinsic catalytic activity of 2D 

materials and their conductivity, as shown in Figure 7.30

In our research, we devise a new method to synthesize 

graphene-graphitic carbon hetero-structure for high 

efficiency supercapacitors, using commercial roll-to-roll 

based laser printing. In addition, we develop the catalytic 

effects of basal plane and increase the edge sites in MoS2

synthesized by MOCVD and UV-ozone treatment.
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Figure 1. An illustrative procedure of the mechanical 

exfoliation.2 Single-layer graphene is exfoliated from HOPG 

using commercial Scotch tape technique.
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Figure 2. Schematic illustration of the main liquid exfoliation 

mechanisms.3 (a) Ion intercalation. Ions are intercalated bet

ween the layers in liquid environment and their agitations c

ould separate the layers, (b) Ion exchange. Some layered c

ompounds contain ions, which can be exchanged in a liquid 

environment for other. Then, their agitation provides an exf

oliated dispersion. (C) Sonication assisted exfoliation. The l

ayered crystal is sonicated in a solvent, resulting in exfolia

tion and formation of nanosheets.
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Figure 3. Large-area synthesis of high-quality and uniform 

graphene films on copper foils using LPCVD.7 (a,b) SEM imag

e of graphene on a copper foil synthesized by LPCVD (c,d) 

Using conventional wet transfer, graphene films transferred 

onto a SiO2/Si substrate and a glass plate, respectively.
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Figure 4. Wafer-scale synthesis of high-quality and uniform 

TMDC films synthesized by MOCVD.12 (a,b) Photographs of m

onolayer MoS2 and WS2, respectively. (c) Photograph of pa

tterned single-layer MoS2 film on a 4-inch SiO2/Si wafer. 

(d) Optical absorption spectra of monolayer MoS2 (red lin

e) and WS2 (orange line) films. (e,f) Raman and photolumin

escence (PL) spectra of monolayer MoS2 (red line) and W

S2 (orange line) films. (g) Scanning electron microscopy (S

EM) and PL image of monolayer MoS2. (h,i) Optical images 

of MoS2 and WS2, respectively. The inset show PL images 

at 1.9 eV. All scale bar in above images is 10 ㎛.



４０

Figure 5. Proposed EMI shielding mechanisms of 2D 

materials.16 Oscillating external electromagnetic (EM) waves 

strike the surface of 2D materials. Because reflection occur

s before absorption, some parts of the EM waves is immed

iately reflected from the surface (blue arrow). On the other 

hand, induced local dipoles contribute absorption of the inci

dent waves penetrating the 2D layer structure (dashed blue 

arrows). Transmitted waves with less energy are then subj

ected to the same mechanisms when they encounter the in

ner layers, generating multiple internal reflections (dashed 

black arrows). The energy of EM waves is substantially de

creased, resulting in an attenuation or elimination.
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Figure 6. Schematic illustration of 2D materials based planar 

supercapacitors.25 (a) Schematic illustration of the flexible p

lanar supercapacitor, using gel electrolyte and a flexible PE

T substrate. (b) Ion migration in a planar supercapacitors, 

which have two symmetric working electrodes. (c) The lay

ered structure of 2D materials based supercapacitors. (d) S

chematic illustration of 2D planar ion transport.



４２

Figure 7. Schematics of catalysis or active sites for 2D material

s.30 (a) Defects and edges for active sites. (b) Doping atom

s for active sites. (c) Functional groups and metal clusters 

for active sites. (d) Electron transfer from metal to 2D mat

erials for catalytic activity. (e) Catalysis in the empty spac

e between a metal electrode and 2D materials. (f) Catalytic

activity from hetero-structure stacked by various 2D mate

rials.
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Chapter 2. EMI shielding application of 

graphene

2.1. Efficient heat generation in large-area 

graphene films by electromagnetic wave 

absorption

2.1.1. Introduction

Graphene has intrigued the interest of world-wide 

researchers due to its extraordinary electrical1-3, 

mechanical4,5, optical6,7 and chemical8,9 properties. In particular, 

the superior thermal conductivity of graphene lead many 

researchers into using graphene as core materials in heating 

applications.10,11 Through the development of chemical vapor 

deposition (CVD)12 and roll-to-roll process for large size 

graphene film synthesis13, graphene received much attention 

as a flexible and transparent material in heater application14 

and even considered as an alternative to indium tin oxide 

(ITO)-based heaters.15,16 The general heat generation 
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mechanism of carbon materials is known to be Joule 

heating.10,17 Joule heating is the process by which the 

movement of current through a conductor releases heat due to 

its resistance. However, the heating rate and efficiency of the 

graphene-based heater arising from Joule heating was limited 

by the conductivity of graphene which is related to the 

restraint of sheet resistance.18,19

Here we report a novel method to generate heat on a 

large-area graphene film by applying the unique 

electromagnetic (EM) wave absorption property20 of graphene 

materials. The EM wave induces an oscillating magnetic 

moment generated by the orbital motion of moving electrons 

in graphene, which efficiently absorbs the EM energy and 

dissipates it as a thermal energy (Figure 8). In this case, we 

can expect that the electron mobility is important than the 

conductivity of graphene, because the diamagnetic moment is 

directly proportional to the speed of electron in an orbital 

motion. Thus, we tried to control the carrier concentration of 

graphene by functionalizing substrates with self-assembled 

monolayers (SAM), and found that the graphene film that 
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shows the Dirac voltage close to zero can be more efficiently 

heated by EM waves. In addition, the temperature gradient 

also depends on the number of graphene layers due to the 

increased accumulation of diamagnetism.  This heating 

method would be advantageous for sensing of EM waves, 

defogging smart windows, highly efficient and quick heating, 

etc.
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Figure 8. Schematic illustration of the mechanism of a graphene 

heater by EM waves. Graphene absorbs the energy of EM w

aves due to its strong diamagnetic response to EM, and dis

sipates the EM energy as heat energy, which can be utilize

d for fast and efficient heaters for various applications.
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2.1.2. Experimental

Graphene synthesis and transfer. Graphene film was 

synthesized by chemical vapor deposition. Monolayer 

graphene was produced on a 25 ㎛ thick Cu foil (Alfa Aesar, 

99.999%) with 70 mTorr H2 (4 sccm) and 650 mTorr CH4

(35 sccm) gas flow rate at 1000 ℃. The synthesized 

graphene on Cu was coated by Pressure Sensitive Adhesive 

Films (PSAF) and followed by Cu catalyst etching using 0.1M 

ammoniumpersurfate (APS) solution. The graphene films on 

the PSAF was rinsed with distilled water and conserved in 

dehydrated condition for dry transfer. The graphene on the 

PSAF was affixed to the target substrates by weak pressing 

or roll to roll process. The comparison of multilayer graphene 

heaters can be fabricated by conventional wet transfer method 

and repeatedly transferring these graphene onto the same 

substrate.

EM heating and Joule heating comparison. We used a 

microwave oven manufactured by SAMSUNG electronics, as 

the source of microwaves (frequency = 2.45 GHz). The 

power of EM heating can be manipulated from 50 W to 700 W 
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with this equipment. To calculate the power of Joule heating 

of each substrates, Van der Pauw method was utilized to 

measure the sheet resistance. (Figure 9)

P = VI = V2/R

R = ρ(L/A) = ρ(L/δW)

The power of Joule heating was controlled by the equation 

above. The distance between cu electrode that supplies the 

voltage was L, the thickness of graphene film (0.334 nm) was 

δ, and the width of graphene heater was W. The resistivity 

was calculated by multiplying the modification factor 4.5324 

to sheet resistance.

Device Fabrication functionalizing substrates with self-

assembled monolayers(SAMs). Highly p-doped Si substrates 

covered with a 300 nm thick Si3N4 were used for the electrical 

measurement of graphene field effect devices. After treating 

piranha and rinsing the substrates with DI water, the 

substrates were placed in a reaction flask. A 20 mL of toluene 

was added to the reaction flask as well as the silane coupling 
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agent(10 mM). We used two kinds of silanes : g-

aminopropyltriethoxysilane(APS) and octadecyltrichlorosilane 

(OTS) for controlling dirac-points. The reaction was 

performed under an argon atmosphere for 2 hours. After 

reaction was completed, the substrate was baked at 120 for 

10 min, weakly sonicated for 3 min, cleaned with toluene and 

then dried under vacuum medium. The graphene film on PSAF 

was transferred to the prepared substrates and PSAF was 

carefully pilled off from the graphene film. Cr/Au (5 nm/ 30 

nm) electrode were thermally deposited using pre-patterned 

stensile mask. Graphene channels were isolated through 

electron beam lithography and O2 plasma. Before measuring 

the electrical properties of the graphene device, thermal 

annealing was carried out at 300 ℃ for 1h under Ar/H2 gas to 

remove the unnecessary impurities on graphene surface.

Characterization. An infrared camera (FLIR T650sc) was used 

to measure the temperature gradient of the graphene films. 

The sheet resistance was measured using a 4-probe with a 

nanovoltmeter (Keithley 6221, 2182A) and the Van der Pauw 

method was applied. The electrical properties were measured 
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by Agilent 2602. Constant 10 mV voltage was applied from 

source to drain during the measurement. The Raman spectra 

were recorded using Renishaw Invia Raman Microscope with 

1mW 514nm Ar laser with the spot size of 2 ㎛.
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Figure 9. Comparison of sheet reistance depending on 

substrates.
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2.1.3. Results and Discussion

First, a large scale graphene film was synthesized by CVD 

on a high purity Cu foil and dry transferred to a target 

substrate. The conventional wet transfer method produces 

unnecessary dipoles between graphene and substrates by the 

interference of water droplets causing increase in heat 

generation. In addition, unwanted doping effects on graphene 

film are produced by metal etching solution and polymer 

residues.21 Recently dry transfer using pressure sensitive 

adhesive films (PSAF) instead of wet transfer using a 

supporting polymer was developed to avoid these problems.22

Therefore, in order to accurately analyze the heating 

mechanism of graphene by EM waves, the dry transfer 

method is inevitable (Figure 10, 11).

