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Abstract 

Copper nanowires (CuNWs) have become an irreplaceable conductive material in the field of 

flexible electronics due to their cost-effective as well as high conductivity and transparency. 

However, the fast degradation of CuNWs in ambient conditions largely overshadows their 

practical applications. Therefore, three strategies have been provided in this dissertation to enable 

CuNWs based conductors with outstanding conductivity, oxidation resistance, as well as flexibility:  

encapsulating or embedding CuNWs into a plastic substrate to achieve a composite structure; 

formation of the core-shell structure that encapsulates Cu with an inert shell; the combination of 

embedded structures and core-shell structures. 

At first, CuNWs are fully embedded into the surface layer of poly(dimethylsiloxane) (PDMS) 

and followed with a high-intensity pulsed light technique. The light energy absorbed by the film 

not only removes the oxides on the surface of nanowires but also enhances the inter-nanowire 

connection to achieve high conductivity. Due to the outstanding stretchability of PDMS matrix 

and the strong adhesion between CuNWs and PDMS substrates, CuNWs/PDMS conductors could 

maintain high conductivity after 1000 stretching cycle tests. Compared with traditional semi-

embedded conductors, the fully embedded CuNWs/PDMS conductors could maintain their high 

conductivity unchanged even at a high temperature of 85 °C and high humidity of 85 % for 12 h. 

After that, a facile adsorption and decomposition process is developed for galvanic 

replacement free and large-scale synthesis of highly stable Cu@Ag core-shell nanowires. The 

introduced Ag-ammonia complex (Ag[(NH2R)2]
+) as silver source adsorbs on the surface of 

CuNWs to form Cu@Ag-ammonia core-shell structure and block the traditional galvanic 

replacement between Ag+ and CuNWs. Through a simple thermal annealing process under air, the 

Ag-ammonia complex shell can easily decompose into pure Ag shell, and form Cu@Ag core-shell 

nanowires. The thickness of the Ag shell can easily be controlled by adjusting the concentration 

of Ag-ammonia. The obtained core-shell nanowires exhibit high stability for at least 500 h at high 

temperature (140 °C) and high humidity (85 °C, 85% RH) due to the protection of Ag shell.  
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Finally, CuNWs-core/Ag-shell nanowires are fabricated first and then transformed into 

Cu@Ag alloy nanowires with dense surfaces and strong interfaces between CuNWs-core and Ag-

shell by using high-intensity pulsed light (HIPL) technique. The HIPL also selectively softens the 

surface layer of the stretchable substrate and results in fully embedded structures of Cu@Ag alloy 

nanowires. The combination of alloy nanowires and embedded structures greatly improve the 

thermal stability of the transparent electrodes that keep high conductivity unchanged in both high 

temperature (140 °C) and high humidity (85 °C, 85% RH) for at least 500 h, which is much better 

than previous reports. The transparent electrodes also exhibit high electro-mechanical stability due 

to the strong adhesion between alloy nanowires and substrates, which remain stable after 1000 

stretching-relaxation cycles at 30% strain.  

To sum up, this dissertation proposes feasible and effective strategies to greatly improve the 

stability, conductivity, and flexibility of CuNWs-based transparent conductors, which is promising 

for the application in next-generation wearable electronics.   
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Chapter 1 

Research background 

1.1 Flexible electronics 

1.1.1 Definition and advantages of flexible electronics  

Researchers listed flexible electronic technology as one of the world's top ten scientific and 

technological achievements in 2000, juxtaposed with major discoveries such as human genome 

sketches and biocloning techniques [1, 2].  Flexible electronics are of fundamental importance in 

the development of conductive devices due to their high flexibility and low manufacturing costs 

[3]. The flexible conductors, generally consisting of electronic circuits and flexible elastomers, 

which could maintain intimate contact with curvilinear surfaces during the large deformation 

process [4, 5]. Compared with traditional conductors, flexible conductors have greater flexibility, 

can adapt to different working environments to a certain extent, and meet the deformation 

requirements of the equipment. However, the corresponding technical requirements also restrict 

the development of flexible conductors. First of all, the tensile strength and flexibility of the 

stretchable conductor on the basis of not damaging its own electronic properties pose new 

challenges and requirements for the fabrication of the circuits. Secondly, the preparation 

conditions of flexible conductors and the performance of electronic devices constituting the circuit 

are still insufficient compared with the conventional electronic devices, which is the major 

problem for its development [6, 7].  

Flexible electronics cover organic electronics [8], plastic electronics [9], bioelectronics [10, 

11], nanoelectronics [12], printed electronics [13], etc., which including a variety of applications 

such as RFID, flexible displays, organic electroluminescence illumination, chemical and 

biosensors, flexible photovoltaics, flexible logic and storage, flexible batteries, and other wearable 

devices [14-16]. With its rapid development, the fields involved have been further expanded, and 

it has become one of the research hotspots in interdisciplinary fields. In 2012, Rogers et al. 

published a review article describing the development of flexible electronics in the biomedical 
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field [17]. Bao et al. elaborated on the research progress of flexible electronic applications in 

electronic skin in the 25th anniversary of Advanced Materials [18]. Chiolerio et al. published a 

classic review in 2014 to further discuss the research progress and development trend of flexible 

electronic devices for the manufacture of wearable devices [19]. At present, artificial intelligence 

has been rapidly developed, and various human-like intelligent robots emerge in an endless stream. 

Tactile perception is one of the basic functions of human and future intelligent machines to explore 

the physical world. Therefore, the development of tactile-like bionic electronic skin flexible 

devices and implementation of devices mechanical matching with soft tissue has important 

scientific significance and application value. Flexible wearable electronics, refer to electronic 

devices or devices that are mechanically flexible and that can be directly or indirectly attached to 

the skin [20, 21]. Wearable electronics can be a set of various functional devices, such as displays, 

sensors, batteries, etc., that work on the surface of the human body or in the human body. The 

research and application of wearable electronics is embodied in many aspects of human life, such 

as electronic skin, wearable physiological monitoring and treatment devices, flexible conductive 

fabrics, thin film transistors and transparent film flexible gate circuits [22-24]. Recently, the 

research on flexible electronics has entered a stage of substantive development from the initial 

stage. 

1.1.2 Strategies to enable stretchability of electronics  

The straightforward strategy for obtaining stretchable electronics is to build electronic circuits 

on top of the stretchable substrate or embed them in elastomers to form composite structures [25, 

26]. During the stretching process, the electronic circuits offer good electrical conductivity, and 

the elastomers provide mechanical deformability and protect the conductive pathways from

fracture. In addition to the formation of composite structures, tensile structures such as grid, wavy, 

spring-like, and coiled structures are often introduced to cope with the large deformations [27, 28].  
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Figure 1.1 (a) A schematic showing the fabrication process of the composite AgNW/PDMS 

stretchable conductors. (b) SEM image of the AgNW film on Si substrate. (c) SEM image of the 

AgNW film after transferred to PDMS substrate [29]. 

Dispersing conductive nanomaterials into elastomeric substrates to form composite structure 

is one method to increase the stretchability, as shown in Figure 1.1 [29]. Highly stretchable and 

electrically conductive composites can be obtained by balancing the electrical conductivity of the 

rigid filler nanomaterials (silver nanowire, AgNW) with the mechanical deformability of the soft 

matrix (poly(dimethylsiloxane), PDMS). The aspect ratio and purity of conductive nanomaterials, 

the choice of processing methods, and the addition of surfactants are important for the performance 

of stretchable composite electronic devices. Therefore, dispersion techniques such as jet milling 

and ultrasonic treatment are used to ensure uniformity and density of the conductive nanomaterial 

in the surrounding polymer matrix [30]. Generally, such composites electronics composed of 

conductive nanomaterial fillers and polymer matrixes exhibit reasonable electrical conductivity 
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during the stretching process. However, the sliding of the conductive circuits during the stretching 

process reduces the contact area between the nanomaterials, and the electrical conductivity 

gradually decreases as the applied strain increases. Therefore, the stretchable conductor with stable 

conductivity can be realized only by further introduce net-shaped or wavy structured conductive 

pathways [31, 32].  

Pre-strain is another effective method to achieve electronics with high stretchability on an 

elastomeric matrix. With this method, the weak conductive pathways formed by inorganic 

nanomaterials during stretching process can maintain their high conductivity. Figure 1.2a 

schematically illustrates the pre-strain process [25]. The first step is to pre-stretch the elastomeric 

matrix and increase its original length. After that, transfer or embed conductive nanomaterial onto 

the pre-stretch elastomeric matrix. Finally, release the pre-stretch matrix to restore its original 

length. After pre-strain treatment, a periodic wavy structure is formed on the elastomeric matrix, 

which can cope with various deformations such as stretching, compression, and bending. During 

the stretching process, the presence of wavy structures greatly reduces strain experienced inside of 

the material, which results in constant conductivity. The interface property between conductive 

nanomaterial and elastomeric matrix is crucial to enhance the stretchability and electrical 

properties of samples [33, 34].  

In the case of pre-strain method, the pre-stretch of the elastomer matrix largely limits the large-

scale productions like a roll-to-roll process. Therefore, another method is demonstrated without 

pre-strain treatment as shown in Figure 1.2b [25]. In this strategy, the pre-stretch process is 

conducted after the transferring or embedding of conductive nanomaterial onto the elastomeric 

matrix. During the stretching process, the electrical resistance is typically heavily dependent on 

the strain history and is stabilized after the release of elastomeric matrix. The sample can be bent 

in the direction of the tensile strain or in the vertical direction. According to the Poisson effect, 

when longitudinal stretching is performed, the stress in the vertical direction is at a relatively lower 

stage. When the strain is released, the vertical direction quickly returns to the initial state, which 

particularly suitable for the application of one-dimensional nanomaterials [35]. However, this 
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method also exhibits some disadvantages, which are not suitable for vertical direction stretching 

and are only suitable for tensile strain direction stretching. 

 
 

Figure 1.2 Schematic illustrations of the mechanical buckling processes: a) Prestrain–release–

buckling and b) stretching–release–buckling along the longitudinal direction [25].  

Besides the above methods, other methods like conductive networks and spiral structures are 

used to enhance the stretchability of the devices as shown in Figure 1.3 [36, 37]. Recently, 

electrospinning, spring coating, and cross stacking method are usually used to form the conductive 

networks. Carbon nanotubes (CNTs) and metal nanowires are the most commonly used materials 

to fabricate conductive networks. When a tensile force is applied, the nanomaterial in the network 

structure will adapt to most of the strain by shape changes such as mutual rotation and sliding, 

thereby maintaining high electrical conductivity during the stretching process. In addition, high 

intense plus light or laser sintering method are introduced to form strong connections between the 

nanowires to further improve the electrical conductivity. The spiral structures are always formed 

by the twisting of substrates, which could absorb the strain by straightening the loops [38].  
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Figure 1.3 a) Schematic illustration of the hyper-stretchable and deformable nanocomposite 

generator. (b) SEM images show the loop structure of the CNTs in corresponding places [36, 37]. 

1.1.3 Application of flexible electronics 

The emerging flexible electronics have foreseen the revolution of future electronics, ranging 

from design, shape, functions, applications and even user experience. For example, touch screens 

are now widely used in electronic devices, which consists of two transparent layers. However, the 

high price and non-renewable nature limit the commercial application of traditional Indium tin 

oxide (ITO) materials in touch screens. Therefore, the search for low-cost alternative materials has 

become a hot research topic. Transparent stretchable films made from AgNWs and copper 

nanowires (CuNWs) have been proven to be used in touch screens. Han et. al used flexible CuNWs 

films as conductive layers for writing on a touch screen, as seen from Figure 1.4a [39]. Herein, 

metal nanowire based flexible conductors are expected to be widely used to fabricate touch screens 

while ensuring low cost and excellent performance. 
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Organic photovoltaic cells (OPV) have been proven to effectively absorb the energy of 

sunlight, and with a low price, which become one of the promising electronic devices. The cost of 

existing solar energy conversion system is about ten times than that of OPV, and the expensive 

cost makes it less competitive when faced with fossil fuels. However, the use of ITO in OPV 

greatly increases manufacturing costs. Around 2010, researchers began to replace ITO with 

AgNWs films, but their energy conversion efficiency was only around 0.63 % to 2.8 % (Figure 

1.4b) [40]. The low conversion efficiency is due to the fact that the surface roughness of the 

nanowire networks is too large, which is comparable to the dimensions of the polymer active layer. 

In order to reduce surface roughness, Wiley et al. prepared OPV by coating PEDOY:PSS on the 

pressurized AgNWs and CuNWs networks [41]. The conversion efficiency can be increased to 

5 %, which is higher than the industrialized ITO.  

 

Figure 1.4 (a) Demonstration of the touch-screen panel fabricated with a laser-nanowelded CuNWs 

transparent conductor. (b) Schematic illustration the fabrication process of semitransparent small 

molecular weight organic photovoltaic cells [39, 40]. 
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High-performance and low-cost flexible conductors are also an important component for the 

fabrication of organic light-emitting diodes (OLED). The larger resistance of conductors will 

increase operating voltage of a device and cause the uneven illumination and aging of LED [42]. 

In addition, a conductor should exhibit excellent flexibility in order to cope with the roll-to-roll 

process of OLED. Pei et al. transferring AgNWs to composite films by curing composite films 

(polyurethane acrylate, PUA) on the surface of AgNWs networks [43]. The obtained polymer 

light-emitting diodes (PLED) has high efficiency of 14.0 cd/A. In 2014, they further covered the 

surface of the AgNWs networks with the sheet-like graphene oxide (GO) to obtain high-

performance composite films (Figure 1.5a) [44]. The stretchable white OLED was successfully 

prepared with the obtained composite films as anode and cathode, which could work normally 

after 130 % tensile deformation.  

Sensors respond to mechanical deformation through changes in electrical signals such as 

resistors and capacitors. Sensor performance includes sensitivity, stretchability, reaction speed, 

and stability. In order to facilitate a wide range of uses, processing costs and operation easiness 

are also issues that must be considered. However, sensors currently used cannot be stretched and 

have low sensitivity, it is necessary to develop novel stretchable conductors to fabricate sensors. 

The stretchable sensors can be used in many areas such as personal health monitoring, human 

motion capture, and etc [45]. As shown in Figure 1.5b, Amjadi et al. used AgNWs to make sensors 

that could be attached to the glove or applied directly to the skin [46]. The sensor uses a sandwich 

structure of PDMS-AgNWs-PDMS to ensure the stability of the sensor during stretching process. 

When the finger is bent, the resistance of AgNWs sensor rises under tensile strain, and when the 

finger returns to straight, the stress applied to the sensor disappears and the resistance returns to 

the original value. This sensor could maintain high sensitivity at 70 % stretch, which is superior to 

the traditional stress sensors.  
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Figure 1.5 (a) Optical photographs of a PLED using GO-AgNW/PUA composite electrode as both 

anode and cathode being driven at 14 V and stretched to specified strains. (b) Motion detection of 

index and middle fingers, and control of avatar fingers in the virtual environment using wireless 

AgNWs/PDMS nanocomposite strain sensors [44, 46]. 

Due to obesity, occupational habits and aging, human joints are more vulnerable to injury, 

resulting in a series of joint diseases. Heater therapy is one of the common treatments for these 

diseases, which accelerates blood flow and collagen swelling to relieve pain and muscle stiffness. 

The commonly used heating methods are infrared radiation or electrotherapy. Instruments used in 

these methods are cumbersome and the temperature is difficult to control. Therefore, people hope 

to find a wearable lightweight heating device. Nian et al. successful fabricate a soft, lightweight, 

stretchable heater by the introduction of AgNWs on styrene butadiene styrene (SBS) thermoplastic 

elastomer, as seen from Figure 1.6a [47]. The prepared heater can be worn on wrist and controlled 

generated temperature by adjusting applied voltage. When the input voltage of the AgNWs film is 

5 V, the temperature of the heater can reach 50 °C.  

In addition to the above applications, flexible conductors are also used to achieve normal 

operation of the functional device under stretching process. Pyo et al. have used AgNWs 

conductors as conductive layers for electrostrictive devices due to their high conductivity under 
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stretching conditions [48]. When the voltage is applied, the AgNWs conductor is stretched in plane 

as the device expands. Although the area of conductor has expanded 1.8 times, it still maintains 

ultra-high conductivity. As depicted in Figure 1.6b, Kholmanov et al. used reduced graphene oxide 

(RG-O)/CuNWs conductors instead of ITO mounted on the blue electrochromic devices [49]. 

