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Abstract 

This thesis investigates electrically conductive polymer nanocomposites 

formulated with metal nanowires for electrostatic discharge and electromagnetic 

interference shielding. 

Copper nanowires (CuNWs) of an average length of 1.98 µm and diameter of 

25 ± 4 nm were synthesized. The oxidation reaction of the CuNWs in air can be 

divided into two stages at weight of 111.2% on TGA curves. The 

isoconversional activation energies determined by Starink method were used to 

fit the different master plots. Johnson-Mehl-Avrami (JMA) equation gave the 

best fit. The surface atoms of the CuNWs are the sites for the random nucleation 

and the crystallite strain in the CuNWs is the driving force for the growth of 

nuclei mechanism during the oxidation process. 

To improve the anti-oxidation properties of the CuNWs, silver was coated 

onto the surface of the CuNWs in Ag-amine solution. The prepared silver coated 

CuNWs (AgCuNWs) with silver content of 66.52 wt. %, diameter of 28–33 nm 

exhibited improved anti-oxidation behavior. The electrical resistivity of the 

AgCuNW/low density polyethylene (LDPE) nanocomposites is lower than that 

of the CuNW/LDPE nanocomposites with the same volume percentage of fillers. 

The nanocomposites formulated with CuNWs and polyethylenes (PEs) were 

compared to study the different interaction between the CuNWs and the different 

types of PE matrices. The electrical conductivity of the different PE matrices 



filled with the same concentrations of CuNWs correlated well with the level of 

the CuNW dispersion. The intermolecular force and entanglement resulting from 

the different macromolecular structures such as molecular weight and branching 

played an important role in the dispersion, electrical properties and rheological 

behaviour of the CuNW/PE nanocomposites. 

Ferromagnetic polycrystalline nickel nanowires (NiNWs) were synthesized 

with uniform diameter of ca. 38 nm and an average length of 2.68 µm. The 

NiNW linear low density polyethylene (LLDPE) nanocomposites exhibited 

electrical percolation threshold at NiNW volume fraction of 0.005. The power 

law fitting results imply that the electrical conductivity of the NiNW/LLDPE 

nanocomposites mainly originated from the contact among individual nanowires. 
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Chapter 1                                                                                                        

Introduction 

 

In this thesis, the synthesis of metal nanowires by AC electrodeposition of 

metal into porous aluminum oxide (PAO) templates, coating of silver onto 

copper nanowires (CuNWs) to improve anti-oxidation behavior, and the 

electrical and rheological properties of metal nanowires polymer nanocomposites 

(PNCs) are presented. This chapter introduces the general background related to 

this research including the fabrication of PAO template, the synthesis and 

application of metal nanowires and metal nanowire/polymer nanocomposites, 

and the electrical conduction mechanism. Finally, the motivations and the 

structure of this thesis are presented at the end of this chapter. 

 

1.1. Application of nanowires 

Nanowires are conductive nanofibers with a solid core and have diameter less 

than 100 nm. They have a variety of potential applications due to their unique 

electrical, optical, magnetic and chemical properties [1–8].  The electrical 

properties of nanowires have been intensively studied. The high electrical 

conductivity and extremely small size make them very promising candidates in 

nanoelectronics application [9–11]. Many researchers have demonstrated the 

application of nanowires made of various materials in transistors [12–15]. The 
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thermoelectric properties of the nanowires made of a variety of materials such as 

bismuth alloys [15–18] and skutterudites [19, 20] have been widely studied; 

some of these nanowires and their composites showed superconducting 

properties [21–23]. 

Another field that can be greatly impacted by the application of nanowires is 

sensing. Electromagnetic field enhancement at the tip of metal nanowires 

provides feasibility to use them for chemical sensing by measuring the changes 

in the electrical or physical properties of the nanowires in the presence of the 

target analyte [24]. Nanowire sensors have been developed based on the 

electrical resistivity response of Ag, Au and Pt nanowires to chemical species to 

detect amines [25], ammonia [26], and hydrogen [27], respectively.  Other gases 

such as oxygen [28] and NO2 [29] have also been detected by nanowire sensors 

at very low concentrations. Nanowire sensors to detect the presence of ultraviolet 

light [30] or low-density lipoprotein cholesterol [31], and the changes in pH [32] 

have also been developed. The sensitivity of nanowire sensors may be improved 

by selective doping or surface modifications that enhance their affinity for 

certain substances [33].  

Many efforts have been made to investigate the optical properties of 

nanowires and nanowire arrays such as the infrared absorption of bismuth 

nanowires [34] and the green light emission from ZnSe nanowires [35]. 

Nanowire laser [36, 37] can be created by using nanoribbons (nanowires with 

rectangular cross sections) as waveguides. Silver nanowires (AgNWs) have been 
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demonstrated to produce a substance that exhibits a negative index of the 

refraction-like properties in the near-infrared [38].  

Some researchers also attempted to use metal nanowires for plasmonics 

applications [39]. Ni-Au nanorods of 100 nm in diameter internalized into cells 

were attempted to deliver genes directly into the nucleus [40].  Au nanorods can 

strongly absorb the near-infrared radiation and cause local temperature increase, 

which can be utilized to kill cancer cells in cell cultures [41]. Our group is 

working on the application of PNCs with low concentrations of metal nanowires 

for electrostatic dissipative (ESD), antistatic and electromagnetic interference 

(EMI) shielding [42, 43]. Ferromagnetic nanowires are even more interesting in 

that they have the possible application as ultra-high-density magnetic data 

storage devices [44, 45]. The advantages of ferromagnetic nanowires filled PNCs 

for EMI shielding application are that the shielding effect by absorption 

mechanism can be significantly improved due to their relatively higher magnetic 

permeability [46] and the distribution of the ferromagnetic nanowires in polymer 

matrices can be localized as desired by manipulating the magnetic field so as to 

achieve maximum EMI shielding with minimum amount of nanowires. 

 

1.2. Synthesis of metal nanowires 

Silver nanowires (AgNWs) of 0.4 nm in diameter and approximately 750 nm 

in length are the smallest nanowires synthesized by the electro-/photochemical 

redox reaction in an ambient aqueous phase inside the pores of the self-

assembled calyx(4)hydroquinone nanotube array template [47]. Metal nanowires 
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from 10 to 100 nm in diameter have attracted the interest of most researchers. 

One of the most common methods for metal nanowire synthesis is template 

assisted synthesis, in which the metal nanowires are grown within another 

nanometer-scale structure. Vapor or liquid phases can be introduced into, and 

solidified within, the nanometer-scale structured templates through the electro-

/chemical reaction or the cooling process.  

Electrochemical deposition is the most commonly used template growth 

method. Anodic PAO is the most frequently used template because it is 

relatively inert and easy to control the size, shape, and distribution of its pores 

[48, 49]. Polymer membranes by ion-track-etching can also be used as the 

template substrate [50–52]. Metal nanowires can also be synthesized by coating 

or filling nanotubes and other nanometer-scale fibers [47, 53–56]. The template 

substrate can then be etched away after deposition, leaving only metal nanowires 

behind.  

The first attempt to synthesize Sn, In and Zn nanowires with hard porous 

templates was reported by Possin in 1970 [57]. Nanowires of 40–70 nm in 

diameter and up to 15 µm in length were synthesized by DC electrodeposition of 

metals into porous mica membranes that were coated with a metallic contact 

layer on one side prior to electrodeposition. The preparation of the porous mica 

membranes by acid etching of the tracks produced in mica by highly charged 

nuclear particles was first reported by Price and Walker in 1962 [58, 59]. 

Willaims and Giordano [60] improved Possin’s method to synthesize Au 

nanowires as small as 80 Å in diameter using the track-etched mica membranes. 
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Martin and Penner first prepared the track-etched porous polymeric membranes 

[61]. Martin later introduced PAO template to synthesize several 1D 

nanostructures: conductive polymer, semiconductor and metal nanowires [62]. 

Goad et al [63] further developed the synthesis of metal nanowires with PAO 

templates by AC electrodeposition. 

After preparation of PAO templates, DC or AC current will be applied to the 

templates immersed in proper deposition solution to electrodeposit metals into 

the pores. The well-developed method of DC electrodeposition of metals into 

template pores can control the crystallinity and the precise modulation of 

composition along the length of the synthesized metal nanowires [64–68].  

The alumina membranes commercially available for filtration application can 

also be used for DC electrodeposition to synthesize metal nanowires. However, 

the alumina membranes contain poorly ordered pores with varying diameter, 

which results in a wide distribution of diameters of the nanowires synthesized 

with the commercial alumina membranes as templates. Monodisperse 

nanostructures can be synthesized with the self-ordered PAO templates by DC 

electrodeposition. However, direct DC electrodeposition of metals into the PAO 

templates grown on Al substrate is hindered by the capacitance of the barrier 

layer between the bottom of the pores and the Al substrate, whose structure and 

mechanism of growth will be interpreted in Section 1.3. Due to the existence of 

the barrier layer, high voltage is required to tunnel electrons through and uniform 

deposition is difficult to achieve because of the increase of pH at the cathodic 

side that dissolves the barrier layer partially [69].   
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Therefore, several procedures are involved in the DC electrodeposition of 

metals into PAO templates. First, the PAO membrane must be detached from the 

Al substrate by dissolution in HgCl2 or CuCl aqueous solution; and the pores 

have to be opened by removal of the barrier layer with H3PO4 etching [70, 71]. 

An electrically conductive layer of Au or Ag can then be sputtered or 

electrodeposited on one side of the PAO membrane, which can subsequently be 

used for DC electrodeposition. After DC electrodeposition, the sputtered 

electrically conductive layer can be dissolved in HNO3, and the PAO template 

can be removed by NaOH solution to liberate the metal nanowires [72].  

Although the capacitance of the barrier layer of the PAO template adversely 

affects direct DC electrodeposition, the rectification property of the barrier layer 

makes it possible to electrodeposit metal into the nano-pores by AC current [73–

77]. Aluminum oxide is a semiconductor material with high electrical resistivity. 

In the barrier layer of aluminum oxide, there are O
2-

 deficit at the interface 

between the barrier layer and the Al substrate, and Al
3+

 deficit in its lattice at the 

interface between the barrier layer and the electrolyte, which make the barrier 

layer act like a couple of N and P semiconductor that rectifies current like a 

diode [78]. Figure 1–1 represents the structure of the O
2-

 / Al
3+

 deficit barrier 

layer that makes it function like a diode.  
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Figure 1-1. The structure of the O
2-

 / Al
3+

 deficit barrier layer that makes it 

function like a diode. 

 

Although the barrier layer can function as a diode under AC electrodeposition, 

high AC voltage may still be required to tunnel electrons through the high 

resistivity barrier layer. This is even more crucial for the PAO templates 

anodized in oxalic acid or phosphoric acid solution, in which aluminum plates 

typically are anodized under DC 25 V or 195 V respectively.  

However, the thickness of the barrier layer     is proportional to the 

anodization voltage    , under which the aluminum plate is anodized. This 

relationship [79] can be expressed as: 

                                          (1–1) 

The property of this thickness of the barrier layer to the anodization voltage is 

a very useful relationship facilitates the thinning of the barrier layer, by turning 

down the anodization voltage at the end of anodization, to obtain certain 

thickness that is suitable for AC electrodeposition. It also ensures that the 
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template has adequate mechanical strength to hold the PAO template on the 

aluminum substrate. The appropriate voltage to meet both requirements is around 

9 V [73]. The schematic illustration of the procedure used to prepare PAO 

membrane for DC electrodeposition and AC electrodeposition is presented in 

Figure 1–2. 

 

Figure 1-2. The schematic illustration of the procedures to prepared PAO 

membrane for DC electrodeposition and AC electrodeposition. 
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As shown in Figure 1–2, it requires six steps to get liberated nanowires from 

the anodized PAO templates by DC electrodeposition, but only two steps by AC 

electrodeposition. In addition, AC electrodeposition can use both faces of the 

aluminum plate as templates, and the plates can be reused after liberation until it 

becomes too thin to handle, which can dramatically bring down the unit cost of 

the nanowires by saving on the cost of the expensive high purity aluminum 

plates. Moreover, the PAO attached on aluminum substrate for AC 

electrodeposition has sufficient mechanical strength to facilitate the multi-step 

handling. In general, it is much easier and less infrastructure intensive to 

synthesize metal nanowires by AC electrodeposition than by DC 

electrodeposition. These are the main reasons we have used AC 

electrodeposition in this work. 

Other efforts have been made on DC electrodeposition of metals into the PAO 

template attached on aluminum substrate directly. Gösele et al [80] synthesized 

monodisperse silver nanowire of 30 µm or more in length with a diameter 

monodispersity of about ±2% by direct DC electrodeposition of silver into the 

PAO template after thinning the barrier layer to ~ 1 nm by slowly reducing the 

anodization voltage to 1 V at the end of anodization. Zhou and co-workers [81] 

reported the fabrication of nickel nanorod arrays by DC electrodeposition 

without detaching the PAO template from the aluminum substrate by 

progressively turning down the anodization voltage from 40 V to 2V at the rate 

of 2 V/min at the end of anodization in 0.3 mol/L oxalic acid aqueous solution. 

We also tried a similar approach to prepare metal nanowires. Unfortunately, the 
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barrier layer became too thin to have adequate mechanical strength to hold the 

PAO template on the aluminum substrate when the final anodization voltage was 

decreased below 4 V, which in turn made it difficult to achieve uniform 

deposition. 

 

1.3. Porous aluminum oxide templates 

Porous aluminum oxide (PAO) templates have attracted more and more 

interest for the synthesis of 1D nanostructures. The structure and the growth 

mechanism of the PAO templates will be discussed in this section. The ideal 

geometry of the anodic PAO template with high aspect ratio of fine tunnels like a 

close-packed array of hexagonal cells each with a pore located in the center 

exhibits a honeycomb-like structure as shown in Figure 1–3. 

 

Figure 1-3. The illustration of the ideal structure of the anodic PAO template. 

Reproduced with permission of ECS–The Electrochemical Society. “Conditions 
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for fabrication of ideally ordered anodic porous alumina using pretextured Al” J. 

Electrochem. Soc. 2001; 148 (4): B152–B156. Copyright 2001. 

 

Masuda et al [82–84] reported the hexagonally ordered array of the 

nanopores in the anodic PAO template by anodization of aluminum plate in 

oxalic acid or sulfuric acid solution. It was found that the self-ordering of the 

pores can be achieved by the prolonged anodization under specific conditions. 

Masuda and coworkers [84] later reported a two-step anodization process to 

improve the self-ordering of the pores in the anodic PAO template by selectively 

removing the PAO formed after the first step anodization that provides a 

structured aluminum surface facilitating the self-ordering of the pores during the 

second anodization.  A schematic flow chart represents the two-step anodization 

process for improved self-ordering of the pores in the anodic PAO template is 

shown in Figure 1–4. 
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Figure 1-4. A schematic flow chart represents the two-step anodization process 

for improved self-ordering of the pores in the anodic PAO template. 

 

Several models have been suggested to interpret the growth and formation 

mechanism of the anodic PAO templates. One of the most widely accepted 
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models was developed by O'Sullivan and Wood [79]. It was suggested that the 

pore initiation in the anodic film of the aluminum plate under constant current 

density occurs by the merging of the thickening oxide regions at neighboring 

locations, which is supposed to depend on the substructure of the substrate as 

well as the subsequent current density into the residual thin regions. The oxide 

dissolution can be significantly accelerated by the electrical field, which leads to 

the deepening of the pores due to the higher electrical field at the bottom of the 

pores than at the surface. Moreover, the heat produced by the electrical current 

and the dissolution process also plays an important role in the pore growth in that 

it is easier for the heat to accumulate to increase the local temperature at the 

bottom of pores which in turn accelerates the oxide dissolution at the bottom of 

the pores. The pores grow to keep their diameter in proportion to the applied 

voltage when approaching steady state. Under steady state, the barrier layer 

thickness, cell diameter and pore diameter are all proportionate to the applied 

voltage. The steady state is determined by the equilibrium between the oxide 

growth at the interface of Al/oxide and the electrical field enhanced oxide 

dissolution at the interface of oxide/electrolyte. This steady state equilibrium 

initiates the diffusion of Al
3+

 through the barrier layer to the oxide/electrolyte 

interface before it is dissolved into the acidic solution as well as the diffusion of 

O
2-

 through the barrier layer to the Al/oxide interface contributing to the oxide 

growth. Moreover, the authors also mentioned that there was evidence 

suggesting that some of the migrating anions are OH
-
, besides O

2-
 or oxoanions 

from the acid. In addition, there was supposed to be a concentration gradient of 
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OH
-
 and oxoanions through the barrier layer with enrichment towards the outer 

surface as well as a reverse distribution for cations. Figure 1–5 schematically 

illustrates the ion distribution and the movement direction within the barrier 

layer during the film growth. 

 

Figure 1-5. The schematic illustration of the ion distribution and the movement 

direction within the barrier layer during the film growth (OX
x-

 representing acid 

anion). 

 

Gӧsele et al [83] described the mechanism of the formation of the self-

organised hexagonal pore arrays in the anodic aluminum oxide. By anodizing the 

high purity aluminum plates in oxalic acid or sulfuric acid as electrolyte, it was 

found that the optimal conditions for the self-ordering of the pores occurred 
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when the anodization voltage corresponded to a moderate expansion of the 

aluminum during the oxidation, whereas no self-ordered domains can be 

observed when the aluminum volume contracted or expanded dramatically 

during the oxidation. Therefore, it was suggested that the mechanical stress 

associated with the expansion of the aluminum during the formation of oxide 

caused repulsive forces between the neighboring pores during the oxidation 

process leading to the formation of the self-organized hexagonal pore arrays. 

Figure 1–6 shows the SEM image of the highly ordered domain of a PAO 

template anodized in oxalic acid solution. 

 

Figure 1-6. The SEM image of the highly ordered domain of a PAO template 

anodized in oxalic acid solution.  
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1.4. Applications of electrically conductive polymer nanocomposites 

PNCs are among the most promising class of new materials because they are 

light weight, flexible, low cost, anti-corrosive, and have good processability and 

mechanical properties. Most polymers are electrical insulators and are used for a 

variety of insulating applications in industry. However, the inherent electrical 

insulation means polymers tend to hold the electrostatic charges, and allow the 

electromagnetic frequency interference (EMI) to travel through without loss 

Engineers have begun to explore the design freedom and economic benefits of 

electrically conductive polymer nanocomposites (ECPNCs) in industrial and 

business applications for ESD and EMI shielding. Recently, ECPNCs have 

become the alternative materials to replace metals for the internals in electric 

components or as wrappers to protect the sensitive electric devices from the 

adverse effects of electrostatic charges or from the effect of the incoming EMI or 

to reduce the undesirable emission of EMI.  

ESD is the transfer of electrostatic charges between bodies at different 

potentials induced by the direct contact of the electrostatic fields. ESD problems 

can destroy or damage sensitive electronic components, alter magnetic media, or 

trigger explosions or fires in inflammable environments. EMI is the radiated or 

conducted energy that impairs the performance of circuits or sensitive electronic 

devices. EMI can interfere with the operation of electric appliances, ruin data in 

large-scale computer systems, lead to inaccurate readings and output in aircraft 

guidance systems, and interrupt the functioning of precision medical devices 
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such as pacemakers. The economic loss to industry from the ESD and EMI 

shielding problems comprises billions of dollars each year [86]. 

The main objective of ESD is to limit the possible impact of ESD from the 

triboelectric charge generation, direct discharge, and electrostatic fields. The 

main objective of EMI shielding is to prevent the passage of the incoming or 

outgoing electromagnetic waves. EMI shielding works by reflection, absorption, 

or by transferring the electromagnetic radiation to ground.    

The surface resistivity of the ECPNCs defines their applications. For ESD 

application, the desired surface resistivity ranges from10
6
 Ω/sq. to10

9
 Ω/sq.; 

while the materials for effective EMI shielding should have a surface resistivity 

less than 10 Ω/sq. [87]. Figure 1–7 shows the surface resistivity ranges of 

different materials and applications. 

 

Figure 1-7. The surface resistivity ranges of different materials and applications.  
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ESD is required in computer chips and circuit board carriers for the shipping 

of electronic equipment as well as in the parts with relative motions between 

dissimilar materials such as conveyor belts, weaving machine arms and vehicle 

tires. Some working facilities like clean-rooms, integrated device workshops, etc 

also require ESD. In these demanding areas, the clothes, shoes, gloves, floor 

mats and carpets must be made of ESD materials. Explosion-proofing 

applications such as those in fuel production, storage and transportation systems 

and the chemical industry are rapidly growing markets for ESD. The largest 

market for EMI shielding is housings for machines or electronic components, 

which are either high EMI emitters or are particularly sensitive to incoming EMI. 

EMI shielding can be used within a wide variety of products such as:  GPS 

devices, defense and military facility housings, precise analytical instruments, 

aerospace shuttles and components, airliner and helicopter components, personal 

computers, laptops and mobile phone housings, automotive components and 

medical device housings. 

 

 1.5. From polymers to electrically conductive polymer nanocomposites 

The way to permanently endow insulative polymers with ESD and/or EMI 

shielding properties is to fill the matrices with specific conductive fillers to 

increase electrical conductivity. The conductive fillers comprise carbon black, 

carbon fibers, carbon nanofibers, carbon nanotubes, metallic 

powders/flakes/fibers, metal nanowires and intrinsically conductive polymers. 
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The conductivity of the polymer composites is determined by the polymer matrix, 

the conductive filler and the processing technique. 

The price difference between the fillers and the polymer matrix and the 

desired composite properties determine the type and loading of fillers. Typically, 

conductive fillers are more expensive than the polymer matrix, so the goal is to 

minimize loading. On the practical point of view, filler selection depends on 

many considerations such as cost, availability, wettability and compatibility with 

the polymer matrix, effect on polymer rheology characteristics, physical 

properties, thermal stability, chemical resistivity, abrasiveness or wear, toxicity 

and recyclability [88]. The final application needs govern which factors are more 

important and which ones are less important. PNCs are polymers filled with 

small quantities of nano-sized particles. The nano-sized fillers are more attractive 

than the micron fillers in that the larger surface area of the nano-sized particles 

can have better interaction with the polymer matrix to improve the synergetic 

effect that provides the value-added properties not present in either the fillers or 

the polymer matrix. Moreover, the required dosage of the nano-sized fillers to 

achieve desirable properties is much less than that of the micron size fillers, 

which can significantly enable greater retention of the inherent processability 

and the mechanical properties of the polymer matrix. A summary on the size, 

properties, and uses of the nano-sized fillers is listed in Table 1–1 [89]. Some of 

the nano-sized fillers have been investigated to prepare ECPNCs for ESD and/or 

EMI shielding. 
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Vapor grown carbon nanofibers (VGCNFs) as high aspect ratio conductive 

nano-sized fillers for PNCs have been evaluated.  Zhang et al. [90] found that the 

EMI SE of the 3 mm thickness of polyesterpolyol filled with 6.7 wt. % VGCNFs 

was 35 dB and 60 dB for EM frequencies of 26 GHz and 75 GHz respectively 

and the EMI SE improved with increased thickness of the shielding 

nanocomposite.  Lee et al. [91] reported that the EMI SE of 30 µm thick 

VGCNF/PVA film was lower than that of a film filled with carbon black of 

similar thickness, but the EMI SE of the VGCNF/PVA film increased 

significantly after heat treatment of the VGCNF. The application of VGCNFs as 

conductive fillers is limited by their poor tensile strength, leading to reduced 

aspect ratio during the mixing process. 

Carbon nanotubes (CNTs) exhibit superior properties over other types of 

carbon fibers. Rao M. et al. [92] have drawn the structures of the single-walled 

carbon nanotube (SWCNT) and the multi-walled carbon nanotube (MWCNT). 

CNT/polymer nanocomposites have been widely investigated in the past years. 

The most attractive characteristic of CNTs as fillers in PNCs is the extremely 

low volume percolation threshold fraction (5.2×10
-5

 [93] in CNT/epoxy 

nanocomposites) due to their high aspect ratio and specific surface area as well 

as the tendency to be arranged in PNCs randomly to form electrically conductive 

networks [94]. Their tensile strength is almost 100 times higher than that of 

premium carbon fibers [95], which helps maintain their high aspect ratio during 

the mixing process. At the same time, CNTs are usually available in very 

entangled bundles, which results in serious handling and dispersion problems 
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during the preparation of PNCs [96]. And their price is also prohibitive (about 

$375/g for unpurified nanotubes to about $2000/g for purified ones) that limits 

its commercial availability [97].  

Gelves et al. [98] prepared copper nanowires (CuNWs) and silver nanowires 

(AgNWs) of ca. 25 nm in diameter and 5–10 µm in length by electrodeposition 

in PAO templates. The CuNW/PS and AgNW/PS nanocomposites were prepared 

by solution processing, and the electrical percolation thresholds for the 

CuNW/PS and AgNW/PS nanocomposites were 0.50 vol. % and 0.63 vol. %, 

respectively [43]. Lin et al. [99] reported that there was copper oxide formed in 

the CuNW/PS nanocomposite prepared by melt mixing.  The copper oxide layer 

on the surface of the CuNWs increases electrical resistivity dramatically, so the 

formation of copper oxide should be mitigated to ensure good conductivity of the 

PNCs filled with CuNWs. 

 

 1.6. Factors influencing the electrical conductivity or percolation threshold 

1.6.1. The influence of conductive fillers 

The types, concentration, geometry and morphology of conductive fillers are 

supposed to impact the overall electrical conductivity of PNCs significantly. For 

the highly conductive fillers, the contact resistance between fillers is the 

dominant contribution to the overall resistivity of PNCs [100]. Strumpler et al. 

[100] deduced equation (1–2) for the contact resistance between two fillers: 
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where,    is the contact resistance between the two fillers in contact,    is the 

bulk resistivity of the filler material,   is Young’s Modulus,   is Poisson’s ratio, 

  is the elastic force between the grains and   is the protrusion radius. 