Figure 12a,b  shows infrared (IR) scanning of graphene 

surface on quartz substrates irradiated by EM wave at 2.45 

GHz. The reason why we chose microwave spectra in these 

experiments is due to the frequent use of microwave in our 

everyday life. Unlike natural quartz, graphene film coated 
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quartz plate generates heat depending on the number of 

stacked layers. The reason that the heat generation increases 

with number of graphene layers is due to not only Joule 

heating between the graphene layers but also the accumulated 

diamagnetism proportional to the increment of layers. Except 

quartz, various substrates coated by graphene films show heat

gradient by EM waves (Figure 13). Figure 12c represents the

comparison of time consumed for Joule heating and EM 

heating to reach the saturation temperature. The typical Joule 

heating occurs from electron scattering on defect sites of 

graphene film. So the heat is generated initially at the defect 

site and diffuses to the entire film as form of additional 

electron scattering and lattice vibration.14 Therefore, Joule 

heating process requires adequate amount of time. In case of 

EM heating the entire graphene film absorbs electromagnetic 

wave, therefore, it shows faster increase in temperature 

compared to the Joule heating. This difference also affects the 

temperature uniformity after the saturation temperature. The 

power control of EM heating and joule heating will be further 

elaborated on method section. Figure 12d, for Joule heating in 
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monolayer graphene, indicates the local generation of heat due 

to the difficulty in achieving uniform sheet resistance. But as 

graphene films are stacked in layers their sheet resistance 

becomes more uniform, and uniform temperature distribution 

can be observed at four layer stacked graphene. Whereas in 

EM heating, the entire surface of film absorbs electromagnetic 

wave as mentioned above, so even in monolayer graphene 

uniform temperature distribution is detected. The uniformity 

of saturation temperature also increases proportionally to the 

stacked layers of graphene films in EM heating. This 

phenomena in EM heating is related to the Joule heating 

occurring at mismatch lattices between layers and also due to 

the increase in electromagnetic absorption following multiple 

stacked graphene layers.23 Detailed comparison experiment 

with Joule heating is described in Figure 14.

To understand the mechanism of the heat generation by 

the absorption of EM waves, we describe experimental results 

obtained from changing the temperature of the graphene film 

on the Si3N4 substrates under the different Dirac-voltage and 

charge carrier mobility. The ordered close-packed structure 
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of self-assembled monolayers (SAMs) can suppress the 

substrate-induced doping on graphene, thereby the Dirac-

voltage and work-function of the graphene could be tuned by 

SAMs.24,25 Thus, we functionalized the substrates with SAMs 

to control the Dirac-voltage and mobility. 

Figure 15a,b demonstrate that the graphene which shows 

the Dirac-voltage close to zero can be more efficiently heated 

by EM waves. Two types of silanes move the Dirac-voltage 

of pristine graphene close to zero, and the g-

aminopropyltriethoxysilane (APS) brought the gradient closer 

to zero than that of octadecyltrichlorosilane (OTS). As Dirac-

voltage approached to zero, graphene devices showed 

increasing electron mobility of 633±108 (pristine), 1123±232 

(OTS), and 1568±461 (APS) cm2V-1s-1 respectively. The 

differences of heat generation has such tendency, the 

diamagnetic properties were directly proportional to the 

electron mobility in graphene film. The relative permittivities 

remain the same, because the comparatively long chains of the 

two silanes produce very weak dipole and the SAMs functions 

to subtly reduce the effect of substrates. Therefore, the heat 
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distribution of graphene films immediately measured after 

device fabrication in Figure 15c was originated from 

differences of mobility. Interpreting the following phenomena 

with the conventional Joule heating mechanism, the 

temperature in samples functionalized with OTS SAMs should 

increase higher as they show better conductivity in FET 

measurement compared to those functionalized with APS 

SAMs. However, in this experiment APS SAMs functionalized 

samples showed superior heat generation and this can be 

explained with the increased diamagnetism due to electron 

mobility in EM heating. The adsorption of impurities such as 

dust, water and oxygen is inevitable during FET sample 

preparation and measurement. When these impurities are 

exposed to EM waves, the temperature of the FET sample will 

be more increased due to dipole vibration. To insure the 

elimination of impurities, post annealing process is necessary.

Therefore, we performed annealing process in Ar/He 

circumstance at 300 ℃ after 7 days to remove these 

additional dipole factors and confirmed that the heat 

distribution originated from the relative mobility differences 
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(Figure 15d).

Figure 16a shows the contrast of frost and steam on the 

non-coated glass bottle and the graphene-coated glass bottle. 

The graphene films can be applied to curved surface by dry 

transfer and EM waves even without electrodes to generate 

the Joule-heating. Irradiated by microwave for 5 seconds, the 

graphene-coated glass bottle was completely clear compared 

to the non-coated glass bottle (Figure 16b,c). This result 

shows apparent contrast with regular Joule heating which 

requires at least 30seconds to reach the intended saturation 

gradient. Also heating on curved surface via Joule heating is 

difficult as additional electrodes are needed. (Figure 17) This 

suggests that the graphene heater by EM waves is applicable 

to smart windows and EM wave detectors. 

The EM waves can give P-doping effect to graphene 

film26 and may reduce the efficiency as a practical heater.  

Figure 5a shows the variation of Raman spectrum during the 

time of irradiated electromagnetic wave in graphene films. P-

doping effects were confirmed via the ratio of intensity and 

area of G peak and 2D peak. (Figure 18) Convincingly in 
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Figure 18d, analyzing the 2D peak shift following the G peak 

shift, the graphene film exposed to electromagnetic wave 

showed P-doping effects to some degree. However as 

indicated previously, less than 1 minute is need to reach the 

desired saturation temperature, thus practical P-doping 

followed by electromagnetic wave is not obtainable due to 

time limitation. Thus, the quick heat generation and stability of 

graphene films by EM waves can be applied to produce 

transparent and flexible heaters.
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Figure 10. A schematic illustration of graphene stacking 

process through dry transfer method using PSAF. First, 

graphene covered by PSAF on copper was etched to remove 

metal catalyst and dried. After the roll-to-roll process, PSAF 

was peeled off. Through this process reputation on target 

substrate, multiple layers graphene film was produced.
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Figure 11. Comparison of heat generation between dry transfer 

and wet transfer. (a) An actual image of graphene films 

transferred on a slide glass. (b,c) Infrared images of graphene 

heater applying microwave during 10second transferred by 

wet transfer and dry transfer, respectively.
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Figure 12. The graphene films transferred on target substrates. 

(a) An infrared scanning of the graphene heater transferred 

on quartz, while applying microwave during 10 seconds. The 

insets show an actual image of the graphene film. Scale bars, 

1 cm. (b) The temperature variation of graphene heater 

transferred on target substrates. (c) Temperature profile 

comparison of Joule heating and EM heating at power 70 W on 

4 layers of graphene films. (d) Saturation temperature 

uniformity of Joule heating and EM heating depending on 

number of graphene layers.
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Figure 13. Comparison of graphene heater transferred on 

various substrates. (a,c,e) Infrared scanning images of the 

graphene heaters transferred on Si3N4, PET, sapphire and Si 

wafers, respectively. The inset images are actual images. 

Scale bars are all the same, 1 cm. (b,d,f) Temperature

variation of graphene films depending of stacking layers

transferred on each substrates.
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Figure 14. Comparison of Joule heating and EM heating. (a) A 

schematic structure of conventional Joule heating based 

graphene heater. (b) Temperature distribution of Joule-

heating based heater made of 4 layers graphene films working 

at power 70 W. (c) Temperature distribution of EM-heating 

based heater made of 4 layers graphene films working at 

power 70 W. Samples shown for saturation temperature 

uniformity in Figure 5d were measured with the same 

methods indicated in Figure 7b, c.
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Figure 15. The heat distribution depending on charge mobility. 

(a) An infrared scanning of graphene heaters on SAMs 

irradiated by microwave during 10 seconds. Scale bar, 1 cm. 

(b) FET characteristics of graphene films depending on kinds 

of SAMs. (c) The temperature variation immediately 

measured after device fabrication. (d) The temperature 

variation measured after 7 days and annealing process.
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Figure 16. Optical and IR photographs showing the EM-induced 

defogging of graphene coated vials. (a) The photograph before 

applying EM waves. Left is the graphene-coated bottle and 

right is the none-coated bottle. (b) The photograph after 

applying microwave during 5 seconds. (c) An infrared picture 

immediately obtained after microwave irradiation. Scale bars, 

1 cm.
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Figure 17. Optical and IR photographs showing the Joule 

heating process. (a) The photograph before applying Joule 

heating. The monolayer graphene film is transferred on PET 

films. Scale bars, 2cm. (b) An infrared picture before applying 

Joule heating. (c) An infrared picture after applying Joule 

heating at saturated temperature using 70 W power. Scale 

bars, 1 cm.
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Figure 18. Raman spectra characteristics of the graphene 

heater by EM waves. (a) Variation of the G and 2D bands with 

irradiation time. (b) H2D/HG as functions of irradiation time. 

(c) A2D/AG as a function of the G peak shift. A2D and AG are 

the integral value of 2D peak and G peak respectively. (d) 

Position of the 2D peak as a function of the G peak shift (red 

line: p-doping effect, blue line: tensile/compressive stress 

following the arrow).



