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Abstract 

 

Polymers and polymer engineering have been revolutionized using nano inclusions such as 

MWCNT and metal nanowires. In this study due to its amazing properties silver nanowire was 

singled out for embedding in polymers and produced using an efficient electrochemical process. 

Silver nanowires (AgNWs) were synthesized by the AC electrodeposition of Ag into porous 

aluminum oxide templates. AgNWs were embedded into polystyrene with a solution processing 

technique to create a nanocomposite. For comparison, carbon nanotube (CNT)/polystyrene 

nanocomposites were identically generated. TEM and XRD analyses showed that synthesized 

AgNWs had an average diameter and length of 25nm and 5.6±1.4 µm, respectively. TEM images 

also revealed that at molding temperature (240ºC), AgNWs transformed into a chain of 

nanospheres (fragmentation phenomenon). At low filler loadings (concentration < 1 vol %), the 

AgNW/polystyrene nanocomposites presented inferior electrical properties compared to 

CNT/polystyrene nanocomposites due to lower aspect ratio, fragmentation phenomenon and 

poorer conductive network for AgNWs. However, at high filler loadings (concentration > 1 vol 

%), the electrical properties of the AgNW/polystyrene nanocomposites significantly surpassed 

those of their CNT counterparts. It seems that at high filler loadings, the conductive network was 

well-established for both types of nanocomposites and thus, higher innate conductivity of AgNWs 

played a dominant role in presenting superior electrical properties.  

In another study, the time dependence of EMI shielding of AgNWs/PS was measured after 3 

months and the result showed that EMI shielding of the nanocomposite declined with time. This 

remarkable result was attributed to changes in surface chemistry of AgNWs while they were 

encased inside the polymer matrix.  
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In the final study, broadband EMI shielding properties of nanocomposites were studied and we 

showed that AgNWs has comparable charge storage capabilities compared to other nano inclusion 

such as graphene and CNT.   

In a nutshell, this study is aimed at attaining high EMI shielding effectiveness for silver 

nanowire/polymer nanocomposite and finding a correlation between deteriorating effect of surface 

oxidation and EMI shielding efficacy. To the best of our knowledge, to date, no one has studied 

the effect of change in silver surface chemistry and subsequent changes in conductivity, on EMI 

shielding effectiveness. The novelty of this study is using silver nanowire in EMI shielding related 

applications of nanocomposites. The goal was set to achieve a level of EMI shielding higher than 

30 dB over X-band regime (8.5-13 GHz) as this level of EMI shielding efficacy corresponds to 

99.9% attenuation of incoming electromagnetic waves.  
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Chapter 1: Application and integration of AgNWs in CPCs (Conductive Polymer 

Composites) 

 

 

Polymer composites can be called as the oldest and newest of materials. The first record of polymer 

composite materials can be traced back to Genesis and Exodus in the Bible as being used by the 

people of Babylonia and Mesopotamia around 4000-2000 B.C [1, 2]. Polymers are a vital part of 

our lives today and everything that surrounds us—from the basic building blocks of construction, 

commercial products such as automobiles and airplanes and medical products for the human body 

are made of polymers [3, 4]. Most of these materials are composed of a combination of one or 

more materials, i.e. polymer composites.  

As the usage of computer parts and communication equipment in the world of electronics 

increases, interference among aforementioned equipment, such as cellphones, laptops and other 

electronic devices increases and the performance of these devices will degrade over time. 

Degradation of super-sensitive electronic devices is not the only issue arising from EM waves 

(electromagnetic waves) as EM waves also put human health in jeopardy over time. Shielding 

electromagnetic radiation is one state-of-the-art technique to mitigate the harm from EM waves 

prevalent in the world today. The destructive effects of EM waves can be minimized using novel 

materials including metal coated polymers, ICPs (intrinsically conductive polymers) and 

conductive filler/polymer composites (CPCs).  

CPCs stand out among the rest as they do not have drawbacks such as delamination of metal, poor 

adhesion and poor stability. CPCs filled with metals are effective materials for EMI shielding. 

Using metals nanowires is attractive due to metal characteristics, such as accessibility, 

reproducibility, and easy methods of production. Metals are superior to other well-known 

inclusions such as carbon nanotubes (CNT) and graphene but they are prone to corrosion and their 

performance degrades over the course of time even when they are encased deep within polymer 

layers. This problem arises from the active unwanted gas molecules in the ambient air usually 

found in industrial environments. For example, copper is the nanowire that has been mainly 

contemplated for EMI shielding; however it gets readily oxidized even under atmospheric 
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conditions. This problem will be mitigated if the exposure time of freshly synthesized nanowires 

to air is minimized but effects of gradual diffusion of small active gas molecules through polymer 

cannot be stopped totally. The high vulnerability of copper to active gas molecules put forth the 

idea of using silver (Ag) nanowires as they have higher electrical conductivity than copper 

(6.3×10+5 S∙cm-1 versus 5.9×10+5 S∙cm-1) along with greater immunity to oxidation. One should 

bear in mind that although silver is fairly unreactive as it does not react with oxygen in the air even 

at high temperature, its surface tarnishes due to formation of silver sulfide over time.  Additionally, 

also it is susceptible to ozone molecules present in the air and it forms silver oxide (Ag2O). Though 

metal oxides are less conductive than metals, silver oxides are comparatively more conductive 

than copper oxide.  

Corrosion of Ag with reduced sulfur compounds in the air at atmospheric condition is known 

to be started by sulfur compounds as well as free sulfur. For instance, Elechiguerra et al. [5]  found 

that silver sulfide (Ag2S) started to form on the surface of the nanowires after three weeks, and 

corrosion became even worse after six months, leading to the discontinuity of nanowires. 

Fortunately, none of the sulfur species are abundant in the atmosphere. For the case of ozone, Chen 

et al. studied the influence of atmospheric corrosion on bare silver. Their result showed that 

presence of ozone and UV radiation through photo dissociation generates reactive atomic oxygen 

which reacts with Ag rapidly to form Ag2O. Other silver corrosion by products such as AgCl and 

Ag2CO3 are not formed on the surface of nanowires as their precursors are not abundant in the 

atmosphere [6].  

Although in this study measures were taken to minimize amount of exposure time to the air of 

nanowires but due to the nature of polymer, these gases can still diffuse through the polymer and 

chemically react with the silver nanowire surface. Both ozone and reduced silver compounds are 

very small in size and can diffuse readily through polymers. It should be noted that silver oxide 

and silver sulfide are both semi-conductive and both will affect conductivity and related EMI 

shielding of nanocomposite made of AgNWs.  

Unfortunately shielding effectiveness (SE), the ability of shields to attenuate EM waves, can be 

severely affected by semi conductive nature of silver oxide and silver sulfide created on the surface 

of nanowires due to the loss of total charge as a result of change in silver surface chemistry. 

Therefore, further steps must be taken to make CPCs made of AgNWs more robust. For instance, 
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results published in literature shows that there are two new methods to address the problem 

associated with surface chemistry degradation: (1) developing new materials with low 

permeability to gas and (2) encapsulation of the silver nanowires with higher corrosion and 

oxidation resistance materials. Considering these two methods to mitigate effects of change in 

surface chemistry, measures should be taken to improve and keep SE level close to 30dB, 

corresponding to 99.9% attenuation of incident EM waves, which is sufficient for many practical 

engineering applications. 

This study is aimed at attaining high EMI shielding effectiveness for silver nanowire/polymer 

nanocomposite and finding a correlation between deteriorating effect of surface oxidation and EMI 

shielding efficacy. To the best of our knowledge, to date, no one has studied effect of change in 

silver surface chemistry and subsequent changes in conductivity, on EMI shielding effectiveness.  

1.2 Antistatic protection 

 

Customarily the risk involved in using hazardous or potentially hazardous substances has to be 

minimized. A static electric charge is created whenever two surfaces contact and separate, when 

at least one of the surfaces has a high resistance to electric current. Antistatic protection is crucial 

in areas where relative motion between dissimilar objects takes place in applications such as crucial 

application like conveyor belts and airplane tires. Static charges on the surface of these materials 

build up over time which poses hazards to adjacent flammable materials. Antistatic protection is 

useful in areas where static electricity is generated over time since it reduces the amount of charge 

created and lets it discharge in a controlled manner.  

1.3 Knowledge required for understanding EMI shielding 

 

EMI shielding in definition is the practice of reducing electromagnetic field in a space by 

blocking the field with barriers made of conductive or magnetic materials. Electromagnetic 

radiation mainly consists of coupled electric and magnetic fields. The electric field 

implements forces on the charge carriers (i.e., electrons) within the conductor. In a nutshell 

applied electric field induces a current inside the conductor which leads to displacements of the 

charges, at which point the current stops. Unfortunately many computer parts due to movements 

of electrons within them automatically emit electromagnetic waves which either interfere with 

http://en.wikipedia.org/wiki/Electric_field
http://en.wikipedia.org/wiki/Magnetic_field
http://en.wikipedia.org/wiki/Force
http://en.wikipedia.org/wiki/Electric_charge
http://en.wikipedia.org/wiki/Electron
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the operation of other nearby electronic devices or pose health hazards to the surrounding 

humans. For instance, radars usually perform at radio frequencies (RF) between 300 MHz and 

15 GHz. Depending on source frequency, generated RF fields are known to interact differently 

with human body. RF fields below 10 GHz (to 1 MHz) penetrate exposed tissues and produce 

heating due to energy absorption and eventually cause the tissue temperature to go up. The 

depth of wave’s penetration depends on the frequency of the field and is greater for lower 

frequencies. 

Most applications require EMI shielding effectiveness (EMI SE) of at least 30 dB, which 

corresponds to shielding of 99.9% of incident radiation, i.e., 0.1% is transmitted is considered 

as a sufficient level of shielding for many applications [33, 35].  Pure metals, the most 

commonly used materials for EMI shielding, have drawbacks such as lack of guarantee for 

seamless finish, delamination, and expensive recyclability. These problems put CPCs in the 

pole position due to tunable electrical properties and extra light weight.  

 

1.4 Understanding the concept 

 

When designing a CPC, understanding mechanism and roots of EMI shielding is vital as it has 

many positive consequences such as knowing the exact amount of filler to design a shield which 

averts both under shielding and over shielding.  

Based on the distance between source of EM generation and shield, the radiation can be 

classified as near-field and far-field. There is no formal definition for the near-field as it 

depends on types of application and the antenna. However, the most agreed upon existing 

definition describes the near-field as less than one wavelength from the antenna. Wave length 

in meter is given by following formula: 

𝜆 =  300/𝑓(𝑀𝐻𝑧) 

 

      

                                 (1-1) 

 

In this relation 𝜆 is wave length and 𝑓  is frequency of the radiated wave. One readily 

understands the critical distance for near-field can also be calculated from following 
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𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝜆/2𝜋 =  0.159𝜆 

 

 

                                   (1-2)  

     

 

The EMI shielding devices used in our lab operate at far-field, so all following discussions and 

interpretation of results will be based on far-field theories. Application-wise, in the far-field, 

EM wave is a plane wave, in which both electric fields and magnetic fields are in each other’s 

company, and they are perpendicular to each other. In the near field however, simple 

definitions, such as the above, cannot be applied, as the fields are more complex. Lorentz’s 

force law predicts the actual response of a charge carrier inside the shield as it stands against 

the propagation of an EM wave.  

 

�⃗� = 𝑞�⃗⃗� + 𝑞�⃗� × 𝜇0�⃗⃗⃗�                                                    (1-3) 

 

Where q is the charge of each particle of velocity,�⃗�; 𝜇0 is the magnetic permeability of free space 

equal to 4π×10-7 H·m -1 ; and, �⃗⃗�  and �⃗⃗⃗� are the electric and magnetic fields, respectively.  

The charge carrier stops propagation of the incident EM waves in two ways: (1) energy gets 

dissipated when charge carriers change their locations as result of electric fields, (2)  mobile charge 

carriers induce a field, which decreases the power of the transmitted EM wave. 

A shield can block EM waves in three different ways: reflection, absorption, and multiple 

reflection [16, 33, 40-42]. When an EM wave strikes a conductive material, a fraction of the wave 

is reflected from the shield due to interaction with surface charges and a fraction is transmitted 

through the shield, with its energy dissipated via absorption. The amplitude of the wave that 

penetrates through the conductive material is attenuated by a factor of 𝑒
−𝑧

𝛿 , where z is the distance 

the EM wave penetrates into the shield, and δ is the skin depth of the conductive material. The 

skin depth δ of a substance is the distance within the conductive material in which electromagnetic 

radiation penetrates [43].  
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1.5 EMI Shielding of CPCs  

 

CPCs display a complex EMI shielding behavior, as they possess components with different 

electrical conductivities. Shielding effectiveness typically depends on factors such as conductivity 

of filler and polymeric matrix, dispersion of conductive filler, and total nomadic charge present in 

the nano composite [7-12]. The knowledge required for investigation of the effects of these 

parameters can only be obtained through rigorous comprehensive, theoretical and experimental 

studies.   