When energized, blue color is bleached to transparent, and the transmittance of the conductive film 

is significantly improved. Due to the protection of CuNWs by reduced graphene, the reaction can 

be repeated without damaging the conductivity of the conductive film.  

 

Figure 1.6 (a) Infrared camera images of ligand exchange AgNW/SBS meshes at applied strains 

of 0, 20, 40, and 60% and applied voltage of 0.75 V. (b) Schematic of an electrochromic device in 

an electrolyte solution. (c) Optical transmittance spectra of colored and bleached states of prussian 

blue films deposited on a RG-O/CuNW transparent electrode. (d) As-prepared mixed transparent 

electrode composed of pure CuNW films and RG-O/CuNW films [47, 49]. 

1.2 Next-generation stretchable electronics 

As mentioned in the foregoing section, ITO is the commercially used conductive material in 

flexible electronics. However, it is not suitable for deposition on flexible substrates to prepare 

conductive films due to high deposition temperatures. In addition, the friability of ITO makes the 

conductive film have poor mechanical properties, which is prone to cracking during bending and 

stretching. Therefore, there is an urgent need to find a conductive material to replace ITO [50]. 
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Exciting progress has been made in the field of stretchable electronics, mainly through the 

exploration of conductive materials used to form electronic circuits. The newly developed 

conductive materials can be divided into three categories: carbon-based materials, conductive 

polymers, and metallic nano/micro particles and nanowires.  

1.2.1 Carbon based conductors 

In recent years, carbon based materials represented by CNTs and graphene have received 

extensive attention in the field of conductive materials due to its excellent electrical and thermal 

conductivity, outstanding physical and chemical stability as well as excellent mechanical 

properties [51, 52]. Due to the excellent aspect ratio and easy regulation of structure and properties, 

CNTs are an ideal conductive material for stretchable electronics [53]. CNTs can be prepared by 

arc discharge method, laser ablation method and chemical vapor deposition method (CVD) [54]. 

Among them, the requirement of strong controllability, low cost, and easy realization of mass 

production of CNTs make the CVD method widely used both in basic scientific research and in 

industrial production applications. CNTs with various morphologies were prepared by CVD 

method, such as the horizontal array of CNTs, the vertical array of CNTs, and CNTs film, etc., 

which can be used for preparing wearable devices, conductive materials, and stretchable sensors 

[55].  

CNTs array refers to CNTs samples aligned in same direction, which is usually carried by 

stretchable substrates. The sample in which CNTs are axially parallel to the substrate is called as 

horizontal array of CNTs, and the sample in which CNTs are axially perpendicular to the substrate 

is named as the vertical array of CNTs [56]. Both of them can be directly prepared by a CVD 

method. The horizontal array of CNTs have good application prospects in the field of stretchable 

electronic devices due to their strong controllability, good orientation, and low defect content. Liu 

et. al first proposed a gas-directed CVD method [57]. By using different heating rates for substrate 

and gas carbon source precursor, the temperature difference between gas and substrate causes 

CNTs to float growth in a horizontal direction. In addition, the orientation of CNTs can be induced 
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by the application of an electric field or a magnetic field. Rogers et. al conducted a study on the 

horizontal array of single-walled carbon nanotubes (SWNTs) in flexible electronic materials as 

shown in Figure 1.7 [58]. Firstly, high-density horizontal arrayed CNTs are grown on the surface 

of quartz substrates. After that, PDMS-assisted transfer method was used to transfer the horizontal 

arrayed CNTs to Si wafers, glass, and some curved structures to design as stretchable conductors.  

 
Figure 1.7 Optical image (a) and SEM (b) of aligned arrays of SWNTs transferred from a quartz 

growth substrate to the surface of a glass cylinder. The inset in (b) provides a high-magnification 

view. Optical image (c) and SEM (d) of aligned arrays of SWNTs transferred from a quartz growth 

substrate to a thin sheet of polyimide [58]. 

The vertical array of CNTs is a macroscopic body of CNTs grown perpendicular to a catalyst 

substrate and arranged nearly parallel to each other. At present, the mainstream method for 

preparing vertical arrayed CNTs is the catalyst thin film assist method, which uses substrates pre-

deposited with a high bulk density nanoscale catalyst film to grow the vertical arrayed CNTs [59]. 

As depicted in Figure 1.8a and b, the obtained vertical array of CNTs has a high orientation of 
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CNTs and excellent electrical conductivity, which is considered to be one of the ideal electrode 

materials [60]. By partially embedding vertical arrays, fully embedding vertical arrays and tiling 

with vertical array sheets, the vertical arrayed CNTs can be used in stretchable conductors. In 

addition, sensitivity coefficient and stretching range of vertical arrayed CNTs based sensors are 

generally higher than those obtained by other materials.  

 
Figure 1.8 SEM images of the sample after the transfer process. (a) Top view. Inset is a high-

resolution image. (b) Image of the sample viewed from the tilted angle. The inset image shows 

that the linewidth is around 5 µm. (c) Schematic diagram of graphene/EVA/PET-based 

triboelectric nanogenerator. (d) Working mechanism of the triboelectric nanogenerator [60, 61].  

Graphene is another hot spot in the field of carbon based materials. Graphene is a honeycomb 

structure composed of sp2 hybridized carbon atoms. The thickness of single-layer graphene is only 

0.335 nm, with a high transmittance of 97.7 %, which is considered to be an ideal material for the 

preparation of flexible conductive materials onto ethylene vinyl acetate/poly(ethylene 

terephthalate) (EVA/PET) substrate (Figure 1.8c and d) [61]. At present, the preparation of 
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graphene based electronics is mainly divided into two categories according to the source of 

graphene. One of the methods is the introduction of mechanically stripped oligo-graphene solution 

or chemically stripped graphene oxide (GO) solution. The other method is to obtain high quality 

single or small layer graphene by a CVD method and then transfer it to the surface of elastomeric 

substrates. Among them, GO can be prepared by a simple, low-cost, and mass-produced method. 

More importantly, reduced graphene oxide (rGO) can be obtained by the subsequent chemical 

reduction, thermal reduction or photoreduction processed to improve its conductivity, which is 

advantageous for large-scale production [62, 63]. In contrast, CVD method can obtain graphene 

films with a large area and less defects, and thus excellent performance. However, this method is 

costly and severely limited by CVD equipment, and are often introduced defects and impurities in 

transferring graphene films to a flexible substrate. The combination of CNTs and graphene and 

their combination with other conductive nanomaterials can produce carbon nanomaterial 

composites with excellent properties, obtaining higher conductivity on the basis of ensuring 

flexibility and transparency, which is an important development direction for carbon nanomaterials 

based stretchable electronics.  

1.2.2 Conductive polymers based conductors 

Many kinds of polymers have been considered to be excellent electrical insulator for a long 

time. Since the first conductive polymer (Iodine or arsenic pentafluoride doped polyethylene film) 

was reported in 1977, conductive polymers as novel intrinsic flexible conductors have received 

increasing attention due to their easy processing, excellent mechanical properties, dimensional 

stability, and electrical conductivity [64]. In 1984, MacDiarmid first obtained conductive 

polyaniline under acidic conditions. They believed that conductive polymer is a kind of polymer 

material which is formed by chemical or electrochemical doping of a polymer having a conjugated 

bond, and the conductivity extends from insulator to conductor [65]. Conductive polymer consists 

of a polymer chain and a chain non-bonded monovalent pair of anions (p-type doping) or a pair of 

cations (n-type doping), which can be divided into two types, one is the coordination of polymer 
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conductive materials, and the other is conjugated conductive polymer materials. The conjugated 

conductive polymers are more common [66, 67].  

Currently, various conjugated conductive polymers have been synthesized such as polypyrrole 

(PPy), polyacetylene (PA), polyaniline (PANI), poly(3,4-ethylenedioxythiophene) (PEDOT), 

polythiophene (PTH), and poly(3-hexylthiophene) (P3HT) [68-71]. These conductive polymers all 

exhibit metallic or semiconducting properties and have very low thermal conductivity. Conductive 

polymers have broad application prospects in solar cells, supercapacitors and biological fields due 

to their diversified structure, adjustable conductivity, lightweight, and easy processing. The size 

and morphology of the conductive polymers can be controlled by emulsion polymerization, 

interfacial polymerization, templating, and self-assembly method [72, 73]. In recent years, 

research on electrochemical polymerization of nano-scale conductive polymers and their 

composites has attracted extensive attention, including nanowires, nanofibers, nanotubes, 

nanobelts, and etc [74, 75].  

Electrochemical polymerization method refers to oxidative polymerization of monomers in an 

electrolyte on the surface of an inert electrode by adjusting electrochemical parameters such as 

voltage, current, and electrolyte concentration under the action of an electric field to obtain a 

conjugated polymer film on the surface of electrodes [76]. This method has the advantages of low 

cost, simple process flow, controllable polymer film thickness, and simultaneous polymerization 

and doping. Conductive polymers with specific morphology and structure can be synthesized by 

typical electrochemical polymerization techniques such as potentiostats, constant current, 

potentiodynamic scanning, and pulsed methods. Tong et al. used polycurrent methods to prepare 

polyaniline(PANI) nanomaterials, as shown in Figure 1.9 [77]. By discussing the influence of 

current density on morphology of PANI, it is concluded that current density can significantly affect 

the polymerization and elongation of PANI, which in turn affects the morphology of PANI. PANI 

nanobelts have greater specific surface area and electrochemical performance than PANI 

nanospheres.  
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Figure 1.9 (a) Schematic illustration of the formation of PANI nanobelts and nanospheres. (b) 

SEM images of PANI nanobelts. (c) SEM image of PANI nanospheres [77]. 

The potentiostatic method is also often used to prepare conductive polymers. Li et al. used a 

potentiostatic method to assemble single-walled carbon nanotubes (SWNTs), graphene, gold and 

other nanomaterials and conductive polymers together to form layered conductive nano-surfaces 

[78]. SWNTs, gold nanoparticles have a high porosity of discontinuous phase, which makes 

pyrrole easily diffuse near the surface of silicon electrode, and the obtained composite films have 

unique layered structures due to the unique electrochemical synthesis process. The results show 

that this method can accurately design and control the type and morphology of conductive 

polymers, and complete the combination of different functional materials and their physical and 

chemical properties. Lakard et al. also used the potentiostatic method to deposit polypyrrole films 

in different electrolytes [79]. This study found that the potential of polypyrrole has a very 

significant effect on the chemical structure and conductivity of polypyrrole film.  
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Conductive polymers are widely used in flexible devices like supercapacitors, solar cell, and 

lithium-ion battery due to their high energy density, low dimensional structure, good electrical 

conductivity and stability. Cong et al. prepared uniform graphene-polyaniline composite nano-

paper electrodes using an in-situ electrochemical method [80]. Electrochemical tests show that the 

specific capacitance of this composite electrode is as high as 763 F/g when discharge current is 1 

A/g. When number of cycles reaches 1000 laps, specific capacitance remains at 85 % of the initial 

value, showing excellent cycle stability. Tai et al. prepared highly uniform transparent polyaniline 

electrodes for new dye-sensitized solar cells, which showing high power display efficiency of 6.54 % 

[81]. Yang et al. successfully synthesized layered MoS2/polyaniline nanowires [82]. The unique 

structure of composite material greatly improves storage performance of lithium-ion batteries. 

When the current density is 100 mA/g, charging capacity reaches 1063 mAh/g, and remains at 

90.2 % of the initial capacity after 50 cycles. 

1.2.3 Metallic nanomaterials  

Metallic nanomaterials have excellent photoelectric properties, which have broad application 

prospects in stretchable electronics. At present, there are many metallic nanomaterials based 

structures such as metal thin films, metal grids, and metal nanowire networks. Among them, silver 

and gold nanomaterials have received special attention due to their excellent catalytic and optical 

properties.   

Silver nanowires (AgNWs) refer to one-dimensional line structures whose lateral dimensions 

are limited to nanometer scale (generally below 100 nm) and have no limitation in the longitudinal 

direction [83, 84]. At present, the preparation of AgNWs can be divided into two major categories: 

physical methods and chemical methods. Physical methods include ultrasonic pulverization, 

magnetron sputtering and mechanical pulverization methods [85, 86]. Chemical methods include 

hydrothermal method, electrochemical methods, template methods, photochemical reduction 

methods, ultrasonic reduction methods, and polyol methods [87, 88]. The synthesis process of 

physical methods is complicated, energy consumption is large, technical requirements are high, 
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and form uniformity of obtained product is poor. Relatively speaking, the chemical method has 

become one of the most suitable methods for industrial production of AgNWs due to its simple 

process, low cost and easy control of morphology. Among these methods, a polyol method has 

been widely used in terms of high yield, simple operation, and short reaction time. Jiu et. al used 

ethylene glycol as solvent and reducing agent, and polyvinylpyrrolidone as protective agent [89]. 

After adding a ferric chloride solution, the mixture was transferred to a constant temperature 

reaction vessel at 130 °C for 5 h. AgNWs with high aspect ratio can be obtained by the subsequent 

centrifugal washing process.  

The resulting AgNWs are used to make a wide variety of devices. Kang et. al embedded 

AgNWs into resin and followed by a photocuring process to prepare AgNWs conductors with a 

surface roughness of 4.7 nm [90]. OLED devices are fabricated by the obtained conductors, which 

maintain high luminous efficiency unchanged after 5000 times bending cycles and under stretching 

process. Yang et. al used AgNWs conductive films as electrodes to prepare solar cells using a full 

liquid phase method [91]. The photoelectric conversion efficiency of the obtained solar cells on 

glass and PET substrates was 2.8 % and 2.5 %, respectively. When the bending angle of PET 

substrate reached 120º, the sample still keep a high photoelectric conversion efficiency of 2.5 %. 

Gaynor et. al prepared composite transparent electrodes for high-efficiency white LEDs by a full 

liquid phase method to immerse AgNWs in polymethyl methacrylate films [92].  The fabricated 

LEDs have a high luminous efficiency exceeds 30 lm/W. Low resistance and low light scattering 

properties of AgNWs transparent electrodes make them have an extremely high luminous 

efficiency in LEDs. 

In addition to one-dimensional AgNWs, silver nanoparticles (AgNPs) are also used to 

fabricate stretchable electronics. The size of AgNPs is between clusters and macroscopic particles, 

which combines the advantages of nanomaterials and Ag elemental, and can be used to fabricate 

conductors by low-cost inkjet printing techniques. AgNPs can be obtained by simple physical 

methods such as light/laser irradiation, evaporation and condensation [93, 94]. However, such 

physical methods have high instrument requirements and high production cost, which is rather 
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suitable for industrial preparation with low requirements on the size and shape of the nanoparticles. 

In contrast, chemically synthesized AgNPs have been used in the fields of optics, electricity and 

biomedicine, which require relatively high performance of nanoparticles. Hyun et al. have 

fabricated a stretchable conductor with high stretchability and high electrical conductivity by the 

combination of AgNPs with a wavy structure [95]. As shown in Figure 1.10, the method employs 

a spin coating technique to cover the polystyrene on polydimethylsiloxane (PDMS) substrates, and 

then generates wavy structures by heating PDMS substrates. The resulting electrode exhibits 

excellent stretchability due to the interpenetrating structure of AgNPs into a stretchable substrate 

and the presence of ordered wave structures. 