７３

2.1.4. Conclusion

In conclusion, we have successfully demonstrated a 

graphene-based heater which can be triggered by EM waves 

and proved the mechanism of heat generation. We found that 

EM wave absorption phenomena is related to the diamagnetic 

properties of the graphene, which was confirmed by the 

heating efficiency that is inversely proportional to the electron 

mobility of graphene. The temperature response and heat 

distribution results show that the performance of EM waves-

based heater is superior to that of the conventional Joule 

heating-based heaters. In particular, the EM-based graphene 

heaters can be easily fabricated without the additional 

equipment such as electrode and electric wires. Therefore, 

this allows graphene heater to be used widely in fields of 

automobile defogging/deicing systems, smart heating windows 

and EM-wave detecting sensors.
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2.2. Smart contact lenses with graphene 

coating for EMI shielding and dehydration 

protection

2.2.1. Introduction

Graphene, two dimensional hexagonal lattice structure of 

carbon atom, has been widely studied on various fields 

because of its remarkable electrical, mechanical, chemical 

properties since its first discovery by the mechanical

exfoliation of graphite crystals.1-5 Among its unique 

properties, outstanding electromagnetic wave absorption

property and gas-impermeability have provided potentials to 

use graphene for electromagnetic interference (EMI) 

shielding and/or diffusion barriers.6,7 It has been reported that 

graphene consists of only carbon atoms is much more 

effective, stable, light in weight EMI shielding materials than 

typical metal based materials, while the use of conventional 

EMI shielding materials based on metallic or magnetic 
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materials has been limited by heavy weight and corrosion

problems.8-14 The recent advances in chemical vapor 

deposition (CVD) growth of large-area high-quality graphene 

is expected to enable the practical applications of graphene in 

our daily lives.15-19, 24, 25

Recently, with advances in electronics, 

micro/nanofabrication and information technology, wearable 

devices have been emerged and studied for the past few years. 

Contact lens type wearable devices also have been developed 

for various purposes including the diagnosis of glaucoma or 

diabetes by measuring intra ocular pressure or glucose 

composition of tears, where RF technologies using 

electromagnetic (EM) waves can be employed for power 

supply or signal.20-23 However, in this case, there is a 

possibility of low temperature burn or dehydration, because 

the exposure to EM waves is very continuous and close to 

eyes, even though electromagnetic wave interference (EMI) 

level generated from the device is considered relatively weak. 

Likewise, as a variety of wireless devices are connected to 

the internet of things (IoT) technologies, the exposure of our 
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eyes to environmental EM waves will be steadily increasing. 

Thus, the EMI shielding function of the smart contact lenses is 

of great importance. In addition, it is known that wearing 

contact lenses for a long period of time possibly causes dry 

eye syndrome, which needs to be protected by keeping eye 

moisture as much as possible using a diffusion barrier. We 

believe that the CVD graphene is a suitable material for the 

EMI shielding and dehydration protection of contact lenses,

because it has outstanding electrical properties as well as

gas-impermeability along with high optical transmittance, 

mechanical flexibility, and environmental stability. 
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2.1.2. Experimental

Sample preparation. Monolayer graphene was synthesized on a

high purity Cu foil (Alfa Aesar, 99.99%) utilizing 8 inch quartz 

tube CVD. The Cu foil was heated up to 1000 °C for 1 hour 

under a 15 sccm H2 flow, and then 150 sccm CH4 was inserted 

to grow graphene over 30 min at 1000°C. Then, the furnace 

was rapidly cooled down to room temperature under a 15 

sccm H2 flow. For the supporting and protecting of graphene,

the PMMA solution was applied onto the graphene/Cu foil by a 

spin-coater. The Cu foil was etched away using 0.1 M 

ammonium persulfate ((NH2)4S2O8) over 5 hours. After 

rinsed with DI water, the floating graphene layer and the 

PMMA support film were transferred onto the target substrate

(Si wafer, PET, contact lens). Si wafer with oxidation of 

300nm and commercial contact lens (INTEROJO, 1Day Clalen) 

were used as substrate. To make encapsulation between 

contact lens and vial in water vapor transmittance rate test, 
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we used 3M, Scotch AD6007 for the adhesive.

Fabrication of Graphene Lens with micro-LEDs. Single-layer 

graphene was transferred on a silicon wafer by PMMA-

assisted wet-transfer. The micro-patterns of graphene 

(Width = 15 ㎛, Length = 50 ~ 200 ㎛) was generated by a 

typical photolithography process using a photoresist (AZ 

GXR-601, thickness = 1.5 ㎛). To transfer the micro-

patterned graphene onto a contact lens, the PMMA supporting 

layer was coated on the patterned graphene again, and then, 

the silicon oxide layer was etched by 4 M potassium 

hydroxide (KOH) solution at 90 ℃. After rinsing with DI 

water, the floating graphene layers was transferred onto a 

contact lens by same method mentioned above. Finally, the 

pre-wired micro-LEDs (0402 SMD LED Green) was

connected on the patterned graphene lens by silver paste.

Characterization. Optical microscopy was performed by Nikon 

ECLIPSE LV100ND, and the Raman spectra were recorded by 

a Raman spectrometer (RM 1000-Invia, Renishaw, 514nm). 

The sheet resistance was measured with 4-point probe 

nanovoltmeter (Keithley 6221) and DASOL FPP-40K. The 
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current-voltage curve was measured by Agilent B2912A. We 

used a microwave oven of SAMSUNG Electronics (frequency 

= 2.45 GHz, Maximum output power = 700 W). An IR camera 

(FLIR T650sc) was used to monitor temperature change of 

samples. For the water vapor transmittance rate test, we used 

precision electronic scale with METTLER TOLEDO MS105DU.

The SEM images were obtained by filed-emission scanning 

electron microscopy (FESEM, AURIGA Carl Zeiss).
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2.2.3. Results and Discussion

Schematic working principle of the EMI shielding 

graphene contact lenses is shown in Figure 19a~d. Without 

graphene, the electromagnetic (EM) wave passes through the 

contact lens and directly absorbed by eyeballs, possibly 

causing a thermal damage potentially related to cataracts. In 

the case of using graphene, the EM wave is partially absorbed 

by the graphene layer on the contact lens, which reduces the 

EM energy delivered to the inner eyeballs (Figure 19a, b). 

When wearing contact lenses, tears play a role as lubricant, 

but the dehydration of the eyes may cause xerophthalmia 

(Figure 19c). The dehydration process can be prolonged by 

the graphene coating (Figure 19d). 

Reliable graphene coating on the contact lens with a thin

and soft hemispherical feature is a key for the experiment. 

For the conformal and durable coating of graphene on the lens, 

we used a template with same radius curvature of a contact 
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lens. Overall fabrication processes are shown in Figure 19e. 

We synthesized the continuous monolayer graphene on a high 

purity Cu foil (99.99 %) using a typical chemical vapor

deposition method with flowing 150 sccm methane and 15 

sccm hydrogen gases at 1,000 °C in an 8-inch quartz tube, 

followed by coating with PMMA.16 After etching away the Cu 

foil with 0.1 M ammonium persulfate ((NH2)4S2O8) aqueous 

solution and rinsing graphene in DI water, PMMA/Graphene 

was transferred on contact lens naturally attached on the 

template by surface tension of lens, steadily maintaining its 

feature during transfer process. After baking for 30 minutes 

at 80 °C on a hot plate, the PMMA was removed by acetone. 

Here, the contact lens can be protected from acetone by the 

graphene layer on top. Finally, the graphene coating on the 

contact lens is completed by isolating the lens from the 

template using a sharp tip.
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Figure 19. Schematic working principle of a graphene-coated

contact lens and its fabrication process. (a) Electromagnetic

(EM) wave passes through contact lens and absorbed by an 

eyeball, possibly causing heat damage inside. (b) EM energy
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is absorbed by graphene and disscipated as a heat before 

reaching the interior of the eye. (c-d) Dehydration of a 

contact lens can be reduced due to the gas-impermeability of

graphene (e) The fabrication process of the graphene-coated 

contact lens.
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Graphene lens was being crinkled up immediately after 

the process because it was exposed to air during the process, 

proceeding dehydration of lens. However, lens had been 

recovered its original feature by dipping in the saline solution 

for a while. A slight fall-off of transmittance, assumed 2.3 % 

at 550 nm, was found in graphene lens comparing with normal 

lens, but it was hard to recognize that difference (Figure 20c), 

suggesting that graphene lens could give us clear vision in 

wearing.16 Electrical property of graphene lens has been 

investigated using 4 probe point measurement. PET sample 

coated with graphene (graphene PET) was also measured for 

the reference (Figure 20d). For the electrode, silver paste 

was formed on samples at intervals of 5 mm. To evaluate 

variation, 5 individual graphene lenses and 9 points in a

graphene/PET sample were measured. Figure 20e is I-V plot 

of graphene lens with the resistance range of 199 Ω ~ 240 Ω,

similar value with graphene PET. The sheet resistance of the 

graphene on the contact lens was calculated to be as low as 
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593 Ω/sq (± 9.3 %), as shown in Figure 20f.

Figure 20. Optical and electrical properties of graphene films. 

(a) Optical and SEM images of graphene samples transferred 

on a SiO2 substrate. (b) Raman spectrum of graphene showing 

monolayer thickness and low defect density. (c) 

Transmittance of a bare contact lens and a graphene-coated 

contact lens. Scale bar: 1cm. (d-f) Evaluation of electrical 

properties of graphene samples, including 4-point sheet 

resistance masurement and I-V characteristics.
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To confirm the actual EMI-shielding effect of the 

graphene-coated contact lens, we irradiated a strong EM 

waves (120 W for 50 sec.) on to egg whites inside a 

microwave oven that has similar wavelength ranges with 4G 

LTE and Bluetooth (2.45 GHz) as shown in Figure 21. The 

results show that the thermal denaturalization, i.e. color 

change of the graphene-protected egg is considerably less 

than the case without graphene that protects EM waves.10

When the graphene is exposed to EM waves, the

electrons in orbital motion induce oscillating magnetic 

moments in response to external magnetic field, which

efficiently absorbs the EM energy and dissipates it as thermal 

energy. Therefore, the EM absorption efficiency can be 

evaluated by monitoring the heat generation from the 

graphene-coated contact lens. An IR camera was used to get 

thermal infrared images after applying EM radiation (120 W) 

on the samples inside a microwave oven for 20 seconds 

(Figure 21c). The results show that the temperature of the 

graphene-coated contact lens was rapidly increased above 
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~45 °C, while the normal lens remained almost unchanged.