 According to equation (1–2), the contact resistance decreases with increasing 

protrusion radius. Usually, the protrusion radius increases with the particle size, 

so larger filler particles should lead to lower overall resistivity of PNCs. From 

equation (1–2), the contact resistance increases with increasing Young’s 

modulus. In other words, the material with lower Young’s modulus is easier to 

deform under stress. Thus when in contact, the fillers with lower Young’s 

modulus can attain larger contact area by the deformation caused by the contact 

stress. The larger contact area, in turn, results in the lower contact resistance. 

Therefore, the metallic fillers with lower Young’s modulus and better ductility 

contact each other over a larger area than the ceramic and carbon fillers which 

are very hard and thus, they contact each other at point-like areas.  

The aspect ratio of fillers is another important factor that influences the 

electrical conductivity of PNCs. The fillers with higher aspect ratio can reduce 

the percolation threshold concentration significantly.  
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1.6.2. The influence of polymer matrix 

Miyasaka et al. [101] reported that the electrical percolation threshold of 

PNCs is related to the polarity of the polymer matrix: the higher polarity of the 

polymer matrix, the higher the electrical percolation threshold concentration of 

the carbon particles. However, the opposite relationship was also observed by 

Sau et. al. [102] in the ethylene-propylenediene monomer rubber 

(EPDM)/acrylonitrile butadiene rubber (NBR)/their blends and acetylene black 

systems. 

The electrical percolation threshold also depends on the viscosity of the 

polymer matrix in the mixing process. The percolation threshold concentration 

increases with the increasing viscosity. Part of the reason is that it is more 

difficult to disperse the fillers homogeneously when the polymer matrix viscosity 

is higher. In addition, fillers in polymer matrices with higher viscosity are 

subjected to more severe degradation in the mixing process, which results in 

lower aspect ratio.  

Crystallinity of the polymer matrix can influence the distribution of the 

conductive fillers. For instance, carbon black aggregates tend to concentrate in 

the amorphous region in the semi-crystalline polymers leading to lower electrical 

percolation threshold concentration.  

 Gubbels et al. [103] successfully decreased the electrical percolation 

threshold concentration of carbon blacks by selectively distributing the carbon 

black aggregates in one phase of the multiphase polymers or in the interface of 
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the multiphase polymers. Al-Saleh and Sundararaj [104] selectively localized the 

carbon black aggregates at the immiscible interface of 

polypropylene/polystyrene (PP/PS) blend by introducing styrene-butadiene-

styrene (SBS) tri-block copolymer to the blend, which increased the composite 

conductivity significantly in the (60/40) and (70/30) PP/PS blends upon the 

addition of 5 vol. % SBS. 

In summary, some information has been reported in the literature regarding 

the influence of the polymer matrix on the electrical percolation threshold, 

conductivity or EMI SE of the composites. However, these relationships are not 

precise due to the interaction between factors and the complexity of the polymer 

matrix itself. 

 

1.6.3. The influence of the mixing process 

The mixing process is instrumental to disperse the conductive fillers in the 

polymer matrix homogeneously, while the adverse effect of mixing, i.e. the 

reduction of the aspect ratio of the fillers due to breakage of filler particles 

should also be considered. Prolonging the mixing time can lead to better 

dispersion of the fillers, but since the fillers are also subjected to the shearing 

force for longer time there can be a negative effect on the electrical conductivity 

of the composites. Andrews et al. [96] studied the impact of mixing time on the 

length of MWCNTs by TEM analysis and showed that the length of MWCNTs 

decreased with the prolonged mixing time. Regarding the metallic fillers, longer 
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mixing time may also result in a thicker oxide layer on the surface which will 

dramatically increase the contact resistance. 

Martin et al. [105] compared the resistivity of the high abrasion furnace (HAF) 

black filled polymer nanocomposites formed under different mixing temperature 

and found that the resistivity increased when increasing the mixing temperature 

was increased from 120 
o
C to 190 

o
C when the mixing was done open to air, 

while the relationship between the mixing temperature and the resistivity 

reversed if the mixing process was under nitrogen atmosphere. For metallic 

fillers, the higher mixing temperature in air may accelerate the oxide growth on 

the surface leading to the higher resistivity of the composites.  

 

 1.7. Motivation and overview of this project 

In ESD and EMI shielding application, ECPNCs are better alternatives for 

surface coatings. All the surface coating operations are secondary to molding, 

and almost all these operations need surface pre-treatments to ensure the 

cleanliness so as to achieve desirable bonding between the conductive coating 

and the housings, which complicates the production process and results in 

additional cost. Unfortunately, it is still extremely difficult (or impossible) to 

apply coatings on the surface of some substrate materials such as 

polytetrafluoroethylene and polyolefins, even if the substrate surface has been 

completely cleaned and free of silicone mold release agents and other 

contaminants. 
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Surface coating can only produce a conductive layer of limited thickness on 

the housing.  It has long been observed that until the conductive layer is thicker 

than the skin depth, there is almost no change in the attenuation of electrical 

fields that are also the fields for most electric devices [106]. Moreover, the 

performance of the thin conductive film is very poor in the shielding against low 

frequency magnetic fields [107]. Limitations may exist for the individual coating 

technology. For instance, vacuum metallization operation depends on the 

geometry of parts, and requires a basecoat for good adhesion and a topcoat to 

protect the conductive layer from flaking in humid environment [108]. Both the 

flame spraying and the metal arc spraying process may generate metal dusts and 

produce non-uniform films [108]. Electroplating requires the acid solution 

etching pre-treatment involves the toxic electroplating solution, and is highly 

energy-consuming [107]. Cathode sputtering can only be applied on the heat 

resistant substrates. 

ECPNCs for ESD and EMI shielding work in a fundamentally different way 

from surface coatings. The conductivity of ECPNCs is in the wall of the 

enclosure rather than only on the surface. In this sense, there is no direct 

relationship between the shielding effect and the surface resistivity of the 

ECPNCs. On the contrary, it is the volume resistivity of the ECPNCs that 

determines their shielding effectiveness. Because of this volume effect, the 

practical shielding effect of the conductive polymer composite also depends on 

the wall thickness, the distribution and dispersion of the conductive fillers in the 

matrix and the overall conductive level of the filler. 



Electrically Conductive Metal Nanowire Polymer Nanocomposites 

 28 

ECPNCs show significant advantages over surface coating. The ESD and 

EMI shielding is an integrated part of the components made of ECPNCs, so there 

is no problem with delamination or scratching, which are the potential issues for 

surface coatings. ECPNC components are completed after molding or extrusion 

without additional coating process that can help reduce scrap rate and cost. 

Components made of ECPNCs do not require spraying or coating masks which 

results in lower setup expense and higher productivity. ECPNCs can be 

developed as inclusions in almost all polymer materials. They can be used in 

complex component designs with ESD or EMI shielding requirement where the 

cost of masking could be very high or prohibitive. They are more homogeneous 

than surface coating and thus less troublesome in thermal expansion, and can 

perform much more stable as moving mechanical components.  

The nano-sized conductive fillers that can be used with the polymer matrix to 

formulate ECPNCs consist of carbon based materials, metallic materials and 

intrinsically conductive polymers. The morphology of the conductive nano-sized 

fillers includes powders, flakes, fibers, wires, nanotubes, nanowires, etc. 

Regarding the materials of the conductive fillers, metals are more electrically 

conductive than others. Therefore, the ECPNCs formulated with the metallic 

nano-sized fillers could have better ESD/EMI shielding effect and lower 

percolation threshold concentration. On the other hand, most of the metals are 

more ductile than carbon, so the metallic fillers tend to bend rather than break 

under the shear flow that can help keep the initial aspect ratio of the fibrous 
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fillers. The most promising candidates among the metallic fillers are copper and 

nickel due to their high ductility, formability, strength, and electrical 

conductivity along with relatively low cost. The ECPNCs formulated with the 

ferromagnetic nickel fillers can be expected to achieve better EMI shielding 

effect by adsorption mechanism than those formulated with the non-

ferromagnetic electrically conductive fillers due to the high magnetic 

permeability of the nickel fillers [109]. 

The nano-sized conductive fillers with higher interfacial area can improve the 

physical properties of the polymer matrix much more than the micron-sized 

fillers used in conventional polymer composites.  The nano-sized fillers usually 

aggregate during the mixing process to be arranged in chains to form a kind of 

tree-like structures, which can shift the percolation threshold to the lower filler 

concentration. Otherwise, the percolation threshold can be significantly reduced 

by higher aspect ratio like fiber or wire shape fillers that can facilitate the form 

of the electrically conductive networks. 

Based on the discussion above, CuNWs and nickel nanowires (NiNWs) are 

among the choices as fillers to formulate the ECPNCs for the ESD and EMI 

shielding application with a relatively lower filler concentration so as to keep the 

original processability and physical properties of the matrix polymer. 

This thesis is organized in seven chapters. The first chapter is an introduction 

of relevant background information for the whole dissertation. The second 

chapter reports the synthesis of CuNWs by AC electrodeposition of copper into 
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anodic PAO templates. Oxidation kinetics of CuNWs in air is studied in the third 

chapter so as to understand their long term performance and durability. The 

fourth chapter reports the synthesis of silver coated copper nanowire (AgCuNWs) 

via chemical plating method and the evaluation of ECPNCs using AgCuNWs as 

fillers. The fifth chapter evaluates the effect of macromolecular structure on the 

electrical and rheological properties of the CuNW/polyethylene nanocomposites. The 

sixth chapter reports the synthesis and characterization of the ferromagnetic NiNWs as 

well as the evaluation of the electrical properties of the NiNWs/polyethylene 

nanocomposites. The conclusions and future work are summarized in the seventh 

chapter. 
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Chapter 2                                                                                                       

Bench Scale Synthesis and Characterization of High Aspect Ratio Copper 

Nanowires with Anodic Porous Aluminum Oxide Template 

 

2.1. Introduction 

1D nanostructures can be defined as having at least one dimension below 100 

nm, which have attracted intensive research interest due to their unique and 

fascinating properties and applications superior to their bulk counterparts [1−3]. 

The ability to produce such 1D nanostructures is essential to much of the 

advanced science and technology. Simultaneous control over morphology, 

dimension and uniformity is the most important in developing synthetic methods 

to produce 1D nanostructures. The synthesis and characterization of 1D 

nanostructures: nanowires, nanorods, nanobelts, and nanotubes have been 

frequently reported in the past decades, and were summarized in a review paper 

[4]. Figure 2−1 shows the schematic illustrations of the six different approaches 

used to produce 1D nanostructures: A) dictation by the anisotropic 

crystallographic structure of a solid, B) confinement by a liquid droplet, C) 

template assisted synthesis, D) kinetic control with surfactant as a capping agent, 

E) self-assembly of 0D nanostructures, F) size reduction of 1D microstructure 

[4]. 
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Figure 2-1. Schematic illustrations of the six different approaches used to 

produce 1D nanostructures. (A) dictation by the anisotropic crystallographic 

structure of a solid, (B) confinement by a liquid droplet, (C) template assisted 

synthesis, (D) kinetic control with surfactant as a capping agent, (E) self-

assembly of 0D nanostructures, (F) size reduction of 1D microstructure. 

Reproduced with permission from “One-dimensional nanostructures: synthesis, 

characterization and applications” Adv. Mater. 2003; 15 (5): 353. Copyright 

2003, Wiley-VCH. 
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Template-assisted synthesis of 1D nanostructures is a straightforward method, 

in which the template simply functions like a mold within which materials can 

be generated and shaped into nanostructures conforming to the morphology of 

the template. The post-synthesis treatment that removes the template by chemical 

process makes it possible to obtain pure 1D nanostructures. It is widely accepted 

that the template-assisted synthesis of 1D nanostructures is a simply, high-

through-put and cost effective approach. 

The production of 1D nanostructures such as CuNWs by using anodic PAO as 

the mask or matrix structure can significantly reduce the cost compared to the 

technologies based on the traditional methods like nanoscaling using electron 

beam lithography [5]. To use such an anodic PAO template for the synthesis of 

new 1D nanostructures, the pores should be filled with one or more desired 

materials by chemical vapor deposition (CVD), physical vapor deposition (PVD) 

or electrodeposition. Electrodeposition can be applied to synthesize the 

electrically conducting or semiconducting 1D nanostructures, by which the 

growth direction of the nanowires is in contrast to other deposition methods like 

CVD and PVD in that the growth of nanowires in electrodeposition starts at the 

pore tips and continues in the pore direction from the pore bottom to the pore 

opening [6]. 

AC electrodeposition has been reported to synthesize metal nanowires in 

anodic PAO template for years [4, 7−11]. However, the relationship between the 

electrodeposition parameters and the structure of the barrier layer during AC 
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electrodeposition is not fully understood up to now. Thus, AC electrodeposition 

method is primarily developed on the experimental basis.  The microstructure 

and properties of the synthesized 1D nanostructures depend on the deposition 

solution composition, temperature, and parameters of the AC wave: voltage, 

frequency, wave form, etc. 

In this chapter, a scalable approach to synthesize CuNWs by AC 

electrodeposition of copper into anodic PAO template is presented in bench scale. 

The liberated CuNWs can be utilized as fillers in polymer matrices to formulate 

ECPNCs for ESD and EMI shielding application. 

 

2.2. Experimental 

2.2.1. Preparation of anodic porous aluminum oxide template 

To prepare the anodic PAO template for the synthesis of CuNWs by AC 

electrodeposition, Aluminum plates of 1 mm thick (99.99+%, Alfa Aesar) were 

cut into 10 cm × 25 cm pieces and cleaned with acetone. The rectangular 

aluminum pieces were immersed in 1 mol/L NaOH aqueous solution for 10 min 

to remove the oxide layer on the surface completely.  

An anodization tank of 0.75 inch plexiglass wall with an approximate 

maximum volume of 32 L as shown in Figure 2−2a was filled with 28 L 0.3 

mol/L H2SO4 aqueous solution as electrolyte for the anodization, which was 

circulating with a pump via the aqueous glycol cooling fluid of a chiller to 

control the temperature of the electrolyte between 0~4 
o
C.  
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Subsequently, 10 bare high purity aluminum plates as anodes were vertically 

inserted into the slots of the anodization tank one by one. 11 stainless steel plates 

of the same size as cathodes were also placed into the slots of the anodization 

tank alternating with and parallel to the aluminum plates with inter-electrode 

distance of 2.0 cm. And it was the stainless steel plates at both ends of the 

electrode array as shown in Figure 2−2b. The electrical contact was made by 

using an alligator clip to connect the top of each electrode to the terminals of a 

Mastech HY5020EX DC power supply: aluminum plates connected to the 

positive terminal with red alligator clips, stainless steel plates connected to the 

negative terminal with black ones. The front image of the Mastech HY5020EX 

DC power supply is shown in Figure 2−3. 
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Figure 2-2. The photographs of the plexiglass anodization tank: (a) the front 

view showing the setup overview and (b) the top view showing the configuration 

of electrodes and the electrical connection. The aluminum plates connected to 

the positive terminal with red alligator clips, the stainless steel plates connected 

to the negative terminal with black ones. 
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Figure 2-3. The photograph of the front panel of the Mastech HY5020EX DC 

power supply for anodization. 

 

The bare aluminum plates were anodized with Masuda’s two-step process [12, 

13]. The bare aluminum plates were first anodized under 25 V DC at 0~4 
o
C for 

2 h. As described in Chapter 1, to dissolve the initially formed PAO film and 

improve the self-organization of the formed pores, the anodized aluminum plates 

were etched in a solution of 0.1 mol/L H2CrO4 and 0.3 mol/L H3PO4 at 60 
o
C for 

30 min. H2CrO4 of 0.1 mol/L was prepared by dissolution of CrO3 (99.8%, J. T. 

Baker) in deionized water. The etched aluminum plates were fully rinsed with 

deionized water to remove the chemical residual. Immediately following the 

etching and rinse, the aluminum plates were placed into the original H2SO4 

solution and anodized for another 8 h under identical conditions. At the end of 

the second anodization, the DC voltage was decreased from 25 V to 9 V within 
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10 minutes and held for 5 min at 9 V to thin the alumina barrier layer at the 

bottom of the PAO layer. The stepwise decrease of anodization voltage at the 

end of the second anodization is shown in Figure 2−4. After the second 

anodization, the aluminum plates were rinsed and dried completely with air flow.  

 

 

Figure 2-4. The stepwise anodization voltage decrease during barrier layer 

thinning at the end of the second anodization. 
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2.2.2. AC electrodeposition of copper into the anodic PAO template 

The anodized aluminum plates were coated with nail polish on the edges to 

prevent the preferential deposition of copper on the edges. Individual plate was 

vertically immersed into the electrodeposition solution of 4 L in a beaker. The 

composition of the electrodeposition solution is listed in Table 2−1.  

 

Table 2-1. Composition of the solution for AC electrodeposition of copper. 

 Concentration 

CuSO4∙5H2O (99%, Alfa Aesar) 0.5 mol/L 

H3BO3 (99.5% min., EMD Millipore) 0.285 mol/L 

 

Two copper plates (99.999%, Alfa Aesar) were used as counter-electrodes 

immersed in the electrodeposition solution parallel to the aluminum plate in 

order to deposit copper into the template on both faces. The aluminum plate and 

the copper plates were connected to either of the terminals of a Kepco BOP 20–

50 MG AC power supply. The schematic illustration of the AC electrodeposition 

setup is shown in Figure 2−5.  

  



Electrically Conductive Metal Nanowire Polymer Nanocomposites 

 55 

 

Figure 2-5. The schematic illustration of the AC electrodeposition setup. 

 

The aluminum plate was immersed in the electrodeposition solution for 5 min, 

and then a 200 Hz continuous sine AC of 10 Vrms was supplied to start the 

electrodeposition of copper into the pores of the PAO template for 10.5 min. The 

continuous AC wave for the electrodeposition is shown in Figure 2−6. After the 

10.5 min AC electrodeposition of copper, both faces of the aluminum plate were 

covered with the copper deposition, which turned the surface of aluminum plate 

from shinny bright to dark black or yellow brown (if electrodeposited for 

prolonged period). The aluminum plate with copper deposition was then fully 

rinsed with deionized water and dried with air flow ready for the liberation of 

CuNWs from the PAO template. 
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Figure 2-6. The continuous sine voltage produced by a Kepco BOP 20–50 Mg 

power supply for the AC electrodeposition of copper into the anodic PAO 

template. 

 

2.2.3. Liberation of copper nanowires from PAO templates 

The aluminum plates with CuNWs deposition were immersed into 0.6 mol/L 

H3PO4 aqueous solution for 5 min under room temperature, followed by rubbing 

the surface with a Kimwipe to remove the bulk copper deposition on the surface. 

The color of the aluminum plates with CuNWs deposition will change from 

yellow with bulk copper deposition on the surface to dark black without bulk 

copper deposition on the surface. 

After the removal of bulk copper deposition, the aluminum plates with 
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CuNWs were immersed into 1 mol/L NaOH aqueous solution for 10 min under 

room temperature to dissolve the aluminum oxide template so as to liberate the 

CuNWs. The liberated CuNWs appeared large mass floating on the surface of 

the NaOH solution, which can be collected with a spatula and put into a flask 

with methanol to clean under vigorous stirring. The mixture of CuNWs and 

methanol was then filtered with a nylon membrane (Whatman, 0.45 µm pore 

size), rinsed twice with methanol, and transferred into 250 mL methanol to 

ultrasonicate for 1 h in a sonication bath. The ultrasonic treatment consisted of 

135 W average power and 38.5–40.5 kHz frequency applied for 5 min periods 

with a 5-min rest period between sonications. The CuNWs dispersed in methanol 

can then be used for characterization directly or filtered with a nylon membrane 

(Whatman, 0.45 µm pore size) and dried out in a vacuum oven to get dry powder. 

The flow chart representing the process of the CuNWs synthesis by AC 

electrodeposition of copper into PAO template is shown in Figure 2−7. 
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Figure 2-7. The flow chart representing the process of the CuNWs synthesis by 

AC electrodeposition of copper into PAO template. 
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2.2.4. Determination of CuNWs yield with PAO templates anodized for different 

hours 

The process of the first anodization and etching was carried out as described 

in Section 2.2.1 with the aluminum plates of 10 cm × 25 cm. Subsequently, the 

aluminum plates were anodized for the second time for different periods: 2 h, 4 h, 

6 h, 8 h, 10 h and 12 h, respectively. After the second anodization, the barrier 

layer thinning, AC electrodeposition and CuNWs liberation were finished as 

described in the previous sections of this chapter.  

The CuNWs liberated from 2 PAO templates with the same second 

anodization hours were collected, cleaned, filtered, dried and weighed separately 

to determine the yield. 

 

2.2.5. Determination the length distribution of CuNWs  

The CuNWs was synthesized with the anodic PAO template with the second 

anodization for 8 h. The length distribution of the CuNWs dispersed in methanol 

was determined from the SEM images of a 22 mm × 22 mm cover glass (0.16–

0.19 mm thick, Fisherbrand) with well-dispersed CuNWs, which was prepared 

beforehand by spin casting of a drop of CuNW/CH3OH dispersion at 3000 rpm 

on the glass cover for 1 min with a Laurell WS-200-4T2 spin coater. The lengths 

of over 1000 individual CuNWs were measured with ImageJ 1.44p software 

(National Institute of Health, USA).  
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2.2.6. SEM and TEM characterization 

Scanning electron microscope (SEM) images of the aluminum plates before 

and after anodization were collected after coating the plates with gold and 

palladium by cathode sputtering in argon atmosphere. 

To prepare the CuNW samples for SEM imaging, a piece of 22 mm × 22 mm 

cover glass (0.16–0.19 mm thick, Fisherbrand) was fastened to the sample stage 

center of a Laurell WS-200-4T2 spin coater. Two drops of CuNW/CH3OH 

dispersion were dropped onto the cover glass spinning at around 3000 rev/min. 

After 1 min spinning, the cover glass was stuck onto an Al stub with double-

sided adhesive carbon tape. The assembly of the cover glass and the Al tub was 

coated with Au and Pd by cathode sputtering in argon atmosphere before the 

SEM imaging. All the SEM images in this chapter were collected using a Philips 

XL30 scanning electron microscope equipped with an energy dispersive X-ray 

(EDX) analyzer under 20 kV accelerating voltage.  

The samples for transmission electron microscope (TEM) imaging were 

prepared by dropping the very dilute CuNW/CH3OH dispersion onto a holey 

carbon coated nickel TEM grid. All the TEM images in this chapter were 

collected with a Tecnai F20 field emission gun TEM under 200 kV accelerating 

voltage. 
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2.2.7. XRD and XPS characterization 

The X-ray diffraction (XRD) pattern of the CuNW powder was collected by 

an Ultima III Multi Purpose Diffraction System with Cu Kα radiation operating 

at 40 kV and 44 mA. The CuNW powder was prepared by drying the 

CuNWs/CH3OH dispersion in a vacuum oven at room temperature and kept the 

CuNW powder in liquid nitrogen before test. 

The X-ray photoelectron spectra (XPS) were collected with a PHI VersaProbe 

5000-XPS spectrometer with the Kα X-rays from an Al source operating at 25 

mV. The base pressure of the XPS spectrometer was around 8 ×10
-8

 Pa. The 

CuNW sample for XPS characterization was prepared by sticking the CuNW 

powder onto an aluminum stub with double-sided carbon tape. 

 

2.3. Results and Discussion 

2.3.1. Surface morphological evolvement from aluminum plate to PAO template 

The surface morphological evolution from the aluminum plate to the PAO 

template is shown in Figure 2−8. Figures 2−8a and b show the surface 

morphology of the bare aluminum plate after fully cleaned with acetone and 1 

mol/L NaOH aqueous solution. White spots in the images were dusts on the 

surface. The bare aluminum plate surface was mostly smooth with a few straight 

ridges before anodization. 
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(b) 

 

(c) 
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(e) 

 

(f) 
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Figure 2-8. The surface morphological development from the aluminum plate to 

the PAO template: (a, b) acetone and NaOH (aq.) cleaned bare aluminum plate 

before anodization, (c, d) after anodized in 0.3 mol/L H2SO4 for 2 h, (e, f) after 

etched in a solution of 0.1 mol/L H2CrO4 and 0.3 mol/L H3PO4 under 60 
o
C for 

30 min, (g, h) after anodized in 0.3 mol/L H2SO4 for 8 h. 

 

Figures 2−8c and d reveal the surface morphology of the aluminum plate after 

2 h anodization in 0.3 mol/L H2SO4 solution. Some shallow concaves of 35~60 

µm in diameter can be observed in both images. A few pores were visible in the 

left image. It seems that there was a layer of loose floccule covering the surface, 

which can be attributed to the aluminum oxide formed during the first 2 h 

anodization. 

Figures 2−8e and f are the SEM images of the aluminum plate etched in the 

solution of 0.1 mol/L H2CrO4 and 0.3 mol/L H3PO4 under 60 
o
C for 30 min. The 

surface looked clearer and cleaner in Figure 2−8e than that in Figure 2−8c, 

(g) 

 

(h) 
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which indicates that the etching process can remove the surface aluminum oxide 

formed during the first 2 h anodization. Moreover, the pattern of the self-

organized pores can be well observed in Figure 2−8f. By comparison of Figure 

2−8d with Figure 2−8f, it seems that removal of the surface aluminum oxide 

improved the self-organization of the pores formed during the first 2 h 

anodization. 

The surface morphology of the aluminum plate after the second 8 h 

anodization and the barrier layer thinning at the end of the second anodization is 

shown in Figures 2−8g and h. The self-organization of the pores was further 

improved by the second 8 h anodization.  And the pores also looked deeper and 

more regular after the second anodization, which was ready for AC 

electrodeposition. 

 

2.3.2. AC electrodeposition of copper into anodic PAO template 

As described in Section 1.2, the barrier layer at the bottom of the pores 

functions like a diode with a p-n junction that allows the electrical current to pass 

preferentially in the cathodic direction.  Therefore, the copper deposition can be 

generated in the PAO pores when the stronger sine AC electrical current is 

directed from the aluminum substrate to the electrolyte, and the electrically 

deposited copper will be partially dissolved to Cu
2+

 when the weaker sine AC 

electrical current is in the opposite direction, which results in some copper 

deposition left in the PAO pores during a full cycle of the sine AC voltage. At 
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the same time, anodic reactions will also take place on the counter copper 

electrodes to allow the current flow and keep the electroneutrality. The 

electrochemical cell representing the AC electrodeposition of copper into the 

anodic PAO template is expressed in Equation 2–1.  

