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for Conductive Electrode and Lithium Ion 

Battery Anodes 
 

 

Sanghun Cho 
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Graduate School of Convergence Science & Technology 

Seoul National University 

 

 

Cu-based nanomaterial synthesis has been considered as the major issue 

due to its remarkable electrical, optical, catalytic, and electrochemical 

property. Over the past decade, various synthetic methods of Cu-based 

nanomaterial have been investigated for suitable applications. In particular, 

the synthesized copper-based nanomaterial has been widely applied to the 

use of conductive electrodes and lithium ion batteries, because of inherent 
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high conductivity, low cost, and high theoretical capacity. However, several 

limitations, such as complex manufacturing process, storage oxidation 

problem, and cracking problem during charge/discharge process, have 

hindered in the synthesis and application of Cu-based nanomaterial.  

In this work, the study has primarily focused on a new simple synthetic 

method of Cu-based nanomaterial for enhanced application performance. 

Firstly, the Cu3Sn alloy nanoparticles were introduced as good oxidation-

resistance materials and conductive electrode using pressure-assisted 

fabrication method at room temperature. The Cu3Sn nanoparticles showed 

the promising electrode properties such as oxidation-resistivity, low-cost 

materials, simple process-ability, and room temperature electrode 

fabrication-ability, as an electrode material. The electrical resistivity of the 

pressed Cu3Sn nanoparticles electrode exhibited 19.8 µΩ∙cm at 131.3 MPa. 

Secondly, novel self-reducible Cu-inks, composed by formate, alkanol 

amine groups and poly alcohols, were introduced for the air sinter-able 

fabrication of Cu electrode films. The proposed Cu-ink had a good self-

reducible activity induced by the decomposition of Cu-ink ligand and the 

reduction assistance effect of the polyol solvents. This self-reducible ability 

of Cu-ink ensured the sintering of conductive Cu electrode film under air 

condition. The optimized properties of the sintered Cu electrode film made 
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using 3 wt% gCu-ink showed a resistivity of 17 µΩ • cm at a 350 oC air 

sintering temperature. Finally, synthesis of expanded graphite/Cu oxide 

nanoparticle composite (GCuO) was introduced to increase energy density 

and stability of lithium-ion batteries. GCuO was prepared by thermal treat 

treatment of a Cu ion complex and graphite. In this process, gasses (H2 and 

CO2) generated from the thermal decomposition of the Cu ion complex 

decomposition, which induced Cu oxide nanoparticle formation and 

graphite interlayer expansion (from 0.34 to 0.40 nm). The GCuO has good 

potential for effective Li ion intercalation into anodes for next generation 

batteries. The electrochemical properties of GCuO were determined using 

Li ion cells. GCuO cells exhibited a high energy density (263 Wh kg-1), 

discharging capacity (532 mA h g-1 at 0.2 C), rate retention capability (from 

0.2 to 10 C), and stable long-term cycle-ability (83% capacity retention 

after 250 cycles). 

 

Keywords: Copper based nanomaterial, Cu alloy, Cu oxide, 

Nanomaterial synthesis, Conductive electrode, Lithium ion 

battery anode. 
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Chapter 1.  Introduction 
 

 

1.1 Background on the nanomaterial 

 

The typical definition of nanomaterials is size range of 1 -100 nm and 

dimension number from zero dimension (0-D) to three dimensions (3D). 

As the effect of a small size and type of dimension, the nanomaterials 

exhibit unique property, like chemical, mechanical, biological, electronic, 

and optical, that is different from bulk property.[1] These remarkable 

properties of nanomaterials make it possible to apply interesting 

applications. In particular, among various nanomaterials, the noble metal 

nanomaterials (Au, Ag, Pt, etc.) have emerged as attractive nanomaterials 

due to their facile synthetic method, shape control availability, well-known 

crystal structure, and highly stable property. From the unique 

characteristics, the noble metal nanomaterials have been developed for 

multi-functional applications in the field of sensor, catalyst, imaging, and 

optics.[2],[3],[4],[5] (Figure 1.1) 

The initial stage of nanomaterial studies has focused on these noble metal 
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application and synthetic method for uniform size, shape control. However, 

the researchers gradually realize that the noble metal nanoparticles do not 

satisfy the increasing new requirement of the complex application. For this 

reason, various types of nanomaterial, such as metallic nanoparticle (Cu, Fe, 

Ni, Co, etc.) and multi-composition (intermetallic alloy, core-shell, hetero-

structure), are investigated for better performance.[6],[7] (Figure 1.2) For 

example, the core-shell structure of CdSe-ZnS and the metal oxide 

nanoparticles of Fe3O4 are proposed for stable luminescence and efficient 

magnetic property, respectively.[8],[9]  

Especially, the research of Cu-based nanomaterial synthesis and 

application is fascinating, because of high natural abundance, low cost, and 

practical usefulness (e.g. catalyst, optics, electronics, etc.) of Cu-based 

nanomaterial.[10] (Figure 1.2) In addition, Cu nanomaterial can create the 

wide range of oxidation states (e.g., Cu, CuO, or Cu2O) and Cu alloy phase 

with variety transition metal (e.g., Cu-Sn, Cu-Ni, and Cu-Zn).[11] These Cu-

based nanomaterials have some advantages; (1) the new functionalities of 

alloy or oxide components, (2) complementation of individual material 

disadvantage, and (3) the maximization of material characteristics. However, 

despite these many advantages of Cu-based nanomaterials, the synthetic 

method complexity and intrinsic property of Cu, like as unintended 
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oxidation under atmospheric conditions, make it difficult to use practical 

application.[12]  

In this dissertation, I focus on the newly designed Cu-based nanomaterial 

synthetic method and application. It will be effectively addressed for high 

conductive electrode and high capacity and stable Lithium-ion battery (LIB) 

anode. To begin with, the next chapter provides the general introduction to 

the Cu-based nanomaterial characteristic, synthetic method, application, and 

the research themes. 

 

1.2 Dissertation overview 

 

This dissertation composes seven chapters; the characteristics, synthetic 

approach, and related application introduction of Cu-based nanomaterials 

are offered in chapter 2. It offers an insight into the crystal structure, 

materials property, and synthetic method of pure Cu metal, Cu-based alloy, 

and Cu Oxide nanomaterial. In addition, as related application introduction, 

the conductive electrode and LIB anode will be covered with advantages, 

research issue, and aiming behind this thesis. In the chapter 3, synthesis of 

Cu3Sn alloy nanoparticles using pressure assisted electrode fabrication 

method, which was proposed as alternative Cu electrode oxidation 
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limitation. To identify structure and property of synthesized Cu3Sn alloy 

nanoparticles, the High-Resolution Transmission Electron Microscopy (HR-

TEM), energy dispersive spectrometer (EDS) and X-ray diffraction (XRD) 

were conducted. The electrical resistivity of the pressed Cu3Sn nanoparticle 

electrode was 19.8 μΩ cm at 131.3 MPa. In addition, the synthesized Cu3Sn 

alloy nanoparticles did not change the electric resistivity during 4 weeks 

under ambient conditions. 

In chapter 4, self-reducible copper ion complex ink (Cu-ink) is proposed 

for air sinter-able Cu conductive electrodes. The self-reducible Cu-ink, 

composed by formate, alkanolamine groups and poly alcohols, was 

fabricated for the air sinter-able, low-cost, and high conducvtive Cu 

electrodes. As reduction assistant-material, glycerol was found to be the 

most suitable materials because of its relatively abundant hydroxyl groups, 

good evaporation properties. As a result, the prepared Cu electrode films 

showed a low resistivity of 17 μΩ cm at 350 °C under air sintering 

conditions. 

In chapter 5, expanded graphite with Cu oxide nanoparticles was 

introduced for high stable and capacity LIB anode. Novel expanded 

graphite with copper oxide (GCuO) was made by thermal decomposition of 

Cu ion complex and graphite composites. The carbon layer expanding of 
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graphite was induced by the self-generated gas (H2 and CO2) of the Cu ion 

complex decomposition. In addition, the Cu oxide nanoparticles were 

formed by reduction property of the Cu ion complex. Through 

investigations of materials analysis and electrochemical test, graphite 

carbon layer expanding phenomenon (from 0.34 nm to 0.40 nm) and 

outstanding LIB half-cell performance (high capacity of 532 mAh g-1 at 0.2 

C and retention property of 83 % after 250 cycles) was founded.  

Finally, the overall research results related to Cu-based nanomaterials 

synthesis and application are summarized in chapter 6. Moreover, new 

designed Cu-based nanomaterials synthesis for improved application is 

described.  
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Figure 1.1 (a) Representative types of Nanomaterials [2] Multicolor 

tuned nanomaterial; (b) Noble metal nanoparticles with different size 

and shape[3], (c) Size-dependent emission of ZnS-CdSe nanoparticles 

[3], (d) Upconversion emission of lanthanide doped NaYF4 

nanoparticles[3], (e) Catalytic reaction (Suzuki - Miyaura reaction) of 

Pd nanocrystal depending phase and size[4], and (f) Application of 

nanoparticles with various fields.[5] (Reprinted with permission from Ref. 

[3],[4],[5] of Chapter 1,2) 
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Figure 1.2 (a) Many different possible types or morphologies of the 

hybrid nanoparticle.[6] (b) Catalytic reaction of Au@Ag core-shell by 

injecting a different volume of AgNO3.[7] The example of Cu-based 

nanomaterial; (c) Acetone forming catalytic reaction of AuxCuy
[10], and (d) 

Schematic illustration of bimetallic Cu-based nanorods, NIR spectra, and 

LSPR peak plot as the function of Cu-Au nanorods aspect ratio. [11] (Reprinted 

with permission from Ref. [6],[7],[10],[11] of Chapter 1,2) 
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Chapter 2 Fundamentals and Literature 

Review 
 

2.1 Cu and Cu oxide nanomaterials 

 

2.1.1 Characteristics of pure Cu and Cu oxide 

nanomaterials 

 

From ancient times, copper (Cu) is considerable attractive materials, due 

to easy moldability and formation to alloy with another metal. Cu is 

basically a reddish-brown element with bright glossy metallic materials. 

The intrinsic property of Cu is soft, malleable and high ductile. In 

chemically, it slowly reacts with atmospheric oxygen to form a copper 

oxide layer. In terms of electron configuration ([Ar].3d10. 4s1), it has one 

free electron in the outermost shell, which induce the high conductivity. The 

structure of copper is face centered cubic (FCC) system, with possible 

crystal morphologies of cubic {100}, octahedral {111}, dodecahedral {110}, 

tetrahexahedral {530}. In addition, it is inexpensive materials as 26th most 

abundant element. (Figure 2.1) 
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Recently, according to nano science development, Cu nanomaterial, 

including Cu nanoparticle, nanowire, has focused on various fields with 

similar to bulk Cu application.[13],[14] The Cu nanomaterial has unique 

property by their different size and shape. First, the Cu nanomaterial has 

localized surface plasmon resonance (LSPR), which occurs in the visible 

range for copper metal nanoparticles. This unique optical property has a 

possibility for disease diagnostic and biological sensing.[15] Second, the 

catalytic reactions of Cu nanomaterial exhibit remarkable property for 

diverse reaction, including photo catalysis, gas-phase reaction, electro-

catalysis, and coupling reactions.[16] Finally, high conductivity is shown as 

the electrical property of Cu nanomaterial. The intrinsic high conductivity 

has a significant impact for the future printing electronics.[17] 

As mentioned above, the Cu nanomaterial chemically reacts with oxygen 

under the atmosphere, which can promote variety reaction due to its wide 

range oxidation states (Cu0, CuI, and CuII,). The properties of cuprous oxide 

(Cu2O) and cupric oxide (CuO) exhibit considerable different from pure Cu 

nanomaterial. Most basically, the crystal structures of Cu2O and CuO are 

proved as cubic and monoclinic structures, respectively.[18] (Figure 2.2) For 

this reason, Cu2O and CuO nanomaterial studies have also been conducted 

on various fields. As various properties, the electrical characteristics of 
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Cu2O and CuO exhibit p-type metal oxide semiconductor, which is a 

prospective candidate for solar energy conversion and photo-catalysis.[19] 

Both are semiconductors with band gaps of 2.0 eV and 1.2 eV, respectively. 

These materials also have electrochemically conversion reaction with 

hydrogen ion or lithium ion. As electrode materials for lithium ion battery 

or supercapacitor, it is being actively studied.[20], [21], [22] Furthermore, 

characteristics of catalysis could be utilized using the specific phases of 

copper oxide nanomaterial.[23] 
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Figure 2.1 (a), (b) Photograph and physical property table of bulk Cu 

(image from https://ferrebeekeeper.wordpress.com/tag/commodity/) (c) 

Representative TEM image (d) SAED pattern of synthesized Cu 

nanoparticles. (e) Vis−NIR (near-infrared) extinction spectra of the Cu NPs 

dissolved in toluene (inset).[14] (Reprinted with permission from Ref. [14] of Chapter 

1,2) 
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Figure 2.2 Cu2O nanocrystal SEM image of (a) cubic, (b) octahedral, and 

(c) rhombic dodecahedral. The scale bars indicate 1μm. Crystal structure 

models of Cu2O, showing the (d) {100}, (e) {111}, and (f) {110} surfaces. 

The oxygen atoms are dark gray sphere and Cu atoms are shown in the 

white sphere.[18] (Reprinted with permission from Ref. [18] of Chapter 1,2) 
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2.1.2 Synthesis method for Cu and Cu oxide 

nanomaterial 

 

The preparation of pure copper and copper oxide nanomaterial is 

proposed as several methods such as photochemical, electrochemical, 

sonochemical, physical deposition, and sputtering.[16],[24] (Figure 2.3) These 

methods are divided by either “bottom-up” (ionic precursors are reduced to 

nanosized materials) or “top-down” (bulk solid materials are broken down 

into smaller size materials). In general, the “bottom-up” approach has 

become the more preferred method, because it is easy to controls the shape 

and size of nanomaterial. Among the “bottom-up” methods, wet chemical 

reduction technique is the most established approach in order to synthesize 

the metallic Cu nanomaterials and Cu oxide nanomaterial. This method is 

based on the reduction of the Cu salts, such as Cu (Ⅱ) sulfate, Cu (Ⅱ) 

chloride, to Cu and Cu oxide nanomaterial. In addition, to stable particle 

formation and reduction, reduction agents (sodium borohydride (NaBH4), 

hydrazine (N2H2), ascorbic acid, or organic compound with amine group) 

and various organic capping agents (polyvinylpyrrolidone (PVP), 

cetrimonium bromide (CTAB), and polyethylene oxide (PEO)) have been 

used. During the past decades, these wet chemical reduction synthesis has 
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been proposed due to its facility of synthesis and shape control.  

Along the reduction method and capping method, it is classified once 

again such as polyol reduction method, thermal decomposition method, and 

reverse micelle synthesis. The polyol reduction method uses the multiple 

hydroxyl functional groups, possessing reducing ability, such as glycerin, 

ethylene glycol (EG), and polyethylene glycol.[25], [26] The main points of the 

polyol method are both role of reduction agents and solvents of polyol 

solvents. Additionally, the polyol stabilizes the particles surface, which 

induces the particle aggregation and unexpected crystal growth. As another 

method, the thermal decomposition method is proposed for various 

nanomaterial synthesis.[27],[28] It is based on organometallic compounds and 

metal – functional group complex. The organometallic complex acts a 

capping agent and reduction agents by functional group (such as amine, 

carboxylic acid, etc.). This multifunction of organometallic compound 

assists facile shape and size control of nanomaterial. In addition, the high 

temperature, which is applied to decompose the organometallic compound, 

makes it possible to form the high crystallinity and mono-dispersed 

nanoparticles. Finally, the reverse micelle method involves the formation of 

oil in water (O/W) microemulsion.[29],[30] The adding of surfactant, 

composed by immiscible polar and nonpolar reaction group, makes the 
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microemulsion (micelle) in the solvent. Such reverse micelles support the 

uniform size nanoreactors for nanomaterial production that enable to 

control shape and size. In this chapter, Cu and Cu oxide nanomaterial 

synthesis research using these wet chemical reduction method and issue will 

be introduced. 

The wet chemical reduction method is the most common method for 

producing Cu and Cu oxide nanoparticles. In principle, this approach is 

based on the reduction of Cu ion salts. However, it is difficult to synthesis 

the pure Cu nanomaterial by the Cu ions reduction because Cu nanomaterial 

can be easily oxidized to Cu2O or CuO. As a result, the synthesis of pure 

copper nanomaterial usually requires specific air condition, which is 

vacuum, reducing environment (H2, formic acid), or ambient gas condition 

(N2). Park et al. reported the synthesis of pure Cu nanoparticles using PVP 

as the capping agent and oxidation stabilizer.[31] (Figure 2.4) As another 

example, Aissa et al. presented copper chloride reduction process for the 

synthesis of copper nanoparticles through the reduction reaction of tert-

butylamine borane in the presence of dodecylamine/oleic acid as surfactant. 

[32] (Figure 2.4) These Cu nanoparticles are equally prepared in ambient 

condition, strong reduction agents, and oxidation preventing capping agents, 

which made it possible to make oxidation stable Cu nanomaterial.   
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Figure 2.3 Various approaches for the synthesis of Cu-based nanomaterial. 