Figure 21. EMI shielding effect of the graphene-coated 

contact lens tested in a microwave oven. (a) Sample prapration 

for the microwave oven test. Egg whites on a Si wafer are 

covered with the contact lenses with and without graphene 

coating, respectively. (b) A microwave oven test showing the 

excellent EMI shielding effect of the graphene-coated contact 

lens. The egg white protected by graphene shows less 

thermal denaturalization. (c) IR camera images showing the 

the elevated temperature of the graphene-coated lens inside 

a microwave oven, indicating the EM energy is efficiently 
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absorbed and dissipated as heat.

To demonstrate the dehydration protection of graphene 

lens, we measured the water vaporization rate of water-filled 

vials capped with the contact lenses. The vial samples were 

placed on a hot plate at 38 ˚C, and the mass loss was 

measured on an electronic scale (Figure 22).6 After 7 days, 

the weights of the normal and graphene-coated lenses were 

decreased by 0.8268 g and 0.5535 g, respectively (Figure 

22c). The water vapor transmission rates (WVTRs) were 

estimated by considering the size of the lens, which has been 

reduced by 30 % (Figure 22d). We expect that the further 

improvement can be made by minimizing the defects on 

graphene during transfer and fabrication processes or by 

stacking multilayers of graphene.7
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Figure 22. Enhanced dehydration protection by a graphene 

coated contact lens. (a) Schematic of the experimental setup 

to measure the water evaporation rate througth contact lenses. 

(b) Weight loss measured with time on a hot plate at 38℃. (c) 

Water vapor transmission rate (WVTR) values of the contact 

lenses without and with graphene coating, derived from (b). 

The dehydration protection performance has been enhanced 

by ~30%.
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Finally, we demonstrated a simple micro-scale light 

emitting diode (LED) device fabricated on a contact lens with 

graphene electrodes. Figure 23a shows the fabrication 

processes of graphene electrodes by a conventional 

photolithography techniques.24-25 The graphene was patterned 

on a SiO2 substrate and transferred onto a contact lens by 

using PMMA as a supporting layer (Figure 23b, c). The 

negligible I(D)/I(G) ratio in Raman spectra indicate that no 

defect has been generated after patterning and transfer 

(Figure 23e). No meaningful change has been observed for 

high level EM exposure (~ 1 m from 100 W source) for more 

than 200 hrs. The pre-wired micro-LED was successfully 

working at ~ 9 V, implying that the graphene pattern on the 

contact lens is electrically continuous and robust enough to be 

used as an electrode (Figure 23g).
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Figure 23. Demonstration of a light emitting diode (LED)

fabricated on a graphene-coated contact lens with electrode 

patterns. (a) A schematic view of the fabrication processes 

including the pattering of graphene by photolithography and O2

plasma etching. (b-c) Optical and (d) SEM images of the 

patterned graphene on a conatact lens. (e) Raman specta of 
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the patterned graphene on target substrates. (f) An 

assembled LED/graphene contact lens. (g) On/Off images of 

LED graphene lens operating voltage at 9 V.
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2.2.4. Conclusion

In conclusion, we demonstrated the conformal coating of a 

soft contact lens with CVD graphene and its application to EMI 

shielding and dehydration protection. The sheet resistance of 

~593 Ω/sq. and the LED operation at 9 V indicate that the 

electrical properties of graphene can be maintained even after 

transfer and patterning. The EM wave shieling function of the 

graphene-coated contact lens was tested on egg whites 

exposed to strong EM waves inside a microwave oven. The 

results show that the EM energy absorbed by the graphene is 

released in the form of thermal radiation so that the damage 

on the egg whites can be minimized. We also demonstrated 

the enhanced dehydration protection effect of the graphene-

coated lens by monitoring the change in water evaporation 

rate from the vial capped with the contact lens. Thus, we 

believe that the graphene-coated contact lens would provide 

a healthcare and bionic platform for wearable technologies in 

the future.
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Chapter 3. Electrochemical application of 

graphene and beyond graphene materials

3.1. Roll-to-roll laser-printed graphene-

graphitic carbon electrodes for high 

performance supercapacitors

3.1.1. Introduction

Recently, there have been intensive studies on the large-

area fabrication of various patterned electrodes essential for 

flexible displays1,2, chemical sensors3, transparent heaters4,5, 

etc. In particular, flexible energy devices require various 

patterning techniques with different shapes6,7, for example, to 

fabricate supercapacitor electrodes with uniform finger 

distances and larger surface areas for higher efficiency.8

However, conventional patterning methods based on the use 

of pre-patterned masks9,10 or complicated lithography 

techniques11 are costly and time-consuming. On the other 
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hand, a laser printing technique is expected to provide a very 

simple and cheap route to generate various patterns, but it has 

not been utilized for the fabrication of energy or display 

electrodes.

Carbon materials have been widely used in modern 

technologies,12-14 and among them, graphene has been most 

studied as an electrode material particularly useful for energy 

storage applications15,16 thanks to its large surface area 

(theoretically 2,630 m2/g)16, high electrical mobility ( ~ 

14,000 cm2/Vs)17, mechanical flexibility (Young’s modulus ~ 1 

TPa)18 and superior chemical stability.19 Electro-spraying20

and laser-scribing in a DVD writer21,22 were used to pattern 

the graphene-like materials, but the size and speed of 

fabrication has been limited for practical applications. Ink-jet 

printing enabled the large-area fabrication of carbon 

electrodes.23,24 However, it is very hard to prepare printable 

graphene-based ink materials with uniform size and 

dispersion. Otherwise, a residual deposition on the nozzle 

disturbs a delicate pattering and often results in the blockage 

of nozzles. Thus, we present a new strategy to fabricate 
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graphene-graphitic carbon-based supercapacitors using a 

commercially available standard laser printer and its toner 

material as a carbon source in a continuous way. This roll-

to-roll process enables a quick fabrication of densely 

patterned supercapacitor electrodes on a large-area substrate 

with a flexible and scalable design by simple printing software. 

The fabricated supercapacitor devices are expected to exhibit 

high performance with outstanding mechanical flexibility and 

chemical stability.



１０５

3.1.2. Experimental

Preparation and fabrication of graphene-graphitic carbon 

supercapacitors. Patterned graphene-graphitic carbon 

supercapacitors were produced by the direct laser writing 

using a consumer-grade standard laser printer and toner 

(FUJI XEROX CP405 d). High purity copper foils (Alfa Aesar, 

99.999%) were used instead of conventional papers. The 

patterned carbon powder on the copper foils was placed in the 

cold zone of annealing chamber flowing with flowing 50 sccm 

H2 and 500 sccm Ar gas. When the centre of the furnace 

reached 800 ℃, the samples were moved to the hot zone of 

the furnace. After 30 min, the samples were left to cool down 

to room temperature in argon circumstance for protection gas.

Characterization and measurements. The microstructures and 

morphologies of laser printed patterns were investigated by 

field-emission scanning electron microscopy (FESEM, 

AURIGA Carl Zeiss) and tunneling electron microscopy (TEM, 

JEOL JEM-2100). The Raman spectra were obtained by a 
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Raman spectrometer (RM 1000-Invia, Renishaw, 514 nm). 

Structure bonding in the structure is analyzed by FT-IR and 

XPS; The FT-IR spectra were obtained by using a Thermo 

Scientific Nicolet 6700 spectrometer and XPS analysis was 

carried out with a KRATOS AXIS-HSi model in Research 

Institute of Advanced materials.

Electrochemical measurements. The prepared graphene-

graphitic carbon on copper foil were directly adopted as an 

electrode without any additional treatment. Test cells were 

assembled in a glove box into a two-electrode configuration 

with a Li metal counter electrode and 1MLiPF6 in EC/DMC(1:1 

vol %) as an electrolyte. A separator of grade GF/F (Whatman, 

USA) was sonicated in acetone and dried 180 ℃. 

Electrochemical profiles were obtained with a voltage range of 

3 V to 0.01 V using a multichannel potentio-galvanosat 

(WonATech).

Characterization. An infrared camera (FLIR T650sc) was used 

to measure the temperature gradient of the graphene films. 

The sheet resistance was measured using a 4-probe with a 

nanovoltmeter (Keithley 6221, 2182A) and the Van der Pauw 
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method was applied. The electrical properties were measured 

by Agilent 2602. Constant 10 mV voltage was applied from 

source to drain during the measurement. The Raman spectra 

were recorded using Renishaw Invia Raman Microscope with 

1mW 514nm Ar laser with the spot size of 2 ㎛.
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3.1.3. Results and Discussion

The general laser printer toner which contains carbon 

powders, pigments and organic binders (except iron oxide) is 

injected into a clean cartridge and printed on a metallic foil 

(Cu or Ni) through a roll-to-roll process (Figure 24, 25). 

Then, the printed metallic foil is annealed in a quartz tube with 

flowing 150 sccm Ar and 50 sccm H2 at 700~1,000 °C, 

where the metallic surface catalyses the formation of 

graphene or graphitic carbon layers (Figure 26).25,26 We find 

that non-carbon impurities in pigments, organic binders and 

iron oxides are removed, and only carbon-based materials 

are obtained after the annealing (Figure 25). The synthesized 

graphene-graphitic carbon materials on a metallic foil can be 

used directly as supercapacitor electrodes without any 

additional process to attach binders and current collectors. It 

was possible to fabricate more than 500 supercapacitor 

electrode cells on a A4-sized metallic foil.
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Figure 24. Schematic illustration of the synthesis process of 

graphene-graphitic carbon supercapacitors by a common laser 

printer. The laser toner powder as a carbon source is pre-

patterned on a metal foil. After annealing process, the 

graphene-graphitic carbon films on a metal foil is directly 

used as supercapacitors without additional treatment.
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Figure 25. Binding materials in laser printing toner powders 

and their changes in Raman spectra before and after annealing. 