Generally most polymeric matrices, due to lack of nomadic charges, are unable to interact with 

incoming EM waves [13]. Therefore, in a CPC the whole EMI shielding ability is centered around 

the role of the conductor and its morphology, and its ability to interact with EM waves.   

EMI shielding and filler concentration are correlated through two mechanisms - Ohmic loss and 

polarization loss. Individual fillers with insulative polymeric layers between them can simply be 

considered capacitors [14]. Therefore, visualizing a CPC with numerous nanocapacitors can easily 

be used as a tool to correlate EMI shielding to concentration. Higher concentration means a greater 

number of nomadic charges, which attenuates EM waves much more efficiently. For instance, in 

a study reported by Arjmand et al. [15] ascending trend in EMI shielding of MWNT with 

concentration over X-band regime were found. In another systematic study, ascending trend of 

EMI SE in SBR composites, with variation of carbon black content from 10 phr to 60 phr, were 

reported [14].  

Overall, EMI shielding in CPCs invloves three mechanisms - reflection, absorption and multiple 

reflection. Multiple reflection efficacy, as a mechanism for overall EMI shielding, is hidden in 

values reported by reflection and absorption. A shield with reflection must have a mobile charge 

carrier (either electrons or holes) to engage with EM waves.  The second most important 

mechanism is absorption, which depends on the thickness of the sample. Multiple reflection also 

represents the internal reflection within filler or between closely spaced fillers, which increases 

total reflection of the system.  

EMI SE is the logarithm of the ratio of incident power to transmitted power. When there is no 

shielding, transmitted power of EM waves simply is equal to the incident power. Using an overall 
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balance, Al Saleh et al. [16] used net term to account for the effect of the multiple reflection 

mechanism inside the reflection and absorption mechanisms.   

 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑆𝐸 = 

𝑆𝐸𝑅 +  𝑆𝐸𝐴 = 

10 𝑙𝑜𝑔(𝐼/(𝐼 − 𝑅)) + 10 𝑙𝑜𝑔((𝐼 − 𝑅)/𝑇) 

                                     (1-4) 

 

Where 𝑆𝐸𝑅 is the shielding is effectiveness related to reflection, 𝑆𝐸𝐴 is the shielding effectiveness 

related to absorption, 𝐼 is the incident power, 𝑅 is the reflected power and 𝑇 is the transmitted 

power. Reflection and absorption both increase with total nomadic charges present in the system. 

Therefore using a filler with higher innate conductivity, or using a greater concentration of filler, 

leads to an increase in shielding ability. Reflection is purely related to the total nomadic charges 

present in the system, while absorption is much more complex in CPCs. It is related to Ohmic loss 

and polarization loss.  

Imaginary permittivity, as a representation of energy dissipated in the system, is indirectly related 

to real permittivity through polarization loss. Real permittivity in CPCs is related to the formation 

of a large number of nanocapacitors and insulative layers separating them [17-21]. Increasing filler 

concentration results in an increase in the number of nanocapacitors, leading to higher real 

permittivity [22]. Additionally, the higher the concentration, the closer the gaps between 

nanoelectrodes, which enhances electronic polarization of the polymeric layer. Therefore, a direct 

relationship between concentration and polarization loss as a major contributor to imaginary 

permittivity is expected. On the other hand, higher real permittivity of CPCs causes greater 

momentum in electrons, which dissipates electrical energy even more.  By mapping the above 

information, one recognizes the complexity of the mechanisms involved in describing EMI 

shielding behavior of a system.  

 

 

1.6 Dielectric Material  
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A material is classified as “dielectric” if it has the ability to store energy when an external electric 

field is applied. Dissipation of electrical energy is usually in the form of heat, and generally the 

lower the dielectric loss (the proportion of energy lost as heat), the more effective a dielectric 

material is. If a DC voltage V is applied to such a capacitor, where the plates are separated by the 

distance d, the electric field between the plates is uniform and equal to E=V/d. This electric field 

leads to charge polarization within the dielectric material, i.e. separation of positive and negative 

charges. In other words, dielectric material increases the storage capacity of capacitors by 

neutralizing charges at the electrodes (see Figure 1-1).  

 

 

Figure 1-1: Charges on a parallel plate capacitor with a dielectric between plates 

 

When the dielectric material is free space, the charges per area stored on the surface of plates is 

equal to Q=0E, where 0 is real permittivity of free space. However, if free space is replaced with 

a dielectric material, an extra charge is stored on the surface of the capacitor, originating from 

higher polarisability of dielectric material relative to free space. For instance, the dielectric 

constant of SiO2, the material utilized in microchips, is approximately 4 which is the permittivity 

of SiO2 divided by permittivity of vacuum, εSiO2/ε0,where ε0 = 8.854×10−6 pF/μm. The higher the 

real permittivity of a dielectric material and the greater the applied electric field, the higher the 

stored energy on the surface of a capacitor. 

 

1.7 Dielectric Mechanisms 
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A dielectric material (dielectric for short) is an insulator that can be polarized by an induced 

electric field. The definition of dielectric constant is related to the permittivity of the material. The 

permittivity indicates the ability of the material to polarize in response to an applied electric field. 

Generally, the greater polarization that is developed within the material, the greater the dielectric 

constant will become. Physically speaking, in polarized materials in an applied electric field, 

electrons are not distributed evenly around the core, as a cloud of electrons is displaced under the 

effect of the electric field. In a CPC, there are several mechanisms that can enhance real 

permittivity in a system, such as interfacial, dipolar, atomic and electronic polarization [46-48]: 

(1) Electronic polarization – slight displacement of electrons with respect to the core (2) Atomic 

polarization – displacement of atoms in a molecule or lattice; and (3) Orientational polarization 

for polar molecules such as water-containing materials.  

There is a tendency for molecular dipole to align by the electric field to give a net polarization in 

that direction. There is another polarization that occurs in the inner dielectric boundary layers or 

on a macroscopic scale at the external electrode sample interface, which is also referred to by 

Maxwell-Wagner-Sillars (MWS). The first study for this mechanism was performed by Maxwell 

[51] and was extended to AC electric fields by Wagner-Sillars [52-54]. Interfacial polarization 

occurs because of accumulation of mobile charges at the interface of dissimilar phases with 

different electrical properties (conductivity and permittivity). Interfacial polarization, as its name 

suggests, requires a heterogeneous system with different phases. For instance, blends of polymers 

with different levels of conductivities and CPCs with myriad types of fillers can be mentioned [45, 

49, 50].  

Polymers, based on their molecular structure, can either be polar or non-polar. Examples of polar 

polymers are PMMA, PVC, and PA, while non-polar polymers are simple PTFE, PE, PP and PS. 

At low frequencies, the dipoles buried deep within polymers find enough time to align along the 

imposed electric field, while at high frequency the dipole finds it difficult to align harmoniously 

with the changing AC field. For electronic polarization and atomic polarization, frequency has a 

slight impact on its net value; therefore, it is instantaneous at whatever frequency. Ergo, polar 

polymers at low frequencies and high frequencies, such as PVDF, have non-changing dielectric 

constants. The friction between the molecules as result of million times changes in orientation in 

http://en.wikipedia.org/wiki/Insulator_(electricity)
http://en.wikipedia.org/wiki/Dipolar_polarization
http://en.wikipedia.org/wiki/Electric_field
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a microwave oven can be used to generate heat at the molecular level. Additional information 

about dielectric mechanisms can be found elsewhere [15].  

Finally, in high electric fields, a material that is normally an electrical insulator may begin to 

conduct electricity, which means it ceases to act as a dielectric. This phenomenon is known as 

dielectric breakdown. The mechanism describing dielectric breakdown can be understood using 

band theory.  This peculiar phenomenon is used in cigarette lighters to create a spark to ignite a 

flammable material. A charge is piled up on the electrodes on either side of the tip of the cigarette 

lighter until the strength of the field across them exceeds the dielectric strength of the air.   

 

 

1.8 Conductivity and Percolation Theory  

 

Electrical conductivity is the degree to which a specified material conducts electricity, calculated 

as the ratio of the current density in the material to the electric field that causes the flow of current. 

In band theory, the definition for Fermi level is the top available electron energy levels at low 

temperatures. The position of conduction band relative to Fermi level determines the electrical 

properties [23]. Metals are good conductors, since molecules in them are so packed that electrons 

can move freely through them. In most metals, Fermi level is below the conduction band and 

electrons can dissociate from their parent atoms and contribute to overall conductivity. However, 

in insulators, the conduction band lies below the Fermi level, and there is no carrier for the current. 

For instance, polymers contain a very low concentration of free charge carriers and are therefore 

generally good electrical insulators [24].  In conductive polymer composites (CPCs), 

investigations have been confined almost entirely to measurements of electrical conductivity of a 

material where one component has electron conduction ability while the other is nonconducting 

[25].  

The most general approach for describing the charge transport in conducting polymeric composites 

in relation to the content of conducting filler is offered by the percolation theory [26]. According 

to percolation theory, at percolation threshold a condensed network of nanofiller starts to partially 

span the 3D space of the polymer. At percolation threshold, first a conductive path forms and 
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transforms CPCs from insulating into conductive. Physical contacts between neighboring 

nanofillers, in combination with tunneling and hopping, are the main mechanisms for the 

transference of electrons in CPCs [27, 28]. When concentrations are below this point, CPCs behave 

as if nothing has been added to the polymer, as the conductivity level remains almost the same as 

pure polymer. When the concentration goes beyond the percolation threshold, material shows 

graphitic conductivity corresponding to the conduction network becoming continuous.  Although 

all filler, of all shapes and sizes, eventually reach percolation threshold, theoretically and 

experimentally, fillers with a higher aspect ratio have a greater chance of forming a more compact 

percolating network. For instance, CNT and nanowires, due to their elongated geometry, match 

the mentioned criteria and reach percolation threshold much faster than lower aspect ratio filers. 

In a study reported by Ma et al. it was experimentally verified that higher aspect ratio fillers offer 

lower percolation thresholds. For instance for MWCNT with 500 and 200 aspect ratios, percolation 

thresholds with 0.06 and 0.19vol% were reported respectively [29]. Generally, factors that have 

influence over conductivity of CPCs are innate conductivity of filler, aspect ratio, filler geometry, 

chemical affinity toward polymer and distribution-dispersion.  In the literature, many insightful 

reviews have been published so far on correlation of macroscopic properties with microscopic and 

nanoscopic parameters, which assists in explaining electrical data obtained through experiments 

[30-32].  

 

1.9 Factors Affecting Distribution and Dispersion of Fillers or Conductivity 

 

To obtain acceptable levels of conductivity, manipulation of dispersion and distribution is of prime 

importance [33-35]. These two parameters can be judged based on final morphology of the filler 

in a polymer matrix and are critical in determining percolation threshold. Generally, preferential 

distribution and good dispersion will enhance the probability for the individual filler to attach to 

other fillers and form a connective network. Regarding distribution, one may also speculate that 

homogenous distribution of a filler will lead to an array of macroscopic properties, such as different 

levels of conductivity and mechanical strength. From a thermodynamic point of view, some 

dispersions can be unstable and they can be only kinetically stable over a period of time, which 

determines their shelf life. In these systems, spatial positions of nanofillers are highly dependent 
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on time; therefore, macroscopic properties such as electrical conductivity and EMI shielding may 

also change. So, in these systems, the effect of these changes with respect to time should be taken 

into account  

 

1. 10 Physical and Thermal Dynamic Factors 

 

In the preparation of filled polymers, the action of uniformly distributing fillers and breaking down 

of filler agglomeration or physical association provides the final morphology of filler inside a 

polymeric matrix [36]. Polymer and filler surface tension is yet another critical factor affecting 

distribution and dispersion of filler. The surface tension between these two components will 

determine the affinity of these materials towards each other. Greater harmony in terms of chemistry 

between filler and polymeric matrix will allow researchers to achieve lower percolation threshold 

and, consequently, better electrical properties. For instance, after many years of research, the full 

potential of CNTs as a reinforcement agent has not been fully realized. It is limited because of the 

difficulties associated with dispersion of entangled CNT during processing [37]. 