 
Figure 1.10 (a) Schematic illustration of the procedure for fabricating highly stretchable, 

conductive lines. (b) SEM image showing the composites in the trenches. The inset is a magnified 

image. (c) TEM image of the composite structures, showing an interpenetrating network between 

the gel and AgNPs [95]. 
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Figure 1.11 (a) The fabrication process of stretchable and conductive self-assembled AuNWs 

electrode. (b) SEM image of monolayer AuNWs film on PDMS substrate (Scale bar: 1 mm). (c) 

Atomic force microscopy image of monolayer AuNWs film on mica substrate (Scale bar: 50 nm). 

(d) UV-Vis-NIR transmission spectra of monolayer and multilayers AuNWs mesh films on PDMS 

substrates. (e) Transmittance as a function of sheet resistance [97]. 

Gold nanomaterials especially gold nanowires (AuNWs) have good stability and ductility, 

which can be preserved for a long time, so they are also regarded as a reliable material for preparing 

flexible conductors. Xu et al. using chloroauric acid (HAuCl4) as precursors, introducing 

oleylamine as solvents, surface stabilizers and reducing agents to synthesize ultrafine AuNWs by 

a simple one-step wet chemical method [96]. The prepared ultrafine AuNWs not only have a high 

yield, high purity but also have a large aspect ratio, which has an average diameter of about 2 nm 

and a length of several tens of micrometers. If another reducing agent oleic acid is added and the 

volume ratio of oleylamine to oleic acid is adjusted to 1:1, AuNWs will be generated with a 

diameter of ~9 nm. The growth mechanism of ultrafine AuNWs is illustrated by changing reaction 

temperature and amount of reducing agent: using oleylamine as a template, under the action of a 

one-dimensional polymeric chain formed by the affinity binding of oleylamine and monovalent 

gold halide (AuCl), reduced Au atoms adhere to the surface of nucleated particles and grow into 

ultrafine gold one-dimensionally nanowires. The obtained AuNWs are usually used to fabricate 
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stretchable devices like stretchable supercapacitors. Gong et. al show a simple and effective 

method for making AuNWs based supercapacitors with highly stretchable and transparent, as 

shown in Figure 1.11 [97]. Due to the unique tensile structure and excellent flexibility of AuNWs, 

the prepared supercapacitor does not degrade after stretching for 80 cycles, exhibiting outstanding 

stretchability and electrical reversibility. In addition, gold nanoparticles (AuNPs) are also used to 

fabricate stretchable devices by combining with PU substrates by the layer-by-layer deposition 

and vacuum-assisted flocculation methods. 

1.3 Motivation of present research 

Although many researchers have focused on conductive materials like carbon nanomaterials, 

conductive polymers and metallic nanomaterials in recent years, poor photoelectric properties of 

carbon nanomaterials, complex manufacturing process of conductive polymers, and high cost of 

Ag and Au nanomaterials make them lose their competitiveness in the field of flexible electronics 

[98]. Recently, copper nanowires (CuNWs) have gained more and more attention and become an 

irreplaceable material in the field of flexible electronics. Firstly, Cu has excellent electrical 

conductivity, only 6 % lower than Ag. Secondly, the price of Cu is about 100 times cheaper than 

Ag and ITO, while the resource amount is 1000 times than them. Finally, the flexible conductors 

prepared by CuNWs exhibit superior performance in terms of conductivity and light transmittance 

[99].  

1.3.1 Synthesis and film formation of CuNWs  

At present, many methods have been proposed to synthesis nanomaterials. The template 

method is one of the most convenient methods to directly synthesis one-dimensional nanomaterial, 

which can be further divided into hard template method and soft template method. The commonly 

used hard templates are alumina, porous silicon, molecular sieves, and carbon nanotubes [100, 

101]. The soft template method mainly uses a surfactant to form chain structures in the solution, 

which selectively adsorbs on a specific crystal plane of the element to grow into the one-

dimensional nanowires. Wiley et. al prepared CuNWs having a diameter of about 90 nm and a 

length of about 10 μm in an aqueous alkali solution using ethylenediamine as a surfactant [102]. 
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After reacted at 80 °C for one hour, a large amount of reddish-brown CuNWs precipitate was 

produced in the solution. During this reaction, ethylenediamine coating on the (100) plane of the 

Cu element and induce the one-dimensional growth of the CuNWs. At the same time, Cu2+ is 

continuously reduced by hydrazine hydrate to form Cu atoms and deposited at the ends of the 

nanowires. The washed CuNWs are prepared into CuNWs inks by uniformly dispersing in a 

suitable organic solvent or aqueous solution. The choice of the solution has a great influence on 

the uniformity of CuNWs films. The better the dispersibility of the CuNWs always accompany 

with the better uniformity of the resulting CuNWs films. Since most of the surfactants are chain 

organic substances, organic solvents are usually selected to obtain CuNWs inks with better 

dispersibility. 

The hydrothermal method is another effective method for the synthesis of CuNWs, which uses 

an aqueous solution as a reaction medium to produce a high-pressure by the heating and boiling 

of the reaction system to prepare a nano-material. The basic mechanism of the hydrothermal 

method is that some of the extremely low solubility oxides are dissolved in an aqueous solution 

under high temperature and high pressure, which further hydrolyzed to form a highly soluble 

hydrate or hydroxide, and then the target nanomaterial is precipitated. Shi et. al uses 

hydrothermally method to reduce copper chloride at 120-180 °C to synthesize CuNWs with length 

of the several microns (Figure 1.12a-c) [102]. In this reaction, octadecylamine acts both as 

reducing agent and surfactant to induce the one-dimensional growth of Cu. As shown in Figure 

1.12d and e, Konya et. al reduced the reaction temperature to 120 °C by introducing glucose as a 

reducing agent in the hydrothermal reaction [103]. Although the reaction temperature of this 

hydrothermal method is higher than that of the template method and the reaction time is longer, 

the use of amines as surfactants avoid the introduction of highly toxic hydrazine hydrates, and thus 

guarantee the environmentally friendly synthesis. In order to achieve large-scale production of 

CuNWs, Xia et. al keep the reaction in a sealed flask to create a high-temperature and high-pressure 

environment similar to the hydrothermal method, which results in CuNWs with a diameter of about 

24 nm and a length from a dozen to several micros [104].  
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Figure 1.12 Pictures of the reaction flask (a) before the synthesis and (b) after growth of CuNWs 

at 80 °C for 1 hr. (c) SEM image of CuNW product. The nanowires are 90 ± 10 nm in diameter 

and 10 ± 3 μm in length. (d) SEM and (e) TEM of CuNW products of a 24 h synthesis [102, 103]. 

The surfactants play an important role in the synthesis of CuNWs. After the nucleation, the 

Cu particles are selected to grow along the outer surface that has low energy to form a five-fold 

symmetric seed crystal [105]. Since the surfactant is selectively adsorbed on the specific 100 

crystal plane, newly precipitated copper atoms are continuously deposited on the 111 plane to grow 

along the 100 direction and form CuNWs. At the same time, due to the presence of surfactants, the 

obtained CuNWs can be uniformly dispersed in solution to form CuNWs inks. After the 

preparation of CuNWs by a suitable method, pure nanowires can be obtained by the repeat 

centrifugation. The CuNWs are typically dispersed in a suitable solvent using mechanical vibration 

or ultrasonic vibration to obtain uniform inks with different concentrations. The concentration of 

inks will further affect the subsequent spray process. Therefore, in addition to preparing high 

quality CuNWs, it is also important to configure a uniform ink with a suitable concentration. 
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The common film-forming methods can be divided into the following types: drip coating, 

vacuum suction filtration, spin coating, spray coating, and Mayer rod method. The drop coating 

method involves two steps of lowering and drying the nanoinks on the substrate. After the solution 

is dried, a randomly distributed CuNWs networks can be obtained. This method is simple and 

convenient, but the uniformity of coating is relatively poor [106]. The spin coating method is the 

application of excess nanowires to the substrate by centrifugal force at high speed [107]. This 

method controls the deposition thickness of nanowires on the film by the amount of nanoinks and 

the rotation speed, which is not suitable for mass production. The vacuum filtration method is used 

to deposit nanoinks on the filter membrane by suction filtration to form a network structure [108]. 

After that, the nanowire networks are transferred to the target substrate by applying uniform 

pressure. This method can control the density of the coating by adjusting the concentration of the 

filtered solution, but still faces the problem of incomplete transfer. The spraying method uses 

electric power or compressed air as a driving force to break up the nanoinks into tiny droplets and 

apply it to the substrate [109]. The spraying method is simple and fast, can realize automatic 

production, and is suitable for the application in substrates with various forms, which is more 

advantageous than other methods. 

1.3.2 Strategies to improve the performance of CuNWs films 

Compared with Ag and Au, CuNWs are more easily oxidized in an air atmosphere to form 

oxide films on the surface of nanowires. The presence of oxide films hinders the electron transfer 

when a voltage is applied, which results in high resistivity. Therefore, researchers have been 

devoted to improving the oxidation resistance and conductivity of CuNWs. Encapsulation or 

embedding CuNWs into flexible substrates to achieve a composite structure is one of the 

approaches to improve the thermal stability of CuNWs [110]. Won et al. prepared a stretchable 

conductor by applying pressure to transfer acid-treated CuNWs onto the polydimethylsiloxane 

(PDMS) substrates [111]. However, the pickling process easily causes Cu crystal defects while 

causing a new oxide layer on the surface of the nanowires. Cheng et al. partly embedded CuNW 

into the poly(acrylate) substrate by transferring the CuNW network from a glass substrate to an 
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elastic poly(acrylate) matrix through in situ photo polymerization [112]. As seen from Figure 1.13, 

Hu et al. reported the fabrication of CuNW/polyurethane (PU) composite electrode by overcoating 

the liquid polyurethane precursor on the surface of CuNW network [113]. However, the high-

temperature annealing process and the complex and time-consuming transfer step greatly increase 

the cost. 

 

Figure 1.13 Schematic illustration of the fabrication process of a CuNW–PU composite electrode 

[113]. 

Another approach that has recently been suggested for enhancing the oxidation stability of 

CuNWs is to form core-shell structure that encapsulates copper with an inert shell. Cui et. al used 

atomic layer deposition techniques to coat the surface of CuNWs with an aluminum-doped of zinc 

oxide and zinc oxide passivation layer [114]. After the surface passivation process, the electrical 

resistance of the CuNWs film increased by only 10% after heating at 160 °C for 8 h. The untreated 

CuNWs film loses its conductivity after only 40 min at high temperature. However, the atomic 

deposition techniques are expensive, and the presence of zinc oxide layers reduces the conductivity 

and transmittance of the films. Therefore, researchers began to choose well-conducted metals or 

carbon nanomaterials to cover the surface of CuNWs. As depicted in Figure 1.14a, Mehta et. al 

used a low-temperature plasma-enhanced CVD method to uniformly deposit a graphene layer on 

the surface of CuNWs, which resulting in nanowires with different widths (180, 280 nm) and 

lengths (10, 20 μm) [115]. The deposition reaction of graphene is carried out under a high 
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temperature of 650 °C, with methane and hydrogen as process gases and argon as the carrier gas. 

The surface passivation of CuNWs caused by the low-density properties of graphene produces 

partially elastic surface scattering, which enhances the conductivity and stability of the nanowires. 

As seen from Figure 1.14b-d, Stewart et. al successfully deposit a thin Ag shell and Au shell on 

the surface of CuNWs by a galvanic replacement process [116]. The approach greatly improves 

the oxidation resistance of the produced CuNWs without the post-treatment. During the reaction 

process, the Ag is reduced by adjusting the concentration of the reducing agent in the solution and 

then deposit on the surface of CuNWs to form core-shell structures, thereby avoiding the 

generation of porous nanowires to the utmost extent.  

 

Figure 1.14. SEM images of (b) Cu−Ag core−shell NWs, and (C) Cu−Au core−shell NWs. 

Average diameters were calculated from 50 distinct nanowires. (c) TEM−EDS images of Cu−Ag 

and Cu−Au NWs [115, 116]. 

After the coating process, randomly distributed CuNWs networks were formed on the surface 

of stretchable substrates, and electrons are transferred through the overlap between the nanowires 

to form conductive films. The presence of organic species or oxides on the surface of CuNWs, the 

small contact surface and the large contact resistance between the nanowires reduce the 
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conductivity of the entire films. Meanwhile, the CuNWs films obtained by simple physical coating 

process exhibit low smoothness on the substrate compared with ITO and can be detached from the 

substrate by simple wiping. In addition, the obtained conductive CuNWs film is susceptible to 

deterioration in performance due to the changes in temperature, humidity, and illumination. 

Therefore, it is necessary to further process the physically coated CuNWs films to improve the 

conductivity, flatness, mechanical robustness and long-term stability of the films [110].  

The square resistance of the conductive films refers to the resistance of unit area, which mainly, 

pressurization, photo-sintering, organic solvent or organic acid cleaning [117]. Cui et. al used a 

thermal sintering method to heat the nanowire networks at 200 °C for 20 min to reduce the square 

resistance (Figure 1.15) [117]. On the one hand, the polyvinyl pyrrolidone (PVP) on the surface 

of the nanowire decomposes at high depends on the contact resistance between the nanowires. 

Therefore, reducing the contact resistance between the wires and wires is essential for improving 

the conductivity of the film. In order to reduce the contact resistance, it is necessary to increase 

the contact area between the CuNWs or to remove the insulating layer on the surface of the 

nanowires, thereby improving the electron transfer efficiency between the nanowires. The methods 

for reducing the contact resistance between nanowires have been reported mainly includes heating 

temperatures, which promotes the connection between the nanowires. On the other hand, the 

heating process promotes fusion of the nanowire contact points to increase the contact area. 

However, the high sintering temperatures and excessive heating times lead to the melting of the 

nanowires, so it is necessary to control the heating parameters to obtain highly conductive films.  

The electrical conductivity of the nanowire networks can also be improved by a mechanical 

pressurization method. Suganuma et. al apply pressures to the nanowire networks through two 

rigid substrates [38]. The pressurization process increases the contact area between the nanowires, 

thereby improving the conductivity of the nanowire films. This method is suitable for the heat 

sensitive substrates. Garnett et. al used a halogen lamp to illuminate the nanowire networks for 

one minute, and the resistance of the sample dropped by three orders of magnitude, which 

successfully avoids the damage to the substrate [118]. Jiu et. al studied a high-intensity pulse light 
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method for sintering nanowires, which can rapidly reduce the resistance of nanowire networks 

within 50 µs [119]. At the same time, this method greatly improves the connectivity between the 

nanowires and the flexible substrates.  

 

Figure 1.15 (a) SEM image of the drop-casted AgNWs. (b) SEM image of the sprayed AgNWs. 

Inset: annealed AgNWs at 230 °C for 20 min. (e) Schematics of drop-casted and sprayed AgNWs 

and TEM images of PVP layers after 1-time and 5-time solvent washing process [117]. 

The organic residue on the surface of the nanowire is generally removed by an organic reagent 

cleaning method. However, for CuNWs, in addition to organic residues, the oxide layer on the 

surface of the nanowires also increases the contact resistance. The organic acid cleaning method 

is used to remove surfactants and oxide layers from the CuNWs surface [120]. The conductivity 

of the CuNWs films obtained by the organic acid cleaning method is comparable to that of the 

films prepared by sintering in hydrogen atmospheres. Although this method is simple and fast, the 

damage to the CuNWs during the cleaning process cannot be avoided. Herein, the latest report of 

Yin et al. has proposed a technique similar to the pickling method, which is named as solvent 

dipped annealing method [121]. In this method, the obtained CuNWs film was immersed in 

glycerin and heated at a high temperature of 140 °C. The thermal reduction reaction of glycerol 

removes oxides from the surface of CuNWs. Under high temperature heating conditions, the 
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nanowires are connected to each other to form a stable conductive pathway. This method has a 

low operating temperature and avoids the use of vacuum or reducing gases, which greatly reducing 

the production costs. 