       (         )      (           )                                           (2–1) 

And the half reactions along with respective standard electrode potentials at 25 

o
C vs. NHE in the aqueous solution are expressed in Equation 2–2 and Equation 

2–3. 

                                                                                     (2–2) 

                                                                                  (2–3) 

At the same time, side reactions can also take place on the electrodes to produce 

H2 and O2 bubbles, which hinder the uniform deposition of copper into the PAO 

pores. 

                 
                                                        (2–4) 

                       
                                               (2–5) 

With copper plates as counter electrodes, Equation 2–3 is the most favorable 

cathodic reaction that produces copper deposition into the PAO pores 

accompanying the most favorable anodic reaction expressed in Equation 2–2. 

H3BO3 acts as a PH buffer to stabilize the PH value of the electrodeposition 

solution. 
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The SEM images of the surface morphology of the PAO templates electrically 

deposited with copper are shown in Figure 2−9.  In both images, the large 

shallow concaves from the aluminum substrate were clearly visible. But no 

unfilled pores can be observed even in the high magnification image, which 

indicates the high uniformity of the AC electrodeposition process. 

     

Figure 2-9. The (a) low magnification and (b) high magnification SEM images 

showing the surface morphology of the PAO template electrically deposited with 

copper. 

 

2.3.3. Effect of the second anodization period on the yield 

The CuNW yield with different second anodization period (2 h, 4 h, 6 h, 8 h, 

10 h and 12 h) is shown in Figure 2−10. Two aluminum plates of 10 cm × 25 cm 

for each second anodization time were used to measure the CuNW yield per unit 

effective area that is the area of the aluminum plate covered with black CuNW 

deposition after the AC electrodeposition for 10.5 min. 

(a) 

 

(b) 
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Figure 2-10. CuNW yields with different second anodization periods.  

 

The converted CuNWs yields were 0.46 mg/cm
2
, 0.96 mg/cm

2
, 1.26 mg/cm

2
, 

1.72 mg/cm
2
, 1.96 mg/cm

2
 and 2.23 mg/cm

2
 for the second anodization periods 

of 2 h, 4 h, 6 h, 8 h, 10 h and 12 h, respectively. The relationship between the 

CuNW yield and the second anodization period was highly linear with 

correlation coefficient R
2
 = 0.9824. This linear relationship can be utilized to 

predict the CuNW yield of different second anodization period. 
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The CuNW yields increased almost linearly with the prolonged second 

anodization periods hints that the pore depth of the anodic PAO template grew in 

proportion to the anodization time. 

Gerein and Haber [14] have studied the percentage of pore-filling vs. depth 

under the initial sample surface of the anodic PAO template after the AC 

electrodeposition with sine wave or square wave voltages and found that the 

pore-filling percentage increased with the depth under the initial sample surface 

nearly linearly. 

In this case of CuNW yield at different second anodization period, the deeper 

pore was formed by the longer anodization time. Moreover, the deeper pore 

requires longer time of AC electrodeposition to fill it with copper deposition as 

much as possible. Both the longer walls of the pores and the longer 

electrodeposition time increased the probability of pore-blocking by non-

conductive substance. Therefore, the longer second anodization period tends to 

decrease the pore-filling percentage in the electrodeposition process. 

Although the CuNW yield increased with the prolonged second anodization 

period, it is not a good idea to prolong the second anodization period unlimitedly. 

The time consumption in the liberation process increased with the prolonged 

second anodization period. It took around 5~8 min to liberate the CuNWs from 

the PAO templates anodized for 2 h, 4 h, 6 h and 8 h, but took 10~15 min to 

liberate the CuNWs from the PAO templates anodized for 10 h and 12 h. The 

CuNWs deposited in the PAO templates anodized for over 14 h cannot be fully 
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liberated even after 30 min, and it was very difficult the clean the aluminum 

plates after the liberation, which hindered the recycling of the expensive high 

purity aluminum plates. Another problem for the PAO template anodized for 

over 14 h is that the barrier layer was not robust enough to hold the PAO 

template with copper deposition and the PAO layer automatically peeled off 

from the aluminum substrate during the post-deposition processes: rinse and air 

dry. In addition, some insoluble junks were mixed up in the liberated CuNWs in 

the case of anodization of the PAO template for over 12 h. Therefore, the second 

anodization for 8 h is a good choice to yield more CuNWs while avoid the 

adverse effects. 

 

2.3.4. Length distribution of the CuNWs 

Length distribution of the CuNWs synthesized with PAO templates with the 

second anodization for 8 h, liberated with 1 mol/L NaOH solution and 

ultrasonicated for 1 h as described in Section 2.2.5 is shown in Figure 2−11b. 

One of the SEM images used for measuring the lengths of individual CuNWs is 

shown in Figure 2−11a. 

According to the statistical results in different length intervals, the CuNWs of 

length less than 0.5 µm and over 7 µm accounted for 14.8% and 1.0% 

respectively in the total number of CuNWs. 17.7% CuNWs with  length fell 

between 0.5 µm and 1.0 µm. 32.0% of CuNWs were between 1 µm and 2 µm in 

length. Around 20.0% of CuNWs were between 2 µm and 3 µm in length. The 
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CuNWs of length between 3 µm  and 7 µm accounted for 14.7% in the total 

number. 

Regarding the accumulative statistical results, 64.4% of CuNWs were less 

than 2 µm in length. The CuNWs of length less than 4 µm accounted for 90.9% 

in the total number. And 97.1% of CuNWs were less than 2 µm in length. 

Based on the lengths of over 1000 individual CuNWs measured with ImageJ 

1.44p, The determined average length of the CuNWs synthesized with the PAO 

templates with the second anodization for 8 h, liberated with 1 mol/L NaOH 

solution and ultrasonicated for 1 h was 1.98 µm. 

 

 

(a) 
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Figure 2-11. The length distribution of the CuNWs synthesized with the PAO 

templates with the second anodization for 8 h, liberated with 1 mol/L NaOH 

solution and ultrasonicated for 1 h. (a) One of the SEM images used for 

measuring the lengths of individual CuNWs, (b) the statistical results of the 

CuNWs length distribution. 

 

2.3.5. Morphology and aspect ratio of the CuNWs 

The SEM images of the CuNWs after liberation and 1 h ultrasonication are 

shown in Figure 2−12. Most of the CuNWs in the low magnification image 

existing as individual nanowires indicated good dispersion of the CuNWs after 1 

h ultrasonication. Some of the CuNWs aggregated to form nanowire 

agglomerates with bigger diameter in the high magnification image, which can 

(b) 
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be attributed to the high surface energy of the CuNWs. The CuNWs in both 

SEM images showed regular wire-shape and smooth surface. 

Figure 2−13 shows the TEM images of the CuNWs after liberation and 1 h 

ultrasonication. The low magnification image showed the CuNW agglomerate 

from the CuNW/methanol dispersion. Most of the individual nanowires in the 

image were aligned in the length direction, which way can minimize the surface 

area of the CuNW agglomerate to meet the minimal surface Gibbs free energy. 

The single CuNW shown in the high magnification image revealed the smooth 

surface with some fluctuation in diameter. 

The diameter of individual CuNWs determined from the high magnification 

TEM images was 25 ± 4 nm. The average aspect ratio of the CuNWs after 

liberation and 1 h ultrasonication was 80 based on the average length 1.98 µm 

determined in Section 2.3.4 divided by the average diameter of 25 nm.  
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Figure 2-12. The SEM images of the CuNWs after liberation and 1 h 

ultrasonication. (a) The low magnification image of the area with few CuNWs, 

(b) the high magnification image of the area with concentrated CuNWs. 

(a) 

 

(b) 
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Figure 2-13. The (a) low magnification and (b) high magnification TEM images 

of the CuNWs after liberation and 1 h ultrasonication. 

(a) 

 

(b) 
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2.3.6. Crystal structure and composition of the CuNWs 

Figure 2−14 shows the EDX spectra of the CuNW powder on an aluminum 

stub collected with the SEM EDX analyzer. The Al peak in the EDX spectra was 

from the aluminum stub. The peaks appearing at 0.93 keV, 8.09 keV and 8.94 

keV were the CuL, CuKα, and CuKβ lines respectively [15−18], which 

confirmed the copper element in the synthesized nanowires. 

 

Figure 2-14. The EDX spectra of the CuNWs on an aluminum stub collected 

with the SEM EDX analyzer. 
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The XRD pattern of the CuNW powder is shown in Figure 2−15. The three 

sharp peaks of the fcc copper can be clearly identified at two theta of 43.32, 

50.45 and 74.12 corresponding to the planes of (111), (200) and (220), 

respectively (PDF# 04-0836) as labeled in Figure 2−15. The d-spacings of the 

corresponding planes of fcc copper determined by MDI Jade 5.0 from the XRD 

pattern are shown in Table 2−2. The small peaks of Cu2O can also be identified 

in the XRD pattern. The highest peak of Cu2O at two theta of 37.1 corresponds 

to the (110) plane of the cubic Cu2O (PDF# 35-109). CuO was not found in the 

XRD pattern. 

 

Figure 2-15. The XRD pattern of the CuNW powder. 
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Table 2-2. The d-spacings of the corresponding planes of fcc copper determined 

by MDI Jade 5.0 from the XRD pattern. 

(hkl) d (Å) Two theta 

(111) 2.0871 43.32 

(200) 1.8075 50.45 

(220) 1.2781 74.12 

 

Figure 2−16 shows the X-ray photoelectron spectra of the CuNW powder. 

The survey spectra, high resolution spectra of the Cu 2P peak and Cu LMM peak 

are shown in Figures 2−16a, b and c, respectively. Table 2−3 shows the chemical 

shifts of Cu2O and CuO referenced to metal copper in XP spectra, which can 

help to identify the different Cu species in the XP spectra. 

The peaks of Cu, O and C can be identified from the survey spectra. The O 

peaks may originate from the oxide species in the sample or the O2 absorbed on 

the surface. The C signals can be attributed to the carbon tape used to stick the 

CuNW powder on the aluminum stub. The survey spectra showed that the 

CuNW powder was pretty clean with no impurity above the detection limit of the 

XPS. 
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Figure 2-16. The X-ray photoelectron spectra of the CuNW powder. (a) The 

surveys, (b) the high resolution XP spectra of the Cu 2P peak and (c) the high 

resolution XP spectra of the Cu LMM peak. 

 

Table 2-3. Chemical shifts of Cu2O and CuO referenced to metal copper [19]. 

Species Cu 2P peak Cu LMM peak 

Cu 0 0 

Cu2O 0.1 2.3 

CuO 1.2 1.0 
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The chemical shifts of Cu2O and CuO from metal Cu are 0.1 eV and 1.2 eV 

respectively in Cu 2P XP spectra, which means that the Cu 2P spectra can be 

readily used to identify CuO from metal Cu, but cannot be used to identify Cu2O 

from metal Cu [20] because of the chemical shifts 0.1 eV is within the error limit 

of the instrument [19]. In Figure 2−16b, the Cu 2P1/2 and Cu 2P2/3 were detected 

at 952.4 eV and 932.5 eV respectively, which can be attributed to either metal 

Cu or Cu2O, or both [19, 21] in the sample. Moreover, the chemical shifts of the 

Cu 2P spectra in Figure 2−16b from metal Cu were far less than 1.2 eV 

indicating the absence of CuO whose main peak in Cu 2P2/3 spectra should 

appear at 933.6 eV [22].  

Another distinct way to identify CuO species in Cu 2P XP spectra is the 

shake-up satellite peaks, which are the characteristic of materials with an open d
9
 

shell [23−25]. The divalent state copper in CuO has a d
9
 configuration in the 

ground state, while Cu2O is supposed to have an essentially full 3d shell [25, 26].  

Therefore, the shake-up satellite feature of CuO can be utilized to identify the 

species in the CuNW powder sample [27−29].  The shake-up satellite peaks of 

CuO should appear at 945 eV and 965 eV for the Cu 2P3/2 and Cu 2P1/2 core 

levels, respectively [28]. That no obvious shake-up satellite peaks can be 

observed from the Cu 2P XP spectra in Figure 2−16b indicated the absence of 

CuO species in the CuNW powder. 

The chemical shifts of both CuO and Cu2O in Cu LMM spectra are ≥ 1.0 eV, 

which means that the three common species metal Cu, CuO and Cu2O can be 
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readily identified in Cu LMM spectra [30, 31]. The peaks of metal Cu and Cu2O 

can be clearly distinguished in Figure 2−16c, which appeared at the binding 

energies of 568.1 eV and 570.1 eV, respectively. However, The CuO peak 

cannot be observed in the Cu LMM spectra, which indicated the absence of CuO 

species in the CuNW powder. This result is consistent with the result from the 

Cu 2P XP spectra as well as the result from the XRD pattern.  

 

2.4. Conclusions 

PAO templates were prepared by Masuda’s two-step process by the 

anodization of high purity aluminum plates in 0.3 mol/L H2SO4 aqueous solution 

with 25 V DC under 0~4 
o
C. The barrier layer was thinned by the stepwise 

decrease of the DC voltage at the end of the second anodization process from 25 

V to 9 V. 

A 200 Hz continuous sine AC of 10 Vrms was applied to deposit copper into 

the pores of the PAO template for 10.5 min. The yield of CuNWs per unit area of 

the PAO template was proportional to the hours of the second anodization. The 

CuNWs liberated and ultrasonicated had an average length of 1.98 µm. The 

diameter of the CuNWs measured in TEM images was 25 ± 4 nm. Therefore, the 

average aspect ratio of the CuNWs was around 80.  

The EDX spectra confirmed the Cu element in the CuNWs. Both metal Cu 

and Cu2O can be identified in the XRD pattern of the CuNW powder. The 
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composition of the CuNW powder was also verified by the X-ray photoelectron 

spectra. 
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Chapter 3                                                                                                

Oxidation Kinetics of Copper Nanowires Synthesized by AC 

Electrodeposition of Copper into Porous Aluminum Oxide Templates 

 

3.1. Introduction 

CuNWs with one dimensional nanostructure have potential applications in 

many fields such as electronics, optoelectronics and photonics [1–3] due to their 

high electrical and thermal conductivity. The specific properties of CuNWs make 

them excellent candidates for nanofillers in multi-functional polymer 

nanocomposites. AC electrodeposition of copper into anodized porous aluminum 

oxide templates is one of the most efficient methods to produce CuNWs [4]. 

CuNWs of diameters less than 100 nm have much higher surface area, and 

thus are subject to much higher oxidation rate than bulk copper due to the 

crystallite strain and more surface area. It is very important to study the 

oxidation kinetics of CuNWs to know their corrosion mechanism and activity 

loss so as to understand their long term performance and durability.  

The oxidation kinetics of bulk copper have been extensively studied. The 

conclusion has been reached that the oxidation rate increases with temperature 

while O2 partial pressure makes no difference on the rate when it is above the 

equilibrium potential for Cu/CuO [5]. Regarding the oxidation kinetics, 

parabolic law has been reported most frequently, while logarithmic and inverse-

logarithmic laws were also observed at low temperatures as well as cubic law at 
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moderate temperatures 600 
o
C to 850 

o
C [6]. The reported activation energies of 

bulk copper oxidation in air/O2 between 300 
o
C and 1050 

o
C vary from 39 

kJ/mol to 223 kJ/mol [7] as shown in Table 3–1. 

Although the kinetics and mechanism of bulk copper oxidation are widely 

studied and well understood, very little is known about the nanoscale copper 

particles like CuNWs. In this study, the oxidation kinetics of CuNWs 

synthesized by AC electrodeposition of Cu into PAO templates was studied. The 

activation energies were determined by different model-free methods, and the 

oxidation mechanism was determined by fitting the results with different models. 
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3.2. Experimental 

3.2.1. Preparation of CuNW dry powder 

CuNWs were synthesized by AC electrodeposition of copper into the anodic 

PAO template. The details of the synthesis and liberation were described in 

Chapter 2. The CuNWs prepared by this method after 1 h ultrasonication in 

methanol have diameter of 25 ± 4 nm and an average length ca. 2 µm. The 

CuNW/CH3OH dispersion was then filtered with a nylon membrane (Osmonics 

Inc.) with pore size 0.45 µm. The sludge after filtration was dried in a vacuum 

oven under room temperature and -25 inHg vacuum for 3 h. The vacuum oven 

was flushed with N2 for three times at the beginning of the drying process. After 

drying, the cake was grounded slightly in a mortar to make a uniform fine 

powder. The fine powder of CuNWs was then immediately stored in liquid 

nitrogen. 

 

3.2.2. Morphology characterization of the CuNWs 

The SEM images of the CuNW dry powder before and after oxidation were 

collected using a Philips XL30 scanning electron microscope. The dry powder 

before and after oxidation was stuck onto carbon tape stuck on an aluminum stub. 

All these samples were coated with gold prior to SEM imaging.  

The TEM images were collected with a Tecnai F20 field emission gun 

transmission electron microscope under 200 kV accelerating voltage. A very 

dilute CuNW/CH3OH dispersion (before oxidation) was dropped onto a holey 
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carbon coated nickel TEM grid. The CuNWs powder after oxidation was 

dispersed into methanol by 30 min ultrasonication and then dropped onto a holey 

carbon coated nickel TEM grid for TEM observation. 

 

3.2.3. Thermogravimetric analysis (TGA) of the CuNW powder 

All the TGA data and plots were collected with a TA Q500 TGA instrument, 

and all the TGA tests were carried out within 10 min after the CuNW powder 

was taken out of liquid nitrogen. The oxygen content in the CuNW powder 

before oxidation was determined from the TGA curve acquired with 60 mL/min 

4% H2 balance N2 (Praxair) as purge gas  and 40 mL/min N2 (Praxair) as balance 

gas at heating rate 20 
o
C/min from room temperature to 800 

o
C. The photographs 

of the TA Q500 TGA, the furnace configuration and gas flow route are shown in 

Figure 3–1. 

The oxidation TGA curves were obtained with 60 mL/min air (Praxair) as 

purge gas and 40 mL/min N2 (Praxair) as balance gas at different heating rates 

from room temperature to 500 
o
C. The sample of the CuNW powder for each 

oxidation experiment was controlled between 3~5 mg and distributed evenly in 

the platinum pan to minimize the temperature gradient inside the sample and 

facilitate the release of the oxidation heat quickly. 
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Figure 3-1. The photographs of (a) the TA Q500 TGA and (b) the furnace 

configuration and gas flow route. 

(a) 

 

(b) 
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3.2.4. XRD characterization 

The XRD patterns were obtained with an Ultima III Multi Purpose Diffraction 

System with Cu Kα radiation operating at 40 kV and 44 mA. 

The CuNW powder taken out of liquid nitrogen was immediately used to 

collect the XRD pattern before oxidation. The CuNW powder heated to 175 
o
C 

at 9 
o
C/min rate with 60 mL/min air as purge gas and 40 mL/min N2 as balance 

gas in the TGA instrument was used to collect the XRD pattern of CuNWs after 

Stage 1. The CuNW powder heated to 350 
o
C at 9 

o
C/min rate with 60 mL/min 

air as purge gas and 40 mL/min N2 as balance gas in the TGA was used to collect 

the XRD pattern of CuNWs after Stage 2.  

 

3.3. Results and discussion 

3.3.1. CuNWs before oxidation 

The SEM and TEM images of the CuNW powder before oxidation are shown 

in Figure 3–2. Figure 3–2a shows the low magnification SEM image, Figure 3–

2b shows the high magnification image; and Figure 3–2c shows the TEM image 

of the CuNWs before oxidation. In the SEM images, most of the CuNWs in the 

dry powder are seen to exist as single wires; however, some CuNWs in bundles 

merged into nanowire agglomerates with larger diameter. The diameter of the 

individual CuNWs in the TEM image was 25 ± 4 nm, which is consistent with 

the value reported by Gelves et al [8]. 



Electrically Conductive Metal Nanowire Polymer Nanocomposites  

 94 

 

 

(a) 

 

(b) 
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Figure 3-2. The (a, b) SEM and (c) TEM images of the CuNWs before oxidation. 

 

All the XRD patterns of the CuNW powder before and after oxidation are 

shown in Figure 3–3. The Composition of the CuNW powder before oxidation 

included metallic Cu and Cu2O. After oxidation, only Cu2O and CuO were 

detected by XRD. In the TGA plot shown in Figure 3–4, the CuNW dry powder 

before oxidation reduced in H2 at 600 
o
C had weight loss of 3.0%, which can be 

attributed to the O content in the sample. Combining the XRD pattern of CuNW 

powder before oxidation with the TGA plot collected during the reduction in H2, 

it can be calculated that the CuNW dry powder before oxidation comprised 26.8 

(c) 
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wt. % Cu2O and 73.2 wt. % Cu.  

 

Figure 3-3. The XRD patterns of the CuNW powder before oxidation, after stage 

1 and after stage 2. 
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Figure 3-4. The TGA plot of the CuNW powder before oxidation reduced in H2. 

 

3.3.2. Two stages oxidation of the CuNW powder 

Figure 3–5 and Figure 3–6 illustrate the TGA and differential 

thermogravimetric (DTG) curves of different heating rates during oxidation, 

respectively. Both the TGA and the DTG curves in similar patterns shifted to 

higher temperature at higher heating rate. And the peak maximums of the DTG 

curves also shifted to higher temperature at higher heating rate.  

By observing the TGA and the DTG curves, the oxidation reaction of the 

CuNW powder can be divided into two different stages. On the TGA curves, 

there is a plateau at around 175 
o
C connecting the two different stages: the stage 
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1 with higher weight gain rate took place at temperature lower than 175 
o
C, and 

the stage 2 with lower weight gain rate took place at temperature higher than 175 

o
C. In addition, there are two peaks on each DTG curve, which also indicates the 

two-stage oxidation of the CuNW powder. Based on the DTG curves, the 

oxidation reaction of the CuNW powder was divided into two stages at 172 
o
C 

on the TGA curve of 9 K/min heating rate which corresponds to the weight of 

111.2 % as indicated by the horizontal dash line on the TGA plots in Figure 3–5. 

 

Figure 3-5. The TGA curves of the CuNW powder oxidized at different heating 

rates. 
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Figure 3-6. The DTG curves of the CuNW powder oxidized at different heating 

rates. 

 

The composition of the oxidized CuNW powder after stage 1 and stage 2 was 

identified by XRD as shown in Figure 3–3. The oxidized CuNW powder after 

stage 1 comprised Cu2O and CuO, and the oxidized CuNW powder after stage 2 

consisted of CuO only.  

Based on the composition of the CuNW powder before oxidation, the final 

weight gain of the CuNW powder after stage 2 should be 19.9% if both the Cu 

and the Cu2O in the initial CuNW powder were converted to CuO 

stoichiometrically. On the TGA plot, the final weight gain of the CuNW powder 
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after stage 2 was around 20.0% based on the lowest weight point on the plot, 

which is slightly higher than the theoretical value of 19.9%. Conversion ratio α 

at given temperature was determined from TGA data by the assumption of 

stoichiometric reaction with 19.9% final weight gain: 

 ( )  
 ( )    
     

                                        (   ) 

Where    is the initial weight percentage of the sample,    is the final weight 

percentage of the sample.  ( )  is the weight percentage of the sample at 

temperature T. For stage 1,    is 99.7%, the lowest weight percentage point on 

the TGA plot,    is 111.2%. For stage 2,    is 111.2%,    is 119.9%.  

The SEM and TEM images of the CuNWs after oxidation are shown in 

Figures 3–7 (a, c) and (c, d), respectively. Figures 3–7a and b are the images 

after stage 1 oxidation and Figures 3–7c and d are the images after stage 2 

oxidation. The oxidation process made no difference on the SEM images. 

However, The CuNWs after stage 1 became loose and rough with diameter 25 ± 

6 nm in the TEM image. The CuNWs after stage 2 looked dense and smooth 

with larger diameter of 32 ± 6 nm which could result from the merge of two or 

more individual CuNWs into one during the oxidation.  
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(a) 

 

(b) 
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Figure 3-7. The (a, c) SEM and (b, d) TEM images of the CuNWs oxidized (a, b) 

after stage 1 and (c, d) after stage 2. 

(c) 

 

(d) 
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3.3.3. Determination of activation energy by Kissinger method and 

isoconversional methods 

Unlike the well-known bulk copper oxidation, little is known about the 

mechanism of the CuNW powder oxidation. It is necessary to use model-free 

methods to determine the activation energy.  

Kissinger method [15] involving no assumption of the reaction mechanism 

can be used to determine the activation energy with a single value. Kissinger 

equation is: 

  (
 

     
)    

  

  
 

  
     

                                  (   ) 

Where   is the Arrhenius frequency factor,      is the temperature of the 

peak maximum on the DTG plot. The activation energy    can be determined 

from the slope of the plot of   (
 

     
) against       . The Arrhenius plots 

based on Kissinger equation for stage 1 and stage 2 are shown in Figure 3–8. The 

activation energies determined by Kissinger method were 163.5 kJ/mol (1.69 eV) 

for stage 1 and 109.6 kJ/mol (1.14 eV) for stage 2. 
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Figure 3-8. The Arrhenius plots based on Kissinger Equation for stage 1 and 

stage 2. 

 

Model-free isoconversional methods are based on the assumption that the 

reaction rate at a certain conversion is only a function of temperature and the 

reaction model is independent of temperature and heating rate. These models 

make it possible to determine the activation energy without determination of the 

reaction mechanism and reaction order. The common isoconversional methods to 

study solid state reactions are listed as below: 

Flynn-Wall-Osawa (FWO) equation in differential form [16] 
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 (   )
  

       
 

                            (   ) 

Starink equation [17] 

  
 

    
   

   
  

                                   (   ) 

Kissinger-Akahira-Sunose (KAS) equation [18] 

  
 

  
   

 

   ( )
 
  
  
                             (   ) 

Friedman differential equation [19] 

  ( 
  

  
)    [  ( )]  

  
  
                         (   ) 

Boswell Equation [20] 

  
 

 
   

  
  
                            (   ) 

Where   is a constant,                     (when    in kJ/mol), 

  is the heating rate,    is the Arrhenius frequency factor,  ( )  is the 

mechanism function,  ( )  is the differential mechanism function,    is the 

activation energy,   is gas constant, T is absolute temperature. 

