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ABSTRACT 

 

Controlling Microstructure of Cu for Catalytic Properties of 

Graphene Synthesis and CO2 Reduction  

 

 

Hae-A-Seul Shin 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 

Cu is a metal that has various excellent properties, such as high electrical and 

thermal conductivities, low thermal expansion, corrosion resistance, tensile strength, 

and ductility. Cu has been applied in various electrical devices due to its desirable 

electrical properties. Additionally, Cu has notable catalytic characteristics, and 

recently, Cu has received much attention as a catalyst for the synthesis of novel 

materials and for the production of energy resources.  

For the effective activity of Cu as a catalyst, the characteristics of surface and 

microstructure is important. Many researchers have attempted to modify the surface 

morphology and control the composition of Cu based alloys. Because catalytic 

reactions occur on the surface of a catalyst, an increase of Cu surface area and a 

modified Cu surface morphology are critical factors. The surface structure of a Cu 

catalyst has a significant effect on the reaction rate or products of a reaction. Defects 

of the surface, surface morphology, grain boundaries and surface orientation are also 
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important factors. In addition, Cu can be easily combined with other metals to form 

alloys, and the addition of small amounts of impurities could modulate the catalytic 

properties of Cu.   

Recently, the synthesis of high quality, large area graphene film has been achieved 

using Cu catalyst. Following this achievement, many researchers have studied the 

improvement of Cu catalytic properties and analyzed the effects of Cu on graphene 

synthesis. In other field, reduction of CO2 gases to hydrocarbon materials using Cu 

catalysts for resolving the environmental problems has received much attention 

because Cu is an effective catalyst for the production of hydrocarbon materials.  

In this thesis, microstructural control of Cu to improve its catalytic properties in 

graphene synthesis and CO2 reduction is investigated. For the improvement of the 

quality of synthesized graphene films, a Cu-Ag alloy was applied with Ag plating on 

the surface of a Cu foil. Ag plating and post annealing formed a dilute Cu alloy, and 

highly uniform graphene films were synthesized on the Cu-Ag alloy catalyst. The 

plated Ag diffused into the Cu, and the formation of a uniform Cu-Ag alloy was 

demonstrated by various analyses. The synthesis of full-grown graphene films was 

achieved at 900 ℃, which is lower than the conventional synthesis temperature. 

Further, the synthesis of highly uniform graphene monolayers was confirmed using 

Raman spectroscopy mapping analysis and TEM analysis. Graphene synthesis was 

enhanced with the increasing of Ag plating thickness for the thin Ag plating, while 

non-uniformity of graphene also increased by the thick Ag plating. Optimization of 

the amount of Ag plating was investigated to obtain a highly uniform monolayer film 

of graphene without defects. This optimized Cu-Ag alloy controlled the formation of 

multilayer nucleation, which allowed a lower synthesis temperature with enhanced 

monolayer coverage. 
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In addition, the unusual grain growth of Cu into a cube texture with giant grain 

sizes on the scale of mm2 was investigated on the Cu-Ag alloy with graphene 

synthesis. This unusual grain growth was observed only after graphene synthesis on 

the Cu-Ag alloy with various type of Cu foils. The giant grain growth of Cu into a 

cube texture with reduced grain boundaries and the ratio of (100) exceeded more than 

90 % of the Cu-Ag alloy with graphene synthesis, and grain size was more than 1.05 

mm2. A small addition of Ag atoms and a one-atom thick graphene film induced the 

remarkable microstructural evolution of a μm-thick Cu foil. 

Finally, a novel structure on the surface of Cu was developed to improve its 

catalytic activity for CO2 reduction. Extrusion and intrusion structures were 

fabricated on the surface of a Cu film on a flexible substrate with cyclic bending 

deformation. Previously, many researchers have focused on the surface roughness or 

orientation of Cu. However, the extrusion/intrusion structures of fatigued Cu were 

induced by the dislocation motion through the (111) slip plane of Cu, and this is the 

first time this structure has been fabricated for CO2 reduction. Fatigued Cu with 

extrusion/intrusion structures exhibited higher efficiency for total current density and 

for an increase in the production of hydrocarbon materials. The efficiency of CO2 

reduction was improved by approximately 58 %, and the various hydrocarbon 

products, such as CO, CH4, C2H4, CH3OH, C2H5OH, and HCOOH, were generated at 

significantly increased production rates. The microstructure of Cu and catalytic 

performance of the fatigued Cu were analyzed for demonstration of the effects of the 

extrusion/intrusion structures. 

This study investigated the improvement of Cu catalytic properties using Cu 

based alloy formation and a mechanical metallurgy method. A simple fabrication 

method was introduced for the control of Cu microstructure, i.e., Ag plating and post 
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annealing for the formation of a Cu-based alloy and cyclic bending for the evolution 

of extrusion/intrusion structures on the Cu surface. These novel ideas for improving 

the catalytic properties of Cu for graphene synthesis and CO2 reduction extend the 

possibilities for Cu application as an advanced catalyst for various systems. 
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on (a) unfatigued Cu and (b) fatigued Cu after 500,000 cycles of 

bending fatigue. The comparison of liquid products reduced on 

(c) unfatigued Cu and (d) fatigued Cu. 

 

    

 Figure 6.13 Comparison of the partial current density of hydrocarbon materials 

and hydrogen gas. Comparison of (a) unfatigued Cu and (b) fatigued 
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 Figure 6.14 Comparison of the faradaic efficiency of CO2 reduction products on 
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 Figure 6.15 Comparison of the faradaic efficiency of (a) methane and (b) 

methanol between the unfatigued Cu and the fatigued Cu after 

500,000 cycles of bending fatigue of Cu [6.2]. 
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 Figure 7.1 Summary of the achievement of uniform graphene film synthesis 

with lower synthesis temperature using Cu-Ag alloy. 

 

    

 Figure 7.2 Summary of the unusual grain growth of Cu with graphene synthesis 

and Cu-Ag alloy formation. 

 

    

 Figure 7.3 Summary of improvement of CO2 reduction efficiency using Cu 

catalyst with extrusion/intrusion structure on the surface of Cu. 
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CHAPTER 1 
 
Introduction  
 

 

1.1. Applications of Cu   

 

1.1.1. Notable properties of Cu and its various applications  

 

Copper is a metal, which has notable electrical properties; it has the atomic number 

29 and symbol Cu. Cu was the first metal discovered by humans and was used for 

various applications due to its excellent properties. Cu has high electrical and thermal 

conductivity. It also has tensile strength, ductility, creep (deformation) resistance, 

corrosion resistance, low thermal expansion, solderability, and ease of installation.   

It is easy to make Cu alloy with other metals and Cu is a ductile material, and has 

easily shaped characteristics. Therefore, Cu can be worked into many shapes. Cu was 

used in the form of bronze as a material for swords or ornaments with the addition of a 

small amount of tin. Traditionally, Cu has been used as coins, along with silver and 

gold. Currently, the major application for Cu is in electrical wires due to its 

excellent electrical and shapeable properties; it is also applied in many electrical 
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devices that require high electrical conductivity. Cu is also applied in soldering or 

brazing used for pipework and sealed copper vessels. In addition, Cu can be 

combined with other metals, and these alloy materials can change the properties of 

Cu such that it is harder, stronger, and tougher; alloyed Cu is also used in catalytic 

compounds. 

 

 

1.1.2. Advanced applications of Cu 

 

As mentioned in the previous section, Cu is a highly electrically conductive 

material, and its material properties can be controlled for various applications. Cu has 

been used in electrodes and interconnects in electronic devices as the technology of 

modern silicon integrated circuits has developed. Recently, with the emerging of three-

dimensional system in package (3-D SIP) as a system enabling high device 

integration and performance, Cu is the strongest candidate for through silicon via 

(TSV) materials due to its excellent electrical properties [1.1]. Now, TSVs have 

nearly been commercialized using electroplated Cu with overcome reliability issues.   

Flexible devices are an emerging technology and this technology has been 

receiving much attention due to its stretchability, foldability and bendability. 

Compared with existing semiconductor devices, flexible devices could endure 

mechanical deformation by using flexible substrates; not only substrates but also 

electrodes should withstand mechanical deformation. Cu has been applied for the 

metal electrodes of flexible devices because it has potential to be controlled and to 

maintain excellent electrical and mechanical properties during repeated deformation. 
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With this demand, many researchers have studied the reliability issues associated 

with cyclic deformation in recent years [1.2, 1.3].  

In addition, Cu has catalytic properties similar to those of other transition metals 

and has been used to assist mild chemical reactions. Recently, the novel material 

graphene was successfully synthesized on a Cu catalyst with large area. Graphene 

was first discovered by the A. K. Geim group using mechanical exfoliation [1.4], 

though various methods for graphene synthesis were investigated. A Cu catalyst is a 

very useful catalyst for the execution of large-scale graphene synthesis [1.5] using 

the chemical vapor deposition method with relatively simple and low cost synthesis. 

Research on the catalytic design of Cu has been highlighted for the reliable 

production of graphene. 

Using catalytic property of Cu, Cu and its catalytic properties have been studied 

for applications as energy source catalysts. As oil exhaustion and environment 

problems increase, there are many demands for renewable energy resources and 

environmentally friendly processes. Toward the production of ultimate and 

inexhaustible energy sources, applications of Cu and Cu oxide for solar energy 

conversion with safe and efficient systems [1.6] or CO2 reduction [1.7] have been 

highlighted. Particularly, problems related to of CO2 gas emission from the use of 

fossil fuels are significant with increasing populations and industrialization, and 

finding solutions for energy and environmental crises has become a challenge. 

Because Cu is a unique catalyst for producing hydrocarbons at significant current 

densities [1.8], there is much interest in the control and improvement of the catalytic 

properties of Cu to enable highly efficient CO2 reduction. 

Figure 1.1 summarizes this roadmap of Cu application as discussed above. From 

the electrode or interconnect in electrical devices to a catalyst for the synthesis of 
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novel material and the production of environment-friend energy sources, Cu is an 

important and essential material for various applications.   
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Figure 1.1 Roadmap of Cu applications 
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1.2. Cu for catalytic applications 

 

1.2.1. Principle of catalysts  

 

A catalyst is a material that participates in a chemical reaction and increases the 

reaction rate without consuming itself. A catalyst can continue to assist a reaction and 

maintains its amount during a reaction; therefore it is required small amount for many 

cases. 

Catalysts lower activation energy, as shown in Figure 1.2. However, catalysts do 

not act as a reactant in a reaction. The total reaction process, including reactants and 

products, is not changed. Catalysts only affect substances during a reaction. With 

this principal property, catalysts have many characteristics that improve reaction 

rates under the same conditions. A catalyst functions by providing a convenient 

surface that enables a different route for a chemical reaction to occur.  

Catalysts can be a transition metal, a transition metal oxide, or compounds. Many 

researchers have focused on the surface area increase of catalysts because catalytic 

reactions occur on the surface of a catalyst, kinetically. A high frequency of 

collisions and contacts is required to increase a reaction rate, and this reaction 

process determines the rate of the whole reaction (rate-determining step). Catalysts 

have surface active sites, and the total surface area of a catalyst has a very important 

effect on the reaction rate.  

For particle-type catalysts, smaller particle size is an important factor for 

obtaining larger surface area for a given mass of particles. For most metal catalysts, 
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its active sites on the surface is significant. Not only its volume and area, but also 

the surface structure of catalyst is most focused points.  

In the following section, the importance of surface control for metal catalysts will 

be discussed.   

 

 

 

 

 

 

 

Figure 2.2 Schematic diagram of potential energy representing the effect of a 

catalyst in an exothermic chemical reaction. Catalysts lower the activation energy 

with different reaction process and intermediates. 
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1.2.2. Importance of surface structure of the catalyst 

 

For the improvement of catalytic efficiency, the control of catalyst surface structure 

is important. For bulk metal catalysts, surface morphology and crystalline structure 

could be critical factors for improving catalytic reactions and the production of 

preferred reaction products. Figure 1.3 shows a schematic illustration of the catalytic 

reactions of graphene synthesis and CO2 reduction on the surface of Cu, which are the 

principal research fields of this thesis. For CO2 reduction, the absorption of CO2 gases, 

as well as the breaking of the carbon and oxygen double bonds in CO2 molecules and 

the desorption of products, occurs on the Cu surface. For graphene synthesis, desorption 

of CH4 sources and re-bonding of carbon and carbon to sp2 of graphene also occur on 

the surface of Cu catalysts.  

As mentioned above, the surface structure of a metal catalyst has significant 

effects on the rate or products of reaction. Defects of the surface, surface 

morphology, grain boundary and surface orientation of a metal are generally the 

compared factors. Figure 1.4 shows examples of research approaches pertaining to 

these factors. Surface defects, such as scratched lines on the surface of Cu are more 

active sites for graphene nucleation than polished, smooth regions [1.9], as shown in 

Figure 1.4 (a); in addition, rough Cu surfaces with nanoparticles have better 

selectivity towards hydrocarbons [1.10], as shown in Figure 1.4 (b). For CO2 

reduction, higher densities of grain boundaries have an effect on the catalytic 

properties of Cu [1.12], as shown in right image of Figure 1.4 (c); however, grain 

boundaries do not act as barriers against the growth of graphene [1.11], as shown in 

left image of Figure 1.4 (c). For microstructural catalyst characteristics, catalytic 
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reactions for graphene formation are altered by different surface orientations [1.13], 

as shown in Figure 1.4 (d). The shape of graphene islands is dependent on the Cu 

texture, such as (111), (310), (211), and (100) for polycrystalline Cu.  

In this thesis, the improvement of the catalytic properties of Cu for graphene 

synthesis and CO2 reduction by controlling Cu microstructure are discussed. 

 

 

 

 

 

 

 

 

 

Figure 1.3 Schematic illustration of catalytic reaction of (a) graphene synthesis and 

(b) CO2 reduction on the surface of Cu. 
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Figure 1.4 Effect of surface structure of Cu for catalytic properties. (a) Effect of 

surface defect i.e. scratch lines on graphene synthesis [1.9]. (b) Effect of surface 

morphology on CO2 reduction [1.10]. (c) Effect of grain boundary on the graphene 

synthesis [1.11] and CO2 reduction [1.12]. (d) Effect of orientation of Cu for the 

growth of graphene islands [1.13]. 
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1.3. Objective of the thesis 

 

Copper is a metal with excellent electrical conductivity and thermal conductivity. 

It also has notable mechanical properties, such as tensile strength, ductility, 

deformation resistance, and low thermal expansion. Cu has been applied as 

electrodes in electrical devices and interconnects for 3-D packaging due to these 

outstanding properties. In addition to these desirable electrical and mechanical 

properties, Cu has excellent catalytic properties and has gained much attention as a 

candidate for various catalyst applications.   

For application as a catalyst, Cu shows activity that can be controlled by surface 

structure or atoms contained in Cu-based compounds. Recently, large-area synthesis 

of graphene films was achieved using a Cu catalyst; since then, many researchers 

have studied the effects of Cu on graphene synthesis and attempted to improve the 

catalytic properties of Cu to produce higher quality graphene. In other fields, focus 

has been on the reduction of CO2 gases to hydrocarbon materials to solve 

environmental problems such as the greenhouse effect and global warming. Cu is a 

unique catalyst for effective CO2 reduction because Cu can generate hydrocarbon 

materials, such as CO, CH4, C2H4, CH3OH, C2H5OH, and HCOOH. Cu could help 

not only solve environmental problems but also enable environmentally friendly 

production of energy sources.   

Controlling the surface and microstructure of a catalyst is important for the 

refinement of catalyst performance because most of a catalytic reaction occurs on 

the catalyst surface. The importance of surface characteristics, such as morphology, 
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defects, and orientation also applies to Cu catalysts for graphene synthesis and CO2 

reduction.  

The objective of this thesis is to improve the catalytic properties of Cu for 

graphene synthesis and CO2 reduction by controlling Cu microstructure using 

mechanical metallurgy and alloy formation.  

The first objective was the investigation of highly uniform graphene synthesis 

using a Cu-Ag alloy. A Cu-based alloy was prepared by Ag plating. Ag was 

electroplated on the surface of a 35-μm thick Cu foil, and a dilute Cu-Ag alloy was 

formed by annealing the specimens. Uniform graphene films were synthesized on 

the Cu-Ag alloy, which had a 200-nm thick layer of Ag, using chemical vapor 

deposition (CVD) at a low temperature. The optimization of the atomic percentage 

of Ag and the important role of Ag are demonstrated by analysis of Cu catalytic 

properties and quality of synthesized graphene films. This work extends the 

possibility of lowering the synthesis temperature via CH4 while maintaining the high 

uniformity of the graphene films as well as the fundamental understanding of the 

effects of the Cu-Ag alloy as a catalyst. 

In addition to the achievement of high quality graphene synthesis using a Cu-Ag 

alloy catalyst, Ag-assisted, unusual grain growth of Cu after graphene synthesis was 

investigated by Cu microstructure analysis using electron backscatter diffraction 

(EBSD). The texture of the Cu formed giant grains with (100) <100> cube texture and 

sizes greater than 1.05 mm2. An analysis of the factors contributing to this unusually 

enlarged grain growth is discussed. 

 The second objective was the development of a novel structure on a Cu surface 

for effective catalytic activity for CO2 reduction. A mechanical metallurgy method 

with cyclic bending deformation was used to form extrusion/intrusion structures on 
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the surface of Cu thin films on flexible substrates. The extrusion/intrusion structures 

on the Cu surface induced by cyclic deformation were formed by the fatigue 

behavior of Cu.  
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Figure 1.5 Overview of the thesis 
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Extrusion/intrusion structures created by fatigue behavior are treated as damage in 

electrical devices; however, the unique extrusion and intrusion structures, which are 

generated through the (111) slip plane, have significant effects on the efficiency of 

CO2 reduction. The microstructure of Cu and catalytic performance of the fatigued 

Cu were analyzed to demonstrate the effect of the extrusion/intrusion structures. 

The microstructure of Cu was controlled using Ag plating and cyclic bending 

methods. A dilute Cu-Ag alloy formed this catalyst and enabled the synthesis of 

high quality graphene films. Extrusion and intrusion structures of fatigued Cu 

enhanced the catalytic efficiency of Cu for CO2 reduction. The Cu catalyst 

achievements and the Cu microstructure analysis were conducted for a thorough 

investigation of the thesis objectives, and an overview of the thesis is shown in 

Figure 1.5.  

 

 

1.4. Organization of the thesis 

 

This thesis consists of seven chapters. In Chapter 2, the synthesis methods of 

graphene such as mechanical exfoliation, chemical exfoliation, epitaxial growth, and 

chemical vapor deposition are reviewed and the type of metal catalysts, which are 

effective for graphene synthesis and its mechanism are compared in detailed. For 

second part, Texture analysis method by electron backscatter diffraction is 

introduced with explanation of principle of crystal orientation and EBSD. For third 

part, Fatigue behavior of metals is discussed with the fundamental of fatigue failure 

and the structural change of materials. Chapter 3 describes the experimental 

procedure, including the plating method of Ag and the synthesis method of graphene 
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using a thermal chemical vapor deposition system. Analysis methods of graphene and 

Cu microstructure are also explained. In addition, fabrication method of 

extrusion/intrusion structure using cyclic bending and electrochemical analysis method 

for the measurement of catalytic properties of Cu are introduced. Chapter 4 

demonstrate a new method to synthesize a uniform high-quality graphene film at 

low temperature by electroplating Ag layers conventional Cu catalysts was 

demonstrated. In Chapter 5, the unusual grain growth of Cu with graphene synthesis 

and Cu-Ag alloy formation and its causes are discussed. In Chapter 6, an 

introduction of a novel structure with the formation of extrusion and intrusion on Cu 

surface is described for the improvement of the efficiency of CO2 reduction. Chapter 7 

summarizes the results of this study.