The surface roughness of CuNWs films also has a significant effect on its conductivity, which 

can easily cause short circuit during the device assembly process. In order to reduce the surface 

roughness of the CuNWs films, one method is to apply pressure to the obtained nanowire networks 

to reduce the roughness from 78 nm to 37 nm [41]. In addition, the CuNWs can be buried on the 

surface of the composite films by the transfer method to reduce the roughness of the nanowire 

networks. Pei et. al coat the surface of the nanowires with curable composite liquid layer, after the 

curing process, transfers the nanowires from the surface of the rigid substrate to the flexible 

composite film [43]. The nanowire films obtained by this method has a surface roughness of only 

5 nm. After applying pressure on the CuNWs, Wiley et. al covered the surface of nanowire 

networks with a conductive PEDOT:PSS layer, which reduces the roughness of the films to 18 nm.  

1.4 Purpose and scope of this study 

The practical applications of CuNWs based conductors have been largely overshadowed due 

to their fast oxidation in ambient conditions. Therefore, the purpose of this study is to fabricate 

CuNWs based conductors with enhanced reliability, conductivity, and flexibility. This dissertation 

presents three methods to improve the performance of CuNWs based conductors, which including 

the formation of embedding structured CuNWs/substrates conductors, synthesis of core-shell 

structure that encapsulates CuNWs with an inert shell, and the combination of embedded structure 

and core-shell structure.  

In chapter 1, a brief introduction to the definition, fabrication, and application of flexible 

conductors. The exploration of conductive materials used to form flexible electronic circuits, such 

as carbon nanomaterials, conductive polymers, and metallic nanomaterials. Based on the research 

background, the motivation and purpose of the present research are summarized. 
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In chapter 2, the highly conductive and stretchable conductor has been fabricated with 

enhanced reliability and robustness through fully embedding CuNWs into the surface layer of 

poly(dimethylsiloxane) (PDMS) and followed with a high-intensity pulsed light technique. The 

light energy absorbed by the film not only removes the oxides on the surface of nanowires but also 

enhances the inter-nanowire connection to achieve high conductivity. The oxidation resistance and 

stretchability of the fully embedded CuNWs/PDMS conductors were investigated in details. In 

addition, the potential applications of CuNWs/PDMS conductors were demonstrated by the 

fabrication of stretchable dipole antenna and conductive heater for wearable electronics.  

In chapter 3, a facile adsorption and decomposition process is developed for galvanic 

replacement free and large-scale synthesis of highly stable Cu@Ag core-shell nanowires. Firstly, 

Ag-ammonia complex ([Ag(NH2R)2]
+) as silver source adsorbs on CuNWs surface, and Cu@Ag-

ammonia complex core-shell structure is formed. After that, Ag-ammonia complex is easily 

decomposed to pure Ag shell through a simple thermal annealing under air. By adjusting the 

concentration of Ag-ammonia, Cu@Ag core-shell nanowires with different thickness of silver 

shell can be easily obtained. The long-term stability, conductivity, and transparency of Cu@Ag 

nanowires based conductors were studied.  

In chapter 4, transparent conductors with dense Cu@Ag alloy nanowires embedded in 

stretchable substrates are successfully fabricated by a high-intensity pulsed light (HIPL) technique 

within one step. The intense light energy not only induces rapid mutual dissolution between the 

Cu core and the Ag shell to form dense Cu@Ag alloy nanowires but also embeds the newly formed 

alloy nanowires into the stretchable substrates. The thermal stability and electro-mechanical 

stability of the conductors was evaluated under different conditions. Stretchable and transparent 

heaters have been fabricated based on the alloyed and embedded conductors to exploer their 

application in the field of stretchable and wearable electronics.  

In chapter 5, the summary of the dissertation and the prospect of the research is presented. 
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Chapter 2 

Fabrication of fully embedded CuNWs/PDMS conductors 

2.1 Introduction 

Metallic nanowires have attracted considerable attention in designing stretchable conductors 

because they can be cost effectively processed by coating a nanowire solution on a substrate [1, 

2]. In this case, silver has been so far the most explored metal for the fabrication of metallic 

nanowires [3, 4]. Recently, substitution of silver by copper would be of great interest mainly 

because the electrical conductivity of copper (5.96 × 107 S m-1) is comparable to that of silver (6.3 

× 107 S m-1), while the cost is a hundred times less expensive than silver [5-7]. However, the poor 

stability of copper against oxidation in ambient conditions largely overshadows their practical 

applications [8-10]. Lately, several demonstrations have shown progress in improving the 

performance of CuNWs based conductor, including sheet resistance, flexibility, and stretchable 

properties [11, 12]. Encapsulation or embedding CuNWs into flexible substrates to achieve a 

composite structure is one of the approaches to improve the thermal stability of CuNWs. However, 

in previous reported CuNWs based conductors, CuNWs are deposited on or semi-embedded in the 

surface layer of substrates, which cannot avoid the oxidation. Additionally, CuNWs are easily 

delaminated from the substrates under repeated mechanical loading. Therefore, a fast and powerful 

method is urgently required to fabricate CuNWs based conductors with high conductivity, high 

stretchability, and high reliability simultaneously. 

 In this paper, a fully embedded conductor with CuNWs embedded in the surface layer of 

poly(dimethylsiloxane) (PDMS) was successfully achieved, which possess outstanding oxidation 

resistance as well as high conductivity. The cross-sectional and over view fabrication process is 

schematically illustrated in Figure 2.1. During the fabrication process, the curing conditions of 

PDMS and the accumulation of PDMS at CuNWs junctions lead to the sharp increase of resistance 

and then limit the application of CuNWs/PDMS conductor. Therefore, a high speed and room 

temperature operated high-intensity pulsed light technique was innovatively introduced to remove 
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the oxides on the surface of CuNWs and enhance the connection between CuNWs at the same time. 

The influence of light parameters on the conductivity of fully embedded CuNWs/PDMS 

conductors was systematically investigated. After that, the stretchability and oxidation resistance 

of such conductors were investigated in detail. After 1000 stretching/releasing cycles at 30% strain, 

the resistance of the fully embedded conductor increased less than 3 times compared with about 

800 times of the semi-embedded conductor. In the latter stages, a stretchable conductive heater 

and a stretchable antenna are demonstrated by using the fully embedded CuNWs/PDMS 

conductors. The antenna could retain its sensitivity to specific radio frequencies even after 500 

cycles of the stretching-releasing process. 

2.2 Experimental  

2.2.1 Synthesis of CuNWs 

Anhydrous copper dichloride (CuCl2, 95%), glucose (98%), octadecylamine (ODA), 

chloroform and isopropanol were purchased from Wako Chemicals. All reagents were analytical 

grade and were used without further purification. The synthesis of CuNWs involves a Cu(II) salt, 

a surfactant and a reducing agent, using water as the solvent [13]. In a typical procedure, 0.4 mmol 

CuCl2, 0.4 mmol glucose and 2.4 mmol ODA were mixed in 30 mL of water at room temperature 

for 2 hours (h) under magnetic stirring until the solution gradually became a blue emulsion. Then 

the feedstock was transferred into a 50 mL capacity Teflon-lined autoclave and heated at 120 C 

for 24 h. When the autoclave was cooled to room temperature naturally, the reddish product was 

collected by centrifugation, washed three times with water, chloroform and isopropanol (IPA), 

respectively. Finally, the CuNWs were dispersed in IPA to make CuNWs ink for further use. 

2.2.2 Fabrication of fully embedded CuNWs conductors  

Firstly, the as prepared CuNWs were diluted to the desired concentration about 20 mmol/L 

and then subjected to ultrasonic vibration to ensure a homogeneous distribution. Glass substrate 

was placed on a hot plate with a temperature of 40 C, which could effectively negate the 

aggregation of CuNWs due to the rapid evaporation of IPA on the hot plate. Liquid PDMS was 
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prepared by mixing the “base” and the “curing agent” at a ratio of 10:1, followed by a vacuum 

centrifuge process. The fabrication process of fully embedded CuNWs/PDMS conductor is 

schematically illustrated in Figure 2.1. For fully embedded structure, the CuNWs ink was sprayed 

onto the glass substrates using a nozzle powered by an air compressor. After that, the liquid PDMS 

was cast onto the glass substrate which was coated with CuNWs film. Following that, all samples 

were thermally cured at 100 °C for 35 min and then peeled off from the glass substrate. This way, 

the CuNWs were fully embedded in the surface layer of PDMS. After that, the fully embedded 

CuNWs/PDMS films were treated with high-intensity pulsed light technique to obtain an enhanced 

conductive network. Finally, the CuNWs/PDMS conductors were carefully cut into thin strips (5 

× 20 mm2) for various evaluations. Semi-embedding structured CuNWs/PDMS conductors were 

fabricated with the traditional method. Firstly, the liquid PDMS was cast onto a pre-cleaned glass 

substrate and peeled off after the same curing process. Then, the CuNWs ink was sprayed onto the 

surface of the cured PDMS, which also placed on a hot plate with the same temperature. After that, 

the sample was treated with high-intensity pulsed light technique under the same parameters and 

cut into the same thin strips.  

 

Figure 2.1 The cross-sectional and over view showing the fabrication process of fully embedded 

CuNWs/PDMS conductors. 

2.2.3 Characterization 

The morphologies of CuNWs, CuNWs/PDMS conductor were characterized by field-

emission scanning electron microscopy (FESEM, Hitachi SU8020, Hitachi High Technologies) 
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and transmission electron microscopy (TEM, JEM-ARM200F, JEOL Ltd). The cross-section of 

CuNW was prepared by a focused ion beam (FIB, FB2100, Hitachi). The oxidation state of the 

sample was investigated by X-ray diffractometry (XRD, Rigaku Smart Lab, Rigaku). The 

electrical property of CuNWs/PDMS conductor was performed by attaching two ends of the 

sample onto a pair of grips in a dynamic mechanical analyzer (EZ Test, Shimadzu) with a speed 

of 60 mm/min. The resistance of printed electrodes during testing was recorded through a four-

point probe method. The high-intensity pulsed light system used in this study was the Pulse Forge 

3300 (Novacentrix, Austin, TX) that features a broadband emission range from 400 to 1500 nm. 

The water-cooled xenon lamp, located 10 mm from the substrate stage, can vary optical energy as 

a function of the electrical voltage and duration time. In this work, the duration time and the 

electrical voltage was changed to supply optical energies ranging from 1.36 to 2.44 J/cm2. The 

environmental durability of the CuNWs/PDMS was evaluated at high temperatures of 85°C with 

85% relative humidity (85 °C-85% RH). The return losses of the V-shaped dipole antennas were 

evaluated inside an electromagnetic shielding bag at 0.5–3.5 GHz, using a network analyzer 

(E5061A; Agilent Technologies, Inc., USA). 

2.3 Results and discussion 

2.3.1 Comparison of microstructure and electrical resistivity 

Figure 2.2a shows SEM images of the synthesized CuNWs. The average diameter of the 

nanowires was around 70 nm, the average length of the nanowires was around 70 μm, as calculated 

from 50 nanowires randomly selected from the SEM images. As seen from SEM images, these 

nanowires were uniform and well-dispersed, no impurities (nanoparticles or other by-products) 

can be observed in the products. The magnified SEM image (Figure 2.2a inset) reveals that the 

obtained nanowires exhibited a pentagon cross-section. Figure 2.2b shows the surface of a single 

nanowire using the high-resolution TEM (HRTEM) images. The distance of lattice spaces is 0.21 

nm, which could be indexed to the {111} planes of metal Cu, which is consistent with previous 

reports [14-18]. The cross section of the fully embedded conductor is shown in Figure 2.2c and d, 
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which further demonstrate the fully embedded structure. Figure 2.2e shows the SEM image of the 

top surface of the fully embedded conductor. The CuNWs are bonded to the cured PDMS, only 

scarce CuNWs are visible, all of the CuNWs being below the upper surface of PDMS. The SEM 

image of the semi-embedded conductor was shown in Figure 2.2f. By high-intensity pulsed light 

process, some parts of the CuNWs were buried into the surface layer of PDMS and form the semi-

embedded conductor. For our method, the fully embedded structure is formed during the curing 

process of PDMS, the main function of high-intensity pulsed light is to remove the oxide layer and 

improve conductivity. But for conventional methods, high-intensity pulsed light technique is 

mainly used to form semi-embedded structures.  

The resistivity of CuNWs films was examined before and after casting the PDMS. The 

resistivity of CuNWs film is about 35 μΩ·cm before the casting of PDMS. After casting PDMS, 

the sheet resistivity grows to 6319 μΩ·cm and some of the samples even lose conductivity. Due to 

the low viscosity and surface energy of liquid PDMS, when it is poured onto the CuNWs film, the 

PDMS penetrates into the CuNWs network and accumulates at the CuNWs junctions, thus 

increasing the effective resistance of the sample [19]. At the same time, the high curing temperature 

of PDMS also accelerate the oxidation of CuNWs and lead to an increase in resistance of 

CuNWs/PDMS conductors. In order to improve the conductivity of fully embedded conductor, the 

facile high-intensity pulsed light technique was introduced.  
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Figure 2.2 (a) SEM image of as prepared CuNWs, inset is the cross-section of a CuNW. (b) High-

resolution TEM images of the CuNWs. (c) and (d) The SEM images of the cross section for fully 

embedded conductor. SEM image of (e) fully embedded and (f) semi-embedded conductor. 

Figure 2.3a shows the resistivity evolution of fully embedded CuNWs/PDMS conductor after 

light treatment with different input energies of 1.36, 1.74, 2.15, and 2.44 J/cm2 respectively. After 

the light treatment process, the resistivity of the sample is significantly reduced from several 

thousand to tens μΩ·cm. When the energy was as low as 1.36 J/cm2, the resistivity of the fully 

embedded conductor after light treatment was around 94 μΩ·cm. The resistivity was dramatically 
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decreased to 31 μΩ·cm and 20 μΩ·cm when the energy was increased to 1.74 J/cm2 and, 2.15 

J/cm2, respectively. Unfortunately, increasing the energy to 2.44 J/cm2 resulted in a higher 

resistivity around 40 μΩ·cm. When the sample is treated with high light energy, the resistivity of 

the sintered electrodes begins to increase because the excessive energy during a short time may 

cause broke on the surface of CuNWs/PDMS conductor, and the CuNWs exposed to the surface 

of the PDMS was blown away and the transmittance of the sample had been increased. The 

stretching-releasing process of these four samples was also carried out as shown in Figure 3a. The 

resistivity of all samples increased slightly after cycling test, which mainly due to the composite 

structure of CuNWs and PDMS. It is worth noting that, the light treatment greatly enhanced the 

conductivity of the conductors, the light energy of 2.15 J/cm2 showed the best improvement, which 

was fixed in the follow-up experiment.  

To explore the phase changes of CuNWs during the high-intensity pulsed light process, we 

examined the XRD results of the fully embedded conductor before and after the light treatment, 

which were shown in Figure 2.3b. Before light treatment, we can see the peak at 2θ = 36.4°, which 

corresponds to copper oxide (JCPDS 05-0667) [20]. This indicates that high conductivity cannot 

be directly achieved in CuNWs/PDMS film. A weak Cu2O peak was also observed in the samples 

that were treated with a low light energy of about 1.36 and 1.74 J/cm2. With the increase of light 

energy, the Cu2O phase diminishes, leaving only the Cu phase, three diffraction signals can be 

readily indexed at 2θ = 43.5°, 50.7°, and 74.4°, which correspond to the (111), (200), and (220) 

crystal planes of face-centered-cubic copper (JCPDS 85-1326) respectively. There are no extra 

signals observed, indicating the high-purity of copper and no other crystallites were observed in 

the product after light treatment. The reduction degree of the CuNWs showed good consistent with 

the resistivity change of the conductors. The reduction of the Cu2O phase to pure Cu during 

flashlight sintering may be related to the photochemical reaction and the thermal reaction process 

in the presence of organics on the surface of CuNWs. During the growth of CuNWs, the capping 

agent ODA was gradually adsorbed on the surface of the newly emerging copper crystals and grew 

with the crystals to be a nanolayer on the surface of nanowire. It is believed that residual ODA 
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may photodegrade to produce active H and N radicals under the irradiation of high intensity light, 

which then reacted with Cu2O to remover the oxidation layer [21].  