(a) Molecular structures of the binding materials in the laser 

printing toner excluding carbon powder and pigments. (b, c) 

Raman spectra of the toners with differet colours laser-

printed on a copper foil before and after annealing process.
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Figure 26. (a) A schematic illustration the synthesis of 

graphene-graphitic carbon layers. A laser-printed copper foil 

was placed in the cold zone of the quartz tube with flowing 50 

sccm H2 and 500 sccm Ar (section 1). When the centre of the 

furnace reached 800 ℃, the furnace was moved to the 

position of the copper foil for annealing (section 2). After 30 

min, the furnace was moved back to the cold zone, and the 

sample was rapidly cooled down to room temperature (section 

3). (b) A temperature-time plot for the synthesis of 

graphene-graphitic carbon layers, corresponding to a.
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Figure 27a shows the photographs of a copper foil with 

laser-printed patterns before and after annealing process, 

showing that continuous and well-defined graphitic carbon 

structures. The scanning electron microscope (SEM) images 

in Figure 27b shows the comparison between non-patterned 

and patterned carbon structures on a copper foil after 

annealing. We suppose that the formation of spherical 

particles maximizes the surface area of the carbon electrodes, 

which enhances electrochemical reactivity.

The cross-section SEM images in Figure 27c 

demonstrate that the thickness of the graphitic carbon 

electrode is decreased from ~7um to ~4 um as the non-

carbon impurities in the toner are removed at the high 

temperature. The transmission electron microscope (TEM) 

images in Figure 27d indicates that few layer graphene films 

are formed at the boundary between the copper foil and the 

graphitic carbon material, implying that the catalytic effect to 

form graphene layers is available near the metallic surface 

although the excessive carbon source exists. As a result, the 

graphene-graphitic carbon hybrid structures are formed. The 
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graphitic carbon with high surface area is advantageous for 

electrochemical reaction, while the graphene with strong 

bonding to the metallic substrate improves the chemical 

stability and conductivity. To demonstrate the flexibility in 

design, the finger electrode patterns with various scales are 

laser-printed and annealed as shown in Figure 27e.
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Figure 27. Optical and electrical properties of graphene films. 

(a) Optical and SEM images of graphene samples transferred 

on a SiO2 substrate. (b) Raman spectrum of graphene showing 

monolayer thickness and low defect density. (c) 

Transmittance of a bare contact lens and a graphene-coated 

contact lens. Scale bar: 1cm. (d-f) Evaluation of electrical 

properties of graphene samples, including 4-point sheet 

resistance masurement and I-V characteristics.
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The resulting graphene-graphitic carbon electrode has 

excellent adhesion property on a metallic foil even with the 

absence of conventional polymeric binders such as 

polyvinylidene fluoride (PVdF). The peeling-off and rubbing 

tests in Figure 28a show the excellent adhesion stability. The 

chemical stability of graphene-graphitic carbon electrode 

withstanding in (i.e. 1M LiPF6 in EC/DMC and 1M LiTFSI in 

TEGDME) organic solvents exhibits no net weight loss. 

Additional chemical stability test was conducted to prove its

stability in variety of solvents (Figure 29). These results 

show potential feasibility for electrochemical device 

application in multiple electrolyte settings. 

The Raman analysis in Figure 28c shows a typical 

spectrum of carbon-based graphene materials. After the 

annealing process, the intensity of D and G band is 

considerably increased, implying that the graphitic carbon 

structures are formed. Furthermore, we measured transfer 

characteristics of FETs from graphene/graphitic carbon on 

SiO2 using conventional PMMA transfer methods (Figure 30). 

The Dirac point demonstrate graphene-graphitic carbon 
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hybrid structure, as we mentioned above. The electrical 

properties need to be further studied and optimized through 

following studies. The colour of the toner powder depends on 

the number of hydroxyl groups in pigments and the ratio 

between pigments and carbon powders, which turns out to be 

negligible for the crystallinity and the defect density of the 

graphitic carbon electrodes for supercapacitors (Figure 25). 

Before annealing, the laser toner powder shows multiple FT-

IR peaks related to the complicated structures of pigments, 

which is mostly disappeared during the graphitization process 

except C-O peaks (Figure 28d). The C 1s and O 1s peaks in 

the XPS spectra also indicate that the carbon layers are 

mostly sp2 carbons that are slightly oxidized with stable C-O 

groups, which are chemically inert enough against harsh 

electrochemical reactions in a supercapacitor. 

The same experiment is also conducted on a nickel foil to 

use it as a counter electrode (Figure 31). Due to the higher 

carbon solubility of Ni than Cu, thicker and higher-quality 

graphene-graphitic carbon layers are formed, which implies 

that a wider range of applications is possible with the laser-



１１７

printed graphene-graphitic carbon electrodes on different 

metal foils with enhanced catalytic and electrochemical 

properties.
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Figure 28. Mechanical, chemical stability tests and 

spectroscopic analyses. (a) Peeling-off test of the graphene-

graphitic carbon electrodes using a commercial Scotch tape 

(left) and rubbing test (right). (b) Chemical stability test in 

organic electrolytes (1M LiPF6 in EC/DMC and 1M LiTFSI in 

TEGDME). (c, d) Raman spectra and FT-IR spectra of the 

graphene-graphitic carbon electrodes before/after annealing. 

The peak at 1629 cm-1 is originated from the sp2 

hybridization of carbon-carbon double bonding in plane 

stretching. (e, f) C 1s and O 1s XPS spectra before/after 

annealing. The O 1s peak for C=O bonding at (~532.0 eV) is 

shifted to the peak for C-O bonding (~533.0 eV).
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Figure 30. Chemical stability test in various solvents. 

Negligible weight loss in various organic solvents (i.e. water, 

ethanol, isopropanol, and acetone) also exhibits the excellent 

chemical stability of graphene-graphitic carbon electrode.
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Figure 30. Transfer characteristics of graphene-graphitic 

carbon measured at Vds = 0.01V. Graphene-graphitic carbon 

shows ambipolar behavior with a Dirac cone at Vg ~ -50V.
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Figure 31. Microscopic and spectroscopic analyses of the 

grahene-graphitic carbon formed on a nickel foil. (a) A 

photograph of the laser-patterned graphene-graphitic carbon 

layers on a nickel foil after annealing process. (b) SEM 

images of the laser-patterned (upper) and the non-patterned 

area (lower) on the nickel foil after annealing. (c) A cross-

sectional SEM image of the graphene-graphitic carbon film on 

the nickel foil after annealing. (d) Raman spectra of the 

graphene-graphitic carbon electrode after annealing (e,f) C 

1s and O 1s XPS spectra of the laser-printed graphene-

graphitic carbon electrode before/after annealing on a nickel 

foil.
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We evaluated the electrochemical performance of 

synthesized graphene-graphitic carbon on copper foil as the 

electrode for lithium-ion cells. Note that the synthesized 

material was directly adopted to electrochemical cells as 

electrodes without any additional treatments. The 

galvanostatic measurement shows that the electrode exhibits 

a specific capacity of 100 mAh g-1 which is comparable to the 

commercial electrochemical supercapacitors such as activated 

carbon (Figure 32a).27,28 Figure 32b shows the rate 

performance of graphene-graphitic carbon materials, 

retaining approximately 55% of its capacity at the current 

density of 5 A g-1, which corresponds to 40 seconds of 

charge and discharge (Figure 32c). This outstanding 

performance of graphene-graphitic carbon electrode excels 

other previously reported carbon-based supercapacitors as 

shown in Ragone plots (Figure 32d) in comparison with other 

supercapacitors such as hierarchical porous graphitic carbon29, 

small-pore carbon30, pistachio nustshell-derived microporous 

carbon31, and activated carbon32. 
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To better understand the energy storage mechanism of 

the graphene-graphitic carbon electrode, we conducted cyclic 

voltammetry (CV) test with various voltage scan rates (0.1-

10 mV s-1) (Figure 32e). Assuming that the current obeys a 

power-law equation as follows:

where is a measured peak current, is a voltage sweep 

rate, and are adjustable parameters.33,34 The value of 

1.0 generally indicates a surface-limited (capacitive) reaction 

whereas the b value of 0.5 represents a diffusion-controlled 

reaction such as intercalation.33,35 The CV results of 

graphene-graphitic carbon show two distinctive peaks at ~1.1 

V vs. Li/Li+ and ~0.1 V vs. Li/Li+. When they are plotted as 

log(scan rate) vs. log(peak current), each peak corresponds 

to the slopes of 0.95 and 0.78, respectively. (Figure 32f). The 

values of the slope indicate that capacitive contribution is 

dominant in the first redox peak (~1.1 V vs. Li/Li+), and the 

following peak (~0.1 V vs. Li/Li+) exhibits not only capacitive 
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reaction but also diffusion-controlled intercalation. This CV 

results are consistent with the previous characterization of 

the material in Figure 27d, which showed that the material 

consists of amorphous carbon as well as crystalline graphite. 

Amorphous part having large surface area and defects would 

act as an active site for the capacitive charge storage, while 

the crystalline part would serve a host for Li+ intercalation. 

This can also be supported by the fact that Li+ intercalation in 

graphite occurs at approximately 0.1 V vs. Li/Li+ which 

corresponds to the second peak position. The electrode could 

exhibit high stability during the operation with nearly 100% of 

the capacity retention after 3,000 cycles (Figure 32g). For 

more practical feasibility, we constructed a full cell comprised 

of the synthesized material as an anode and commercial 

activated carbon (MSP-20) as a cathode. Note that the 

cathode contains excessive amount of activated carbon so that 

the voltage of cathode was assumed to be constant during the 

electrochemical operation. The results show that graphene-

graphitic carbon material exhibits a comparable capacity of 

100 mAh g-1 in full cells (Figure 32h) and stably operate for 
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over 100 cycles (Figure 32i). Additionally, electrochemical 

performance of synthesized material on nickel foil was also 

tested, showing comparable capacity, rate capability, and 

cycle stability (Figure 33). 
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Figure 32. Electrochemical performance of graphene-graphitic 

carbon materials. (a) Typical charge/discharge profiles of 

materials before (sky blue) and after (dark blue) synthesis. 