 

 

Chapter 2: Theoretical background  

 

17 
 

 
 
 
 
 

CHAPTER 2 
 

Theoretical background 

 

 

2.1. Graphene synthesis  

 

2.1.1. Graphene synthesis methods  

 

Since the demonstration of graphene isolation from the graphite in 2004 by the 

Novoselov and Geim group [2.1], graphene has attracted much attention due to its 

excellent electrical and mechanical properties. After the first successful graphene 

exfoliation, many researchers have attempted to develop other synthesis methods of 

graphene. Graphene synthesis that produces sufficient amounts of uniform, 

synthesized graphene with large area is desirable. The quality of the synthesized 

graphene is important because it is related to the properties of the graphene, 

including electrical and mechanical properties, device physics, and transparency. 

There are four major graphene synthesis methods, i.e., mechanical exfoliation, 

chemical exfoliation, epitaxial growth, and chemical vapor deposition (CVD). In this 

section, graphene synthesis methods and detailed processes will be discussed.  
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.  

2.1.1.1. Mechanical exfoliation  

  

Mechanical exfoliation is a basic method that is accomplished by peeling off the 

graphite using a piece of Scotch tape, and it is called the “scotch-tape method”. 

Because the van der Waals forces between graphite layers are very weak with π-π 

interaction energy that is present, graphene layers can easily be exfoliated onto the 

adhesive tape. Exfoliated graphene layers can be transferred on a SiO2/Si wafer, and 

the number of graphene layers can be observed using optical microscopy, atomic 

force microscopy (AFM), and Raman spectroscopy. For the observation of graphene 

by optical microscopy with apparent contrast, the SiO2 layer of an Si wafer would  

be 300 nm thick. Figure 2.1 shows micromechanically exfoliated graphene. 

Graphene is distinguished by optical color during observation by optical microscopy, 

as shown in Figure 2.1 (a). In the image representing AFM analysis, height 

differences can be detected by color differences; the tip and color of graphene was 

brighter because it was higher than the SiO2/ Si wafer, as shown in Figure 2.1 (b). 

The mechanical exfoliation method is a simple, low cost technique, and it is 

facilitates the measurement of graphene properties. However, the obtained graphene 

flakes were very small in amount and size; flakes are only on the order of several 

microns using this manual acquisition technique. Structurally coherent graphene 

with a large-scale synthesis area is required for the application of graphene in 

electrical devices that take advantage of its excellent properties. 
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Figure 2.1 Micromechanically exfoliated graphene: (a) optical images of a relatively 

large multilayer graphene flake on top of an oxidized Si wafer. (b) AFM image of 

single-layer graphene. Colors: dark brown, SiO2 surface; brown-red (central area), 

0.8 nm height; yellow-brown (bottom left), 1.2 nm; orange (top left), 2.5 nm. [2.1] 
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2.1.1.2. Chemical exfoliation  

  

Chemical exfoliation is an exfoliation method that uses liquid phases. 

Graphene layers can be obtained quickly, and mass production from graphite 

is possible using this method. This method disperses graphite in an organic 

solvent with nearly the same surface energy as graphite [2.2]. The energy 

between layers is reduced, and the lower energy barrier can be overcome. 

Then, graphene layers are detached from the crystal. The graphite solution is 

sonicated in an ultrasound bath for several days, or a voltage is applied [2.3]. 

After the dispersion, the solution should be centrifuged for the disposition of 

the remaining thicker flakes. This process is described in Figure 2.2.  

However, the chemical exfoliation method utilizes strong acids and 

various oxidants. This process makes graphene interlayers hydrophilic and 

allows easy intercalation by water molecules upon light sonication. Single-

layer graphene oxide (GO) sheets are produced from graphite. GOs can be 

reduced with organic reductants, such as hydrazine, and these reduced 

graphene oxides (RGOs) can be dispersed on a desired substrate. Despite the 

relatively easy process with which reduced GO can be produced, the quality 

of the GO and the RGO is relatively low. The graphene with dispersed 

substrates do not have an orderly crystal structure or uniform thickness. 

Graphene produced by micromechanical exfoliation exhibits better quality 

with its well-preserved crystalline structure. Therefore, the chemical 

exfoliation method has limitations, and efforts toward improvement are still 

needed. 
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Figure 2.2 Schematic diagram of the intercalation and exfoliation process to produce 

graphite nanoplatelets (GNP) [2.4] 
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2.1.1.3. Epitaxial growth  

  

Graphene can be epitaxially grown on a single-crystal silicon carbide (SiC) 

substrate by thermal decomposition. This substrate-based method synthesizes 

isolated monolayers of graphene through thermal treatment of the silicon 

carbide at approximately 1100 ~ 1300 ℃; graphene islands form over the 

entire surface of the SiC wafers with the sublimation of the silicon atoms. 

The surface of a SiC wafer is first enriched with carbon atoms, the surface 

then undergoes graphitization, and graphene is formed on the surface. The 

graphene thickness and size depend on the size of the SiC wafer, and the 

graphene thickness is controlled by both temperature and the duration of the 

thermal treatment. The SiC wafer also influences the electrical properties of 

graphene, including mobility and carrier density [2.5]. Epitaxially grown 

graphene can be patterned using conventional lithography, and this allows the 

application of graphene in nano-scaled electronic devices. The major 

advantages of this method are the homogeneous and epitaxial growth of 

graphene layers and the massless Dirac fermion characteristics of graphene 

exhibited without transfer [2.6-2.8]. Analysis of the experimental results from low-

energy electron diffraction (LEED), grazing incidence X-ray diffraction, and 

scanning tunneling microscopy confirmed the highly ordered, single crystalline 

structure and relatively smooth and flat surface of the epitaxially grown graphite on 

SiC [2.9-2.11]. However, there are several bottlenecks in this process, which limit 

the real application of graphene. The routine control of graphene thickness in this 
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process is difficult. In addition, rotational multilayered graphene was observed due to 

the difficulty of epitaxial growth on the different SiC faces [2.12].   

   

 

2.1.1.4. Chemical vapor deposition  

  

Large-scale graphene synthesis is available using chemical vapor 

deposition (CVD), which is the most promising method that provides an 

accessible approach to high-quality graphene. Graphene is grown directly on 

a transition metal substrate using hydrocarbon gas sources at a high 

temperature. Various transition metals, such as Ni [2.13], Fe [2.14], Cu [2.15], 

Co [2.16], Pd [2.16-17] and Ru [2.18-19], are used as the catalytic substrates, 

and methane, ethylene, acetylene, and benzene gases are used for the carbon 

sources. Graphene is synthesized on the surface of a metal catalyst at 1000-

1050 ℃ in a CVD chamber with the decomposition of hydrocarbon sources 

and H2 gas. 

Chemical vapor deposition method allows the large-scale synthesis of 

graphene with high quality. The production of 30-inch graphene has been 

achieved by using a roll-to-roll synthesis method [2.20]. For the thermal 

CVD synthesis system using metal catalysts, there are several important steps. 

Primarily, synthesis conditions are important; gasses, including the source gas, 

H2, and Ar, and their ratios and flow rates, as well as chamber pressure, affect 

the quality of the synthesized graphene. After synthesis, graphene can be 

transferred onto the desired substrates. For this step, the conditions for the 

etching catalyst should be optimized by the type of etchant solution, etchant 
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concentration, and etching duration time. After etching, graphene functions 

can be tuned by doping, and optimized transfer conditions that minimize 

graphene loss during transfer should be considered. Figure 2.3 shows the 

important factors of CVD for the synthesis of high-quality graphene. In 

addition to these factors, metal catalysts are the most important points of 

CVD for graphene synthesis, and this will be discussed in the next section.        

 

  



 

 

Chapter 2: Theoretical background  

 

25 
 

 

 

 

 

 

Figure 2.3 The important factors of CVD process for the synthesis of high quality 

graphene.   
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2.1.2. Metal catalysts for graphene synthesis   

 

2.1.2.1. Nickel for graphene synthesis and its mechanism    

  

Large-scale synthesis of graphene was first shown to be possible by CVD 

using a Ni catalyst with CH4 gas sources [2.13]. This achievement overcame 

the disadvantages of mechanical exfoliation, which was limited by the size of 

the produced graphene. Figure 2.4 shows the process of graphene synthesis 

on a Ni catalyst using CVD; graphene can be synthesized on a Ni foil at 

1000 ℃ with CH4, H2, Ar gases.  

Because Ni has a relatively high carbon solubility, the decomposed carbon 

atoms diffused into the Ni. A Ni-carbon solid solution forms at high 

temperature (~1000 ℃), and graphene layers precipitate onto the surface of 

the Ni catalyst by a cooling process with Ar gas. The mechanism of carbon 

segregation on the Ni surface is shown in Figure 2.5. Graphene layer 

thickness can be controlled by the cooling rate and thickness of the Ni, and 

graphene shape can be controlled by patterning the Ni catalysts. However, 

multilayer graphene, rather than graphene monolayers or uniform graphene 

films, is easily synthesized using Ni catalysts. 
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Figure 2.4 Synthesis, etching and transfer processes for the large-scale and patterned 

graphene films using Ni catalyst [2.13]. 
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Figure 2.5 Mechanism of graphene synthesis on Ni catalyst. Illustration of carbon 

segregation at the surface of Ni [2.21].  
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2.1.2.2. Copper for graphene synthesis and its mechanism  

  

Uniform graphene films have been achieved using Cu catalysts, which have low 

carbon solubility. Due to its low carbon solubility, Cu has become a potentially 

attractive catalyst for the synthesis of monolayer graphene. A comparison of 

graphene growth mechanisms on Ni and Cu was conducted by Li et al. [2.22] using 

carbon isotopes. 12C and 13C isotopes were introduced to the Cu and Ni substrates 

sequentially at a growth temperature of 1000 °C. The graphene surfaces were 

analyzed using Raman mapping to understand the different growth mechanisms. The 

graphene showed a random mixture of 12C and 13C on the Ni catalyst, and this result 

demonstrated that the carbon atoms absorbed and segregated randomly in the Ni. In 

contrast, the graphene formed 12C and 13C rings on the surface of the Cu catalyst, 

which was induced by the sequential growth of graphene in the same order as the gas 

injection. A schematic diagram of the graphene growth mechanisms on Ni and Cu is 

described in Figure 2.6.  

Monolayer graphene has been synthesized using these different graphene growth 

mechanisms as well as the low carbon solubility in Cu, and 30-inch graphene films 

have been achieved using a roll-based production method [2.20]. A graphene film 

was synthesized on a Cu foil and transferred onto a transparent PET substrate, and 

this graphene film was applied as a flexible touch panel, as shown in Figure 2.7. 

This functional touch screen panel exhibited a high flexibility and 90 % transparency 

with 30 Ω per square of resistance. After this report, many researchers paid much 

attention to CVD for the synthesis of the high quality graphene.   
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Figure 2.6 Schematic diagrams of graphene films on (a) Ni and (b) Cu catalysts 

using C isotopes. (a) Graphene with randomly mixed isotopes such as might occur 

from surface segregation and/ or precipitation. (b) Graphene with separated isotopes 

such as might occur by surface adsorption [2.22]. 
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Figure 2.7 (a) Schematic of the roll-based production of graphene films grown on a 

copper foil. (b) Photographs of the roll-based production of 30-inch graphene films. 

(c) An assembled graphene/PET touch panel showing outstanding flexibility [2.20].  
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2.2. Texture analysis by electron backscatter diffraction 

(EBSD)  

 

2.2.1. Crystallographic orientation  

 

2.2.1.1. Definition of crystal orientation  

  

Material crystal structures are can be described as having discrete translation 

symmetry at the atomic level. The periodical arrangement of the atoms is repeated in 

a lattice in three dimensions. A crystal lattice system is described by its unit cell, and 

the orientation of a crystal lattice is described using a reference frame, which is 

defined by sample geometry with rectangular coordinates in the specimen. To 

describe each crystal lattice, an additional coordinate system is used. This coordinate 

system is fixed with respect to the crystal axes. For graphical representation, the 

crystal lattice systems can be plotted as orientations and represented as projected 

poles, Euler angles, angle/axis, or the Rodrigues vector, in an appropriate space.  

 

 

2.2.1.2. Coordinate Systems 

  

For the specification of an orientation, it is necessary to set the reference terms, 

which are described as a coordinate system. The axes of the sample or specimen 

coordinate system are normally described as S = {S1, S2, S3}, which are chosen 
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according to important surfaces or directions associated with the external form or 

shape  

 

 

 

 

 

 

 

Figure 2.8 Relationship between the specimen coordinate system XYZ (or RD, 

TD, ND for a rolled product) and the crystal coordinate system 100,010,001 where 

the (cubic) unit cell of one crystal in the specimen. 
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of the specimen. One of the most common of these relates to a rolled product; 

hence, the directions associated with the external shape are the rolling direction (RD), 

the through-thickness direction, that is, the direction normal to the rolling plane (ND), 

and the transverse direction (TD). Figure 2.8 shows the relationship between the 

specimen coordinate system XYZ (or RD, TD, ND). With this specimen coordinate 

system, the same rule would be adapted for the crystal coordinate systems, and the 

crystal coordinate system C = { C1, C2, C3} is specified by directions in the crystal. 

 

 

2.2.1.3. Representation and rotation of crystal orientation  

 

For specification of the specimen and crystal coordinate systems, an orientation 

should be defined as the crystal coordinate systems with respect to the specimen 

coordinate system. In this section, the most popular systems are introduced.  

For a basic coordinate system, Miller indices can be used; these indices describe 

directions and planes using three integers. Miller indices are used to express lattice 

planes and directions. Generally, x, y, z are the axes; a, b, c are the lattice parameters; 

and h, k, l are the Miller indices for planes and directions. Crystal orientations are 

described by the indices of the crystal direction parallel to the rolling direction (RD). 

 

g = (hkl)[uvw]                        (2.1) 

 

Using this coordinate system, the normal direction is expressed as (hkl), and the 

rolling direction is represented as [uvw].  
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The second popular system is Euler angles. In this crystal coordinate system, the 

axes are parallel to the axes of the specimen coordinate system. Euler angles are also 

used to describe the orientation of a frame of reference (typically, a coordinate 

system or basis) relative to another. The rotation, g, is represented by the three Euler 

angles, φ1, Φ, and φ2  

 

g = {φ ,Φ, φ }                                      (2.2) 

 

Euler angles are described in Figure 2.9. An Euler space corresponds to a 

particular rotation, and each rotation of crystal orientation show the points of the 

three-dimensional space.  

The third popular system is pole figures. Poles are projected from the reference 

sphere, and the position of a given pole on the sphere is commonly characterized in 

terms of two angles, α and β. For the characterization of the crystallographic 

orientation, the corresponding poles in the spatial arrangement should be determined 

with respect to the sample or specimen coordinate system, S = {S1, S2, S3} (or an 

external reference frame). For instance, for rolling symmetry, the sheet normal 

direction ND is typically chosen to be in the north pole of the sphere, such that α = 0 ° 

for ND, and the rotation angle β is 0 ° for the rolling direction RD or, less frequently, 

the transverse direction TD [2.23]. The stereographic projections (i.e., pole maps) of 

a cubic unit cell orientation (001) are explained in Figure 2.10.  
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Figure 2.9 The schematic illustration of Euler angles φ1, Φ, φ2.  



 

 

Chapter 2: Theoretical background  

 

37 
 

 

 

 

 

 

Figure 2.10 Pole figure of a cubic unit cell orientation (001). (a) Six (001) plane 

normal (poles) and (b) stereographic projection of these directions which is a (100) 

pole figure of this crystal orientation, (c) eight (111) plane normals are shown, and (d) 

stereographic projection of these directions which is a (111) pole figure of this crystal 

orientation. 
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2.2.2. Principle of electron backscatter diffraction 

 

Electron backscatter diffraction (EBSD) is based on the Kikuchi pattern, which is 

a fundamental diffraction pattern that can be observed by EBSD and was first 

discovered by Shoji Nishikawa and Seishi Kikuchi in 1928 [2.28]. 

EBSD analyzes the texture of a specimen, the grain orientation of each grain, and 

the phase identification and distribution of each grain with orientation correlations of 

each point of each grain. EBSD was developed as a characterization technique 

additional to scanning electron microscopy (SEM) for the analysis of bulk 

polycrystalline surfaces [2.27]. The orientations and phases of individual grains with 

various microstructural information could be demonstrated by EBSD.  

For EBSD analysis, a sample should be prepared with a highly polished, flat 

surface. This sample is then arranged at the shallow angle of 20° to the incident 

electron beam. That is, the SEM stage with the sample is usually tilted 70 ° because 

the stage in an SEM is typically used to tilt the plane of the sample, as shown in 

Figure 2.11. The diffraction of electrons occurs from the point of the incident beam 

on the surface of the sample with accelerating voltages of 10 - 30 kV and incident 

beam currents of 1 - 50 nA [2.27]. An EBSD pattern is spherically formed with a 

stationary electron beam, as shown in Figure 2.12. 

EBSD patterns are generated on a phosphor screen by backscattered diffraction of 

a stationary beam, which has high energy electrons from the crystalline materials. 

The interaction volume of the incident beam is formed by a depth of approximately 

20 nm in the projected area of the specimen. The distinct characteristics of a 

backscattered Kikuchi pattern are the arrangements of parallel bands of bright lines 
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with various directions, as shown in Figure 2.13. These arrayed parallel lines are 

distinct with diffraction spots, which are generated in TEM at a selected area of 

diffraction. The intersections of Kikuchi bands form prominent and distinct zone 

axes.  

Kikuchi patterns show geometrical characteristics projected from a crystal lattice 

onto a flat phosphor screen [2.27]. The first collision points of the primary beam on a 

specimen surface is the center of the projection. The lattice planes can be imagined 

to be stretched out to intersect the screen in the center of the lines of their related 

Kikuchi bands. Figure 2.12 describes the schematic illustration, which shows the 

incident beam from the specimen and the specified diffracted plane with formation 

of the backscattered “Kikuchi” diffraction. The two diffracting cones are the edges of 

a Kikuchi band, and the plane through the center of these cones is the geometric 

projection of the diffracting plane onto the phosphor screen [2.27]. 