 

1.11 Effects of Filler (MWCNT versus AgNW) on Electrical Properties of CPCs  

 

Fillers are particles added to polymers to lower the consumption of more expensive material or to 

add better properties to the composite. Various parameters are considered before adding them to 

the polymer, such as final properties of the finished products, the amount of filler, and economic 

parameters  [38]. For instance, the intrinsic conductivity of filler type has an important impact on 

final electrical properties, as filler with a higher electrical conductivity leads to CPCs with better 

electrical properties. For CPCs, high electrical conductivity is achievable at a very low filler 

content for advanced applications in electronics. Percolation is a point where individual fillers 

weave into each other and produce a 3D network inside the polymer. As factors such as composite 

price, and properties such as optical properties hinge on achieving percolation at lowest possible 

filler content, aspect ratio also comes into play. As the aspect ratio of the filler increases, the 
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probability of the fillers reaching the percolation threshold at lower filler content also increases 

[29, 30, 39].  

With continual usage of electronics and micromechanical devices, materials that conduct electrons 

and dissipate heat efficiently without structural damage have received considerable attention. The 

rigid sp3 bonds in diamonds make them one of the best thermal conductors in today’s demanding 

industry [40]. A high thermal conductivity can also be expected from carbon nanotubes, with a 

rigid backbone and atomically flawless cylindrical structure [41-43]. For instance, in a study by 

Berber et al. [44], it was reported that the thermal conductivity of MWCNT can reach values as 

high as a staggering 6600 W/m.K at room temperature. In summary, many factors need to be 

considered before selection of the filler, which ultimately hinges on the composite’s desired 

properties. As the focus of this study is on achieving good electrical properties, MWCNT and 

AgNWs were selected as the desirable fillers. MWCNT is a commercial filler with excellent 

electrical properties, such as high aspect ratio and unique adjustable molecular structure. As 

MWCNT electrical properties were limited, we opted to use AgNWs which have better intrinsic 

electrical conductivity.  
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Chapter 2: Experimental section 

 

2.1 Introduction 

 

Silver nanowire (AgNWs) is a 1D structure nanomaterial. In recent years, various preparation 

methods of Ag nanowires have been put forth by myriad of researchers. Each process typically 

due to its unique processing environment leads to different morphological and structural features. 

For instance, Kim et al. [1, 2] used polyol process to synthesize silver nanowires. In their 

chemically driven process KBr was initially added to the solution and then required amount of 

AgNO3 were added. As result of reduction among silver ions, silver nanowires formed in the 

system. Although for initiation seeds like NaCl were needed, for initiation if high seed 

concentration is used with respect to Ag+ ions, nanoparticles fromed instead of nanowires.  

Although many techniques [3-8] are available to generate AgNWs, the most widely used 

method for generating metallic nanowires with less than 50 nm diameter is still template-directed 

synthesis, which involves either chemical or electrochemical deposition [9]. Aluminum plates 

(5cm × 11cm) 1mm thickness were used as primary templates. The aluminum plates were anodized 

in parallel by immersing in a large tank filled with 0.3M H2SO4 at 2°C. Counter-electrodes were 

stainless steel plates with the same dimensions as the aluminum plates. Growth of the porous 

aluminum oxide (alumina) templates was performed in two steps: in the first step, the plates were 

immersed in a 0.3M H2SO4 solution for 2 hr under 25.0V to create initial porous structure. 

Afterwards, the plates were placed in a 1:1 mixture of 0.2M H2CrO4 and 0.6M H3PO4 at 60°C for 

30min to make the already formed porous structure more uniform. In the next step, the plates were 

reimmersed in the 0.3M H2SO4 solution for 8hr, and then the applied voltage was reduced 

incrementally to reduce the alumina barrier layer at the pore bottom. Thinning the alumina barrier 

is a crucial part of the process since it keeps the end of the porous structure electrically conductive 

for the electrodeposition process. The protocol to decrease the voltage was initiated by a reduction 

rate of 2V/min from 25V to 15V; then it was followed by 1V/min rate to 9V, and eventually after 

5min keeping at 9V, the voltage was dropped to zero. These synthesis steps generated cylindrical 

pores arranged hexagonally [10].   



  

17 
   

AC electrodeposition of Ag into the hexagonal-shaped pores was accomplished by insulating 

the edges of the electrodes by applying nail polish, and then immersing the plates for 5min in an 

electrolyte solution of silver sulfate (Ag2SO4, 8.5g/L), diammonium hydrogen citrate 

((NH4)2HC6H5O7, 200 g/L), and potassium thiocyanate (KSCN, 105 g/L). Square wave voltage 

pulses were applied between the Al plates and two pure Ag counter-electrodes to push the Ag ions 

toward the end of the pores. The voltage pulses were applied at 100Hz frequency and ±8.0V peaks 

(pulsed every 400ms) for 1.5hr.  

Liberation of the nanowires was started by physically removing bulk-deposited Ag from the 

surface of the Al plates, and then Ag nanowires were liberated from porous alumina in a beaker 

filled with 1.0M NaOH(aq) at room temperature. NaOH(aq) dissolved the surrounding alumina 

sheath so that we could recover the individual nanowires. After the liberation, floating fragments 

(bundled nanowires) were collected into a 1:1 mixture of 0.1M NaOH(aq) and MeOH, and 

sonicated for 10min. Immediately afterwards, collected AgNWs were purified through filter paper 

(Whatman with less than 1µm pore size), rinsed with MeOH, and then transferred to a beaker 

containing 100mL of MeOH. Additionally concise description of  the synthesis of the AgNWs can 

be found elsewhere [8].  

 

2.2 Experiment  

 

2.2.1 Manufacturing of the template  

 

 

The original aluminum plates purchased from Alfa Aesar, (99.99+%, 1mm thickness) were cut 

into the required dimensions (10 cm width, 25 cm length) and then were plunged in the 1M NaOH 

solution to remove the formed oxide layer. The PAO templates used in this study have been 

produced by a two-step anodization method. Initially, a 0.3 M H2SO4 electrolyte solution is used 

for the anodization with in-house installed agitators which efficiently regulate the temperature to 

increase the heat transfer between the cooling system and the solution, helping the solution 

temperature to stay between 0 – 4 ºC [8]. In the anodization system, immersed stainless steel plates 

placed in parallel to aluminium plates served as the cathode. The first anodizations were performed 
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for 2 h at 25.0 V. The initial PAO film was dissolved in a 1:1 mixture of 0.2 M H2CrO4 and 0.6 M 

H3PO4 at 60 °C for 30 min, and the generated PAO was reanodized under identical conditions for 

8 hr. Reactions that occur while voltage was applied between anode and cathode are followings. 

During these reactions, hydrogen was generated upon stainless steel plates and anode became 

porous.  

 

2H+ + 2e-  →  H2↑    (2-1) 

2Al + 3O2- - 6e- →  2Al2O3  (2-2) 

 

At the end of the anodization, the DC voltage dropped from 25 V to 15 V, by 2 volt reductions 

per minute, then decreased from 15 V to 9 V by 1 volt per minute, and is finally held at 9 V for 

five minutes. In this way, the barrier layer at the bottom of the pores remains sufficiently 

electrically conductive for subsequent part of AgNWs generation process.  

2.2.2 Filling using AC electrodeposition 

 

As mentioned in previous step, pore bottom is the bottleneck of AgNWs generation as it has to 

get thin enough. It’s highly important as the growth of nanowires starts at the pore ending and then 

it continues to fully fill the alumina made corridor [11]. The capacitance of the electrically 

insulating alumina barrier layer at the base of the pores (between the Al metal and the solution) 

prevents electrodeposition of materials using DC voltage or current signals. Apparently Al is a 

valve metal which demonstrates rectification by preferentially passing current in the cathodic 

direction. This inherent rectifying property of the barrier layer allows the reduction of ions in pores 

during cathodic half-cycles, without allowing re-oxidation during the anodic half-cycles [12]. 

Although AC method was chosen here, DC method also can be applied under certain conditions. 

In a nutshell, several steps are required to enable DC electro deposition in polymer or alumina 

membranes. First, one side of the membrane is coated with an electrical contact by evaporation of 

a metal, usually Au or Ag (Ag is preferable), then a metal contact is electrodeposited to facilitate 

contact to and manipulation of the electrode, and finally, the electrode is immersed in an electrolyte 

and DC electrodeposition is applied. AC electro deposition on the other hand is not that 
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complicated and requires no additional steps. Moreover this technique consumes less amount of 

Al with higher nanowire purity.  

Edges of plates are also preferential spots for AgNWs deposition so before electrodeposition, 

the edges of the aluminum plates are insulated with nail polish to prevent preferential deposition 

of silver on the edges. The electrodeposition occurs in a 4 L beaker filled with aqueous solution of 

0.5 mol/L CuSO4∙5H2O (99%, Alfa Aesar) and 0.285 mol/L H3BO3 (99.5% min., EMD Millipore). 

Each time a single aluminum plate is immersed into the solution, with one silver plate (99.999%, 

Alfa Aesar) parallel at each side. The AC voltage get applied for 90 mins.  

Prior to application of voltage for 90 min, templates were immersed in the electrodeposition 

solution for 5 minutes to let the solution and plates reach equilibrium and also remaining trapped 

air bubbles get released into the solution.  Immediately afterwards, 200 Hz of continuous 

sinusoidal AC current of 10 Vrms was applied to fill the hollow interiors. Figure 2-1 shows 

electrodeposition stage of the process. 

 

 

Figure 2-1: Electrodeposition step of synthesis of AgNWs 

 

2.2.3 Liberation of AgNWs  

 

Liberation of the nanowires was started by physically removing of bulk-deposited Ag from the 

surface of the Al plates, and then Ag nanowires were liberated from porous alumina in a beaker 

filled with 1.0M NaOH(aq) at room temperature. NaOH(aq) dissolved the surrounding alumina 
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sheath so that we could recover the individual nanowires. After the liberation, floating fragments 

(bundled nanowires) were collected into a 1:1 mixture of 0.1M NaOH(aq) and MeOH, and 

sonicated for 10min. Immediately afterwards, collected AgNWs were purified through filter paper 

(Whatman, with less than 1µm pore size), rinsed with MeOH, and then transferred to a beaker 

containing 100mL of MeOH. Figure 2-2 shows the overview of the process. Additionally details 

on the synthesis of the AgNWs can be found elsewhere [8]. 

 

 

Figure 2-2: overview of generation process of Ag nanowires 

 

Produced nanowires had following length and diameter distribution. Average length was 5.6 

µm±1.4 and average diameter 25 nm. 
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Figure 2-3: Length distribution of liberated Ag nanowires 

 

2.3 Materials properties  

 

Multiwall Carbon Nanotube (MWCNT): The MWCNTs (NanocylTM NC7000) were obtained 

from Nanocyl S.A. (Sambreville, Belgium). Details published for NC7000 are:  

 Average diameter: 9.5 nm 

 Average length: 1.5 μm  

 Surface area: 250-300 m2/g  

 Specific gravity: 1.3-2.0 g/cm3  

 Electrical conductivity: 104-105 S/cm 

 

Polystyrene (PS): PS used in this study was supplied by America styrenics Styron 666D, and 

specifications are as follow: 

 M.I : 7.5 

 Mw : 200,000 g/mol  

 Tg : 100˚C 
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 Melting point: 200 ˚C 

 Specific gravity: 1.04 g/cm3  

 

2.4. AgNW and MWCNT nanocomposites preparation 

 

Nanocomposites were prepared by the miscible solvent mixing and precipitation (MSMP) 

technique. The nanocomposites with different concentrations of AgNWs were produced by mixing 

different volumes of 3.3mg/ml AgNW/MeOH suspension with 20mg/ml PS (Styron® 615 APR, 

Americas Styrenics LLC)/methylene chloride solution. Each mixture was treated in ultrasound 

bath for 30min, and then stirred for 10min prior to mixing. The suspension was then filtered and 

placed in an evaporation dish for 16h in a fume hood. The residue was further dried in a vacuum 

oven at 50°C for 24hr to obtain nanocomposite nuggets. The polymer nanocomposite nuggets were 

then molded into a rectangular cavity, with the dimensions of 22.9×10.2×0.8mm, at 240°C and 

38MPa for 15min. For the sake of comparison, MWCNT/PS nanocomposites were produced at 

the same volumetric concentrations with the same technique. MWCNTs (NanocylTM NC7000) 

were obtained from Nanocyl S.A. (Sambreville, Belgium). The size of the produced samples are 

as follow: Thickness 0.87 mm and 10.16×22.86 mm lateral dimensions. 