These methods are divided by electrochemical, photochemical, thermal 

treatment, sonochemical, and chemical treatment. (Abbreviations: MW = 

microwave, CVD = chemical vapor deposition, ALD = atomic layer 

deposition, IL = ionic liquid, and DBD = dielectric battery discharge)[16] 

(Reprinted with permission from Ref. [6],[7],[10],[11] of Chapter 1,2) 
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Figure 2.4 (a) SEM image of the Cu nanoparticles, (b) Powder XRD 

spectra using PVP capping agents [31] (c) TEM image and (d) selected area 

electron diffraction (SAED) pattern of Cu nanoparticle in the presence of 

dodecylamine/oleic acid as surfactant [32] (Reprinted with permission from Ref. 

[31],[32] of Chapter 1,2) 
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On the other hand, the Cu oxide nanomaterial demands the mild 

condition for synthesis. For example, low temperature treatment, oxygen 

exposed reaction, and mild reduction agent (ascorbic acid, glucose, 

oleylamine) were studied using wet chemical reduction method. In addition, 

characteristics of intrinsic Cu oxide crystal growth enable it to form the 

different morphology, which induces the enhanced performance of its 

application. Sabbaghan, M. et al. reported the different morphology of 

Cu2O by glucose with mild reduction. The particles shape, such as 

octahedral, nanorod, and nanoparticle, is adjusted by a concentration of 

glucose and this method also obtained small size (18-32 nm) product.[33] 

(Figure 2.5) As another example, O’Brien et al. developed a method by the 

thermal decomposition of copper salt - amine complex to control the nano 

size between 3.6 and 10.7 nm and synthesize monodispersed Cu2O spheres. 

The pure Cu nanoparticles were formed by heat treatment and 

decomposition of copper (I) acetate, trioctylamine, and oleic acid at 270 oC. 

After the formation of Cu nanoparticles, subsequent oxidation of these pure 

Cu nanoparticles obtained Cu2O nanoparticles under air at room 

temperature.[34] (Figure 2.6) Another efficient method to prepare Cu oxide 

nanomaterials is reverse micelle method. D. Han et al. showed the 

preparation of CuO nanoparticles via TritonX-100 based water-in-oil 
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reverse micelles. In this report, the water-in-oil reverse micelles are strongly 

connected to a molar ratio of water to surfactant. These reverse micelles 

methods provide a useful route to the synthesis of CuO nanoparticle 

different morphologies and size distribution. (Figure 2.7) [35] 
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Figure 2.5 Cu2O nanostructure syntheses (a) SEM image and (b) XRD 

results of different shape nanocrystals (plate, wire, particles, etc,.) [33] 

(Reprinted with permission from Ref. [33] of Chapter 1,2) 
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Figure 2.6 Schematic illustration of the synthetic procedure for the Cu2O 

nanoparticles using heat decomposition method. After formation of Cu 

nanoparticles, subsequent oxidation makes Cu2O nanoparticles under air at 

room temperature. [34] (Reprinted with permission from Ref. [34] of Chapter 1,2) 
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Figure 2.7 Synthesis of CuO nanoparticles using water in oil reverse 

micelles. (a) XRD patterns of CuO nanoparticles, (b), (c) TEM images and 

size distribution of nanoparticles depending on a molar ratio of water to 

surfactant.[35] (Reprinted with permission from Ref. [35] of Chapter 1,2) 
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These synthesized Cu oxide nanomaterials were used for various 

applications. Ananth et al. deal with the polyol synthesis method (using 

PEG) of CuO nanomaterials, which exhibited different morphology such as 

rice grain-like, needle-like, and plate-like structure. The different 

morphology of CuO nanomaterial shows the effective performance as 

bacterial activity inhibitor.[36] Also, Son et al. synthesized uniform Cu2O 

nanoparticles by thermal decomposition of copper acetylacetonate. The 

nanoparticles existed small size of 15nm and were successfully 

demonstrated for the catalyst to Ullmann type amination coupling reaction 

of aryl chlorides.[37] (Figure 2.8) Currently, most synthetic approaches to 

developing pure Cu and Cu oxide utilize complex synthetic condition, 

which requires proper reduction agent, ambient air condition, or vacuum 

condition. Moreover, the inappropriate synthetic condition design of the Cu 

and Cu oxide particles produces unintended oxide phase or other materials. 

Thus, an easy, controllable, reliable, and effective approach to synthesize 

Cu and Cu oxide are still a great challenge. 
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Figure 2.8 (a) TEM and (b) High Resolution TEM images of 15 nm Cu2O 

nanoparticles. (c) Image of the just prepared Cu nanoparticles (left) and 

Cu2O coated Cu nanoparticles (right). (d) Catalytic reaction for Ullmann 

coupling of 4-chloroacetophenone with different amines. [37] (Reprinted with 

permission from Ref. [37] of Chapter 1,2)  
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2.2 Cu-alloy nanomaterial 

 

2.2.1 Various types of multi-component nanomaterial 

and Cu-alloy nanomaterial properties 

 

Multi-component nanomaterials are basically composed of two different 

metal elements. The architecture of multi-component nanomaterials 

classifies in terms of crystal structure, internal structure (with a different 

number of twin defects, stacking faults), configuration (core-shell), and 

shape. Simply, it can be divided by spatial distribution of their 

corresponding element. Especially, this chapter handles the alloys, core-

shell, and hetero structure. [38] (Figure 2.9) The alloy structures are the two 

metals that randomly and thoroughly mixed. Contrastively, the core-shell 

and hetero structure refer to a system that has long range atomic order. The 

hetero structures consist the two different clusters and share the interface of 

them. In addition, the core-shell structure composes the core of specific 

metal atoms and surrounds another metal atom as the shell. These structures 

tend to have distinctly different characteristics even same elemental 

composition.[39] The newly obtained properties give the synergistic effects 

for advanced application. 
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Among these structures, the alloy structures are widely considered for 

application, because Metal − Metal alloys show unique physical, chemical, 

electrical properties and often superior to nanocrystals made of the 

individual metals. Especially, Cu is the most often received attention as 

alloy nanomaterial candidates due to its various metal alloys. For example, 

magnetic bimetallic Cu - iron (Fe) core-shell nanoparticles have a catalytic 

reaction; aqueous azide-alkyne click reaction.[40] Cu2ZnSnS4 alloy 

nanocrystals are promising for use as thin film solar cells due to their low 

cost, relatively low toxicity and appropriate optical properties (band-gap 

energy of ∼1.5 eV).[41] Gold–Copper (AuxCuy) alloy nanoparticles also 

show tunable and stable near infrared (NIR) emissions, which can be 

readily applied to the biological analysis.[42] (Figure 2.10) 
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Figure 2.9 Illustration of bimetallic nanoparticles types; (a) alloyed 

nanostructures, (b) core-shell structures, and (c) hetero structures. [38] 

(Reprinted with permission from Ref. [38] of Chapter 1,2) 
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Figure 2.10 Synthesized Cu2ZnSnS4 alloy nanocrystals. (a) TEM image 

and (b) I-V characteristics of photovoltaic devices using Cu2ZnSnS4 

nanocrystal (The efficiencies are measured under AM 1.5G illumination). [41] 

(c) Normalized and offset emission spectra of AuxCuy nanoparticles (d) HR-

TEM image of Au4Cu6 nanoparticles.[42] (Reprinted with permission from Ref. 

[41],[42] of Chapter 1,2)  
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2.2.2 Synthesis method for copper alloy nanomaterials 

 

The synthesis of Cu-based alloy nanomaterial is usually more 

complicated than mono-element (Cu, CuO, or Cu2O) nanomaterial synthesis. 

As a reason, the synthesis of Cu-based alloy nanomaterial requires that 

various factor, comparative strengths between different elements, surface 

energies, relative atomic sizes, a crystal structure of each component, a 

strength of binding to surface ligands, should be considered.[43] 

Nevertheless, the Cu-based alloy nanomaterial synthesis method has 

evolved in different ways over the last decade. Co-reduction, thermal 

decomposition, seed-mediated growth, and galvanic replacement are 

representative examples of producing alloy nanomaterial. Among these 

methods, co-reduction is actually the most facile method for generating Cu-

based alloy nanocrystal. The main strategy of this method is based on the 

simultaneous reduction from metal salt of precursors to zero-valent 

atoms.[44] (Figure 2.11) The co-reduction method looks simple, but it has to 

consider many parameters such as the reduction potentials of the metal ions, 

the potential of the reduction agent, the kind of coordination ligand, the 

surfactant, and the reaction temperature. Especially, the nucleation, growth, 

and structure of the alloy nanomaterial are critically affected by the 
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reduction rate of the metal precursor. The reduction rate of metal ion can be 

expressed as standard reduction potential in Table of Figure 2.11.[6] The 

metal ion of more positive reduction potential has faster reduction rate as 

compared to metal ion of lower potential. In general, metal ions with similar 

potentials, like Cu2+ ion (0.34 V) and Ni2+ ion (-0.25 V), should be 

considered for generating alloy nanocrystals using co-reduction method. As 

a result, selection of precursor and reduction agent is a very important factor, 

because it can directly influence the metal ion reduction, the reaction 

kinetics, and the alloy structure. For example, Guo et al. reported the one 

pot synthesis of hexagonal and triangular bimetallic nickel - copper alloy 

nanoplates using reduction strength control and galvanic replacement, 

which can simultaneously reduce the precursors of Ni and Cu.[45] (Figure 

2.12) For the preparation of diverse kind of alloy Ag/Cu particles, Tsuji et al. 

proposed polyol method through co-reduction of AgNO3 and Cu(OAc)2 by 

ethylene glycol (EG) in the presence of poly vinylpyrrolidone (PVP) as a 

surfactant. In this study, the alloy structure, such as core-shell and 

bimetallic, could be controlled by reaction time, molar ratio, and standard 

potential of each metal.[46] (Figure 2.13) As in the previous examples, the 

co-reduction method has several advantages such as easy process and 

unnecessary to complex equipment. 
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Figure 2.11 Mechanism of the chemical co-reduction method. [44] The 

simultaneous reduction of two different metal precursor makes various type 

of structure by reduction potentials (table) [6] (Reprinted with permission from Ref. 

[44],[6] of Chapter 1,2) 
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Figure 2.12 (a) Schematic illustration of triangular and hexagonal Ni-Cu 

alloy nanoparticles formation mechanism. TEM image of synthesized Ni-

Cu alloy nanoparticles at different temperatures (b) 220 oC, and (c) 240 oC. 

Scanning TEM – energy dispersive X-ray spectroscopy (EDS) image for (d) 

Ni and (e) Cu. [45] (Reprinted with permission from Ref. [45] of Chapter 1,2) 
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Figure 2.13 (a) Growth mechanism of Ag@Cu using polyol methods. Ag-

Cu bimetallic particles prepared from Ag precursor (AgNO3) and Cu(OAc)2 

in presence of PVP and EG mixture. In molar ratio of 0.25 [Ag]/[Cu], the 

bimetallic particles are investigated by (b) TEM, and EDS elemental maps 

for (c) overall, (d) Ag, and (d) Cu.[46] (Reprinted with permission from Ref. [46] of 

Chapter 1,2)  
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Cu-based alloy NPs can also be prepared by thermal decomposition of 

organometallic compounds, which composes the functional group of the 

carbon chain and two kinds of metal ion. The heating process 

simultaneously induces ion reduction and formation of alloy nanomaterial. 

The synthesis is usually conducted in organic solution under inert 

atmosphere (N2, He gas). Similar to co-reduction, the key point of this 

method is a difference of decomposition rate between two metal precursors. 

Kim et al. reported the synthesis of the monodisperse bimetallic AuxCuy 

nanoparticle using oleylamine as the reducing agent and organometallic 

compound with the metal ion, which can gradually reduce the Au and Cu 

ion.[47] (Figure 2.14) In addition, monodispersed CuPd nanoparticles are 

synthesized by decomposition of oleylamine and oleic acid with Cu and Pd 

ion organometallic compound. Yin et al. demonstrated that CuPd bimetallic 

nanoparticles are prepared simply by reaction of Cu(CH3COO)2 and 

Pd(CH3COO)2 in oleylamine and oleic acid, which acts the solvent, 

surfactant. The size and composition of the CuPd nanoparticles can be 

precisely controlled by molar ratios tuning of Cu and Pd precursors.[48] 

(Figure 2.14) As described above, compared to the co-reduction method, 

this method is useful for preparing alloy nanoparticles with narrow size 

distribution and high crystallinity by high reaction temperature. 
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Figure 2.14 Characteristics of alloy nanoparticles. (a) TEM image of 

AuCu3 nanoparticles with average size of 11.2 nm, (b) XRD results of Au-

Cu alloy nanoparticles by atomic composition, (c) UV-vis spectra of Au-Cu 

alloy nanoparticles,[47](d) Pd-Cu nanoparticles (ratio of Cu/Pd 1:5)TEM 

images, and (e) XRD patterns of Pd-Cu alloy nanoparticles by composition. 

[48] (Reprinted with permission from Ref. [47],[48] of Chapter 1,2)  
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2.3 Application of Cu-based nanomaterial 

 

2.3.1 Conductive electrode 

 

2.3.1.1 Research Background 

 

Development of electrical devices, such as smart packaging, RFID tags, 

flexible TFT, and PCB, demands the various techniques for fabrication of 

the microelectronic device. As a conventional method, the photolithography 

has been used for micro conductive line or electrode in electronic devices.[49] 

However, the multiple fabrication steps of photolithography induce the high 

cost, expensive equipment, and environment pollution. The needs for 

fabrication step simplicity have emerged to solution process fabrication 

such as inkjet printing, offset printing, and gravure printing. As solution 

process material, nanomaterials are considered to be useful for solution 

process electrode fabrication due to the size-dependent mesoscopic 

properties (melting point depression, enhanced dispersibility). For the past 

10 years, various nanomaterials for solution process have intensively 

studied such as silver-based nanomaterial, nickel-based nanomaterial, and 

carbon nanomaterial (CNT, graphene).[50],[51] Mainly, the silver 
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nanoparticles and organosilver compound have been utilized for solution 

process. They have the lowest resistivity among all materials (1.59 μΩ • cm) 

and high redox potential, which makes them easy handle-ability and 

oxidation stability. However, silver, as micro size conductive electrode, has 

problems such as ion migration property at high temperature and humidity 

condition and high intrinsic cost.[52]  In addition, the carbon nanomaterial is 

also inadequate for the conductive line, because of relatively high resistivity, 

the cumbersome manufacturing methods by the use of strong acids or bases, 

the long processing times, and their limited compatibility with conventional 

electronic devices. For this reason, Cu of low-cost, excellent low resistivity 

(1.72 μΩ • cm), and higher electro-migration resistance has obtained 

significant research interest in the solution process electrode fabrication 

field. Despite these advantages of Cu nanomaterials as solution process 

electrode, its practical utilization is difficult due to the inevitable oxidation 

of copper.[53] Therefore, overcoming of this problem is a considerable 

important challenge. 
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2.3.1.2 Issue of Cu- based electrode and Research Trend 

 

In general, the Cu nanomaterial oxidation process is affected by two main 

steps: nanoparticle preparation (including synthesis, storage, washing), and 

sintering process for particle necking. First, to protect the nanoparticle 

preparation oxidation, the various strategies are proposed such as coating 

with inert material shell or dense layer of capping agents. Ang et al. 

proposed alkanethiol coated Cu nanoparticles. The research demonstrated 

that the presence of surfactant layer, composed by alkanethiol (from C8 to 

C12), has good oxidation barrier property of Cu nanoparticles for least six 

months.[54] More stable dispersion and oxidation stable properties are 

obtained by polymer capping agents, poly (N-vinlpyrrolidone) (PVP). 

Engels, V et al. and Jeong, S. et al. evaluates the oxidation property of Cu 

nanoparticle depending on PVP molecular weights from 10,000 to 40,000 

g/mol.[55], [56] However, these high density and molecular weight of capping 

agents induce high sintering temperature for particle necking, and high 

resistivity by remaining of organic residue. As an alternative, core-shell 

structure, Cu (core) – Ag (shell), has been explored for oxidation protection 

and achievement of low resistivity. Grouchko, M et al. reported the 

synthesis of Cu nanoparticles in the first step, which was prepared by 
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reducing Cu(NO3)2 in the presence of hydrazine as reducing agents, and 

polyacrylic acid as a stabilizer. In the second step, the Ag ions are reduced 

by galvanic reaction with Cu metal. After the reaction, the silver coated 

copper nanoparticles are synthesized and show the low resistivity.[57] 

(Figure 2.15) In addition, Luechinger, N.A. et al. proposed graphene coated 

Cu nanoparticles for full protection of Cu metal core under humid air 

condition. This found stable oxidation property up to 165 oC and simple 

process as one pot.[58] However, these methods have also critical 

disadvantages, which are high temperature stability by silver aggregation 

and atomic separation and high resistivity by the intrinsic carbon resistivity 

property.  