 

Figure 2.3 (a) Resistivity change of CuNWs/PDMS conductors during the stretching/releasing 

process. (b) XRD images of the CuNWs/PDMS conductor before and after high-intensity pulsed 

light treatment. (c) The surface microstructure changes of the fully embedded structure and semi-

embedded structure after the light treatment. (d) SEM image of the CuNWs after the light treatment.  

The SEM images of the fully embedded and semi-embedded conductors before and after the 

high-intensity pulsed light treatment were shown in Figure 2.4. The corresponding schematic 

diagram is shown in Figure 2.3c. It can be clearly seen that the morphology of the embedded 

structure before (Figure 2.4a) and after (Figure 2.4b) the light treatment has no obvious changes, 

which mainly due to that most of the CuNWs are already embedded in the upper surface layer of 

the PDMS. For semi-embedded structure, the CuNWs are evenly distributed on the surface of 

PDMS before the light treatment, and no embedding was observed (Figure 2.4c). After the light 

treatment, the CuNWs are partially embedded in the surface layer of PDMS (Figure 2.4d). The 
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high-intensity pulsed light technique is a fast and powerful method to anneal metal nanostructure 

in the air without protective atmosphere [21]. And the main approach of light treatment is the 

thermal conversion of the metal or metal precursor into its conductive counterparts [22]. When the 

CuNWs/PDMS conductor is exposed to strong light, it absorbs very high light energy within 

microseconds. The energy absorbed by the conductor is converted to thermal energy, which sinters 

the CuNWs to produce high conductivity. At the same time, because of the high thermal 

conductivity of the CuNWs, the heat from the light is easily and rapidly transmitted from the upper 

wires to the lower wires along the film thickness [13, 23]. Hence, the upper wires catch the thermal 

energy first and form many more dots, and conductivity has been significantly improved as shown 

in Figure 2.3d. 

 

Figure 2.4 The SEM images of the embedded and semi-embedded conductors before and after the 

light treatment. 

Based on these results, we can find that the high-intensity pulsed light plays an important role 

during the fabrication of fully embedded CuNWs/PDMS conductors. On the one hand, the oxide 
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layer on the surface of CuNWs is removed. On the other hand, the distance between nanowires 

was reduced, and welding is formed between the nanowires. Both of which have greatly improved 

the conductivity of the CuNWs/PDMS conductors and laid the foundation for subsequent 

applications. 

2.3.2 Comparison of stretchability and stability 

The stretchability of CuNWs/PDMS conductors after high-intensity pulsed light treatment 

was investigated. Figure 2.5a shows the resistance change of a CuNWs/PDMS conductor during 

the stretching process at a constant strain rate of 1 mm/min. The relative resistance of fully 

embedded conductor rose slowly at first. It increased to just 1.1 times when the strain was 20% 

and 2.5 times when the strain reached 50%. When the strain was further increased to 70% the 

resistance increased by about 8 times. At the same time, the resistance of semi-embedded 

conductor increased more than 20 times when the strain reached 70%. SEM image of the fully 

embedded conductor after stretching process was shown in Figure 2.5b. As seen from the SEM 

image, the surface of the conductor formed into wrinkled structures without breaking after the 

stretching process. For fully embedded conductor, due to the existence of the PDMS matrix, the 

intrinsically loose CuNWs network was mechanically robust. In addition, the CuNWs are buried 

deeper than semi-embedded structure, so that the sample could maintain high electrical 

conductivity during the stretching process. For semi-embedded conductor, only some of the 

CuNWs buried in the upper surface of PDMS, during the straining process, part of the contact 

spots among CuNWs became broken due to the sliding of nanowires under the stretching strain, 

and the concentration of CuNWs in certain areas was quickly reduced, all of which led to the large 

increase in resistance.  
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Figure 2.5 (a) Relative resistance (R/R0) of fully embedded and semi-embedded CuNWs/PDMS 

conductors with strain up to 70% at a constant stretching speed of 1 mm/min. (b) SEM image of 

the CuNWs/PDMS conductor after stretching. 

Dynamic stability is very important for a stretchable device. Therefore, the performance of 

the fabricated fully embedded and the semi-embedded conductor were investigated over multiple 

stretch–relaxation cycles. Figure 2.6a and b show the relative resistance of CuNWs/PDMS 

conductor measured during 1,000 cycles, at a constant strain rate of 60 mm/min, with peak strain 

at 10%, 20%, and 30% respectively. Figure 2.5a shows the resistance evolution of fully embedded 

conductor. The resistance increased to just 1.2 times upon being stretched to 10% strain. After 

repeatedly stretching/releasing under 20% strain, the resistance increased to 1.8 times. The 

resistance increased less than 3 times even after 1000 cycles under 30% strain, thus exhibiting an 

excellent stretching property compared with previous reports [24, 25]. For CuNWs/PDMS 

conductor with semi-embedded structure (Figure 2.6b), resistance increased to 1.9 times upon 

being stretched to 10% strain. When stretched to 20% strain, the resistance increased to 7.0 times 

of original value. Under a 30% strain, after 400 cycles, the resistance increased to 16.0 times and 

further increased near 800 times over 1,000 cycles. During the stretching process, the weak contact 

spots in semi-embedded structure were easily broken, especially under 30% strain, and only a few 

locations transferred the electron and resulting in the low resistance. At the same time, the CuNWs 

network in fully embedded structure maintained stable contact spots, resulting in stable 
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conductivity under a higher strain and improved dynamic stability. Combined with previous 

reports, it is clear that the superior dynamic stability of fully embedded conductor is mainly due to 

the outstanding stretchability of PDMS matrix, the strong adhesion between CuNWs and PDMS, 

and the buckled wavy shape of the CuNW/PDMS layer during the stretching process. These results 

clearly indicate that our fully embedded conductors represent an excellent advancement and can 

be successfully utilized in many stretchable devices. 

The stability of our fully embedded CuNWs/PDMS conductors at high temperatures and high 

humidity is also required for its practical application. In order to confirm the anti-oxidation 

performance of CuNWs/PDMS conductors, we have compared the change of relative resistance 

for fully embedded and semi-embedded conductor with the temperature and relative humidity 

being 85 °C and 85% respectively. The results are shown in Figure 2.6c. For semi-embedded 

conductor, the relative resistance began to increase suddenly after just 1 hour and rapidly increased 

to about 36 times after 12 hours in high temperature and humidity. As a comparison, the relative 

resistance of fully embedded conductor remains almost stable, having only a slight increase of 

about 10 times after 12 hours. In addition, we have also compared the resistance evolution of two 

samples after 85 °C/85% RH test, with peak strain at 20%, during 1,000 cycles. Figure 2.6d shows 

the dynamic stability of the two sample after 3 hours under 85 °C/85% RH test. While under 20% 

strain, after 1000 cycles, the resistance increased about 6.0 times for embedding structure and over 

24 times for non-embedding structure. For fully embedded conductor, PDMS substrate could 

effectively protect the CuNWs that were “underground” from the outer atmosphere. Therefore, it 

is easily understood they were stable as well. This result further indicates that the preferential 

oxidation of CuNWs can be significantly inhibited by the fully embedded structure.  
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Figure 2.6 Performance comparison between semi-embedded and fully embedded CuNWs/PDMS 

structures. (a) and (b), relative resistance of the conductors during the stretching-releasing process 

with the peak value of 10%, 20%, 30% strain. (c) The change of relative resistance in harsh 

environment (85 °C/85% RH). (d) After 85 °C/85% RH test, the relative resistance of conductors 

during the stretching-releasing process with the peak value of 20% strain. 

2.3.3 Applications of fully embedded CuNWs/PDMS conductors  

The field of wireless communication devices requires technologies for the mass production 

of high-performance stretchable antennas [26, 27]. To demonstrate the applicability of our 

embedding structured CuNWs/PDMS conductors, V-shaped dipole CuNWs antenna patterns were 

successfully fabricated. The antenna patterns were 30 mm in length and 5 mm in width with an 

angle of about 30, and the sizes of the PDMS substrates were 30.0 mm × 30.0 mm as shown in 

Figure 2.7a. Figure 2.7b shows the resonance frequency and the return loss of the CuNWs/PDMS 
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antennas before and after 500-cycles stretching test, the stretching strain is 20%. As seen, the return 

losses of CuNWs/PDMS antennas before stretching test is around 22.6 dB, after the stretching test 

it is 18.9 dB. There was no significant decrease in return loss of these two antennas, indicating that 

antenna sensitivity was maintained even after 500-cycles stretching test. Generally, the acceptable 

sensitivity for an antenna is that the return loss is less than 10 dB [28, 29]. Therefore, our results 

indicate that fully embedding structured CuNWs/PDMS antenna has high sensitivity and stability. 

The excellent stretching properties expand the application of embedding structured 

CuNWs/PDMS conductors into future wireless communication devices.  

 

Figure 2.7 Applications of fabricated CuNWs/PDMS conductors for wearable electronics. (a) 

Optical images during the stretching process of CuNWs/PDMS antenna and (b) its return loss 

before and after the 500-cycles stretching test. The time-dependent average temperature of the (c) 

semi-embedded and (d) fully embedded conductors at on/off responses over 10 cycles under an 

applied voltage of 4 V. The insets present infrared images of the conductor during repeated heating 

tests. 
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A stretchable conductive heater was fabricated as another emerging application to 

demonstrate the stability of CuNWs/PDMS conductor. A constant voltage was applied at both ends 

of the CuNWs/PDMS conductor to induce electrically driven resistive Joule heating. Figure 2.7c 

and d show the time-dependent average temperature of the CuNWs/PDMS conductor at repeated 

applied voltages and temperature distribution infrared images. For fully embedded conductor, it 

was confirmed that there was no significant change in achievable temperature in repeated heating 

tests by inputting and turning off the voltage (4 V) for 10 times (Figure 2.7c), and uniform heating 

can be seen throughout the entire conductor during this process. At the same time, the temperature 

response of semi-embedded conductor was decreased with the increase of time, the temperature 

distribution is uneven after 5 times heating test (Figure 2.7d). The stable temperature response of 

fully embedded conductor indicates that our fully embedded conductor can be feasible to 

applications such as automobile window defrosters that require fast temperature switching and 

stability.   

2.4 Conclusions 

In summary, CuNWs-based highly reliable, conductive and stretchable conductors were 

fabricated by embedding CuNWs below the surface layer of PDMS and completed with a simple 

high-intensity pulsed light process. The influence of light parameters on the performance of 

conductors was investigated. The light energy absorbed by the film not only removes the oxides 

on the surface of nanowires but also enhance the connection between nanowires to produce high 

conductivity. Due to the wrap of the CuNWs in the PDMS matrix, the fully embedded conductor 

shows ultrahigh oxidation resistance, which remains stable in air at 85 °C and 85% RH. The 

electrical resistance of the conductor is maintained at low levels when the strain is more than 70%. 

The fully embedded conductor endured 1000 cycles of stretching-releasing at a rate of 60 mm/min, 

under 30% strain and showed a slight increase in resistance. Additionally, fully embedded 

conductor was used as a dipole antenna. The stretchable antenna retained its sensitivity to specific 

radio frequencies after 500 cycles of the stretching-releasing process. With their superior stability, 
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conductivity and stretchability, the fabricated fully embedded CuNWs/PDMS conductors possess 

broad applications in stretchable strain sensors, skin sensors, bendable displays and wearable 

electronics. 
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Chapter 3 

Galvanic replacement free synthesis of Cu@Ag core-shell nanowires 

3.1 Introduction 

The obstacle hampering the real-world application of Copper nanowires (CuNWs) in 

stretchable conductive films is oxidation, which will produce copper oxide and decrease the 

conductivity and transparency of the conductors [1-4]. Herein, it is necessary to improve the 

oxidation stability of the CuNWs network. Several coating methods have been reported to protect 

the CuNWs against oxidation, like encapsulating the CuNWs in shells of organic materials [5], 

polymers [6, 7] , metals [8, 9], or embedding the CuNWs in a flexible substrate [10]. In general, 

the applied layer should not only protect the CuNW from oxidation, but also maintain the high 

conductivity of the original nanowires [11-13]. Therefore, one of the best solutions is the coating 

of metals, which could provide oxidation protection and electrical contacts at the same time [14, 

15]. Silver has the best intrinsic conductivity among all elements and it is more stable than copper 

when exposed to ambient environment [16-18]. Thus, the formation of Cu@Ag core-shell 

nanowires with a copper-core and silver-shell is considered to be one of the best solutions to 

improve the oxidation resistance of CuNWs. 

Many researchers have devoted to the synthesis of Cu@Ag core-shell nanowires [19-22]. 

However, due to the difference in reduction potentials (E0), the growth process of the silver 

(Ag+→Ag, E0 = +0.7996 V) on the copper nanowires surface (Cu2+→Cu, E0 = +0.3419 V) always 

dominated by galvanic replacement reaction and easily results in hollow nanostructures [23-25]. 

Consequently, when AgNO3 and CuNWs solution are mixed together, galvanic replacement 

reaction rapidly occurred between Cu atoms and Ag+ ions, result in Cu2+ ions and Ag atoms [26-

28]. The corresponding reaction equations are shown below: 

Cu(s) + 2Ag+(aq) → Cu2+(aq) + 2Ag(s) 

Considerable efforts have been made to synthesis metallic core–shell nanowires by a galvanic 

replacement free process. Mirkin et al. reported that the introduction of a reducing agent (ascorbic 
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acid) and a capping agent (cetyltrimethylammonium bromide) could prevent most galvanic 

replacement reactions from occurring except for the corners of the Ag nanoprism [29]. Yin et al. 

introduce I- ions to form complexes, thereby reducing the reduction potential of the Au salt. 

However, galvanic replacement still occurred during the synthesis of Ag@Au core-shell 

nanoplates and result in small voids on the surfaces of plates [30]. Niu et al. revealed that the E0 

and reduction rates could be reduced by the introduction of strong binding ligand 

(trioctylphosphine), and then prevent galvanic replacement reactions between Cu and Au precursor. 

It is found that all of these studies focused on the control of the reduction potential differences 

between the two involved metals, which requires expensive equipment to ensure stringent reaction 

conditions, thereby limit the large-scale production and increase the cost of preparation. Therefore, 

galvanic replacement free, large-scale and facile synthesis method is essential for obtaining the 

Cu@Ag core-shell nanowires as well as the widespread use of CuNWs in numerous wearable 

devices. 

Herein, we show a large-scale and galvanic replacement free method to obtain Cu@Ag core-

shell nanowires through a simple absorption and decomposition process. Figure 3.1 shows the 

detail formation process. During the adsorption process, by adjusting the reaction conditions, the 

Ag-ammonia complex can uniformly cover on CuNWs surface, then form Cu@Ag-ammonia core-

shell structure. In this process, since the Ag-ammonia complex ([Ag(NH2R)2]
+) and copper have 

similar reduction potentials, the replacement reaction between copper and silver can be completely 

avoided by using the Ag-ammonia complex as a silver source. After that, through a low 

temperature annealing process in air (140 C for 5 minutes), Ag complex will decompose to pure 

silver, and well-defined Cu@Ag nanowires will be obtained. Different thicknesses of the Ag shell 

can be obtained by changing the amount of Ag complex. Cu@Ag nanowires based conductors 

exhibit similar conductivity as well as transparency with that made by CuNWs. In addition, due to 

the effectively protection of silver shell, the newly formed core-shell nanowires exhibit 

outstanding stability in harsh environment. The expected significance of this work is the 

development of a new galvanic replacement free pathway toward the synthesis of metallic core-
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shell nanowires by a simple absorption and decomposition process, and achieve the large scale 

production. 

 

Figure 3.1 Schematic diagram of the galvanic replacement free formation of Cu@Ag core-shell 

nanowires.  