(b) Charge/discharge profile with time vs. voltage. (c) Rate 

capability of the electrodes with current density of 0.05-5 

Ag-1. (d) Comparison of gravimetric power and gravimetric 

energy. (e) Cyclic voltammetry measurement and its plot in 

terms of log (scan rate) vs. log (peak current). (g) Cycle 

stability of the electrode. (h) Charge/discharge profile and (i) 

cycle stability of 0full cell consisting of graphene-graphitic 

carbon materials and activated carbon.
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Figure 33. Electrochemical perfromance of the graphene-

graphitic carbon materials laser-printed and annealed on a 

nickel foil. (a) Typical charge/discharge profiles of materials. 

(b) Charge/discharge profiles in time vs. Voltage. (c) Rate 

capability of the electrodes with current density of 0.05-5 A 

g-1. (d) Cycle stability of the electrode. (e) Charge/discharge 

profiles and (f) cycle stability of full cell comprised of 

graphene-graphitic carbon materials and activated carbon.
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3.1.4. Conclusion

The graphene-graphitic carbon materials were easily 

synthesized by simple printing on metal foils with the 

consumer-grade laser toner followed by annealing process. 

The new type materials look like typical printed letters, as 

their shapes or images are commonly found in documents. 

These synthesized materials were adopted as electrochemical 

supercapacitors and showed significantly high electrochemical 

performance compared to the commercial carbon materials. It 

is remarkable that the fabrication process described here 

removes the complicated lithography processes which are 

very expensive and time consuming, while enhancing the yield 

and efficiency of compactly patterned supercapacitors on the 

large surface. In addition, this technique enables graphene-

graphitic carbon on metal foils to be used as supercapacitors 

without any additional treatment such as making slurry with 

binders, conductive additives and current collectors that are 

usually required in producing commercial supercapacitors. 

Thus, our new technique holds the key to produce low-cost 
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supercapacitors in a large scale for a short time. Furthermore, 

graphene-graphitic carbon composites show superior 

mechanical, chemical and cycling stability. This is notable 

when compared with micro-patterned electrochemical devices 

whose finite lifetime and instability could be major problems 

especially when they have to be inserted in forthcoming 

flexible and wearable electronics. Due to the simplicity and 

scalability, future studies and findings will be utilized for 

extending the applications of the laser printed power sources 

to other various storage fields such as active radio frequency 

identification tags, flexible electronics embedded into clothing 

and roll-up portable large area displays.
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3.2. UV-ozone engineered MoS2 synthesized 

by MOCVD for improved hydrogen evolution

3.2.1. Introduction

The development of renewable and sustainable green 

energy is a crucial issue to overcome current energy crisis 

such as carbon dioxide emission and limited resources 

brought about by traditional fossil fuels.1-4 Among the 

possible alternative energy resources, hydrogen holds 

tremendous promise because of its high mass energy density 

and environment friendliness.5-9 Water splitting is one of the 

most convenient and promising methods for hydrogen 

production.10 In general, precious metals such as platinum, 

rhodium and palladium exhibit have been used as catalysts for 

excellent hydrogen evolution reaction (HER); however, the 

scarcity and high cost of precious metals largely limit their 

applications compared with other environmentally sustainable 

energy sources.11-13 Therefore, essential requirements for 

outstanding catalysts are not only earth-abundant materials 
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to replace noble metals but also the abilities to increase the 

efficiency of electrochemical reaction.

Among all these alternatives, molybdenum disulfide 

(MoS2), a hexagonally packed layered structure of transition 

metal dichalcogenide (TMDC) with weak van der Waals 

interactions, has received tremendous attention in recent 

years because of the nontoxicity and earth-abundant 

amount.14,15 In addition, good stability and high reactivity of 

MoS2 have leaded it to HER application as a catalyst to 

replace Pt.16,17 Although bulk MoS2 has poor activity, 

nanostructured MoS2 has showed significant enhancement of 

HER performance due to the edge sites of 2H-MoS2, which 

were theoretically predicted and experimentally 

demonstrated.18-21 Since then, subsequent challenges 

including phase and structure engineering have been carried 

out to maximally expose edge sites.22,23 Compared to 2H-

phase, 1T-phase shows more efficient HER activity in both 

basal plane and edge, but the stability is very poor to apply 

common electrochemical catalysis.24-26 However, except the 

structural engineering during the synthesis, a few methods 
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have been explored to enhance the HER in pristine MoS2. 

Recently, Zheng X. L. group reported sulfur vacancies in MoS2

basal plane using elastic tensile strain and electrochemical 

desulfurization process.27,28 Even though they demonstrated 

outstanding HER efficiency of MoS2 films, these methods 

could not overcome the problems of complicated procedures 

and long time required for the process. In addition, it is 

difficult to transfer MoS2 films on other unprocessed 

substrates holding the high performance. The other method to 

generate sulfur vacancies in the basal plane is controlled 

argon plasma exposure and hydrogen annealing to increase 

catalytic effects.29 In contrast, the stability and conductivity of 

monolayer MoS2 decrease dramatically during the plasma 

treatments. In addtion, the number of electrochemical active 

edge sites in large-area MoS2 films synthesized by 

conventional solid source is limited owing to large graine size. 

To fully utilize vacancies engineered MoS2 catalysts for 

commercial applications, distinctive synthesis method and 

convenient post-process with acceptable mechanisms and 

reasons are developed.



１３８

Here, we demonstrated that metal organic chemical vapor 

deposition (MOCVD) and post UV-Ozone treatment could 

introduce more active sites and increased conductivity via the 

small grain size and oxygen doping, leading to a high density 

of exposed edge sites and a significant improvement of the 

hydrogen evolution activity. Pristine MoS2 bilayers were 

synthesized by MOCVD. The grain size of MoS2 synthesized 

by metal organic sources had very smaller grain size than 

solid source synthesis, which increased the possibility to 

exposure many active sites for HER. In previous study, it is 

suggested that bilayer MoS2 had increased photoluminescence 

(PL) intensity and superior stability than monolayer after 

UV-ozone process.30 Therefore, we synthesized bilayer films 

and post UV-ozone oxygen doping process to increase the 

conductivity. The mechanisms of increased electrochemical 

hydrogen evolution are explained by PL, exciton life time and 

other discrete atom scale analyses
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3.2.2. Experimental

Preparation of UV-ozone Treated Bilayer MoS2 by MOCVD 

Method. Detail synthesis method is recorded in Supporting 

Information. Molybdenum hexacarbonyl (Mo(CO)6) (Sigma 

Aldrich, > 99.9 %) and hydrogen sulfide (H2S) (diluted in 5 % 

in argon) were used as the Mo and S precursor, respectively.

One hundred sccm argon was used as the carrier gas during 

growth. The growth substrate was SiO2 (300 nm)/Si wafer is 

loaded at the center of the quartz tube vertically with a quartz 

wafer carrier. The furnace temperature was raised up to 

600 ℃ in 15 min and kept stable at 600 ℃ for 120 min. After 

growth, the furnace was left to cool down naturally. The 

samples were irradiated with UV light source (UV/ozone 

cleaner, Bioforce) before characterization.

Material Characterization. Optical microscopy was performed 

by Nikon ECLIPSE LV100ND. The AFM image was measured 

by a noncontact mode (Park System, XE-100). The Raman 

spectra were recorded using Renishaw Invia Raman 
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Microscope with 1mW 514nm Ar laser with the spot size of 2 

㎛. We measured PL using NA 0.95 objective lens and CCD 

(iDus 401 BV) with 24 mW 473 nm laser. The 

microstructures and morphologies were investigated by field-

emission scanning electron microscopy (FESEM, AURIGA 

Carl Zeiss) and tunneling electron microscopy (TEM, JEOL 

ARM200F). XPS analysis was carried out with a KRATOS 

AXIS-His model in Research Institute of Advanced materials. 

We measured fluorescence lifetime using PicoQuant, Micro 

Time-200 with 470 nm laser excitation.

Electrochemical Measurement. The electrochemical sample 

was prepared through a PMMA-assisted transfer method. 

The MoS2/SiO2/Si substrate was first spin-coated by a PMMA 

thin film. Then, 1 M KOH solution at 90 ℃ was used as the 

etchant to etch away the SiO2 layer. After that, the MoS2 on 

the PMMA was rinsed with DI water and then transferred onto 

a clean glassy carbon electrode. Finally, the sample was baked 

70 ℃ in 1 hour and then the PMMA was washed off with 

acetone and iso-propanol. In case of UV-ozone treatment 

samples, the UV-ozone irradiated to the samples after all 
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transfer processes.

All electrochemical experiments were conducted in a three-

electrode system. Ag/AgCl/3M NaCl, Pt and glassy carbon 

covered by MoS2 film were used as a reference electrode, a 

counter electrode and a working electrode, respectively. 

Electrochemical tests were carried out at room temperature 

using a potentiostat system (CHI 600D, CH instruments). The 

electrode potential vs Ag/AgCl was converted to the RHE 

scale, using the following equation: E(RHE) = E(Ag/AgCl) + 

0.197  + 0.0592*pH V. The electrolyte was sulfuric acid with 

500 mM ionic strength and scan rate was 50 mV/sec. 

Additionally, overpotential values were calculated by the 

difference between the iR-corrected potential (V = Vapplied 

– iR) and the thermodynamic potential of hydrogen evolving 

reaction.
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3.2.3. Results and Discussion

The total process is schematically illustrated in Figure 

34a. Similar to Park’s group previous study, the MoS2 atomic 

layers are synthesized via MOCVD method and hydrogen 

disulfide gas.31 The single-layer MoS2 films synthesized by 

MOCVD have very smaller triangular shape (~ 250 nm) than 

conventional solid source synthesis as shown SEM image in 

Figure 35. This small grain size give a possibility to expose a 

high density of edges sites for enhanced HER after UV-Ozone 

treatments. Controlling the pressure and concentration of 

liquid source, we could synthesize homogeneous bilayer MoS2 

films. 