Recently, the metal ion complex is also proposed. The main advantage of 

ion complex ink is low temperature decomposition and highly stable storage 

property, because they maintain monovalent, or divalent ion states of Cu in 

the ion complex. Choi et al. offered novel Cu ion complex ink with Cu 

formate precursor. The ion complex ink was sintered via low temperature 

sintering and reduction, which showed the low electrical resistivity of 8 μΩ 

cm. [59] (Figure 2.16) In addition, Cu- based alloy nanoparticles are 

proposed for electrode fabrication and highly oxidation stable property. Kim 

et al. developed Au-Cu bimetallic nanoparticles by oleylamine based 
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thermal decomposition process. The Ag-Cu nanoparticles of narrow size 

distribution were obtained by controlling of reaction time and precursor 

injection time. Through theoretical study, the author demonstrates that 

bimetallic nanoparticles are less affected by oxidation.  
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Figure 2.15 (a) Schematic illustration of the Cu@Ag nanoparticles 

synthetic method. (b) Elemental profile and (c) STEM image of Cu@Ag 

nanoparticles, (d) The resistivity by sintered Cu@Ag nanoparticles.[57] 

(Reprinted with permission from Ref. [57] of Chapter 1,2) 
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Figure 2.16 Photograph of (a) the Cu ion complex ink, (b) the letter of 

before and after sintering, (c) Electrical resistivity of Cu conductive film 

using Cu ion complex ink .[59] (Reprinted with permission from Ref. [59] of Chapter 

1,2) 
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For oxidation protection of sintering process, various alternative sintering 

techniques are emerged such as intensive pulse laser (IPL) or chemical 

etching. The laser sintering method generates pulse, employing a xenon 

lamp, of incoherent light with various wavelengths from 190 nm to 1000 

nm. The light absorbed Cu nanoparticles rise temperature in localized 

surface, resulting in sintering between neighboring particles. Dharmadasa et 

al. reported the Cu conducting film formation using Cu nanoparticles with 

IPL sintering method. In this research, Cu nanoparticles showed simply Cu 

reduction, IPL parameter optimization for conductive Cu film fabrication, 

and a low sheet resistance of 0.12 Ω/□.[60] (Figure 2.17) The chemical 

etching method is particle necking by chemically melting the Cu particle 

surface. Wu et al. demonstrated the sintering of Cu particles at room 

temperature. The authors successfully accomplished the ascorbic acid 

assisted reduction process, which showed outstanding electrical resistivity. 

In addition, this method can form the conductive line on the flexible 

substrate, polyethylene terephthalate (PET), polycarbonate (PC), and 

polyimide (PI), due to room temperature sintering.[61] Despite these recent 

efforts for oxidation protection, the adequate electrode fabrication methods 

are not proposed, so it is an important challenge for high performance and 

low cost electrode fabrication.  
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Figure 2.17 (a) Schematic representation of the Cu nanoparticles ink 

synthetic method and IPL sintering process for conductive film fabrication, 

(b), (c), and (d) SEM topographical image of IPL treated film with energy 

input increasing from 576 J cm-2 to 1723 J cm-2.[60] (Reprinted with permission 

from Ref. [60] of Chapter 1,2) 
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2.3.2 Lithium ion battery 

 

2.3.2.1 Research Background 

 

The importance of effective energy storage is emerged for replacement of 

conventional fossil fuel. The lithium ion batteries (LIB) are considered as 

renewable and sustainable energy source, because it is operated without 

environmental pollution.[62],[63] Especially, the LIB has important property, 

high energy density, high power density, low self-discharge property, and 

long cycle stability. These properties make it possible to consider them to 

wide range application from portable devices to electric vehicles.[64] 

However, for huge electric vehicles, the LIB technology needs to provide 

2~5 times more energy density than current cell performance (current 

energy density: 150 wh kg-1).[65] For this reason, the studies are being 

carried out to high energy density of LIB through the development of high 

capacity anode and cathode materials. In next chapter, the previous 

researches of the high capacity anode and cathode materials, LIB basic 

structure, and the mechanism will be introduced.  
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2.3.2.2 Basic structure and mechanism of LIBs 

 

As you can see in Figure 2.18, the typical LIB consists four main part; 

cathode, anode, electrolyte, and separator.[66] The cathode is a positive 

electrode where reduction reaction occurs during discharging process. Next, 

the anode, as negative electrode, has oxidation process in discharging step. 

The electrolytes conduct the Li+ transport media, and the separator acts 

preventing of direct electrical contact between cathode and anode. As 

reaction mechanism, the fundamental reaction of LIB is based on 

intercalation/de-intercalation, which is reversible insertion of Li ion into 

each electrode. The detailed electrochemical reactions of 

charging/discharging are represented as follow;  

Anode:  

C+ xLi + xe- ↔ LixC6 

Cathode: 

LiCoO2 ↔ Li1-xCoO2 + xLi + xe- 

 

These intercalation/de-intercalation processes are described as the 

“rocking-chair system”, which induces LIB rechargeable property, 

occurring indefinitely reversible reaction during the cell operation.  
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Figure 2.18 Schematic illustration of lithium ion battery charge/discharge 

principle.[66] (Reprinted with permission from Ref. [66] of Chapter 1,2) 
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With regard to materials, the main part of LIB are composed as transition 

metal oxide or phosphates (cathode), graphite (anode), PE or PP (separator), 

and lithium salts in alkyl organic carbonates (electrolyte). Among these 

components, the active materials are very important, because its capacity 

has a direct effect on energy density. The conventional cathode, LiCoO2, of 

140 mAh g-1 and anode, graphite, of 372 mAh g-1 are utilized in practice, 

but insufficient energy density for recent huge application has led to finding 

new electrode material. To satisfy the criteria, research of cathode is being 

carried out worldwide to find alternative material based on eco-friendly and 

low cost. As a result, various prospective cathode materials, such as 

LiMn2O4 and LiFePO4, are proposed in practical cell system.[62],[63] However, 

the studies of anode materials have not been sufficiently conducted. Thus, 

research related to the anode is very necessary and will be introduced in the 

next chapter.  

 

2.3.2.3 Issue of Anode materials for LIB 

 

The Li metal is the most fascinating anode materials due to low 

electrochemical potential and light weight for high energy density.[67] 

Unfortunately, the Li metal has critical disadvantages such as safety issue 
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by Li dendrite, and poor cycling property. As alternative of the Li metal, 

graphitic carbon, graphitizable carbon (soft carbon), and non-graphitized 

glassy carbon (hard carbon) are proposed in practical LIB system. It 

accommodates the Li ion in those crystalline structures (intercalation), 

resulting to show stable charge/discharge cycle property. However, graphite 

contain the intercalation of one Li ion vs six carbon atoms (stoichiometry of 

LiC6), which makes low reversible capacity of 372 mAh g-1. The low 

capacity of graphite is not appropriate for huge application, like EV. Thus, 

the various next generation anode materials are reported and it is classified 

as different reaction mechanism, such as alloying reaction and conversion 

reaction. [68] (Figure 2.19) 

Lithium alloys, LixMy, have been great interest as high capacity anode 

materials in LIB. This active material of alloy reaction with Li is called 

alloy/de-alloy mechanism as below;  

𝐿𝐿𝐿𝐿𝑥𝑥𝑀𝑀 ↔  𝑥𝑥𝐿𝐿𝐿𝐿+ +  𝑥𝑥𝑥𝑥− + 𝑀𝑀 

The examples of typical alloy metals are silicon, tin oxide, and 

germanium, which show the higher capacity rather than intrinsic graphite 

capacity. Capacities of these anodes have wide ranges from 783 of tin oxide 

to 4200 of silicon. Unfortunately, the alloying/de U alloying reactions 

accompany the large volume expansion after cycling test, resulting in rapid 
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degradation of the electrode and capacity fading. Significant research has 

been proposed to solve the pulverization problem. Structure design of Si 

nanowire reduces the alloying stress from volume expansion during the 

charge/discharge cycling.[69] In addition, hollow tin dioxide microsphere has 

been reported as stable cycling structure, because the hollow space has a 

role of expansion stress releasing. [70] As the latter, the conversion reaction 

materials for high capacity have been proposed using transition metal 

compounds, such as metal oxide, nitrides, phosphides, and sulfides. The 

conversion reaction of metal oxide is described as below;  

𝐿𝐿𝐿𝐿𝑥𝑥𝑀𝑀 ↔  𝑥𝑥𝐿𝐿𝐿𝐿+ +  𝑥𝑥𝑥𝑥− + 𝑀𝑀 

(M = Fe, Co, Cu, Mn, Ni, etc.) 

The full reduction of oxide induces composite materials, including nano-

sized metal particles from 2 to 8 nm, dispersed in a Li2O matrix.[71] These 

transitions provide high reversible capacities (2~5 times) due to high 

number of reaction per unit atom with Li ion. For the same reason, the 

metal compounds, including nitrides, phosphides, and sulfides, have also 

high capacity and reaction mechanism as follow;  

𝑀𝑀𝑥𝑥𝑁𝑁𝑦𝑦 +  𝑧𝑧𝐿𝐿𝐿𝐿+ +  𝑧𝑧𝑥𝑥−  ↔  𝑥𝑥𝑀𝑀 +  𝐿𝐿𝐿𝐿𝑧𝑧𝑁𝑁𝑦𝑦 

(N = O, P, S, N ) 

The example of conversion reaction is reported by P. Poizot et al.. [72] In 
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this research, the nano-sized transition metal oxides, such as CoO, NiO, 

Cu2O, and FeO, react with Li ion in the solid state and investigate the 

reaction mechanism and optimization for nano-size distribution. As another 

report, Reddy et al. described the electrochemical performance of micro 

sized Co3O4 crystal using molten salt synthesis. The synthesis by several 

Cobalt salts (sulphate, hydroxide, and acetate) reveals the various crystal 

morphology and different electrochemical properties. [73] 
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Figure 2.19 Classification of oxide anode material; Intercalation-

deintercalation, alloying-dealloying, and conversion reaction. [68] (Reprinted 

with permission from Ref. [68] of Chapter 1,2) 
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2.3.2.4 Research trend of Cu oxide anode 

 

The Cu-based nanomaterial anode has also been applied as the attractive 

alternative anode. The acceptable theoretical capacity, Cu2O (375 mAh g-1) 

and CuO (674 mAh g-1), leads to focus the nanomaterial anode research by 

Cu oxide crystals. For example, Tarascon group has first developed these 

two oxides crystal, which found particle size has the effect on capacity 

reversibility. It shows the stable capacity of 400 mAh g-1 up to 70 cycles at 

the voltage range of 0.02 – 3.0 V.[74] (Figure 2.20) In subsequent studies, 

studies of various shape CuO, nanowires, nanoribbon array, leaf-like 

nanoplates, and hierarchical nanostructures, have been established. The 

CuO nanowire shows the stable capacity of 650 up to 100 cycles at 0.5 C-

rate. The enhanced cycling property is affected on outstanding electronic 

conductivity by Cu nanoparticle formation of conversion reaction, and 

effective contact between nanowires.[75] In addition, for protecting of 

capacity fading phenomenon, CuO hierarchical hollow nanospheres are 

reported by Kong et al.. [76] (Figure 2.20) The synthesis of CuO hollow 

nanospheres with diameters of about 400 nm is demonstrated. The unique 

structure could release the strain energy associated with lithium 

insertion/removal and offer a suitable electrode/electrolyte contact area. 
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Recently, the research of Cu oxide composite materials is rapidly increasing 

in order to compensate the capacity fading and intrinsic conductivity. The 

typical example is the carbon based material (CNT, graphene, carbon shell) 

and Cu oxide composite. Ko et al. proposed a facile method for CuO/ 

MWCNT nanocomposite for high porosity, enhanced electronic 

conductivity, and long term cycling stability. The synergic effect of high 

capacity by CuO nanoparticles and high conductivity by CNT make 

significant advances as lithium ion battery anode.[77] (Figure 2.21) 

Consequently, these unique Cu based nanomaterial structure design and 

composite methods have been developed for high stability, capacity, and 

high energy density. However, it’s difficult to apply the practical LIB of 

advanced application due to the complexity of the process and unstable 

electrochemical characteristics. For this reason, the facile Cu based 

nanomaterial composite synthesis and effective structure design for high 

capacity and cycling stable remain a significant challenge. 
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Figure 2.20 (a) SEM image of 150 nm size Cu2O particles, (b) Voltage 

profile of Cu2O/Li cell, and (c) long term cycling stability. (Sample A is 150 

nm and Sample B is 1μm) [72] (d) CuO hollow nanospheres SEM image, (e) 

Charge-discharge curves and (f) Cyclic voltammogram of CuO/Li cell in 

range of 0.01 – 3.0 V. The inset is the cycling performance.[74] (Reprinted with 

permission from Ref. [72],[74] of Chapter 1,2) 
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Figure 2.21 TEM image of (a) CuO nanoparticles (b) CuO/CNT 

nanocomposite using porous Cu(OH)2 chemical transformation and CNT 

blending, (c) Voltage profile of the CuO/CNT nanocomposite, (d) Long 

term cycling stability, comparing with CuO/CNT and CuO/C blending 

electrode.[77] (Reprinted with permission from Ref. [77] of Chapter 1,2) 
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Chapter 3. Pressure-assisted electrode 

fabrication using simply synthesized Cu3Sn 

alloy nanoparticles 
 

3.1 Introduction 

 

Alloy nanoparticles have recently emerged as new attractive materials 

due to their advanced electrical, optical, magnetic, and catalytic properties 

when compared to the intrinsic properties of each of the elements.[1,2] Over 

the past several years, many researchers have been drawn to the synthesis 

method and noble-transition bimetallic or trimetallic alloy nanoparticles 

application due to their  high catalytic performance or electrical 

properties.[3] Of these, silver or silver alloy nanoparticles have drawn 

interest because of their unique optical property, good oxidation-resistivity, 

low electron resistivity, etc. However, the high cost of silver or silver alloy 

nanostructures makes it difficult for utilization in various industrial 

applications.[4,5] On the other hand, as copper is  abundant and has a 

relatively low cost, copper alloy nanoparticles have been introduced as an 

alternative to silver. For example, Cu2ZnSnS4 nanocrystals are promising 
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for use as thin film solar cells due to the low cost, relatively low toxicity 

and appropriate optical properties (band-gap energy of ~1.5 eV).[6] Gold-

Copper (AuxCuy) alloy nanoparticles also show stability and are tunable 

near infrared (NIR) emissions, which can be readily applied to biological 

analysis.[7] 

Among various applications, the advanced electrode fabrication based on 

copper (Cu) nanoparticles has received a significant amount of attention due 

to the potential for use in ink jet printing or offset printing.[8,9] In particular, 

the Cu conductive nanoparticles have drawn interest due to the size effect of 

the melting point depression, which facilitates low temperature sintering for 

flexible electronics.[10] In addition, the nano-size electrode fabrication using 

conductive nanoparticles has a strong advantage; the simple printing 

process, which is better than conventional electrode fabrication like 

photolithography.[11] Cu nanoparticle ink has also good merits for repairing 

of disconnected electric wiring in electronic devices. Electrode fabrication 

using Cu nanoparticle ink is feasible for various applications, such as field 

effect transistor, solar cells, sensors, light emitting diodes, etc.[12,13] 

However, pure Cu nanoparticles have high reactivity that inevitably 

produce oxide layer during the purification process, storage in air condition, 

and sintering process for electrode fabrication.[14] The oxide layer of Cu 

 

 

63 



 

nanoparticles has a negative effect on electrical resistivity, so cumbersome 

additional processes are needed to prevent its growth. For example, the 

sintering and storage of Cu nanoparticles require specific inert conditions, 

such as vacuum condition or nitrogen gas.[15] Additionally, the stabilizers for 

oxidation-resistivity, which are generally composed of organic materials, 

act as insulating layers on Cu nanoparticles. Therefore, they need a high 

decomposition temperature for use in conductive electrode fabrication, 

which limits the flexible substrates choices due to the thermal deformation 

of plastic materials.[16,17] In spite of the advantages of a simple electrode 

fabrication process using conductive ink based on Cu nanoparticles, these 

restrictions strongly inhibit applications in future flexible or wearable 

devices. Thus, alternative materials or processes for a low cost, high 

oxidation-resistivity, and low temperature fabrication are required.  

To address these issues, the novel Cu3Sn alloy nanoparticles synthesis 

with good oxidation-resistance and the application for a pressure-assisted 

room temperature electrode fabrication are introduced. The highly oxidation 

stable Cu3Sn alloy nanoparticles (60 nm average size) are synthesized using 

simple one-pot synthetic process. In the Cu3Sn alloy nanoparticles synthesis, 

copper precursor, tin precursor, oleic acid, and oleylamine were used. The 

synthesized Cu3Sn alloy nanoparticles did not change the electron 
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resistivity during 4 weeks in ambient conditions. The Cu3Sn alloy 

nanoparticles showed the low electrical resistivity on flexible substrates via 

the pressure-assisted electrode fabrication. The pressure on the Cu3Sn alloy 

nanoparticles dramatically induced the interconnection between the 

neighboring Cu3Sn alloy nanoparticles. As a result, in spite of the room 

temperature process, the electron resistivity of the Cu3Sn alloy 

nanoparticles showed a value which is similar to that of conventional 

electrodes fabricated using pure copper or silver nanoparticle ink at a high 

temperature and inert gas sintering process.[18,19,20] 
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3.2 Experimental section 

 

3.2.1 Cu3Sn nanoparticles synthesis 

 

Copper(II) acetylacetonate (Cu(acac)2, Aldrich, 0.1 g) and Tin(II) 

acetylacetonate (Sn(acac)2, Aldrich, 0.028g) dissolved in 10 mL of 

Oleylamine (Aldrich, 70%) and 1mL Oleic acid (Aldrich, 90%) mixed 

solution was heated to 120 oC for 30 minutes under vacuum conditions. The 

solution was then heated under nitrogen gas to a temperature of 310 oC with 

stirring. When the solution reached the temperature of 310 oC, the solution 

was left to react for 1 hour. The solution was then cooled to room 

temperature. Finally, the reacted solution was mixed with ethanol and 

hexane, and then the synthesized nanoparticles were conducted to 

centrifugation. The precipitates were washed with ethanol and hexane 

several times. The precipitated nanooparticles were dried in a vacuum oven 

(40 oC) 

3.2.2 Preparation of Cu3Sn conductive electrodes 

 

The circle punched shielding layer (3M tape) of 5mm diameter attached 

on the PET substrates. The nanoparticle powder was loaded in the hole of 
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shielding layer (powder weight: 0.03g) and covered the upper PET layer. 