3.2 Experiment section 

3.2.1 Synthesis of CuNWs 

Anhydrous copper dichloride (CuCl2), octadecylamine (C18H39N, ODA), glucose (C6H12O6), 

chloroform (CHCl3), 2-ethylhexylamine (C8H19N), Ag-ammonia (Ag(NH3)2OH) and isopropanol 

(C3H8O, IPA) were purchased from Wako Chemicals Industries, Ltd. Ag (I) β-ketocarboxylate 

(CH3COCH(CH3)COOAg) was provided by Toppan Forms Co., Ltd. Glass substrate was 

purchased from Toray Industries, Inc. All reagents were analytical grade and used without further 

purification. CuNWs were prepared via a hydrothermal method. In a typical procedure, 0.4 mmol 
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CuCl2, 0.4 mmol glucose and 2.4 mmol ODA were mixed in 30 mL of water at room temperature 

and stirred continuously for 2 hours until the solution gradually became a blue emulsion. Then the 

feedstock was transferred into a 50 mL capacity Teflon-lined autoclave and heated at 120 C for 

24 h. When the autoclave was cooled to room temperature naturally, the reddish product was 

collected and then washed three times with water, chloroform and isopropanol, respectively. 

Finally, the CuNWs were dispersed in IPA for further use.  

3.2.2 Fabrication of Cu@Ag core-shell nanowire networks  

Ag (I) β-ketocarboxylate was firstly added into 2-ethylhexylamine with a molar ratio of 1:2 

to form Ag-ammonia complex solution. Then, Ag-ammonia complex 

([Ag(NH2CH2CH(CH2CH3)(CH2)3CH3)2]
+) was uniformly distributed into CuNWs solution to 

make Cu@Ag-ammonia complex core-shell structure, which were stored in refrigerator for further 

use. The ratio of CuNWs and Ag-ammonia complex can be modified to tune the coverage and shell 

thickness of the resulting core-shell structure. After that, the Cu@Ag-ammonia core-shell 

structures were sprayed onto the PET substrates using a nozzle powered by an air compressor. The 

substrate was placed on a hot plate with a temperature of 40 °C, which could effectively avoid the 

aggregation of Cu@Ag-ammonia core-shell structure due to the rapid evaporation of solvent. 

Finally, the film was heated to a temperature of 140 °C for 5 min to fabricate the Cu@Ag core-

shell nanowires conductors. The films were then used for tests in harsh environment and to 

fabricate transparent conductive heater. In addition, the Ag(NH3)2OH is used to mix with CuNWs 

to demonstrate that the adsorption process exists between CuNWs and [Ag(NH3)2]
+. 

3.2.3 Characterization. 

The crystalline nature and phase structures of the samples were characterized by powder X-

ray diffraction (XRD, Rigaku Smart Lab, Rigaku). The morphologies, components and structures 

of the samples were observed by field-emission scanning electron microscopy (FE-SEM, Hitachi 

SU8020, Hitachi) and transmission electron microscopy (TEM, JEM-ARM200F, JEOL Ltd.), 

equipped with energy dispersive spectroscopy (EDS). The cross-section of the core-shell 
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nanowires was obtained by gebrauchsanweisung (Leica Ultracut UCT). The electrical resistivity 

of the sample was measured by four probe analyzer (LorestaGP T610, Mitsubishi Chemical 

Analytech Co. Ltd.). Optical transmittance of the conductor over the wavelength range of 300–

800 nm was measured by a UV-visible near infrared spectrophotometer (V670, JASCO Corp.) 

using a sheet of pure PET as a reference. These measurements were performed at room temperature. 

The atomistic molecular dynamics simulations were performed in Material Studio 7.0. 

Environmental durability of the sample was evaluated by exploring them at high temperatures of 

140 °C, and also at 85°C with 85 % relative humidity (85 °C, 85% RH). To evaluate the thermal 

stability in static occasions, two ends of the heaters were fixed tightly on a desk-top universal 

testing machine, and two electrically conductive clips were connected to the stretchable heaters to 

supply a constant voltage. The temperature evolutions on the surface of the heater under different 

applied voltages were recorded by using an infrared (IR) camera (R500EX, NIPPON AVIONICS, 

sensitivity: 0.025°C). 

3.3 Results and discussion 

3.3.1 Characterization of Cu@Ag core-shell nanowires 

The SEM image of pure CuNWs is shown in Figure 3.2a. The average diameter of obtained 

nanowires are around 80 nm, which are uniform and have smooth surface. Figure 3.2b depicts the 

SEM image of the Cu@Ag-ammonia core-shell structure obtained from the mixed solution of 

CuNWs and Ag-ammonia complex. After mixed together, the entire surface of obtained CuNWs 

was covered by floccular structured Ag-ammonia complex. A core-shell precursor with CuNWs 

core and Ag-ammonia complex shell was obtained. Compared with CuNWs, the diameter of 

Cu@Ag-ammonia core-shell precursor has increased to 110~120 nm. After heated 5 min at 140 °C, 

the floccular structured Ag-ammonia complex decomposed into silver. As shown in Figure 3.2c, 

the uniform Cu@Ag core-shell nanowires were obtained with the diameter decreased to about 100 

nm. The cross-section of Cu@Ag nanowires was prepared to obtain the structural information. As 

show in Figure 3.2d, the cross-section of the sample is almost circular, which is different from 

pentagon CuNWs. The elemental map shown in Figure 3.2e-g depicts the structure of the obtained 
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nanowires. A core-shell structure can be clearly observed, in which red copper nanowires are 

surrounded by green silver shells. The average thickness of silver shell is about 8 nm as seen from 

the results. The elemental map (Figure 3.2e) also reveals that the obtained CuNWs exhibit a 

pentagon cross section. The preparation of Cu@Ag core-shell nanowires indicates that our simple 

adsorption and decomposition method are effective to synthesize metallic core-shell structures.  

 

Figure 3.2 SEM images of (a) CuNWs, (b) Cu@Ag-ammonia core-shell structure and (c) Cu@Ag 

core-shell nanowires. TEM image of the cross-section for Cu@Ag core-shell nanowires (d), and 

the corresponding elemental mapping images (e-g). The samples all with 20 wt% of silver. 

Cu@Ag core-shell nanowires with different thicknesses of silver shells can be obtained by 
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changing the amount of Ag complex in CuNWs solution. The SEM images of core-shell precursors 

with 5 wt%, 20 wt%, and 30 wt% of silver are given in Figure 3.3a-c. With a low Ag content of 5 

wt%, the surface of CuNWs is partly coated with floccular structures (Figure 3.3a). When the 

content of Ag increases to 20 wt%, the entire surface of the CuNWs are covered by silver complex 

(Figure 3.3b). When an excessive amount of Ag complex (30 wt%) was added, the surface of 

nanowires become rougher, the diameter of the core-shell precursors was increased (Figure 3.3c). 

No obvious aggregation is formed during the formation of core-shell precursors, and the interfaces 

between nanowires are clear. After that, core-shell precursors were heated for 5 min at high 

temperature of 140 °C, and Cu@Ag core-shell nanowires with different silver shell thickness were 

formed. As shown in Figure 3.3d-f, with higher Ag content, the diameter of the nanowires 

gradually increased, and a large number of silver particles appeared. The size of Ag particle 

changed from 5 to 60 nm, and larger silver particles mainly occur in high silver concentration. In 

addition, after heating, although the surfaces of CuNWs became rough, but no impurities appeared 

during this period.  
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Figure 3.3 The SEM images of core-shell precursors with (a) 5 wt%, (b) 20 wt%, (c) 30 wt% of 

Ag and Cu@Ag core-shell nanowires with (d) 5 wt%, (e) 20 wt%, (f) 30 wt% of Ag. 

The detailed time-dependent evolution of the morphology was evaluated in order to 

investigate the formation process of core-shell structure and its growth mechanism. Figure 3.4 

shows the SEM images for pure CuNWs and Cu@Ag-ammonia core-shell structure that obtained 

from the CuNWs and Ag-ammonia complex mixed solution (Cu-20Ag). The surface of pure 

CuNWs is very smooth as seen from Figure 3.4a. When the Ag-ammonia complex is added and 

stirred for 1 min, floccular structured Ag-ammonia appear on the surface of CuNWs (Figure 3.4b). 

The floccular structure gradually increased and cover the most surface of CuNWs after 5 min 

(Figure 3.4c). When the reaction time is increased to 10 min, the floccular structure further 

increases and perfect core-shell nanowire with copper core and silver-complex shell (Figure 3.4d) 
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was formed. The Cu@Ag-ammonia core-shell precursors obtained from the solution that mixed 

for 5 min were heated for 5 min at the temperature of 140 C, the cross-section of the corresponding 

nanowire was shown in Figure 3.4e, which was used to further explain the adsorption process. It 

can be clearly seen that there are many small particles scattered around the pentagon structure. The 

corresponding elemental map (Figure 3.4f-h) shows that, the nanoparticles are silver and, the 

pentagonal structure is copper, which further confirm the formation process of core-shell 

nanowires. We can conclude that at the beginning Ag-ammonia is distributed in solution. With the 

increase of stirring time, most of the complexes gradually adsorbed on CuNWs and core-shell 

structure was formed. Therefore, by the introduction of Ag-ammonia complex as silver source, 

Cu@Ag core-shell nanowires were obtained through a galvanic replacement free process.  



Chapter 3 Galvanic eplacement free synthesis of Cu@Ag core-shell nanowires 

72 
 

 

Figure 3.4 The growth process for the Cu@Ag-ammonia core-shell precursors. The SEM image 

of (a) pure CuNWs, the Cu@Ag-ammonia core-shell structure obtained with different stirring 

times: (b) 1 min, (c) 5 min and (d) 10 min. TEM image of the cross-section for (e) Cu@Ag 

nanowire, (f-h) the corresponding elemental mapping images, which obtained from the solution 

that mixed for 5 min. The silver is 20 wt% in complex inks.  

3.3.2 Formation mechanism of core-shell structure 

In order to analyze the adsorption process, atomistic molecular dynamics simulations are 

performed by Material Studio within a solution system including CuNWs, Ag-ammonia complex 

and IPA molecule. Figure 3.5a shows the adsorption process of 
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[Ag(NH2CH2CH(CH2CH3)(CH2)3CH3)2]
+ within 5 ps. It can be clearly seen that as the mixing 

time is extended, more Ag-ammonia is adsorbed onto the surface of CuNWs. At the same time, 

the evolution of energy over time in CuNWs and Ag-ammonia mixed solution are shown in Figure 

3.5b and c. It can be clearly seen that when CuNWs and Ag-ammonia complex are mixed, the 

electrostatic energy and van der Waals energy in the solution are reduced by 3000 kcal/mol and 

200 kcal/mol respectively, which is associated with the decrease of distance between CuNWs and 

Ag-ammonia complex.  

Obviously, the electrostatic energy differences are greater than van der Waals energy 

differences, which indicates that the electrostatic energy is the dominant effect for adsorption 

process. Obviously, the change in electrostatic energy is larger than van der Waals energy, which 

indicates the dominant position of electrostatic energy in the adsorption process. In addition, total 

potential energy of the solution decreased at first and then remain stable after 10 ps, shows that the 

solution has reached a steady state after adsorption process. In practice, the adsorption process 

typically takes longer due to the large amounts of silver complex in the mixed solution. After that, 

in order to prove that the adsorption process could exists between CuNWs and other Ag-ammonia 

complex, we also simulate the adsorption process of [Ag (NH3)2]
+, as shown in Figure 3.5d. The 

same adsorption process can be observed with the increase of mixing time, which indicates that, 

the adsorption process can occur between CuNWs and other Ag-ammonia complex and form the 

core-shell precursors.   
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Figure 3.5 The adsorption process of (a) Ag[(NH2CH2CH(CH2CH3)(CH2)3CH3)2]
+ by 

atomistic molecular dynamics simulation. Time evolution of (b) electrostatic energy and van der 

waals energy, (c) total valence energy and total potential energy of CuNWs and Ag-ammonia 

mixed solution. (d) The adsorption process of Ag[(NH3)2]
+ on the surface of CuNWs by 

atomistic molecular dynamics simulation. 

The second step for the fabrication of Cu@Ag core-shell nanowires is thermal decomposition. 
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When Ag (I) β-ketocarboxylate and 2-ethylhexylamine are mixed together, an unstable Ag-

ammonia complex ([Ag(NH2CH2CH(CH2CH3)(CH2)3CH3)2]
+) is formed. The appearance change 

of the mixed solution with time is shown in Figure 3.6. Initially, the Ag-ammonia complex ink was 

transparent without any color. The solution color changed from initial colorless to grayish after 20 

minutes left at home temperature. The changes in color indicate the decomposition of Ag-ammonia 

complex ink [31-33]. XRD was introduced to demonstrate the complete decomposition of Ag-

ammonia complex and other organic materials. Figure 3.7a shows the phase transition of Ag-

ammonia complex under different annealing temperature. The diffraction signals at 34.1, 39.1, 

43.3, 48.9, 53.9, 60.9 all belong to the characteristic peaks of Ag2NHCO2 (JCPDS 28-1017). 

Therefore, we speculate that the Ag-ammonia complex decomposes into Ag2NHCO2 at room 

temperature. When increase the temperature to 60 C, the peaks of Ag (111), Ag (200), Ag (220), 

Ag (311) and Ag (222) appear. Further increase the temperature, the relative intensity of Ag peaks 

becomes much stronger while that of Ag2NHCO2 becomes weaker. When the temperature increase 

to 140 C, only the peaks of Ag can be seen, which means the complete decomposition of the Ag-

ammonia complex. Cu@Ag-ammonia core-shell structure with different thickness of Ag-ammonia 

shell were treated at 140 °C for 5 min, and the corresponding XRD patterns are shown in Figure 

3.7b. With the increased amount of Ag-ammonia complex, the relative peak intensities of Ag were 

increased. There are no extra peaks observed, confirming the completely transformation of 

Cu@Ag-ammonia core-shell structure into Cu@Ag nanowires after heating, and no copper oxide 

is produced during this process. The XRD results illustrate that Cu@Ag core-shell nanowires can 

be easily obtained after a simple heating process without costly equipment and rigorous reaction 

conditions. 

Combining the SEM results, dynamic simulation and XRD analysis results, we can conclude 

that the formation of Cu@Ag core-shell nanowire can be rationally expressed into three sequential 

steps: (1) When CH3COCH(CH3)COOAg was added into CH3(CH2)3CH(CH2CH3)CH2NH2 

solution with a suitable molar ratio, floccular structured [Ag(NH2CH2CH(CH2CH3)(CH2)3CH3)2]
+ 

was formed after stirring. (2) Driven by electrostatic energy, the Ag-ammonia complex gradually 
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adsorbs onto CuNWs to form Cu@Ag-ammonia core-shell structure. (3) After heated at 140 C 

for 5 min, Ag-ammonia complex shell decomposed to pure Ag shell, and Cu@Ag core-shell 

nanowires were obtained. Our method provides a new way to deposit Ag shell on CuNWs with a 

galvanic replacement free process.  

 

Figure 3.6 The appearance change of Ag (I) β-ketocarboxylate and 2-ethylhexylamine mixed 

solution at room temperature. 

 

Figure 3.7 (a) XRD patterns of Ag-ammonia complex at different decomposition temperatures. (b) 

XRD patterns of the Cu@Ag core-shell nanowires with different amount of silver. 

3.3.3 Stability and applications of core-shell nanowires based conductors 

Figure 3.8a summarizes the relationship between sheet resistance and transmittance for 
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CuNWs conductor and Cu@Ag core-shell nanowire conductor with different thickness of silver 

shell. It is worth noting that, the Cu-5Ag nanowires exhibit similar properties to pure CuNWs, 

with no significant reduction in optical and electrical performance. Meanwhile, the transparency 

of Cu-20Ag and Cu-30Ag showed a slight decrease, which mainly due to the thicker Ag shell (10 

nm or more). 