As shown in Figure 34b, the intensity of both A1g and E1
2g

modes in Raman spectra represent the typical in-plane and 

out of plane vibration of MoS2 molecule.32 The value of peak 

frequency differences between A1g and E2g modes is 21 cm-1, 

which evidences the existence of bilayer MoS2.
33 The atomic 

force microscopy (AFM) image in Figure 34c shows the 
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thickness of MoS2 is about 1.4 nm, suggesting the MOCVD 

grown MoS2 is dominantly bilayer. The typical high-

resolution transmission electron microscopy (HRTEM) images 

for the MoS2 layer is shown in Figure 34d,e. Energy 

dispersive X-ray spectroscopy (EDX) is investigated to 

confirm molybdenum and sulfur as composition elements. 

(Figure 36). The inset of Figure 34d displays the fast Fourier 

transform (FFT) of the original HRTEM image, and the points 

arranged in dodecagon suggest that the MoS2 films is bilayer. 

Some folding sites were caused by the unavoidable mechanical 

deformation during the TEM sample preparation. Two layers, 

where each layer is ~ 0.65 nm thick, are identified at the 

folding sites in Figure 34e, providing direct evidence that the 

synthesized films are bilayer MoS2. X-ray photoemission 

spectroscopy (XPS) and PL techniques are effective for 

characterization of the crystal quality for two-dimensional 

materials. As shown in Figure 37, the XPS scans for the 

binding between Mo and S confirm the chemical bonding 

states of the MoS2 layers.34 The PL spectrum and mapping 

constructed by plotting the PL peak intensity (650 ~ 700 nm) 
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in confocal measurements (Figure 38) show typical bilayer 

MoS2 emission peak.35 The above results demonstrate the 

nature of homogenous high quality bilayer MoS2 films 

synthesized by our MOCVD methods.
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Figure 34. Schematic illustration of the entire process and the 

bilayer MoS2 films characterization. (a) Schematic illustration 

of UV-Ozone engineered bilayer MoS2 films synthesized by 

MOCVD. (b) Raman spectra and of the bilayer MoS2. (c) AFM 

image of MOCVD grown bilayer MoS2 with a thickness of ~ 

1.4 nm, as measured along the yellow line in inset profile.

(d,e) CS-TEM image of the bilayer MoS2 shows its hexagonal 

planar lattice: the inset shows a fast Fourier transform (FFT).
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Figure 35. A photograpph and SEM image of MOCVD-grown 

monolayer MoS2 on a sapphire substrate. Not only SiO2/Si 

wafer but also sapphire could be also used as a growth 

substrate. Triangular crystal shape, which size is below 250 

nm, is confirmed at 60 min growth time.
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Figure 36. TEM image and EDS spectrum of the pristine 

bilayer MoS2 films. (a) TEM image of the bilayer MoS2 on a 

conventional lacey copper grid. (b) EDS spectrum of the 

bilayer MoS2 films at white square in (a).
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Figure 37. XPS spectra for the MoS2 bilayer grown by our 

method. (a) Mo 3d 5/2, 3/2 and S 2s state. (b) S 2p 3/2 and 

1/2.
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Figure 38. A photograph and PL measurement of the pristine 

bilayer MoS2 on SiO2/Si wafer. (a) Optical microscope image of 

the bilayer MoS2 synthesized by our MOCVD on SiO2/Si wafer. 

(b) PL spectrum of the bilayer MoS2 obtained at (a) compared 

with a bare SiO2/Si wafer. (c) PL mapping of the bilayer MoS2

obtained at (a).
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Because the edge sites of MoS2 are active for catalytic 

effect, while the basal plane is inert, introduction of doping 

and defects in basal plane is an effective way to enhance the 

performance as reaction catalysts. Plasma exposure has 

already been demonstrated as an effective techniques to 

engineer the bandgap and structure of MoS2.
29,36-38 However, 

the stability and conductivity exposed to plasma are poor due 

to the lattice structure deformation. UV-ozone treatments 

also could manipulate opto-electrical properties of MoS2 with 

relatively superior conductivity compared to plasma 

techniques due to weak power intensity and oxygen doping.30

We applied the same process to bilayer MoS2 synthesized by 

our MOCVD methods in order to analyze the change of the 

catalytic activity. While MoS2 samples were exposed to UV-

ozone, the fundamental structure and properties were tuned.

First, we measured Raman spectrum depending on UV-ozone 

exposure. After UV-ozone exposure, in-plane vibration mode 

E2g
1 is red shifted and out of plane vibration mode A1g is blue 
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shifted. (Figure 39a) The value of peak frequency differences 

between A1g and E2g modes changes to 19 cm-1. This Raman 

spectra changes confirm the lattice distortion caused by 

oxygen.39 The simple electronic structure of MoS2 layer 

shows two exciton transitions known as direct (K point) and 

indirect transition (Г point).40 The intensity and wavenumber 

of the PL peak also varied depending on the UV-ozone 

exposure time, as shown in Figure 39b. During the UV-ozone 

exposure, the treatment could improve the MoS2 conductivity 

by oxygen doping and structural deformation, which results in 

the increased PL intensity. However, gradually over time, 

UV-ozone eventually cause lower crystal symmetry and 

increased lattice distortion, which can be attributed to 

conductivity degradation as electrochemical catalysts. To 

analyze more accurate investigation, we measured high-angle 

annular dark field (HAADF) aberration-corrected scanning 

transmission electron microscopy (CS-STEM) and electron 

energy loss spectroscopy (EELS). In Figure 39c, oxygen 

incorporation is confirmed at the atomic scale based on their 

image intensity, where the bright and dark areas correspond 
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to bilayer and monolayer, respectively. Thus, some parts 

were broken down to monolayer by UV-ozone, resulting in 

their FFT convert from dodecagonal to hexagonal as shown in 

Figure 39c inset image. Figure 39d shows the EELS spectrum 

of MoS2 films on TEM grid before and after UV-ozone 

treatment process. There is no oxygen peak in pristine MoS2, 

while the appearance of a new peak in UV-ozone treated 

MoS2 directly indicates the formation of oxygen bonding. Not 

limited to a temporary site, but such EELS spectrum can be 

observed throughout the entire region. (Figure 40) XPS 

analysis on the pristine and UV-ozone treated MoS2 is further 

used to confirm the formation of oxygen bonding in MoS2

symmetry. 

Figure 39e~h show the XPS results of Mo, S, O and C 

respectively, for the pristine and UV-ozone treated samples. 

The Mo 3d peak positions at binding energies of 229.8 and 

232.5 eV were observed and remained almost unchanged after 

UV-ozone treatment. Two peaks at binding energies of 162.8 

eV and 164.0 eV corresponding to S 2p3/2 and 2p1/2, 

respectively, were observed. The unusual change is that other 
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peak was generated at 529.8 eV after UV-ozone treatment; it 

was reported previously that S-O bonding of O 1s.41 It is also 

supported by an additional peak at ~165 eV in S 2p spectrum, 

indicating the oxidation of sulfur.42 The oxygen atoms seem to 

substitute for the Mo atoms or adhere on MoS2 films, resulting 

in the S-O bonds. Overall, we demonstrated that UV-ozone 

could control the opto-electrical properties of MoS2 and their 

crystal symmetry.
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Figure 39. Charactermiazation of the bilayer MoS2 films after 

UV-ozone treatments. (a) Raman spectrum of the bilayer 

MoS2 films under UV-ozone. (b) PL spectra of the bilayer 

MoS2 under UV-ozone. (f) PL peak wavelength as a function 

of UV-ozone exposure time. (c) CS-STEM HAADF images 

after UV-ozone: the inset shows a FFT which converts to 

hexagonal pattern. (d) EELS spectrum of the prisitne bilayer 

MoS2 and after UV-ozone treatments. (e-h) XPS spectra of 

the pristine bilayer MoS2 and after UV-ozone treatments for 

Mo 3d, S 2p, O 1s and C 1s, seperately.
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Figure 40. CS-TEM analysis after UV-ozone treatement on 

the bilayer MoS2. (a,c,f) CS-STEM HADDF images after UV-

ozone treatment at various locations . (b,d,f)  EELS spectrum 

at line profile in (a), (c) and (e), respectively.



１５６

We further plotted the PL intensity variation as a function 

of the applied laser exposure time to investigate oxygen 

incorporation effect. The UV-ozone treated bilayer MoS2

produces more excitons when exposed to laser source due to 

oxygen doping, which are sufficiently more produced than the 

pristine MoS2. (Figure 41a,b) To further investigate this 

dissimilarity, we plotted the ratio of real-time PL intensity to 

initial PL intensity according to laser exposure time as shown 

in Figure 41c. In case of pristine MoS2, the emission ratio of 

direct and indirect transition looks similar. However, UV-

ozone treated MoS2 shows considerably different ratio for 

direct ( ~ 1.38) and indirect ( ~ 1.02) transition. These time 

dependent emission intensity ratio may result from defect 

generation in MoS2 planes. The intensity increase of direct 

transition may originate from the generation of defects or 

oxygen incorporation, which are caused by UV-ozone 

treatment. In order to apply the generated MoS2 excitons as 

electrocatalysts, we measured exciton radiative lifetimes.
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Compared with exciton life time of bilayer MoS2 (~ 1.3 ns) 

calculated by density functional theory (DFT), the bilayer 

MoS2 synthesized by our MOCVD method has similar exciton 

life time (~ 1.34 ns) at room temperature.43 It is first time 

that the synthesized MoS2 exciton life time is comparable that 

of the computational values. As shown in Figure 41d, the 

exciton life time of bilayer MoS2 is continuously extended in 

proportion to the rise of UV-ozone exposure time. (The 

detailed life time values are in Table 1.) However, when the 

MoS2 symmetry is broken because of the over exposure to 

UV-ozone, we confirm that the exciton life time is decreased. 