 

2.5. Materials characterization 

 

   The TEM analyses of the nanofillers and nanocomposites were carried out on a Tecnai TF20 G2 

FEG-TEM (FEI, Hillsboro, Oregon, USA) at 200kV acceleration voltage with a standard single-

tilt holder. The images were taken with a Gatan UltraScan 4000 CCD (Gatan, Pleasanton, 

California, USA) at 2048×2048 pixels. For the TEM analysis of the nanofillers, the droplets of 

AgNW and MWCNT suspensions were placed on a holey carbon-coated Cu TEM grid, and dried 

at room conditions. For the TEM analysis of the nanocomposites, the molded nanocomposites 

were ultramicrotomed to achieve 70nm thick sections.  

    Both the molded nanocomposites and powdery liberated AgNWs were analyzed by X-ray 

diffraction (XRD). The XRD analysis was performed using a Rigaku ULTIMA III X-ray 

diffractometer with Cu K-alpha radiation as the X-ray source. The scan was carried out in the range 
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2θ=30–90 degrees using a 0.02 degree step and a counting time of 1 degree per minute at 40kV 

and 44mA to obtain the full diffractogram for the materials.  

The electrical conductivity measurements were carried out on the molded rectangular samples. 

All the samples’ surfaces were wiped with ethanol to remove impurities prior to the measurements. 

For nanocomposites with electrical conductivities more than 10-4 S∙cm-1, we carried out the 

measurements according to ASTM 257-75 using a Loresta GP resistivity meter (MCPT610 model, 

Mitsubishi Chemical Co., Japan). A standard four-pin probe was used to reduce the effect of 

contact resistance. For an electrical conductivity less than 10-4 S∙cm-1, a Keithley 6517A 

electrometer connected to Keithley 8009 test fixture (Keithley Instruments, USA) was used. 

The EMI shielding measurements were carried out over the X-band (8.2–12.4GHz) frequency 

range using an E5071C network analyzer (ENA series 300KHz – 20GHz). The samples under the 

test were squeezed between two flanges connecting the waveguides of the network analyzer. The 

network analyzer sent a signal down the waveguide incident to the sample, and then the scattering 

parameters (S-parameters) of each sample were recorded, and used to calculate SE. The dielectric 

properties of the generated nanocomposites were also obtained via conversion of the 

measurements using Reflection/Transmission Mu and Epsilon Nicolson-Ross Model. 

In this thesis for dielectric measurements, the broadband dielectric spectroscopy of CPCs was 

performed with impedance / gain-phase analyzer (Solartron SI 1260) in the frequency range of 10-

1 – 10+6 Hz. Holding samples were carried out using 12962A sample holder with electrode diameter 

of 10 mm.  Before measurement commencement, electrode surface were painted with silver paste 

to minimize resistance between samples and sample holder electrodes. The impedance analyzer 

applied a voltage over a wide frequency range, and then measured in-phase and out-of phase 

currents. The obtained data were used to finally calculate impedance and dielectric properties.  

For each measurement including EMI shielding measurement and electrical conductivity for 

both carbon nanotube and silver nanowire loaded specimens, three samples for each concentration 

were prepared. To ensure further reliability of measured data each of sample’s properties were 

measured three times and result were reported as total average of all measurements.  
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Chapter 3: Outstanding Electromagnetic Interference Shielding of Silver Nanowire: 

Comparison with MWCNT 

 

Presentation of the Article: This article can be divided into two general sections as followings 

 

 Interpretation of the electrical properties of MWCNT/PS and AgNW/PS composites 

as functions of filler loading, i.e., electrical conductivity and EMI shielding 

 Effect of fragmentation on electrical propeties of AgNW/PS composites  
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Abstract 

 

Silver nanowires (AgNWs) were synthesized by the AC electrodeposition of Ag into porous 

aluminum oxide templates. AgNWs were embedded into polystyrene with a solution processing 

technique to create a nanocomposite. For comparison, carbon nanotube (CNT)/polystyrene 

nanocomposites were generated identically. TEM and XRD analyses showed that synthesized of 

AgNWs had an average diameter and length of 25nm and 5.6±1.4 µm, respectively. The actual 

measurement of more than 100 AgNWs showed that AgNWs individual wires length and diameter 
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were so close to average values as distribution of silver nanowires due to their identical genesis 

were narrow. TEM images also revealed that at molding temperature (240ºC), AgNWs 

transformed into a chain of nanospheres (fragmentation phenomenon). At low filler loadings, the 

AgNW/polystyrene nanocomposites presented inferior electrical properties compared to 

CNT/polystyrene nanocomposites. This was attributed to lower aspect ratio, fragmentation 

phenomenon and poorer conductive network for AgNWs. However, at high filler loadings, the 

electrical properties of the AgNW/polystyrene nanocomposites significantly surpassed those of 

their CNT counterparts. It seems that at high filler loadings, the conductive network was well-

established for the both types of nanocomposites and thus, higher innate conductivity of AgNWs 

played a dominant role in presenting superior electrical properties.
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3.1 Introduction 

 

The increase in using electronic devices for telecommunication and computation has heightened 

the need to resolve the issue of electromagnetic interference (EMI). Emitted electromagnetic (EM) 

waves from electronics bring up a serious concern in society as they are potentially hazardous for 

health, human body and efficacy of devices [1, 2]. 

 The performance of shields to attenuate EM waves is assessed by shielding effectiveness (SE). 

The SE of a material is defined as the logarithm of the ratio of incident power to transmitted power 

and its unit is expressed in dB: 

𝑆𝐸 = 10 log (
𝑃𝑖

𝑃𝑜
)                              

                   (3-1) 

where Pi is the incident power and P0 is the transmitted power. Time-averaged power is 

proportional to the root mean square (rms) of the electric field strength; therefore Equation 1 can 

also be rewritten as: 

𝑆𝐸 = 20 log (
𝐸𝑖

𝐸𝑜
)                           

(3-2) 

where E0 and Ei are the incident and transmitted electric field strengths, respectively [3]. 

Commercially, 99.9% attenuation of incident EM waves, corresponding to SE of 30 dB, is 

considered sufficient for many practical engineering applications [4-7].  

In order to minimize the undesirable effects of EM waves, several novel materials have been 

developed [8, 9], among which, metal coated polymers, ICPs (intrinsically conductive polymers) 

and conductive filler/polymer composites (CPCs) are the most common. Metal coated polymers 

exhibit drawbacks such as delamination of metal, poor adhesion between layers and environmental 

hazards. The commercialization of ICPs is also very limited due to poor long-term stability and 

lack of industrial processing methods. The aforementioned problems give CPCs an edge to be 

employed as futuristic shielding materials. CPCs benefit from inherent properties of polymers, 

such as light weight, low cost, easy processability and corrosion resistance, coupled with 

adjustable electrical properties originating from controlling the level of conductive network 

formation [10].   
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Designing a CPC with a high EMI shielding capability should be performed considering 

processing and economic parameters. Overloading fillers well over percolation threshold makes 

nanocomposites expensive and heavy, while underloading makes the system and its environment 

vulnerable to EM waves. EMI shielding capability of a CPC relies on two main factors: (1) intrinsic 

properties of filler, such as filler’s innate electrical conductivity, diameter and aspect ratio [11, 

12], and (2) processing-related factors such as dispersion, distribution and orientation of fillers 

[13].  

It is has been proved both theoretically and experimentally that conductive shields comprising 

fillers with higher aspect ratio (higher length and lower diameter) provide lower percolation 

threshold, and higher electrical conductivity and EMI shielding [14-18]. It is well known that the 

surface area of a unit mass of a filler has an inverse relationship with its diameter, and fillers with 

higher length also have more probability to come close to, or contact, each other. For example, Al-

Saleh and Sundararaj [19] compared the EMI shielding of high structured nano-sized carbon black 

and multi-walled carbon nanotube (MWCNT) in the X-band frequency range, and showed that at 

7.5vol%, the EMI shielding of MWCNT was almost double of carbon black (35 dB versus 18 dB). 

In another study, Huang et al. [18] studied the effect of aspect ratio on percolation threshold and 

EMI shielding by comparing long and short MWCNTs. Their result showed longer MWCNTs 

offered lower percolation threshold and higher shielding.  

The impacts of processing parameters on the electrical properties of CPCs were well reviewed 

in the literature [20-22]. Arjmand et al. [23] observed a huge effect of orientation of MWCNTs on 

the conductivity and EMI shielding. It was shown that, orientation affects the level of conductive 

network formation, and therefore changes the attenuation ability of CPCs. Im et al. [13] studied 

carbon black/polyaniline system, and enhanced the affinity of carbon black toward polyaniline by 

using fluorination. Their result showed that enhanced adhesion between the host matrix and filler 

led to a better dispersion and therefore higher conductivity and EMI shielding.  

For efficient shielding, shields must possess mobile charge carriers and/or electric/magnetic 

dipoles to interact with electric/magnetic vectors of an incident EM wave [24, 25]. This amplifies 

the importance of the inherent properties of fillers embedded in CPCs. Regarding the choice of 

fillers, MWCNTs are proposed as promising candidates due to their huge surface area, high 

electrical conductivity, significant corrosion resistance and industrial growth. Moreover, 
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MWCNTs have long mean-free-paths and extremely high current densities, which are both vital 

to shielding. These properties commend MWCNTs as excellent fillers for EMI shielding 

applications [26].  

Despite the fascinating properties of MWCNTs, their lower electrical conductivity limits their 

use in advanced applications. Accordingly, metal nanowires, as a new class of nanofillers, with 

superior electrical conductivity have been introduced to fill the aforementioned gap. Copper is the 

main metallic nanowire used for  EMI shielding; however, it is readily oxidized under atmospheric 

condition [27]. This brings up the idea of using silver (Ag) nanowires as they have higher electrical 

conductivity than copper (6.3×10+5 S∙cm-1 versus 5.9×10+5 S∙cm-1) along with greater resistance 

to oxidation [28, 29]. Silver oxidation in oxygen rich environment is not kinematically favorable 

but it’s thermodynamically favorable. Kinematic of silver oxidation is so slow that we can rule the 

oxidation of silver out altogether. Although Ag, unlike some other metals, does not naturally form 

surface oxides [30, 31], however, exposure time of Ag nanowires should still be minimized due to 

potential corrosion arising from reduced sulfur gases present in the air. Corrosion of Ag at 

atmospheric condition is well-known to be instigated by sulfur compounds as well as free sulfur 

[32]. For instance, Elechiguerra et al. [32] reported that AgNWs were corroded with reduced sulfur 

gases in the air. They found that silver sulfide (Ag2S) started to cover the surface of the nanowires 

after three weeks, and corrosion became even worse after six months, leading to the discontinuity 

of nanowires. Fortunately, none of the sulfur species are abundant in the atmosphere [33]. 

This paper describes the synthesis and EMI shielding of Ag nanowire (AgNW)/polymer 

nanocomposites. The EMI shielding of MWCNT/polymer nanocomposites are also presented as a 

matter of comparison. Comparing the EMI shielding of AgNW and MWCNT also verifies a tight 

correlation between EMI shielding performance and level of conductive network formation.  

3.2  Experimental  

3.2.1 Materials and composites preparation 

3.2.1.1 Synthesis of AgNWs 

 

The most widely used method for generating metallic nanowires less than 50 nm diameter is 

still template-directed synthesis, which involves either chemical or electrochemical deposition 
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[29]. Aluminum plates (5cm × 11cm) 1mm thickness were used as primary templates. The 

aluminum plates were anodized in parallel by immersing in a large tank filled with 0.3M H2SO4 

at 2°C. Counter-electrodes were stainless steel plates with the same dimensions as the aluminum 

plates. Growth of the porous aluminum oxide (alumina) templates was performed in two steps: in 

the first step, the plates were immersed in a 0.3M H2SO4 solution for 2 hr under 25.0V to create 

initial porous structure. Afterwards, the plates were placed in a 1:1 mixture of 0.2M H2CrO4 and 

0.6M H3PO4 at 60°C for 30min to make the already formed porous structure more uniform. In the 

next step, the plates were reimmersed in the 0.3M H2SO4 solution for 8hr, and then the applied 

voltage was reduced incrementally to reduce the alumina barrier layer at the pore bottom. Thinning 

the alumina barrier is a crucial part of the process since it keeps the end of the porous structure 

electrically conductive for the electrodeposition process. The protocol to decrease the voltage was 

initiated by a reduction rate of 2V/min from 25V to 15V; then it was followed by 1V/min rate to 

9V, and eventually after 5min keeping at 9V, the voltage was dropped to zero. These synthesis 

steps generated cylindrical pores with hexagonal cross sections [34].   