Loading powder was applied to the setting pressure using a hydraulic pump 

press machine. The experiments were continued for 3 minutes at room 

temperature. The pressed sample was separated into an upper PET layer, a 

shielding layer on PET substrates and sample. The same process is repeated 

for fabricate a complex shape of conductive electrode. Then, the 3M tape, 

as an adhesive layer, attaches the each sample such as round, line and 

complex shapes. 

 

3.2.3 Resistivity measurements 

 

Resistivity measurements of the sample were carried out in a four-point 

DC resistivity measurement setup. To make a four-point measurement base 

electrode tool, the patterned silver electrodes were evaporated on the PET 

or the glass substrate. The pattern had four electrodes with silver line 

thickness of 0.8 mm and a space distance of 0.6 mm. The silver pattern was 

loaded using thermal evaporation. The pressed Cu3Sn layer samples of 

diameter of 5 mm were mounted onto a silver patterned PET substrate. And 

then 1kg weight was laid on the samples for uniform contact. A constant 

current of 10 mA was applied using a Keithley 224 current source and 
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voltage was measured for each experimental condition. In addition, the line 

patterned sample was measured to semiconductor parameter analyzer 

(Agilent 4155B) for the current-voltage characteristics. 

 

3.2.4 Instrumentation and Measurements 

 

HR-TEM images were captured using a JEOL JEM-3010 with an 

accelerating voltage of 100 kV. The HAADF-STEM, EELS analysis and 

EDS mapping images were obtained using a JEOL JEM 2100F. To make a 

the cross-sectional TEM sample, Focused Ion Beam (FIB) is used by NOVA 

600 Nanolab(FEI). And then, the pressed sample was coated with a 

platinum-sputtering in order to protect the sample. The Pt coated cross-

sectional TEM sample was loaded onto molybden TEM grid and conducted 

the TEM analysis. The XRD measurements were performed on the Bruker 

D8 DISCOVER diffractometer using a Cu Kα radiation source. 
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3.3 Results and Discussion 

 

3.3.1 Analysis of synthesized Cu3Sn alloy nanoparticles 

 

The high resolution transmission electron microscopy (HRTEM) image 

in Figure 3.1a shows the round shapes of the Cu3Sn alloy nanoparticles. The 

HRTEM image reveals that they have an average size of 60 nm. The X-ray 

diffraction (XRD) in Figure 3.1b shows that the Cu3Sn alloy nanoparticles 

have a typical Cu3Sn pattern (JCPDS 03-1010) in a dry powder sample. The 

major diffraction peaks at 2θ scattering angles agree with the hexagonal 

phase Cu3Sn crystal. In addition, the Cu and Sn atoms ratio in the Cu3Sn 

alloy nanoparticles is shown in Figure 3.1c through the energy dispersive 

spectrometer (EDS) diagram. The Cu and Sn peaks are clearly observed in 

the spectrum except for the sputtering materials Pt and Mo signals in the 

TEM grid. To verify the molar ratio of Cu and Sn, scanning transmission 

electron microscopy (STEM)-EDS point spectra analysis was performed on 

the Cu3Sn nanoparticle. It showed that the molar ratio of Cu and Sn was 

76.7:23.3. The analysis also conducted elemental distribution in the Cu-Sn 

alloy nanoparticles by carrying out an EDS elemental spectrum analysis 

with high angle annular dark-field scanning TEM (HAADF-STEM). Figure 
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3.1d and e show the high resolution EDS mapping of the Cu3Sn 

nanoparticles, which are provided in the Cu (yellow) and Sn (red) 

distribution in each Cu3Sn nanoparticle. These images confirm the well-

distributed alloy state of the Cu3Sn nanoparticles and show that there is no 

core-shell or uneven bimetallic structures in the Cu3Sn nanoparticles. All 

images in Fig. 3.1 strongly confirm the homogeneous Cu3Sn alloy 

nanoparticle formations.  
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Figure 3.1 (a) TEM image of the synthesized Cu3Sn nanoparticles with an 

average size of 60nm (b) XRD data of synthesized Cu3Sn nanoparticles 

compared with Cu3Sn reference peak (JCPDS 03-1010) (c) EDS spectrum 

of Cu3Sn nanoparticles with Cu:Sn at 76.67 : 23.33 (d) The HAADF-STEM 

image and EDS mapping images of the Cu-Sn alloy (Cu3Sn) nanoparticles. 
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3.3.2 Fabrication and Mechanism analysis of Cu3Sn 

electrodes 

Generally, the electrical resistivity of electrodes fabricated using 

nanoparticles is governed by two factors: the intrinsic metal resistivity and 

the residual surface layers induced by the capping agents. These affect the 

electron hopping and tunnelling, respectively.[21] The conductive metal 

nanoparticle core has many free electrons and act like bulk metal, which has 

a low electrical resistivity. Therefore, the residual surface layer induced by 

the capping agents is the most dominant factor in electron transport, so the 

electron transport mostly depends on the tunnelling phenomenon. 

Meanwhile, Shaowei Chen et. al. reported that the electrical characteristics 

of metal nanoparticle layers dramatically change in the “metallic ohmic 

contact” state by controlling the neighboring particle distance.[22,23] In that 

study, the simple linear I-V behaviour was observed when the neighboring 

particle distance was sufficiently small. This phenomenon implies that a 

small gap between adjacent nanoparticles can lead to electron hopping like 

metallic ohmic contact in electron transport between nanoparticles. 

Based on the previous reports, the conductive electrodes fabrication at 

room temperature was attempted using the pressure-assisted method with 

Cu3Sn alloy nanoparticles. The small gap between Cu3Sn alloy 
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nanoparticles induced by pressure on a sample could confirm electron 

hopping as with metallic ohmic contact in electron transport between Cu3Sn 

alloy nanoparticles. This would considerably improve the electrical 

resistivity of the Cu3Sn alloy nanoparticles layer. The fabrication method is 

detailed in Figure 3.2a. A patterned shielding layer (3M tape) was first 

attached to the poly ethylene terephthalate (PET) substrate to prevent Cu3Sn 

alloy nanoparticle powder spreading on unwanted space. The Cu3Sn alloy 

nanoparticle powders were loaded on the patterned PET substrate and 

pressed for 3 min with a covered upper layer. After pressing, the shielding 

layer and upper layer were removed from the PET substrates. The 

conductive metal electrode pattern was well-developed in the flexible PET 

substrates. 

The resistivity of the pressed Cu3Sn alloy nanoparticles layers, ~ 19.8 µ

Ω∙cm, is similar to that of the conventional conductive electrodes 

fabricated using pure copper or silver nanoparticles ink at a high 

temperature and inert gas sintering process.[18,19,20] Because the neighboring 

particle distance is small enough to result in metallic ohmic contact between 

the Cu3Sn alloy nanoparticles, the pressed Cu3Sn alloy nanoparticles 

resistivity is mainly determined by electron hopping. The pressure, which is 

a controlling factor for neighboring particle distance, induces the sequential 
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transition by electron hopping and ultimately leads to the low electrical 

resistivity. To verify this assumption, current–voltage (I-V) characteristic 

and cross-sectional TEM analysis of the pressed Cu3Sn nanoparticle layer 

are conducted. The I-V characteristics of the pressed Cu3Sn layer at 131.3 

MPa are shown in Figure 3.2b. The linear shape indicates that the Cu3Sn 

nanoparticle connections are very close enough to result in “metallic ohmic 

contact”. Figure 3.2c shows the three-dimensional the pressed Cu3Sn 

nanoparticles contact in bright and dark field cross-sectional TEM images. 

In particular, Figure 3.2d shows the very close connections among 

neighboring Cu3Sn nanoparticles. The residual carbon on the Cu3Sn 

nanoparticles surface is traced by TEM-electron energy loss spectroscopy 

(EELS) element mapping, as shown in Figure 3.2e. To ensure the fidelity of 

carbon element mapping by EELS, I verified the coincidence between the 

EELS spectrum of the carbon π* and σ* peak in Cu3Sn nanoparticles and 

that of reference data. (Fig. 3.3) Elemental analysis of the carbon in Cu3Sn 

nanoparticles confirms the carbon stabilizer distribution and shows that the 

carbon element is almost non-existent in the neighboring Cu3Sn alloy 

nanoparticle interface. As a result, the pressure induced numerous three-

dimensional close contact points among the Cu3Sn nanoparticles and 

developed overall low electrical resistivity via metal ohmic contact.  
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Figure 3.2 (a) Schematic of pressure-assisted Cu3Sn nanoparticle 

electrodes fabrication. (b) I-V curve of Cu3Sn nanoparticles electrodes at a 

131.3 MPa pressure condition, which correspond with conventional ohmic 

contact electron transport (c) Cross-sectional TEM images of pressed Cu3Sn 

nanoparticle electrodes at 131.3 MPa pressure condition. (d) The enlarged 

cross-sectional TEM view of pressed Cu3Sn nanoparticles. (e) TEM-EELS 

elemental mapping that show the carbon (white) elements. 
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 Figure 3.3 A typical EELS spectrum (a) carbon reference, (b) carbon 

spectrum of the pressed Cu3Sn alloy nanoparticles, corresponding TEM-

EELS elemental map (Figure 3.2e)  
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3.3.3 Conductive characteristics of Cu3Sn electrodes 

 

The resistivity of the pressed Cu3Sn nanoparticles layer is measured 

using a four-point probe method. Figure 3.4a and Table 3.1 show the 

electrical resistivity of the pressed Cu3Sn nanoparticles layers fabricated 

under various pressure conditions. The resistivity decreases from 25 µΩ∙cm 

at 39.4 MPa to 19.8 µΩ∙cm at 131.3 MPa. When the pressure exceeds 

131.3MPa, the resistivity is saturated to approximately ~ 20 µΩ∙cm, which 

is 2.2 times greater than the intrinsic resistivity of bulk Cu3Sn (8.8 µΩ∙cm). 

These results show that the electrical resistivity of the pressed Cu3Sn 

nanoparticle layer is sufficiently low enough to behave as an electrical 

conducting layer (electrode), even though the pressed layer is developed at 

room temperature. Many ink jet printing studies on Ag and Cu nanoparticles 

have reported that the resistivity is between 5 ~ 40 µΩ∙cm at a sintering 

temperature from 150 oC to 400 oC.[18,19,20]  Although the resistivity of bulk 

Ag (1.47 µΩ∙cm) and Cu (1.7 µΩ∙cm) is five to six times lower than that of 

the bulk Cu3Sn, the resistivity of the conductive pattern fabricated by pure 

Cu or Ag nanoparticle ink shows that are similar to that of the pressed 

Cu3Sn nanoparticle electrode. 

In addition, the pressed Cu3Sn electrode could be formed on flexible 
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substrates like plastic or paper substrates because the fabrication process 

only requires a simple pressing process at room temperature. Furthermore, 

the numerous neighboring particle contacts of pressed Cu3Sn nanoparticle 

electrode confirm the low resistivity at various bending states. These close 

contacts between particles are assumed to be related to the intrinsic property 

of Sn metal such as outstanding adhesion characteristics with substrate.[24] 

The resistivity at various bending conditions is measured to show the 

potential as a flexible electrode. The bending test results in Figure 3.4b 

reveal that except for the deformed state at 3 mm radius, the flexible test is 

reliable for the electrodes until 5 mm radius. At 20 mm radius and 15 mm 

radius, the relative resistivity is twice the flat resistivity. When the radius 

reaches 10 mm and 5 mm, the relative resistivity becomes three times 

greater than the flat resistivity. At 3 mm radius, the values abruptly increase 

to 30 times due to the pressed Cu3Sn nanoparticle interconnection tearing. 

Figure 3.4c and Fig. 3.4d show the optical photographs of the Cu3Sn 

electrodes fabricated by this pressure-assisted method. The images indicate 

the presence of well-patterned electrodes on the flexible PET substrate, 

which are electron-conductive enough to turn on bright LEDs. For the 

micro-scale phase observation of the pressed Cu3Sn electrodes, the pressed 

Cu3Sn electrodes are analysed using the cross-sectional Scanning Electron 
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Microscopy (SEM) images (Fig. 3.5). The SEM image shows that the 

Cu3Sn electrodes have well-packed layers with densely inter-contacted 

Cu3Sn nanoparticles. 
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Figure 3.4 (a) Electrical resistivity of the pressed Cu3Sn nanoparticles 

electrode as a function of pressure. The Cu3Sn nanoparticles electrodes 

were fabricated at various pressures ranging from 39.4 MPa to 170.7 MPa. 

(b) Electrical resistivity of the pressed Cu3Sn nanoparticles electrodes with 

varying bend radius, and a bending measurement image (inset). Optical 

images of the Cu3Sn nanoparticles electrode pattern in a (c) flat state and (d) 

bent state. 
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Figure 3.5 (a) Plane view SEM and (b) cross section SEM images of the 

pressed Cu3Sn nanoparticles. The thickness of the pressed Cu3Sn 

nanoparticles electrode is ~ 89 µm in 65.6 MPa. 
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3.3.4 Oxidation stability results of Cu3Sn conductive 

electrodes 

 

The good oxidation-resistivity of the Cu3Sn nanoparticles are verified 

during 4 weeks. The oxidation-resistance of the Cu3Sn alloy has been 

reported to be higher than that of Cu in its bulk material state.[25] Although 

nanostructured materials have somewhat different characteristics from bulk 

materials, I could easily assume that the oxidation-resistance trend was 

similar. To show the good oxidation-resistivity of the alloyed Cu3Sn 

nanoparticles, the pressed Cu3Sn nanoparticles electrode resistivity was 

monitored for 4 weeks under 50% relative humidity at 25 oC. (Figure 3.6) 

The XRD analysis in Figure 3.6a indicates that the copper oxide and tin 

oxide peaks are almost non-existent even after 4 weeks. However, the metal 

nanoparticle has generally an amorphous oxide layer and the synthesized 

Cu3Sn alloy nanoparticles also have a native oxide layer. (Figure 3.7) 

Although the Cu3Sn alloy nanoparticles have an oxide layer that is less than 

a few nanometers, the oxidation characteristics are considerably different 

when with Cu nanoparticles. The native oxide layers of the Cu nanoparticle 

diffuse into internal crystal structures. The diffused oxygen in Cu 

nanoparticles deform the intrinsic crystal structures like copper oxide and 

 

 

82 



 

hollow structures.[26,27,28] However, Cu3Sn alloy nanoparticles shows 

constant oxygen ratio in EDS analysis (Figure 3.8a, b) and constant crystal 

structure in the SAED pattern (Figure 3.8c, d) irrespective of storage time 

for 4 weeks. Furthermore, Fig. 3.6b shows the constant resistivity of the 

pressed Cu3Sn nanoparticle electrodes even after 4 weeks. These results 

reveal that the oxidation-resistance of the Cu3Sn alloy nanoparticles is 

superior to that of the pure Cu nanoparticles. [26,27,28]  
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Figure 3.6 (a) XRD patterns of the synthesized Cu3Sn alloy nanoparticles; 

just fabricated and stored in ambient air conditions (RH 50%, 25 oC) for 4 

weeks (b) The resistivity variation of the electrodes fabricated by pressured 

Cu3Sn alloy nanoparticles corresponding to the stored time in ambient air 

conditions 
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Figure 3.7 HR-TEM image of Cu3Sn alloy nanoparticles and the red line 

indicate the oxide layer and the oxide layer thickness is measured to 1.5nm 
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Figure 3.8 EDS analysis of (a) just synthesized Cu3Sn alloy nanoparticles 

and (b) stored in ambient air condition (RH 50%, 25 oC) for 4 weeks The 

SAED pattern analysis of the Cu3Sn alloy nanoparticles compared with the 

stored time in (c) just synthesized nanoparticles and (d) stored in ambient 

air condition (RH 50%, 25 oC) for 4 weeks 
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3.4 Conclusion 

 

In conclusion, a new synthesis of the highly oxidation stable Cu-Sn alloy 

(Cu3Sn) nanoparticles is introduced using a simple one-pot reaction. The 

synthesized Cu3Sn nanoparticles had an average diameter of 60 nm. 

Compared to Cu, Ag, and other nanoparticles, the Cu3Sn nanoparticles had 

the promising electrode properties such as oxidation-resistivity, low cost 

materials, simple process-ability, and room temperature electrode 

fabrication-ability, as an electrode material. In particular, the Cu3Sn 

nanoparticles did not show appreciable oxide impurities even when left in 

contact with air for 4 weeks under ambient conditions (RH 50%, 25 oC). 