Through exciton life time measurement, oxygen doping 

phenomenon and PL intensity variation depending on UV-

ozone exposure time are demonstrated. Therefore, we 

promise that UV-ozone treatment could control the exciton 

radiative lifetimes of two-dimensional TMDC.
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Figure 41. PL intensity variation depending on laser exposure 

time and exciton life-time measurement. (a,b) PL intensity 

variation of the UV-ozone treated bilayer MoS2 depending on 

473 nm laser exposure time. (c) The ratio of in-situ PL 

intensity to initial PL intensity after laser 125 sec exposure. 

(d) Exciton life-time spectra of the bilayer MoS2 synthesized 

by MOCVD depending on UV-ozone process time.



１５９

Pristine
Less 

exposure

Optimization 
exposure (5 

sec)

Over 
exposure

Exciton 
Life -

Time (ns)

1.34
(DFT theory : 1.3
Exfoliation : 0.71)

1.83 2.36 0.35

Table 1. Exciton life-time values depending on UV-ozone 

exposure time. Computational DFT theory and exfoliation 

expeirmental values are studied in previously report.43,44
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In order to investigate the effects of grain size and 

oxygen doping on catalytic performance of MoS2 basal planes, 

hydrogen evolving activity of bilayer MoS2 before and after 

UV-ozone treatment was evaluated by cyclic voltammetry 

(CV) in 0.5 M sulfuric acid electrolyte using rotating disk 

electrode (RDE). To diminish the contribution of non-

Faradaic current, CV curves were polarization-corrected. 

Based on PL intensity depending on laser exposure time, we 

expected that UV-ozone treatment for 5 seconds exhibited 

the optimal HER performance due to its exciton lifetime and 

lattice variation characterization. Thus, the catalytic activity of 

MoS2 with 5 second UV-ozone process was compared with 

that of pristine MoS2. As shown in Figure 42a, current density 

at - 0.4 V vs. RHE was -3.82 and -15.2 mA/cm2 for the 

pristine electrode and UV-ozone treated electrode, 

respectively. We found that UV-ozone process on bilayer 

MoS2 synthesized by MOCVD markedly enhanced HER 

electrocatalytic activity. The overpotential at the current 

density of 10 mA/cm2 was 362.4 mV. These results represent

considerable catalytic activity among pure MoS2 basal planes 
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excluding chemically exfoliated MoS2 combined with other 

materials and functional groups. (Figure 43 and Table 2) Tafel 

plots were obtained from the polarized-corrected CV curves 

(Figure 42b). Tafel slopes for pristine and UV-ozone treated 

MoS2 were measured as 231 and 135 mV/dec, respectively. 

For the electrochemical HER, current-potential relationship 

was described by Equation 1, where j0, α, F and b are the 

exchange current density, electron transfer coefficient, 

Faraday constant, overpotential and Tafel slope, respectively. 

Additionally, Tafel slope was expressed as inverse relation 

with electron transfer coefficient (Equation 2).

    (1)          (2)

The lower value of Tafel slope is indicated that the 

kinetics of electrochemical HER occurs briskly. Based on the 

electrokinetic study, UV-ozone treated MoS2 showed lower 

overpotential and Tafel slope compared to pristine MoS2 for 

HER due to defect generation and oxygen doping induced by 

UV-ozone process. As shown in Figure 42c, negligible 
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difference can be observed between the current density at the 

initial cycle and after 3500 sec, suggesting the excellent 

stability of the MoS2 films synthesized by our MOCVD 

methods during long-term cycling. The superior catalytic 

activity as well as stability of the MOCVD based bilayer MoS2

catalysts with UV-ozone treatment can be attributed to three 

aspects, as shown in Figure 42d. First, very small grain size 

give a possibility of active sites for HER. Second, UV-ozone 

treatment provides edge sites and oxygen incorporation in 

MoS2, which enhances the intrinsic activity of MoS2 basal 

planes. Last, UV-ozone treated bilayer MoS2 has good 

structural stability and exciton production compared with UV-

ozone treated monolayer. In summary, the combined 

modulations of active sites, electron conductivity and exciton 

life-time may open a new avenue for improving the catalytic 

activity of two-dimensional electrocatalysts.
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Figure 42. HER properties of the bilayer MoS2 synthesized by 

MOCVD before and after UV-ozone treatment. (a) polarized 

CV curves show the cathodic sweep of the first cycle. 

Enhanced activity is observed after UV-ozone treatment. (b) 

Tafel plots show the improved electrochemical activity of the 

bilayer MoS2 catalyst withUV-ozone treatment. (c) Stability 

test for the bilayer MoS2 on glassy carbon. (d) The 

mechanism illustration of the UV-ozone treated MoS2 HER 

compared of the pristine MoS2.
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Figure 43. HER overpotential performance compairson. HER 

overpotential values of MoS2 electrocatalysts at 5 mA/cm2 are 

compared. References were focused on film types excluding 

mulilayers MoS2 derived from chemical exfoliation or 

composites with other materials.
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Table 2. HER performance compairson. References were 

focused on pure film types  excluding chemically exfoliated 

MoS2 combined with other materials and functional groups.
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3.2.4. Conclusion

In conclusion, we demonstrated that UV-ozone treated 

bilayer MoS2 synthesized by MOCVD has high performance of 

the HER catalytic activities including the onset, current 

density and Tafel slope. The MoS2 catalysts synthesized by 

MOCVD have superior electrochemical activity than 

conventional solid source synthesis, and cracking sites and 

oxygen doping by UV-ozone treatment could also increase 

the HER efficiency. More importantly, the correlation between 

the microscale structure variations of MoS2 bilayer and its 

opto-electrical properties such as PL and exciton lifetimes 

and the reason why we use bilayer MoS2 as HER catalysts 

were established for the first time. Our work provides new 

insight of fundamental catalyst mechanism of MoS2 and 

improved application plans with low cost and short processing 

time. Since most two-dimensional materials can be developed 

by MOCVD and simple UV-ozone treatment, our approach can 

be used directly to further enhance the HER activity of not 

only MoS2 but also all catalysts of the two-dimensional planar 

materials.
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초록

화학기상증착법을 이용한 2차원 물질 합성과 스마트 응용

강상민

자연과학대학 화학부

서울대학교 대학원

기계적 박리 방법으로 그래핀이 처음 발견된 이후로 층상

구조로 존재하는 2차원 물질에 관한 연구는 지난 몇 년 동안

폭발적으로 이루어져 왔다. 비록 기계적 박리 방법이 고품질의

2차원 물질을 제공하지만, 마이크로 단위 수준의 결정 크기는

기계적 박리의 산업에서의 응용을 어렵게 만들었다.

화학기상증착법은 대면적의 2차원 물질을 제공하면서 앞서의

한계에 해답을 제공한다. 현재 화학기상증착법을 이용한 2차원

물질의 합성방법 발달은 그들의 산업적 응용에 기반이 되고 있다.

2차원 물질의 아주 얇은 두께와 단위 부피 당 매우 큰 표면적

때문에, 산업적인 응용 분야 중 전자파 차폐와 전기화학적

촉매로서의 응용을 유망케 하였다. 전 세계 연구진들이

화학기상증착법으로 합성한 2차원 물질의 전자파 차폐 및

전기화학적 응용에 관한 연구를 진행하고 있다. 이 논문에서는

전자파 차폐와 전기화학적 응용과 관련된 몇 가지 실험 결과와

새로운 물질을 소개하면서, 2차원 물질의 미래 산업의 주요

재료로서 그 가능성을 제시한다. 

먼저, 2차원 물질의 대표적 물질인 그래핀을

저압화학기상증착법을 통해 합성하고, 전자파 흡수를 통한 열
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발생 현상을 소개한다. 외부의 전자기장은 그래핀 내부 이동하는

전자들의 오비탈 스핀을 유도하고, 유도된 반자성의 오비탈

스핀은 전자파를 흡수하고 이를 열로 방출한다. 이 경우, 반자성이

전자의 오비탈 스핀에 비례하기 때문에, 그래핀의 전도도 보다

전자의 이동도가 더 중요한 역할을 한다. 이러한 그래핀의 전자파

흡수를 통한 열 발생 현상이 차세대 스마트 창문과

디아이스/디포그 시스템의 재료로 쓰일 것을 예상한다.

    더불어, 그래핀 코팅을 통한 전자파 차폐와 안구건조증

효과를 막을 수 있는 콘택트 렌즈의 플랫폼을 제시한다. 그래핀

렌즈의 전자파 차폐 기능은 전자레인지 내부에서 강한 전자기장이

인가해졌을 때, 달걀 흰자의 변성 여부로 확인한다. 또한, 그래핀

렌즈로 밀봉된 유리병 내부의 실시간 투습율 측정을 통해

안구건조증 효과를 증명한다. 따라서, 그래핀을 코팅을 통한

콘택트 렌즈가 미래 웨어러블 기술의 생체 공학적인 모델로서의

가능성을 제시한다.

다음 장에서는 2차원 물질의 전기화학적 응용에 관한

결과물을 요약한다. 기존의 레이저 프린터 토너를 전구체로

이용하여 그래핀/흑연질 탄소 이중구조를 고안한다. 금속 포일

위에 토너 전구체가 레이저 패턴화되고, 수소 분위기 아래에서

어닐링 공정을 통해 슈퍼캐패시터로 응용 가능한 아주 얇은

그래핀/흑연질 탄소 이중구조를 합성한다. 그래핀/흑연질 탄소

이중구조로 만들어진 전기화학 셀은 기존의 슈퍼캐패시터와

비교하여 높은 에너지 밀도 및 성능을 보인다.

마지막으로, 유기금속화학기상증착법과 자외선 오존 공정을

통하여 이황화몰리브데늄을 합성한다. 기존의 방법과 비교하여

작아진 결정 크기와 산소 도핑을 통해 증가된 전도성은 우수한
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수소 방출 반응을 가능케 한다. 향상된 전기화학적 수소 발생은

증가된 인광 측정과 여기자 수명 측정을 통해 분석한다. 앞서의

결과물을 통해 2차원 물질의 촉매효과 및 그 과정을 이해하고,

앞으로의 물 분해 산업에 계속되어 응용 될 것임을 확인한다.
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