The activation energies determined with above five methods were plotted 

against each conversion ratio α for both stages in Figure 3–9 and Figure 3–10, 

respectively. The activation energies were between 1.0 eV and 1.7 eV for stage 1 

and between 0.87 eV and 1.15 eV for stage 2. The activation energies of stage 1 
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dropped at the beginning of the oxidation reaction and then increased to their 

maximum at around 50% conversion. The higher activation energy at the 

beginning of stage 1 could result from the influence of the Cu2O in the CuNW 

powder before oxidation, which covered the surface of the CuNWs leading to the 

enhanced stability. The activation energies of stage 2 were much lower than 

those of stage 1. The activation energies of stage 2 increased slightly at the 

beginning, and then dropped to the minimum at the end of the oxidation reaction.  

 

Figure 3-9. The activation energies for stage 1 determined by the different model 

free isoconversional equations. 
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Figure 3-10. The activation energies for Stage 2 determined by the different 

model free isoconversional equations. 

 

Theoretically, the activation energy with a fixed value should be held for the 

homogeneous reactions in which all the reactant molecules are identical and 

unaffected by the formation of the product as the reaction proceeds. However, 

the activation energies of CuNW powder oxidation in this study fluctuated as the 

oxidation reaction proceeds indicating that the reactant CuNW powder were 

undergoing the reactivity change because of the formation of crystal defect, i.e. 

the change of intracrystalline strain and the process of particle disintegration [21]. 

Moreover, the reactivity of the individual nanowires in the original CuNWs also 
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changed significantly during the oxidation reaction—this may result from the 

particle size evolvement, change in the boundary faces of different indices 

exposed, and crystal imperfections and damages [21] as indicated in the TEM 

images in Figure 3–2 and Figure 3–7. Therefore, it is reasonable that the 

activation energy of the CuNW powder oxidation may not be constant as the 

oxidation reaction proceeded, and variable activation energies should be used to 

determine the oxidation kinetics. Among the activation energies determined by 

different methods, Kissinger and Boswell methods obtained higher values, the 

values by Friedman method exhibited the maximum fluctuation, and Starink and 

KAS methods obtained very similar values that fell among the values determined 

by other methods. 

 

3.3.4. Determination of reaction kinetics 

Based on the generalized kinetic equations, Gotor et al [22] deduced the 

relationship between the experimental kinetic data and the theoretical mechanism 

function. The rate of a solid reaction can be expressed in the general law: 

  

  
      ( 

  
  
)   ( )                       (   ) 

Where,    is the reaction time. The kinetics rate equation at infinite temperature 

can be derived by defining the generalized time   [23–25] as: 

  ∫    ( 
  
  
)     

 

 

               (   ) 
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Where,   stands for the reaction time taken to reach a particular   at infinite 

temperature. The differentiation of equation 3–9 results in  

  

  
    ( 

  
  
)                                        (    ) 

Dividing equation 3–8 by equation 3–10, the following expression can be 

obtained: 

  

  
    ( )                              (    ) 

Or  

  

  
 
  

  
   (

  
  
)                              (    ) 

Selecting a reference point at      , equation 3–13 can be easily derived from 

equation 3–11. 

     

(     )     
 
 ( )

 (   )
                                         (    ) 

According to equation 3–12, 

     

(     )     
 

(     )     (
  
  ⁄ )

(     )        (
  
  ⁄ )   

               (    ) 

Combining equation 3–13 and equation 3–14, the relationship between the 

experimental kinetic data and the theoretical mechanism function  ( ) can be 

expressed as: 
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 ( )

 (   )
 

(     )     (
  
  ⁄ )

(     )        (
  
  ⁄ )   

                                         (    ) 

This expression of the conventional master plot method can be utilized to study 

the oxidation kinetics of the CuNW powder. 

The left side of equation 3–15 can be plotted with the individual differential 

mechanism function  ( ) (listed in Table 3–2) against the conversion ratio α. 

The right side of equation 3–15 is plotted using the variable activation energies 

determined by Starink method.   



Chapter 3. Oxidation Kinetics of Copper Nanowires Synthesized by AC 

Electrodeposition of Copper into Porous Aluminum Oxide Templates 

 111 

Table 3-2. Algebraic expressions for the f (α) and g (α) functions for the most 

common mechanisms in solid reactions [22] 

Mechanism Symbol f (α) g (α) 

Phase boundary 

controlled reaction 

(contracting area) 

R2 (   )     [  (   )   ] 

Phase boundary 

controlled reaction 

(contracting volume) 

R3 (   )     [  (   )   ] 

Unimolecular decay law F1         (   ) 

Random nucleation and 

growth of nuclei 

(Johnson-Mehl-Avrami 

equation) 

Am  (   )[   (   )]      [   (   )]    

Two-dimensional 

diffusion 

D2   [   (   )] 
(   )   (   )

   

Three-dimensional 

diffusion 

(Jander Equation) 

D3 
 (   )   

 (   )   
 [  (   )   ]  

Three-dimensional 

diffusion 

(Ginstein-Brounshtein 

Equation) 

D4 
 

 [(   )      ]
 

(  
  

 
)

 (   )    
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The master plots of Johnson-Mehl-Avrami (JMA) equation in Table 3–2 with 

different m values and the experiment points are shown in Figure 3–11. JMA 

equation gave the best fit among all equations in Table 3–2. JMA equation with 

    presented the best fit for       at stage 1, while     had the best fit 

for       at stage 1 and     exhibited the best fit for stage 2. Based on the 

fitting results, it can be concluded that random nucleation and growth of nuclei 

were the mechanism for the CuNW oxidation in both stages. The deviation of the 

experimental data from the theoretical function may result from two reasons. 

One the one hand, it is not easy to determine the value of       accurately due 

to its high sensitivity to the baseline stability [17]; on the other hand, the pre-

existing oxide Cu2O in CuNW powder before oxidation interfered with the ideal 

random nucleation and growth of nuclei mechanism. J. C. Yang et al [26, 27] 

reported the dominant process was oxygen surface diffusion for transport and 

nucleation [27] as well as oxygen surface diffusion plus direct impingement 

mechanism [28] for the initial growth of Cu2O on the single crystal Cu(001) thin 

films. In addition, Johnson-Mehl-Avrami-Kolmogorov (JMAK) surface theory, 

which suggests that the nucleation and coalescence of thin films result from 

surface processes, was applied to describe the nucleation and coalescence growth 

of Cu2O [26]. In this study, the diameter of the CuNWs was only 25 ± 4 nm, 

which means a large number of atoms distributed on the surface of CuNWs and 

the high crystallite strain caused by the high gradient of the surface curvature. 

The surface atoms and crystallite strain in the CuNWs should account for the 

random nucleation and growth of nuclei mechanism in oxidation. 
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Figure 3-11. Kinetic model fitting for the CuNW powder oxidation using JMA 

equation in Table 3–2 with different m values. 

 

The oxidation TGA curves in Figure 3–5 exhibit typical sigmoidal shapes for 

both stages, which indicate random nucleation and growth of nuclei mechanism 

for the oxidation of CuNWs. Moreover, the morphological evolution of CuNWs 

during oxidation is shown in Figure 3–2 and Figure 3–7, which is consistent with 

the mechanism of random nucleation and growth of nuclei. The CuNWs have 

smooth surface before oxidation. Due to the random nucleation of CuO over the 

parent phase of Cu2O, the oxidized CuNWs after Stage 1 become loose and 
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rough (See Figures 3–2c and 3–7b). Near the end of Stage 2, the oxidation rate 

decreases as the untransformed Cu2O phase becomes less and less so that new 

CuO nuclei cannot form; and the CuO nuclei already existing continue to grow 

and begin to touch each other to form larger grains and boundaries that terminate 

the growth of CuO nuclei. This results in the dense smooth surface of the 

oxidized CuNWs after Stage 2 (see Figures 3–7b and 3–7d) and the merging of 

two or more individual CuNWs into one.  

Regarding the oxidation of bulk copper under ambient oxygen pressures, the 

parabolic rate law was the one most frequently observed at intermediate 

temperature between 300 
o
C and 1050 

o
C [7, 29]. The cubic law was reported at 

moderate temperatures 600 
o
C to 850 

o
C [6, 30]. At temperature below 300 

o
C, 

logarithmic and inverse-logarithmic laws were observed [6, 30]. Two major 

mechanisms for the Cu2O and/or CuO scale growth during the oxidation of bulk 

copper were proposed: the diffusion of copper ions from the metal to the oxide-

oxygen interface driven by concentration gradient, and tunnelling electrons 

coming up against the surface electric field [6]. However, the oxidation of 

CuNWs in this study does not obey any law reported for the oxidation of bulk 

copper. Instead, the oxidation of CuNWs follows the JMA equation which 

means oxidation occurs by random nucleation and growth of nuclei driven by 

surface processes. 
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3.4. Conclusions 

The CuNWs synthesized for oxidation kinetics study had diameter 25 ± 4 nm 

with smooth surface. The composition of the CuNW dry powder before 

oxidation comprised Cu and Cu2O as identified by XRD with 3.0% oxygen 

content, which is equivalent to 73.2 wt. % metal Cu and 26.8 wt. % Cu2O. 

Based on the TGA and DTG plots of different heating rates, the oxidation 

reaction of the CuNW powder should be divided into two stages at the weight of 

111.2%. The oxidized CuNWs after stage 1 became loose and rough with 

diameter of 25 ± 6 nm; and the composition identified by XRD consisted of 

Cu2O and CuO. The oxidized CuNWs after stage 2 looked dense and smooth 

with larger diameter of 32 ± 6 nm, which could result from the merging of two or 

more individual CuNWs into one during the oxidation; and the composition 

identified by XRD comprised CuO only. 

The activation energies of both stages were determined by Kissinger method 

and other five isoconversional methods. The activation energies of stage 2 were 

much lower than those of stage 1. Among the activation energies determined by 

different methods, Kissinger and Boswell methods obtained higher values, the 

values by Friedman method exhibited the maximum fluctuation, and Starink and 

KAS methods obtained very similar values that fell among the values determined 

by other methods. 

The activation energies determined by Starink method were used to fit the 

different master plots. JMA equation gave the best fit among all the equations. 
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JMA equation with     presented the best fit for       at stage 1, while 

    gave the best fit for       at stage 1 and     exhibited the best fit 

for stage 2. The surface atoms were the sites for the random nucleation and the 

crystallite strain in CuNWs was the driving force for the growth of nuclei 

mechanism during the oxidation process. 
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Chapter 4                                                                                                        

Silver Coated Copper Nanowires with Improved Anti-oxidation Property as 

Conductive Fillers in Low Density Polyethylene and Polystyrene 

 

4.1. Introduction 

High aspect ratio metallic nanowires are attractive due to their unique 

properties and a variety of applications in electronics, optoelectronics, photonics, 

magnetics, genetic engineering and chemical sensors [1–5]. CuNWs have been 

frequently studied because of their excellent electrical and thermal conductivity 

[5]. 

Conductive polymer composites show significant advantages over surface 

coatings in ESD and EMI shielding [6]. Polymer nanocomposites are made of 

polymers filled with nanoparticles that have at least one dimension less than 100 

nm. Conductive polymer composites with nanoparticle fillers exhibit advantages 

over those with micron-sized fillers in lighter weight, better processability, etc 

[7]. Both the low density polyethylene (LDPE) and polystyrene (PS) are 

thermoplastic polymers made from petroleum. The good processability, non-

toxicity, low temperature stability and the excellent resistance to chemicals make 

LDPE an important plastic material in the worldwide market, despite 

competition from more and more new polymers. PS is widely used around the 

world with annual consumption of billions kilograms. 
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Our group has studied the electrically conductive CuNW polymer 

nanocomposites and AgNW polymer nanocomposites for ESD and EMI 

shielding [8, 9]. If copper particles are used as the electrically conductive fillers 

in polymer composites, the oxidation of copper results in the formation of an 

electrically insulative and non-self-protective layer of CuO and Cu2O on the 

surface [10–12]. That increases the contact resistance between filler particles and 

thus the electrical resistivity of the composites. Metallic coatings are usually 

applied on various fillers for conductive polymer composites to reduce the cost 

and density. Bulk fillers such as high aspect ratio glass fibers, mica, carbon 

nanotubes and carbon fibers were coated with copper, silver, nickel, etc [13–16]. 

Silver is more resistant to oxidation than copper; and its electrical resistivity, 

1.6×10
-6

 Ω∙cm, is also lower than copper’s resistivity, 1.7×10
-6

 Ω∙cm [8]. In 

addition, silver oxide is also much more electrically conductive [17] than copper 

oxides. Lin and Chiu [18] reported that the silver coating prevents the copper 

powder from oxidation at temperatures lower than 175 
o
C. However, there is still 

no report on the application of AgCuNWs as fillers in conductive polymer 

nanocomposites. 

Because both copper and silver are more conductive than carbon, the 

CuNW/LDPE and AgCuNW/LDPE nanocomposites should exhibit higher 

electrical conductivity than the CNT/LDPE nanocomposites at high filler 

concentration (> 1.0 vol. %). In addition, the CuNW/LDPE and AgCuNW/LDPE 

nanocomposites are expected to provide higher EMI shielding for the X-band 

(8.2~12.4 GHz) electromagnetic radiation at filler concentration greater than 1.0 
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vol. % [19]. 

In this study, the CuNWs synthesized by AC electrodeposition of copper into 

PAO templates were coated with silver to improve their anti-oxidation property. 

The electrical resistivity of the AgCuNW/LDPE and AgCuNW/PS 

nanocomposites prepared by hot solution mixing and miscible solvent mixing 

and precipitation (MSMP) methods was evaluated and compared with that of the 

CuNW/LDPE and CuNW/PS nanocomposites, respectively. 

 

4.2. Experimental 

4.2.1. Synthesis of AgCuNWs 

The CuNWs were synthesized by AC electrodeposition of copper into the 

anodic PAO template. The details of the synthesis and liberation were described 

in Chapter 2. The CuNWs synthesized by this method after 1 h ultrasonication in 

methanol had diameters of 25 ± 4 nm and an average length of ca. 2 µm. After 

complete cleaning, the CuNWs for silver coating were dispersed into deionized 

water with one drop of 0.2 mol/L sodium dodecyl sulfate (SDS) and 

ultrasonicated for a period of 1 h in a sonication bath. The ultrasonic treatment 

consisted of 135 W average power and 38.5–40.5 kHz frequency applied for 5 

min periods with a 5-min rest period between sonications. For CuNWs/LDPE 

nanocomposites, the CuNWs were dispersed in acetone beforehand with one 

drop of polyethylene glycol (PEG 200, Alfa Aesar) and subject to 30 min 

ultrasonication treatment.  
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AgCuNWs were prepared by chemical plating method. First, 

stoichiometrically excess AgNO3 (+99%, Sigma Aldrich) was weighed and 

dissolved in distilled water to prepare 30 g/L AgNO3 solution. To prepare Ag-

amine reagent, ammonium hydroxide (NH4OH, 28~30%, BDH) aqueous 

solution was added into the AgNO3 solution drop by drop under vigorous stirring 

until all yellow precipitate disappeared  and the solution became clear. 

The Ag-amine reagent solution was then added drop by drop into the CuNW 

dispersion of deionized water under vigorous stirring. After 30 min mixing, the 

mixture was filtered. The AgCuNWs on the filter paper were then transferred 

into acetone with one drop of PEG 200 and dispersed via ultrasonic treatment for 

30 min. Then, the nanowires were filtered and rinsed with deionized water for 

three times and with acetone for two times. The flow chart representing the 

process of the AgCuNW synthesis by chemical plating method is shown in 

Figure 4−1. 
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Figure 4-1. The flow chart representing the process of the AgCuNW synthesis by 

chemical plating method. 

 

4.2.2. Length distribution of the nanowires 

The length distribution of the nanowires (NWs) dispersed in acetone was 

determined from the SEM images of well-dispersed nanowires as described in 

Section 2.2.5. 

 

4.2.3. Preparation of NW/LDPE nanocomposites by hot solution mixing method 

The bulk densities of copper 8.96 g/cm
3
, silver 10.49 g/cm

3 
and LDPE 0.92 

g/cm
3
 were used to calculate the volume percentages of NWs in the LDPE 

nanocomposites. The average density of the AgCuNWs was determined using 

the EDX quantitive element content listed in Table 4−1. 
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The LDPE (LA-0219-A, Nova Chemicals) composites with nanowires were 

prepared by adding the nanowire dispersion into 100 
o
C 3.5 wt. % LDPE hot 

solution in xylene (+98.5%, Alfa Aesar) under vigorous stirring. After an 

additional 5 min mixing at around 100 
o
C, the hot mixture of the LDPE and 

nanowires were poured into an evaporating dish to evaporate the solvent in a 

fume hood under ambient conditions for 24 h, and then dried in a vacuum oven 

under 40 
o
C for 6 h.  

The NW/LDPE nanocomposites were prepared by hot solution mixing 

method. The NWs were well dispersed in acetone to form NW/acetone 

dispersion. When the NWs dispersed in acetone were added to the LDPE/xylene 

solution held at 100 
o
C, the acetone on the surface of the NWs decreased the 

surface energy of the nanowires and improved the dispersion of the NWs in the 

LDPE/xylene solution. However, the boiling point (57 
o
C) of acetone is much 

lower than the temperature of the LDPE/xylene solution, resulting in the rapid 

evaporation of the acetone from the mixture. After 5 min of mixing at around 

100 
o
C, acetone was completely removed, and the NWs were dispersed in the 

mixture. 

The completely dried NW/LDPE nanocomposites were cut into tiny pieces 

around 1–5 mm
2
 and then added to a mold in a compression molding machine at 

250 
o
C and 138 MPa for 30 min. The stainless steel mold dimensions were 0.21 

mm thickness, 42.0 mm length and 25.0 mm width and PTFE sheets were used 

as release films between the mold and the top/bottom stainless steel plates. As a 



Chapter 4. Silver Coated Copper Nanowires with Improved Anti-oxidation 

Property as Conductive Fillers in Low Density Polyethylene and 

Polystyrene 

 127 

reference, the neat LDPE samples from Nova Chemicals were first dissolved in 

xylene at 100 
o
C and then dried and hot pressed under the same processing 

conditions of the NW/LDPE nanocomposites. 

 

4.2.4. Preparation of NW/PS nanocomposites by MSMP method 

Polystyrene (Styron 666D, MW 200,000 g/mol, Tg 100 
o
C, MFI 7.5 and 

density 1.04 g/cm
3
) was provided by the Dow Chemical Company. Both the 

CuNW/PS and the AgCuNW/PS nanocomposites were prepared by the MSMP 

method [20]. 3.0 g PS was added into 100 mL CH2Cl2 to prepare the solution 

under vigorous stirring. The CuNW/CH3OH suspension measured by volume 

according to the calculation was added into the PS/CH2Cl2 solution under 

ultrasonication. The mixture after complete precipitation was placed in an 

evaporation dish for 24 h in a fume hood to evaporate the solvent completely. 

The dry NW/PS nanocomposite powder was then compression molded under the 

identical conditions as the NW/LDPE nanocomposites. 

 

4.2.5. Characterization of NWs, NW/LDPE and NW/PS nanocomposites 

The SEM images and EDX spectra were collected using a Philips XL30 

scanning electron microscope. The NW dispersion in acetone was dropped onto 

an aluminum stub to dry out under ambient conditions. The nanowires on the 

aluminum stub were coated with gold to improve the electrical conductivity prior 

to imaging. Secondary images of the NWs were collected. The NW/LDPE and 
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NW/PS  nanocomposites were fractured in liquid nitrogen and coated with gold 

and palladium to collect the backscattered images. The AgCuNW/PS 

nanocomposites after compression molding were dissolved in CH2Cl2 to remove 

PS, then dropped onto an aluminum stub and coated with gold and palladium to 

collect the backscattered images.  

The TEM images were collected with a Tecnai F20 transmission electron 

microscope under 200 kV accelerating voltage. Dilute NW dispersion in acetone 

was dropped onto a holey carbon coated nickel TEM grid. The NW/LDPE 

nanocomposite samples were ultramicrotomed under -130 
o
C to obtain cross 

sections with thickness about 100 nm. The ultramicrotomed section was 

transferred onto a copper TEM grid for observation. 

XRD patterns of the NWs and the NW/LDPE nanocomposites were collected 

by an Ultima III Multi Purpose Diffraction System with Cu Kα radiation 

operating at 40 kV and 44 mA. The NW samples were prepared by drying the 

NW/acetone dispersion in a vacuum oven under room temperature. The dry NWs 

were then pulverized in a mortar and stored in a vial full of nitrogen for XRD 

test.  

TGA data were obtained with a Perkin Elmer Pyris 1 TGA instrument. To 

determine temperature dependence, the pulverized dry nanowires samples were 

heated from room temperature to 800 
o
C at heating rate of 10 

o
C/min using 100 

mL/min air as purge gas. The time-dependent TGA data were obtained by 

programming the temperature to step to 250 
o
C and the TGA was kept 

isothermal for 25 min using 100 mL/min air as purge gas. 
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Differential scanning calorimetry (DSC) analyses were carried out with a TA 

DSC Q100 instrument with 50 mL/min N2 (Praxair) as purge gas at heating rate 

of 20 
o
C/min. The DSC data were analyzed with Universal Analysis 2000 

software (TA Instruments, Waters LLC) to determine the heats of fusion of the 

NW/LDPE nanocomposites. The heat of fusion of 100% crystalline PE used for 

the crystallinity calculation is 293 J/g [21]. The weight of the NW percent was 

deducted from the total weight of the nanocomposites to calculate the 

crystallinity of the LDPE matrices. 

The electrical resistivity of the NW/LDPE and NW/PS nanocomposites was 

measured by two different instruments. For the nanocomposites with resistivity 

lower than 10
4
 Ω∙m, a Loresta GP resistivity meter (MCP-T610 model, 

Mitsubishi Chemical Co., Japan) connected to an ESP four-pin probe (MCP-

TP08P model, Mitsubishi Chemical Co., Japan) with inter-pin distance of 5 mm 

and pin diameter of 2 mm was used in order to minimize the impact of the 

contact resistance according to ASTM 257-75 standards. For the nanocomposites 

with higher resistivity, the electrical resistance measurements were performed 

using a Keithley 6517A electrometer connected to an 8009 test fixture with 

Keithley 6524 high resistance measurement software conforming to ASTM 

D991-89 standards. Alternating voltages between 10 V and −10 V or 100 V and 

−100 V were applied to the samples to reduce the inherent background current 

and improve the accuracy. The measured volume resistance   was converted to 

resistivity    by the equation: 
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                                                               (   ) 

Where,   is the thickness, and   is the effective area of the tested samples. The 

tested sample was mounted at the center of the electrodes of the fixture with a 

PTFE sheet to cover the other area of the electrodes not covered by the sample in 

order to avoid the direct contact between the top and bottom electrodes. The 

samples for electrical measurements were thoroughly rinsed with methanol 

beforehand to remove the oily residue on the surface. Each sample was measured 

four times to determine the average electrical resistivity. The photographs of the 

Loresta GP resistivity meter, the ESP four-pin probe and (c) the Keithley 6517A 

electrometer with an 8009 test fixture are shown in Figure 4−2. 

 

 

(a) 
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Figure 4-2. The photographs of the (a) Loresta GP resistivity meter, (b) ESP 

four-pin probe and (c) Keithley 6517A electrometer (right) with an 8009 test 

fixture (left). 

 

 

 

(b) 

 

(c) 
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4.3. Results and discussion 

4.3.1. Morphology and composition of the CuNWs and AgCuNWs 

The SEM and TEM images of the CuNWs and AgCuNWs are shown in 

Figure 4−3.  We observed that both the CuNWs and AgCuNWs tended to 

aggregate to form bundles instead of single NWs when they were added to 

acetone. This can be attributed to the high surface energy of the NWs. The high 

surface energy also makes the NWs more susceptible to oxidation when exposed 

to air than bulk metal. The surface of CuNWs was quite smooth, while 

AgCuNWs exhibited rough surface due to the uneven deposition of silver onto 

the surface of the CuNWs. The diameter of the CuNWs in the TEM images was 

23–26 nm, and that of the AgCuNWs was 28–33 nm.  

Therefore, the diameter of the AgCuNWs increased 5–7 nm due to the larger 

atomic radius of silver and the stoichiometric ratio of the substitution reaction in 

which one copper atom can be substituted with two silver atoms. 
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Figure 4-3. The (a, b) secondary SEM images and (c, d) TEM images of the (a, c) 

CuNWs and (b, d) AgCuNWs. 

 

The reactions involved in this chemical plating process are illustrated in 

equations (4−2) to (4−5) as follows [22]: 

                                                              (   ) 

               [  (   ) ]                                              (   )   

[  (   ) ]            [  (   ) ]                            (   ) 
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    [  (   ) ]     [  (   ) ](   )                              (   ) 

The formation of [  (   ) ]
  is described in equation (4−4). The 

substitution of copper with silver is given in equation (4−5). During the redox 

reaction, the [  (   ) ]
  was consumed to produce silver deposition and the 

copper atoms on the surface of the CuNWs can be expected to form an ammino 

complex [  (   ) ]
  . H.T. Hai [23] et al. studied the electroless plating of 

silver on the copper powder of particle size 2–40 µm. They reported that the pre-

existent oxide and the hydroxide formed by hydrolysis on the surface of the 

copper particles led to the uneven distribution of the silver nuclei and a decrease 

in the number of the nuclei on the surface of the copper particles at the early 

stage of the displacement reaction, which in turn resulted in the uneven 

deposition of silver on the surface of the copper particles. 