AC electrodeposition of Ag into the hexagonal-shaped pores was accomplished by insulating 

the edges of the electrodes by applying nail polish, and then immersing the plates for 5min in an 

electrolyte solution of silver sulfate (Ag2SO4, 8.5g/L), diammonium hydrogen citrate 

((NH4)2HC6H5O7, 200 g/L), and potassium thiocyanate (KSCN, 105 g/L). Square wave voltage 

pulses were applied between the Al plates and two pure Ag counter-electrodes to push the Ag ions 

toward the end of the pores. The voltage pulses were applied at 100Hz frequency and ±8.0V peaks 

(pulsed every 400ms) for 1.5hr.  

Liberation of the nanowires was started by physically removing of bulk-deposited Ag from the 

surface of the Al plates, and then Ag nanowires were liberated from porous alumina in a beaker 

filled with 1.0M NaOH(aq) at room temperature. NaOH(aq) dissolved the surrounding alumina 

sheath so that we could recover the individual nanowires. After the liberation, floating fragments 

(bundled nanowires) were collected into a 1:1 mixture of 0.1M NaOH(aq) and MeOH, and 

sonicated for 10min. Immediately afterwards, collected AgNWs were purified through filter paper 

(Whatman with less than 1µm pore size), rinsed with MeOH, and then transferred to a beaker 

containing 100mL of MeOH. Additionally details on the synthesis of the AgNWs can be found 

elsewhere [35].  
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3.2.2. AgNW and MWCNT nanocomposites preparation 

 

Nanocomposites were prepared by the miscible solvent mixing and precipitation (MSMP) 

technique [34]. The nanocomposites with different concentrations of AgNWs were produced by 

mixing different volumes of 3.3mg/ml AgNW/MeOH suspension with 20mg/ml PS (Styron® 615 

APR, Americas Styrenics LLC)/methylene chloride solution. Each mixture was treated in 

ultrasound bath for 30min, and then stirred for 10min prior to mixing. The suspension was then 

filtered and placed in an evaporation dish for 16h in a fume hood. The residue was further dried in 

a vacuum oven at 50°C for 24hr to obtain nanocomposite nuggets. The polymer nanocomposite 

nuggets were then molded into a rectangular cavity, with the dimensions of 22.9×10.2×0.8mm, at 

240°C and 38MPa for 15min. For the sake of comparison, MWCNT/PS nanocomposites were 

produced at the same volumetric concentrations with the same technique. MWCNTs (NanocylTM 

NC7000) were obtained from Nanocyl S.A. (Sambreville, Belgium). 

 

3.3. Materials characterization 

 

   The TEM analyses of the nanofillers and nanocomposites were carried out on a Tecnai TF20 G2 

FEG-TEM (FEI, Hillsboro, Oregon, USA) at 200kV acceleration voltage with a standard single-

tilt holder. The images were taken with a Gatan UltraScan 4000 CCD (Gatan, Pleasanton, 

California, USA) at 2048×2048 pixels. For the TEM analysis of the nanofillers, the droplets of 

AgNW and MWCNT suspensions were placed on a holey carbon-coated Cu TEM grid, and dried 

at room conditions. For the TEM analysis of the nanocomposites, the molded nanocomposites 

were ultramicrotomed to achieve 70nm thick sections.  

    Both the molded nanocomposites and powdery liberated AgNWs were analyzed by X-ray 

diffraction (XRD). The XRD analysis was performed using a Rigaku ULTIMA III X-ray 

diffractometer with Cu K-alpha radiation as the X-ray source. The scan was carried out in the range 

2θ=30–90 degrees using a 0.02 degree step and a counting time of 1 degree per minute at 40kV 

and 44mA to obtain the full diffractogram for the materials.  
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The electrical conductivity measurements were carried out on the molded rectangular samples. 

All the samples’ surfaces were wiped with ethanol to remove impurities prior to the measurements. 

For nanocomposites with electrical conductivities more than 10-4 S∙cm-1, we carried out the 

measurements according to ASTM 257-75 utsing a Loresta GP resistivity meter (MCPT610 model, 

Mitsubishi Chemical Co., Japan). A standard four-pin probe was used to reduce the effect of 

contact resistance. For an electrical conductivity less than 10-4 S∙cm-1, a Keithley 6517A 

electrometer connected to Keithley 8009 test fixture (Keithley Instruments, USA) was used. 

The EMI shielding measurements were carried out over the X-band (8.2–12.4GHz) frequency 

range using an E5071C network analyzer (ENA series 300KHz – 20GHz). The samples under the 

test were squeezed between two flanges connecting the waveguides of the network analyzer. The 

network analyzer sent a signal down the waveguide incident to the sample, and then the scattering 

parameters (S-parameters) of each sample were recorded, and used to calculate SE. The dielectric 

properties of the generated nanocomposites were also obtained via conversion of the 

measurements using Reflection/Transmission Mu and Epsilon Nicolson-Ross Model. 

 

3.4. Results and Discussion 

3.4.1. Morphology 

 

 In order to obtain essential information about the morphology of AgNWs, the TEM images of 

AgNWs were captured before and after processing. Figure 3-1(a) displays the bundles of pristine 

AgNWs with uniform length before processing, demonstrating the ability of the synthesis method 

to produce AgNWs with uniform dimensions. The statistical analysis of over 100 AgNWs 

indicated that AgNWs had average diameter and length of 25 nm and 5.6±1.4 µm, respectively. 

As depicted in Figure 3-1(b), despite the long sonication time, some portions of AgNWs are still 

bundled in the PS matrix. This can be ascribed to large surface area and huge van der Waals forces 

between AgNWs, and this agglomeration can adversely affect the electrical properties. Gelves et 

al. [35] also showed the irreversible agglomeration of clean nanowires after liberation. Figure 3-

1(c) shows that MWCNTs were relatively well dispersed and distributed in the PS matrix, 

promising enhanced electrical properties.  
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Figure 3-1: (a) TEM micrographs of (a) pristine AgNWs, (b) 1.5vol% AgNW/PS nanocomposite, and (c) 

1.5vol% MWCNT/PS nanocomposite. 

TEM images of AgNWs after processing revealed that during the mixing process, AgNWs 

became unstable and surprisingly lost their original shape and aspect ratio breaking into short 

cylinders with bulbous ends or into spheres (Figure 3-1(b)). Deformation of AgNWs during the 

mixing process at high temperature can be ascribed to fragmentation phenomenon, which has been 
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reported in the literature [36]. This observation is quite significant due to the significant impact of 

the filler’s aspect ratio on the final electrical properties of CPCs. 

The fragmentation phenomenon is believed to change the shape of nanowires from a cylinder 

to a linear row of nanospheres at high temperatures, where atomic movements by diffusion become 

fairly important [37-41]. Karim et al. [38] observed fragmentation for gold nanowires at 600 ° C, 

and believe that the fragmentation arises from thickness undulation along the axis of the nanowires 

followed by spheroidization. In another study, Li et al. [36] ascribed the fragmentation of 

nanowires, which were annealed at high temperatures 220 ° C , to a crystalline phase transition 

from less stable body-centered tetragonal (BCT) to a more stable face-centered cubic (FCC) of 

colloidal AgNWs. They also proved that long AgNWs exhibit an inhomogeneous core-shell 

structure with highly strained cores and less strained sheath due to the existence of the fivefold 

twinning crystal structure. They claimed that, the strains in the AgNWs cores distort the common 

FCC crystalline lattice to BCT lattice symmetry. At elevated temperatures, the energy required for 

the diffusion of Ag atoms on the surface of AgNWs becomes sufficiently high to surpasses the 

required activation energy, and thus the crystalline phase transition occurs.  

In order to achieve a more vivid picture of the fragmentation phenomenon, the AgNW/PS 

nanocomposites were suspended in CH2Cl2 to extract AgNWs from the nanocomposites (Figure 

3-2). As evident in Figure 3-2, the fragmentation is at its early stages for our samples since most 

of the nanowires retained their original cylindrical geometries. However, for some nanowires the 

shape transformation from cylindrical to linear row of nanospheres is observable. Although the 

crystalline phase transition might be the main driving force for the fragmentation, other factors 

such as corrosion with sulfur gases in the air might also play a role in making the nanowires 

discontinuous. For instance, Franey et al. [33] and Khaligh et al. [42] reported that that exposing 

nanowires to elevated temperatures resulted in considerable increase in the amount of sulfur on 

the surface. White parts in TEM images are the holes in the carbon grids used for holding sample 

suspensions.  
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Figure 3-2: Fragmentation in AgNW/PS nanocomposites at two various magnifications. AgNWs were 

extracted from 2.5vol% AgNW/PS nanocomposites employing CH2Cl2 (a) low magnification (b) high 

magnification 

In order to detect traces of silver oxide and silver crystalline structure, X-ray diffraction (XRD) 

analysis was carried out for pristine AgNWs and AgNW/PS nanocomposites. Figure 3-3 shows 

the X-ray diffractograms of AgNWs powder and AgNW/PS nanocomposites with 2.5vol% 

loading. Five strong characteristic peaks of silver at 2θ equal to 38.1°, 44.2°, 64.4°, 77.3° and 81.9° 

are clearly observable. These peaks correspond to the crystal faces of (111), (200), (220), (311) 

and (222) of silver face-centered cubic (FCC) crystalline structure, respectively. The X-ray 

diffractograms in conjunction with the TEM images confirm the successful synthesis of AgNWs 

and presence of AgNWs in the nanocomposites.  

In the literature, Sun et al. [43] claimed that when the dry AgNWs are deposited on a substrate, 

the orientation of all the (110) planes cannot be equally distributed due to the high aspect ratio of 

the nanowires. Therefore, different relative intensities of major peaks compared with standard 

powder diffraction pattern are expected. Furthermore, one may notice very strong (111) orientation 

along AgNWs axial direction, which is due to the fact that specific free energy of silver is minimum 

on (111) planes of the FCC structure [44]. As shown in Figure 3-3, no trace of crystalline silver 

oxide or silver sulfide before or after processing was found by XRD. Silver oxidation in oxygen 

rich environment is not kinematically favorable but it’s thermodynamically favorable. Kinematic 

of silver oxidation is so slow that we can rule the oxidation of silver out altogether. The absence 

of silver oxide was also reported by other researchers who believe that silver does not form silver 

oxide naturally [30, 31]. Apprently, since AgNWs were embedded in polymer matrix right after 
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their synthesis, sulfur components did not find sufficient time to corrode the surface of AgNWs. 

As silver oxide is semi-conductive with less conductivity than pristine form of silver, the absence 

of silver oxide is a postive sign for obtaining enhanced electrical properties [45].  

 

 

Figure 3-3: XRD pattern of (a) AgNWs powder right after liberation, (b) AgNW/PS nanocomposite 

having 2.5vol% AgNWs. 

3.4.2. Comparison of electrical conductivity of AgNW/PS and MWCNT/PS nanocomposites 

 

 Technically, polymers are insulating and need to be filled with conductive fillers to develop 

lightweight electrically conductive materials. The electrical conductivity of CPCs increases 

dramatically beyond a concentration called the percolation threshold. In fact, at the percolation 

threshold, the first conductive path forms, transforming CPCs from insulative into conductive. 

Physical contacts between neighboring nanofillers in combination with tunneling and hopping are 

the main mechanisms for the transference of electrons in CPCs [46, 47]. At filler loadings around 

the percolation threshold, where the conductive network is not well-established, all the 
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aforementioned mechanisms contribute significantly to electron transference; however, at filler 

loadings far above the percolation threshold, the conductivity is primarily due to physical contacts 

between nanofillers.  

Figure 3-4 depicts the percolation curves of the AgNW/PS and MWCNT/PS nanocomposites. 

The results showed that for the both types of nanocomposites adding 2.5vol% conductive 

nanofiller into the PS matrix led to about 16 orders of magnitude enhancement in the electrical 

conductivity. The percolation threshold, obtained from the percolation theory, for the MWCNT/PS 

nanocomposites was 0.04vol%, while the AgNW/PS nanocomposites presented a percolation 

threshold noticeably higher and equal to 1.2vol%. Several factors could account for higher 

percolation threshold in the AgNW/PS nanocomposites, namely (1) lower aspect ratio of AgNWs, 

(2) fragmentation phenomenon in AgNWs, and (3) inferior dispersion and distribution of AgNWs. 

It has been proven both theoretically and experimentally that fillers with higher aspect ratio (higher 

length and lower diameter) present lower percolation threshold [18]. In fact, the higher the aspect 

ratio of conductive fillers, the more their likelihood to neighbor or contact each other. It should be 

considered that the discrepancy in the aspect ratio of MWCNTs and AgNWs was intensified by 

the fragmentation phenomenon, where AgNWs transformed from cylindrical shapes to linear rows 

of nanospheres. Furthermore, inferior dispersion and distribution of AgNWs to MWCNTs within 

the PS matrix, as corroborated by the TEM images, could be another reason for the higher 

percolation threshold of the AgNW/PS nanocomposites.   