The long-term stability is crucial for the practical application of the conductors. Therefore, 

we evaluated the ability of nanowires to maintain their original low resistance under high 

temperature and high humidity conditions (85 °C, 85% RH). The resistance evolution of the 

conductive (T = 80 %) made from CuNWs (RS = 32 Ω sq-1), Cu-5Ag (RS = 33 Ω sq-1), Cu-20Ag 

(RS = 31 Ω sq-1) and Cu-30Ag (RS = 37 Ω sq-1) core-shell nanowires in a harsh-environment was 

compared in Figure 3.8b. Not surprisingly, the unprotected CuNWs have the worst stability. The 

relative resistance (R/R0, R0 is the original sheet resistance and R is the sheet resistance after 

oxidation) of CuNWs rapidly increases and almost no conductivity could be measured only after 

10 h. Compared with CuNWs, the oxidation stability of the Cu-5%Ag nanowires has been 

improved. But after 100 h, the R/R0 of the conductor increased more than 60 times, which mainly 

caused by incomplete coverage of the silver shell. Impressively, the R/R0 for Cu-20Ag and Cu-

30Ag only have a slight increase of 3.3 and 1.8 times even after 500 h, which also showed that the 

complete coverage of CuNWs surface can be realized when the amount of Ag is 20 wt %.  

After that, we further evaluate the nanowires’ stability toward high temperature. The evolution 

of relative resistance as a function of time for CuNWs and Cu@Ag core-shell nanowires 

conductors (T = 80 %) at 140 °C was shown in Figure 3.8c. The worst stability was observed in 

unprotected CuNWs, which almost lose the conductivity after 50 h. Although the stability of Cu-

5%Ag nanowires was improved compared to pure CuNWs, its relative resistance increased nearly 

70 times after 500 h. Cu-20%Ag and Cu-30%Ag nanowires conductors have the same level of 

conductivity, both of them undoubtedly exhibit improved thermal stability. The R/R0 of Cu-20Ag 

and Cu-30Ag increased by 4 and 1.6 times, respectively after exposed to high temperature for 700 

h. The presence of silver shells greatly improves the thermal stability of the Cu@Ag core-shell 
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nanowires. 

 

Figure 3.8 (a) Transmittance versus the sheet resistance of transparent conductors made from 

CuNWs, Cu-5Ag, Cu-20Ag and Cu-30Ag. Stability of transparent conductors (T = 80%) in (b) 

standard harsh condition (85 °C, 85% RH) and (c) high temperature environment (140 °C). (d) 

On/off responses of transparent conductive heater (Cu-20Ag, T = 80%) with the applied voltage 

of 6 V. (e) The temperature changes of the heater with the applied voltage changed from 1V to 8V, 

as well as the corresponding infrared images.  

In order to demonstrate the performance of our Cu@Ag core-shell nanowires, a stretchable 

heater was fabricated. The two ends of the Cu-20Ag based heater (T = 80%) were added with 
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voltage to obtained the Joule heat. As shown in Figure 3.8d, the temperature of the stretchable 

conductor remains stable after 10 cycles of opening and closing the high input voltage of 6 V. The 

variety of the temperature with input voltage for the Cu@Ag nanowires based heater is shown in 

Figure 6e. Due to the high thermal stability of the core-shell nanowire, a uniform temperature 

distribution was observed in the heaters that under different input energies. At the same time, when 

the input voltage is increased from 1 V to 8 V, the temperature of the heater rises rapidly and 

reaches stability, which showing a rapid temperature response.  

3.4 Conclusions 

In summary, to overcome the poor stability of CuNWs-based conductors, Cu@Ag core-shell 

nanowires with tunable thickness of silver shell could be obtained through a facile adsorption and 

decomposition process. The introduced Ag-ammonia complex can be adsorbed on the surface of 

CuNWs to form Cu@Ag-ammonia core-shell structure. After a low temperature heating process 

in air, silver complex was decomposed into pure silver shell. The use of Ag-ammonia complex as 

silver source could avoided the galvanic replacement that is encountered in traditional synthesis 

methods. The synthesis process and mechanism of adsorption and decomposition process are 

discussed in details. In addition, owing to the protection of silver shell, as-prepared Cu@Ag core-

shell nanowires show excellent stability for at least 500 h at both high temperatures (140 C) and 

standard harsh environment (85 C, 85 % RH), which could be used in next-generation of 

stretchable transparent conductors. 
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Chapter 4 

Alloying and embedding of Cu-core/Ag-shell nanowires 

4.1 Introduction  

Considerable researches have been devoted to enhance the oxidation resistance whilst 

maintain the high electrical conductivity of CuNWs. Two main methods have recently been 

proposed to achieve CuNWs with high stability. One of the methods is to encapsulate or embed 

CuNWs into plastic substrates to achieve a composite structure [1-3]. For example, through in situ 

photo-polymerization, the CuNW network was transferred from a glass substrate to an elastic 

poly(acrylate) matrix and formed the partly embedded structure. No decrease in conductivity was 

observed in the corresponding composite electrode after 50 days under room condition (27 °C, 40% 

RH) [4]. In addition, by coating the liquid polyurethane (PU) precursor on the surface of CuNW 

networks, a CuNWs/PU composite electrode was successfully achieved, which can be reversibly 

stretched up to 60% strain without much loss of rubbery elasticity or electrical conductivity [5]. 

However, the complex and time-consuming transfer step greatly increase the fabrication cost.  

The formation of a core-shell structure that encapsulates Cu with an inert shell is another 

approach [6-10]. For example, Cu@Au core-shell nanowires with enhanced resistance to heat 

(80 °C), humidity (80% relative humidity(RH)) and air for at least 700 h have been synthesized by 

a galvanic replacement free process [10]. In addition, a thin Ag shell was electroless deposited on 

CuNWs to confer oxidation resistance and conductivity. The resulting Cu@Ag core-shell 

nanowires were resistant to oxidation in high temperature (160 °C) and under humid conditions 

(85 °C, 85% RH) for 24 h [11]. However, such core-shell structures have some unavoidable 

disadvantages. For example, the loose and irregular accumulation of metal-shell is unable to 

completely obstruct the inward diffusion of O2. The rapid reaction of Cu and O2 tends to form an 

oxide layer between the Cu-core and metal-shell, resulting in high resistance [12-14]. Alloy 

nanowires with dense shell and strong interface between core and shell are expected to be the ideal 

solution to this problem [15-17].     
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In the present work, transparent (T) electrodes with dense Cu@Ag alloy (A) nanowires 

embedded (E) in the surface layer of stretchable substrates (TAE electrodes) were successfully 

fabricated by processing Cu@Ag core-shell nanowires/PU electrodes with a high-intensity pulsed 

light (HIPL) technique. The light energy absorbed by loose Cu@Ag core-shell nanowires drives 

the rapid diffusion between the Cu core and Ag shell, enabling the formation of dense Cu@Ag 

alloy nanowires. At the same time, the light improves the adhesion between wires and substrates, 

resulting in an embedded structure. The combination of dense alloy nanowires and embedded 

structures enable TAE electrodes to have ultra-high thermal stability, which maintain high 

conductivity at high temperature (140 °C) and high humidity (85 °C, 85% RH) up to 500 h. A 

stretchable and transparent heater was fabricated based on the TAE electrode, which exhibits 

uniform temperature distribution and high thermal stability due to the alloy nanowires and 

embedded structures. 

4.2 Experiment section 

4.2.1 Fabrication of TAE electrodes 

Anhydrous copper dichloride (CuCl2), octadecylamine (C18H39N, ODA), glucose (C6H12O6), 

chloroform (CHCl3), 2-ethylhexylamine (C8H19N) and isopropanol (C3H8O, IPA) were purchased 

from Wako Chemicals Industries, Ltd. Ag (I) β-ketocarboxylate (C5O3H7Ag) was provided by 

Toppan Forms Co., Ltd. Polyurethane (PU) substrate was obtained from Takeda Sangyo Co., Ltd. 

All reagents were analytical grade and used without further purification.  

Firstly, CuNWs were prepared via a hydrothermal method [18]. In a typical procedure, CuCl2, 

glucose, and ODA with a molar ratio of 1:1:6 were mixed in water and stirred continuously for 2 

hours. Then the feedstock was transferred into a 50 mL capacity Teflon-lined autoclave and heated 

at 120 C for 24 h. When the autoclave was cooled to room temperature, the product was collected 

by centrifugation, washed three times with water, chloroform, and isopropanol respectively. After 

that, the obtained CuNWs were dispersed in IPA.  

Ag (I) β-ketocarboxylate was mixed with 2-ethylhexylamine solvent with a molar ratio of 1:2 
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to form Ag-amine complex solution. Then, the freshly prepared CuNWs and Ag-amine complex 

were mixed together with a molar ratio of 1: 8.3, which was sprayed onto the PU substrates using 

a nozzle powered by an air compressor to form the film. After that, the fabricated films were heated 

to a temperature of 140 °C for 5 min to form Cu@Ag core-shell nanowires with Ag content of 20 

wt.% Cu, and then exposed to HIPL to form Cu@Ag alloy nanowires with embedded structures. 

4.2.2 Characterization 

The crystzalline nature and phase structures of the samples were characterized by powder X-

ray diffraction (XRD, Rigaku Smart Lab, Rigaku). The morphologies, components, and structures 

of the samples were observed by field-emission scanning electron microscopy (FE-SEM, Hitachi 

SU8020, Hitachi) that equipped with energy dispersive spectroscopy (EDS). The electrical 

resistivity of the sample was measured by four probe analyzer (LorestaGP T610, Mitsubishi 

Chemical Analytech Co. Ltd.). To evaluate the thermal stability in static occasions, two ends of 

the heaters were fixed tightly on a desk-top universal testing machine, and two electrically 

conductive clips were connected to the stretchable heaters to supply a constant voltage. The 

temperature evolutions on the surface of the heater under different applied voltages were recorded 

using an infrared (IR) camera (R500EX, NIPPON AVIONICS, sensitivity: 0.025°C). The photonic 

sintering system used in this study is the PulseForge 3300 (Novacentrix, Austin, TX) that features 

a broadband emission range from 200 to 1500 nm. The water-cooled xenon lamp, located 10 mm 

from the substrate stage, can vary the optical energy as a function of the electrical voltage and 

duration time. All of the measurements were performed at room temperature. 

4.3 Result and discussion 

4.3.1 Resistance and transparent evolution 

Figure 4.1a schematically illustrates the fabrication process of TAE electrodes and highlights 

the structural changes during each step. As described in the previous work, uniform Cu@Ag-amine 

core-shell structures can be obtained by mixing CuNWs and Ag-amine complex and randomly 

being distributed on the surface of PU substrates through a spray coating process [18]. After a 
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simple heating treatment at 140 °C, Cu@Ag core-shell nanowires with a rough and loose surface 

are achieved on the surface of PU substrates. Finally, by processing Cu@Ag core-shell 

nanowires/PU electrodes with a controllable high-intensity pulsed light (HIPL) technique, TAE 

electrodes are obtained with denser and smoother Cu@Ag alloy nanowires embedded in the 

surface layer of PU substrates. Since the entire process is solution-processed in the air, TAE 

electrodes with a large size (15 cm × 15 cm) can be fabricated easily (Figure 4.1b and c). The TAE 

electrode can maintain high transmittance before and during the stretching process. In addition, 

the mechanical properties of TAE electrodes and pure PU substrates were measured (Figure 4.1d). 

The TAE electrodes exhibit similar stretchablity to that of pure PU substrates, indicating that the 

fabrication process does not change the mechanical property of the original substrates, which 

facilitates their applications in next-generation stretchable and wearable electronic devices. 

Cu@Ag core-shell nanowire/PU electrodes with transmittance of 78% (Group A) and 89% 

(Group B) were treated with light energies of 0.8, 1.6, 2.4, 3.2, 4.0, and 4.8 J/cm2, respectively, to 

investigate the relationship between the sheet resistance (SR) and the input energy (Figure 4.2a). 

It is found that as the input energy increases, the SR of both samples decreases rapidly, and then 

becomes stable. For example, prior to light treatment, the SR of Group B is around 80 Ω/sq, which 

decreases to 35 Ω/sq with the light energy of 3.2 J/cm2. Further increase the light energy to 4.0 

J/cm2 and 4.8 J/cm2, the SR of the samples remains stable without further reduction. Thus, in order 

to obtain highly conductive TAE electrodes, the light energy of 3.2 J/cm2 is enough in the study. 

In addition, the transmittance of the samples is kept almost unchanged during this process, which 

is very beneficial for achieving highly transparent electrodes. Besides, it is found that the 

transmittance of the samples become higher under a strain such as 30% because the relative density 

of nanowires on the substrate decreases during the stretching process (Figure 4.3a). 
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Figure 4.1 (a) Schematic of the fabrication process of TAE electrodes and corresponding SEM 

images of the products for each step: Cu@Ag-amine core-shell structures, Cu@Ag core-shell 

nanowires, and TAE electrodes. Optical images of the large-size TAE electrode before (b) and 

during (c) the stretching. (d) Typical force-strain curves of pure PU substrates and TAE electrodes. 

The microstructures of Cu@Ag core-shell nanowires/PU electrodes (T = 89%, Group B) 

under different input energies were investigated to support their SR evolution. As shown in Figure 

4.2b, when treated with lower energy of 0.8 J/cm2, nanowires are randomly distributed on the 

surface of PU, and no obvious junctions exist between nanowires, which is consistent to the high 

resistance of 57 Ω/sq. After treated with the higher energy of 2.4 J/cm2, the Cu@Ag nanowires are 

connected with each other and strong adhesion is formed between wires and the PU substrate 

(Figure 4.2c); therefore, the corresponding SR is reduced to 42 Ω/sq. Further increasing the input 

energy to 3.2 J/cm2 results in the minimum SR of 35 Ω/sq. Also, under this situation, most of the 

nanowires are buried into the surface layer of the PU substrate, forming the embedded structure 

(Figure 4.2d). When Cu@Ag core-shell nanowire/PU electrodes are exposed to HIPL, the light 
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energy absorbed by nanowires transformed into thermal energy, which induces the welding 

between nanowires and produces high conductivity. At the same time, due to the high thermal 

conductivity of Cu@Ag nanowires, the heat instantaneously transmits to the PU substrate and 

soften the surface of the PU substrate, leading to the embedded structure [20, 21]. In addition, the 

evolution of surface roughness for Cu@Ag core-shell nanowires/PU electrodes (T = 89%, Group 

B) under different light energy was measured (Figure 4.3b). The surface roughness of the original 

electrodes is around 0.89 µm. With the increase of light energy from 0.8, 2.4 to 3.2 J/cm2, the 

surface roughness is reduced to about 0.86, 0.82 and 0.79 µm, respectively. The evolution of the 

roughness indicates that the roughness of the patterns has been improved after HIPL process, which 

is consistent with the SEM results. Therefore, highly conductive and transparent Cu@Ag nanowire 

electrodes with  embedded structures can be achieved easily. 

 
Figure 4.2 Resistance evolution and top-view images of Cu@Ag nanowires/PU electrodes as a 

function of supplied energies for HIPL process. (a) Resistance and transparent changes of Cu@Ag 

nanowires/PU electrodes treated with different light energy. SEM images of Cu@Ag networks on 

PU substrates treated with light energy of (b) 0.8 J/cm2, (c) 2.4 J/cm2, and (d) 3.2 J/cm2.  
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Figure 4.3 (a) The evolution of transmittance of the samples under different strain. (b)The surface 

roughness evolution of the Cu@Ag core-shell nanowires/PU electrodes (T = 89%) that treated 

with the light energy of 0, 0.8, 2.4 to 3.2 J/cm2. 