The electrical resistivity of the pressed Cu3Sn nanoparticles layer also 

showed little change after 4 weeks. This oxidation-resistance confirmed that 

the Cu3Sn nanoparticles could easily be used for electrode materials without 

needing any cumbersome storage conditions. In addition, a pressure-

assisted electrode fabrication method is proposed using Cu3Sn nanoparticles, 

which has suitable electrical resistivity for a conductive line. The electrical 

resistivity of the pressed Cu3Sn nanoparticles electrode was 19.8 µΩ∙cm at 

131.3 MPa. Consequently, the pressure considerably helps connect the 

Cu3Sn nanoparticles at room temperature and effectively induces low 
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electrical resistivity in Cu3Sn nanoparticle electrodes. This pressure-assisted 

electrode fabrication technique has several advantages over previous 

printing fabrications. The fabrication does not require any cumbersome 

processes such as the ink formulations optimization with viscosity, solids 

content, and solvent type. There are also potential cost advantages due to 

the use of low cost materials and simple non-vacuum processing conditions. 

Furthermore, room temperature fabrication enables the use of flexible 

devices based on plastic substrates. I believe that the high oxidation-

resistance of Cu3Sn alloy nanoparticle synthesis and the pressure-assisted 

electrode fabrication process induce a leap in conventional electrode 

fabrication methods and they have good potential for various functional 

devices on a plastic substrate. 
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Chapter 4. Self-reducible Copper ion 

complex ink for air sinter-able conductive 

electrodes 
 

4.1 Introduction 

 

Solution-processable electrode fabrication is a significant technology for 

electronic devices because it is a simple, low-cost fabrication process, with 

a reduced output of environmentally noxious chemical wastes.[1,2] Over the 

past several years, many researches have focused on the development of 

solution-processable electrode materials for advanced devices such as 

organic light emitting diode (OLED), solar cell, thin film transistor (TFT), 

radio-frequency identification (RFID) and printed circuit board (PCB).[3,4,5] 

In general, conductive polymers (e.g. poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) and 

polyaniline) and carbon nanomaterials (e.g. single walled carbon nanotube 

(SWCNT), and reduced graphene oxide (RGO)) have been developed as 

solution-processable electrode material.[6,7,8,9] These materials have several 

advantages such as a high mechanical flexibility and adjustable electrical 
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properties. Nevertheless, carbon nanomaterials and conductive polymers as 

solution-processable electrodes have some crucial weakness such as their 

relatively high resistivity, the cumbersome manufacturing methods by the 

use of strong acids or bases, the long processing times and their limited 

compatibility with conventional electronic devices.[9,10] Besides, some 

drawbacks to electronic devices remain, such as the unnecessary energy 

consumption by a high resistivity, and the degradation of their thermal 

effects. Therefore, metal-based inks have recently attracted attention as low 

resistivity solution-processable electrodes. 

Metal based inks, such as silver, copper, and nickel, have been widely 

researched as alternatives for carbon based materials.[11,12,13] Among the 

metal-based inks, research on silver (Ag) inks has flourished due to their 

low intrinsic resistivity (1.59 μΩ • cm) and high redox potential (high 

oxidation stability).[11,14] However, the high cost and a low electro-migration 

resistance of Ag are critical limitations for the use of Ag inks in various 

electronic applications. In this respect, copper (Cu) inks are fascinating 

materials for solution process materials, because of their low cost, high 

migration resistance, and excellent intrinsic electronic resistivity (1.7 μΩ • 

cm).[13,15] Unfortunately, one critical drawback of Cu inks is their low 

oxidation stability, which induces the inevitable oxidation of Cu and a high 
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film resistivity.[16] In general, Cu oxidation under electrode fabrication 

processes is affected by two main steps: storage and sintering. 

In storage processes, to overcome oxidation, diverse approaches such as 

synthesis of alloy nanoparticles, core-shell (Cu-inert material) structure 

nanoparticles, and Cu ion complex inks (Cu-ink) have been 

attempted.[17,18,19] Through these efforts, Cu-inks have been verified to be 

highly stable storage materials, because they can maintain the monovalent, 

or divalent ion states of Cu in the ink.[20] However, in sintering process, they 

face harsh conditions for both the prevention of oxidation and reduction of 

the Cu ion. Conventional thermal sintering methods for the fabrication of 

conductive electrode using Cu-inks utilize dangerous gases (H2, vaporized 

formic acid), inert gases (N2) or vacuum conditions, which are dangerous, 

cumbersome, and make the electrode fabrication process time-

consuming.[21,22] In addition, sintering processes that use dangerous gases 

and vacuum conditions negatively affect the environment. For example, 

vaporized gas can cause damage to humans, and increases the risk of an 

explosion in the sintering chamber. For this reason, a sintering process 

carried out in an air atmosphere is a critical issue for the solution-

processable fabrication of Cu electrodes. For sintering methods under an air 

atmosphere, photonic, microwave, and chemical sintering techniques have 
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been recently studied; however, these sintering approaches require 

expensive equipment and complicated processes.[23,24] Recently, as an 

alternative, self-reducible inks have been proposed as ambient condition 

thermal sintering inks.[25,26,27] However, the general self-reducible ink 

produces Cu oxide films or still shows too high resistivity ( ~ > 300 μΩ • 

cm) for practical devices. This high resistivity is attributed to the weak 

reduction potential during air condition sintering. Consequently, although 

Cu-inks have air-sintering capabilities, there still remains a considerable 

challenge in the field of self-reducible Cu-inks. 

To address these issues, a novel self-reducible Cu-ink, composed by 

formate, alkanolamine groups and poly alcohols, is introduced with a 

sufficient reduction potential to be sintered in air conditions. The co-

reduction, induced by decomposition of the Cu-ink ligand and the hydroxyl 

group of polyol solvent acting as reduction assistance materials, gives the 

reduction process of the Cu-ink enough self-reducible activity. The 

decomposition of the Cu-ink ligands induces the formation of reducible 

hydrogen gas and the electron transfer of amine groups. In addition, the 

mild reduction potential by the hydroxyl group of the polyol solvents 

enables the Cu-ink to form metallic Cu even in ambient sintering conditions. 

The characteristics of the sintered Cu electrode films were analysed with 
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various sintering temperatures and polyol solvent contents. The Cu 

electrode film, fabricated using Cu-ink with 3 wt% glycerol, exhibited the 

lowest resistivity value of 17 μΩ • cm. The flexible property of the Cu 

electrode films retained a stable resistivity (R/R0 <1.2, bending radius of 20 

mm) even up to 2000 bending times. Also, the proposed Cu-ink showed 

good storage stabilities up to 4 weeks. 

 

4.2 Experimental section 

 

4.2.1 Chemicals & materials 

 

Cu (II) formate tetrahydrate (98 %) was purchased from Alfa Aesar. 

Ethylene glycol (EG; 99.8 %), glycerol (99 %), triethylene glycol (TEG; 

99 %), 2-amino-2-methyl-1-propanol (AMP; 95 %), 3-aminopropyl 

triethoxysilane (APTES; 98 %), octylamine (99 %), hydrazine (98 %) and 

sodium borohydride (NaBH4; 99 %) were obtained from Aldrich. Methyl 

alcohol (99.5 %), isopropyl alcohol (99.5 %), diethylene glycol (DEG; 

99 %) and polyethylene glycol 200 (PEG 200) were purchased from 

Daejung Chemicals. All reagents were used as received without any further 

purification. 
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4.2.2 Preparation and formulation of Cu-inks 

 

The Cu-inks were synthesized as follows. First, 8.98 g of AMP and 11.45 

g of octylamine were magnetically stirred for 30 min in a 250 mL round 

bottom flask. Thereafter, 20 mL of methyl alcohol and 20 g of Cu (II) 

formate tetrahydrate were poured into the 250 mL round bottom flask of 

containing the AMP and octylamine mixture. When the Cu (II) formate 

tetrahydrate was poured into the solution, the color of the solution 

immediately changed to a transparent blue. To obtain a well-dissolved 

solution, magnetic stirring was carried out for 1h. After the complete 

formation of the Cu ion complex, the obtained solution was dried with a 

rotary evaporator under reduced pressure, and then it was continuously 

dried in a vacuum chamber for 8 h at 50 oC. In this process, methyl alcohol 

and water were extracted from the Cu ion complex solution, and as a result, 

a dark blue colored, highly viscous complex was formed. To control of the 

viscosity, the Cu-ink and isopropyl alcohol (8:2 weight ratio) were mixed 

by sonication and vortex. The polyol solvent, (EG, glycerol, DEG, TEG, or 

PEG 200) was mixed with the intrinsic Cu-ink at concentrations ranging 

from 1 wt% to 15 wt%. To investigate the effect the polyol solvent had on 

Cu-ink, Cu-ink with polyol solvents (named as pCu-ink), and Cu-ink 
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without polyol solvents (named as intrinsic Cu-ink) are prepared. In 

particular, the Cu-ink with glycerol was named as gCu-ink. To test the 

adhesive enhancement effects, various contents of APTES were applied to 

the 3 wt % gCu-ink. Finally, for chemical affinity tests, a mixture of the 

intrinsic Cu-ink with different kinds of reduction assistance materials, such 

as hydrazine (N2H2) and sodium borohydride (NaBH4), was formulated. All 

mixing processes were conducted for 1h using magnetic stirring. 

 

4.2.3 Fabrication and mechanical reliability tests of 

conductive Cu electrode films made with Cu-ink 

 

To fabricate the conductive Cu electrode films, the substrates were first 

heated on a hot plate and then the Cu-ink was added (as a droplet) onto the 

heated substrates. The Cu-ink droplet spread on the entire substrate, and the 

ink was sintered until completely evaporated. The electrode film was then 

sintered at a 200-350 oC temperature range in an air atmosphere. To make a 

line-shaped Cu film, the Cu-ink with 3 wt% glycerol was loaded onto the 

PEN substrate, and sintered at 200 oC. The ink loading using micro pipette 

was carefully conducted. The fabricated Cu electrode film on the PEN film 

substrate was used for mechanical reliability test (flexible test), which were 
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carried out by repeated bending of the sample using a 20 mm bending 

radius. After bending experiment, the linear resistance was measured with 

every 500 cycles for 2000 cycles. In addition, the adhesive strength of the 

film was evaluated by 3M Tape (#810) peel-off test. The experiment was 

repeated 10 times. 

 

4.2.4 Characterization  

 

The X-ray diffraction (XRD) patterns of the sintered Cu powder were 

measured with a New D8 Advance diffract meter (Bruker), in reflection 

geometry mode using Cu Kα radiation (1.5406 Å). The surfaces of the 

samples after sintering of the Cu-ink were investigated by X-ray 

photoelectron spectroscopy (XPS; AXIS-HSi, KRATOS). The surface 

morphology of the films was analyzed by scanning electron microscopy 

(SEM; Hitachi S- 4800). The sheet resistance was measured using the van 

der Pauw method (Keithley 617 system as source meter with a four point 

probe configuration), and its thickness was confirmed with a surface 

profiler (Alpha-Step IQ, KLA Tencor). The specific resistivity was 

calculated from the measured thickness and sheet resistance. This step was 

repeated five times, and the average values are reported in this paper. 
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4.3 Results and discussion 

 

4.3.1 Polyol assisted air sinter-able Cu electrode 

formation 

 

Scheme 4.1 shows the Cu-ink chemical structure and reduction 

mechanism, and photograph image of Cu electrode films on glass substrates. 

In sintering process, the Cu-ink with polyol solvents (pCu-ink) was reduced 

to a metallic Cu film by the co-reduction of the polyol solvent and the self-

reducible Cu-ink. During the sintering process, the intrinsic self-reducible 

Cu-ink produces the reducible hydrogen gas (H2) through the 

decomposition of the Cu (II) formate group. The amine groups of Cu-ink 

also have a mild reduction potential because of the amine’s electron transfer 

ability.[26,27] The self-generated H2 gas and amine groups act as reduction 

agents, and facilitate the self-reduction of the Cu-ink. However, this self-

reducible property is not enough to ensure sintering under air condition, and 

thus inert N2 gas is needed to prevent the oxidation of the intrinsic Cu-ink 

during sintering process. As displayed in Scheme 4.1, it was easily 

confirmed that the intrinsic Cu-ink was able to form the Cu oxide film 

under ambient sintering conditions by the gray color of the film. For this 
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reason, polyol solvents are added to intrinsic Cu-ink, which is pCu-ink, for 

providing a further reduction assistant-ability. The sintered Cu electrode 

film by pCu-ink showed a typical Cu metal color, as can be observed in 

Scheme 4.1(a). In these phenomena, the pCu-ink successfully reduced the 

Cu electrode film under air sintering conditions due to the hydroxyl groups 

of the polyol solvents, which provide a mild reduction potential during the 

process. (Scheme 4.1(b)) This reduction property of polyol solvents is well 

known in the synthesis of nanoparticles.[28] On basis of this phenomenon, 

the air sinter-able Cu ink with polyol solvents (pCu-ink) is newly designed 

using the self-reducible property of ion complex decomposition. 
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Scheme 4.1 (a) Photograph image of the formation of Cu electrode films 

on glass substrates. (b) Schematic illustration of Cu-ink chemical structure 

and pCu-ink reduction mechanism. The pCu-ink was reduced to a metallic 

Cu film by the co-reduction of polyol solvents and the self-reducible 

properties of the Cu-ink. 
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As mentioned above, the polyol solvents efficiently assisted the reduction 

of the Cu-ink under an air atmosphere, and minimized the formation of Cu 

oxide. Figure 4.1a shows X-ray diffraction (XRD) results of sintered Cu 

electrode films by pCu- ink at 300 oC. These pCu-inks contained different 

polyol solvents, at a 3 wt% concentration, such as ethylene glycol (EG), 

diethylene glycol (DEG) and glycerol. The sintered Cu electrode films 

made with the pCu-ink showed a typical Cu reflection pattern (JCPDS 03-

1018). The three major 2θ peaks were 43.5o, 50.7o and 74.4o, which were 

assigned to the {111}, {200}, {220} planes of face-centered cubic (fcc) 

structures, respectively. In the sintered Cu electrode film, only metallic Cu 

was existed, and oxidized substances, such as Cu (I) oxide or Cu (II) oxide, 

were not detected. Likewise, sintered Cu electrode films made using pCu-

ink with EG, DEG and glycerol showed the stable reduction assistance 

effect by polyol solvents. However, as can be observed in Figure 4.1b, the 

sintered Cu electrode films made using pCu-ink with 3wt % tetra ethylene 

glycol (TEG) and poly ethylene glycol 200 (PEG 200) showed, in addition 

to the Cu peak, the slight appearance of Cu2O (2θ = 36.4o). The slight Cu2O 

peak could possibly be explained by the weak reduction potential induced 

by the low number of hydroxyl groups in the molecular structures of TEG 

and PEG 200, in comparison with the structures of EG, DEG, and glycerol. 
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Although the slight Cu2O was formed by the weak reduction potential of 

TEG and PEG 200, the results of the well-reduced Cu electrode film using 

EG, DEG and glycerol shows the good evidence of their reduction 

assistance effect under air sintering conditions. 

In general, Cu films inevitably form a native oxide layer on their surface 

because of their high reactivity with oxygen. To detect, in-detail, the 

existence of this native oxide structure, the sintered Cu electrode films 

made using the 3 wt% EG pCu-ink were analysed by X-ray photoelectron 

spectroscopy (XPS). Figure 4.1c shows the peak fitted Cu 2p3/2 and Cu 2p1/2 

spectra of the Cu electrode films, which confirm the presence of pure Cu 

and the slight Cu2O surface layer. The fitted Cu 2p3/2 binding energies of 

pure Cu and Cu2O were 932.1 eV and 933.0 eV, respectively.[29,30] From 

these analyses, it was concluded that, while the core of the film was well 

reduced to metallic Cu, the surface of the Cu film had an amorphous native 

Cu2O layer. Although the native oxide layer generally increases the 

resistivity of the films, the sintered Cu electrode film made using pCu-ink 

showed a low resistivity due to the amorphous native oxide layers having 

formed after the Cu inter-particles had been fully connected.[29] 

Depending on the kind of polyol solvents, the resistivity tendency of the 

sintered Cu electrode films was investigated at 300 oC (Figure 4.1d). The 
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measured specific resistivity of sintered Cu electrode films made using 

pCu-inks with 3 wt % EG, glycerol, DEG, and TEG were 37.9, 29.9, 34.1, 

and 36.5 µΩ • cm, respectively. At 300 oC sintering temperature, the 

sintered Cu electrode film made using pCu-ink with EG and DEG exhibited 

the lower resistivity than the sintered Cu electrode film made using pCu-ink 

with TEG. During the sintering process, TEG leaves unnecessary organic 

residues at their high evaporation temperatures (> 300 oC) and induces a 

low reduction potential by a low number of hydroxyl groups in their 

molecular structures. (Figure 4.1d) These effects induced a high resistivity 

in the Cu electrode film. On the other hand, EG and DEG have a high 

reduction potential because of the abundant hydroxyl groups in their 

molecular structures, and show an easy removal of residues by proper 

evaporation temperature (<~300 oC). Particularly, the sintered Cu electrode 

film made using Cu-ink with glycerol (gCu-ink) showed the lowest 

resistivity value. This result is due to glycerol having the most optimum 

characteristics among the proposed polyol solvents, such as a reasonable 

evaporation temperature (<~300 oC), and a relatively high reduction 

potential. Therefore, the characteristics of sintered Cu electrode film made 

using gCu-ink are investigated as the optimized sintering condition. 
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Figure 4.1 Characteristics of sintered Cu electrode film made using 

different 3 wt% pCu-ink at 300 oC; (a),(b) XRD pattern of sintered Cu film 

by various kinds of pCu-ink, (c) XPS spectra of the sintered Cu electrode 

film made using 3 wt% EG pCu-ink, and (d) Comparison of the reduction 

assistant solvent mole ratio and specific resistivity of sintered Cu electrode 

films by pCu-ink 
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4.3.2 Cu film properties by sintering temperature 

difference 

 

Fig. 4.2a shows the specific resistivity of the sintered Cu electrode film 

made using the gCu-ink as a function of temperature. In air sintering 

conditions, the specific resistivity of the Cu electrode film were 475, 76.6, 

29.9, 17 µΩ • cm at 200, 250, 300 and 350 oC, respectively. At temperatures 

above 350 oC, Cu oxide was formed by fast evaporation of the glycerol, and 

the resistivity measurements of the Cu electrode film were not conducted. 