For more consideration of Kikuchi bands in one analysis, the angles between the 

projected plane normal orientations and the angular width of a Kikuchi band {hkl} 

are twice that of the Bragg angle dhkl. Therefore, the band width is related to the 

interplanar spacing, dhkl, according to Bragg’s law: 

 

 

2 ×     ×        =  ×                   (2.3) 

 

Where λ is the wavelength of the incident electron beam, which is dependent on 

the accelerating voltage of the SEM, and n is the order of reflection. The extinction 

of Kikuchi bands in a specific crystal structure is determined by the structure factor 

of the crystal. The band edges and the higher order reflections appear as a set of 
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straight lines parallel to the band edges. A decrease of accelerating voltage causes an 

increase in electron wavelength and hence an increase in the width of the band. A 

significant band width increase and a deviation from the usual straight line 

approximation to the shape of real conical sections are observed at low accelerating 

voltages, in particular, for high-order Kikuchi lines. This simple geometric model 

and the kinematic approximation do not explain the exact intensity distribution of a 

Kikuchi pattern [2.27]. 

 

 

 

 

 

 

Figure 2.11 Schematic illustration of the sample orientation arrangement in the 

SEM [2.26] 
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Figure 2.12 Formation of backscattered Kikuchi patterns by EBSD in SEM. The 

origin of Kikuchi lines from the EBSD (i.e., tilted specimen) perspective [2.23].  
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Figure 2.13 An example Kikuchi pattern of EBSD pattern [2.27]. 
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2.3. Fatigue behavior of metals 

 

2.3.1. Fatigue failure  

 

The terminology of “Fatigue” for metal is used in order to explain the failures, 

which occurs under the lower level of stress or strain with a long period of repeated 

cycles. The fatigue failures are developed with gradual change of material’s structure 

and properties. The failures of materials are influenced by the exterior factors, such 

as temperature; however, many cases of fatigue failure are provoked by the 

mechanical causes [2.29]. The phenomena of fatigue in metals are recognized with 

many different forms on the surface or the stress concentrated sites of materials. 

There are three basic factors, which are necessary for the fatigue failures [2.29]. The 

first one is the maximum tensile stress with considerably high value, the second one 

is the repeated stress with sufficiently large variation or fluctuation and the third one 

is large number of repeating cycles of the applied stress. In the followed sections, 

fundamental explanations of fatigue phenomena will be discussed.     

 

2.3.1.1. Stress cycles of fatigue 

 

Stress controlled fatigue could be understood with the variation of stress with 

cyclic loading. Figure 2.14 shows the typical fatigue stress cycles. The stress is 

fluctuated with the maximum stress σmax, minimum stress σmin, the variation of stress 

σa, and the range of stress σr. Figure 2.14 (a) shows the completely reversed cycle of 

stress of sinusoidal form and Figure 2.14 (b) repeated stress cycle, which shows that 
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the maximum stress and minimum stress is not equal and non-zero mean stresses. 

The variation of stress σa, and the range of stress σr and the mean stress of the 

maximum stress and minimum stress are defined as following equations. 

 

 

σ =
         

 
=

  

 
                    (2.4) 

 

σ = σ   − σ                        (2.5) 

 

σ =
         

 
                       (2.6) 

 

The stress ratio of maximum stress and minimum stress: 

 

 

R =
    

    
                          (2.7) 

 

The analysis of fatigue behavior is presented by the S-N curve, which describes 

the plot of stress S and the number of cycles to failure N. S-N curves are 

schematically shown in Figure 2.15. S-N curve is considered for the high numbers 

of cycles beyond about 105 cycles. It is noted that there are some materials such as 

steel and titanium have a flat plateau in the S-N curve which is a contrast behavior to 

most materials, such as aluminum and copper alloys as shown in Figure 2.15. Below 

the level of this plateau stress is called the fatigue limit or endurance limit and the 

material presumably can endure an infinite number of cycles [2.29].  
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Figure 2.14 Typical fatigue stress cycles. (a) A completely reversed cycle of 

stress of sinusoidal form and (b) repeated stress cycle [2.29]. 
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The relation between the stress and the number of cycles to failure in S-N curve 

can be expressed by the Basquin equation [2.29]. 

 

 

N  
 = C                          (2.8) 

 

Where σa is the stress amplitude and p and C are empirical constants. For the 

plotting of S-N curve, testing of specimen at the stress lever, which is, expect that the 

failure would occur in a fairly short number of cycles.  

 

 

 

 

Figure 2.15 Typical S-N curve. A plot stress S as a function of the number of cycles 

to failure N of steel and aluminum (ferrous and non-ferrous metals) [2.29].  
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2.3.1.2. Structural change of material caused by fatigue  

 

Under the cyclic stress, the structure of materials is changed with various aspect. 

Fatigue failures occurs with the damage formation in materials, firstly with crack 

initiation. This is early stage of damage and crack could be removed with a thermal 

annealing. The slip band cracks are grown for the following stage, which is typically 

called stage I crack growth. Then, cracks are growth on planes of high tensile stress, 

which involves the growth of well-defined crack in the normal to the tensile stress 

direction. This stage is called stage II crack growth. Finally, ultimate ductile failure 

is occurred when the crack reaches sufficient length and the specimen could not 

support the applied stress [2.29]. 

Cracks are observed in the regions of heavy deformation and these cracks are 

occurred parallel to the slip band. Once the cracks are initiated, cracks propagated 

along the slip plans at first and those are finally formed at the vertical direction of 

applied tensile stress. With the formation of cracks, slip-band extrusions and slip-

band intrusions are generated [2.30]. The schematic illustration of extrusion and 

intrusion will be explained in Figure 2.16. 

W. A. Wood explained the mechanism of fatigue [2.31] with microscopic 

observations of slip and demonstrated that the slip bands are made by movement of 

slips and this movement leads to a fatigue crack and extrusion and intrusion.  
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Figure 2.16 Fatigue deformation concept leading to slip-band extrusion by W. A. 

Wood 
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2.3.1.3. Fatigue crack propagation 

 

The growth and propagation of crack can be expressed in terms of the crack 

length increment da/dN per cycle for stage II growth. Crack propagation rate da/dN 

is determined from the experimental by measuring the crack length with the fatigue 

cycles. The crack length which will preclude failure in a conservatively estimated 

service life. The crack propagation rate is express the following equation. 

 

 

  

  
= C	  

 	                         (2.9) 

 

Where C is a constant, a is the alternating stress, and a is the crack length. Eq. 

2.9 could also be expressed as the plastic strain when the strain extends from the 

elastic to the plastic region.  

 

 

  

  
=    	 

                        (2.10) 

 

The curve of crack length versus cycles at a series of different stress levels is the 

most important for engineering concept and this relation can be expressed by a 

general plot of da/dN versus K. The da/dN is the slope of the crack growth curve 

at a given value of a and K is the range of the stress intensity factor.   
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Figure 2.17 Schematic representation of crack growth rate versus stress intensity 

factor [2.29].  
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∆K =     −	                        (2.11) 

 

∆K = σ   	√  	− σ   √  = 	σ √             (2.12) 

 

Where Kmax and Kmin are the maximum and minimum values, respectively, of the 

stress intensity factor during a fatigue cycle. The relationship between the fatigue 

crack growth rate and K is shown in Figure 2.17. The curve could be divided into 

three regions. Region I is bounded by a threshold value Kth, below which there is 

no observable fatigue crack growth. At the values of stress below the value of K th, 

cracks seem to be the non-propagating cracks. Region II represents an essentially 

linear relationship between log da/dN and log K.   

 

 

  

  
= A(∆K)                      (2.13) 

 

This equation is referred to as Paris’s law [2.32] which shows the linear relation 

between log da/dN and log K. Region III is a region of accelerated crack growth. 

Here Kmax approaches Kc the fracture toughness of the material. The value of p is 

approximately 3 for steels and in the range of 3 to 4 for aluminum alloys. 
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2.3.2. Fatigue behavior of metal thin film 

 

The fatigue behavior of metal thin film has not been investigated than that of bulk 

metals and recently studied. Mechanical properties of thin films has studied with the 

investigation of microstructural change such as dislocation activation [2.33-2.36] due 

to the dimensional differences with bulk metals. First approach was the deformation 

behavior with the tensile testing by O. Kraft group [2. 37] and this report studied the role of 

strain hardening for the deformation of thin Cu films with the characterization of the film 

stress and the dislocation density as a function of plastic strain. Meanwhile, J.J. Vlassak group 

conducted the uniaxial tensile tests on polyimide-supported Cu films with thickness 

varying from 50 nm to 1 μm and the microstructural change and its stability is 

investigated [2.38-2.39]. 

Further, studies for fatigue behavior of metal thin film was performed followed 

by the uniaxial tensile test [2.40-2.41]. A variety of experimental techniques has been 

developed for fatigue testing of thin foils and thin films [2.42-2.46]. A uniaxial 

tension/compression mode fatigue characterization is possible by testing a thin film 

deposited on an elastic substrate, which then is subjected to cyclic loading. For the 

fatigue behavior and mechanism of thin film, the morphologies of fatigue-induced 

extrusions, cracks, and dislocation structures were well studied [2.41] with individual 

dislocations analysis for various thickness of film as shown in Figure 2.18. These 

studies have shown that size effects in fatigue are significant at the micrometer and 

sub-micrometer length scale. 

In bending fatigue of metal thin film is recently studied by the investigation of 

thickness effect [2.47] and damage area [2.48] with the resistance change of Cu film. 
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Figure 2.18 TEM observations of dislocation structures in fatigued Cu thin films. 

Cu films: (a, b) 1.0 lm thick; (c) 0.4 lm thick; (d) 0.2 lm thick. [2.41].  
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CHAPTER 3 
 

Experimental procedures 
 

 

3.1. Synthesis of graphene  

 

3.1.1. Sample preparation  

 

Six different catalytic substrates for graphene synthesis were prepared by 

electroplating Ag with varying thickness of 50, 100, 200, 300, 500, and 1000 nm on 

35 μm thick Cu foils (purity 98.85 %, Japan Energy Co.), which are labeled as 

Ag50Cu, Ag100Cu, Ag200Cu, Ag300Cu, Ag500Cu, and Ag1000Cu, respectively as 

shown in Figure 3.1. The electroplating of Ag was performed using potassium silver 

cyanide as electrolyte with a deposition rate of 5.0 μm/min at a current density of 10 

ASD (ampere per square decimeter). Ag plating were performed after removing Cu 

corrosion inhibitor layer by dipping the Cu foil in 5-10 % H2SO4 solution for 30-60 

sec at 25-30 °C. Overall, seven types of catalytic substrates were used in the 

experiments including bare Cu foils. 
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Figure 3.1 Schematic illustrations of (a) 35 μm thick Cu foil. (b) Ag plated Cu foil 

with varying thickness of 50, 100, 200, 300, 500, and 1000 nm on each side of 35 μm 

thick Cu foils. These samples are labeled as Ag50Cu, Ag100Cu, Ag200Cu, Ag300Cu, 

Ag500Cu, and Ag1000Cu, respectively.  
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3.1.2. Graphene synthesis  

 

Then, graphene was synthesized using a thermal CVD system with a 4 inch quartz 

tube. Each of the seven types of catalytic substrates (5ｘ7 cm2 in size) was inserted 

inside of the quartz tube and then heated from room temperature to synthesis 

temperatures; 800 ℃, 900 ℃, and 1,000 ℃. The temperature of the CVD chamber 

was ramped up at the rate of 20 ℃/min with flowing 8 sccm of H2. After reaching the 

target synthesis temperatures, CH4 gas was injected with flow rates of 35 sccm and 

H2 flow was maintained with 8 sccm at 1,000 mTorr for 40 min. Finally, the sample 

was cooled down to room temperature with flowing H2 at 70 mTorr. Figure 3.2 

shows photographic image of the thermal CVD system and temperature profile of 

synthesis and process of gas injection.  

After the graphene synthesis, the graphene on the catalytic substrate was protected 

by spin-coating poly methyl methacrylate (PMMA) and the underlying Cu was 

etched in aqueous (NH4)2S2O8 (APS; ammonium persulfate) 0.06 M solution. 

Additional etching of Ag was performed using dilute solution of nitric acid (HNO3) 

and sulfuric acid (H2SO4). The PMMA transferred onto a SiO2/Si substrate was 

removed using acetone. 

 



 

 

Chapter 3: Experimental procedures  

 

57 
 

 

 

 

 

Figure 3.2 (a) Photograph of thermal chemical vapor deposition system. The 

possible injection of gas is CH4, H2 and Ar. (b) Schematic of temperature profile of 

synthesis and process of gas injection. 

 

 



 

 

Chapter 3: Experimental procedures  

 

58 
 

 

3.1.3. Analysis of synthesized graphene 

  

The graphene synthesized by Cu-Ag alloys were carefully characterized by 

various analytical methods. For the analysis of graphene film after transfer, the 

feature of graphene was analyzed with optical microscope and Scanning electron 

microscope (SEM). As-synthesized graphene island or incomplete film on Cu foil 

would be distinguished by SEM. after transfer of graphene onto SiO2/Si wafer, the 

uniformity of film and the existence and distribution of double layer or multilayer 

spot would be detected by optical microscope. For the accurate analysis of uniformity 

and number of layers of graphene film, the qualities of graphene films synthesized on 

various catalytic substrates with different synthesis temperatures were compared 

using Raman spectroscopy. 

For the analysis of crystal lattice perfection of the synthesized graphene film, 

further investigation was conducted using transmission electron microscopy (TEM, 

JEOL JEM-2100 operating at 200 kV). The solidity of graphene was verified by 

TEM images and domain size of each graphene was analyzed using selected area 

electron diffraction (SAED) patterns.  
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3.2. Microstructure analysis of Cu 

 

The behaviors of Ag adlayers were investigated and the microstructure of Cu foil 

after graphene synthesis and annealing was analyzed.  

The surface morphologies of Ag plated Cu with annealing progress were observed 

by field emission scanning electron microscopy (FE-SEM, Hitachi SU-70) after 

annealing at 400 ℃, 600 ℃, 800 ℃ and 1,000 ℃. The surface atomic percent of Ag 

and Cu in Ag plated Cu for each annealing temperature was measured by energy 

dispersive x-ray spectrometer (EDS, equipped in SEM, HORIBA X-Max50 006).  

In-depth distribution analysis of Ag and Cu was conducted by D-SIMS (Cameca 

IMS 4FE7) on Ag plated Cu after graphene synthesis at 900 ℃ for 40 min. The 

surface of Cu foil was sputtered by Cs+ ion. The secondary ion count rate of Ag and 

Cu was analyzed as a function of time and for the result of Ag atoms, two types of Ag 

atom was detected due to the isotopes of Ag as 107Ag and 109Ag. 

The microstructural feature of Cu and the textures of the Cu foil and the Ag plated 

Cu were carefully characterized by electron backscatter diffraction (EBSD, TSL 

operating at 15 kV) measurements. Grain structure analysis for the calculation of 

grain size was conducted using REDS, which is reprocessing program of EBSD Data 

in Seoul National University. [3.1] Grain identification is analyzed with the criteria of 

5 °, which is the most common optimum criteria. 
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3.3. Formation of mechanically induced extrusion/intrusion of 

Cu for CO2 reduction 

 

3.3.1. Sample preparation 

 

For CO2 reduction, extrusion/intrusion structure was formed on the surface of Cu 

thin film. Cu thin film with 1 μm thick was deposited on 125 μm thick polyimide 

substrate (Dupont, Kapton) by thermal evaporation under 3ｘ10-6 torr and the 

deposition rate was 20 Å/sec. Fabrication of Cu film on flexible substrate was chosen 

due to the flexibility of Cu and substrate should be required for the bending fatigue 

system. After Cu deposition on flexible substrate, samples were prepared with the 

size of 5 mm width and 65 mm length.  

 

 

3.3.2. Formation of extrusion/intrusion structure on the surface of Cu  

 

Mechanically induced extrusion/intrusion structure was fabricated by cyclic 

bending deformation. Figure 3.3 (a) shows the actual image of bending fatigue 

equipment. Bending fatigue system conducted repeated bending and sliding mode 

with in-situ electrical resistance measurement up to 500,000 bending cycles. Both 

ends of the specimens were fixed with metal grips and the Cu film and flexible 

substrate were bent with sliding by the motion of lower plate of equipment as shown 

at the schematic image in Figure 3.3 (b).  
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The resistance of Cu film on flexible substrate was recorded every 3 seconds 

simultaneously using multi-meter (Agilent 34410A) and switch box (Keithley 7007) 

for each specimen. The evolution of extrusion and intrusion with crack could be 

inferred by the increase of the resistance of specimen. Repeated bending with sliding 

motion generated the fatigue of some area of Cu film and cracks were evaluated in 

Cu film with the formation of extrusion and intrusion structure only for the fatigued 

area as shown in Figure 3.3 (c).  

The schematic of extrusion and intrusion is illustrated in Figure 3.4 (a) and the 

length of cracks and the quantity of extrusion/intrusion structure were increased with 

the repeated cycles. Cyclic bending deformation was conducted with 2 % tensile 

strain, the sliding distance was 10 mm and the frequency was 5 Hz. For the 

comparison of extrusion/intrusion effect with its amount for CO2 reduction, various 

samples were prepared with bending cycles from 500 cycles to 500,000 cycles. As 

the bending cycles were increased, the resistance of specimen was increased due to 

the increase of cracks with extrusion and intrusion as shown in Figure 3.4 (b).  

The quantity of extrusion/intrusion and morphologies of Cu film were observed 

by field emission scanning electron microscopy (FE-SEM, Hitachi SU-70).      
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Figure 3.3 (a) Photograph of bending fatigue test system. (b) Schematic illustration 

of sliding motion of bending fatigue system and (c) strain profile of specimen and 

evolution of extrusion/intrusion structure due to the fatigue of Cu film. 
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Figure 3.4 (a) Schematic illustrations of extrusion and intrusion with fatigue. (b) 

Normalized electrical resistance as a function of number of the bending cycles with 

linear-linear plot. 
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3.4. Analysis of catalytic properties of Cu for CO2 reduction  

 

3.4.1. Electrochemical analysis 

 

For each electrochemical CO2 reduction test was performed in a multichannel 

WBCS 3000 potentiostat (Wonatech, Korea). Homemade three-electrode cells were 

prepared with 100 mL vial and aqueous 0.5 M KHCO3 solution was made as an 

electrolytes solution and this solution was purged with CO2 gas bubbling (pH 7.6 

after CO2 saturated). For the experiments of CO2 reduction reaction, each electrode 

cell contained 30 mL of KHCO3 electrolytes and Cu film and fatigued Cu film were 

working electrodes. Cu film on PI flexible substrate was cut with size of 5 mm ｘ 

15 mm. The counter and reference electrodes were Pt foil and a saturated calomel 

electrode (SCE), respectively. The SCE reference was converted to reversible 

hydrogen electrode (RHE) scale with the equation Eq. (3.1). 

 

ERHE(V) = ESCE( ) + 0.244	 + 0.059	 	 ×              (3.1) 

 

Linear voltage sweep was conducted with the potentiosat from 0.3 V vs. RHE to -

0.8 V vs. RHE and its scan rate was 10 mV/s. After experiment of CO2 electo-

reduction, the current density values were calculated with normalization by the 

surface area geometry.  

 

3.4.2. Product analysis  
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For the analysis of products after CO2 reduction, gas chromatography (GC) and 

nuclear magnetic resonance (NMR) were used for gaseous products and liquid 

products, respectively.  