4.3.2 Surface morphology and crystal structure evolution  

The close-up SEM images in Figure 4.4a-c show the surface evolution of Cu@Ag core-shell 

nanowires with different input energies. The nanowires are placed on a silicon plate to avoid the 

formation of embedded structures on PU substrate. Prior to the HIPL treatment, the newly formed 

Ag nanoparticles cover the entire surface of the CuNWs. The Ag nanoparticles are relatively small 

and have clear boundaries with each other (Figure 4.4a). After treated with a low energy of 1.6 

J/cm2, the Ag nanoparticles are connected with each other and some large grains are formed as 

shown in Figure 4.4b. With the further increase of energy to 3.2 J/cm2, the nanoparticles and 

CuNWs seem to be fused into an integral structure and the surface of the nanowires becomes 

denser and smoother (Figure 4.4c). The composition of the Cu@Ag nanowire that treated with 

light energy of 3.2 J/cm2 was testified by energy dispersive spectroscopy (EDS) mapping. As 

shown in Figures 4.4d-f, Cu is mainly distributed in the center zone, while Ag is distributed at the 

edges, confirming the Cu@Ag core-shell structure. 

The crystal structure of the Cu@Ag nanowires under different light energies was measured 

by X-ray diffraction (XRD) (Figure 4.4g). The corresponding lines for pure Cu and pure Ag are 

obtained from the JCPDS file number 85-1326 and 65-2871, respectively. All of the patterns 
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exhibit same diffraction peaks that can be indexed as (111), (200) and (220) planes of the face-

centered cubic Cu and Ag crystal, which indicates that the obtained electrodes have high metallic 

purity without any oxides even though the whole experimental process is conducted in air. It is 

worth noting that, the diffraction peaks of the Cu@Ag nanowires exhibit a shift with the increase 

of input light energy. The peak of Ag (111) moves from the original 38.16º to the right 38.6º, while 

the Cu (111) peak of 43.34º shifts to the left of 43.05º (Figure 4.5a). Pure AgNW and CuNW 

electrodes were prepared and treated with light energy of 4.8 J/cm2 for comparison. As shown in 

Figure 4.5b and c, no peak shift is observed. Therefore, these results suggest that the peak shifts 

are because of the formation of solid solution alloy nanowire rather than the residual stress in the 

electrodes [22, 23].  

Since Cu and Ag have the same face-centered cubic structure and the relative atomic radius 

ratio between Ag and Cu is 11.1 pct, Cu@Ag alloy is a substitutional solid solution [24]. Herein, 

the interplanar spacing change of Ag (111) and Cu (111) were collected as shown in Figure 4.5d. 

It can be seen that the lattice of the Ag phase is compressed from 2.3493 Å to 2.3128 Å, while the 

lattice of the Cu phase is enlarged from 2.0862 Å to 2.1008 Å, which is due to the atomic radii 

difference between Cu (0.1278 nm) and Ag (0.1444 nm) [23]. The variation trend of the interplanar 

spacing further confirms the formation of Cu@Ag alloy nanowires.  On the basis of average lattice 

constants obtained from the (111), (200), and (220) diffraction peaks of Ag and Cu phases, the 

solid solubilities of Cu into Ag and Ag into Cu were further estimated by Vegard’s law (eq 1):  

𝑥 =
𝑎−𝑎1

𝑎2−𝑎1
× 100                                                              (1) 

Where 𝑎 is the lattice parameter of the alloy, 𝑎1 is the lattice parameter of the solvent, 𝑎2 is the 

lattice parameter of the solute, and 𝑥 is the metastable solid solubility of the alloy. As shown in 

Figure 4.4h, with the increase of the light energy, the solubilities of Ag in Cu and Cu in Ag increase 

rapidly and finally reach saturation values of about 4.2 at. % and 12.2 at. %, respectively. The 

solubility shows that, during the HIPL process, Ag atoms randomly replace Cu atoms and vice 

versa, and alternate Ag- and Cu-rich domains are created. Always, the solid solubility limit of Ag 

in Cu or Cu in Ag is lower than 2.0 at. % at room temperature [14]. Cu@Ag alloy nanowires with 



Chapter 4 Alloying and embedding of Cu-core/Ag-shell nanowires 

92 
 

high solid solubility are obtained because the HIPL process produces extremely high heat in 

extremely short time, which drives the effective interdiffusion between Cu core and Ag shell and 

realizes the sintering of them [17]. Combining the above results, the HIPL process not only forms 

embedded structures but also produces dense Cu@Ag alloy nanowires with a high solid solubility. 

 

Figure 4.4 The evolutions of surface morphology and crystal structure of Cu@Ag nanowire 

electrodes treated with different light energies. SEM images of the surface transformation for 

Cu@Ag nanowires treated with energies of (a) 0 J/cm2, (b) 1.6 J/cm2, (c) 3.2 J/cm2. (d-f) The EDS 

mapping images of Cu@Ag alloy nanowires. (g) XRD patterns of Cu@Ag nanowires after HIPL 

process with different energies. (h) The solid solubility changes of Cu in Ag and Ag in Cu.  
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Figure 4.5 (a) The shift tendency of 2θ positions of Ag(111) and Cu(111) diffraction peaks as the 

input light energy increases. XRD patterns of (b) pure Ag electrode and (c) pure Cu electrode after 

HIPL process using the light energy of 4.1 J/cm2. (d) Spacing changes of Ag (111) and Cu (111) 

diffraction directions with different input energy. 

4.3.3 Thermal stability and application of TAE electrodes 

Remarkable stability under various environments and outstanding mechanical robustness 

against stretching are essential prerequisites for applications of TAE electrodes in wearable 

electronics. Figure 4.6a compares the thermal stability of TAE electrodes with CuNW electrodes, 

Cu@Ag core-shell NW electrodes, and representative electrodes from previous studies [25-27]. 

The relative resistance (R/R0, R0 is the original resistance of electrodes and R is the resistance after 

the aging test) of the TAE electrodes exhibits more stable than CuNW electrodes, Cu@Ag core-

shell NW electrodes and most previously reported electrodes, even though they are exposed to the 

more harsh condition (85 °C, 85% RH). The high thermal stability of TAE electrodes is attributed 

to the combination of the dense alloy nanowire and the embedded structure, which hinders the 

inward diffusion of O2 and greatly decreases the contact between Cu and O2. The corresponding 
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microstructure evolutions of CuNWs electrodes and TAE electrodes were observed (Figure 4.7). 

It can be clearly seen that, after ageing test for 10 h, the entire surface of the CuNWs become rough 

(Figure 4.7a). As the time increases to 50 h, the breakage of CuNWs is observed and some irregular 

particles appear (Figure 4.7b), which is likely because of the oxidation of Cu [28]. In contrast, the 

surface of TAE electrodes is kept almost unchanged (Figure 4.7c, d). In addition, the stability of 

the TAE electrodes at high temperature of 140 °C was further explored. As shown in Figure 4.6b, 

TAE electrodes show the highest stability again because of the combination effects of the alloy 

nanowire and the embedded structure.  

Additionally, some mechanical tests were conducted to evaluate the electro-mechanical 

stability of the TAE electrodes. Figure 4.6c compares the R/R0 variation of different electrodes 

under tensile strain up to 80%. It is found that the R/R0 of electrodes fabricated from CuNWs and 

core-shell nanowires exhibit a rapid increase to about 25 at 80% strain, while that of TAE 

electrodes undergo a much smaller increase to only 6. The cyclic stretching-relaxation test at 30% 

strain was also conducted to evaluate the long-term stability of the fabricated electrodes (Figure 

4.6d). The resistance of Cu@Ag core-shell nanowire electrodes is more stable than that of CuNW 

electrodes because the Ag particles produced from the decomposition of Ag-amine shell can 

enhance the connection between CuNWs. Compared with pure CuNW and Cu@Ag core-shell 

nanowire electrodes, a much smaller change in resistance of TAE electrodes is detected after 1000 

cycles testing. The higher electro-mechanical stability of the TAE electrodes is mainly attributed 

to the robust Cu@Ag alloy nanowire network and the embedded structure. The superb thermal 

stability and high electro-mechanical stability of the TAE electrodes guarantee their application 

prospect in wearable electronics.  
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Figure 4.6 Thermal stability and electro-mechanical stability of TAE electrodes (T = 85%, SR = 

23 Ω/sq). (a) Evolution of the R/R0 of CuNW electrodes, Cu@Ag core-shell NW electrodes, TAE 

electrodes, and previously reported electrodes during the high temperature and high humidity 

aging test. (b) Evolution of the R/R0 of the CuNW, Cu@Ag core-shell NW and TAE electrodes 

under high temperature of 140 °C. (c) Evolution of the R/R0 of electrodes under a strain of up to 

80%. (d) Evolution of the R/R0 of electrodes during the cyclic test at 30% strain (12 s for one 

cycle).  
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Figure 4.7 SEM images of the structure changes for (a, b) CuNW conductor and (c, d) AE 

conductor exposed at standard harsh environment (85 °C, 85% RH) for (a, c) 10 h and (b, d) 50 h.  

As a proof-of-concept application of these ultra-stable TAE electrodes, a stretchable and 

invisible heater was fabricated. To evaluate the heating performance of the heater, its surface 

temperature at a certain input DC voltage was captured in real time with the aid of an infrared (IR) 

thermal camera. Figure 4.8a shows the temperature as a function of time with various DC voltages. 

By applying a constant DC voltage, the temperature of the heater is raised quickly due to the Joule 

heating of the Cu@Ag alloy network and reaches a plateau within 30 s. The saturation temperature 

is dependent on the applied voltage, which can be adjusted easily. A cyclic heating test was 

conducted by repeatedly applying input voltage of 5 V to the heater. As shown in Figure 4.8b, 

during the given period of 2400 s, 40 cycles with regular ascending and descending temperature 

are observed, indicating the repeatability of the heating performance and confirming the ultrahigh 

stability of TAE electrodes. To reveal the dependence of the heating performance on the initial 

sheet resistance, the time-dependent temperature curves of the TAE electrodes with different sheet 

resistance of 5.1, 10.7, and 15.2 Ω/sq were measured at different input voltage (2 V, 4 V, 6 V) 
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(Figure 4.8c). It is seen that the electrodes with lower sheet resistance yield higher surface 

temperatures because of the higher power supply at the same voltage. In addition, since wearable 

heaters will unavoidably suffer mechanical impacts during human body movements, it is 

absolutely essential to evaluate the heating performance of the heater under mechanical 

deformations. Figure 4.8d records the temperature variation of the heater that is heated to the 

saturation temperature of 76 °C and then gradually stretched up to the maximum strain of 60%. It 

is found that with the increase of tensile strain, the heater works stably with a slight temperature 

decrease because of the resistance increase of the heater. The heater can keep 90% and 82% heating 

performance at strain of 40% and 60% respectively. To sum up, the heater fabricated from low-

cost TAE electrodes have outstanding Joule heating performance as well as high stability in both 

static and dynamic conditions, which is very promising in the field of thermal therapy. 
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Figure 4.8 Characterization of stretchable transparent heaters based on TAE electrodes. (a) The 

temperature evolution of the heater for stepwise increases in voltage from 1 to 6 V. (b) The cyclic 

thermal stability test of the heater with the applied voltage of 5 V. (c) Temperature as a function of 

time for different applied voltages and for different initial SR. (d) Relative temperature change and 

the corresponding IR images of the heater (T = 80%, SR = 11 Ω/sq) as a function of applied tensile 

strain. The applied voltage is 4 V.  

4.4 Conclusions 

In conclusion, highly cost-effective, ultra-stable, transparent, and stretchable electrodes are 

successfully fabricated by alloying Cu-core/Ag-shell nanowires and embedding them in the 
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surface layer of substrates (TAE electrodes). The combination effects of dense alloy nanowires and 

embedded structures improve the thermal stability of TAE electrodes strikingly so that they have 

outstanding long-term stability without obvious changes in the resistance over 500 h in both high 

temperature (140 °C) and high humidity (85 °C, 85% RH), which is much better than previous 

reports. It also demonstrated that the TAE electrodes exhibit high electro-mechanical stability 

which can remain stable after 1000 stretching-relaxation cycles at 30% strain. A stretchable and 

transparent heater based on the TAE electrode is demonstrated with uniform temperature 

distribution as well as excellent reliability under both elevated temperatures and large strain. We 

believe that cost-effective TAE electrodes are very promising in the field of emerging wearable 

electronics because of their ultrahigh thermal stability as well as high stretchability. 
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Chapter 5 

Conclusions 

In this dissertation, CuNWs based conductors have been successfully fabricated with 

outstanding stability, conductivity, and flexibility, which is benefit for the application of CuNWs 

in the field of wearable devices. Three methods have been proposed to address the oxidation 

problem of CuNWs, including a fully embedded structure, a core-shell structure, and the 

combination of core-shell structure and embedded structure.  

In chapter 1, the emergence of flexible conductors, the approaches to enable flexibility and 

the application of flexible conductors have been described in detail. At present, the carbon 

nanomaterials, conductive polymers, and metallic nanomaterials are used as next-generation 

conductive materials to fabricate the flexible electronic circuits. Among them, CuNWs are 

appearances as the best choice in order to achieve cost-effective and high-performance flexible 

conductors. However, the poor stability of CuNWs in ambition conditions largely overshadowed 

their application. Therefore, three strategies are suggested to solve the oxidation problem of 

CuNWs and improve performace of CuNWs based conductors.  

In chapter 2, the CuNWs-based highly reliable, conductive and stretchable conductors were 

fabricated by embedding CuNWs below the surface layer of PDMS and completed with a simple 

high-intensity pulsed light process. The influence of light parameters on the performance of 

conductors was investigated. The light energy absorbed by the film not only removes the oxides 

on the surface of nanowires but also enhance the connection between nanowires to produce high 

conductivity. Due to the wrap of the CuNWs in the PDMS matrix, the fully embedded conductor 

shows ultrahigh oxidation resistance, which remains stable in air at 85 °C and 85% RH. The 

electrical resistance of the conductor is maintained at low levels when the strain is more than 70%. 

The fully embedded conductor endured 1000 cycles of stretching-releasing at a rate of 60 mm/min, 

under 30% strain and showed a slight increase in resistance. Additionally, fully embedded 

conductor was used as a dipole antenna. The stretchable antenna retained its sensitivity to specific 
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radio frequencies after 500 cycles of the stretching-releasing process. With their superior stability, 

conductivity and stretchability, the fabricated fully embedded CuNWs/PDMS conductors possess 

broad applications in stretchable strain sensors, skin sensors, bendable displays and wearable 

electronics 

In chapter 3, in order to overcome the poor stability of CuNWs-based conductors, Cu@Ag 

core-shell nanowires with tunable thickness of silver shell could be obtained through a facile 

adsorption and decomposition process. The introduced Ag-ammonia complex can be adsorbed on 

the surface of CuNWs to form Cu@Ag-ammonia core-shell structure. After a low temperature 

heating process in air, silver complex was decomposed into pure silver shell. The use of Ag-

ammonia complex as silver source could avoided the galvanic replacement that is encountered in 

traditional synthesis methods. The synthesis process and mechanism of adsorption and 

decomposition process are discussed in details. In addition, owing to the protection of silver shell, 

as-prepared Cu@Ag core-shell nanowires show excellent stability for at least 500 h at both high 

temperatures (140 C) and standard harsh environment (85 C, 85 % RH), which could be used in 

next-generation of stretchable transparent conductors. 

In chapter 4, highly cost-effective, ultra-stable, transparent, and stretchable electrodes are 

successfully fabricated by alloying Cu-core/Ag-shell nanowires and embedding them in the 

surface layer of substrates (TAE electrodes). The combination effects of dense alloy nanowires and 

embedded structures improve the thermal stability of TAE electrodes strikingly so that they have 

outstanding long-term stability without obvious changes in the resistance over 500 h in both high 

temperature (140 °C) and high humidity (85 °C, 85% RH), which is much better than previous 

reports. It also demonstrated that the TAE electrodes exhibit high electro-mechanical stability 

which can remain stable after 1000 stretching-relaxation cycles at 30% strain. A stretchable and 

transparent heater based on the TAE electrode is demonstrated with uniform temperature 

distribution as well as excellent reliability under both elevated temperatures and large strain. We 

believe that cost-effective TAE electrodes are very promising in the field of emerging wearable 

electronics because of their ultrahigh thermal stability as well as high stretchability.
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