Figure 3-4 indicates that at high filler loadings the electrical conductivity of the AgNW/PS 

nanocomposites is higher than MWCNT/PS nanocomposites. For instance, at 2.5vol%, the 

electrical conductivity of the AgNW/PS was about twenty times higher than MWCNT/PS 

nanocomposites (19.2 versus 0.9S∙cm-1). At filler loadings far above the percolation threshold, due 

to the formation of a well-established conductive network, the conductivity of CPCs relies 

significantly on the innate conductivity of nanofillers [35]. This justifies the higher electrical 

conductivity seen for the AgNW/PS nanocomposites at high filler loadings. 
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Figure 3-4: Electrical conductivity of AgNW/PS versus MWCNT/PS nanocomposites as a function of 

nanofiller loading. 

Figure 3-4 also depicts a huge difference between the maximum obtained electrical conductivity 

of the AgNW/PS nanocomposite and Ag bulk (19.2 versus 6.25×10+5S∙cm-1). This dissimilarity 

can be attributed to junction resistance and possibly the low diameter of AgNWs. Electrical 

measurements on individual metallic nanowires have shown that as their diameter decreases, their 

electrical properties deviate from bulk properties [48, 49]. This phenomenon is attributed to the 

presence of grain boundaries (defects) in the crystalline structure of nanowires, where electrons 

are scattered (either elastically or inelastically) when they try to go through a grain boundary. 

Nonetheless, the results of a study by Chen et al. [50] demonstrated that Ag nanobeams retain the 

high conductivity of bulk silver for thicknesses down to ~ 15nm. Sun et al. [29] also measured the 

conductivity of their in-house silver nanowire (40nm diameter) by aligning them across two gold 

probe electrodes, and reported conductivity values close to bulk silver conductivity. Given 25nm 

is the average diameter of our synthesized AgNWs, we are uncertain whether our synthesized 

AgNWs suffered from the grain boundary scattering effect. This issue is beyond the scope of the 

current paper, and will be targeted in future studies.  

  

 

3.4.3. EMI shielding of AgNW/PS versus MWCNT/PS nanocomposites  

 

http://en.wikipedia.org/wiki/Crystallographic_defect
http://en.wikipedia.org/wiki/Crystal
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EMI shielding is performed by a using conductive and/or magnetic barrier to attenuate 

irradiated EM waves from electronics by using. An EM wave encompasses two components: 

electric field and magnetic field. The ratio of electric field to magnetic field of a propagating wave 

is an inherent property of a medium, and named as intrinsic impedance. This ratio is considerably 

significant in defining the level of shielding and prevailing shielding mechanisms in conductive 

shields. The intrinsic impedance of a medium is defined as follows [23]:  

𝜂 =  √
𝑗𝜔𝜇

𝜎 + 𝑗𝜔𝜖
 

(3-3) 

where  is intrinsic impedance, ω is angular frequency, µ is magnetic permeability, σ is electrical 

conductivity and ɛ is real permittivity. The permittivity and permeability of free space are equal to 

8.85×10-12F·m-1 and 4×10-7H·m-1, respectively. Given the low conductivity of free space, its 

intrinsic impedance is equal to 377; conductive shields present significantly lower intrinsic 

impedance [24, 25]. 

Essentially, there are three mechanisms involved in the EMI shielding of CPCs, i.e. reflection, 

absorption and multiple-reflection. Reflection occurs due to impedance mismatch between two 

media. That is to say, a highly reflective shield must possess a low magnetic permeability, high 

electrical conductivity and/or high real permittivity. The portion of the EM wave that is not 

reflected infiltrates into conductive shields. As the impedance of a conductive shield is much lower 

than free space, a large portion of the infiltrated electric field is converted to the magnetic field. 

Thus, it is very important to attenuate both the electric and magnetic fields inside a shield. The 

attenuation of the EM wave inside a conductive shield is performed through absorption 

mechanism, which is composed of Ohmic loss and polarization loss (electric polarization and 

magnetic polarization loss). The Ohmic loss is due to the interaction of propagating EM wave with 

nomadic charges, is in phase with the EM wave and quantified by imaginary permittivity. The 

polarization loss arises from the energy required to reorient electric/magnetic dipoles in each half 

cycle of the alternating field [51]. The levels of the electric and magnetic polarizations are 

expressed by real permittivity and magnetic permeability, respectively. 

Multiple-reflection is the third shielding mechanism in CPCs, which occurs due to the existence 

of huge interfacial area. Theoretically, the first reflection from the second interface of a shield is 
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counted as a part of the reflection mechanism. According to this definition, multiple-reflection 

adversely impacts the overall EMI shielding due to its augmentation effect on the transmitted 

waves. It is believed that the multiple-reflection can be ignored if a CPC’s thickness is larger than 

its skin depth or if shielding by absorption is more than 10dB [23]. The skin depth of a conductive 

shield is defined as the depth inside the shield at which the power of the EM wave drops to 1/e of 

its incident value. Skin depth is proportional to the root square of electrical conductivity and 

magnetic permeability [25]. 

  Figure 3-5 compares the average EMI shielding (overall, reflection and absorption) of the 

generated nanocomposites as a function of nanofiller loading over the X-band frequency range. It 

should be noted that the effect of multiple-reflection is included within the reported values of 

shielding by reflection and absorption. It was seen that the MWCNT/PS nanocomposites showed 

a steady ascending trend of EMI SE with increasing conductive filler loading. The overall EMI SE 

of the MWCNT/PS nanocomposites rose from 0.01dB for pure PS to 22.14dB for nanocomposites 

with 2.5vol% MWCNT loading, which is sufficient for commercial applications.  Surprisingly it 

was also observed that the AgNW/PS nanocomposites were transparent to EM waves at low 

AgNW loadings, and incorporating AgNW up to about 1.0vol% into the AgNW/PS 

nanocomposites did not enhance the EMI SE (both the reflection and absorption). However, 

beyond 1.0vol%, the EMI SE of the AgNW/PS nanocomposites drastically increased. For instance, 

at 2.0 and 2.5vol%, the overall EMI SEs of the AgNW/PS nanocomposites were 22.70 and 

31.85dB, respectively, which were significantly higher than those of their MWCNT counterparts. 

The clues to understand the strange behavior of the AgNW/PS nanocomposites are in the 

percolation curves (Figure 3-4). According to the percolation curves, the percolation threshold of 

the MWCNT/PS and AgNW/PS nanocomposites were 0.04 and 1.20vol% respectively, and 

beyond these concentrations the number of conductive networks increase. In the literature, it is 

believed that EMI shielding does not require filler connectivity; however it increases with filler 

connectivity [7]. This could justify the large difference between the EMI shielding value of the 

AgNW/PS nanocomposites below and above the percolation threshold. If this is the case, Figure 

3-5 denotes that shielding by both reflection and absorption are highly sensitive to the formation 

of the conductive network. 
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Figure 3-5: EMI SE (overall, reflection and absorption) of AgNW/PS and MWCNT/PS nanocomposites 

as a function of nanofiller loading. 

In order to validate this, we investigated the imaginary permittivity and real permittivity of the 

generated nanocomposites (Figure 3-6). It is worth mentioning that all the nanocomposites 

presented a non-magnetic behavior.  Imaginary permittivity signifies the amount of energy 
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dissipated by nomadic charges inside a conductive shield, and is highly sensitive to conductive 

network formation. It is evident that the imaginary permittivity follows the same trend as EMI SE 

for the both types of nanocomposites. The imaginary permittivity of the AgNW/PS 

nanocomposites was close to zero below the percolation threshold, and then it increased 

pronouncedly above the percolation threshold. Drastic increase in the imaginary permittivity above 

the percolation threshold stems from the formation of extensive and numerous conductive 

networks, wherein electrons can find more mean-free-path to go through in each half cycle of 

alternating field, and can dissipate more electrical energy.  

Figure 3-6 also shows that the imaginary permittivity of the AgNW/PS nanocomposites at high 

loadings is much greater than MWCNT/PS nanocomposites. Technically, several factors play a 

role in determining the imaginary permittivity including the innate conductivity of nanofiller, 

nanofillers’ available surface area and the level of conductive network formation. At low filler 

loadings The MWCNT/PS nanocomposites presented higher imaginary permittivity due to 

enhanced conductive network formation (See figure 3-4) and larger available surface area (10 nm 

diameter versus 25 nm diameter for AgNWs). Nevertheless, at high filler contents, the innate 

conductivity of AgNW overcome its lower aspect ratio and inferior conductive network formation, 

leading to superior electrical properties over MWCNT/PS nanocomposites. Enhanced electrical 

properties of AgNWs beyond the percolation threshold commend them as futuristic materials for 

EMI shielding applications. Moreover, the comparison of the electrical properties of MWCNT/PS 

and AgNW/PS nanocomposites verifies the dominant role of the conductive network formation on 

EMI shielding and imaginary permittivity. 

Figure 3-6(b) compares the real permittivities of the generated nanocomposites, which present 

the same trend as the imaginary permittivity. It is can be seen that the real permittivity of the 

MWCNT/PS nanocomposites shows a uniform ascending trend with filler loading, whereas the 

AgNW/PS nanocomposites experienced a sudden increase in real permittivity just above the 

percolation threshold. In general, several polarization mechanisms can occur in CPCs depending 

on the structure and frequency range, i.e. interfacial, dipolar, atomic and electronic polarization 

[52]. However, in the current study, due to the nonpolar nature of the PS matrix and high frequency 

range of the X-band, the electronic polarization of the PS matrix and dipolar polarization within 

the nanofillers are deemed to be the only probable mechanisms in play.  
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Figure 3-6: (a) Imaginary permittivity, and (b) real permittivity as a function of nanofiller loading. 

Electronic polarization in CPCs originates from the concept of nanocapacitors, nanofillers act 

as nanoelectrodes and polymer matrix between them plays the role of nanodielectric [53, 54]. As 

conductive filler content approaches the percolation threshold, the thickness of nanodielectric 

decreases, thus the applied electric field within nanodielectric increases, which leads to enhanced 

electronic polarization. Hence, the enhancement in the real permittivity of the AgNW/PS 

nanocomposites above the percolation threshold arises from the formation of a large number of 

nanocapacitor structures. However, the MWCNT/PS nanocomposites experienced 

nanocapacitorformation at much lower loadings, i.e. 0.04vol%, and this accounts for their steady 

ascending trend with MWCNT content. It is possible that if we obtained more points below 0.04 

vol % we would see the same type of discontinuity in the curve. Furthermore, the presence of 
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defects in the crystalline structure of both MWCNT and AgNW could result in dipolar polarization 

and further increase of the real permittivity [55, 56].  

The capacitance of a capacitor is defined as following:  

𝐶 =
𝜀𝐴

𝑑
 

(3-4) 

where ɛ real permittivity, A surface area and d thickness of capacitors. Moreover, the capacitance 

has a direct relationship with the amount of charges stored on the surface of a capacitor. MWCNTs, 

due to their high aspect ratio and enhanced conductive network formation, possessed larger A and 

lower d than AgNWs. However, higher innate electrical conductivity of AgNWs led to more 

potential charges to be stored on the surface of their nanocapacitors. Thus, there is a competition 

between higher surface area and enhanced conductive network of MWCNTs and superior 

electrical conductivity of AgNWs. The outcome of this competition was higher polarization loss 

of the MWCNT/PS nanocomposites at low filler contents, and comparable polarization loss at high 

filler loadings.  

3.5. Conclusion 

 

Silver nanowires (AgNWs) were synthesized successfully by the AC electrodeposition of Ag 

into porous aluminum oxide templates. AgNWs were embedded into polystyrene via the miscible 

solvent mixing and precipitation (MSMP) technique. XRD showed silver FCC crystal structure 

peaks but no trace of crystalline silver oxide or silver sulfide before or after processing. Absence 

of silver oxide peaks was related to natural resistance of silver towards oxidation. Peaks related to 

silver sulfide also were also not observed as AgNWs exposure time to sulfur components in the 

air was minimal. TEM analysis verified successful synthesis of AgNWs with an average diameter 

and length of 25nm and 5.6±1.4 µm, respectively. TEM images also revealed that an AgNW at 

high temperature transformed into chain of nanospheres by fragmentation phenomenon. 

Crystalline phase transition might be the main driving force for the fragmentation but other factors 

such as corrosion with sulfur gases in the air might also come into play to break up the nanowires. 