For the sampling of electrolytes for the analysis of liquid products, the electrolysis 

was conducted at the constant voltage level with different duration times to the 

acquisition of -4 C ~ -6 C with CO2 reduction reaction. The values of conducted 

voltage were at -0.9 V, -1.1 V, -1.3 V, -1.5V, and -1.7 V vs. RHE with 2400 sec, 1800 

sec, 1500 sec, 1200 sec, and 1020 sec, respectively. Liquid products were analyzed 

by using a 700 MHz 1H 1D liquid NMR Spectroscopy (Bruker Advance). The 

products were identified with the position of peaks and the quantity of each products 

was calculated with the addition of quantified Dimethylformamide (DMF) solution.  

The analysis of gaseous products was conducted with the injection of gas directly 

after CO2 reduction with perfectly sealed custom-built three-electrode cells. The 

electrolysis was conducted at the constant voltage levels which were same as the 

electrolysis for NMR analysis. The identification and quantification of gaseous 

products were conducted using transformer oil gas analyzer NARL8502 MODEL 

4003 (PerkinElmer). The gas products were analyzed by a thermal conductivity 

detector (TCD) for H2 and a flame ionization detector (FID) for CO and CH4 

separately. 

For the electrolysis of CO2 reduction for product analysis, the reference electrodes 

was a silver chloride electrode (Ag/AgCl, Saturated with KCl) and the electrolytes 

was 0.1 M KHCO3 solution (pH 6.8 after CO2 saturated). The reference value was 

converted to reversible hydrogen electrode (RHE) scale with the equation Eq. (3.2). 

 

ERHE(V) = EAg/Agcl( ) + 0.197	 + 0.059	 	 ×              (3.2) 
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CHAPTER 4 
 

Microstructure control of Cu for graphene 
synthesis 

 
 
4.1. Introduction 

 

Graphene, a one atom thick film composed of carbon atoms arranged in a regular 

hexagonal pattern, has received much attention from many researchers due to its 

fascinating electrical, mechanical, optical, and thermal properties [4.1-4.6]. Since the 

first discovery of graphene by mechanical exfoliation from graphite [4.1], various 

industry-compatible methods for graphene synthesis have been investigated to fully 

realize its potentials. Among those, particularly, a chemical vapor deposition (CVD) 

growth method using commercially available Ni or Cu foil [4.7-4.8] as catalyst have 

shown great promises for mass and large-scale production of graphene. One can still 

find, however, a fundamental tradeoff between process temperature and uniformity 

control when using Cu and Ni. That is, Cu enables the synthesis of highly uniform 

monolayer graphene owing to its self-limiting characteristics but it needs relatively 

high process temperatures about 1,000℃. On the other hand, Ni allows lower 
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process temperatures while it shows less control over number of graphene layers and 

hence with poor lateral uniformity. 

In an attempt to mitigate such tradeoff and thereby achieve uniform graphene 

growth at low temperatures, several new catalytic designs utilizing alloy metals such 

as Cu-Ni, Ni-Au, and Ni-Mo have been suggested [4.9-4.12]. However, such Ni-

based alloys usually result in limited uniformity and quality because carbon atoms 

precipitated from Ni are unfavorable to form a graphene film with high uniformity. 

In other point, there some trial of low temperature synthesis of graphene with other 

carbon precursors such as toluene or solid/liquid source [4.13, 4.14]. Synthesis of 

graphene flakes was achieved from these researches however, synthesized graphene 

had limitation to form a uniform film.  

Therefore, a new binary Cu-based metal alloy with Ag plating is proposed and the 

research achievement that a highly uniform single layered graphene can be grown at 

considerably low temperature as low as 900 ℃ is demonstrated in this chapter. The 

electroplating of Ag on a Cu foil offers several advantages over conventional 

evaporation or sputtering methods, demonstrating its superior suitability for cost-

effective high-throughput manufacturing systems. In addition, the plating technique 

is readily roll-to-roll compatible and energy-efficient compared to the vacuum and 

high temperature processed evaporation and sputtering techniques. It also provides 

well controlled thickness and composition along the length and width of the 

substrates. Moreover, the plating method can minimize the waste of deposit materials 

and protect the Cu surface from oxidation. The Ag plated Cu can be homogeneously 

alloyed by annealing during the ramping up stage of the CVD process. 
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4.2. Experiments  

 

The electroplated Ag on Cu foils with six different thickness of Ag were prepared 

as explained in Chapter 3. Plated samples are labeled as Ag50Cu, Ag100Cu, 

Ag200Cu, Ag300Cu, Ag500Cu, and Ag1000Cu, respectively by the thickness of 

plated Ag (50, 100, 200, 300, 500, and 1000 nm on 35 μm thick Cu foils) and this 

naming will be used in this chapter with following sections. Other methods and 

conditions of graphene synthesis are discussed in detail in Chapter 3.   

 

 

4.3. Cu-Ag alloyed catalyst  

 

4.3.1. Cu-Ag alloy formation 

 

For the fabrication of Cu based metal alloy with Ag, Ag plating on Cu foils were 

prepared. For the formation of Cu-Ag alloy, Ag plated Cu samples were annealed 

before the synthesis process with CH4 gas. Before the discussion of Cu alloying 

effect on graphene synthesis, Cu-Ag alloy formation should be demonstrated. In 

addition to this, the behavior of Ag atoms during the increase of temperature and Ag 

state in Cu foil at the time of graphene synthesis should be clearly defined. The first 

possible motion of Ag during the increasing temperature was the vaporization and 

collision on Cu foil with redeposition and the second possible motion was the 

diffusion in Cu foil and the formation of substitutional Ag-Cu alloy.  

To investigate the mobility of Ag atoms with increasing temperature, 
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experimental study of the surface for Ag200Cu after annealing at 400 ℃, 600 ℃, 

800 ℃ and 1,000 ℃ was conducted. All conditions such as temperature ramping rate, 

H2 gas flow rate and annealing time were identical with the conditions for graphene 

synthesis except CH4 was not used. 

Table 1 shows the surface atomic percent of Ag and Cu of Ag200Cu before and 

after annealing at 400 ℃, 600 ℃, 800 ℃ and 1,000 ℃ measured by energy 

dispersive x-ray spectrometer (EDS, equipped in SEM, HORIBA X-Max50 006) and 

Figure 4.1 shows the scanning electron microscopic (SEM, Hitachi SU-70) images 

of Ag200Cu after annealing at each of the annealing temperatures. Because Ag was 

plated on Cu, Ag covered the surface of Cu foil and its atomic percentage measured 

by EDS was 99.70 % before annealing. The measured percentage of Ag was then 

found reduced to 78.85 % with annealing at 600 ℃, and ultimately, the atomic 

percent of Ag was 0 % after annealing at 800 ℃ and 1,000 ℃. Such results were 

consistent with the SEM images of Cu surface after annealing. Some part of Cu foil 

surface was observed to be exposed over Ag layer at 600 ℃. For annealing 

temperatures above 800 ℃, Ag layer became completely imperceptible against Cu 

foil. 

Two mechanisms, diffusion and evaporation, are supposed to be responsible for 

the movement of Ag. For Ag200Cu, the atomic percent of Ag can be calculated as 

0.79 at% assuming that all of the plated Ag diffused in Cu foil with the increasing 

temperature; 0.19 at% for Ag50Cu, 0.39 at% for Ag100Cu, 0.79 at% for Ag200Cu, 

1.18 at% for Ag300Cu, 1.97 at% for Ag500Cu and 3.94 at% for Ag1000Cu. Given 

the maximum solubility of Ag in Cu, 5% at 900 ℃, diffusion of 200nm thick Ag 

layer into 35 μm thick Cu foil is possible. The amount of diffusion and evaporation 

of Ag with 200 nm thick was calculated for 35 μm thick Cu foil during increasing 
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temperature using diffusivity of Ag in Cu [4.15] and evaporation rate of Ag [4.16]. 

Both of diffusivity and  

 

 

 

 

 

 

 

Figure 4.1 Formation of Cu-Ag alloy during the increasing temperature before 

graphene synthesis. (a) SEM images of annealed sample of Ag200Cu. Annealing 

temperature was 400 ℃, 600 ℃, 800 ℃ and 1,000 ℃.  
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Table 4.1 Surface atomic composition of Ag and Cu in Ag200Cu before annealing 

and after annealing at 400 ℃, 600 ℃, 800 ℃ and 1,000 ℃. 

 

Annealing temperature Ag (at %) Cu (at %) 

Unannealed 99.70 0.30 

400 ℃ 99.78 0.22 

600 ℃ 78.85 21.15 

800 ℃ 0 100 

1,000 ℃ 0 100 
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evaporation rate are exponential for temperature therefore diffusion and 

evaporation are very fast at 900 ℃. However diffusion rate is much faster than 

evaporation rate during increasing temperature before synthesis; possible diffusion 

thickness of Ag is about 94 nm at 600℃ and 462 nm at 800 ℃ otherwise evaporation 

thickness of Ag is 1.9 nm at 600 ℃ and 31 nm at 800 ℃. For the temperature 

excursions in the synthesis process, most of Ag would diffuse in Cu foil before the 

vaporization. Taking into account of 0.5 to 1.0 percent limit resolution of EDS, the 

measured 0 at% of Ag after annealing at 800℃ and 1,000℃ may indicate the 

presence of Ag less than 1 % of Cu foils. 

 

 

4.3.2. Demonstration of Ag diffusion in Cu 

 

For the demonstration of diffusion of Ag atoms to Cu foil, in-depth distribution 

analysis of Ag and Cu was conducted by D-SIMS (Cameca IMS 4FE7). 

Measurement of depth profile of atoms in Cu was performed on Ag200Cu after 

graphene synthesis at 900 ℃ for 40 min and Ag200Cu was sputtered by Cs+ ion 

during 1 hour.  

The line profile graph of Figure 4.2 shows the secondary ion count rate of Ag and 

Cu as a function of time. During the 60 min of sputtering time, 3.8 μm depth of Cu 

was measured and 107Ag and 109Ag were found at the same concentration for every 

location from the surface to 3.8 μm sputter depth. The observed uniform 

concentration suggest that Ag diffusion was complete and it was well distributed all 

over the Cu foil due to the fast diffusivity of Ag in Cu [4.15].  
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Figure 4.2 Demonstration of Ag atom diffusion in Cu foil with the formation of Cu-

Ag alloy. D-SIMS depth profile of Ag and Cu for Ag200Cu after graphene synthesis 

at 900 ℃ for 40 min. 
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4.4. Effect of Ag on graphene growth 

 

For the achievement of high quality graphene with the lowering synthesis 

temperature using Cu-Ag alloy and the demonstration of Ag effect on the 

improvement of graphene growth, Ag200Cu was used for the catalyst. Cu-Ag alloy 

catalysts were fabricated during the annealing before the graphene synthesis as 

discussed in the previous section. For the comparison of the graphene nucleation and 

islands growth, synthesis of graphene was conducted at 800 ℃, 900 ℃ and 1,000 ℃ 

for Cu foil without plating and Ag200Cu. 

Using Raman spectroscopy, the qualities of graphene films synthesized on 

various catalytic substrates with different synthesis temperatures were compared. 

Figure 4.3 shows the optical microscopic images of graphene films transferred onto 

a SiO2/Si wafer, where the graphene films were synthesized on Cu (Figure 4.3 (a)) 

and Ag200Cu (Figure 4.3 (b)) at 800 ℃, 900 ℃ and 1,000 ℃, respectively. The 

degree of graphene growth is noted with the dotted boundary in the figures. The 

blue-dotted boundary means graphene nucleation and the red-dotted boundary means 

the graphene film formation. 

Figure 4.4 shows the Raman spectra of graphene films n Cu (a) and Ag200Cu (b) 

For the synthesis temperature of 1,000 ℃, both Cu and Ag200Cu resulted in high 

quality graphene films. The intensity ratios of 2D to G Raman spectra peaks, I2D/IG, 

were 2.35 and 3.33, respectively. However, for 900 ℃, the I2D/IG value differed from 

Cu and Ag200Cu; 2.25 vs. 3.66. D peak stood out in the Cu catalyst and it implies 

the increased defect in graphene. 900 ℃ is lower than the generally known synthesis 

temperatures of 1,000 - 1,050℃ for Cu catalyst. As for Ag200Cu, the observed 
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negligible D peak and high I2D/IG value indicated a graphene quality comparable to 

or higher than that of graphene synthesized on Cu at commonly reported 

temperatures, e.g., 1,000-1,050 ℃. In addition, an optical microscope observation 

shown as Figure 4.3 (a) and (b) showed that an incomplete film was synthesized on 

Cu in contrast to a complete film devoid of adlayer islands on Ag200Cu. For 800℃, 

no graphene was formed on Cu, but graphene was formed on Ag200Cu. These 

results indicate that Ag can definitely reduce the growth temperature of CVD 

graphene, and Ag on Cu plays an important role in achieving uniform and complete 

graphene film at a low synthesis temperature. 
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Figure 4.3 Optical microscopic images of graphene synthesized on (a) Cu (b) 

Ag200Cu at 900 ℃ for 40 min. The blue-dotted boundary means graphene 

nucleation and the red-dotted boundary means the graphene film formation. Uniform 

and complete graphene film was synthesized for Ag200Cu at 900 ℃. 
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Figure 4.4 Raman spectra of graphene synthesized on (a) Cu and (b) Ag200Cu at 

800 ℃, 900 ℃ and 1,000 ℃. 
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4.5. The effect of Ag content and the optimization of Ag 

plating thickness 

 

To find the optimum Ag thickness, various samples were compared. Figure 4.5 

shows the Raman spectra and optical images of graphene films synthesized on Ag 

plated Cu substrates with different Ag thickness, i.e., Ag50Cu, Ag100Cu, Ag200Cu, 

Ag300Cu, Ag500Cu and Ag1000Cu at 900 ℃. The values of I2D/IG are 1.10, 1.97, 

3.66, 4.37, 2.38 (1.83) and 1.83 (0.60), respectively. The values in parentheses were 

measured from multilayer regions, if any.  

Graphene on Ag50Cu and Ag100Cu showed relatively incomplete film synthesis 

as shown in Figure 4.6, and this result was similar for the graphene on pure Cu as 

shown in the Figure 4.3 (a). On the other hand, for thicker Ag plating thickness 

above 100 nm, the synthesized graphene exhibited superior quality with complete 

coverage particularly for 200 nm and 300 nm. Ag500Cu and Ag1000Cu also show 

complete coverage with partial adlayer islands or multilayers, and more multilayers 

were observed for Ag1000Cu by an optical microscope. With the consideration of 

the results in Figure 4.5 and Figure 4.6, the optimized thickness of Ag plating was 

found to be 200 - 300 nm for the synthesis of uniform and high-quality monolayer 

graphene. Taking into account of the cost effectiveness of plating process, the 200 

nm plating thickness of Ag was selected for further study. 

For the further evaluation of the uniformity of synthesized graphene on Ag plated 

Cu, Raman G and 2D band mapping was conducted for analysis of the coverage of 

graphene film and this result is discussed in the next section. 
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Figure 4.5 Raman spectroscopy of graphene synthesized on Ag50Cu, Ag100Cu, 

Ag200Cu, Ag300Cu, Ag500Cu, Ag1000Cu at 900 ℃for 40 min. Optimized 

thickness of Ag plating is suggested as 200-300 nm for the synthesis of uniform and 

firm monolayer graphene 
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Figure 4.6 Optical microscopic images of graphene synthesized on Ag50Cu, 

Ag100Cu, Ag200Cu, Ag300Cu, Ag500Cu, and Ag1000Cu at 900 ℃ for 40 min.  
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4.6. Analysis of the uniformity and coverage of graphene 

 

For further evaluation of the uniformity of synthesized graphene on Ag-plated Cu, 

Raman G- and 2D-band mapping was employed with the graphene grown on Cu, 

Ag200Cu and Ag500Cu, at 900 °C. Figure 4.7 shows the spectroscopic Raman 

mapping of graphene synthesized on Cu, Ag200Cu and Ag500Cu, for coverage 

comparison of the graphene. Each view of field shows 30ｘ30 μm2 of graphene film 

transferred on an SiO2/Si wafer. The wavelength of the Raman excitation laser was 

514 nm (Renishow Equipment), and the Raman map pixel size is 1.0 μm. 

Figure 4.7 (a) shows the G peak signal pick-up of each graphene. If graphene 

existed at some point, there was a G peak signal with red color mapping. For 

graphene synthesized on Cu, graphene was not fully synthesized with lots of 

graphene undetected area. However, graphene was synthesized at nearly 100 % on 

the graphene sample of Ag200Cu and Ag500Cu. The partial coverage of graphene 

synthesized on Cu was reconfirmed with G-band and 2D-band peak intensities, as 

shown in Figure 4.7 (b) and Figure 4.7 (c). The peak intensity difference of the G-

band for the graphene synthesized on Cu was relatively severe compared with that of 

the graphene on Ag200Cu and Ag500Cu. However, the peak intensity difference was 

larger for the graphene synthesized on Ag500Cu than for that of the graphene on 

Ag200Cu. This result can be attributed to the increased multilayer graphene 

formation on Ag500Cu.  

The G band mapping results showed the partial coverage for the Cu-only case but 

complete coverage for the Ag200Cu and Ag500Cu substrates. Graphene synthesis 

was enhanced with increased Ag-plating thickness, coinciding with the results of the 
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optical microscopic images in Figure 4.6.  

 

 

 

 

 

 

Figure 4.7 Spectroscopic Raman mapping of graphene characterization. (a) Signal 

pick-up of the G and intensity maps of the (b) G and (c) 2D band for Cu, Ag200Cu 

and Ag500Cu respectively with 30ｘ30 μm2 map area.  
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For a large-scale demonstration of graphene coverage, a field of view covering a 

500ｘ500 μm2 area was performed using a Widefield Raman imaging (WRI) system, 

and mapping results are shown in Figure 4.8. For WRI systems, data acquisition 

time can be minimized with an optical filter, and this filter enables the measurement 

of a selective range of the D band (~1350 cm-1), G band (~1590 cm-1) and 2D band 

(~2700 cm-1). In addition, high efficiency and image enlargement were available for 

the WRI system using an image capturing method. The wavelength of the Raman 

excitation laser was 532 nm. The Raman map pixel size was 1.5 μm with 5 seconds 

of data acquisition time. Higher intensities in the G and 2D bands are represented by 

dark colors; therefore, non-coverage regions are represented by white, and multilayer 

graphene is represented by black.  

Graphene coverage results for a large area are in accordance with Figure 4.7, 

which shows the results of conventional small-area mapping. Non covered regions 

and intensity difference distributions were larger for the graphene synthesized on Cu 

than for that synthesized on the Ag-plated Cu.  

Therefore, for the graphene synthesis at 900 °C for 40 min, graphene film did not 

fully cover the Cu. However, a full coverage graphene film formed on the Ag-plated 

Cu, and the synthesis of a highly uniform graphene film was achieved. In addition, 

graphene synthesis was enhanced by increasing the thickness of the plated Ag; the 

optimized Ag-plating thickness was found to be 200 for the growth of uniform and 

high-quality graphene monolayers, as discussed in the previous section. 
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Figure 4.8 Scale up mapping of Raman spectroscopy with 500ｘ500 μm2 map area. 