Figure 4−4 and Table 4−1 show the results of the EDX characterization 

carried out to obtain a quantitative composition of the AgCuNWs. The weight 

and atomic percentages of Ag in the AgCuNWs accounted for 66.52% and 

53.92%, respectively. It can be determined that around 37% Cu atoms were 

substituted by the Ag atoms. The high content of Ag in the AgCuNWs can cover 

the overall surface of the CuNWs to achieve the desired anti-oxidation property. 
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Figure 4-4. The EDX spectra of the CuNWs and AgCuNWs. 

 

Table 4-1. The quantitive element content of the AgCuNWs determined from the 

EDX spectra. 

Element Wt. % At. % K-ratio 

Cu 33.48 46.08 0.3409 

Ag 66.52 53.92 0.6197 
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4.3.2. Length distribution of the CuNWs and AgCuNWs 

Figures 4−5 shows the length distribution of the AgCuNWs. The length 

distribution of the CuNWs is shown in Figure 2−11. The length of over 84% of 

the NWs ranged from 0.5 to 7 µm. The NWs of length between 1–2 µm 

accounted for 32.0% and 32.1% for both the CuNWs and AgCuNWs. The NWs 

of length < 3 µm comprised up to 84.3% and 84.6% for the CuNWs and 

AgCuNWs, respectively. The determined average length was ca. 1.98 µm for 

both the CuNWs and the AgCuNWs. 

 

Figure 4-5. The length distribution of the AgCuNWs. 

 

4.3.3. Anti-oxidation behavior of the CuNWs and AgCuNWs 

The XRD patterns of the CuNWs and AgCuNWs are shown in Figure 4−6. 
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Cu and Cu2O can be identified in the pattern of the CuNWs. However, only Cu 

and Ag peaks can be found in the pattern of the AgCuNWs. Since the NW 

samples were kept in N2 atmosphere before the XRD test, there are two possible 

explanations for Cu2O in the CuNW sample. First, the Cu2O can be formed 

during the electrodeposition, liberation and cleaning process. Second, the CuNW 

sample was exposed to air during the XRD test. The X-ray beam heated CuNW 

sample during the test and this facilitated the formation of Cu2O. The AgCuNW 

sample went through a similar process as the CuNW sample. However, the 

diffraction peaks corresponding to Cu2O or Ag2O were not detected in the 

AgCuNW sample. These XRD results indicate that the CuNWs were very 

sensitive to oxidation and the AgCuNWs exhibited improved anti-oxidation 

property compared to the CuNWs when exposed to air. 
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Figure 4-6. The XRD patterns of the CuNWs and AgCuNWs. 

 

The temperature-dependent oxidation behavior of the CuNWs and AgCuNWs 

in air was determined by TGA as shown in Figure 4−7.  The TGA curves show 

that the CuNWs began to gain weight at around 85 
o
C and the AgCuNWs began 

to gain weight at about 230 
o
C. The weight gain rate of 0.096%/

o
C for the 

CuNWs was also higher than that for the AgCuNWs, which was only 0.036%/
o
C. 

Based on the lowest weight point on the curve, the maximum percent weight 

gain of the CuNWs and AgCuNWs was 20.3% and 3.2%, respectively, during 

the oxidation process. The CuNWs reached maximum weight at 298 
o
C, and the 

AgCuNWs reached maximum weight at 320 
o
C. In addition, the oxidation curve 
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of the CuNWs exhibited a very high weight gain rate of 0.15%/
o
C from 85 

o
C to 

160 
o
C and a relatively low weight gain rate of 0.061%/

o
C from160 

o
C to 298 

o
C. 

The oxidation curve of the AgCuNWs showed a weight loss of 3.3% prior to 

gaining weight at 230 
o
C, which can be attributed the volatile components and 

the surfactant absorbed on the surface of the AgCuNWs in the silver coating 

process. Therefore, the AgCuNWs began to be oxidized at higher temperature 

with lower weight gain rate than the CuNWs. 

 

Figure 4-7. The temperature-dependent TGA curves of the CuNWs and 

AgCuNWs using 100 mL/min air as purge gas at 10 
o
C/min heating rate.  

 

The time-dependent oxidation behavior of the CuNWs and AgCuNWs in air 
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at 250 
o
C was determined and is shown in Figure 4−8. During the first minute, 

the CuNWs gained over 11.0% weight, while the AgCuNWs gained almost no 

weight. Between 1 min and 25 min, the CuNWs gained 5.0% weight, while the 

AgCuNWs gained only 1.7% weight. The total weight gain of the CuNWs and 

AgCuNWs within 25 min under 250 
o
C was 16.0% and 1.7%, respectively, 

which translates to an average weight gain rate of 0.64%/min for the CuNWs and 

0.068%/min for the AgCuNWs. Thus, the AgCuNWs exhibited one order of 

magnitude lower oxidation rate than the CuNWs at 250 
o
C, and even lower rate 

during the first minute. 

 

Figure 4-8. The time-dependent TGA curves of the CuNWs and AgCuNWs 

using 100 mL/min air as purge gas at 250 
o
C. 
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4.3.4. Electrical resistivity of NW/LDPE nanocomposites, dispersion and 

composition of NWs in LDPE matrix 

The volume electrical resistivity of the CuNW/LDPE and AgCuNW/LDPE 

nanocomposites as a function of the volume concentration of the NWs is plotted 

in Figure 4−9. The neat polymer exhibits volume resistivity on the order of 10
13

 

Ω∙m. A plunge in the value of the volume resistivity is observed when the 

volume percentage of the NWs in both nanocomposites was increased from 0.5 

vol. % to 0.75 vol. %, which indicates the location of the electrical percolation 

threshold. The electrical percolation threshold in this study is slightly higher than 

the value reported in our previous works [8], which is between 0.25 vol. % and 

0.75 vol. % for the CuNW/PS nanocomposites. The electrical resistivity of the 

NW/LDPE nanocomposites decreased significantly between 0.5 vol. % and 2.0 

vol. %, and reached 9.25×10
3
 Ω∙m and 6.88×10

2
 Ω∙m at 2.0 vol. % for the 

CuNW/LDPE and AgCuNW/LDPE nanocomposites, respectively. When the 

concentration of the NWs increased from 2.0 vol. % to 4.0 vol. %, neither 

nanocomposite showed significant decrease in the electrical resistivity. The 

difference in the shape of the percolation curves of the AgCuNW/LDPE 

nanocomposites and the CuNW/LDPE nanocomposites may result from the 

difference in the NW diameter, surface oxide and the electrical conductivity, 

however, the exact reason has not been determined. 
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Figure 4-9. The volume electrical resistivity of the CuNW/LDPE and 

AgCuNW/LDPE nanocomposites as a function of the volume concentration of 

the NWs. 

 

The backscattered SEM images of the freeze fractures and the TEM images of 

the ultramicrotomed section of the LDPE nanocomposites, containing 1 vol. % 

of either the CuNWs or the AgCuNWs, are shown in Figure 4−10. The bright 

areas in the backscattered SEM images corresponding to the large aggregates of 

the NWs can be observed in both nanocomposites.  The poor dispersion of the 

NWs in the LDPE matrix in some areas can be attributed to the high surface 

energy of the nanowires and the low polarity of the LDPE matrix. In Figures 
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4−10e and f, the alignments of the NWs were particularly evident. Those areas 

with concentrated aligned NWs may be formed during the compression molding 

process which oriented the NWs in the plane. Both the poor dispersion and the 

alignment of the NWs in the LDPE matrix can adversely affect the formation of 

the electrically conductive networks in the NW/LDPE nanocomposites. The 

electrical resistivity of the NW/LDPE nanocomposites can be further decreased 

by improving the dispersion and minimizing the alignment of the NWs in the 

LDPE matrix. 
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Figure 4-10. The (a, b) backscattered SEM images of the freeze fractures and (c, 

d, e, f) TEM images of the ultramicrotomed section of the LDPE 
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nanocomposites, containing 1 vol. % of either the (a, c, e) CuNWs or the (b, d, f) 

AgCuNWs. The (c, d) TEM images show the areas with less concentrated NWs 

in the nanocomposites. And the (e, f) TEM images show the concentrated NWs 

in the nanocomposites with alignments. 

 

The XRD patterns of the neat LDPE and the NW/LDPE nanocomposites in 

Figure 4−11 reveal the composition of the NWs in the nanocomposites after 

compression molding. The neat LDPE exhibited two peaks at 2θ < 25
o
 with the 

more intense peak at 22
o
 in the XRD spectra. Both Cu and Cu2O were detected 

in the CuNW/LDPE nanocomposites. However, the diffraction peaks of Cu, Ag 

and Cu2O were detected in the AgCuNW/LDPE nanocomposites in addition to 

those of the neat LDPE. This result indicates that Cu was oxidized when exposed 

to air during the preparation process, but silver was not oxidized. That the Cu2O 

was not detected in the AgCuNW sample, but detected in the AgCuNW/LDPE 

nanocomposites, indicates that the silver coating on the CuNWs can effectively 

protect the copper from oxidation under moderate temperature, but it cannot 

completely stop the outward diffusion of the Cu content in the AgCuNWs at 250 

o
C; this was the temperature at which the AgCuNW/LDPE nanocomposites were 

compression molded for 30 min. This XRD result is consistent with the TGA 

result indicating that the AgCuNWs began to gain weight at about 230 
o
C. 

Although the copper was still partially oxidized in the AgCuNW/LDPE 

nanocomposites, the decreased electrical resistivity of the AgCuNW/LDPE 
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nanocomposites, compared to that of the CuNW/LDPE nanocomposites, can be 

attributed to the silver content in the AgCuNWs, considering the 66.5 wt. % of 

silver in the AgCuNWs.  

 

Figure 4-11. The XRD patterns of the reference neat LDPE and the compression 

molded CuNW/LDPE and AgCuNW/LDPE nanocomposites. 

 

4.3.5. The Effect of NWs on the crystallinity of the LDPE matrices 

Figure 4−11 shows that the intensity of the LDPE XRD peaks of the 

NWs/LDPE nanocomposites significantly increased compared to that of the 

reference LDPE sample. This indicates that the presence of the NWs in the 
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LDPE matrices facilitated crystallization of the LDPE matrices. A. S. Luyt et al 

[24] explained that metal particles prefer staying in the amorphous region of the 

LDPE matrix. The inherent low crystallinity of the LDPE and the metals 

particles in the amorphous region contribute to the epitaxial crystallization of the 

LDPE matrices on the surface of the metal particles. 

The effect of the CuNWs and AgCuNWs on the crystallinity of LDPE matrix 

is shown in Figure 4−12. The crystallinity of the neat LDPE processed by the hot 

solution mixing and the compression molding was 34.0%. The crystallinity of 

the LDPE matrices was 35.3% for CuNWs/LDPE nanocomposite and 36.2% for 

AgCuNWs/LDPE nanocomposite with nanowire concentration of 1.0 vol. %; the 

percent crystallinity was 36.0% in the CuNWs/LDPE nanocomposite and 36.3% 

in the AgCuNWs/LDPE, respectively at nanowire concentration of 2.0 vol. %. 

The AgCuNWs exhibit a more noticeable effect on the crystallinity of the LDPE 

matrices than the CuNWs at nanowire concentration ≤ 2.0 vol. %, which can be 

attributed to the uneven surface of the AgCuNWs which increased the contact 

area with the LDPE matrices and facilitated the epitaxial crystallization of the 

LDPE matrices on the surface. The crystallinity of the LDPE matrices reached a 

maximum of around 36.4% at nanowire concentration ≥ 3.0 vol. % for both the 

CuNWs/LDPE and AgCuNWs/LDPE nanocomposites.   
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Figure 4-12. The effect of the NW concentration on the crystallinity of the LDPE 

matrices in the CuNW/LDPE and AgCuNW/LDPE nanocomposites. 

 

4.3.6. Fragmentation of the AgCuNWs in PS matrices 

The volume electrical resistivity of the CuNW/PS and AgCuNW/PS 

nanocomposites prepared by the MSMP method as a function of the volume 

concentration of NWs is shown in Figure 4−13. The electrical resistivity of the 

CuNW/PS nanocomposites in this study is very similar to the values reported by 

U. Sundararaj et al [20, 25]. However, the electrical resistivity of the 

AgCuNW/PS nanocomposites almost did not change with the increasing 
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concentration of the AgCuNWs up to 4.0 vol. %. 

 

Figure 4-13. The volume electrical resistivity of the CuNW/PS and AgCuNW/PS 

nanocomposites as a function of the volume concentration of the NWs. 

 

The backscattered SEM images of the freeze fractures of the AgCuNW/PS 

nanocomposites, containing 4.0 vol. % of AgCuNWs, before the compression 

molding, after the compression molding and after the removal of the PS matrices 

from the molded samples are shown in Figure 4−14. In Figure 4−14a, the 

AgCuNWs in the PS nanocomposites before the compression molding appeared 

as individual or agglomerated wires. However, the AgCuNWs in the PS 
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nanocomposites after the compression molding, and after the removal of PS from 

the molded sample as shown in Figures 4−14b and c, respectively looked very 

different from the original NWs. Instead, they appeared small particles because 

of the fragmentation during the compression molding, which is the reason for the 

high electrical resistivity of the AgCuNW/PS nanocomposites with the 

increasing concentration of AgCuNWs that is equivalent to the neat PS. The 

fragmentation of the AgCuNWs into sphere-like small particles with aspect ratio 

~1 made it more difficult to form the networks within the PS matrices as 

pathways for electron travelling. 

The highest temperature during the compression molding that caused the 

fragmentation of the AgCuNWs was around 250 
o
C, which is over 700 

o
C lower 

than the melting points of the bulk copper and silver. The similar phenomena of 

metal NW breakup from stress or irradiation were observed, studied and 

simulated in the literature [26–31], which can be attributed to Rayleigh 

instability usually seen in fluid systems [32]. The approach of Rayleigh 

instability was extended to solid by Nichols and Mullins [33], who developed the 

model by assuming the stress-free, isolated solid cylinders with isotropic surface 

energy. The Nichols–Mullins model has been successfully applied to interpret 

the breakup of copper and gold NWs and obtained good correlations between the 

experimental and the calculated sphere diameter and the sphere separation 

distances [26, 28]. In this work, it is found that the AgCuNWs fragmented in the 

PS matrices subjected to the stress under 250 
o
C during the compression molding, 

which is believed to arise from the combined effects of the surface tension, 
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filler/polymer interaction, temperature, shear stress and/or pressure during the 

compression molding of the AgCuNW/PS nanocomposites. 

 

Figure 4-14. The backscattered SEM images of the freeze fractures of the 

AgCuNW/PS nanocomposites, containing 4.0 vol. % of the AgCuNWs, (a) 

before the compression molding, (b) after the compression molding and (c) after 

the removal of the PS matrices from the molded samples. 

 

That the AgCuNWs were not fragmented in the LDPE matrices as they were 

in the PS matrices can be attributed to the different interactions between the 

AgCuNW/LDPE and the AgCuNW/PS. That the CuNWs were not fragmented in 
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the PS matrices as the AgCuNWs can also result from the different interaction 

between the CuNW/PS and the AgCuNW/PS. In addition, the oxides formed on 

the surface of the CuNWs can also contribute to the increased stability during the 

compression molding.  

 

4.4. Conclusions 

AgCuNWs with diameter of 28–33 nm can be synthesized by applying silver 

coating on 23–26 nm diameter CuNWs in Ag-amine solution. The AgCuNWs 

with silver content of 66.5 wt. % showed less regular surface than the pure 

CuNWs. 

The XRD patterns of the CuNWs and AgCuNWs indicate that the silver 

coating on the AgCuNWs can effectively prevent the formation of copper oxide 

under room temperature. The TGA data reveal that the temperature at which the 

NWs began to gain weight can be improved from 85 
o
C to 230 

o
C and that the 

maximum weight gain can be decreased from 20.3% to 3.2% by applying the 

silver coating.  

The new AgCuNWs with improved anti-oxidation properties are promising 

electrically conductive fillers in the LDPE. The electrical resistivity of the 

AgCuNW/LDPE nanocomposites was lower than that of the CuNW/LDPE 

nanocomposites because the silver content in the AgCuNWs was not oxidized 

during the compression molding. However, the silver coating cannot completely 
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prevent the outward diffusion and the oxidation of the copper content in the 

AgCuNWs at 250 
o
C. The morphology of the NW/LDPE nanocomposites 

showed that the dispersion of the NWs in the LDPE matrix was poor in certain 

areas. 

The electrical resistivity of the AgCuNW/PS nanocomposites almost did not 

decrease with the increasing concentration of the AgCuNWs up to 4.0 vol. %. 

The backscattered SEM images showed the fragmentation of the AgCuNWs in 

the PS matrix during the compression molding under 250 
o
C and 138 MPa, 

which is believed to arise from the combined effects of the surface tension, 

filler/polymer interaction, temperature, shear stress and/or pressure during the 

compression molding of the AgCuNW/PS nanocomposites. 
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Chapter 5                                                                                                       

Effect of Macromolecular Structure on Electrical and Rheological 

Properties in Copper Nanowire Polyethylene Nanocomposites: Effect of 

Molecular Weight and Branching 

 

5.1. Introduction 

Polymer nanocomposites are a new class of materials that have recently 

attracted increasing attention in industry and academia due to the wide range of 

applications in which they can be used such as aerospace, catalysis, optical 

devices, sensors, and EMI shielding [1–4]. Nanocomposites are mainly 

formulated by dispersing nanofillers into polymer matrices. The synergy 

between the macromolecules and the nanofillers provides improved mechanical, 

thermal or electrical properties for the desired applications [5]. For the 

electrically conductive polymer nanocomposites, high aspect ratio 1D nanofillers 

such as carbon nanotubes, vapor grown carbon nanofibers, and metal nanowires 

have been studied in different polymer matrices [5–11].  

CuNWs with high electrical conductivity, Young’s modulus, and tensile 

strength can be synthesized at lower cost than other metal nanowires like silver 

and nickel. CuNWs have been studied as conductive nanofillers for polymer 

nanocomposites and demonstrated outstanding performance in terms of electrical 

conductivity and EMI shielding [5, 12]. Polyethylene (PE) is one of the volume 

leader thermoplastics in industry with good processability, excellent stability and 
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non-toxicity. The electrically conductive polymer nanocomposites formulated 

with CuNWs and PE can find applications in ESD, antistatic and EMI shielding 

[13]. 

The diameter of CuNWs in the order of nanometers is comparable to the size 

of the radius of gyration of a polymer chain, Rg 5–20 nm [14]. Thus, the 

improved surficial interaction is expected between the two materials when the 

nanowires are well dispersed in the polymer matrices. To prepare CuNW/PE 

nanocomposites with desired properties, it is essential to promote the de-

agglomeration and dispersion of the nanowires [15–17], which will lead to the 

significant changes in electrical properties and rheological behaviour of the 

composites particularly at low concentration of nanofillers. For instance, our 

group recently reported a new method of mixing called MSMP, which enables 

good mixing of the nanowires in polymer matrices and prevent the 

agglomeration of nanowires resulting in the highly conductive nanocomposites 

[12]. Usually, three different types of percolation thresholds can be detected 

within polymer composites. Geometric percolation threshold appears when a 

pathway is formed by the filler particles in the polymer matrices [18]. The 

electrical percolation threshold can be reached when the electrically conductive 

fillers in the insulating polymer matrix provide a pathway for electrons to travel 

from one surface of the sample to the other. It is still possible at separation 

distances up to 5–10 nm between conductive fillers for electrons to hop and/or 

tunnel through [19]. Theoretically, the electrical percolation can be regarded as 

an approximation of the geometric percolation. Experimentally, a sharp increase 
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in the volume electrical conductivity of several orders of magnitude can be 

detected in the polymer composites at the electrical percolation threshold. With 

the increasing concentration of fillers in the polymer composites, networks begin 

to form between the filler particles and the macromolecular chains that lead to a 

significant rheological change of polymer composite melts from the liquid-like 

behavior to the solid-like behavior [7, 20, 21]. Oscillatory melt rheology is a 

highly sensitive technique used to detect the microstructural changes in the melts 

of polymers or polymer composites [20]. The concentration of fillers required for 

this transition is commonly known as the rheological percolation threshold.  

Polymer matrices of different macromolecular structure, polarity, crystallinity 

or surface tension will have different effect on the electrical conductivity and 

percolation threshold of the conductive polymer composites [22–26]. PE consists 

of long hydrocarbon chains with       repeating units. However, PE can be 

classified into several categories like UHMWPE, HDPE, LDPE, LLDPE, etc, 

mainly based on their branching, density and molecular weight. The different 

macromolecular structures of each category of PE lead to the different 

interaction between the polymer matrices and the fillers, which affects the 

overall performance of the polymer composites. It is interesting to evaluate the 

effect of different types of PEs on the filler dispersion, and electrical and 

rheological properties in CuNW/PE nanocomposites in order to be able to 

understand the interaction between the polymer matrices and the CuNWs. This 

study can then be used as a guideline to prepare CuNW polymer nanocomposites 

with desired performance. 
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In this work, we studied the effect of the macromolecular structure on the 

morphology, the electrical and rheological properties in the CuNW/PE 

nanocomposites. A MSMP method was used to disperse the CuNWs in four 

different types of polyethylenes: (1) ultra high molecular weight polyethylene 

(UHMWPE), (2) high density polyethylene (HDPE), (3) LDPE and (4) linear 

low density polyethylene (LLDPE), which were then compression molded at 250 

o
C for characterization. The morphology of the CuNW/PE nanocomposites was 

characterized by SEM and TEM. Electrical percolation thresholds were 

determined by plotting electrical conductivity of different types of PE 

nanocomposites versus concentration of CuNWs. Oscillatory melt rheology was 

carried out at 200 
o
C to evaluate the influence of the CuNW concentration on the 

rheological properties of the CuNW/PE nanocomposites. Finally, the differences 

in the filler dispersion, electrical and rheological properties were interpreted 

based on molecular structure of the PEs. 

 

5.2. Experimental 

5.2.1. Preparation of CuNW/CH3OH dispersion 

CuNWs were synthesized by AC electrodeposition of copper into anodic PAO 

template as described in Chapter 1. CuNWs synthesized and liberated by this 

method were ultrasonicated for 1 h in methanol and at the end of ultrasonication 

have diameter of 25 ± 4 nm and average length of ca. 2 µm. The concentration of 

the CuNW/CH3OH dispersion was determined by weighing the solid content 
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after evaporating the CH3OH completely in a fume hood from 2 mL of the 

dispersion. 

 

5.2.2. DSC characterization of the PEs 

DSC analyses were carried out with a TA DSC Q100 instrument with 50 

mL/min N2 (Praxair) as purge gas at 20 
o
C/min heating rate. The DSC data were 

analyzed with the Universal Analysis 2000 software (TA Instruments, Waters 

LLC) to determine the melting temperature and the crystallinity. The PE melting 

enthalpy used for the crystallinity determination is 293 J/g [27]. 

 

5.2.3. Preparation of CuNW/PE nanocomposites 

Four types of PEs with distinct properties were kindly provided by the 

manufacturers (see Table 5–1). The details of the PEs used in this study are listed 

in Table 5–1. The DSC analyses of the PEs are plotted in Figure 5–1. 

Crystallinity and melting point denoted with * in Table 5–1 were determined 

from DSC analyses.  
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Figure 5-1. The DSC analyses of the four types of PEs used as polymer matrices. 

 

The CuNW/PE nanocomposites with different concentrations of CuNWs were 

prepared by MSMP method described in ref. [12]. HDPE, LDPE and LLDPE 

solutions were prepared by dissolving 2.0 g polymer in 100 mL xylene (98.5% 

min., BDH) at 100 
o
C under vigorous stirring. UHMWPE solution was prepared 

by dissolving 0.4 g polymer powder in 100 mL xylene (98.5% min., BDH) at 

100 
o
C. The CuNW/CH3OH dispersion of desired volume was added to the 

PE/xylene hot solutions drop by drop at around 2 mL/min to evaporate the 

CH3OH and leave the CuNWs dispersed in the hot solutions under vigorous 
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stirring. After the dispersion of CuNWs into the hot solution, 50 mL CH3OH at 

room temperature was added into the mixture to precipitate the nanocomposite. 

The CuNW/PE precipitates were then filtered. The CuNW/PE nanocomposites 

were transferred to evaporation dishes for 24 h in a fume hood under ambient 

conditions, and then moved into a vacuum oven at room temperature for 12 h to 

completely remove the residual solvent. 

The dry powder of the CuNW/PE nanocomposites was compression molded 

under 250 
o
C, 138 MPa for 30 min with a Carver compression molder in a 25.4 

mm diameter and 0.8 mm thick stainless steel mold using PTFE sheets as release 

films between the mold and the top/ bottom stainless steel plates. The 

compression molded CuNW/PE nanocomposites were cooled down to room 

temperature in the compression molder with circulating tap water for 15 min 

under pressure and kept for 24 h under ambient conditions prior to the 

characterization. The experimental process for the CuNW/PE nanocomposite 

preparation and characterization are illustrated as the flow chart in Figure 5–2.  
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Figure 5-2. The flow chart illustrating the experimental process for the 

CuNW/PE nanocomposite preparation and characterization. 

 

5.2.4. Morphological characterization of the CuNW/PE nanocomposites 

The SEM images of the CuNW/PE nanocomposites were collected using a 

Philips XL30 scanning electron microscope. The nanocomposites were fractured 

in liquid nitrogen and coated with gold and palladium by cathode sputtering to 

collect the backscattered images under 20 kV accelerating voltage. 

PE/xylene solution at 100 
O
C CuNWs/CH3OH suspension 

Mixing drop by drop 

Ultrasonication and cooling down 

Filtration and drying 

Compression molding at 250 
o
C for 30 min 

Conductivity Rheology SEM/TEM 
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The TEM images were collected with a Tecnai F20 field emission gun 

transmission electron microscope under 200 kV accelerating voltage. The 

CuNW/PE nanocomposite samples were ultramicrotomed by a Leica EM UC6 

with an ultracut diamond knife to obtain desired cross sections of thickness about 

100 nm at -130 
o
C. The ultramicrotomed sections were then transferred onto a 

holey copper TEM grid for observation. 