The latter was ruled out since no noticeable peak related to corrosion was observed in XRD 

patterns. Moreover, TEM images demonstrated that fragmentation was at its early stages and good 

level of distribution and dispersion was achieved by sonication. Electrical resistivity measurements 
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indicate that the percolation thresholds, obtained from the percolation theory, for the MWCNT/PS 

nanocomposites was 0.04vol%, while the AgNW/PS nanocomposites presented a percolation 

threshold noticeably higher, equal to 1.2vol%. Several factors could explain higher percolation 

threshold in the AgNW/PS nanocomposites, namely (1) lower aspect ratio of AgNWs, (2) 

fragmentation phenomenon in AgNWs, and (3) inferior dispersion and distribution of AgNWs. 

EMI SE, like electrical conductivity, reduced due to adverse effect of fragmentation in delaying 

the network formation. Despite negative effect of fragmentation on EMI shielding, EMI SE of 

AgNW/PS was 31.84 dB, ~10 dB higher than MWCNT/PS at 2.5vol % loading. It seems that at 

high filler loadings, where the conductive network was well established for both types of 

nanocomposites, higher innate conductivity of AgNWs played a dominant role. The imaginary 

permittivity of the AgNW/PS nanocomposites at high loadings is much greater than MWCNT/PS 

nanocomposites. At low filler loading, the MWCNT/PS nanocomposites presented higher 

imaginary permittivity due to enhanced conductive network formation and larger available surface 

area, but at high filler contents, the innate conductivity of AgNW dominated over the effect of 

lower aspect ratio. Real permittivity experienced the trend as imaginary permittivity. There is an 

ascending trend for real permittivity of MWCNT/PS nanocomposites from any low concentrations 

while there is a jump in real permittivity of AgNW/PS nanocomposites at 1.2 vol %. The 

enhancement in the real permittivity of the AgNW/PS nanocomposites above the percolation 

threshold originates from the formation of a great number of nanocapacitors; i.e. starting at 

0.04vol% for MWCNT/PS nanocomposites and 1.2vol % for AgNW/PS nanocomposites. 

Additionally, defects in the crystalline structure of both MWCNT and AgNW could result in 

dipolar polarization; and further enhance of the real permittivity.  

These new novel material that has the ability to store energy in a way that they can be recharged 

in seconds rather than hours, would hold electrical charge timelessly. One day these new nano 

loaded materials can lead to breakthroughs in hybrid cars and provide energy wells for resources 

such as solar and wind. Our new capacitors has the ability to store energy in an electric field, has 

the advantage of being chemical reaction free and they can deliver energy quickly and be able to 

be charged in matter of seconds. They can bear temperature changes, and physical sudden 

agitations. In the nutshell, in addition that they are cost effective they are environmental friendly 

materials as well. 
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Abstract 

 

Polymer science has been revolutionized recently by introduction of nano inclusions such as 

MWCNT and metal nanowires. In this study due to amazing properties of metal nanowires 

compared to other conventional inclusions silver nanowire was singled out for embedding in 

polymers. Nanowires were produced using electro chemical process. Unfortunately, because of 

changes in surface chemistry, conductivity of individual AgNWs were reduced and therefore 

electrical properties were significantly affected. Electrical conductivity experienced a decrease at 

low volume fractions, whereas at high volume fraction, conductivity stayed relatively constant. 

This result was expected since conductivity of the sample does not require contribution of all 

individual AgNWs past a certain point, which in our system is 2.5 vol %. Surprisingly it was also 

observed that the AgNW/PS nanocomposites were transparent to EM waves at low AgNW 

loadings, and incorporating AgNW up to about 1.0vol% into the AgNW/PS nanocomposites did 

not enhance the EMI SE (both the reflection and absorption). However, beyond 1.0vol%, the EMI 

SE of the AgNW/PS nanocomposites drastically increased. The same trend was observed for EMI 

SE of the samples after 3 months. For instance, at 2.0 and 2.5vol%, the overall EMI SEs of the 

AgNW/PS nanocomposites were 22.70 and 31.85dB, respectively, which were slightly higher than 
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those of their oxidized AgNW/PS counterparts. The clues to understand the strange behavior of 

the AgNW/PS nanocomposites were sought in the percolation curves. According to the percolation 

curves, the percolation threshold of the fresh AgNW/PS and the AgNW/PS after 3 months 

nanocomposites were both 1.20vol%, and beyond these concentrations the number of conductive 

networks increased. It is believed that EMI shielding does not require filler connectivity; however 

it increases with filler connectivity. This belief is reinforced due to the fact that EMI shielding 

efficacy is dependent on the total nomadic charge found in the system. Real and imaginary 

permittvity also experienced a relative decrease due to oxidization of individual AgNWs. 

4.1. Introduction 

 

As usage of computer parts and communication devices in world increases, interference among 

aforementioned equipment, such as cellphones, laptops and other computer sensitive related 

devices increases the probability of performance degradation over time. Degradation of sensitive 

electronic devices is not the only issue arising from EM waves (electromagnetic waves) as EM 

waves also affect of human health over time. The blockage of electromagnetic radiation is one 

state of the art technique to mitigate growing concerns associated with electromagnetic irradiation 

and interference in society. EM waves can be minimized using novel materials including but not 

limited to metal coated polymers, ICPs (intrinsically conductive polymers) and conductive 

filler/polymer composites (CPCs). CPCs stand out among the rest as they don’t have drawbacks 

such as delamination of metal, poor adhesion and poor long term stability. CPCs filled with metals 

are effective materials having wide applicability in shielding industry. Although using metal 

nanowires, due to metal characteristics, such as accessibility, reproducibility, and easy way of 

production, are superior to other well-known inclusions such as carbon nanotubes (CNT) and 

graphene, they are however prone to corrosion, and their performance degrades over course of 

time even when they are buried deep within the polymer. This problem arises from super active 

unwanted gas molecules floating around in the ambient low quality air usually found in industrial 

environments. For example, copper is the main nanowire used for EMI shielding; but it gets readily 

oxidized even under atmospheric condition. This problem will be mitigated if the exposure time 

of freshly synthesized nanowires to air is minimized but effects of gradual diffusion of small active 

gas molecules through polymer cannot be totally stopped.  The vulnerability of copper toward 

active gas molecules put forth the idea of using silver (Ag) nanowires as they have higher electrical 
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conductivity than copper (6.3×10+5 S∙cm-1 versus 5.9×10+5 S∙cm-1) along with greater immunity to 

oxidation. One should bear in mind that although silver is fairly unreactive as it does not react with 

oxygen in the air even at high temperature, its surface tarnishes over time due to formation of silver 

sulfide.  Ag is also susceptible to ozone molecules present in the air and it forms silver oxides 

(AgO and Ag2O). Ozone is an allotrope of oxygen that is much less stable than 

the diatomic oxygen, breaking down in the lower atmosphere to diatomic oxygen. Ozone is formed 

from diatomic oxygen by the action of ultraviolet light and atmospheric electrical discharges, and 

is present in low concentrations throughout the Earth's atmosphere. In total, ozone makes up 

only 0.6 ppm of the atmosphere. 

 

Corrosion of Ag with reduced sulfur compounds in the air at atmospheric condition is well-

known to be started by sulfur compounds as well as free sulfur. For instance, Elechiguerra et al. 

[1, 2]  found that silver sulfide (Ag2S) started to form on the surface of the nanowires after three 

weeks, and corrosion became even worse after six months, leading to the discontinuity of 

nanowires. Fortunately, none of the sulfur species are abundant in the atmosphere. For the case of 

ozone, Chen et al. studied the influence of atmospheric corrosion on bare silver. Their result 

showed that presence of ozone and UV radiation generates reactive atomic oxygen which reacts 

with Ag rapidly to form Ag2O. Other silver corrosion by products such as AgCl and Ag2CO3 are 

not formed on the surface of nanowires as their precursors are not abundant in the atmosphere [3].  

Although measures were taken in this study to minimize the amount of exposure time to air, the 

diffusion of gases into polymer affected silver nanowire surface chemically. Both ozone and silver 

reduced compounds are very small in size and therefore they can diffuse readily through polymers. 

The problem is exacerbated when one considers that silver oxide and silver sulfide are both semi-

conductive and both will affect conductivity and related EMI shielding of nanocomposite made 

using AgNWs.  

Unfortunately, shielding effectiveness (SE),  i.e. the performance of shields to attenuate EM waves, 

can be adversely affected by semi-conductive nature of silver oxide and silver sulfide created on 

the surface of nanowires due to the loss of total charge resulting from the change in silver surface 

chemistry. Therefore, in future, steps must be taken to make CPCs made of AgNWs robust in terms 

of ageing (i. e. stable with time). For instance, results published in literature shows that there are 

http://en.wikipedia.org/wiki/Allotropy
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Diatomic
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/Earth%27s_atmosphere
http://en.wikipedia.org/wiki/Parts_per_million
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two new methods to address the problem associated with surface chemistry degradation: (1) 

developing new materials with low permeability to gas (2) encapsulation of the silver nanowires 

with higher corrosion oxidation-resistant materials. Considering these two methods can mitigate 

the effects of change in surface chemistry, measures should be taken to improve and keep SE level 

close to 30dB, corresponding to 99.9% attenuation of incident EM waves, which is sufficient for 

many practical engineering applications. 

This paper is aimed at attaining high EMI shielding effectiveness for silver nanowire/polymer 

nanocomposite and finding a correlation between surface oxidation and EMI shielding efficacy. 

To the best of our knowledge, no one has studied effect of change in silver surface and subsequent 

changes in conductivity on EMI shielding effectiveness.  

 

4.2. Experimental  

4.2.1. Materials and composites preparation 

4.2.1.1. Synthesis of AgNWs 

 

While numerous techniques now exist for making metal nanostructures, the most general 

method is the so-called soft-template method. In this method, metal ions as result of 

electrochemical decomposition move into hexagonally packed hollow interiors. For making 

hexagonally packed pores, aluminum plates with (5cm × 11cm) 1mm thickness were used as 

primary templates. Aluminium plates were placed in parallel to counter stainless steel electrodes 

in a large tank filled with 0.3M H2SO4 at 2°C prior to implementation of voltage. Firstly, 25.0V 

were applied for 2hr  to create initial hollow interiors and then for making them more uniform 

though chemical reactions, plates were placed in a 1:1 mixture of 0.2M H2CrO4 and 0.6M H3PO4 

at 60°C for 30min. Secondly, another 8hr immersion in the 0.3M H2SO4 solution and continued 

application of 25.0V voltage lengthened the pores. Thinning the alumina barrier layer is a crucial 

part of the process since it keeps the end of the porous structure electrically conductive for the 

electrodeposition process. The voltage was dropped incrementally to reduce the alumina insulative 

barrier layer at the pore bottom. The protocol for voltage was to reduce 2V/min from 25V to 15V; 

then followed by 1V/min rate to 9V, and eventually keeping constant at 9V for 5 min, until finally 
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the voltage was dropped to zero. The result of the carefully designed process was a uniform 

hexagonally-packed pore structure [4].   

Before attempting to electrodeposit Ag into hollow interiors using AC electrodeposition, the 

edges of the electrodes were insulated by applying nail polish. Square wave voltage pulses were 

applied between electrodes immersed in the solution of silver sulfate (Ag2SO4, 8.5g/L), 

diammonium hydrogen citrate ((NH4)2HC6H5O7, 200 g/L), and potassium thiocyanate (KSCN, 

105 g/L) to force Ag ions to move into the end of the pores. The voltage pulses were applied at 

100Hz frequency and ±8.0V peaks (pulsed every 400ms) for 1.5hr.  

Ag nanowires confined in porous alumina were liberated using 1.0M NaOH(aq) at room 

temperature. NaOH(aq) dissolves the almunia quickly and individual nanowires can be recovered. 

After liberation, floating detached fragments on the surface were gathered into a 1:1 mixture of 

0.1M NaOH(aq) and MeOH, and sonicated for 10min. In order to minimize Ag nanowire exposure 

time to the surrounding air, immediately collected AgNWs were purified through filter paper 

(Whatman, with less than 1µm pore size), rinsed with MeOH, and then transferred to a beaker 

containing 100mL of MeOH. Details on the synthesis of the AgNWs can be found elsewhere [5].  