Also, for stable decomposition of the Cu-ink, the sintering process 

proceeded within the 200 oC - 350 oC.[26] Finally, I achieved the low 

resistivity with 17 µΩ • cm of Cu electrode film made using gCu-ink, which 

is a value similar to the best resistivity obtained for sintered Cu electrode 

film made using reducing gas conditions, such as H2 and vaporized formic 

acid, or vacuum condition.[14,19,22,31,32,33,34,35] Therefore, the resistivity of 

sintered Cu electrode film made using gCu-ink is very competitive, because 

the gCu-ink sintering process does not require the use of dangerous gases 

(H2), ambient gases (N2) or high-cost equipment, such as laser sintering and 

vacuum condition equipment. 

According to the results, the specific resistivity showed a noticeable 
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increasing tendency dependent on decrease in the sintering temperature. 

This phenomenon could be doubted as the formation of defective Cu 

crystals or Cu oxide crystals. For this reason, XRD measurements are 

utilized to confirm the crystal formation on the sintered Cu electrode film at 

low temperatures. In Figure 4.2b, the XRD peaks of the sintered Cu 

electrode film at 200 oC matched with the peak of pure Cu, indicating the 

formation of reduced Cu electrode films at relatively low temperatures. 

Therefore, the formation of Cu oxide or defective Cu crystals was not an 

appropriate reason for the observed resistivity tendency. Scanning electron 

microscopy (SEM) was conducted to find evidence for the resistivity 

tendency. Figrue 4.2 c,d,e, and f shows the effect of the ink decomposition 

temperature on the surface morphologies of sintered Cu electrode films. 

With increasing temperature, the Cu particles had good coalescence with 

neighboring particles. The good connectivity of the particles induced the 

observed decrease in resistivity, which was well consistent with the SEM 

results. 
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Figure 4.2 Characteristics of the sintered Cu electrode film made using 3 

wt% gCu-ink; (a) Temperature dependent of the specific resistivity, (b) 

XRD spectrum of the film sintered at 200 oC. Surface morphologies of the 

sintered Cu electrode films made using 3 wt% gCu-ink at (c) 200 oC, (d) 

250 oC, (e) 300 oC and (f) 350 oC  

 

 

108 



 

Based on the resistivity results, I needed to verify the crystal formation of 

metallic Cu and the existence of an oxidized substance at 350 oC. As shown 

in the XRD data (Figure 4.3a), the sintered Cu electrode film made using 3 

wt % gCu-ink showed typical Cu metal fcc structures, indicating its good 

reduction to a Cu crystal even under air sintering conditions. In addition, 

through comparisons of sintered Cu electrode film by the intrinsic Cu-ink at 

350 oC, the reduction properties of glycerol were verified. In Figure 4.3a, 

the sintered Cu electrode film made using the intrinsic Cu-ink showed Cu2O 

impurities at36.4o, 42.3o and 61.3o corresponding to the {111}, {200} and 

{220} crystal planes, respectively. These results were ascertained by XPS 

analysis of the surface oxidation. Figure 4.3b shows the fitted spectra of the 

sintered Cu electrode film made using 3wt % gCu-ink, which was matched 

with the 932.1 eV (Cu 2p3/2) and 932.9 eV (Cu2O) binding energies. The 

identified Cu2O XPS spectra involved the amorphous native oxide layer of 

the Cu electrode film surface after the Cu inter-particles were fully 

connected. Thus, the amorphous native oxide layer at the Cu surface did not 

significantly affect the resistivity of the Cu films. The Cu spectrum of the 

sintered Cu electrode film indicates that the gCu-ink was reduced into a Cu 

electrode film even at the high temperature of 350 oC under air sintering 

conditions. Otherwise, in Figure 4.4, the XPS spectra of the sintered Cu 
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electrode film made using intrinsic Cu-ink showed a noticeable CuO spectra 

feature, which corresponded to the typical CuO spectra of two strong 

satellite Cu2+ peak: Cu 2p3/2 (934.1 eV) and Cu 2p1/2 (954.0 eV).[36] 

Consequently, these results show that the addition of the polyol solvents, 

specially glycerol, minimizes the oxidation of Cu during air sintering 

conditions, and fully assists in the reduction of the Cu-ink even at a high 

temperature of 350 oC. 
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Figure 4.3 (a) XRD spectrum of the film of sintered Cu electrode film 

made using intrinsic Cu-ink and 3 wt% gCu-ink at 350 oC, and (b) XPS Cu 

2p spectra analysis of the sintered Cu electrode film made using 3 wt% 

gCu-ink 
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Figure 4.4 XPS Cu 2p spectra of the sintered Cu electrode film at 350 oC 

with the intrinsic Cu-ink 
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4.3.3 Polyol solvent weight dependent characteristics of 

air-sintered Cu electrode 

 

The polyol solvents used to provide reduction assistance effects were 

identified by various analytical methods, as seen in Figure 4.1 - 4.4. In these 

results, the polyol solvents served critical roles during the sintering process, 

such as reducing the Cu electrode film. Thus, the content of polyol solvents 

was also related to the characteristics of the conductive electrode films. In 

Figure 4.5a and b, the effect of the glycerol contents (wt % and mole ratio) 

was investigated through resistivity tests at 350 oC. The resistivity of 

sintered Cu electrode film made using gCu-ink showed a linear increasing 

tendency depending on the high glycerol content. The tendency of 

resistivity is basically the same in wt % and mole ratio results. The sintered 

Cu electrode film made using 3 wt% gCu-ink had the lowest resistivity 

measured of 17 µΩ • cm; whereas the sintered Cu electrode film made 

using 15 wt% gCu-ink had a relatively high resistivity of 54.8 µΩ • cm. 

High glycerol contents, over 3 wt%, induced the incomplete decomposition 

of organic materials, which acted as insulator of the electron conducting 

path. For this reason, it was best to add small amounts of glycerol to the Cu-

ink. However, small amounts of glycerol content could induce the 
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formation of Cu oxide crystals, and a high resistivity due to the low 

reduction potential. That being so, the characteristic of Cu electrode film by 

relatively low glycerol contents, less than 3 wt%, needs to be investigated. 

To verify the existence of Cu oxide in Cu electrode films, XRD 

measurements were conducted for sintered Cu electrode film made using 1 

wt% gCu-ink. As seen in Figure 4.5c, the 36.4o 2θ XRD peak of the before-

mentioned films corresponds to {111} Cu2O crystal planes. Compared with 

the 3 wt% gCu-ink, the 1 wt% gCu-ink had a weak reduction potential, 

which induced the incomplete Cu crystal, and the high resistivity of the 

electrode film. An in-depth analysis of the crystals was conducted XPS 

analysis of Cu electrode film made using 1 wt% gCu-ink at 350 oC. In 

Figure 4.5d, the satellite Cu2+ peak confirmed the formation of Cu oxide, 

but this XPS peak was different from the typical CuO peak.[30] Interestingly, 

the fitted Cu 2p3/2 spectrum had two major peaks belonging to Cu (932.1 eV) 

and CuO (933.8 eV). The coexistence of the Cu and CuO peaks could be 

explained by the deficient reduction potential of the 1 wt% gCu-ink. 

Conversely, the coexistence of the Cu and CuO spectra was also explained 

by supporting evidence of the glycerol reduction effect. As a result, the 3 wt% 

gCu-ink was chosen as optimized Cu-ink formulation, and it was used to 

produce Cu electrode film with the lowest resistivity even air sintering. 
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Figure 4.5 (a), (b) Specific resistivity of the sintered Cu electrode film as 

function of glycerol wt %, and mole ratio at 350 oC, (c) XRD pattern of the 

sintered Cu electrode film made using 1 wt% and 3 wt% gCu-ink, (d) XPS 

Cu 2p spectra of the sintered Cu electrode film made using 1 wt% gCu-ink 

gCu-ink 
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4.3.4 Practical utilization test of Cu-ink 

 

The fabricated Cu electrode films meet important prerequisites for their 

practical application and in future devices, such as good substrate adhesion, 

long-term storage stability, and the ability to be used in flexible substrates. 

To promote substrate adhesion, a silane coupling agent (3- aminopropyl 

triethoxysilane (APTES)) was applied to the 3 wt% gCu-ink. The APTES 

reaction mechanism is well known.[37,38] Briefly, the hydroxyl groups of the 

substrate react with the alkoxy groups (ethoxy) of the APTES. Also, the 

amine groups of the APTES are chemically bonded to the Cu surface.[39] 

These reactions enhance the adhesion properties between glass substrates 

and Cu-ink. Through the same mechanism, APTES can be applied to 

various flexible polymer substrates. As slight oxygen plasma treatment of 

the polymer substrate, reactive hydroxyl groups are formed that, reacts with 

the APTES and Cu-ink. In this study, adhesion experiments were conducted 

using 3 wt% gCu-ink and the effect of APTES content was investigated 

using tape peel-off tests. Figure 4.6a shows the remaining area of a glass 

substrate and a tape surface after the peel-off test. The entire area of the 

sintered Cu electrode films made using gCu-ink was transferred from the 

glass substrates to the tape, while the sintered Cu electrode film made using 
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gCu-ink with 0.5 wt% APTES had a relatively good adhesion. As increment 

of 1 wt% APTES, sintered Cu electrode film exhibited excellent adhesion 

characteristics. Figure 4.6b shows that this Cu electrode film retained its 

pristine adhesion even after 10 repetitions of the 3M tape peel-off test. 

Resistivity of the adhesion enhanced Cu electrode film was measured as a 

function of APTES content (Figure 4.6c). In addition, the detailed specific 

resistivity of gCu-ink with no addition, 0.5, and 1 wt% APTES was 

confirmed in Figure 4.6d. The resistivity values were 17, 36, 65 and 1800 µ

Ω • cm for intrinsic gCu-ink with 0.5, 1 and 3 wt% APTES, respectively. 

The resistivity of adhesion enhanced Cu electrode film showed an 

increasing tendency dependent on the high APTES content. Notably, the 

sintered Cu electrode film made using gCu-ink with 3 wt% APTES led to 

an abrupt increase of the resistivity value. This resistivity dependence on 

the APTES content was associated with increased film porosity and with 

residual non-conductive materials (e.g. inorganic material, such as Si, of 

APTES).[37] These results indicated that the most suitable amount of APTES 

was around 1 wt% for both strong adhesion property, confirmed by 3M tape 

peel-off test, and low resistivity of 65 µΩ • cm. 

Furthermore, the formation of a Cu electrode film on flexible substrates 

(polyethylene naphthalate (PEN)) was attempted using 3 wt% gCu-ink with 
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1 wt% APTES, and discovered that Cu electrode film could be well formed 

on flexible substrates. Figure 4.7a and b reveal that the fabricated electrode 

film was conductive enough to turn on a LED. In addition, after bending 

test (R=20mm) of 2000 cycles, it was able to maintain a well-connected 

state, as shown in Figure 4.7c and d; and a robust mechanical stability with 

a nearly constant resistivity, as shown in Figure 4.7e. These results indicate 

that the proposed gCu-ink has the possibility to be used in various practical 

applications and advanced devices. 
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Figure 4.6 Enhanced adhesion characteristics of Cu electrode film made 

using 3 wt% gCu-ink; (a) Optical photograph image after the tape peel-off 

test; (b) Specific resistivity as a function of APTES content 
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Figure 4.7 The photographs show flexible characteristic of freshly 

prepared Cu electrode film on PEN substrates at; (c) flat state, (d) bending 

state; and the Cu electrode film after the bending tests at (e) flat state, (f) 

bending state; and (g) the change of the resistivity during the bending test. 
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Finally, long-term storage stability tests were conducted with the gCu-ink, 

as shown in Figure 4.8a, and b. For 4 weeks, the storage stability of the ink 

showed excellent characteristics. Even gCu- ink with a significantly large 

amount of glycerol (10 wt%) had good storage stability. In addition, the 

chemical affinity was investigated, because it is important factor for stable 

ink formulation and storage. Low affinity between intrinsic Cu-ink and 

reduction assistance materials induces unstable storage property, rapid Cu 

ion reduction, and precipitation. For evaluate the chemical affinity, the 

mixtures of the intrinsic Cu- ink with different kinds of strong reduction 

assistance materials, such as N2H2 and NaBH4, were investigated in Figure 

4.8c, and d. Contrary to the gCu-ink, the strong reduction assistance 

materials showed unstable storage and solubility properties. The Cu-ink 

with 3 wt% N2H2 was immediately reduced from Cu-ink to brown 

precipitations due to the high intrinsic reduction potential of N2H2. Also, the 

Cu-ink with 3wt % NaBH4 produced precipitations due to its poor solubility 

with IPA and NaBH4. These findings indicated that polyol solvents, 

especially glycerol, were suitable solvent because of their optimum 

properties regarding both their reduction potential and good solubility with 

Cu-ink. 
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Figure 4.8 (a), (b) Photograph of 3wt % and 10 wt% gCu-ink dissolved 

in IPA. For 4 weeks, phase separation was not found in gCu-ink mixture. 

(c),(d) Image of the Cu-ink by addition of 3wt % hydrazine (N2H2) and 

sodium borohydride (NaBH4), respectively 
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4.4 Conclusion 

 

In conclusion, novel self-reducible Cu-ink, composed by formate, 

alkanolamine groups and poly alcohols, are introduced for the air sinter-

able fabrication of Cu electrode films. The proposed Cu-ink had a good 

self-reducible activity induced by the decomposition of Cu-ink ligand and 

the reduction assistance effect of the polyol solvents. This self-reducible 

ability of Cu-ink ensured the sintering of conductive Cu electrode film 

under air condition. To verify the reduction assistance effect of the polyol 

solvents, the reduction characteristics and specific resistivity of the sintered 

Cu electrode films were investigated using various kinds of pCu-ink. Based 

on the analysis of the resistivity measurements, glycerol was confirmed to 

be the most suitable polyol solvent to act as a reduction assistance material, 

because of its proper evaporation temperature (298 oC) for the removal of 

organic residues and its appropriate reduction potential attributed to its 

many hydroxyl groups. These intrinsic glycerol properties in gCu-ink 

facilitated the formation of air sinter-able Cu electrode films with low 

resistivity. The sintered Cu electrode films made using gCu-ink were 

investigated as function of the sintering temperature and glycerol content. 