Intensity maps of the (a) G band and (b) 2D band for Cu, Ag200Cu and Ag500Cu, 

respectively. 

 



 

 

Chapter 4: Microstructure control of Cu for graphene synthesis 

 

85 
 

 

4.7. Analysis of the crystallized structure of graphene 

 

The perfection of crystal lattice of the graphene films grown on various catalysts 

at 900 ℃ for 40 min were further investigated by TEM (JEOL JEM-2100 operating 

at 200 kV). The representative TEM images and selected area electron diffraction 

(SAED) patterns are shown in Figure 4.9 - 4.11. 

For the graphene synthesis on Cu, incomplete film was grown on the overall area 

in the form of graphene islands as shown in Figure 4.3 (a), and torn or undergrown 

regions were confirmed in the TEM images as shown in Figure 4.9 (b) and (c). The 

SAED patterns obtained from the graphene synthesized on Cu is shown in the insets 

of Figure 4.9 (a) and this patterns show the six-fold symmetry feature of graphene. 

From the analysis of the intensity diffractions [4.17, 4.18], the graphene synthesized 

on Cu was confirmed to be a monolayer with a high crystal quality.  

The average graphene domain sizes were 3-5 μm, 2-3 μm, and 1-2 μm for Cu, 

Ag200Cu, and Ag500Cu, respectively (Figure 4.9 - 4.11). To measure the actual 

domain size of the complete graphene film, the domain boundary mapping of 

synthesized graphene film was carried out by putting together points with the 

identical SAED patterns, and it is denoted by white dotted lines in the TEM images. 

The average domain size of graphene on Cu was measured to be 3-5 μm.  

Next, as shown in Figure 4.10, the same TEM analysis also showed that 

graphene synthesized on Ag200Cu were also a monolayer and a high-quality crystal. 

The domain boundary of the synthesized graphene displayed by the white dotted line 

and their average size had 2-3 μm.  

Finally, the SAED patterns for Ag500Cu (Figure 4.11) indicated bilayer and 
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monolayer graphene, respectively. These results show that monolayer domain 

graphene is formed overall areas of TEM sample but that multilayer domains exist 

on some parts of the sample. Also, the graphene synthesized on Ag500Cu had high 

crystalline quality. The average size of monolayer domain boundary represented by 

the white dotted line was determined to be 1-2 μm.  

From the TEM analysis, the high crystalline quality of graphene synthesis on 

Ag200Cu was demonstrated. Although identical synthesis conditions were applied, 

domain size and crystalline quality of synthesized graphene were varied with the 

addition of thin Ag layer. Graphene domain was smaller as the thickness of plated Ag 

was increased. This result is induced by the nucleation enhancement of graphene in 

Ag plated Cu, and the effect of Ag will be discussed further in detail in the next 

section. 
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Figure 4.9 (a) TEM image of graphene synthesized on Cu at 900℃; monolayer. The 

inserts show the SAED patterns of graphene. Incomplete growth with (b) the folded 

cluster of graphene and (c) graphene hole was observed in graphene synthesized on 

Cu. 
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Figure 4.10 TEM images of graphene synthesized on Ag200Cu at 900℃; monolayer. 

The inserts show the SAED patterns of graphene.   
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Figure 4.11 TEM images of graphene synthesized on Ag500Cu at 900℃; monolayer 

and multilayer. The inserts show the SAED patterns of graphene.    
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4.8. The effect of Ag atoms in Cu-Ag alloy for the 

enhancement of graphene synthesis  

 

Although less than 0.79 % of Ag existed in the Cu foil of Ag200Cu, these Ag 

atoms in the Cu-Ag alloy must have affected the nucleation and growth of the 

graphene. To understand graphene growth, C-C interactions need to be taken into 

account because C adatoms are known to form strong covalent bonds with one 

another when they nucleate to form graphene. In this regard, dimers are more stable 

than separate C adatoms by over 2 eV [4.19]. In addition, relatively weak C-Ag 

bonds are energetically more favorable than C-Cu or C-other metal because C dimers 

would weaken the C-metal bonding; it has been reported that the weaker the C-metal 

interaction is, the more preferred are the C dimers [4.19]. Furthermore, because the 

binding energy difference between a C dimer (ΔEdimer) and two C monomers (2ΔEC) 

is much more negative for Ag than Cu20, the nucleation of dimers is preferred on Ag 

sites, and this dimer nucleation promotes graphene synthesis in Cu-Ag alloys. 

Based on the various experimental analyses, the optimized thickness of Ag 

plating for the synthesis of uniform graphene films was found to be 200-300 nm. If 

the Ag plating is too thin, then the amount of Ag is too small to have an effect on 

graphene synthesis. However, if the Ag plating is too thick, then dimer formation and 

nucleation is excessive at Ag sites, resulting in non-uniform graphene synthesis. The 

dependence of graphene domain size on Ag-plating thickness, i.e., domains are larger 

for the synthesis on Cu and become smaller with increasing Ag thickness, can be 

explained by the following. If the Ag-plating thickness increases, the larger portions 

of Ag in the Cu-Ag alloy leads to denser carbon dimers and hence more graphene 
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nucleation sites. These results are consistent with the Raman and TEM results of 

graphene.  

The surface analyses of the Cu-Ag alloys by SEM and EDS revealed that the Ag 

atoms showed high mobility above 600 ℃, and the in-depth analyses by D-SIMS 

and XRD indicated that the Ag atoms diffused into the Cu to form homogeneous Cu-

Ag alloys. In addition, the Cu-Ag alloy substrates exhibited the (100) <100> cube 

texture during graphene synthesis; this result is discussed in the next chapter. The 

evolution of cube texture with the development of low angle, subgrain boundaries 

and the decrease of twin boundaries are suggested to enhance the formation of large 

Cu grains of one texture; such Cu grains allowed uniform graphene synthesis by 

providing identical growth conditions across the catalytic surface. Regarding 

boundary characteristics, twin boundaries are known to be more stable against 

microstructural change than normal grain boundaries, and it has also been reported 

that twin boundaries suppress abnormal microstructural changes of Cu [4.20, 4.21].  

The results showed that Ag in substitutional Ag-Cu alloys promotes grain growth 

into the cube texture with reduced twin boundaries in the Cu grains. Graphene 

growth on the Cu-Ag alloys and the abnormal grain growth into one texture 

interacted with each other, contributing to the formation of high-quality and uniform 

graphene films at lower temperatures. 
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Figure 4.11 Binding energy difference of C dimer and two C monomers (ΔEdimer - 

2ΔEC) as a function of ΔEC on the metal surfaces. The energy of a C-C double bond 

(-6.33 eV) is presented with the vertical dashed line in the graph. [4.19] 
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4.9. Summary 

 

In this chapter, a new method to synthesize a uniform high-quality graphene film 

at low temperature by electroplating Ag layers conventional Cu catalysts was 

demonstrated. The thickness of Ag and the growth temperature were carefully 

optimized, which are found to be 200 nm and 900 ℃, respectively. The various 

surface and in-depth analyses show that the Ag atoms are mobile enough to diffuse 

into Cu at high temperature to form homogeneous Cu-Ag alloys. In addition, the 

EBSD analysis implies that the abnormal grain growth of Cu-Ag alloys further 

assists the formation of uniform graphene films by providing identical growth 

environment across the whole catalytic surface.  
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CHAPTER 5 

 

Unusual microstructural evolution in Cu 
induced by graphene and Ag 

 
 

5.1. Introduction 

 

In the previous chapter, high quality graphene synthesis was achieved using Cu 

catalysts, which had small amounts of Ag atoms in their matrices. One of the key 

enablers of the successful application of graphene in various research areas, the 

well-controlled synthesis of graphene, remains the most important issue in its 

research. For the synthesis of highly uniform and large-sized graphene films with 

few defects, many researchers are interested in the effects of Cu microstructure, such 

as grain boundaries, Cu orientation, and Cu defects [5.1-5.3]. Therefore, previous 

studies on the interactions between graphene and Cu catalytic substrates have been 

focused only on the effects of Cu on graphene synthesis. Therefore, almost all 

previous reports have discussed the effects of Cu on the synthesis of graphene and 

the quality of the synthesized graphene.  
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However, graphene synthesized on Cu may also have some effects on the Cu 

microstructure, and the microstructural evolution of Cu caused by external factors 

should be thoroughly studied for understanding Cu behavior in the context of its 

various applications. The microstructural change of Cu caused by graphene will be 

demonstrated in this chapter. Until now, few studies have focused on the effects of 

graphene on Cu or other metal catalysts. There is a report of periodic surface 

depressions on Cu induced by graphene [5.4]. However, these patterns were only 

generated by a post-annealing process after graphene synthesis.    

In this chapter, an unusual microstructural evolution of Cu in a Cu-Ag alloy with 

graphene synthesis is investigated. A Cu-Ag alloy is an advanced catalyst material 

for graphene synthesis, as discussed in the previous chapter [5.5]. The unusual 

microstructural evolution of Cu was observed only for this Cu-Ag alloy catalyst. An 

enormous Cu grain growth, which was on the scale of mm2 grain size, was observed 

with the graphene synthesis for the dilute Cu-Ag alloy catalyst, in contrast with the 

μm2-scale grain size observed on the conventional Cu foil.  

 

 

  

5.2. Experiments 

 

For the comparison of microstructural change of Cu after graphene synthesis, two 

types of Cu foil were prepared. One is 35-μm-thick Cu foils (purity 99.85 %, Japan 

Energy Co.) without surface plating and the other is the Cu foils with 200-nm-thick 

Ag plating. For the preparation of Cu-Ag alloyed sample, Ag200Cu was used 

because this type sample had an excellent catalytic property for the synthesis of 
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uniform graphene film at lower synthesis temperature as proved in chapter 4 and this 

type sample is expected to have largest effect by graphene on Cu. 

Then, graphene synthesis and annealing were performed using a thermal 

chemical vapor deposition (CVD) system. The temperature of the CVD chamber 

was ramped up at the rate of 20 ℃/min until reaching the target synthesis 

temperatures. For the annealing of Cu and Ag200Cu, the temperature profile and H2 

gas flow were the same except for the injection of CH4 gas at the annealing 

temperatures (900 ℃ or 1000 ℃). The sample was quenched to room temperature 

for the fast cooling after graphene synthesis and annealing.  

Ag200Cu formed dilute Cu-Ag alloy (maximum 0.79 at% of Ag in Cu) with 

graphene synthesis was demonstrated in chapter 4. In this chapter 5, Ag200Cu is 

named as Cu-Ag, because the alloy formation is already demonstrated as discussed 

in chapter 4 and Ag200Cu is a labelling to distinguish the sample with different 

thickness of Ag plating.   

The textures of the Cu foil and the Cu-Ag were carefully characterized by 

electron backscatter diffraction (EBSD), and the graphene morphology and the Cu 

surface were observed by scanning electron microscopy (SEM, Hitachi SU-70) and 

energy dispersive spectrometry (EDS). Grain structure analysis for the calculation of 

grain size was conducted using REDS as introduced in chapter 3 with other 

experimental condition. Grain identification is analyzed with the common optimum 

criteria, 5 °. 
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5.3. Microstructure analysis of Cu and Cu-Ag alloy after 

graphene synthesis  

 

5.3.1. Texture analysis   

 

The analysis of Cu texture after graphene synthesis for Cu and Ag plated Cu 

(Ag200Cu) after graphene synthesis was performed using the electron backscatter 

diffraction (EBSD). Cu texture of Cu-Ag after graphene synthesis (using Ag200Cu) 

was significantly different with that of Cu. Figure 5.1 shows the EBSD result and its 

orientation maps of Cu and Cu-Ag with graphene (after graphene synthesis at 900 ℃ 

or 1000 ℃ with CH4 gas for 40 min). The EBSD orientation maps in Figure 5.1 are 

the results from the normal direction (ND; the vertical direction for the surface of the 

Cu foil on which graphene was synthesized). Increase of (100) texture in Cu in case 

of Cu-Ag after graphene synthesis was found from the analysis of the orientation 

map of ND.  

In addition, a detailed texture analysis revealed that most of the observed (100) 

texture in ND possessed (100) texture in rolling direction (RD) and transverse 

direction (TD) at the same time. Figure 5.2 shows the texture analysis results in the 

ND, RD and TD for Cu-Ag after graphene synthesis at 900 ℃ and 1,000 ℃. The 

significant grain growth of Cu in case of Cu-Ag with graphene synthesis was found 

from the analysis of the orientation map of ND, TD and RD as shown in Figure 5.2. 

For the consideration of the orientation maps from all directions, most of the Cu 

orientations are (100), however (110) and (111) textures are not observed, which 

indicates that the Cu texture is mostly (100)<100>, i.e., cube texture [5.6, 5.7]. 
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Figure 5.1 EBSD orientation maps of Cu after graphene synthesis on (a) Cu and (b) 

Cu-Ag at 900 ℃, 1000 ℃ for 40 min; scale bars (200 μm). 
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Figure 5.2 The EBSD orientation maps of ND, RD and TD for Cu-Ag (which is 

shown in figure 5.1 (b)) after graphene synthesis with (a) at 900 ℃ and (b) at 1000 ℃ 

for 40 min; scale bars (200 μm). 
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Generally, cube texture is observed for heavily rolled or highly purified rolled Cu 

[5.7 - 5.9]. The addition of Ag for alloying may reduced the development of cube 

texture from the point of purity of Cu. However cube texture was developed with the 

graphene synthesis in Ag admixed Cu and these conditions may induce the 

microstructural evolution and boundary characteristics in Cu. large areas of cube 

texture developed in Cu with graphene synthesis on our dilute Cu-Ag alloy catalyst. 

Meanwhile, the unusual enlargement of grain growth observed in CU and metals 

has been found in metal thin films with deposition and post-annealing processes 

[5.10-5.12]. The grain size distribution and texture depend on the relative magnitude 

of stresses, such as surface energy or strain energy between grains, which can be 

induced by the substrate, deposition parameters and annealing conditions with 

various film thicknesses [5.10]. The results would suggest that the graphene could 

also influence the stress on Cu catalyst and that graphene formation on the surface of 

Cu is a driving force for unusually enlarged grain growth of Cu. The effects of 

graphene and substitutional Ag in Cu is also discussed in detail in the following 

sections. 

The ratio of (100) texture in normal direction (ND) and grain size are shown in 

Table 5.1. The percentage of (100) increases with the increasing temperature for 

both Cu and Cu-Ag, however the percentage of Cu-Ag is significantly larger than 

Cu for every temperature. The ratio of the cube texture for Cu with graphene 

synthesis was 54.9 % at 900 ℃ and 59.1 % at 1000 ℃, respectively. However, the 

ratio of the cube texture of Cu-Ag with graphene synthesis was 92.7 % and 98.1 % 

at 900 ℃ and 1000 ℃, respectively. Although the (100) texture was the dominant 

texture for both Cu and Cu-Ag with graphene synthesis, the ratio of (100) of Cu-Ag 

with graphene synthesis was significantly larger than that of Cu. The ratio of (100) 
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was more than 90 %, and most of the orientation of Cu-Ag was changed to the cube 

texture with graphene synthesis.  

The orientation change to one texture induced the giant grain growth of Cu, 

which only occurred in the case of Cu-Ag with graphene synthesis. Although the 

average grain size in Cu foil with graphene synthesis at 1000 ℃ was 56 μm2, that 

in Cu-Ag with graphene synthesis at 1000 ℃ was over 1.05 mm2, which was 

18,750 times larger than the average grain size in the Cu foil with graphene. Grain 

boundary analysis was conducted with the criteria of 5 ° misorientation angle. The 

grain size of Cu-Ag was the maximized measurement area of EBSD at one time (i.e., 

it reached the upper limit of measurable area of the EBSD instrument used in this 

study), and the Cu-Ag formed almost one single grain within this area. The grain 

size and the ratio of (100) texture in Cu and Cu-Ag after graphene at 900 ℃, 1000 ℃ 

is summarized in Table 5.1. Such dominance of (100) texture was also observed for 

other Ag plating thicknesses. The percentage of (100) texture was about 94 % for 

Ag500Cu after synthesis at 900℃. 
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Table 5.1 The average grain size of Cu and the ratio of (100) texture after graphene 

on Cu and Cu-Ag at 900 ℃, 1000 ℃. 

 

Synthesis 

Cu Cu-Ag 

(100) Grain size (100) Grain size 

900 ℃ 54.9 % 48 μm2 92.7 % 0.42 mm2 

1000 ℃ 59.1 % 56 μm2 98.1 % 1.05 mm2 
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5.3.2. Analysis of boundary characteristics 

 

As discussed in the previous section, the microstructural evolution of Cu cube 

texture was developed in Cu-Ag with the graphene synthesis with boundary 

characteristics in Cu. For the in-depth discussion of Cu microstructural change, the 

boundary characteristics of Cu and Cu-Ag after graphene synthesis at 900 ℃ and 

1,000 ℃ were analyzed and the misorientation angle distribution are shown in 

Figure 5.3.  

The Cu and Cu-Ag exhibited different misorientation angle distributions. Both of 

Cu and Cu-Ag were not follow the Mackenzie plot, which showed the normally 

random grain boundaries. For Cu, the first order twin boundaries represented by 

58.5° - 60° misorientation angle was found to comprise 30 - 40 % by area. The 

percentage of twin boundaries in the Cu-Ag after graphene synthesis was measured 

to be 17.2 %, 10.6 % and 4.8 % for synthesis temperature of 800 ℃, 900 ℃ and 

1,000 ℃, respectively.  

Therefore, the proportion of twin boundaries was found to decrease with the 

increase of both the synthesis temperature and proportion of cube texture. In other 

point, proportion of the randomly oriented grain boundaries decreased and low angle 

grain boundaries increased for Cu-Ag after graphene synthesis compared with the 

Cu. Because the portion of the misorientation angle in grain boundaries lower than 

10 ° was high, these boundaries comprised the subgrain boundaries, and large grain 

with (100)<100> texture was formed. For Cu-Ag after graphene synthesis at 

1,000 ℃, one single grain almost filled the EBSD measurement area as discussed in 

the previous section.    
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Figure 5.3 Misorientation angle distribution of Cu after graphene synthesis at 900 ℃ 

and 1,000 ℃ on (a) Cu and (b) Cu-Ag. 
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5.4. Microstructure analysis of Cu and Cu-Ag alloy after 

annealing  

 

There is a possibility that the microstructural evolution of Cu-Ag was just caused 

by the formation of the Cu-Ag alloy (irrespective of the graphene synthesis on Cu). 

To demonstrate the effects of Cu-Ag alloy formation exclusive of graphene synthesis, 

the Cu texture in Cu foil and Cu-Ag was analyzed after annealing (without graphene 

synthesis) at 900 ℃ and 1000 ℃.  

Figure 5.4 shows the EBSD orientation maps of Cu and Cu-Ag without graphene 

(after annealing) at 900 ℃ and 1000 ℃ for 40 min. The ratios of (100) in Cu without 

graphene (annealing at 900 ℃ and 1000 ℃) were 40.4 % and 51.6 %, respectively, 

and the ratios of (100) in Cu-Ag without graphene were 56.7 % and 67.2 %, 

respectively as shown in Table 5.2.  