 

5.2.5. Electrical and rheological characterization of the CuNW/PE 

nanocomposites 

The electrical resistivity of the CuNW/PE nanocomposites was measured by 

two different instruments as described in Section 4.2.4.  

The compression molded nanocomposite samples with diameter of 25.4 mm 

and thick of 0.8 mm were used for the dynamic rheological characterization in a 

Rheometrics RMS800 rheometer with a 25 mm parallel plate fixture under 200 

o
C in nitrogen atmosphere. The frequency sweeps from 10

-1
 to 10

2
 rad/s were 

performed at low strains, 0.5–4%, where all the four types of PEs exhibited 

linear viscoelastic behavior. The neat PEs for the dynamic rheological 

characterization were processed by the MSMP method as the CuNW/PE 

nanocomposites too. 
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5.3. Results and discussion 

5.3.1. Electrical conductivity of the CuNW/PE nanocomposites 

The electrical conductivity and electrical percolation of the polymer 

nanocomposites depend on several factors like the type and concentration of the 

conductive nanofillers, the properties of the polymer matrices and the processing 

conditions that affect the dispersion, distribution and aspect ratio of the 

nanofillers in the nanocomposites. The electrical conductivity of the four types 

of PEs filled with different concentrations of CuNWs is shown in Figure 5–3. 

There is a significant increase of several orders in the electrical conductivity with 

the increasing concentrations of CuNWs that can be observed in the plot for each 

type of PE, the concentration where the increase occurs indicates electrical 

percolation threshold. All the four curves exhibited the typical percolation 

behaviour but with different percolation threshold concentrations of 2.0 vol. %, 

0.5 vol. %, 0.25 vol. % and 0.25 vol. % for the CuNW/UHMWPE, 

CuNW/HDPE, CuNW/LDPE and CuNW/LLDPE nanocomposites, respectively. 

Below the electrical percolation threshold, the electrical conductivity of the 

CuNW/PE nanocomposites was not improved compared to the neat polymers 

indicating the absence of conductive pathways to transport electrons within the 

insulating PE matrix. When the concentration of CuNWs in the PE matrices 

increased from their respective percolation thresholds, a sharp change of several 

orders in the electrical conductivity can be observed on the curves indicating the 

formation of conductive networks by CuNWs within the PE matrices.  
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Figure 5-3. The electrical conductivity of the four types of PE nanocomposites 

with different concentrations of CuNWs. 

 

The electrical conductivity and the percolation curves of the CuNWs in the 

four types of PEs exhibited significant differences.  The CuNW/UHMWPE 

nanocomposites showed the highest percolation threshold (CuNW concentration 

of 2.0 vol. %) and the lowest electrical conductivity which was only 3.1 × 10
-5

 

S/m at the highest concentration used in this study (4.0 vol. %). The 

CuNW/HDPE nanocomposites with the percolation threshold at 0.5 vol. % 

showed higher electrical conductivity than the CuNW/UHMWPE 

nanocomposites. The electrical conductivity of the CuNW/HDPE 
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nanocomposites was 0.27 S/m at 4.0 vol. %. Both the CuNW/LDPE and 

CuNW/LLDPE nanocomposites exhibited the lowest percolation threshold at 

CuNW concentration of 0.25 vol. %. Moreover, the CuNW/LLDPE 

nanocomposites showed the highest electrical conductivity of 3.3×10
2
 S/m at 

CuNW concentration of 4.0 vol. %, which is almost three times higher than that 

of the CuNW/LDPE nanocomposite and 7 orders of magnitude higher than the 

CuNW/UHMWPE nanocomposites.  

Electrical conductivity and percolation of the four types of PEs filled with 

CuNWs are closely related to the dispersion and distribution of the CuNWs that 

have significant effects on the formation of the conductive networks within the 

PE matrices. The CuNW/UHMWPE nanocomposites demonstrated the highest 

percolation threshold concentration and the lowest electrical conductivity, which 

implies poor dispersion of the CuNWs and difficulty to form conductive 

networks within the UHMWPE matrix. In comparison, the lowest percolation 

threshold and the highest electrical conductivity of the CuNW/LLDPE 

nanocomposites indicate better dispersion of the CuNWs and preference to form 

more conductive pathways within the LLDPE matrix at the lower concentration 

of CuNWs. 

 

5.3.2. Melt rheology of CuNW/PE nanocomposites at 200 
o
C 

Figures 5–4 to 5–7 show the results of rheological characterization of 

viscoelastic properties of the nanocomposites prepared with the four different 
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types of PEs with different concentrations of CuNWs. It is clearly seen in Figure 

5–4 that the addition of CuNWs into PEs increased the absolute value of the 

complex viscosity. With 0.5 vol. % CuNWs added into the neat PEs, the absolute 

values of complex viscosity at 10
-1

 rad/s frequency increased 74%, 54%, 17% 

and 39% for the CuNW/UHMWPE, CuNW/HDPE, CuNW/LDPE and 

CuNW/LLDPE nanocomposites, respectively. All the CuNW/PE 

nanocomposites exhibited the shear thinning effect. Adding CuNWs into 

different neat PEs has different effects on the relationship between complex 

viscosity (η*) and frequency depending on the type of PE. In CuNW/UHMWPE 

nanocomposites, complex viscosity (η*) of neat UHMWPE showed a gentle 

increase with decrease in frequency compared to those of the CuNW/UHMWPE 

nanocomposites. The complex viscosity of the CuNW/UHMWPE 

nanocomposite with 0.5 vol. % CuNWs was lower than that of the neat 

UHMWPE at high frequency, which is attributed to the van der Waals force 

between the long chains of UHMWPE and CuNWs. This increases the relaxation 

time of the UHMWPE chains. The probability of the longer chains to keep 

interaction with the CuNWs within the experimental time frame will be higher 

than the shorter chains because long chains can have multiple contacts. Similar 

phenomenon was not observed for other three types of PE nanocomposites, in 

which the PE macromolecular chains are shorter than the UHMWPE. The 

similar deviation originating van der Waals forces was reported in the 

SWNT/UHMWPE nanocomposites by Zhang et al [28]. In Figure 5–4b, the neat 

HDPE showed a small Newtonian plateau at low frequencies. However, the 
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plateau was not observed for the curves of the CuNW/HDPE nanocomposites. 

The effect of the CuNW concentration on complex viscosity (η*) increase was 

more noticeable at lower frequency and the relative difference diminished with 

the increasing frequency due to the shear thinning effect. In Figure 5–4c, the 

addition of CuNWs into the LDPE matrix did not have too much impact on the 

frequency dependence of complex viscosity until the CuNW concentration 

reached 4.0 vol. %, when the shear thinning effect became more pronounced in 

the CuNW/LDPE nanocomposites. The CuNW/LLDPE nanocomposites 

exhibited very different frequency dependence of complex viscosity from the 

other three types of CuNW/PE nanocomposites as shown in Figure 5–4d. The 

shear thinning effect of the CuNW/LLDPE nanocomposites was more 

pronounced at lower frequencies.  
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Figure 5-4.  Complex viscosity (η*) as a function of frequency at 200 
o
C for the 

(a) CuNW/UHMWPE, (b) CuNW/HDPE, (c) CuNW/LDPE and (d) 

CuNW/LLDPE nanocomposites. 

 

It can be clearly observed in Figure 5–5 that the addition of CuNWs into PE 

matrices resulted in the storage modulus increase for all the four types of PEs. 

The storage modulus increase with 0.5 vol. % CuNWs addition into neat PE 

matrices at 10
-1

 rad/s was 120%, 200%, 29% and 34% for UHMWPE, HDPE, 

LDPE and LLDPE, respectively. The addition of 0.5 vol. % CuNWs into the 

UHMWPE matrix made the storage modulus vs. frequency curve much more flat 

and the impact of frequency on storage modulus less significant. The storage 

modulus increase with the increasing concentration of CuNWs in the HDPE 
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matrix was more pronounced at low frequencies than at high frequencies as 

shown in Figure 5–5b. The storage modulus vs. frequency plots of the 

CuNW/LDPE nanocomposites with different concentration of CuNWs are 

shown in Figure 5–5c. When the concentration of CuNWs in the LDPE matrix 

increased from 3.0 vol. % to 4.0 vol. %, there was a noticeable increase in the 

storage modulus, and the storage modulus vs. frequency curve also became more 

flat. The CuNW/LLDPE nanocomposites exhibited different frequency 

dependence of storage modulus from other three types of CuNW/PE 

nanocomposites in that all the curves in Figure 5–5d were more flat at low 

frequencies than at high frequencies. For CuNW/LLDPE nanocomposites, when 

CuNW concentration in LLDPE matrix increased from 0.75 vol. % to 1.0 vol. %, 

there was a significant change in the shape of the storage modulus curve.  For 

concentration above 1.0 vol. % CuNWs, a plateau can be found at low 

frequencies on the storage modulus vs. frequency curve. 
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Figure 5-5.  Storage Modulus (G’) as a function of frequency at 200 
o
C for the (a) 

CuNW/UHMWPE, (b) CuNW/HDPE, (c) CuNW/LDPE and (d) CuNW/LLDPE 

nanocomposites. 
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Rheological percolation thresholds of each type of CuNW/PE nanocomposites 

at 200 
o
C can be determined from the complex viscosity or storage modulus 

versus frequency plots for different concentrations of CuNWs. A significant 

change occurred in the frequency dependence of complex viscosity and storage 

modulus starting from CuNW concentration of 0.5 vol. % which indicated the 

microstructure change in the CuNW/UHMWPE nanocomposites. The polymer-

CuNW networks formed effectively because of the interactions between the long 

macromolecular chains of the UHMWPE and CuNWs. Therefore, 

CuNW/UHMWPE nanocomposites behave differently from the neat UHMWPE 

indicating the rheological percolation threshold of the CuNW/UHMWPE 

nanocomposites at CuNW concentration of 0.5 vol. %. The neat HDPE exhibited 

a small Newtonian plateau for the plot of complex viscosity versus frequency at 

low frequencies, which was not observed for the CuNW/HDPE nanocomposites 

with CuNW concentration above 0.5 vol. %. The clear deviation of the frequency 

dependence of storage modulus can be observed particularly at low frequencies 

starting from CuNW concentration of 0.5 vol. %. Therefore, rheological 

percolation threshold of CuNW/HDPE nanocomposites was determined to be at 

CuNW concentration of 0.5 vol. %. The rheological percolation threshold of the 

CuNW/LDPE nanocomposites was determined at CuNW concentration of 4.0 

vol. % by the noticeable increase in the complex viscosity and storage modulus 

at that concentration. There was significant deviation in the viscoelastic 

properties of CuNW/LLDPE nanocomposites with CuNW concentrations above 

1.0 vol. % compared to the liquid like behavior of nanocomposites with CuNW 
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concentrations below 1.0 vol. % particularly at low frequencies. Thus, 1.0 vol. % 

is the rheological percolation threshold indicator. 

Phase angle δ was plotted against the absolute value of complex modulus at 

200 
o
C for the four types of CuNW/PE nanocomposites in Figure 5–6. This 

curve is also known as van Gurp Palmen plot [29] and has been previously used 

to identify the rheological percolation in polymer nanocomposites [20, 30–32]. 

In the CuNW/UHMWPE, CuNW/HDPE, CuNW/LDPE and CuNW/LLDPE 

nanocomposites, the phase angle decreased with the increasing absolute value of 

complex modulus.  In Figure 5–6a, the phase angle of the neat UHMWPE 

without CuNWs was about 45.2
o
 at minimum absolute value of complex 

modulus and decreases linearly to 15.5
o
 at the maximum absolute value of 

complex modulus. However, the phase angles of CuNW/UHMWPE 

nanocomposites dropped significantly below 40
o
 in the whole frequency range. 

The noticeable deviation of the phase angle δ of the CuNW/UHMWPE 

nanocomposites from the neat UHMWPE starting at CuNW concentration of 0.5 

vol. % indicates that the rheological percolation was reached. The minimum and 

maximum phase angles of the CuNW/HDPE nanocomposites in Figure 5–6b 

were 40
o
 and 80

o
 respectively higher than those of the CuNW/UHMWPE 

nanocomposites, which indicated the more liquid-like behavior of the 

CuNW/HDPE nanocomposites. The neat HDPE curve showed a slight deviation 

from the other curves in Figure 5–6b, which was more pronounced at low 

absolute value of complex modulus. Considering the small Newtonian plateau at 

low frequency on the curve of complex viscosity (η*) against frequency of the 
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neat HDPE and the absence of a noticeable shape change on the storage modulus 

vs. frequency curves of the neat HDPE and the CuNW/HDPE nanocomposites, 

the rheological percolation threshold would be suggested at CuNW concentration 

of 0.5 vol. % for the CuNW/HDPE nanocomposites. In the CuNW/LDPE 

nanocomposites, the phase angles were greater than 45
o
 at low absolute value of 

complex modulus except the nanocomposite with CuNW concentration of 4.0 

vol. % whose phase angles were ≤ 45
o
 in the whole frequency range. The 

deviation of the van Gurp Palmen plot of the CuNWs/LDPE nanocomposite with 

CuNW concentration of 4.0 vol. % from others indicated the rheological 

percolation threshold for the CuNW/LDPE nanocomposites. The van Gurp 

Palmen plots of the CuNW/LLDPE nanocomposites showed a different 

relationship from other three types of nanocomposites in that the phase angle 

increased with the increasing absolute value of complex modulus for the 

CuNW/LLDPE nanocomposites only. This can be interpreted by the 

disentanglement effect of the LLDPE macromolecular chains at the higher shear 

rates. All the phase angles of the CuNW/LLDPE nanocomposites with CuNW 

concentrations less than 1.0 vol. % were greater than 45
o
, which indicated the 

liquid-like behavior of the nanocomposites. However, the phase angles less than 

45
o
 of the nanocomposites with CuNW concentration ≥ 1.0 vol. % at low 

absolute value of complex modulus implied the solid-like behavior. Moreover, 

the dramatic phase angle decrease at low absolute value of complex modulus 

when the concentration of CuNWs increased from 0.75 vol. % to 1.0 vol. % 
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suggested the rheological percolation threshold of the CuNW/LLDPE 

nanocomposites at CuNW concentration of 1.0 vol. %. 
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Figure 5-6. Phase angle (δ) as a function of the absolute value of the complex 

modulus (van Gurp Palmen plot) at 200 
o
C for the (a) CuNW/UHMWPE, (b) 

CuNW/HDPE, (c) CuNW/LDPE and (d) CuNW/LLDPE nanocomposites. 
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The plots of storage modulus (G’) versus loss modulus (G’’) have been 

previously used to determine the rheological percolation threshold of polymer 

nanocomposites under a given temperature [33]. In addition, storage modulus 

(G’) at low frequencies was considered one of the most sensitive parameters for 

indicating the onset of the microstructure change of polymer nanocomposites [33, 

7, 20, 34]. The plots of storage modulus (G’) versus loss modulus (G’’) at 200 
o
C 

for the four types of CuNW/PE nanocomposites are shown in Figure 5–7. The 

deviation of the neat UHMWPE from the other CuNW/UHMWPE 

nanocomposites in Figure 5–7a indicated the rheological percolation threshold of 

the CuNW/UHMWPE nanocomposites at CuNW concentration of 0.5 vol. %. In 

Figure 5–7b, only the plot of the neat HDPE was below the diagonal line in the 

whole range of frequencies, and the deviation of the neat HDPE from the 

CuNW/HDPE nanocomposites at low frequencies was pronounced. Both 

indicated the rheological percolation threshold of the CuNW/HDPE 

nanocomposites at CuNW concentration of 0.5 vol. %. Similar to the 

CuNW/HDPE nanocomposites, the CuNW/LDPE nanocomposites had only the 

plot of CuNW concentration of 4.0 vol. % exhibiting more noticeable deviation 

than the others and above the diagonal line in the whole range of frequencies, 

which indicated the rheological percolation threshold of the CuNW/LDPE 

nanocomposites at CuNW concentration of 4.0 vol. %. The deviation of the 

CuNW/LLDPE nanocomposites with CuNW concentration above 1.0 % from 

those with CuNW concentration below 1.0 % was the indicator for the 

rheological percolation threshold for the CuNW/LLDPE nanocomposites. 
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In summary, the rheological percolation thresholds of the four types of 

CuNW/PE nanocomposites at 200 
o
C determined by different methods were 

consistent, which appeared at CuNW concentration of 0.5 vol. %, 0.5 vol. %, 4.0 

vol. % and 1.0 vol. % for the CuNW/UHMWPE, CuNW/HDPE, CuNW/LDPE 

and CuNW/LLDPE nanocomposites, respectively. 
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Figure 5-7.  Storage modulus (G’) versus loss modulus (G’’) at 200 
o
C for the (a) 

CuNW/UHMWPE, (b) CuNW/HDPE, (c) CuNW/LDPE and (d) CuNW/LLDPE 

nanocomposites. 

 

Complex viscosity (η*) and storage modulus (G’) versus CuNW 

concentration was plotted in Figure 5–8 for the four types of nanocomposites at 

200 
o
C and 1 rad/s frequency. In Figure 5–8a, complex viscosity of the four 

types of CuNW/PE nanocomposites increased with the CuNW concentration. 

But the effect of the CuNW concentration on the complex viscosity was different 

for different type of PE matrices. The effect was insignificant in the 

CuNW/HDPE and CuNW/LDPE nanocomposites and more pronounced in the 

CuNW/LLDPE and CuNW/UHMWPE nanocomposites. There was a significant 
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increase of the complex viscosity in the CuNW/UHMWPE nanocomposites 

when the CuNW concentration increased from 0 vol. % to 0.5 vol. %. The 

complex viscosity increase was more noticeable when the CuNW concentration 

increased from 0.5 vol. % to 2.0 vol. % in the CuNW/LLDPE nanocomposites. 
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Figure 5-8. The (a) complex viscosity (η*) and (b) storage modulus (G’) at 200 

o
C and 1 rad/s for the CuNW/PE nanocomposites as functions of the CuNW 

concentration. 

 

In Figure 5–8b, the storage modulus also increased with the increasing CuNW 

concentration for all the four types of PE nanocomposites. The effect of the 

CuNW concentration on the storage modulus was more noticeable than its effect 

on the complex viscosity. The storage modulus of the CuNW/LLDPE 

nanocomposites increased 5.5-fold when the CuNW concentration increased 

from 0.5 vol. % to 1.0 vol. %. The most significant increase of storage modulus 

in the CuNW/UHMWPE nanocomposites took place when the CuNW 
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concentration increased from 0 vol. % to 0.5 vol. %. The impact of the CuNW 

concentration on storage modulus was also less significant in the CuNW/HDPE 

and CuNW/LDPE nanocomposites. However, there was a more noticeable 

increase in storage modulus on the curve of the CuNW/LDPE nanocomposites 

when the CuNW concentration increased from 3.0 vol. % to 4.0 vol. %. The 

storage modulus of the CuNW/LDPE nanocomposites at CuNW concentration of 

4.0 vol. % was more than that of CuNW/HDPE nanocomposites, which can be 

attributed to the formation of the NW–NW network within the CuNW/LDPE 

nanocomposites. 

 

5.3.3. Morphology of CuNW/PE nanocomposites 

Figure 5–9 shows the backscattered SEM images of the freeze-fractured (a, b) 

UHMWPE, (c, d) HDPE, (e, f) LDPE and (g, h) LLDPE nanocomposites 

containing 1.0 vol. % CuNWs. The images on the left at low magnification 

revealed the general dispersion of CuNWs in the four different types of PE 

matrices. The images on the right were at high magnification. The bright spots 

and areas in the backscattered SEM images were single CuNWs and/or CuNW 

agglomerates. In the low magnification SEM images, several bundles of large 

agglomerates are shown in Figures 5–9a and c, only one bundle of agglomerates 

and many bright spots can be observed in Figure 6e, and no bright bundle is 

visible in Figure 5–9g. The difference in CuNW dispersion was revealed clearly 

in the high SEM magnification images. The bundles shown in Figure 5–9b were 
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larger and brighter than the one in Figure 5–9d indicating the better dispersion of 

CuNWs in HDPE than in UHMWPE. A few bright stripes without bundles in 

Figure 5–9f indicated the improved dispersion of CuNWs in LDPE over that in 

HDPE. In addition, no bright spot or area can be observed in Figure 5–9h 

evidencing the uniform dispersion of CuNWs in LLDPE. In general, the 

backscattered SEM images indicated that dispersion of CuNWs in the different 

PE matrices is LLDPE > LDPE > HDPE > UHMWPE. 

 

  

  

(a) 

 

(b) 

 

(c) 

 

(d) 

 



Electrically Conductive Metal Nanowire Polymer Nanocomposites  

 192 

  

  

Figure 5-9. The low (left) and high (right) magnification backscattered SEM 

images of the freeze-fractured (a, b) UHMWPE, (c, d) HDPE, (e, f) LDPE and (g, 

h) LLDPE nanocomposites containing 1.0 vol. % CuNWs. 

 

Figure 5–10 presents the TEM images of the (a, b) UHMWPE, (c, d) HDPE, 

(e, f) LDPE and (g, h) LLDPE nanocomposites containing 1.0 vol. % CuNWs. 

The low magnification TEM images on the left revealed the large agglomerates 

of CuNWs in UHMWPE and more scattered CuNW particles localized within 

the HDPE matrix. A greater amount of CuNWs were observed in the low 

magnification TEM images for the LDPE and LLDPE matrixes, which indicated 

(e) 

 

(f) 

 

(g) 

 

(h) 
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the much better dispersion of CuNWs in these matrices.  The high magnification 

TEM images on the right showed that the CuNWs were more agglomerated in 

the case of UHMWPE and HDPE but better dispersed in the LDPE and LLDPE. 

The CuNWs in Figure 5–10b seemed tightly constrained by the UHMWPE 

matrix. CuNWs in Figure 5–10d also looked constrained by the HDPE matrix 

but less tightly and the polymer had intercalated between the wires. High 

magnification images also revealed the better dispersion of CuNWs in the LDPE 

and LLDPE matrices. Moreover, the CuNWs in the LLDPE matrix appeared to 

have a little better segregation, dispersion and network formation than in LDPE 

matrix. Therefore, the TEM images also corroborate the different dispersion of 

CuNWs in the four types of PE matrices as was observed from SEM 

characterization. 

  



Electrically Conductive Metal Nanowire Polymer Nanocomposites  

 194 

  

     

    

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 



Chapter 5. Effect of Macromolecular Structure on Electrical and 

Rheological Properties in Copper Nanowire Polyethylene Nanocomposites: 

Effect of Molecular Weight and Branching 

 195 

    

Figure 5-10. The low (left) and high (right) magnification TEM images of the (a, 

b) UHMWPE, (c, d) HDPE, (e, f) LDPE and (g, h) LLDPE nanocomposites 

containing 1.0 vol. % CuNWs. 

 

5.3.4. Effect of macromolecular structures on filler dispersion, electrical and 

rheological properties 

The electrical percolation thresholds and rheological percolation thresholds at 

200 
o
C observed in this work were 2.0 vol. % and 0.5 vol. % for the 

CuNW/UHMWPE, 0.5 vol. % and 0.5 vol. % for the CuNW/HDPE, 0.25 vol. % 

and 4.0 vol. % for the CuNW/LDPE as well as 0.25 vol. % and 1.0 vol. % for the 

CuNW/LLDPE nanocomposites. The electrical percolation threshold was higher 

than the rheological percolation threshold for the CuNW/UHMWPE, the same 

for the CuNW/HDPE and lower for the CuNW/LDPE and CuNW/LLDPE 

nanocomposites. Electrical conductivity and percolation thresholds of the four 

types of CuNW/PE nanocomposites are highly related to the dispersion of the 

(g) 

 

(h) 
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CuNWs in the different PE matrices. The better dispersion of CuNWs in PE 

matrix typically leads to the higher electrical conductivity and the lower 

electrical percolation threshold. However, it has been shown that too much 

dispersion may be detrimental to electrical conductivity [35]. 

Different macromolecular structures of PEs play an important role in the 

dispersion of CuNWs. Both UHMWPE and HDPE are linear macromolecules 

with little branching that gives rise to strong intermolecular forces. However, 

UHMWPE has extremely long chains with molecular weight between 3 to 6 

million which is almost 150~300 times higher than that of HDPE. Intermolecular 

force is relatively weak for each overlap of atom. Larger number of overlaps can 

exist along the longer linear macromolecular chains that results in stronger 

intermolecular force in UHMWPE than in HDPE. The longer chains of the 

UHMPE can also have more entanglements than the HDPE not allowing chains 

to intercalate between wires. Both the stronger intermolecular force and the more 

entanglements severely limited the dispersion of CuNWs within the UHMWPE 

matrix.  

LDPE is highly branched and possesses short and long chains in the 

macromolecule; and LLDPE is essentially a linear polymer with a greater 

numbers of short branches. The large number of short or long chains can 

significantly decrease the intermolecular force by increasing the distance 

between the macromolecules [36], which is the main reason that the dispersion 

of CuNWs in LDPE and LLDPE was much better than in UHMWPE and HDPE. 

Moreover, the long branches of the LDPE may contribute much more to 
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entanglements than the short branches of the LLDPE, and thus we found better 

dispersion of CuNWs in the LLDPE. 

It has been previously reported that the electrical percolation threshold of the 

carbon nanotube polymer nanocomposites was higher than the rheological 

percolation threshold [7, 20, 33, 37]. Lin et al also reported the higher electrical 

percolation threshold than the rheological percolation threshold for the 

CuNW/polystyrene [11] and MWNT/polycarbonate [31] nanocomposites. 

Gelves et al [32] reported the opposite for the functionalized CuNWs filled 

polystyrene nanocomposites made by solution mixing. It was also previously 

found [38] that the unfunctionalized CuNWs filled polystyrene nanocomposites 

formulated by melt mixing method showed the electrical percolation threshold 

between 1.0 and 2.0 vol. % of CuNWs without exhibiting rheological percolation 

up to CuNW concentration of 4.0 vol. %.  