The optimized properties of the sintered Cu electrode film made using 3 wt% 
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gCu-ink showed a resistivity of 17 µΩ • cm at a 350 oC air sintering 

temperature. In addition, the potential of Cu electrode films in industrial 

application and for the fabrication of future devices was studied through 

adhesion, long-term storage and flexibility. The adhesion tests, conducted 

using 3M tape peel-off, showed that the Cu electrode film made using gCu-

ink with 1 wt% APTES had good adhesion properties. In the case of the 

storage tests, the gCu-ink revealed outstanding storage stabilities for up to 4 

weeks. In addition, the flexibility test demonstrated that Cu electrode film 

made on flexible substrates had robust resistivity retention characteristics 

(R/R0 <1.2) after 2000 cycles bending tests conducted using a 20 mm 

bending radius. On the basis of these results, the proposed novel self-

reducible Cu-ink is a promising material for air condition sintering and will 

be used in practical printing electronics and eco-friendly electrode 

fabrication processes. 
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Chapter 5. One-step simple synthesis of 

Copper oxide/expanded graphite composite 

for high performance batteries anodes 
 

5.1 Introduction 

 

The rapid development of electronic devices has resulted in dramatic 

advancements in lithium ion batteries (LIBs) technology.1-3 LIBs are used in 

various equipment, ranging from small portable electronic devices (such as 

mobile phone, notebook computer, e-book) to large energy storage system 

(such as industrial equipment, power plants).4,5 Especially, they are 

expected to be a core technology in the development of future electric 

vehicles (EVs). The use of LIBs in EVs is currently limited by their 

capacity, cost, weight, and their significantly shorter lifespans, compared to 

combustion engines.6,7 To improve these properties, research has focused 

primarily on advanced LIBs,  sodium ion batteries (SIBs), redox flow 

batteries (RFB) as next-generation energy storage devices.8,9 Though these 

battery developments, the importance of anode material with high energy 

density, capacity, and low cost has been raised, because the ion storage 
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efficiency of anode electrode significantly influences to overall cell 

performance such as cycling stability, specific capacity, and working 

voltage. Hence, the studies of various anode materials with high energy 

densities and capacities have been proposed for advanced LIB and SIB.10,11 

Graphite has been widely used as a conventional anode material in LIBs 

due to its operating potential, low-cost and outstanding electrochemical 

performance. However, the performance of graphite is limited by the 

narrow interlayer distance and its relatively low theoretical capacity.12-14 

During Li ion intercalation, the structure of graphite is deformed by the 

resulting change in volume; structural imperfections reduce the cycling 

stability of graphite.12 Specifically, during the charging process the solvated 

Li ions penetrate into the graphite, increasing the interlayer distance and 

forming LiC6. Conversely, the discharging process causes de-intercalation 

of the Li ions from graphite and returns the interlayer distance to its initial 

value (0.34 nm). Over repeated charge-discharge cycles, stress accumulates 

in the graphite interlayer, which seriously affects  cycling stability.15 In 

SIBs, this the small graphite interlayer distance has a greater effect on 

cycling stability because 0.34 nm is insufficient to accommodate the larger 

Na ions; generally, an interlayer distance of 0.37 nm is required for stable 

Na ion intercalation.13 In addition, the relatively low theoretical capacities 
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of graphite-based LIBs (372 mAh g-1) and SIBs (35 mAh g-1) are 

insufficient for demanding applications requiring high energy densities.16,17 

Recently, metal (Sn, Si, Ge etc.) and metal oxide (Fe3O4, CoO, NiO, etc.) 

and carbonaceous materials (graphene, carbon nanotube (CNT)), have been 

proposed as next generation anode materials because of their high 

theoretical capacities.18,19 However, the use of metals or metal oxides can 

result in large volume expansion due to Li alloying reactions. This process 

degrades electrode and reduces the cycling stability of batteries.18 The 

drawbacks of carbonaceous materials include long processing times, high 

manufacturing costs, and complex preparation procedures, which limit their 

application in practical LIBs and SIBs.20 

Various strategies have been attempted to improve the performance of 

anodes. To improve energy density and cycling stability, carbon and metal 

oxide composites have been synthesized, including metal oxide/graphene 

composites, carbon-coated metal oxide nanoparticles, and metal oxide/CNT 

composites.21-23 The modification of commercialized graphite has been 

recently proposed as an effective method for increasing cycling stability, as 

a result of the expansion of the graphite interlayer distance.24,25 Modified 

graphite has exhibited stable storage capacities during charge-discharge 

processes. However, the production of these anode materials involves 
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complex, time-consuming, and hazardous processes, such as strong acid 

etching. Moreover, as a result of these processes, the fabricated carbon-

based materials may exhibit structural distortions and organic residues, 

which can take part in side reactions during galvanostatic 

charging/discharging.26 Thus, the development of a simple manufacturing 

method for novel graphite would be beneficial for improving the capacity 

and cycling stability of anode materials for LIBs and SIBs. 

Herein, a one-step simple synthesis of a novel Cu oxide/graphite 

composites (GCuO) via the thermal decomposition of a Cu ion complex is 

proposed, which exhibited highly stable cycle-ability and a high energy 

density. During thermal decomposition, the annealed Cu ion complex 

rapidly generates H2 and CO2 gases, which induce graphite interlayer 

expansion (from 0.34 nm to 0.40 nm) and simultaneously produce Cu oxide 

nanoparticles via reduction of the Cu ion complex. The structure of GCuO 

has several desirable properties. Firstly, the large interlayer distances of the 

graphite prevent severe volume change of the anode and enable the efficient 

storage of Li or Na ions during charging/discharging process. Secondly, the 

redox reactions of the Cu oxide nanoparticles results in high energy 

densities and capacities. These features overcome the inherent 

disadvantages of graphite and metal oxide materials. Moreover, GCuO 
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exhibited a high reversible capacity of 532 mAh g-1 at current rate (C-rate) 

of 0.2 C, and retain 83 % of its capacity after 250 cycles (0~100 cycles at 

0.2 C and 100~250 cycles at 1 C). Additionally, the electrochemical 

analysis of a LiFePO4/GCuO cell demonstrated stable cycling performance 

(30 cycles) and high coulombic efficiency (99%), which indicated the 

suitability of GCuO for practical applications. 

 

 

5.2 Experimental section 

 

5.2.1 Chemicals & materials 

 

Graphite powders (artificial graphite) were obtained from MTI Korea. 

Copper (II) formate tetrahydrate (98 %) was purchased from Alfa Aesar. 2-

amino-2-methyl-1-propanol (AMP; 95 %) and octylamine (99 %) were 

obtained from Aldrich. Methyl alcohol (MeOH; 99.5 %) and isopropyl 

alcohol (IPA; 99.5 %) were purchased from Daejung Chemicals. All 

reagents were used as received without further purification. 
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5.2.2 Synthesis of Cu ion complex 

 

The Cu ion complex was synthesized as follows. AMP (8.98 g) and 

octylamine (11.45 g) were mixed for 30 min in a 250 mL round bottom 

flask. Then, methyl alcohol (20 mL) and Cu (II) formate tetrahydrate (20 g) 

were added to the mixture. The color of the solution changed immediately 

to a transparent blue as soon as Cu (II) formate tetrahydrate was poured. 

The mixture was stirred for 1 h at room temperature. The solvent was 

removed under reduced pressure at 50°C using a rotary evaporator. Then 

the product was vacuum dried for 8 h at 50°C. The dry product was 

obtained as a dark blue, highly viscous, complex. To control the viscosity, 

the Cu ion complex and IPA in 1:9 (w:w) via sonication and vortex mixing. 

  

5.2.3 Fabrication of expanded graphite 

 

GCuO was fabricated by mixing pristine graphite and the IPA solution of 

the Cu ion complex in weight ratio of 1:2, 1:4, 1:8, and 1:16 using a 

homogenizer (AR 100, Thinky mixer) at 1000 rpm for 10 min. Each 

mixture was sintered for 8h at 400 oC. For comparison, reference powder 
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(Cu Oxide) was produced by sintering the Cu ion complex under the same 

condition. 

 

5.2.4 Electrochemical test 

 

To fabricate the electrode, a slurry was prepared by mixing a 6:3:1 

weight ratio of GCuO, Super P (Timcal), and styrene butadiene 

rubber/carboxymethyl cellulose (SBR/CMC) in distillated water. Super P 

was used as a conducting agent and the rubber/cellulose was used as a 

binder. Graphite and Cu oxide slurries were prepared using the same 

proportions for comparison. The slurries were coated onto copper substrates 

(9 mm thick) using a Meyer rod. The electrodes were dried at 120 oC, and 

assembled into CR-2032 coin cells. The half-cells were composed of a 

working electrode (GCuO, graphite, or Cu oxide), a separator (PP 

membrane: Celgard 2500) soaked in liquid electrolyte (1 M LiPF6 in 

EC/DMC/DEC in a volume ratio of 1:1:1), and a reference electrode (Li foil; 

thickness: 150 μm). For the practical cell performance test, full-cells were 

fabricated, consisting of a cathode (LiFePO4; LFP), a separator (PP 

membrane) soaked in liquid electrolyte (1M LiPF6 in EC/DMC/DEC in a 

volume ratio of 1:1:1), and an anode (GCuO or graphite). The cathode 
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slurry was prepared by mixing LFP, Super P, and polyvinylidene fluoride 

(PVdF; Kynar HSV 900) in N-methyl-2-pyrrolidone in a weight ratio of 

75:15:10. . The cathodes were coated and dried in the same way as the 

GCuO anodes. Cell assembly was performed under an argon atmosphere. 

The assembled cells were subjected to analysis of electrochemical reaction 

mechanism with cyclo-voltammogram analysis and specific capacity 

characteristics such as rate capability and reliability test by investigating the 

charging-discharging characteristics in battery cycler system (WBCS 3000L, 

WonATech). For the cell resistance measurements, AC impedance 

spectroscopy (CHI660E, CH Instruments) was conducted from 0.1 Hz to 1 

MHz at room temperature. 

 

 

 

 

 

 

 

 

 

 

 

135 



 

5.3 Results and discussion 

 

5.3.1 Preparation of expanded graphite/Copper oxide 

composite and reaction mechanism 

 

Scheme 1 shows a schematic representation of the fabricated anode 

materials reaction mechanism. Thermal decomposition of Cu ion complex 

produced H2 and CO2.27,28 (Scheme 1a) This causes expansion of the 

graphite interlayers and the formation of Cu oxide nanoparticles as a result 

of Cu ion reduction.27 During Li intercalation process, the stress of the 

graphite layers in GCuO is significantly different from those in pristine 

graphite. (Scheme 1b) This stress is caused by the size of the solvated Li 

ions.29-31 Therefore, the enlarged graphite interlayer distances in GCuO 

reduce stress and increase its stability during charge/discharge processes in 

LIBs. In addition, the formation of Cu oxide nanoparticles increases the 

capacity and energy density by conversion reaction. To identify these 

effects, materials and electrochemical analyses were performed. 
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Scheme 5.1 Schematic illustration of (a) Cu ion complex chemical 

structure and formation mechanism of novel Cu oxide/graphite composite, 

(b) Metal ion (Li+) intercalation mechanism of novel Cu oxide/graphite 

composite. Thermal decomposition of Cu ion complex generates H2 and 

CO2 gases, which induce the Cu oxide formation and graphite layer 

expansion. In the charging process, when Li ions insert to pristine graphite, 

the structure is strongly distorted. Otherwise, the novel Cu oxide/graphite 

composite show the stable Li ion intercalation by graphite layer expansion, 

and the enhanced high capacity by Cu oxide conversion reaction. 
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5.3.2 Analysis of expanded graphite/copper oxide 

composite 

 

GCuO was analyzed to confirm the formation of expanded graphite and 

Cu oxide nanoparticles. Figure 5.1a and b show XRD patterns of the 

fabricated anodes and a high-resolution transmission electron microscopy 

(HR-TEM) image of GCuO, respectively. The XRD results confirmed the 

crystal structures of sintered GCuO, graphite, and Cu oxide. The graphite 

samples exhibited a typical graphite peak (JCPDS 41-1487). The Cu oxide 

sample exhibited Cu(I) oxide (JCPDS 05-0667), Cu(II) oxide (JCPDS 41-

0254), and Cu (JCPDS 04-0836) peaks. The GCuO 1:4 and 1:16 samples 

exhibited graphite, Cu(I) oxide, and Cu(II) oxide peaks. TEM analysis of 

GCuO 1:16 properties demonstrated that Cu oxide nanoparticles were 

evenly distributed on the graphite surface, which mean the effective 

formation of Cu ion complex with graphite mixture. (Figure 5.1b) The 

elemental composition of the nanoparticles was determined using elemental 

mapping via scanning transmission electron microscopy (STEM)-energy 

dispersive spectroscopy (EDS) analysis (Figure 5.1c). Red and green 

regions were the elements of Cu and oxygen (O), respectively. Elemental 
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mapping verified that the nanoparticles on the surface of the graphite were 

Cu oxide crystals.  

To evaluate the performance of the LIB anode materials, the oxide 

compositions of GCuO samples (1:2, 1:4, 1:8, and 1:16 weight ratios) were 

determined by thermogravimetric analysis (TGA) and X-ray photoelectron 

spectroscopy (XPS). Figure 5.1d shows the thermal decomposition of the 

pristine Cu ion complex (without dispersed IPA) under O2. Weight loss was 

observed at temperatures of 100–200 °C. Inorganic residue comprised 16.8 

wt% of the initial sample. These results were used to indirectly determine 

the Cu oxide contents of the graphite–Cu ion complexes. In addition, as 

objective evidence, XPS elemental analysis was conducted for the weight 

percent evaluation of Cu, O, and C in the GCuO samples (Table 5.1). In 

Figure 5.1e, the calculated Cu oxide content increased linearly with the 

proportion of Cu ion complex used in GCuO synthesis. Overall, the 

analyses shown in Figure 5.1 confirmed the formation of Cu oxide via 

decomposition of the Cu ion complex, the distribution of Cu oxide 

nanoparticles on the surface of the graphite, and the Cu oxide content of the 

fabricated anode materials. 
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Figure 5.1 Characteristics of fabricated materials; (a) XRD patterns of 

Cu Oxide, graphite, GCuO1:4, and GCuO 1:16, (b) HR-TEM image of 

GCuO 1:16, (c) TEM-EDS image (d) TGA of pure Cu ion complex, and (e) 

Comparison of calculated Cu oxide content determined from TGA and XPS 

data.  
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Table 5.1 Calculated element Cu oxide content (wt %) in GCuO samples, 

as determined by TGA analysis and XPS fitting. 

 

 

 

 

 

 

 

 

141 



 

To reveal the effect of expansion in the graphite interlayers, GCuO powder 

was analyzed by Raman spectroscopy and HR-TEM. Figure 5.2a and b 

show the Raman spectra of graphite, GCuO 1:4, and GCuO 1:16. The 

graphite spectrum exhibited two dominant peaks at 1345 and 1570 cm-1 

(Figure 5.2a), corresponding to D and G bands, respectively. Compared 

with the graphite sample, the GCuO spectra exhibit positively shifted G 

bands and higher-intensity D bands. The positive G band shift (about 15 

cm−1) indicates the presence of covalent bonding between the graphite 

surface and Cu oxide nanoparticles (Cu–C). 32 The increased intensity of the 

D bands can be calculated as the intensity ratio (ID/IG) of the D and G bands, 

and is an expression of the level of disorder in the graphite. The intensity 

ratios of graphite, GCuO 1:4, and GCuO 1:16 were 0.13, 0.66, and 0.74, 

respectively. Increases in the ID/IG ratio are generally the result of increased 

exposure of the edge planes and misaligned AB stacking in graphite.31 

These results indicate that GCuO exhibits characteristics of expanded 

graphite, as a result of Cu ion complex decomposition. The expanded 

graphite exhibited a negatively shifted 2D band position, compared to that 

of graphite (Figure 5.2b). According to previous reports, the expansion of 

graphite can be confirmed by monitoring the negative shift in the peak 
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position. 34 The Raman spectra (G, D, and 2D band) are in good agreement 

with previously reported graphite expansion data.  

HR-TEM was used to directly observe graphite and GCuO (Figure 5.2c 

and d). The graphite and GCuO were visible as alternating bright and dark 

regions. Graphite (Figure 5.2c) exhibited a layered structure with long-

range order and parallel stacking. The interlayer distance was typical for 

graphite (0.34 nm).15 On the other hand, GCuO in Figure 5.2d exhibited as 

expanded interlayer distance of 0.40 nm. This increased interlayer distance 

was also evident in the HR-TEM contrast profiles (Figure 5.2e, f). These 

profiles were plotted across five stacking layers at the locations indicated by 

the bars in Figure 5.2c and d. The contrast profiles and HR-TEM images 

corresponded well with the Raman spectral data.  
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Figure 5.2 Raman spectra of GCuO and graphite; (a) D and G peak (b) 2D 

peak comparison of GCuO and graphite. HR-TEM images of graphite 

layers (c) graphite, and (d) expanded graphite in GCuO 1: 16. Contrast 

profiles along the yellow arrow, indicating carbon interlayer spacing of (e) 

graphite and (f) GCuO 1:16.  
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5.3.3 Electrochemical analysis of GCuO half-cell 

 

Electrochemical analyses of fabricated GCuO anode were carried out to 

verify the LIBs performance. As shown in Figure 5.3a, cyclic-

voltammogram analyses of GCuO, graphite, and Cu oxide anodes were 

conducted from 0.02 to 3 V at a scanning rate of 0.1 mV s-1 for 5 cycles. 

The three cathodic peaks of Cu oxide were located at 0.85, 1.5, and 2.17 V 

vs Li+, respectively. Cathodic peaks in the discharge stage were caused by 

the reduction reaction of the following equilibrium: CuO + 2 Li+ → Cu0 + 

Li2O. In the anodic scan, the broader oxidation potential ~2.5 V came from 

the formation of CuO (Cu0 + Li2O ⇌ CuO + 2 Li+).35 In the graphite cyclic-

voltammogram, the anodic and cathodic peaks were observed at 0.30 

(intercalation) and 0.02 V (de-intercalation) vs Li/Li+.24 The cathodic and 

anodic peaks of the GCuO cell were similar to typical Cu oxide and 

graphite peaks. Specifically, the cathodic peaks at 0.85, 1.3, and 2.17 V 

were attributed to Cu oxide reduction, and the 0.26 V peak was attributed to 

graphite intercalation. The anode peaks at 0.016 and 2.5 V were founded, 

resulting from graphite de-intercalation and Cu oxidation, respectively. 

Interestingly, the intercalation and the de-intercalation current densities 

were increased by the addition of the Cu ion complex. This effect was 
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attributed to structural transitions of the graphite induced by the 

decomposition of the Cu ion complex. These transitions increased the 

exposure of the edge plane, enabling easier access for solvated Li ions. 

Moreover, the shifts in the intercalation and de-intercalation peaks of the 

GCuO anode were assumed by interactions between Cu oxide nanoparticles 

and the expanded graphite.24 These structural features accounted for the 

differences between the specific capacities, rate capabilities, and voltage 

profiles of GCuO and graphite anodes. 