In contrast to the results from the graphene synthesis as discussed in the previous 

section, the (100) texture in Cu-Ag without graphene was relatively small. The ratio 

of (100) in Cu-Ag without graphene was larger than that in Cu. However, the 

difference between Cu and Cu-Ag was very small (only about 16 % differences for 

both annealing temperature). This unusually enlarged grain growth combined with 

the evolution of the uniform cube texture was significant only for Cu-Ag with 

graphene synthesis with the millimeter scaled grain size of Cu. For the analysis of 

cube texture, the detailed texture analysis results in the ND, RD and TD for Cu-Ag 

without graphene synthesis at 900 ℃ and 1,000 ℃ was conducted is shown in 

Figure 5.5. 
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Figure 5.4 EBSD orientation maps of Cu without graphene after annealing on (a) 

Cu and (b) Cu-Ag at 900 ℃, 1000 ℃ for 40 min; scale bars (200 μm). 
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Table 5.2 The average grain size of Cu and the ratio of (100) texture after annealing 

on Cu and Cu-Ag at 900 ℃, 1000 ℃. 

 

Annealing 

Cu Cu-Ag 

(100) Grain size (100) Grain size 

900 ℃ 40.4 % 45 μm2 56.7 % 33 μm2 

1000 ℃ 51.6 % 42 μm2 67.2 % 41 μm2 
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Figure 5.5 The EBSD orientation maps of ND, RD and TD for Cu after graphene 

synthesis with (a) at 900 ℃ and (b) at 1000 ℃ for 40 min; scale bars (200 μm). 
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From the EBSD result of Cu without Ag as shown in Figure 5.1 (a) and that of 

Cu without graphene as shown in Figure 5.4 (b), the (100) ratio was low, and the 

unusually enlarged grain growth did not occur in the samples without graphene or 

without Ag. Therefore, the microstructure of Cu was significantly changed with 

satisfying the both conditions of Cu-Ag alloy formation and graphene synthesis at 

the same time was demonstrated. If only one condition of alloying with Ag or 

graphene synthesis on Cu was introduced, the microstructural change of Cu to the 

cube texture was relatively small. This unusual grain growth of Cu needs not only 

the condition of graphene synthesis on Cu but also the condition of alloying with Ag.  

The average grain size of Cu and the ratio of the (100) texture are compared in 

Figure 5.6. The large ratio of (100) texture (92 % and 98 %) of graphene 

synthesized Cu-Ag alloy is significantly notable in the Figure 5.6 (a). The average 

grain size in Cu-Ag with graphene synthesis at 1000 ℃ was over 1.05 mm2, which is 

more than 18,000 times larger than the grain size of Cu without graphene synthesis 

(42 μm2), Cu without Ag (Cu with graphene synthesis, which had grain size of 56 

μm2) and Cu-Ag without graphene (41 μm2) as shown in Figure 5.6 (b). 
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Figure 5.6 (a) The average grain size of Cu and (b) the ratio of (100) texture with 

graphene synthesis and without graphene on Cu and Cu-Ag at 900 ℃, 1000 ℃. 

  



 

Chapter 5: Unusual microstructural evolution in Cu induced by graphene 

and Ag 

 

111 
 

 

5.5. Effect of graphene synthesis on Cu for grain growth  

 

For the further demonstration of synthesized graphene effect on Cu for the 

enlarged grain growth, texture of Cu was compared with the degree of graphene 

synthesis. The Cu texture was analyzed for the sample before graphene synthesis 

and with graphene synthesis for 10 min, 20 min and 40 min at 1000 ℃.  

The temperature profile and EBSD measurement points are shown in Figure 5.7 

(a). The point 1 indicates the temperature profile of the sample before graphene 

synthesis and point 2, point 3, and point 4 indicates the that of the samples with 

graphene synthesis for 10 min, 20 min and 40 min at 1000 ℃, respectively. Figure 

5.7 (b) shows SEM images of graphene on Cu at synthesis points 2 and 3, and these 

SEM images show that the graphene was progressively synthesized on Cu-Ag 

(incomplete film) with 10 min and 20 min of synthesis time.  

The evolution of the Cu-Ag microstructure with the extent of graphene synthesis 

is shown in Figure 5.8. The (100) ratio of Cu increased from point 1 to point 4 

according to the degree of graphene synthesis, as shown in the EBSD orientation 

maps and these reults is summarized in Figure 5.9 (a).  

The ratio of the (100) texture was 67.4 % for Cu before graphene synthesis, and 

the ratio increased to 74.2 % and 78.9 % with 10 min and 20 min of graphene 

synthesis time, respectively as shown in Figure 5.9 (a). This value increased to 98.1 % 

after graphene synthesis for 40 min with the formation of the complete graphene 

film. The ratio of (100) in Cu before graphene synthesis was almost the same as that 

for the annealed sample shown in Figure 5.4 (b), and this increased with the 

progress of graphene synthesis. The ratio increased throughout the synthesis time of 
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graphene and finally, most of the Cu orientation was changed to the cube texture 

with unusually enlarged grain growth of Cu with the complete synthesis of graphene 

film. Therefore, the evolution of the (100) texture with unusually enlarged grain 

growth is related to the progress of the graphene synthesis.  

The average grain size of Cu with the degree of graphene synthesis is compared 

in Figure 5.9 (b). The grain size is 32 μm2
, 33 μm2

,
 39 μm2 for before synthesis, 

synthesis during 10 min and synthesis during 20 min, respectively. The grain 

significantly enlarged with the formation of graphene film and the grain size of Cu 

was 1.05 mm2 with the synthesis of graphene film with full coverage on the Cu 

surface. 

The unusually enlarged grain growth of Ag-plated Cu according to the extent of 

graphene synthesis was clearly demonstrated here, and the Cu texture was changed 

to the cube texture through graphene synthesis. The effects of graphene synthesis on 

Cu are critical for the unusually enlarged grain growth of Cu.  
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Figure 5.7 Evolution of Cu texture with graphene synthesis progress (a) the 

temperature profile of CVD process. (1) before graphene synthesis after heating up 

and pre-annealing for 10 min. (2) Graphene synthesis for 10 min. (3) Graphene 

synthesis for 20 min. (4) Graphene synthesis for 40 min. (b) SEM image of 

synthesized graphene on Cu-Ag for 10 min (1) and 20 min (2); scale bars (10 μm). 
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Figure 5.8 EBSD orientation maps of Cu-Ag with graphene synthesis with progress 

though (a) before graphene synthesis after heating up and pre-annealing for 10 min 

(b) Graphene synthesis for 10 min (c) Graphene synthesis for 20 min, and (d) 

Graphene synthesis for 40 min.; scale bars (200 μm). 
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Figure 5.9 (a) The average grain size of Cu and (b) the ratio of (100) texture with 

graphene at 1000 ℃ on Cu-Ag with variation of growth time. 

 

  



 

Chapter 5: Unusual microstructural evolution in Cu induced by graphene 

and Ag 

 

116 
 

 

5.6. Effect of Ag alloying for grain growth of Cu 

 

To demonstrate the effects of Ag on this unusual microstructural evolution of Cu, 

the Cu texture was compared in Ni 200 nm plated Cu and Au 200 nm plated Cu.  

For the preparation of Ni plated Cu and Au plated Cu, Ni was electroplated using 

nickel (II) sulfate as the electrolyte, with a deposition rate of 1.13 μm/min at 5 ASD 

and Au was electroplated using potassium gold cyanide as the electrolyte with a 

deposition rate of 0.12 μm/min at 0.3 ASD.  

Figure 5.10 shows the EBSD orientation maps of Cu-Ni (a) and Cu-Au (b) 

without graphene and with graphene at 1000 ℃ for 40 min and the ration of (100) 

texture and grain size of Cu-Ni and Cu-Au are compared in Figure 5.11. The (100) 

ratio of Cu-Ni was 69.3 % without graphene and 58.8 % with graphene synthesis; 

that of Cu-Au was 63.1 % without graphene and 57.3 % with graphene synthesis, 

respectively. As shown in Figure 5.10, the unusually enlarged grain growth of Cu 

was not observed with graphene synthesis on Ni plated Cu and Au plated Cu. From 

these results, only Ag, not the other plating metals (Ni, Au), affects the 

microstructural evolution of Cu, and this phenomenon only occurs with graphene 

synthesis on Cu. We may conclude that the unusually enlarged grain growth of Cu to 

the cube texture occurs only when the both conditions, Cu-Ag alloying and graphene 

synthesis, are satisfied at the same time.  
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Figure 5.10 EBSD orientation maps of Cu-Ni (a) and Cu-Au (b) without graphene 

and graphene synthesis at 1000 ℃ for 40 min, Scale bars (200 μm). 
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Figure 5.11 (a) The average grain size of Cu and (b) the ratio of (100) texture with 

graphene on Cu-Ag, Cu-Ni and Cu-Au at 1000 ℃. 
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5.7. Combined effect of Ag and graphene for unusual grain 

growth of Cu   

 

Why does the unusually enlarged grain growth of Cu occur only for the Ag plated 

Cu with graphene synthesis? In general, when the stress of Cu exceeds its yield 

stress, strain relaxation (such as deformation) occurs to reduce the stress. There are 

two stresses related to this phenomenon.  

The first one is the intrinsic stress due to the Cu-Ag alloy formation, and the other 

is the interface stress due to the interface formation between Cu and graphene. For 

Ag plated Cu, intrinsic stress can be induced in Cu by alloy formation with Ag. Ag 

atoms diffused in Cu during the ramping-up stage, and then, substitutional Cu-Ag 

alloy was formed before graphene synthesis [5.5]. Ag atoms in substitutional sites of 

Cu induced the lattice distortion due to the large atomic size of Ag (atomic radii of 

Ag: 0.144 nm and Cu: 0.128 nm [5.13]). Measurement of the actual stress induced 

by Cu-Ag formation is quiet difficult, however we could estimate which stress is 

induced by alloy formation from the King’s concept of volume size factor [5.14]. A 

volume size factor, Ωsf, is defined as the effective atomic volume of the solute and 

Ωsf for Cu-Ag is +43.52 %. This positive value means that the compressive stress is 

generated with the Cu-Ag alloy formation [5.14, 5.15].  

In addition, the interface energy on the Cu surface was caused by the binding 

energy between graphene and Cu. Graphene synthesized on Cu-Ag alloy was highly 

uniform [5.5] and this highly uniform monolayer of graphene on Cu-Ag with van 

der Waals interactions has sufficient effect to induce stress on Cu. Graphene is a very 

strong material (Young’s modulus of graphene is about 2 TPa [5.16]), graphene 
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could be sustainable for the induced stress. The relative stress of Cu may be smaller 

than graphene, this stress contributed to the total stress in Cu foil. 

The total stress of dilute alloyed Cu after graphene synthesis exceeded the yield 

stress of Cu; thus, stress relaxation would induced in the Cu foil. Cu is a face 

centered cubic (FCC) metal, and the elastic modulus is strongly anisotropic [5.13]; 

M100 is 115 GPa, M110 is 233 GPa and M111 is 261 GPa (Mhkl: effective biaxial 

modulus). The strain energy stored in each grain depends on both the grain size and 

the crystal orientation, and the Cu orientation was changed to the (100) texture for 

the strain minimization of the Cu foil.  

If only one of these stresses (i.e., intrinsic stress or interface stress) exists in Cu, 

the stress is too small to exceed the yield stress of Cu; thus, the Cu texture would not 

change to the (100) orientation, and unusually enlarged grain growth would not 

occur. Therefore, the unusually enlarged grain growth of Cu did not occur for Cu-Ag 

without graphene synthesis (after annealing) or for Cu with graphene synthesis, as 

discussed above.  

With regard to the intrinsic stress induced by an alloy metal, Ni has a similar 

atomic size to that of Cu (atomic radius of Ni: 0.125 nm [5.13]), so the lattice 

distortion due to the substitutional Ni was small for the Cu-Ni alloy. For Cu-Au, 

although Au has a larger atomic size than Cu (atomic radius of Au: 0.144 nm [5.13]), 

Au atoms were segregated with the quenching to room temperature after graphene 

synthesis due to the miscibility between Au and Cu. In addition, Au comprises 0.79 % 

for Cu-Au, so the effect of Au segregation is small. Due to these effects, as discussed 

above, the unusually enlarged grain growth of Cu occurred only for the Cu-Ag alloy 

with graphene synthesis.  
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In other point, the unusually enlarged grain growth of Fe-3 % Si and its driving 

force have been well studied by many researchers [5.17, 5.18]. Anisotropic energy 

and solid-state wetting were the main factors causing the unusually enlarged grain 

growth of Fe-3 % Si; however, the grain growth scale of the Cu-Ag alloy with 

graphene synthesis was significantly greater than that of Fe-3 % Si.  

Therefore, the angstrom-scale thickness of graphene, with one atomic layer, has a 

remarkable effect on the microstructural evolution of Cu with unusually enlarged 

grain growth. Graphene has only one atomic layer, with a 3.45 Åm thickness, which 

is far thinner than the 35-μm-thick Cu foil. However, a monolayer of graphene 

induced the large stress in Cu, and this phenomenon of 18,750 times larger grain 

growth of Cu was very unusual.   

If the Cu has a preferred orientation over the entire area of Cu foil, homogenous 

electrical and mechanical characteristics of Cu could be obtained despite the 

anisotropic properties of Cu. The electrical conductivity and ductility would be 

higher than those of polycrystalline Cu due to the large grains with (100)<100> cube 

texture. This could be beneficial for various applications of Cu with overall cube 

texture. 
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5.8. Summary 

 

In this chapter, the unusual grain growth of Cu with graphene synthesis and Cu-Ag 

alloy formation is demonstrated. The Cu formed giant grains with (100)<100> cube 

texture and with sizes greater than 1.05 mm2. The unusually enlarged grain growth 

occurred only for the Cu-Ag alloy substrate with graphene synthesis, and this grain 

growth did not occur if only one of these conditions (Ag or graphene) was present. 

This phenomenon was caused by the intrinsic stress from Cu-Ag alloy formation 

and the interface energy between Cu and graphene with graphene synthesis. 
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CHAPTER 6 
 

Improvement of CO2 reduction efficiency with 
mechanically induced Cu extrusion/intrusion 

 
 
6.1. Introduction 

 

CO2 gas emission by humans has risen due to the burning of fossil fuels with the 

development of industry. Increasing CO2 gas emission causes significant 

environmental problems, such as the greenhouse effect and global warming. Because 

of these environmental problems caused by CO2 gas emission, there is a great deal of 

interest in decreasing or limiting the amount of CO2 gas emission. However, many 

researchers have directed much attention toward converting CO2 gas into energy 

sources. CO2 conversion could possibly solve environmental and energy problems 

simultaneously. One energy conversion from carbon-based materials is that of 

electrolytic hydrogen and CO2 to form methane [6.1]. The electrochemical 

conversion of CO2 could generate hydrocarbon materials, such as CO, CH4, C2H4, 

CH3OH, C2H5OH, and HCOOH. However, electrochemical CO2 reduction with 

reasonable current density (5 - 10 mA∙cm-2) and current efficiency is required. Since 
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Prof. Hori’s group reported current efficiencies and distributions of CO2 reduction 

products for various crystal orientations of Cu [6.2], many researchers have had 

much interest in CO2 reduction and have reported highly efficient production of 

methane or ethylene [6.3 – 6.5].  

For higher efficiency CO2 reduction, many groups have studied advanced catalysts 

and catalytic properties with product analysis [6.6, 6.7]. Among metal catalysts, 

copper has received much attention due to its excellent performance as a CO2 

reduction catalyst. Copper is the only catalyst of CO2 reduction for the production of 

hydrocarbon materials with meaningful current density values. Because copper has a 

medium hydrogen overvoltage and a weak CO adsorption [6.1], breaking the carbon 

and oxygen bond of CO2 and CO could cause desorption from the surface of the 

catalyst. These properties are suitable for CO2 reduction compared with those of the 

materials, which have high hydrogen overvoltage and negligible CO adsorption 

properties, or the materials, which have low hydrogen overvoltage and high CO 

adsorption properties [6.1]. In addition, copper is a unique material, which can react 

more with CO and reduce CO to further reduced hydrocarbon products.       

 Copper also presents a feasibility of handling product type and quantity by 

controlling of surface morphology and orientation. W. Tang et al. reported higher 

hydrocarbon selectivity with rough surface morphology by cyclic voltammetry [6.8]. 

Kendra P. Kuhl et al. also reported the effects of surface roughness compared with 

polishing methods [6.9]. However, some groups adapted nanoparticles to CO2 

reduction [6.10, 6.11]. Novel ideas are required to develop more advanced catalysts 

for CO2 reduction.   

In this chapter, the introduction of a novel Cu surface structure for the 

improvement of CO2 reduction efficiency will be discussed. Extrusion/intrusion 
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structures were formed on the surface of Cu thin films on flexible substrates using 

mechanical metallurgy with cyclic bending. These structures on the surface of the Cu 

films are easily evolved with fatigue behavior.  

Fatigue occurs when a material is subjected to repeated loading and unloading of 

stresses or strains [6.12]. The microstructures and properties of materials are changed 

with the formation of cracks and extrusions on the surface as well as at grain 

interfaces [6.13]. Generally, the formation of cracks and extrusion/intrusion 

structures causes severe problems because metallic properties would be changed by 

these types of damage. These cracks are treated as damage to metal electrodes in 

flexible devices. However, the extrusion/intrusion structures formed with cracks on 

the surface of Cu would create excellent catalysts for CO2 reduction. 

Extrusion/intrusion structures are generated through the (111) slip plane by the 

persistent dislocation motion of repeated loading and unloading [6.13]. 

To investigate the effects of extrusion/intrusion structures on CO2 reduction, the 

extrusion/intrusion structures were formed on Cu surfaces by a mechanical 

metallurgic method using the fatigue behavior of Cu.   
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6.2. Evolution of extrusion/intrusion structure on the surface 

of Cu film with cyclic bending  

 

6.2.1. Extrusion and intrusion formation with crack evolution  

 

As mentioned in Chapter 3.3, extrusion/intrusion structures were mechanically 

fabricated by cyclic bending deformation. Cracks nucleated at a small number of 

cycles and propagated with the increase of the bending cycles. The 

extrusion/intrusion structures also evolved with the bending cycles. Figure 6.1 shows 

scanning electron microscopy (SEM) images of the Cu films after (a) 500, (b) 10,000, 

and (c) 500,000 cycles of bending fatigue with 2 % strain. After 400 cycles of 

bending, cracks and extrusion/intrusion structures were not observed. Cracks were 

observed after 500 cycles, and those were perpendicular to the direction of strain, as 

shown in Figure 6.1 (a). Nucleated cracks propagated and the length of cracks 

increased with the bending cycles. The dimensions of the extrusion/intrusion 

structures were larger and the density of the cracks increased with the number of 

bending cycles, as shown in Figure 6.1 (b) and (c).  