It has been assumed that both the poly-CNT and CNT-CNT networks 

contribute significantly to the rheological percolation  in the carbon nanotube 

polymer nanocomposites [7, 20, 33], which is also the fundamental theory used 

to interpret the rheological percolation in CuNW/PE nanocomposites. Similarly, 

three types of networks can be expected in CuNW/PE nanocomposites: Type I: 

the temporary networks among polymer chains (poly-poly networks), Type II: 

the networks between polymer chains and CuNW/agglomerates (poly-NW 

networks) and Type III: the networks formed among CuNW/agglomerates 

(NW-NW networks). The poly-NW networks are formed by van der Waals force 

between PE chains and CuNWs. The strength of van der Waals force in this case 
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mainly depends on the distance and the number of overlapping atoms between 

the two components. Linear macromolecular chains without branching in both 

UHMWPE and HDPE allowed for the close overlapping with CuNWs to form 

effective poly-NW networks. However, both the LDPE and LLDPE 

macromolecular chains have a large number of long and/or short branches which 

hindered overlapping with CuNWs resulting in poor poly-NW networks within 

the CuNW/LDPE and CuNW/LLDPE nanocomposites.  

Figure 5–11 schematically illustrates the network formation for the 

rheological percolation threshold and the electrical percolation threshold for the 

CuNW/PE nanocomposites. 

The poly-NW networks within both the CuNW/UHMWPE and CuNW/HDPE 

nanocomposites enabled the low rheological percolation threshold at CuNW 

concentration of 0.5 vol. % under 200 
o
C. At CuNW concentration of 0.5 vol. %, 

the distance between the individual CuNWs (or CuNW agglomerates) in the 

CuNW/UHMWPE nanocomposites under room temperature was still too far for 

electrons to travel through. Thus, the electrical percolation threshold did not 

appear in the CuNW/UHMWPE nanocomposites until the distance between the 

individual CuNWs (or CuNW agglomerates) was small enough (5~10 nm) to 

allow electrons to hop and/or tunnel through [19]. This occurred at CuNW 

concentration of 2.0 vol. % under room temperature. Because of the better 

dispersion in the CuNW/HDPE nanocomposites, the distance between the 

individual CuNWs (or CuNW agglomerates) at CuNW concentration of 0.5 vol. % 
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is enough for electrons to travel through resulting in the electrical percolation 

threshold observed. 

Due to the lack of the effective poly-NW networks, the CuNW/LDPE and 

CuNW/LLDPE nanocomposites cannot reach rheological percolation thresholds 

until the effective formation of NW-NW networks. The better dispersion resulted 

in the formation of NW-NW networks at lower concentration of CuNWs. 

Therefore, the CuNW/LDPE and CuNW/LLDPE nanocomposites reached the 

rheological percolation thresholds at CuNW concentrations of 4.0 vol. % and 1.0 

vol. %, respectively. However, electrons can travel among individual CuNWs (or 

CuNW agglomerates) separated by small enough distance by the hopping and/or 

tunnelling mechanism before the formation of NW-NW networks. Consequently, 

the electrical percolation thresholds of the CuNW/LDPE and CuNW/LLDPE 

nanocomposites can appear at very low CuNW concentration of 0.25 vol. %. 
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Figure 5-11. The schematic illustration of CuNW dispersion, the (a, c, e, g) 

rheological percolation threshold at 200 
o
C and (b, c, d, f) electrical percolation 

threshold for the (a, b) CuNW/UHMWPE, (c) CuNW/HDPE, (d, e) 

CuNW/LDPE and (f, g) CuNW/LLDPE nanocomposites. I represents the 
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networks between the polymer chains (poly-poly networks), II stands for the 

networks between the polymer chain and the individual CuNWs/CuNW 

agglomerates (poly-NW networks), III presents the networks formed among the 

individual CuNWs/CuNW agglomerates (NW-NW networks). II poly-NW 

network is absent in d, e, f and g because the branches on the chains of LDPE 

and LLDPE hinder its formation. The CuNW concentration in the 

nanocomposites increases from left to right. 

 

5.4. Conclusions 

CuNW/PE nanocomposites were prepared by the miscible solvent mixing and 

precipitation (MSMP) method with four different types of PEs. For 

CuNW/UHMWPE, CuNW/HDPE, CuNW/LDPE and CuNW/LLDPE 

nanocomposites, the electrical percolation thresholds were 2.0 vol. %, 0.5 vol. %, 

0.25 vol. % and 0.25 vol. %, respectively, and the rheological percolation 

thresholds at 200 
o
C were 0.5 vol. %, 0.5 vol. %, 4.0 vol. % and 1.0 vol. % 

respectively. SEM and TEM images revealed the dispersion difference of the 

CuNWs in the different types of PE matrices in the order of LLDPE > LDPE > 

HDPE > UHMWPE, which corroborated the electrical conductivity and 

electrical percolation threshold difference in the four types of PE matrices 

The difference in the CuNW dispersion, electrical properties and rheological 

properties in the four types of PE matrices resulted from the difference in the 

solution viscosity during the mixing, the intermolecular force, and entanglement, 
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which originated from the different macromolecular structures of the different 

types of PEs such as molecular weight and branching. 
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Chapter 6                                                                                                   

Scalable AC Electrosynthesis and Characterization of High Aspect Ratio 

Polycrystalline Nickel Nanowires 

 

6.1. Introduction 

NiNWs are one-dimensional nanostructures with ferromagnetic properties, 

which have attracted much attention in fundamental physical research decades 

ago [1]. Engineers are interested in the possible application of NiNWs as an 

ultra-high-density magnetic recording medium [1, 2].  

We are very interested in the EMI shielding properties of the NiNW polymer 

nanocomposites. EMI shielding refers to the prevention of the electromagnetic 

radiation from penetration through a shield by the mechanism of reflection and 

adsorption [3]. The absorption loss of the electromagnetic radiation increases 

with the product of the electrical conductivity relative to copper (σr) and the 

relative magnetic permeability (μr). The electrical conductivity relative to copper 

(σr), relative magnetic permeability (μr) and the product of both (σrμr) of selected 

metals and alloys are shown in Table 6−1 [4]. The product value (σrμr) of Ni is 

20 times higher than Cu [4].  NiNWs are both electrically conductive and 

ferromagnetic with high aspect ratio, which make them the promising fillers in 

polymer nanocomposites for EMI shielding. 
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Table 6-1. The electrical conductivity relative to copper (σr), relative magnetic 

permeability (μr) and the product of both (σrμr) of selected metals and alloys [4]. 

Materials σr μr σrμr 

Silver 1.05 1 1.05 

Copper 1 1 1 

Gold 0.7 1 0.7 

Aluminum 0.61 1 0.61 

Brass 0.26 1 0.26 

Bronze 0.18 1 0.18 

Tin 0.15 1 0.15 

Lead 0.08 1 0.08 

Nickel 0.2 100 20 

Stainless Steel 430 0.02 500 10 

Mumetal (at 1 kHz) 0.03 20,000 600 

Superpermalloy (at 1 kHz) 0.03 100,000 3,000 

 

 

PAO template-assisted synthesis of nanoscopic materials as a versatile and 

less expensive approach has been discussed and applied for the CuNW synthesis 

in Chapters 1 and 2 respectively. The size and structural properties of the 

electrodeposited nanomaterials can be controlled by the templates and the 

electrodeposition parameters [5]. The typical conditions to obtain self-ordered 

pores of different dimensions in polyprotic acids are shown in Table 6−2 [6]. 
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The barrier layer formed during the anodization in certain polyprotic acid can 

be thinned by stepwise decreasing the DC voltage at the end of anodization as 

described in Chapter 1. Both the proper thickness and the rectification properties 

of the barrier layer facilitate the AC electrodeposition of Ni into the PAO 

templates to generate NiNWs. 

In this work, we used a scalable AC electrodeposition method to synthesize 

NiNWs in PAO templates, which were then liberated, characterized and 

dispersed into LLDPE to prepare electrically conductive polymer 

nanocomposites. 

 

6.2. Experimental 

6.2.1. Preparation of PAO templates 

The PAO templates used for AC electrodeposition were prepared by the two-

step anodization method [7] using 0.3 mol/L oxalic acid (≥ 97.0%, Sigma 

Aldrich) as the electrolyte under DC anodization voltage of 40 V.  Five 

aluminum plates and six copper plates, cut into 5 × 11 cm pieces, were used as 

the anodes and cathodes respectively. All the electrodes were placed alternately 

in parallel with inter-plate distance of 1.5 cm into 3.0 L 0.3 mol/L oxalic acid 

aqueous solution, and anodized at 0~4 
o
C in a double walled, chilled cylindrical 

glass container as shown in Figure 6−1. At the end of the second anodization, the 

DC voltage was decreased from 40.0 V to 10.0 V at 2 V/min rate and held for 10 

min at 10.0 V to thin the barrier layer between the PAO templates and the Al 
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substrate. All other details not described in this section are identical to those in 

Section 2.2.1. 

 

 

Figure 6-1. The photograph of the anodization setup in a double-walled, chilled 

cylindrical glass container. 

 

6.2.2. AC electrodeposition of Ni into the PAO templates and the liberation of 

the deposited NiNWs 

The aqueous solution for the electrodeposition was formulated with 300 g/L 

NiSO4·6H2O (98%, Alfa Aesar), 40 g/L H3BO3 (99.5% min., EMD Millipore) 

and 8 mg/L SDS. H3BO3 functioned as a PH buffer. The surfactant sodium 

dodecyl sulfate facilitated the penetration of the electrodeposition solution into 
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the pores in the PAO templates and the removal of the H2 bubbles produced on 

the surface of the electrodes during the electrodeposition. 

AC electrodeposition was carried out at 40 
o
C. The higher temperature can 

increase the electrical conductivity of the electrolyte and decrease the 

electrodeposition voltage. In addition, the increased temperature can prevent the 

components in the solution from precipitation. The edges of the Al plates with 

grown PAO templates were coated with nail polish to prevent the preferential 

deposition of Ni there. Two Ni foils (1.0 mm thick, 99.5%, Alfa Aesar) of 5 cm 

× 10 cm size were used as the counter electrodes. Ni was deposited into the pores 

in the both sides of each Al electrode by continuous 200 Hz sine wave AC of 20 

Vrms for 7 min with a Kepco BOP 50–20 MG AC power supply. The AC 

electrodeposition conditions and solution composition were summarized in Table 

6−3. The details not described in this section are identical to those in Sections 

2.2.2 and 2.2.3. 

 

Table 6-3. The AC electrodeposition conditions and solution composition. 

Electrodeposition Solution Electrodeposition power 

Chemicals Concentration Temperature Wave Voltage Frequency 

NiSO4·6H2O 300 g/L 

40 
o
C Sine 20 Vrms 200 Hz H3BO3 40 g/L 

SDS 8 mg/L 
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6.2.3. Preparation of NiNW/LLDPE nanocomposites 

The NiNW/LLDPE nanocomposites with different concentrations of NiNWs 

were prepared by the MSMP method as described in Section 5.2.3. LLDPE (LL 

6201.19) were kindly provided by ExxonMobil with the technical details listed 

in Table 5–1. The density of bulk nickel (8.91 g/cm
3
) was used to determine the 

volume percentages of the NiNWs in the LLDPE matrix. The dry powder of the 

NiNW/LLDPE nanocomposites was compression molded under 250 
o
C and 138 

MPa for 30 min in a 10.5 mm diameter and 1.2 mm thick stainless steel mold as 

described in Section 5.2.3 before characterization. 

 

6.2.4. SEM characterization of the aluminum plates, the liberated NiNWs and the 

NiNW/LLDPE nanocomposites 

The aluminum plates before and after anodized in oxalic acid and the 

preparation of the NiNW samples for SEM imaging were detailed in Section 

2.2.6.  

The length distribution of the NiNWs dispersed in methanol was determined 

from the SEM images collected from the areas of the glass cover with well-

dispersed NiNWs. The lengths of over 1000 individual NiNWs were measured 

with ImageJ 1.44p software (National Institute of Health, USA).  

The NiNW/LLDPE nanocomposites were fractured in liquid nitrogen and 

coated with gold and palladium to collect the backscattered SEM images. All the 
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SEM images were collected using a Philips XL30 scanning electron microscope 

under 20 kV accelerating voltage. 

 

6.2.5. TEM/EDX/SAED characterization of the liberated NiNWs and the 

NiNW/LLDPE nanocomposites 

The TEM images, selected area electron diffraction (SAED) pattern and EDX 

spectra of the liberated NiNWs were collected with a Tecnai F20 field emission 

gun TEM under 200 kV accelerating voltage. The sample of the liberated 

NiNWs was prepared by dropping the NiNW/CH3OH dispersion very dilute onto 

a holey carbon coated Cu TEM grid. The NiNW/LLDPE nanocomposite samples 

were ultramicrotomed under -130 
o
C with an ultracut diamond knife to obtain 

desired cross sections with thickness about 100 nm. The ultramicrotomed slice 

was then transferred onto a holey copper TEM grid for observation. 

 

6.2.6. XRD and XPS characterization of the NiNW powder 

The XRD patterns of the NiNW powder were collected by a Rigaku Multiflex 

Diffraction System with Cu Kα radiation operating at 40 kV and 20 mA. The 

NiNW powder was prepared by drying the NiNW/CH3OH dispersion in a 

vacuum oven under room temperature. 

The XPS were collected with a PHI VersaProbe 5000-XPS spectrometer with 

the Kα X-rays from an Al source operating at 25 mV. The base pressure of the 
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XPS spectrometer was around 8 ×10
-8

 Pa. The NiNW sample for XPS 

characterization was prepared by sticking the NiNW powder onto an aluminum 

stub with a double-sided carbon tape on the surface. 

 

6.2.7. TGA of the NiNW powder 

The TGA plots of the NiNW powder were obtained with a TA Q500 TGA 

instrument using a standard Pt pan. The balance gas for the test was always 40 

mL/min N2 (Praxair). 60 mL/min air (Praxair) was used as the purge gas to 

acquire the TGA plot in air at 20 
o
C/min heating rate. 60 mL/min 4% H2 balance 

N2 (Praxair) was used as the purge gas to obtain the TGA plot in H2 at 20 
o
C/min 

heating rate. 

 

6.2.8. Ferromagnetic properties of the NiNW powder 

The same TA Q500 TGA instrument was used to determine the Curie 

temperature (TC) of the NiNW powder. The balance gas and purge gas were 40 

mL/min N2 and 60 mL/min N2, respectively. A bar permanent magnet was 

positioned under the furnace to apply a magnetism to attract the NiNW sample in 

the Pt pan during the test. The instrument temperature was programmed to heat 

up to 700 
o
C and cool down to 100 

o
C at 10 

o
C/min rate. 
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6.2.9. Electrical characterization of the NiNW/LLDPE nanocomposites 

The electrical resistivity of the CuNW/LLDPE nanocomposites was measured 

by two different instruments as described in Section 4.2.4. A QPP four pin probe 

(MCP-TPQPP model, Mitsubishi Chemical Co., Japan) with inter-pin distance 

1.5 mm was connected to the Loresta GP resistivity meter (MCP-T610 model, 

Mitsubishi Chemical Co., Japan) to measure the nanocomposites with resistivity 

lower than 10
4
 Ω∙m. 

 

6.3. Results and discussion 

6.3.1. Surface morphology evolvement of the aluminum plate during the 

anodization in oxalic acid solution 

The surface morphology evolvement of the aluminum plate during the 

anodization in oxalic acid solution is shown in Figure 6−2.  The surface 

morphology of the bare aluminum plate after fully cleaning with acetone and 1 

mol/L NaOH aqueous solution is shown in Figures 2−8a and b.  

 

(a) 

 

(b) 
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Figure 6-2. Surface morphology development of the aluminum plate during the 

anodization: (a, b) after anodized in 0.3 mol/L oxalic acid for 2 h, (c, d) after 

etched in the solution of 0.1 mol/L H2CrO4 and 0.3 mol/L H3PO4 under 60 
o
C for 

30 min, (e, f) after anodized in 0.3 mol/L oxalic acid for 8 h. 

 

After the anodization in 0.3 mol/L oxalic acid solution for 2 h, some loose 

floccule can be observed in the SEM images (Figures 6−2a and b). The surface 

of the aluminum plate looked clean with some shallow patterns of pores as well 

as a few scattered bigger and deeper holes (Figures 6−2c and d) formed by the 

(c) 

 

(d) 

 

(e) 

 

(f) 
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corrosive effect of the etching solution after etched in the solution of 0.1 mol/L 

H2CrO4 and 0.3 mol/L H3PO4 under 60 
o
C for 30 min. The clear self-ordered 

pores formed after the second anodization for 8 h are shown in Figures 6−2e and 

f. The surface morphology evolvement of the aluminum plate during the 

anodization in oxalic acid solution is very similar to that in H2SO4 solution as 

described in Section 2.3.1 

 

6.3.2. Morphology and aspect ratio of the liberated NiNWs 

The low magnification and high magnification SEM images of the liberated 

NiNWs are shown in Figure 6−3. The NiNWs exhibited very uniform diameter 

of ca. 38 nm, the estimated length of most of the individual NiNWs ranged from 

1 to 4 µm. Some aggregates of the NiNWs were also observed, which can be 

attributed to the high surface area of the NiNWs. In both images, the surface of 

the cylindrical NiNWs looked clean and smooth.  

The SEM image with well-dispersed NiNWs used for the length distribution 

determination is shown in Figure 6−4a, and the length distribution of the NiNWs 

is shown in Figure 6−4b. The length of over 96% of the NiNWs ranged from 0.6 

to 6 µm. The NiNWs with length between 2–3 µm accounted for over 30%. The 

average length of the NiNWs after liberation in NaOH and ultrasonication in 

methanol was 2.68 µm.  
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Figure 6-3. The (a) low magnification and (b) high magnification (b) SEM 

images of the liberated NiNWs. 

 

(a) 

 

(b) 
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Figure 6-4. The (a) SEM image with well-dispersed NiNWs used for length 

distribution determination and the (b) length distribution of the NiNWs.  

 

The low magnification and high magnification TEM images of the liberated 

NiNWs are shown in Figures 6−5a and b, respectively.  In the low magnification 

image, the NiNWs appeared uniform in diameter, but a little fluctuation in 

diameter can be observed in the high magnification image. The measured 

(a) 

 

(b) 
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diameter of the NiNWs in both TEM images was 38 ± 4 nm which was 

consistent with the diameter measured in the SEM image. Based on the average 

length 2.68 µm and the diameter measured in the TEM images, the average 

aspect ratio of the NiNWs after liberation and ultrasonication was around 70. 

 

Figure 6-5. The low magnification (a) and high magnification (b) TEM images 

of liberated NiNWs. 

 

6.3.3. Chemistry and crystal structure of liberated NiNWs 

The EDX spectra and the SAED pattern collected with the TEM are shown in 

Figures 6−6 and 6−7, respectively. The C and Cu peaks in the EDX spectra 

originated from the holey carbon coated Cu TEM grid. Four Ni peaks can be 

identified in the EDX spectra. Specifically, they were Ni-Lα, Ni-Lβ, Ni-Kα and 

Ni-Kβ with increasing bonding energies.  

(a) 

 

(b) 
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The polycrystalline property of the AC electrosynthesized NiNWs is revealed 

in the SAED pattern. The smallest 3 rings in the SAED pattern have diameters of 

9.86 1/nm, 11.35 1/nm and 16.13 1/nm, respectively, corresponding to plane 

distances of 0.203 nm, 0.176 nm and 0.124 nm that is consistent with the indices 

111, 200 and 220 of fcc nickel [8]. 

 

Figure 6-6. The EDX spectra of the NiNW powder collected with TEM. 

. 
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Figure 6-7. The SAED pattern of the NiNW powder collected with TEM. 

 

The XRD pattern of the NiNW powder is shown in Figure 6−8. The three 

sharp peaks of the fcc crystal structure of metal nickel can be clearly identified at 

two theta of 44.49, 51.85 and 76.38 corresponding to the planes of (111), (200) 

and (220), respectively (PDF# 65-2865) as labeled in Figure 6−8. The small 

peaks of NiO can also be identified as marked on the XRD pattern (PDF# 47-

1049). Ni2O3 was not detected by XRD. The d-spacings of the corresponding 

planes of fcc metal nickel determined from the SAED and XRD patterns are 

shown in Table 6−4 for comparison. The d-spacings of the corresponding planes 

of fcc nickel determined from both test methods are consistent. 
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Figure 6-8. The XRD pattern of the NiNW powder. 

 

Table 6-4. The d-spacings of the corresponding planes of fcc metal nickel 

determined from the SAED and XRD patterns. 

(hkl) 

SAED XRD 

Ring diameter (1/nm) d (Å) Two theta d (Å) 

(111) 9.86 2.03 44.49 2.03 

(200) 11.35 1.76 51.85 1.76 

(220) 16.13 1.24 76.38 1.25 
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Figure 6−9 shows the X-ray photoelectron spectra of the NiNW powder. The 

survey spectra, high resolution spectra of O 1S and Ni 2P peaks are shown in 

Figures 6−9a, b and c, respectively. Table 6−5 shows the X-ray photoelectron 

binding energies of metal nickel and oxides [9], which can help to identify the 

different nickel species in the XP spectra. 

The peaks of Ni, O and C can be identified on the survey spectra. The O 

peaks may originate from the oxide species in the sample or the O2 absorbed on 

the surface. The C signals can be attributed to the carbon tape used to stick the 

NiNW powder on the aluminum stub. The survey spectra showed that the NiNW 

powder was pretty clean with no impurity above the detection limit of XPS. 

The X-ray photoelectron spectra binding energies of O 1S are 529.9 eV and 

531.7 eV for NiO and Ni2O3, respectively, which can be readily used to identify 

the oxide species in the NiNW sample. As shown in Figure 6−9b, the main peak 

at 531.7 eV and a shoulder at 529.9 eV indicated the presence of both Ni2O3 and 

NiO species. 

The X-ray photoelectron spectra of Ni 2P3/2 can be used to distinguish metal 

Ni from its oxides. The peak with bonding energy of 852.9 eV in Figure 6−9c 

indicated the presence of metal Ni in the sample. However, it is impossible to 

distinguish the oxide species in the high resolution spectra of Ni 2P3/2. The peaks 

at 856.1 eV and 861.5 eV may originate from either or both of NiO and Ni2O3 

species.  
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Figure 6-9. The X-ray photoelectron spectra of the NiNW powder. (a) The 

surveys, (b) the high resolution XP spectra of O 1S peak and (c) the high 

resolution XP spectra of Ni 2P3/2 peak. 

 

That Ni2O3 was not detected by XRD but identified on the XP high resolution 

spectra of O 1S may result from the low concentration of Ni2O3 below the detect 

limit of XRD and/or its amorphous existence in the powder sample.  

  



Electrically Conductive Metal Nanowire Polymer Nanocomposites 

 229 

Table 6-5. The X-ray photoelectron binding energies (eV) of metal nickel and its 

oxides [9]. 

Species Ni 2P3/2 O 1S 

Ni 852.9 

 

858.8 

NiO 854.5 529.9 

856.3 

861.7 

Ni2O3 855.8 531.7 

861.4 

 

6.3.4. TGA of the NiNW powder  

Figure 6−10 shows the TGA plot of the NiNW powder heated up to 600 
o
C in 

air. The weight gain onset point of the NiNWs powder was about 320 
o
C. The 

maximum rate of weight gain appeared at 374 
o
C. The overall weight gain till 

600 
o
C based on the lowest weight point 97.5% on the plot was 17.76%. 

The TGA plot of the NiNW powder reduced in H2 is shown in Figure 6−11. 

The onset point of the reduction reaction of the NiNW powder in 4% H2 was 

144.4 
o
C. The maximum rate of weight loss appeared at 151.7 

o
C. The total 

weight loss excluding the volatile components during the reduction was 7.32%. 
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It can be determined that the NiNW powder comprised around 92.7 wt. % Ni 

and 7.3 wt. % O elements, assuming the oxidation product at 600 
o
C was 

stoichiometrical NiO (Ni2O3 is not stable at this temperature) and the reduction 

product at 700 
o
C was metal nickel.  The high weight percentage of O in the 

sample resulted from the high specific surface area and the high oxidation 

reactivity of the NiNWs. 

 

Figure 6-10. The TGA plot of the NiNW powder heated up to 600 
o
C at 10 

o
C/min rate in air. 
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Figure 6-11. The TGA plot of the NiNW powder heated up to 800 
o
C at 10 

o
C/min rate in 4% H2. 

 

6.3.5. Ferromagnetic properties of the NiNW powder 

The NiNWs dispersed in methanol can be manipulated by a magnetic field. 

Figure 6−12 shows the photograph of the NiNWs dispersed in methanol attracted 

to one side of the vial by a bar permanent magnet.  
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Figure 6-12. The photographs of (a) the NiNWs staying on the bottom in 

methanol and (b) the NiNWs attracted to one side of the vial by a bar permanent 

magnet. 

 

The TGA plot used for determination of the Curie temperature and 

ferromagnetism reversibility of the NiNW powder is shown in Figure 6−13. The 

Curie temperature of the NiNW powder appeared at 343.6 
o
C. There was a sharp 

peak just before the Curie temperature in the plot with a vertex at 330.3 
o
C which 

was explained by C. Kittel that the magnetic susceptibility approaches infinity as 

the temperature approaches TC [10]. The NiNWs transformed its ferromagnetism 

to paramagnetism at the Curie temperature of 343.6 
o
C during the heating cycle 

and regained its ferromagnetism at 345.2 
o
C during the cooling cycle. The Curie 

temperature of bulk Ni with purity ≥ 99.99 mol % at 358.28 ± 0.4 
o
C has been 

reported [11]. In this study, the Curie temperature of the NiNWs powder was 

around 14 
o
C lower than the reported value of the bulk nickel, which can be 
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attributed to the impurity in the NiNWs and the sub-micron grained nature of the 

NiNWs [11, 12]. R. Z. Valievy et al [12] interpreted that ferromagnetic materials 

with grain size smaller than a certain critical value at temperature below the 

Curie temperature of the bulk material actually include two phases: one is the 

ferromagnetic grain phase with bulk material Curie temperature, the other one is 

the paramagnetic grain boundary phase with a considerably lower Curie 

temperature. If the grain size is small enough, the transformation from the 

ferromagnetic grain phase to the paramagnetic grain boundary phase can take 

place at temperature much lower than the Curie temperature of the bulk material, 

which leads to the lower Curie temperature of the given sub-micron grained 

material than the same bulk material. 
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Figure 6-13. The TGA plot for the determination of the Curie temperature and 

ferromagnetism reversibility of the NiNW powder. 