Galvanostatic charge/discharge profiles of the GCuO 1:16 cells are shown 

in Figure 5.3b. The galvanostatic analyses were conducted between 0.02 

and 3 V at a constant C-rate of 0.2 C. The theoretical capacities used for C-

rate calculations are shown in Table 5.2, considering the expanded graphite 

with Cu oxide weight ratio. The first discharged capacity of solid electrolyte 

interface (SEI) film formation and the irreversible electrochemical reaction 

between Li+ and Cu oxide exhibited a capacity of 580 mAh g-1. 36 After the 

irreversible reaction of the first cycle, a specific capacity of 532 mAh g-1 

was obtained from the voltage profiles, which exhibited stable cycling 

properties over the following 60 cycles. At the 20th cycle, discharge 

plateaus (0.1, 0.85, and 1.35 V) and charge plateaus (0.26 and 2.5 V) were 

observed. Specifically, the 0.1 V discharge plateau and the 0.26 V charge 
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plateau came from the graphite intercalation and de-intercalation reactions, 

respectively, which was confirmed by comparison with the graphite voltage 

plateau shown in Figure 5.3c. The discharge plateaus at 1.35 and 0.85 V, 

and the charge plateau at 2.5 V were attributed to Cu oxide reactions. 37 

These voltage plateaus correspond well with the cyclo-voltammogram 

results.  

The high-rate capabilities of GCuO and graphite cells are shown in Figure 

5.4a; the cells were tested for five cycles at C-rates of 0.2, 1, 5, and 10 C. 

The specific capacities of graphite and GCuO cells are summarized in Table 

5.3. The capacities increased with increasing Cu ion complex loading, 

which corresponded with the current densities of the graphite oxidation 

peak from cyclo-voltammogram studies. These results indicate that the 

capacity differences between GCuO and graphite cells resulted from 

enhanced Li ion diffusion into the graphite layer and the high theoretical 

capacity of Cu oxide. The GCuO 1:16 cell exhibited the highest capacities, 

demonstrating a capacity of 532 mAh g-1 after 5 cycles at 0.2 C. Saturation 

of the capacity was observed between GCuO 1:16 and GCuO 1:8 cells, 

which was induced by compensation of Cu oxide capacity degradation and 

graphite interlayer expanding phenomenon. In addition, the capacities of the 

anodes were reduced with increasing C-rate; for example, GCuO 1:16 
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exhibited capacities of 339, 167, and 109 mA h g-1 at 1, 5, and 10 C, 

respectively. In contrast to the high gravimetric capacity, the volumetric 

capacity indicated 306.46 mAh cm-3, which is lower than the 

commercialized graphite (400~430 mAh cm-3).6 However, the GCuO anode 

is considered to be of sufficient value because it is superior in terms of 

lithium storage stability. 

Based on the rate capability results, the galvanostatic cycling 

performances of GCuO 1:16, graphite, and Cu oxide cells are shown in 

Figure 5.4b. The cycling properties and coulombic efficiencies were 

investigated at 0.2 C for the first 100 cycles. During this period, the GCuO 

cell demonstrated a capacity decay rate of less than 6%. In contrast, the Cu 

oxide and graphite anodes exhibited critical capacity fading of 60 and 37%, 

respectively, over the same voltage range (0.02∼3 V). These significant 

capacity losses were induced by excessive strain in the graphite structure 

and anode degradation caused by Li-Cu oxide conversion reactions. [18] 

Figure 5.4c show the cycling stabilities of the GCuO 1:16 and graphite cells 

over 150 cycles at 1C, after 100 cycles at 0.2 C. The graphite cell capacity 

decreased rapidly to 57% of its initial value. The GCuO cell exhibited 

relatively stable cycling performance, with a capacity decay of 17%. In 

addition, the GCuO and graphite cells exhibited coulombic efficiencies 
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greater than 98%. The gravimetric energy density of the GCuO cell was 

verified to be 263 Wh kg-1, which was 2.8 times as large as that of the 

graphite half-cell (93 Wh kg-1).  
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Figure 5.3 (a) Cyclo-voltammogram plots of Cu Oxide, graphite, and 

GCuOs, Voltage profiles of GCuO and graphite half-cell (electrode/Li 

metal) over 60 cycles at 0.2 C; (b) GCuO 1:16, (c) Graphite. 
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Table 5.2 Cu oxide content and theoretical capacities of GCuO samples for 

the C-rate confirmation of half-cells 
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Figure 5.4 (a) Rate capabilities of graphite and GCuO samples at C-rate 

from 0.2 C to 10 C, and then back to 0.2 C. Cycling performance and 

coulombic efficiency of the half-cells; (b) o to 100 cycles at 0.2 C. (c) 100 

to 250 cycles at 1 C. 
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Table 5.3 High-rate capability of GCuO and graphite half-cells in 

different C-rates 
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5.3.4 Cycling test and impedance analysis of GCuO full-

cell 

 

The results shown in Figure 5.3 and Figure 5.4 were characterized from 

half-cells, composed of fabricated anode material and Li metal. However, to 

determine the suitability of GCuO anodes in practical applications, it was 

necessary to construct a full-cell containing a GCuO anode, an LFP cathode, 

and an electrolyte solution (LiPF6 in EC/DMC/DEC). The voltage profile of 

the GCuO/LFP full-cell is shown in Figure 5.5a. Based on the half-cell 

voltage profile of GCuO and LFP, the full-cell charge/discharge cycles 

were conducted from 0.3 to 3 V at a rate of 0.2 C (calculated from the 

theoretical capacity of LFP = 175 mAh g−1). Discharge voltage plateaus 

were observed between 2.5–1.5 V and 1.0–0.5 V, which were attributed to 

Li ion de-intercalation and conversion reactions between Cu oxide and Li 

ions, respectively. The voltage profiles of the charge process exhibited 

plateau regions at 1.9–2.1 V and 2.3–2.8 V, which corresponded to 

conversion reactions and Li ion intercalation, respectively. This GCuO full-

cell voltage plateaus were verified by comparison with the graphite/LFP 

full-cell voltage plateaus (Figure 5.5b).  
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The cycling properties and columbic efficiencies of the GCuO and 

graphite full-cells are shown in Figure 5.6. After 30 charge/discharge cycles 

at 0.2 C, the capacity of the graphite cell had decreased from 66 to 28 mAh 

g-1. The GCuO cell maintained an average capacity of 70 mAh g-1 after 30 

cycles. The graphite/LFP full-cell has already been commercialized, and is 

known to be stable in the range of 2.5–3.5 V.38 The stability of the proposed 

cells was tested over a wide voltage range of 0.3–3.5 V for the reaction of 

Cu oxide nanoparticles. However, increasing the operating voltage range 

adversely affects the stability of graphite, because excessive Li ion 

intercalation increases the stress on the graphite interlayers. Meanwhile, the 

expanded graphite of the GCuO cells exhibited stable capacity retention, 

because of alleviating intercalation stress. Wide operating voltage ranges 

are necessary for large-scale applications, and for the adoption of high-

capacity metal and metal oxide anode materials (such as SnO and Mn2O3). 

The average columbic efficiencies (excluding the first cycle) of the graphite 

and GCuO cells were 92.2 and 99%, respectively. This high columbic 

efficiency of GCuO full-cell indicates its excellent stability when used as an 

anode material, comparing with graphite. Therefore, the excellent 

electrochemical characteristics of GCuO full-cells are confirmed by a stable 

cycling capacity and columbic efficiency. 

 

 

155 



 

To compare the resistances of GCuO and graphite cells, electrochemical 

impedance spectroscopy (EIS) measurements were conducted on the 

corresponding full-cells (Figure 5.7). Fresh graphite and GCuO cells 

showed similar bulk resistances (Rb = 2.6 and 1.9 Ω, respectively) and 

charge transfer resistances (Rct = 8.7 and 9.5 Ω, respectively). However, 

after 30 charge/discharge cycles, the differences between the graphite and 

GCuO cells were more significant (Rb = 18.22 and 33.82 Ω for GCuO and 

graphite cells, respectively). These results indicate that the expanded 

graphite of the GCuO electrode exhibited lower stress from Li ion 

intercalation than the graphite electrode. Moreover, the high resistance 

retention of the GCuO cell results in increased cycling stability and rate 

capability.  
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Figure 5.5. Electrochemical characterization of GCuO and graphite full-

cells; Voltage profiles of (a) GCuO 1:16 and (b) graphite at C-rate of 0.2 C  
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Figure 5.6 Cycling performance and columbic efficiency of graphite and 

GCuO 1:16 full-cells at 0.2 C 
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Figure 5.7 Nyquist plot analysis of GCuO and graphite full-cells. 

Comparison with fresh cells and after 30 charge-discharge cycles 

cells from 0.1 Hz to 1MHz. 
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5.4 Conclusion 

 

In summary, a one-step synthesis of expanded graphite/Cu oxide 

nanoparticle composite (GCuO) is introduced to increase energy density 

and stability of lithium ion batteries. GCuO was prepared by thermal treat 

treatment of a Cu ion complex and graphite. In this process, gases (H2 and 

CO2) generated from the thermal decomposition of the Cu ion complex 

decomposition, which induced Cu oxide nanoparticle formation and 

graphite interlayer expansion (from 0.34 to 0.40 nm), which has good 

potential for effective Li or Na ion intercalation into anodes for next 

generation batteries. The electrochemical properties of GCuO were 

determined using Li ion cells. GCuO cells exhibited a high energy density 

(263 Wh kg-1), power density (248 W/kg), discharging capacity (532 mA h 

g-1 at 0.2 C), rate retention capability (from 0.2 to 10 C), and stable long-

term cycle-ability (83% capacity retention after 250 cycles). The expansion 

of graphite interlayer increased the stability and rate capability, because the 

larger interlayer distance alleviated Li ion intercalation stress during 

charge/discharge processes. The high energy density and discharging 

capacity were induced by redox reactions of Cu oxide nanoparticles. The 

suitability of GCuO in practical applications was studied using a full-cell 
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composed of GCuO and LiFePO4. In this system, GCuO full-cells 

demonstrated high charge/discharge stability and coulombic efficiency. 

Based on these results, the proposed GCuO anode fabrication method will 

be an effective and simple approach for high-capacity LIB and SIB 

applications. 
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Chapter 6. Conclusion 
 

The development of new Cu-based nanomaterial synthesis is an 

important issue for various applications such as conductive electrode and 

lithium ion battery anodes. However, several limitations, such as complex 

manufacturing process and difficulty in synthesizing desired composition 

material, have hindered in the synthesis and application of Cu-based 

nanomaterial, and therefore research into simple and low cost synthetic 

method and their applications has been required in various fields. In this 

dissertation, the research has primarily focused on simple synthetic method 

and suitable application of Cu-based nanomaterial. These designed Cu-

based nanomaterials achieve the remarkable electrical conductivity, 

oxidation-resistance, and electrochemical property, which are considered as 

promising high conductivity electrode and lithium ion battery anodes with 

high energy density and stability.  

First, the Cu3Sn alloy nanoparticles were introduced as good oxidation-

resistance materials and conductive electrode using pressure-assisted 

fabrication method at room temperature. In particular, the Cu3Sn 

nanoparticles did not show appreciable oxide impurities even when left in 

contact with air for 4 weeks under ambient conditions (RH 50%, 25 oC). 
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The electrical resistivity of the pressed Cu3Sn nanoparticles layer also 

showed little change after 4 weeks. This oxidation-resistance confirmed that 

the Cu3Sn nanoparticles could easily be used for electrode materials without 

needing any cumbersome storage conditions. In addition, the Cu3Sn 

nanoparticles electrode by pressure-assisted fabrication method had suitable 

electrical resistivity for a conductive line. The electrical resistivity of the 

pressed Cu3Sn nanoparticles electrode was 19.8 µΩ∙cm at 131.3 MPa. 

Consequently, the pressure considerably helped connect the Cu3Sn 

nanoparticles at room temperature and effectively induced low electrical 

resistivity in Cu3Sn nanoparticle electrodes. 

Second, novel self-reducible Cu-inks, composed by formate, 

alkanolamine groups, and poly alcohols, were introduced for the air sinter-

able fabrication of Cu electrode films. The proposed Cu-ink had a good 

self-reducible activity induced by the decomposition of Cu-ink ligand and 

the reduction assistance effect of the polyol solvents. This self-reducible 

ability of Cu-ink ensured the sintering of conductive Cu electrode film 

under air condition. To verify the reduction assistance effect of the polyol 

solvents, the reduction characteristics and the specific resistivity of the 

sintered Cu electrode films were investigated using various kinds of polyol 

solvent added Cu-ink. Based on the analysis of the resistivity measurements, 
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glycerol was confirmed to be the most suitable polyol solvent to act as a 

reduction assistance material. The sintered Cu electrode films made using 

gCu-ink were investigated as the function of the sintering temperature and 

glycerol content. The optimized properties of the sintered Cu electrode film 

made using 3 wt% gCu-ink showed a resistivity of 17 µΩ • cm at a 350 oC 

air sintering temperature. In addition, the potential of Cu electrode films in 

industrial application and for the fabrication of future devices was studied 

through adhesion, long-term storage, and flexibility. The adhesion tests, 

conducted using 3M tape peel-off, showed that the Cu electrode film made 

using gCu-ink with 1 wt% APTES had good adhesion properties. In the 

case of the storage tests, the gCu-ink revealed outstanding storage stabilities 

for up to 4 weeks. Furthermore, the flexibility test demonstrated that Cu 

electrode film made on flexible substrates had robust resistivity retention 

characteristics (R/R0 <1.2) after 2000 cycles bending tests conducted using 

a 20 mm bending radius. On the basis of these results, the proposed novel 

self-reducible Cu-ink for air condition sintering is a promising material to 

be used in practical printing electronics. 

Finally, synthesis of expanded graphite/Cu oxide nanoparticle composite 

(GCuO) was introduced to increase energy density and stability of lithium 

ion batteries. GCuO was prepared by thermal treat treatment of a Cu ion 
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complex and graphite. In this process, gasses (H2 and CO2) generated from 

the thermal decomposition of the Cu ion complex decomposition, which 

induced Cu oxide nanoparticle formation and graphite interlayer expansion 

(from 0.34 to 0.40 nm), which has good potential for effective Li or Na ion 

intercalation into anodes for next generation batteries. The electrochemical 

properties of GCuO were determined using Li ion cells. GCuO cells 

exhibited a high energy density (263 Wh kg-1), discharging capacity (532 

mA h g-1 at 0.2 C), rate retention capability (from 0.2 to 10 C), and stable 

long-term cycle-ability (83% capacity retention after 250 cycles). The 

expansion of graphite interlayer increased the stability and rate capability, 

because the larger interlayer distance alleviated Li ion intercalation stress 

during charge/discharge processes. The high energy density and discharging 

capacity were induced by redox reactions of Cu oxide nanoparticles. As a 

result, the proposed GCuO anode fabrication method is an effective and 

simple approach for high-capacity LIB anode. 

These new designed Cu-based nanomaterials showed the simple 

synthesis for high conductivity electrode and enhanced performance lithium 

ion batteries. In addition, in the near future, the Cu-based nanomaterial 

development will have great potential for various academic and industrial 

fields. 
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국 문 초 록 

 

지난 반세기동안 나노재료의 조성, 크기, 구조의 제어에 대한 많

은 연구가 진행되고 있다. 특히 구리 기반 나노 물질은 우수한 전

기적, 물리적, 화학적, 광학적 성질을 가진 물질로서 많은 연구가 

진행되었다. 최근에는 고전도도의 전극과 고성능의 리튬이온 배터

리에 효율적인 응용을 위해 구리 기반 나노 물질에 대한 연구가 

많은 관심을 받고 있다. 그러나 현재 사용되는 구리 기반 나노 물

질들은 합성의 복잡성, 구리 특유의 산화특성, 구조적 한계로 인하

여 다양한 활용에 대한 요구를 충족시키지 못하고 있다. 따라서 

이를 해결하기 위해 단순한 합성법 과 높은 산화 안정성, 용량, 안

정성을 가진 구리 기반 나노 물질에 대한 개발이 요구된다.   

본 학위 논문에서는 구리를 기반으로 한 나노재료를 간편하게 

제조하고 이를 고전도성 전극과 이차전지 음극재에 응용하는 연구

에 대해 기술하였다. 첫째로, 구리 - 주석 이종금속 나노입자를 한 

번의 공정으로 합성할 수 있는 방법을 개발하고 실온에서 고전도

성의 전극을 만들 수 있는 방법을 제안하였다. 실제로 합성된 물

질은 4주간의 산화 안정성 테스트에서 높은 전도도 (20 μΩ• 

cm) 와 고유의 결정 구조를 유지하였다.  

 

 

176 



 

두번째로, 구리 이온 복합체와 다가 알코올의 혼합물을 이용하

여 공기중에서도 소성이 가능한 고전도성의 전극을 형성할 수 있

는 방법을 개발하였다. 이는 구리 이온 복합체가 분해 할 때 나오

는 수소 가스와 다가 알코올의 환원 특성이 복합적으로 작용하여 

나타나는 현상으로서 낮은 비저항 (17 μΩ• cm) 이 나오는 것을 

확인하였다. 

마지막으로, 산화 구리 나노 입자와 층간 간격이 넓어진 흑연의 

합성법을 개발하였다. 구리 이온 복합체와 흑연의 열처리로서 얻

을 수 있었다. 이러한 층간 간격이 넓어진 흑연과 산화 구리 나노 

입자는 배터리 충방전시 안정성과 높은 용량 나타내었다.  

다양한 방법을 통해 구리를 기반으로한 나노재료의 합성으로 이

를 고전도성 전극과 리튬 이차전지 전극재로 적용하였을 때 기존 

대비 저렴하고 단순한 방법으로 성능 향상을 확인할 수 있었다.  

 

주요어: 구리 기반 나노물질, 구리 합금, 산화 구리, 나노물질 

합성, 전도성 전극, 리튬이온 배터리 음극.  
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