The resistance of the samples increased with the evolution of cracks and 

extrusion/intrusion structures, as mentioned in Chapter 3.3. Resistance was not 

changed at the nucleation of the cracks, and the resistance was the same after 500 

bending cycles. However, resistance increased with the nucleation and propagation 

of cracks and the evolution of extrusion/intrusion structures. The resistance change, 

expressed as R/R0, was 1.19, 3.21, 6.21, and 13.32 after 1,000, 10,000, 50,000 and 

500,000 bending cycles, respectively.   
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Figure 6.1 Evolution of extrusion/intrusion with cyclic mechanical deformation at 

the surfaces of Cu. Scanning Electron Microscope (SEM) images of Cu films after (a) 

500, (b) 10,000, (c) 500,000 cycles of bending fatigue with 2 % strain. The bending 

direction was horizontal.   
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6.2.2. Extrusion/intrusion structures 

 

Figure 6.2 shows an enlarged view of the extrusion/intrusion structures on the 

surface of Cu after 500,000 cycles of bending fatigue. Figure 6.2 (a) is a magnified 

view, and Figure 6.2 (b) is a 52 ° tilted view of an SEM observation. Protruded 

extrusions at the Cu surface of were obviously observed from the both view of 

observation. 

The formation of extrusion and intrusion structures is related to dislocation 

motion during the repeated deformation. Generated dislocations accumulated at the 

surface as a result of fatigue, and extrusions and intrusions formed with stress 

localization [6.13, 6.14].  

Extrusion/intrusion structures formed through the (111) slip plane [6.13, 6.15]. 

Figure 6.2 (c) shows the cross-sectional view of an extrusion, which was cut by 

focused ion beam (FIB) milling. The extrusion protruded from the surface of the Cu 

film, and it was parallel to the (111) slip plane; the extrusion was slightly bit bent due 

to the deposition of Pt on the top of the sample during FIB milling. By the dislocation 

motion in the Cu, Cu atoms moved to the surface and formed extrusions, and voids 

formed at the interface of the film and PI substrate.  

The extrusion/intrusion structures formed on the Cu film modified the surface 

morphology of the Cu; these structures affect the catalytic properties and efficiency 

of Cu for CO2 reduction because their structures are different from that of the Cu film, 

as shown in Figure 6.2. The demonstration of the effects of extrusion/intrusions on 

CO2 reduction is discussed in the following section.   
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Figure 6.2 Structure of extrusion and intrusion on the surface of Cu film after 

500,000 cycles of bending fatigue with 2 % strain. (a) Magnified view and (b) 52 ° 

tiled view of SEM images. (c) Cross-sectional view of extrusion prepared by focused 

ion beam milling.  
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6.3. Electrochemical reduction of CO2 on Cu with the 

extrusion/intrusion structure 

 

6.3.1. CO2 reduction efficiency  

 

For the demonstration of the extrusion/intrusion structures of fatigued Cu on CO2 

reduction, electrochemical CO2 reduction was conducted with various fatigued Cu 

catalysts, which had different evolution degrees of extrusion/intrusion structures from 

different numbers of bending cycles. Figure 6.3 shows the current–potential curves 

of CO2 reduction with the fatigued Cu catalysts (a) without bending fatigue and after 

(a) 500, (b) 1,000, (c) 10,000, (d) 50,000, and (e) 500,000 cycles of bending with 2 % 

strain. Electrolytes were provided by an aqueous solution of 0.5 M KHCO3 with CO2 

saturation, and the current densities were compared at a potential of -0.8 V vs. RHE. 

The current density of the Cu film without bending fatigue was approximately -6.81 

mA/cm2, and its onset potential is -0.4 V vs. RHE, as shown in Figure 6.3 (a). The 

current density increased with increasing quantities of bending cycles, and each 

current–potential curve is shown in Figure 6.3 (b-f). The current density of the 

fatigued Cu was -6.97, -7.08, -7.62, -8.39, and -10.75 mA/cm2 after 1,000 cycles, 

10,000 cycles, (d) 50,000 cycles, and (e) 500,000 cycles of bending, respectively. 

The onset potentials of the fatigued Cu catalysts were the same because there was no 

tunable aspect of the electrochemical reaction of CO2 reduction. However, almost 

57.78 % of CO2 reduction efficiency increased with the evolution of 

extrusion/intrusion structures after cyclic bending. The increase of CO2 reduction 

efficiency is clearly visible in the current–potential curve shown in Figure 6.4, and 
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the extrusion/intrusion structures on the surface of the Cu films had a significant 

effect on CO2 reduction.  

 

 

 

Figure 6.3 Comparison of CO2 reduction efficiency of Cu with extrusion formation 

on Cu film surface. Cyclic voltammetric current–potential curves of CO2 reduction 

with fatigued Cu catalysts (a) without bending fatigue and after (b) 500 cycles, (c) 

1,000 cycles, (d) 10,000 cycles, (e) 50,000 cycles, and (f) 500,000 cycles of bending 

with 2 % strain.  
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Table 6.1 The increase amount of current efficiency of CO2 with extrusion formation 

on Cu film surface. The efficiency increased with the number of bending cycles. 

 

Number of cycles R/R0 Current efficiency increase 

0 1 - 

500 1 2.32 % 

1,000 1.19 3.90 % 

10,000 3.21 11.89 % 

50,000 6.21 23.14 % 

500,000 13.32 57.78 % 
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Figure 6.4 Comparison of CO2 reduction efficiency of Cu with extrusion formation 

on Cu film surface. Cyclic voltammetric current–potential curves of CO2 reduction 

measured in CO2-saturated 0.5 M KHCO3 solution.  
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6.3.2. Effect of the extrusion/intrusion structure on the increase of 

CO2 reduction efficiency 

 

In the previous section, 6.3.1, the effect of extrusion/intrusion structures on CO2 

reduction was clearly demonstrated with an increase of efficiency by approximately 

57.78 %. In addition, the efficiency of CO2 reduction increased gradually with 

increasing numbers of bending cycles. The relation between current density and 

bending cycles is shown in Figure 6.5 (a), and the current densities at -0.8 V vs. 

RHE increased with the bending cycles of 1-μm thick Cu films under 2 % strain. 

This result was related to the fact that the evolution degree of extrusion/intrusion 

structures on the surface of Cu increased with the number of bending cycles, as 

discussed in the previous sections. In addition, the evolution of extrusion/intrusion 

structures induced a resistance change in the Cu electrodes. Therefore, the efficiency 

of CO2 reduction would be related to an increase in resistance. Figure 6.5 (b) shows 

the current densities of the fatigued Cu catalysts at -0.8 V vs. RHE as a function of 

the normalized resistance change R/R0. The normalized resistance change and the 

current density of CO2 reduction on the fatigued Cu had a linear relationship.  
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Figure 6.5 Increase of CO2 reduction efficiency of Cu with increase of the amount of 

extrusion. Comparison of current density of fatigued Cu catalysts at -0.8 V vs. RHE 

as a function of (a) bending fatigue cycles and (b) normalized resistance change R/R0. 
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The fatigued Cu electrodes may have an increased surface area due to the 

formation of cracks and extrusion/intrusion structures. For the confident investigation 

of the effect of extrusion/intrusion structures on CO2 reduction, the surface areas of 

unfatigued and fatigued Cu electrodes were calculated by measuring double layer 

capacitance [6.16].  

In the cyclic voltammetric curve, there is a region where only low currents flow 

with constant values. This region is called the double layer region, and only 

capacitive reactions can occur. This phenomenon is related to chemisorption on 

electrode surfaces, and surface area could be calculated using electrode capacitance. 

Cyclic voltammetric reactions were conducted in the voltage range of the double 

layer region by changing the scan rate. The current density values are plotted as a 

function of cyclic voltammetry scan rate, and the slope indicates the capacitance of 

the electrode, as shown in Figure 6.6.  

Figure 6.6 (a) shows the capacitance of the Cu without extrusion/intrusion 

structures after 500,000 cycles of bending fatigue, and Figure 6.6 (b) shows that of 

the Cu electrode with extrusion/intrusion structures. The theoretical value of Cu 

capacitance is 28 μF/cm2; the slope of the unfatigued Cu was 0.67 mF/cm2, and that 

of the fatigued Cu was 0.84 mF/cm2. From the comparison of the capacitance values 

of the unfatigued and fatigued Cu electrodes, the surface area of the Cu increased by 

only 26 % after bending fatigue. However, the efficiency of CO2 reduction was 

improved by almost 58 % with the formation of extrusion/intrusion structures on the 

Cu electrodes.  

The results discussed in this section clearly show the effect of extrusion/intrusion 

structures on Cu surface by the improvement of CO2 reduction efficiency with 

increasing amounts of this structure.   
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Figure 6.6 Calculation of surface area of Cu (a) without extrusion/intrusion structure 

before bending fatigue (b) with the formation of extrusion/intrusion structure after 

500,000 cycles of bending fatigue.    
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6.4. Electrochemical CO2 reduction efficiency of cracked Cu 

electrodes  

 

6.4.1. Formation of cracks on the surface of Cu without 

extrusion/intrusion structures 

 

In the previous section, the effect of extrusion/intrusion structure on CO2 

reduction was discussed with the evolution of the intrusion/extrusion. In addition, 

this improvement did not occur by an increase in surface area. In this section, CO2 

reduction efficiency is assessed with the use of Cu catalysts with only cracks on the 

surface. This comparison could demonstrate that the improvement of CO2 reduction 

efficiency was due to the unique microstructure of extrusion/intrusion structure.  

For the fabrication of Cu electrodes with cracks, a uniaxial tensile test was 

conducted because the extrusion/intrusion structures formed by the dislocation 

motion in Cu films with the fatigue behavior of metal.  

A Cu film was deposited on a PI flexible substrate using thermal evaporation, 

which was the same process as was used for the Cu film bending fatigue test. The Cu 

film on PI was punched out using a cutting machine, and the dog bone-shaped 

samples were prepared with a width of 4 mm and a gauge length of 20 mm. The 

uniaxial tensile test was performed using a microtensile testing machine (Shimadzu, 

MMT-500N). The ends of the dog bone-shaped samples were fixed before being 

stretched, and the tensile tests were performed up to 40 % and 50 % strain.  

Figure 6.7 (a) shows a schematic illustration of the uniaxial tensile test, and 

Figure 6.7 (b-c) shows SEM images of Cu surfaces after the 40 % and 50 % strain 



 

Chapter 6: Improvement of CO2 reduction efficiency with mechanically 

induced Cu structure 

 

139 
 

tensile tests. Under 40 % strain, the density of cracks was small, or cracks were not 

formed. The cracks formed in similar densities on the fatigued Cu under 40 % and 

50 % strain, and the extrusion/intrusion structures were not observed after uniaxial 

tensile test, as shown in Figure 6.7 (b) and (c). Therefore, CO2 reduction 

experiments were conducted with the Cu films after uniaxial tensile tests under 40 % 

and 50 % strain.  

  

 

6.4.2. Catalytic properties of cracked Cu on CO2 reduction efficiency  

 

Figure 6.8 shows the cyclic voltammetric current–potential curves of CO2 

reduction on the cracked Cu after tensile test and the efficiency comparison with the 

fatigued Cu. For CO2 reduction on the cracked Cu with 40 % strain, the current 

density value at -0.8 V vs. RHE was -6.65 mA/cm2, and that of the cracked Cu with 

50 % strain was -6.27 mA/cm2, as shown in Figure 6.8 (a). The CO2 reduction 

efficiencies were decreased by -2.37 % and -8.59 % for the cracked Cu with 40 % 

and 50 % of uniaxial tensile strain, respectively. These results were contrary to those 

of the Cu fatigued with 500,000 cycles; the current density value was -10.75 mA/cm2 

at -0.8 V vs. RHE, and the efficiency increased by 58 %, as shown in Figure 6.8 (b).   

From these results, the fact that the extrusion/intrusion structures formed on the 

surface of Cu films by bending fatigue have an effect on catalytic improvement is 

clearly demonstrated. The efficiency of CO2 reduction did not increase with surface 

area increases caused by structural changes or with crack formation on the surface of 

the Cu catalysts.  
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Figure 6.7 Demonstration of the effect of extrusion/intrusion structure for the CO2 

reduction. (a) Schematic illustration of the uniaxial tensile test system. SEM image of 

surface of Cu after (b) 40 % and (c) 50 % tensile test.  
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Figure 6.8 (a) Cyclic voltammetric current–potential curves of CO2 reduction by 

cracked Cu after tensile test. (b) Comparison of the electrocatalytic activities of Cu 

without extrusion (having cracks after 40 % and 50 % strain) and with extrusion. 
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6.5. Dimension effect of the extrusion/intrusion structure on 

the electrochemical CO2 reduction efficiency 

 

6.5.1. Formation of small dimensional extrusion/intrusion structures 

on 200 nm Cu films 

 

For the further investigation of the extrusion/intrusion effect on CO2 reduction, 

fatigued Cu catalysts with smaller dimensions were fabricated using thinner Cu films. 

Because the extrusion/intrusion dimension is dependent on the thickness of the Cu 

film [6.15], Cu films with a 200 nm thickness were prepared.  

A Cu film was deposited on a PI flexible substrate using a thermal evaporator. 

The deposition methods were same as with the 1-μm thick Cu film except for the 

deposition time due to its smaller thickness. The cyclic bending experimental 

conditions were conducted with 2 % strain, a sliding distance of 10 mm, and a 

frequency of 5 Hz. For comparison with the 1 μm thick Cu sample after 500,000 

cycles of bending fatigue, the cycles was 500,000 for Cu 200 nm thick film. Figure 

6.9 (a) shows an SEM image of the surface of a 200-nm thick Cu film after 500,000 

cycles of bending fatigue, and the inserted image is a magnified view of an extrusion. 

As shown in inserted image of Figure 6.9 (a), the dimensions of the 

extrusion/intrusion structures were smaller than those of the 1 μm thick Cu film. 

After 500,000 cycles of bending fatigue under 2 % strain, the 200 nm thick Cu film 

had extrusion structures of smaller dimensions because the height and width of 

extrusions decrease with decreasing film thickness [6.15]. The resistance change of 

the 200 nm thick Cu film after bending fatigue was smaller than that of the 1 μm 

thick Cu film due to the smaller dimensions of the extrusions, as shown in Figure 6.9 
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(b).  

 

 

 

Figure 6.9 (a) SEM image of surface of 200 nm thick Cu film with cyclic bending 

after 500,000 cycles. Inserted image is magnified view of extrusion. (b) Comparison 

of resistance change of Cu film with large extrusion/intrusion structure and Cu film 

with small extrusion/intrusion structure.  
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6.5.2. Catalytic properties of fatigued Cu with small dimensional 

extrusion/intrusion on CO2 reduction efficiency  

 

An electrochemical CO2 reduction was conducted using fatigued 200 nm thick Cu 

films. Figure 6.10 shows the cyclic voltammetric current–potential curves of the CO2 

reduction. For CO2 reduction on the fatigued Cu with a 200 nm thick film, the 

current density value at -0.8 V vs. RHE was -5.11 mA/cm2 without 

extrusion/intrusion structures and -7.123 mA/cm2 with extrusion/intrusion structures, 

as shown in Figure 6.10 (a). The efficiency of CO2 reduction increased by 

approximately 39 % with the formation of extrusion/intrusion structures. The 

efficiency also increased for the fatigued 200 nm thick Cu film; the degree of 

improvement and the level of current density were smaller than the effect of the 

fatigued 1 μm thick Cu film, as shown in Figure 6.10 (b). Although the 

extrusion/intrusion structures of the fatigued 200 nm thick Cu film had an obvious 

effect on CO2 reduction, the effect was smaller due to the smaller extrusion and 

intrusion sizes.  

These results corroborate the effects of the extrusion/intrusion structures on CO2 

reduction; improvement of CO2 reduction efficiency was achieved by using materials 

with mechanically induced extrusion/intrusion structures. The results shown in the 

previous sections, 6.3 and 6.4, demonstrated the effects of the extrusion/intrusion 

structures on the surface of Cu. Moreover, the size and scale of the extrusion and 

intrusions were larger, and the extent of extrusion and intrusion evolution was larger; 

thus, the efficiency improvement for CO2 reduction would be larger in this section, 

6.5. 
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Figure 6.10 Comparison of the electrocatalytic activities of Cu with different 

dimension of extrusion. (a) Cyclic voltammograms of Cu 200 nm thick film with 

smaller extrusion/intrusion dimension. (b) Efficiency comparison of small and large 

dimension of extrusion and intrusion for CO2 reduction. 
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6.6. Analysis of CO2 reduction products 

 

6.6.1. Importance of CO2 reduction product analysis 

 

For CO2 reduction, not only the catalytic efficiency but also the formation of 

products is important. For the products, because high productivity of hydrocarbon 

materials is required for utilization as fuel and energy, the possible reduced material 

types and the production efficiency of each material is considered. Many researchers 

have interest only in the selectivity of the catalysts [ref] because the evolution of H2 

gas is competitive with CO2 reduction, and H2 gas evolution suppresses CO2 

reduction reactions. However, the productivity, which is the amount of production 

per applied source or time, is also important for highly efficient CO2 reduction. In 

this section, production analysis of CO2 reduction and a productivity comparison of 

unfatigued Cu and fatigued Cu will be discussed. 

 

 

6.6.2. Comparison of hydrocarbon material productivity 

 

For the product analysis of CO2 reduction, gas chromatography (GC) and nuclear 

magnetic resonance (NMR) were used for gaseous products and liquid products, 

respectively. For gaseous products, the reduced materials were carbon monoxide 

(CO), methane (CH4), and hydrogen (H2), and for liquid products, formic acid or 

formate (HCOO- or HCOOH), methanol (CH3OH), ethanol (CH3CH2OH), and 
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acetone (CH3COCH3) were reduced. Other hydrocarbon materials exhibited minor 

productivity. 

 

 

 

 

 

 

 

 

Figure 6.11 Comparison of the current density of each voltage for the unfatigued Cu 

and fatigued Cu after 500,000 cycles.   
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Products were gathered after the electrochemical CO2 reduction was conducted at 

a constant voltage level. The voltage was -0.9 V, -1.1 V, -1.3 V, -1.5 V, and -1.7 V vs. 

RHE until the acquisition of -4 C ~ -6 C. Figure 6.11 shows the current density of 

each voltage for the unfatigued Cu and fatigued Cu after 500,000 cycles. The 

acquired Coulomb values were recalculated by being divided by its reacted surface 

area, and the current density values represented the productivity of the catalysts.  

The current density by CO2 reduction on the fatigued Cu was larger than the 

current density achieved on the unfatigued Cu. The current density values were 

increased by approximately 60~80 % on the fatigued Cu with extrusion/intrusion 

structures, as shown in Figure 6.11.  

The formation reaction of each hydrocarbon material by the CO2 reduction process 

is shown in followed equation (6.1-6.6).  

 

Carbon monoxide       CO 	+ 2H + 2e 	= 	CO +	H O               (6.1) 

 

Methane             CO 	+ 8H	 + 8e 	= 	CH + 2H O              (6.2) 

	

Formic acid            CO 	+ 2H + 2e 	 = 	HCOOH                (6.3) 

	

Methanol           CO 	+ 6H	 + 6e 	= 	 CH OH	 + H O            (6.4) 

	

Ethanol          CO + 12H	 + 12e 	 = CH CH OH+ 3H O         (6.5) 

	

Acetone           CO 	+ 16H	 + 16e 	= 	CH COv+ 5H O         (6.6) 
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Figure 6.12 Comparison of the partial current density of hydrocarbon materials. The 

partial current density of gaseous products reduced on (a) unfatigued Cu and (b) 

fatigued Cu after 500,000 cycles of bending fatigue. The comparison of liquid 

products reduced on (c) unfatigued Cu and (d) fatigued Cu. 
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The partial current density of each hydrocarbon materials were compared, as 

shown in Figure 6.12. Figure 6.12 (a-b) shows the partial current density of gaseous 

products on unfatigued Cu (a) and fatigued Cu (b), and Figure 6.12 (c-d) shows the 

partial current density of gaseous products on unfatigued Cu (c) and fatigued Cu (d). 