 

6.3.6. Electrical resistivity of the NiNW/LLDPE nanocomposites and the 

dispersion of NiNWs 

Electrical conductivity of polymer nanocomposites mainly depends on the 

type and volume fraction, distribution, dispersion, aspect ratio and surface 

properties of the conductive nanofillers, polymer matrix as well as the conditions 

of processing. Figure 6−14a shows the electrical conductivity of the 

NiNW/LLDPE nanocomposites as a function of the volume fraction of the 
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NiNWs, which exhibited the typical percolation behavior. The electrical 

conductivity of the NiNW/LLDPE nanocomposites with NiNW volume fraction 

below 0.005 was close to that of the neat LLDPE matrix. However, a remarkable 

increase of over 12 orders of magnitude in the electrical conductivity can be 

observed when the volume fraction of NiNWs in the nanocomposites increased 

from 0.005 to 0.0075, which indicated the formation of the pathway for electrical 

conduction in the NiNW/LLDPE nanocomposites. Based on the electrical 

conductivity change with the volume fraction of the NiNWs in the 

nanocomposites, the electrical percolation threshold of the NiNW/LLDPE 

nanocomposites was at NiNW volume fraction of 0.005. An increase in the 

NiNW volume fraction from 0.0075 to 0.03 led to a gradual increase in the 

electrical conductivity of the NiNW/LLDPE nanocomposites from 6 × 10
-2

 S/m 

to 28.3 S/m.  

The percolation theory can be applied to interpret the behavior of the 

composites with non-conducting matrix and conductive fillers [13–15]. A power 

law (equation 6–1) based on the classical statistical percolation model was 

developed to relate the composite conductivity to the volume fraction of the 

conducting fillers in the vicinity of the percolation threshold. 

    (    )
                               (   ) 

Where, σ is the electrical conductivity of the composites; σ0 is the electrical 

conductivity of the conductive fillers; ϕ is the volume fraction of the conductive 

fillers in the composites; ϕc is the percolation threshold; and t is the critical 
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exponent revealing the lattice dimensionality. 

The linear fitting of the electrical conductivity data to the power law for the 

electrical conductivity with percolation threshold ϕc = 0.005 is shown in Figure 

6−14b, where the dot line represents the best fit. The fitting results are σ0 = 4.34 

× 10
5
 S/m and t = 2.59 ± 0.12. 

 

 

(a) 

 



Electrically Conductive Metal Nanowire Polymer Nanocomposites 

 237 

 

Figure 6-14. (a) The electrical conductivity of the NiNW/LLDPE 

nanocomposites as a function of the volume fraction of the NiNWs, and (b) the 

linear fitting of the data to the power law for the electrical conductivity with 

percolation threshold ϕc =0.005. 

 

The low percolation threshold ϕc =0.005 of the NiNW/LLDPE 

nanocomposites can be attributed to the high respect ratio of the NiNWs that 

facilitated the formation of networks for electrical conduction. The critical 

exponent t = 2.59 ± 0.12 (close to 3) indicated that the electrical conductivity in 

the NiNW/LLDPE nanocomposites mainly originated from the contact among 

(b) 
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individual fibers. It has been reported that t is around 1.9 for the systems with 

spherical conducting particles, but higher than 2 for the systems with fiber-filled 

conducting particles [14]. And t of around 3 has been reported for the systems 

with 1D conducting nanofillers [16, 17]. The electrical conductivity of the 

conductive fillers σ0 = 4.34 × 10
5
 S/m by fitting to the power law was much 

lower than that of the bulk nickel (σNi = 1.44 × 10
7
 S/m), which may result from 

the oxides and the macromolecules absorbed on the surface of the NiNWs that 

decreased the electrical conductivity of the conductive fillers in the polymer 

nanocomposites. 

Lonjon A et al [18] also synthesized NiNWs of around 200 ~ 250 nm in 

diameter by DC electrodeposition using the commercial PAO membrane with 

average pore diameter of 200 nm and thickness of 50 µm as templates. The 

NiNWs were mixed with poly(vinylidene difluoride)-trifluoroethylene (P(VDF-

TrFE)) by the solvent casting method. The dry NiNW/P(VDF-TrFE) 

nanocomposites were then compression molded at 200 
o
C under a pressure of 

about 0.3 MPa for electrical measurements.  

They reported the percolation threshold ϕc = 0.0075, the electrical 

conductivity around 5 S/m for the NiNW/P(VDF-TrFE) nanocomposite with 

NiNW volume fraction of 0.03 that was only equivalent to 16.7% of the 

conductivity of the NiNW/LLDPE nanocomposites with NiNW volume fraction 

of 0.03 in this our work. Moreover, the electrical conductivity of the neat 

P(VDF-TrFE) reported by Lonjon A et al was over 2 orders of magnitude higher 
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than that of the neat LLDPE tested by us in this study. The power law fitting 

results reported for the NiNW/P(VDF-TrFE) nanocomposites [18] were t = 1.57, 

and σ0 = 3.55 × 10
-3

 S/m. The improved electrical conductivity, decreased 

percolation threshold and improved power law fitting results of the 

NiNW/LLDPE nanocomposites in our study may result from the nanoscale 

diameter of the NiNWs, the formation of conducting networks facilitated by the 

MSMP method, the decreased alignment and the improved dispersion of the 

NiNWs in the nanocomposites.  

Figure 6−15 shows the backscattered SEM images of the freeze fractures and 

the TEM images of the ultramicrotomed section of the NiNW/LLDPE 

nanocomposites, containing 1 vol. % of NiNWs. All the images showed good 

dispersion of the NiNWs in the LLDPE matrix. Particularly, the good 

segregation and network formation of the NiNWs in the nanocomposites can be 

observed in both TEM images. 
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Figure 6-15. The (a, b) backscattered SEM images of the freeze fractures and (c, 

d) TEM images of the ultramicrotomed section of the NiNW/LLDPE 

nanocomposites, containing 1 vol. % of NiNWs. 

 

6.4. Conclusions 

NiNWs were synthesized by a scalable method of AC electrodeposition of 

nickel into the in-house prepared PAO templates. 
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The synthesized NiNWs after liberation and ultrasonication exhibited very 

uniform diameter of ca. 38 nm and an average length of 2.68 µm, which 

translates to an average aspect ratio of 70. The SAED revealed the 

polycrystalline property of the NiNWs. Both the SAED and XRD patterns 

indicated the fcc nickel crystal structure. The XPS results showed that the NiNW 

dry powder consisted of metal Ni, NiO and Ni2O3. Both the TGA plots acquired 

in air and H2 revealed that the NiNW powder comprised around 92.7 wt. % Ni 

and 7.3 wt. % O elements. The NiNWs dispersed in methanol can be 

manipulated by a permanent magnet. The Curie temperature of the NiNW 

powder determined by TGA was 343.6 
o
C, and its ferromagnetism can be 

regained at 345.2 
o
C during the cooling cycle. 

NiNW/LLDPE nanocomposites with different volume fractions of NiNWs 

were prepared by the MSMP method and compression molded at 250 
o
C and 138 

MPa. A remarkable increase of over 12 orders of magnitude in the electrical 

conductivity of the NiNW/LLDPE nanocomposites with increasing volume 

fractions of NiNWs indicated the percolation threshold at NiNW volume fraction 

of 0.005. The electrical conductivity of the NiNW/LLDPE nanocomposite with 

NiNW volume fraction of 0.03 was up to 28.3 S/m. The power law fitting results 

implied that the electrical conductivity of the NiNW/LLDPE nanocomposites in 

this study mainly originated from the contact among individual nanowires. 

The backscattered SEM images of the freeze fractures revealed the good 

dispersion of the NiNWs. The TEM images of the ultramicrotomed section of 
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the NiNW/LLDPE nanocomposite, containing 1 vol. % of NiNWs, showed the 

good segregation and network formation of the NiNWs in the LLDPE matrix. 
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Chapter 7                                                                                                    

General Discussion and Future Work 

 

7.1. General discussion 

This thesis focuses on the preparation and characterization of ECPNC 

formulated with metal nanowires for ESD and EMI shielding, which were 

synthesized in our lab with the PAO template.  

Both DC and AC electrodeposition of various metals into PAO templates 

have been widely investigated [1–7]. The DC electrodeposition requires multi 

procedures to process the PAO templates grown on the Al substrate beforehand: 

dissolving the Al substrate by HgCl2, removing the barrier layer by acid, and 

depositing a metallic layer on the bottom of the pretty fragile free-standing PAO 

membranes [8]. The expensive high purity Al plates can be used as the templates 

for once only. The complicated process and the high cost limit the application of 

the DC electrodeposition in bench scale (up to grams) synthesis of nanomaterials. 

There is an oxide barrier layer with numerous defects between the PAO template 

and the Al substrate after the anodization of hours in polyprotic acid solution for 

several hours which hinders tunnelling electrons through the barrier layer during 

AC electrodeposition [9].  

To prepare the PAO templates suitable for AC electrodeposition of CuNWs, 

the high purity (99.99+%, Alfa Aesar) aluminum plates were cleaned, and then 
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anodized under 25 V DC in 0.3 mol/L H2SO4 solution by Masuda’s two-step 

process [10, 11] with an etching process in between. After the second 

anodization for 8 h at 0~4 
o
C, the barrier layer between the PAO layer and the 

aluminum substrate can be thinned by stepwise decreasing of the anodization DC 

voltage from 25 V to 9 V and keeping at 9 V for 5 min. The left barrier layer 

aluminum oxide of proper thickness is a semiconductor material with low 

electrical conductivity because of the O
2-

 deficit in its lattice at the interface 

between the barrier layer and the Al substrate as well as the Al
3+

 deficit at the 

interface between the barrier layer and the electrolyte [12]. Both the proper 

thickness and the rectification properties of the barrier layer facilitate the AC 

electrodeposition of copper into the PAO template to generate uniform CuNWs. 

The AC electrodeposition of copper into the PAO template was carried out 

with 200 Hz sine wave of 10 Vrms in 0.5 mol/L CuSO4∙5H2O solution under 

room temperature for 10.5 min. The CuNW yield of per unit area of PAO 

template was proportional to the hours of the second anodization. The CuNWs 

after liberation and ultrasonication had an average length of 1.98 µm. The 

diameter of the CuNWs measured in TEM images was 25 ± 4 nm. Therefore, the 

average aspect ratio of the CuNWs was around 80. Metal Cu and Cu2O can be 

identified in the CuNW dry powder by XRD pattern and XPS spectra.  

The CuNWs synthesized by this method with diameter less than 100 nm have 

large surface area and high crystalline strain, which lead to the much higher 

oxidation rate in air than the bulk copper. Therefore, studying the oxidation 
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kinetics of the CuNWs can know the corrosion and activity loss, and understand 

the long term performance and durability of the ECPNC formulated with the 

CuNWs. 

The CuNW dry powder before oxidation with oxygen content of 2.997 wt. % 

determined by the TGA in H2 is equivalent to 73.2 wt. % Cu and 26.8 wt. % 

Cu2O. The oxidation reaction of the CuNWs in air can be divided into two stages 

at the weight of 111.2% based on the TGA and DTG plots of different heating 

rates. The oxidized CuNWs after the stage 1 consisted of Cu2O and CuO as 

identified by XRD and looked loose and rough with diameter of 25 ± 6 nm. The 

oxidized CuNWs after the stage 2 comprised CuO only as identified by XRD 

and looked dense and smooth with larger diameter of 32 ± 6 nm. The CuNWs 

oxidized after the stage 2 became denser and thicker can be attributed to the 

merge of two or more individual CuNWs into one during the oxidation. 

Kissinger method [13] and other five model-free isoconversional methods: 

FWO [14], Starink [15], KAS [16], Boswell [17] and Friedman differential 

methods [18] were utilized to determine the oxidation activation energies of both 

stages in ignorance of the oxidation mechanism. The activation energies of the 

stage 2 were much lower than those of the stage 1. Among the activation 

energies determined by different methods, Kissinger and Boswell methods 

obtained the greater values, the values by Friedman method exhibited the 

maximum fluctuation, Starink and KAS methods obtained very close values that 

fell among the values determined by other methods. 
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Starink activation energies were selected to fit the different master plots [19]. 

JMA equation [19] gave the best fit for both stages. The surface atoms of the 

CuNWs are the sites for the random nucleation and the crystallite strain in the 

CuNWs is the driving force for the growth of nuclei mechanism during the 

oxidation. 

To improve the anti-oxidation properties of the CuNWs, chemical plating 

method was applied to coat silver on the surface of the CuNWs in Ag-amine 

solution. The synthesized AgCuNWs of 28–33 nm in diameter with silver 

content of 66.52 wt. % showed less regular surface than the CuNWs. 

It is evident that the silver coating on AgCuNWs can effectively prevent the 

copper oxide from forming under room temperature by comparing the XRD 

patterns of the CuNWs and the AgCuNWs. The TGA plots obtained in air 

showed that the silver coating on the AgCuNWs increased the weight gain onset 

temperature from 85 
o
C to 230 

o
C and decreased the maximum weight gain from 

20.3% to 3.2%. 

AgCuNW/LDPE nanocomposites were prepared by the hot solution mixing 

method. The electrical resistivity of the AgCuNW/LDPE nanocomposites 

measured after the compression molding of the dry powder of the 

nanocomposites under 250 
o
C and 138 MPa for 30 min was lower than that of 

the CuNW/LDPE nanocomposites because the silver content in AgCuNWs was 

not oxidized during the compression molding as evidenced by the XRD pattern. 

At the same time, the XRD pattern indicated that the silver coating cannot 
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completely prevent the outward diffusion and the oxidation of the copper content 

in the AgCuNWs at 250 
o
C. 

To evaluate the influence of the different polymer matrices on the electrical 

properties of the nanocomposites, AgCuNW/PS nanocomposites were prepared 

by the MSMP method [20]. The electrical resistivity of the AgCuNW/PS 

nanocomposites showed no noticeable decrease with the increasing 

concentrations of the AgCuNWs up to 4.0 vol. %. The backscattered SEM 

images indicated that the AgCuNWs in the PS matrix during the compression 

molding fragmented into particles due to the combined effects of Rayleigh 

instability [21–24], surface tension, filler/polymer interaction, temperature, shear 

stress and/or pressure. 

The macromolecular structure, polarity, crystallinity and surface tension of 

the different polymer matrices can significantly impact the electrical 

conductivity and the percolation threshold of conductive polymer composites 

[25–27]. PE can be classified into UHMWPE, HDPE, LDPE, LLDPE, etc, based 

on their branching, density and molecular weight. Each type of PE with different 

macromolecular structure can have different interaction with the fillers. 

Regarding the CuNW/PE nanocomposites, the different interaction between the 

CuNWs and the different types of PE matrices can lead to the difference in filler 

dispersion, the electrical and rheological properties.  

To study the different interaction between the CuNWs and the different types 

of PE matrices, the nanocomposites formulated with the CuNWs and the four 
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different types of PEs were formulated with the MSMP method and compression 

molded before characterization. The electrical percolation thresholds were 2.0 

vol. %, 0.5 vol. %, 0.25 vol. % and 0.25 vol. %, and the rheological percolation 

thresholds under 200 
o
C were 0.5 vol. %, 0.5 vol. %, 4.0 vol. % and 1.0 vol. % 

for the CuNW/UHMWPE, CuNW/HDPE, CuNW/LDPE and CuNW/LLDPE 

nanocomposites, respectively. The dispersion of the CuNWs in the different 

types of PE matrices corroborated the electrical conductivity and the electrical 

percolation thresholds difference in the four types of PE matrices. 

The difference in the solution viscosity during the mixing, intermolecular 

force, and entanglement of the four types of PE matrices leads to the difference 

in the filler dispersion, the electrical properties and the rheological properties at 

200 
o
C of the nanocomposites. And the different macromolecular structures such 

as molecular weight and branching of the four types of PEs were the root cause 

for the difference in the solution viscosity, intermolecular force, and 

entanglement. 

Both the poly-NW and the NW-NW networks contribute to the rheological 

percolation in the CuNW/polymer nanocomposites. The formation of the poly-

NW networks depends on the van der Waals force between the PE chains and the 

CuNWs. And the strength of the van der Waals force mainly depends on the 

distance and the number of overlapped atoms between the both parties involved. 

The linear macromolecular chains without branching like UHMWPE and HDPE 

allow the close overlapping with the CuNWs to form the poly-NW networks 
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effectively within the nanocomposites. On the contrary, the macromolecular 

chains of both the LDPE and LLDPE have large number of long and/or short 

branches that hinder the close overlapping with the CuNWs. Therefore, it is 

difficult to form the poly-NW networks effectively within the CuNW/LDPE and 

CuNW/LLDPE nanocomposites. 

Since the absorption loss of electromagnetic radiations increases with the 

product of the electrical conductivity relative to copper (σr) and the relative 

magnetic permeability (μr) [28], The ECPNCs formulated with ferromagnetic 

nanowires are more interesting than those formulated with CuNWs. 

Ferromagnetic NiNWs were synthesized successfully by a scalable method of 

AC electrodeposition of nickel into the PAO templates anodized in 0.3 mol/L 

oxalic acid solution of 0~4 
o
C under 40 V DC.  

The NiNWs after liberation from the PAO templates and ultrasonication 

exhibited uniform diameter of ca. 38 nm and an average length of 2.68 µm 

equivalent to an average aspect ratio of 70. Both the SAED and XRD patterns 

revealed the fcc nickel crystal structure of the NiNWs. And the polycrystalline 

property of the synthesized NiNWs was revealed by the SAED pattern too. The 

dry powder of the NiNWs comprised metal Ni, NiO and Ni2O3 as evidenced by 

the XP spectra. The TGA data obtained both in air and in H2 indicated that the 

dry powder of the NiNWs included around 92.7 wt. % Ni and 7.3 wt. % O 

elements.  
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The NiNWs dispersed in methanol can be manipulated, and attracted to one 

side of the vial by a permanent magnet. The NiNWs transformed its 

ferromagnetism to paramagnetism at Curie temperature of 343.6 
o
C during the 

heating cycle and regained its ferromagnetism at 345.2 
o
C during the cooling 

cycle. The Curie temperature of the NiNWs in this study was over 14 
o
C lower 

than the reported value of the bulk nickel, which may result from the impurity in 

the NiNWs and the sub-micron grained nature of the NiNWs [29, 30]. 

NiNW/LLDPE nanocomposites were prepared by the MSMP method and 

compression molded at 250 
o
C and 138 MPa before characterization. The 

electrical percolation threshold of the NiNW/LLDPE nanocomposites appeared 

at the NiNW volume fraction of 0.005 as indicated by the significant increase of 

over 12 orders of magnitude in the electrical conductivity with the increasing 

volume fractions of the NiNWs. The electrical conductivity of the 

NiNW/LLDPE nanocomposites reached 28.3 S/m at the NiNW volume fraction 

of 0.03. The electrical conductivity of the nanocomposites with different NiNW 

volume fractions can be fitted to the power law based on the classical statistical 

percolation model [31]. The fitting results were the electrical conductivity of the 

conductive fillers σ0 = 4.34 × 10
5
 S/m and the critical exponent t = 2.59 ± 0.12, 

which imply that the electrical conductivity of the NiNW/LLDPE 

nanocomposites mainly originated from the contact among individual nanowires. 

Both he backscattered SEM images of the freeze fractures and the TEM images 

of the ultramicrotomed sections of the NiNW/LLDPE nanocomposites showed 
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the good dispersion and good segregation of the NiNWs and the formation of 

networks within the LLDPE matrix. 

 

7.2. Future work 

7.2.1. Enhancing dispersion of CuNWs in polymer matrix by melt mixing 

The conventional melt processes such as extrusion and injection molding that 

need no solvent handling are more widely used and also more desirable in the 

polymer industry than the solution mixing processes [32–34]. However, the 

previous studies by our group have shown the poor dispersion and low electrical 

conductivity of the CuNW polymer nanocomposites prepared by melt mixing 

method [33, 34]. The work by Gelves GA et al in our group [33] somewhat of 

enhanced the dispersion of the CuNWs in the PS matrix, but not up to the 

requirement of large-scale processing yet. And the functionalization of CuNWs 

by thiols remarkably decreased the electrical conductivity of the nanocomposites 

[33]. 

Moreover, we also tried to functionalize CuNWs with silanes of different 

functional groups: (3-mercaptopropyl)trimethoxysilane HS(CH2)3Si(OCH3)3, (3-

aminopropyl)trimethoxysilane H2N(CH2)3Si(OCH3)3, trimethoxy(propyl)silane, 

CH3CH2CH2Si(OCH3)3 and trimethoxy(octyl)silane CH3(CH2)7Si(OCH3)3. All 

these silanes can help improve the dispersion of the functionalized CuNWs in the 

LDPE matrix. However, the functionalization of CuNWs with silanes lowered 
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the electrical conductivity of the CuNW/LDPE nanocomposites of over 3 orders 

of magnitude. 

Base on all these previous works of our group, the functionalization of 

CuNWs with chemicals can enhance the dispersion of the functionalized CuNWs 

in the polymer matrices. However, the chemicals absorbed on the surface of the 

CuNWs hinder the electrical conduction. Alternative approaches were also 

attempted in our group by coating CuNWs with functional polymers, diamine 

terminated poly(ethylene oxide) or the block copolymer of styrene and 2-vinyl 

pyridine, for instance, prior to the melt mixing with the matrix polymer. The 

preliminary results are promising in that these approaches can increase the 

electrical conductivity of the nanocomposites while enhancing the dispersion of 

the CuNWs within the polymer matrices. We will carry through these alternative 

approaches by optimizing the dosage of the functional polymers, the processing 

concentration, time and temperature, and evaluate the electrical conductivity, the 

CuNW dispersion, and the rheological and mechanical properties of the 

functional polymer coated CuNW polymer nanocomposites. All these results 

will be instrumental for us to realize the formulation of the CuNW polymer 

nanocomposites of desired performances by extrusion or injection molding. 

 



Chapter 7. General Discussion and Future Work 

 255 

7.2.2. Quantitation of the structure-property relationships in CuNW/LLDPE 

nanocomposites 

We have shown in Chapter 5 that the macromolecular structures of PEs, 

specifically, the length and branching of the macromolecular chains, have 

significant effects on the electrical conductivity, dispersion of CuNWs, and 

rheological properties of the CuNW/PE nanocomposites. However, all the 

structure-property relationships discussed in Chapter 5 based on the four 

different types of PEs (UHMWPE, HDPE, LDPE and LLDPE) are qualitative 

only. 

To quantitate the effects of the branch length on the properties of the 

CuNW/LLDPE nanocomposites, the LLDPEs synthesized from ethylene and 

monoalkenes of different numbers of carbon can be utilized as the polymer 

matrices. The LLDPEs synthesized by different ratios of ethylene and 

monoalkene have different number and density of braches, which can be used as 

the matrices to quantitatively determine the impact of number and density of 

braches on the properties of the CuNW/LLDPE nanocomposites. The LLDPEs 

of different macromolecular weights synthesized from ethylene and the same 

monoalkene in the same ratio can be used as the matrices to quantitate the effect 

of the macromolecular weights on the properties of the CuNW/LLDPE 

nanocomposites. The quantitative structure-property relationships will be very 

useful for the computational simulation of the properties of the CuNW/LLDPE 

nanocomposites. 
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7.2.3. Evaluation of the EMI shielding and mechanical properties of the 

NiNW/PE nanocomposites 

We are highly interested in the EMI shielding properties of the NiNW 

polymer nanocomposites in that the high magnetic permeability of the NiNWs in 

the nanocomposites can significantly increase the absorption loss of the 

electromagnetic radiations travelling through the NiNW polymer 

nanocomposites [35]. The samples for EMI shielding test should be compression 

molded into the size of 42 mm × 25 mm first, which is much bigger than the 

sample of 10.5 mm diameter used for the electrical conductivity evaluation in 

Chapter 6, and thus requires much more NiNWs. Regarding the determination of 

Young's modulus, tensile strength and elongation at break of the NiNW/PE 

nanocomposites with different NiNW contents, NiNWs of grams are required for 

the sample preparation. Unfortunately, we can only synthesized around 50 mg 

NiNWs with five pieces of aluminum plates of 5 cm × 10 cm anodized in the 

double-walled cylindrical glass container as shown in Figure 6−1. Therefore, we 

need to increase the capacity of the NiNW synthesis from milligrams to grams 

by scaling up of the anodization and electrodeposition setup, increasing the pore-

filling percentage through the process/ recipe optimization. 

 

7.2.4. Polymer nanocomposites of hybrid conductive nanofillers 

NiNWs of high magnetic permeability can increase the absorption loss of 

electromagnetic radiations while decrease the reflection loss [35]. So the 

polymer nanocomposites formulated with hybrid conductive nanofillers of 
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NiNWs and other non-ferromagnetic nanofillers such as CNTs, CuNWs and 

graphenes are promising in that the ferromagnetic NiNWs should be able to 

increase the absorption loss of the electromagnetic radiations while the non-

ferromagnetic nanofillers can provide sufficient EMI shielding by the reflection 

mechanism. 

An alternative approach to improve the EMI shielding effect of the 

conductive hybrid polymer nanocomposites without increasing the concentration 

of the nanofillers can be attempted by the manipulation of the ferromagnetic 

NiNWs with a magnetic field. For instance, a hybrid ECPNC system using 

NiNWs and CNTs as the conductive fillers can be manipulated by a magnetic 

field during the compression molding to preferentially distribute the 

ferromagnetic NiNWs at the bottom layer of the hybrid ECPNC sample. Thus, 

the compression molded samples can have two layers: one is the CNT rich layer 

which can mitigate the electromagnetic radiations by reflection; the other one is 

the NiNW rich layer which can shield the EMI effectively by absorption. 
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