The partial current density of each material had tended toward higher productivity 

with more negative applied voltage for both unfatigued Cu and fatigued Cu. The 

efficiency of CO2 reduction to hydrocarbon products was higher at each of the 

applied voltages for the fatigued Cu. 

In addition, the partial current density of hydrocarbon materials (the sum of 

partial current density) and that of H2 is compared in Figure 6.13. A partial current 

density comparison between hydrocarbon materials and H2 for the unfatigued Cu is 

shown in Figure 6.13 (a), and that for the fatigued Cu after 500,000 cycles is shown 

in Figure 6.13 (b). The partial current density of H2 for the unfatigued Cu was much 

larger than that of the hydrocarbon materials with more negative applied voltage. 

Contrary to the unfatigued Cu, the partial current difference between hydrocarbon 

and H2 formation was smaller for the fatigued Cu. In addition, the total quantity of 

hydrocarbons was much larger for the fatigued Cu than for the unfatigued Cu. In 

contrast, the formation of H2 was much higher than that of hydrocarbons for the 

unfatigued Cu. As discussed in this section, fatigued Cu, which had 

extrusion/intrusion structures on the Cu surface, had more of an effect on the CO2 

reduction to hydrocarbon materials. These hydrocarbon materials, such as methane, 

methanol, and ethanol, could be very useful as energy sources.  
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Figure 6.13 Comparison of the partial current density of hydrocarbon materials 

and hydrogen gas. Comparison of (a) unfatigued Cu and (b) fatigued Cu after 

500,000 cycles of bending fatigue. 
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6.6.3. Comparison of Faradaic efficiency  

 

In other aspect, many researchers have attention toward faradaic efficiency 

because it would show the efficiency improvement of their new catalysts for CO2 

reduction compared with previous catalysts. Even if a catalyst produces a small 

amount of reduced products by CO2 reduction, it would be meaningless for the 

production of a practical amount. However, if a catalyst has an effect on a certain 

material, it could show applicability for CO2 reduction. 

A comparison of the efficiency of catalysts using faradaic efficiency was 

conducted after GC and NMR analysis. Figure 6.14 shows the faradic efficiency 

comparison of unfatigued Cu and fatigued Cu after 500,000 cycles of bending fatigue. 

The Faradaic efficiency of total hydrocarbon material was approximately 19~56 % 

for unfatigued Cu and approximately 33~ 48 % for fatigued Cu. The Faradaic 

efficiency of H2 on the unfatigued Cu was approximately 65 %, 60 %, and 69 % for 

the applied voltages of -1.9 V, -2.1 V, and -2.3 V vs. RHE, respectively. It was higher 

than that of the fatigued Cu, and this result also showed that the CO2 reduction 

efficiency to hydrocarbon materials produced by the fatigued Cu was higher than that 

of the unfatigued Cu.   

In detailed observation, the Faradaic efficiency of CH4 was increased for the 

fatigued Cu, as shown in Figure 6.15 (a). For every applied voltage, fatigued Cu had 

a much larger Faradaic efficiency for CO2 reduction to methane, and this result was 

related to the structure of the extrusions and intrusions. The extrusions and intrusions 

were formed through the (111) slip plane of Cu with the cyclic bending due to 

dislocation movement. The extrusion/intrusion structures of the (111) plane enhanced  
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Figure 6.14 Comparison of the faradaic efficiency of CO2 reduction products on (a) 

the unfatigued Cu and (b) the fatigued Cu after 500,000 cycles of bending fatigue.  
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Figure 6.15 Comparison of the faradaic efficiency of (a) methane and (b) 

methanol between the unfatigued Cu and the fatigued Cu after 500,000 cycles of 

bending fatigue of Cu [6.2].   
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the efficiency of methane formation because the Faradaic efficiency of methane is 

strong for the (111) plane. 

However, the Faradaic efficiency of methanol was higher for the fatigued Cu than 

for the unfatigued Cu, as shown in Figure 6.15 (b). Its efficiency was smaller than 

that of methane; however, the Faradaic efficiency of methanol reduced on the 

fatigued Cu was much higher than that reduced on the unfatigued Cu, and this result 

shows the possibility of the application of fatigued Cu to produce energy sources by 

CO2 reduction.  

 

 

6.7. Summary 

 

In this chapter, efficiency increase of CO2 reduction was investigated using Cu 

catalyst with mechanically induced extrusion/intrusion structure. The 

extrusion/intrusion structure was fabricated on the surface of Cu film on the flexible 

substrate by fatigue behavior of Cu with cyclic bending. Using this extrusion and 

intrusion structure on fatigued Cu, the efficiency of CO2 reduction increased about 

58 % than unfatigued Cu and the formation rate of hydrocarbon such as CO, CH4, 

C2H4, CH3OH, C2H5OH, and HCOOH was significantly increased. From the analysis 

of current density efficiency and the amount of products, a definite effect on CO2 

reduction of extrusion/intrusion structure was demonstrated. 
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CHAPTER 7 
 
Conclusion 
 

 

7.1. Research overview of the thesis  

 

This thesis suggests novel ideas for the microstructural control of Cu to be applied 

as catalysts for graphene synthesis and CO2 reduction. Although Cu is a widely used 

material in various fields, a unique and novel idea for a Cu surface structure is still 

needed to produce highly efficient catalysts. For the catalytic application, many 

researchers have only reported efficiency comparisons of conventional structures. In 

this thesis, improvement of Cu catalytic properties for graphene synthesis and CO2 

reduction was achieved with original, but very simple, methods for the modification 

of Cu microstructure. For graphene synthesis, a dilute alloy was formed with the 

electroplating of an additive metal and subsequent annealing in a furnace. For CO2 

reduction, cyclic loading and unloading of tensile bending was used for the evolution 

of extrusions and intrusions on the Cu surface. The enhancement of catalytic effects 

of graphene synthesis and CO2 reduction was clearly shown with various supporting 
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results, as discussed in the previous chapters. In addition to the investigation of Cu 

microstructure and the demonstration of the improvement of related catalytic 

properties, a microstructural analysis of the evolution of Cu microstructural change 

was conducted thoroughly. 

As discussed above, an improvement of the catalytic properties of Cu with 

microstructure control was demonstrated with unique control concepts, with the 

application of a catalytic system, and with thorough analysis of the catalytic activities 

and microstructure of Cu. 

 

 

7.2. Summary of results 

 

This study investigated the microstructural control of Cu to improve the catalytic 

properties of graphene synthesis and CO2 reduction. Cu, which has been applied 

widely for electrical devices, also has potential for catalytic applications. For the 

effective activity of Cu catalysts, controlling the Cu surface structures such as texture, 

surface defects, surface morphology, and composition is important. Change in Cu 

microstructure and the formation of Cu-based compounds are easily controllable. In 

this thesis, a Cu alloy was fabricated for the synthesis of high quality graphene, and a 

novel structure on the surface of Cu was prepared for highly efficient CO2 reduction. 

For uniform high quality graphene film formation at a low temperature, graphene 

was synthesized on Cu catalysts employing simple Ag-plating using chemical vapor 

deposition (CVD) via CH4 sources. In addition, the important role of Ag in achieving 

uniform and complete graphene films at a low synthesis temperature was 

demonstrated, and this work presents the possibility of a lower synthesis temperature 
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via CH4 while maintaining the high uniformity of the graphene film and the 

fundamental effects of the Cu-Ag alloy catalyst. 

 Graphene has received much attention from many researchers due to its 

fascinating electrical, mechanical, optical, and thermal properties. The major 

challenge for the widespread application of graphene was synthesis of the large scale 

and uniform film of graphene and lowering the synthesis temperature. However, until 

now, graphene synthesis on Cu or Ni has had some limitations on synthesis 

temperature or graphene uniformity. Graphene synthesis on alloy metals has been 

explored with little success with respect to uniformity control. A new binary Cu-

based metal alloy of Cu-Ag was proposed in Chapter 5. The experimental results 

showed that a high quality, single layered graphene could be grown at a considerably 

low temperature on a Cu-Ag alloy layer originating from a simply Ag-plated Cu 

substrate, as summarized in Figure 7.1. 

The Cu-Ag alloy was formed by the diffusion of plated Ag into Cu. The high 

quality graphene synthesis at a low temperature was attributed to the enhancement of 

carbon dimer nucleation on the Cu-Ag alloy, and this achievement presents a new 

design for catalysts of graphene. This novel catalytic design of graphene will 

contribute to high quality graphene synthesis with lower synthesis temperatures. 

More broadly, this successful demonstration of high quality graphene synthesis at a 

lower temperature represents a multidisciplinary effort of materials science, 

chemistry, physics and electrical engineering toward numerous potential applications. 

A Cu-Ag alloy catalyst formed from simple plating methods suggests an important 

step toward the development of catalysts designed for advanced graphene synthesis. 

With the combination of these two efforts, this meaningful work will open the door to 

new possibilities of graphene-based, next-generation electronic devices. 
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Figure 7.1 Summary of the achievement of uniform graphene film synthesis 

with lower synthesis temperature using Cu-Ag alloy. 
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The unusual grain growth of Cu with a grain size of more than 1 mm2 with 

graphene synthesis and Cu-Ag alloy formation were investigated in this thesis. The 

unusual grain growth was observed after graphene synthesis with the assistance of Ag 

atoms in the Cu, and this phenomenon occurred only with graphene synthesis and 

only on the Cu-Ag alloy among various types of Cu foils, as shown in Figure 7.2. 

The one-atom-thick film of graphene could induce the remarkable evolution of μm-

thick Cu or other metal catalysts and their microstructure. 

The giant grain growth of Cu into cube texture with reduced grain boundaries did 

not occur if one of the conditions for Ag or graphene was insufficient, and in-depth 

research of alloy catalysts has not been reported before. The abnormal grain of Cu 

with a millimeter-scale grain size is an original result in Cu microstructure-related 

research. 

In addition, this work extends the possibilities of graphene-induced phenomena 

and the understanding of graphene effects on metal catalysts. Previous studies have 

only focused on the effects of Cu on graphene synthesis. However, graphene may 

also have some effects on Cu, and the interactions between graphene and Cu catalytic 

substrates would be important for improving graphene quality and understanding 

related phenomena. An important role for graphene in the abnormal grain growth of 

Cu was discussed, and with this, the effect of substitutional Ag in Cu in comparison 

with other various conditions was demonstrated.   
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Figure 7.2 Summary of the unusual grain growth of Cu with graphene 

synthesis and Cu-Ag alloy formation.  
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For the improvement of CO2 reduction efficiency, extrusion/intrusion structures 

were introduced on the surface of Cu films with cyclic bending deformation. The 

efficiency of CO2 reduction was ameliorated by approximately 58 % using Cu having 

extrusion/intrusion structures, and the yield of hydrocarbon products such as CO, 

CH4, C2H4, CH3OH, C2H5OH, and HCOOH was increased significantly.  

These extrusion/intrusion structures were fabricated on the surface of Cu films on 

the flexible substrates by mechanical metallurgy with cyclic bending. These 

structures on surface of the Cu films easily evolved with the fatigue behavior. 

Generally, fatigue damage is generated by repeated deformation, and these damages 

are treated as a failure in electrical devices. However, the extrusion/intrusion 

structures of fatigued Cu are novel catalytic structures for highly efficient CO2 

reduction.  

Fatigued Cu with extrusion/intrusion structures shows higher efficiency not only 

with total current density but also with an increase in the production of hydrocarbon 

materials. By comparing the partial current density of gaseous products and liquid 

products, it was clearly shown that the efficiency of CO2 reduction to hydrocarbon 

product formation was higher at each of the applied voltages for the fatigued Cu. 

These hydrocarbon materials, such as methane, methanol, and ethanol, would be 

very usable as energy sources. 

The extrusion/intrusion structures on the Cu surface were formed by the 

mechanical metallurgic method using the fatigue behavior of Cu, and the effect of the 

extrusion/intrusion structures on CO2 reduction were investigated, as summarized in 

Figure 7.3. 
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Figure 7.3 Summary of improvement of CO2 reduction efficiency using Cu 

catalyst with extrusion/intrusion structure on the surface of Cu. 
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요약(국 ) 

 

구리는  도도  열 도도, 열 창계 , 부식 항 , 강도  연 과 같  

다양  재료  특 이 매우 우  질이다. 자 산업이 달함에 라, 구리  

우   특 이 주목  아 다양  자 소자에 용이 어 다. 

근에는 이러   특 뿐만 아니라 구리  매특 이 주목  아 신 질 

합 이나 에 지 자원  생산  매  용 고자 는 노 이 다.  

매  구리  효  향상시키  여, 구리  면 개질  미 구조를 

어 는 것이 요 다. 많  연구자들이 면 구조를 변 거나 구리계열  

나노 티클  모양이나 조  조 고자 는 시도  함께 매  특  

여 보고 다. 매  매  면에  일어나  에 구리  

면  증가시키거나 면 모폴 지를 변  시키는 것이 매우 요 다. 구리  

면 구조는  속도   생  종   그 양에 큰 향  주는 

요소이고 면  결함이나 면 모폴 지, 그 인 운 리, 매 면  각 

 구리  매 특 에 향  주는 요  요소이다.  구리는 다른 속 

질과 쉽게 합    있  에 소량  이종 속  첨가만 도 

새 운 조  구리 매를 여 매 특  변  시킬  있다.  

근에 고품질  그래  름  면  합 는 것이 구리 매를 

이용 여 달 에 라 많  연구자들이 그래  합  매  구리  

매특  향상시키고자 는 연구를 많이 진행 고 있다.   편 는 

구리를 매  이용 여 경  가 고 있는 이산 탄소를 분해 고, 

연료 질  원 여 경  에 지 생산 를 동시에 해결 고자 는 

연구도 각  고 있다. 많  이 속 매 에  구리만이 이산 탄소를 
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분해 여 에 지원  사용 가능  탄 소 계열  질  생산 는데 

효과 이  이다.  

본 연구에 는 구리  미 구조를 어 여 그래  합 과 이산 탄소 분해  

매  용 여 그 매 특  향상시킨 결과에 해  다루고자 다. 

고품질  그래  합  해 매 특  향상시키  해 는 구리-  (Cu-Ag) 

합 이 용 었다. 구리-  합  구리 일에  도  후 열처리를 통 여 

 구리 내부  고루 퓨  (diffusion) 시  합  는 법  

이용 고, 이 게  농도가 낮  구리-  합  매를 이용 여 매우 

균일  그래  름  합 다. 구리-  합  에 해 는 이  계산  

SEM  이용  면 찰  조  분 , SIMS 를 이용  농도 변  분  통 여 

고른  조  가진 합 이 었  증명 다. 합  그래  존  

구리 일에  합  그래 과  조   합  도별  여 합  

그래  찰, 라만  이용  커버리지 인, TEM  이용  결  인 등  

진행 다.  름 태  그래 이 구리-  합  매에 는 900 도에  

합 었고 이것  존  합 도인 100 도보다 100 도나 낮춰진 도이다. 

그래  합  여부  구조 특  인   있는 라만 분  이용 여 

고균일  단  름 태  그래 이 합 었  인   있었다.  TEM 

분  통 여 과 합 이  구리 매  경우 존 구리 매보다 

그래  결   그래  름  견고 이 연히 우 함  증명 다. 그래  

합  도   께가 꺼워짐에 라 (합 에   조 이  커짐에 

라)  강 었고,  양이  그 효과가 약 어 구리 매  같이 

균일도가 떨어지는 양상  보 다. 본 연구에 는 균일  단  그래  얻  

 도   께를  시 고, 결함이 없는 름 태  그래  합  

달 다.   구리-  합  이용 여 그래  다   

억 고 단  그래    합  도를 낮추는 과를 보 다.  



 

176 
 

다른 편 , 그래 이 구리에 합 에 라 구리  집합조직 (texture)이 1.05 

mm2 이상  그 인 사이즈를 가지는 큐  집합조직 (cube texture)  장 는 

것  찰   있었다. 이러  상  일 이지 않  입자 장 (grain growth) 

양상 , 구리-  합  매에  그래 이 합 이 었  만 생 었다. 

구리  거  입자 장  결  입계가 감소 고 (100) 가 90% 이상  

 증가 여 큐  집합조직  장  나타났다. 미량   원자  첨가  

(0.79 at % in Cu)  원자 께  단  그래  름  만  35 μm 께  

구리 일  미 구조  변 를  것이다. 구리  입자 장  그래 이 

구리 면에  합 , 장함에 라  그 크 가 커 고, 그래 이 합 지 않  

경우에는  합 이라 지라도 거  장이 생 지 않았다. 이를 통해 합  

그래  구리  입자 장  향  인   있었다.  편 는  

이외  , 니 과 같  다른 속 질  합  여 동일  식  

그래  합 여 합  질  효과를 다. 이나 니 과  합  

경우에는 그래  합   상 없이 입자 장이 생 지 않는 것  인  

 있었다. 이러  결과들  탕  구리  거  입자 장  과 합   

여부  구리 면에 그래  합  여부에 라 생함  인 고 그 이 에  

논 를 진행 다.  

마지막 , 이산 탄소 분해 효  향상 시키  해 구리 름  면에 

새 운 구조를 여 이산 탄소를  효과  분해시키는 것  달 다. 

1 μm 구리 름에 복 굽힘 변  가함 써 구리   거동 (fatigue 

behavior)에 해 면에 돌출부 (extrusion)과 골 (intrusion)  시 다. 존  

이산 탄소 연구에 는 면  모폴 지 (morphology)나 구리  결 에 른 

효과에 집 다. 그러나 거동에  extrusion 과 intrusion 구조는  

(dislocation)가 (111) 슬립면  라 이동 는 움직임에 라 는 것  

이러  구조를 이산 탄소를 분해 매  용 여 연구  결과는 처  시도  
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것이다. 거동에  구리  extrusion/intrusion 구조는 이산 탄소 분해에  

 생량  체  58 % 이상 향상 시 고 일산 탄소, 탄, 탄 , 

에탄 과 같  탄 소 질들  생량  드러지게 증가시 다. 이러  

이산 탄소 분해 효  향상 달 과 함께 거동에  구리  미 구조  

extrusion/intrusion 구조  효과에  매 거동에 해 도 상 게 분 다.  

본 연구는 구리  미 구조를 어 여 그래  합 과 이산 탄소 분해  

매  용 여 그 매 특  향상 시킨 연구이다. 구리 계열  합  과 

계  탈러지  간단  법  이용 여 구리  매 특  향상시키는 

과를 보 고, 자  구리 미 구조 분  통 여 구리  미 구조  특 에 

 이해를 높이고 매  용에  근 향  시 다. 
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