 

4.2.1.2. AgNW and MWCNT nanocomposites preparation 

 

The nanocomposites with different loadings of AgNWs were mixed through novel miscible 

solvent mixing and precipitation (MSMP) technique [4]. The essence of this technique is to mix 

different volumes of 3.3mg/ml AgNW/MeOH suspension with 20mg/ml PS (Styron® 615 APR, 

Americas Styrenics LLC)/methylene chloride solution. To reach the optimal distribution and 

dispersion of AgNWs in polymeric matrix each mixture was sonicated in an ultrasound bath for 

30min, and then stirred for 10min prior to mixing. Subsequently, the filtered suspension was placed 

in an evaporation dish for 16h in a fume hood to nearly totally eliminate remaining solvent. The 

obtained nanocomposite nuggets were further dried in a vacuum oven at 50˚C for 8hr, and then 

were filled into a rectangular cavity with the dimensions of 22.9×10.2×0.8mm, and molded at 

240°C and 38MPa for 15min in a carver compression molder (Wabash, WI). Aging of nanowire 

inside the nanocomposite happened at ambient pressure and temperature. Reported values was 

changing during summer in Calgary so average values here will be stated. The average values 
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during August to September period for temperature was 23°C, for humidity was 40% and finally 

atmospheric pressure was reported as 101 kPa.   

 

4.2.2. Materials characterization 

 

   The TEM analyses of the nanofillers and nanocomposites were carried out on a Tecnai TF20 G2 

FEG-TEM (FEI, Hillsboro, Oregon, USA) at 200kV acceleration voltage with a standard single-

tilt holder. The images were taken with a Gatan UltraScan 4000 CCD (Gatan, Pleasanton, 

California, USA) at 2048×2048 pixels. For the TEM analysis of the nanofillers, the droplets of 

AgNW and MWCNT suspensions were placed on a holey carbon-coated Cu TEM grid, and dried 

at room conditions. For the TEM analysis of the nanocomposites, the molded nanocomposites 

were ultramicrotomed to achieve 70nm thick sections.  

    Both the molded nanocomposites and powdery liberated AgNWs were analyzed by X-ray 

diffraction (XRD). The XRD analysis was performed using a Rigaku ULTIMA III X-ray 

diffractometer with Cu K-alpha radiation as the X-ray source. The scan was carried out in the range 

2θ=30–90 degrees using a 0.02 degree step and a counting time of 1 degree per minute at 40kV 

and 44mA to obtain the full diffractogram for the materials.  

The electrical conductivity measurements were carried out on the molded rectangular samples. 

All the samples’ surfaces were wiped with ethanol to remove impurities prior to the measurements. 

For nanocomposites with electrical conductivities more than 10-4 S∙cm-1, we carried out the 

measurements according to ASTM 257-75 using a Loresta GP resistivity meter (MCPT610 model, 

Mitsubishi Chemical Co., Japan). A standard four-pin probe was used to reduce the effect of 

contact resistance. For an electrical conductivity less than 10-4 S∙cm-1, a Keithley 6517A 

electrometer connected to Keithley 8009 test fixture (Keithley Instruments, USA) was used. 

The EMI shielding measurements were carried out over the X-band (8.2–12.4GHz) frequency 

range using an E5071C network analyzer (ENA series 300KHz – 20GHz). The samples under the 

test were squeezed between two flanges connecting the waveguides of the network analyzer. The 

network analyzer sent a signal down the waveguide incident to the sample, and then the scattering 

parameters (S-parameters) of each sample were recorded, and used to calculate SE. The dielectric 
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properties of the generated nanocomposites were also obtained via conversion of the 

measurements using Reflection/Transmission Mu and Epsilon Nicolson-Ross Model. 

4.3. Results and Discussion 

4.3.1. Morphology 

 

Morphology of AgNWs before and after processing (sonication and molding) were captured 

using TEM images. Evidently before sonication, bundles of AgNWs exist (see Figure 4-1(a)), 

demonstrating the ability of electrochemical process to produce long uniform, silver nanowires 

similar to copper nanowires previously made in our group. This observation has turned out to be 

crucial for validation of proposed process with reproducible result and a homogenous growth over 

entire domain for almost any type of metal. Initial measurements of the length and diameter of 

over 100 AgNWs demonstrates that pristine AgNWs had average diameter and length of 25 nm 

and 5.6±1.4  µm, respectively. Surprisingly (see Figure 4-1(b)), after minutes of sonication some 

of produced AgNWs remained aggregated in the PS matrix. The formation mechanism of the 

present irreversible aggregates of silver nanowires is complicated. Self-assembly of small metal 

particles even at room temperature to form larger regular structures or even patterns has attracted 

considerable attention in the past few years. Many mechanisms in the literature for adherence of 

metal particle have been proposed, including but not limited to, diffusion-limited aggregation 

(DLA) and reaction-limited aggregation (RLA). In both mechanisms, minor collisions result in the 

two particles adhering to each other. On the other hand two main driving forces responsible for 

adherence are large surface area and huge van der Waals forces between AgNWs which can 

adversely affect distribution and eventually the electrical properties. Gelves et al. [5] also showed 

after 30min sonication, scattered irreversible agglomerations still exist in polymer which was 

ascribed to permanent agglomeration of clean nanowires after liberation.  
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Figure 4-1: (a) TEM micrographs of (a) pristine AgNWs, (b) 1.5vol% AgNW/PS nanocomposite 

TEM images of AgNWs embedded in polymer matrix shows discontinuities along the 

nanowire. Surprisingly, during processing, originally long nanowire has been cut down to very 

small pseudo spherical particles (Figure 4-1(b)). Transformation of AgNWs during the process at 

high temperature can be associated to fragmentation phenomenon, which has been reported in the 

literature [6]. This observation is quite important due to the significant impact of the filler’s aspect 

ratio on the final electrical properties of CPCs. As shown in Figure 4-2, fragmentation impacted 

aspect ratio of the AgNWs. Discussion about fragmentation is in the previous chapter. 
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Figure 4-2: Fragmentation in AgNW/PS nanocomposites at two various magnifications. AgNWs were 

extracted from 2.5vol% AgNW/PS nanocomposites employing CH2Cl2 (a) high magnification (b) low 

magnification 

 

 

 

4.3.2. Effect of ageing (time) on electrical conductivity of AgNW/PS  

 

 Technically, polymers are insulating and need to be filled with conductive fillers to create 

lightweight, electrically conductive materials. The electrical conductivity 

of polymer nanocomposites is determined by type and concentration of conductive nanoparticles, 

as well as the dispersion, distribution, alignment, and aspect ratio of the nanoparticles. All of above 

parameters determine the final relative distance between nano inclusions which is critical for the 

electrical properties of these advanced materials. The electrical conductivity of CPCs increases 

nonlinearly beyond a concentration called the percolation threshold. At percolation, the first 

conductive path forms and transforms CPCs from insulating into conductive. Conduction via 

physical contact between nanofillers in combination with tunneling and hopping are the main 

mechanisms for the transfer of electrons in CPCs [7, 8].  

We tried to verify changes in surface chemistry via XRD method. The result for 2.5vol% sample 

before and after ageing is shown if Figure 4.3. 
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Figure 4-3: XRD pattern of AgNW/PS nanocomposites as a function of nanofiller loading, fresh (a) and 

oxidized (b). 
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As it can be clearly seen no traces of changes (i.e. peaks related to silver oxide or silver sulfide 

were absent) in XRD pattern of nanocomposites were visible. We have conjectured that at this 

level of surface oxidation, XRD is unable to detect silver oxide or silver sulfide tiny crystals. 

Considering the conductive nature of silver and semi-conductive nature of silver oxide, the absence 

of silver oxide will be further verified by high conductivity and shielding of AgNW/polymer 

nanocomposites. 

Figure 4-4 depicts the percolation curves of the AgNW/PS nanocomposites immediately after 

production and after 3 months. The results showed that regardless of ageing of nanocomposites, 

adding 2.5vol% conductive nanofiller into the PS matrix led to about 16 orders of magnitude 

enhancement in the electrical conductivity. 

Several factors could account for the relatively high percolation threshold in the AgNW/PS 

nanocomposites, namely (1) lower aspect ratio of AgNWs, (2) fragmentation phenomenon in 

AgNWs, and (3) inferior dispersion and distribution of AgNWs. It has been proven both 

theoretically and experimentally that fillers with higher aspect ratio (higher length and lower 

diameter) present lower percolation threshold [9]. AgNWs aspect ratio was significantly changed 

by the fragmentation phenomenon, where AgNWs transformed from cylindrical shapes to linear 

rows of nanospheres. Furthermore, inferior dispersion and distribution of AgNWs within the PS 

matrix, as corroborated by the TEM images, could be another reason for the high percolation 

threshold of the AgNW/PS nanocomposites.   

Figure 4-4 indicates that at high filler loadings the electrical resistivity of the AgNW/PS 

nanocomposites is lower than their oxidized nanocomposites counter-parts. For instance, at 

1.5vol%, the electrical resistivity of the AgNW/PS was almost eight orders of magnitude lower 

than oxidized AgNW/PS nanocomposites. Although electrical resistivity experienced a decrease 

at low volume fractions but at high volume fraction stayed relatively the same. This result was 

expected since conductivity of the sample does not require contribution of all individual AgNWs 

past a certain point which in our system is 2.5 vol %. 

At filler loadings far above the percolation threshold, due to the formation of a well-established 

conductive network, the conductivity of CPCs relies significantly on the innate conductivity of 

nanofillers [5]. This justifies the higher electrical conductivity seen for the AgNW/PS 

nanocomposites at high filler loadings. 
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Figure 4-4: Electrical resistivity of AgNW/PS nanocomposites as a function of nanofiller loading, fresh 

and oxidized. 

Figure 4-4 also depicts a huge difference between the maximum obtained electrical conductivity 

of the AgNW/PS nanocomposite and Ag bulk (19.2 versus 6.25×10+5S∙cm-1). This dissimilarity 

can be attributed to junction resistance and possibly the low diameter of AgNWs. Electrical 

measurements on individual metallic nanowires have shown that as their diameter decreases, their 

electrical properties deviate from bulk properties [10, 11]. This phenomenon is attributed to the 

presence of grain boundaries (defects) in the crystalline structure of nanowires, where electrons 

are scattered (either elastically or inelastically) when they try to go through a grain boundary. 

Nonetheless, the results of a study by Chen et al. [12] demonstrated that Ag nanowires retain the 

high conductivity of bulk silver for thicknesses down to ~ 15nm. Sun et al. [13] also measured the 

conductivity of their in-house synthesized silver nanowire (40nm diameter) by aligning them 

across two gold probe electrodes, and reported conductivity values close to bulk silver 

conductivity. Given that 25nm is the average diameter of our synthesized AgNWs, we are 

uncertain whether or not our synthesized AgNWs suffered from the grain boundary scattering 

effect. This issue is beyond the scope of the current study.  

4.3.3. Effect of changes in surface chemistry of AgNW/PS on EMI shielding 
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Attenuation is one of the principal indicators for measuring the effectiveness of electromagnetic 

interference shielding. An EM wave encompasses two components: electric field and magnetic 

field. These two fields are perpendicular to each other while the EM wave is propagating. The ratio 

of electric field to magnetic field of a propagating wave is an inherent property of a medium, and 

named as intrinsic impedance. This ratio is a very significant parameter that defines the level of 

shielding and prevailing shielding mechanisms in conductive shields. The intrinsic impedance of 

a medium is defined as follows [2]:  

𝜂 =  √
𝑗𝜔𝜇

𝜎 + 𝑗𝜔𝜖
 

(4-1) 

where  is intrinsic impedance, ω is angular frequency, µ is magnetic permeability, σ is electrical 

conductivity and ɛ is real permittivity. The permittivity and permeability of free space are equal to 

8.85×10-12F·m-1 and 4×10-7H·m-1, respectively. Given the low conductivity of free space, its 

intrinsic impedance is equal to 377; conductive shields present significantly lower intrinsic 

impedance [14, 15]. Shield impedance is minimized by using materials with high conductivity and 

low permeability; as an example steel has much less shielding ability than copper. 

Essentially, there are three mechanisms involved in the EMI shielding of CPCs, i.e. reflection, 

absorption and multiple-reflection. Reflection occurs due to impedance mismatch between two 

media. That is to say, a highly reflective shield must possess a low magnetic permeability, high 

electrical conductivity and/or high real permittivity. The portion of the EM wave that is not 

reflected infiltrates into conductive shields. As the impedance of a conductive shield is much lower 

than free space, a large portion of the infiltrated electric field is converted to the magnetic field. 

Thus, it is very important to attenuate both the electric and magnetic fields inside a shield. The 

attenuation of the EM wave inside a conductive shield is performed through absorption 

mechanism, which is composed of Ohmic loss and polarization loss (electric polarization and 

magnetic polarization loss). The Ohmic loss is due to the interaction of propagating EM wave with 

nomadic charges, is in phase with the EM wave, and is quantified by imaginary permittivity. The 

polarization loss arises from the energy required to reorient electric/magnetic dipoles in each half 

cycle of the alternating field [16]. The levels of the electric and magnetic polarizations are 

expressed by real permittivity and magnetic permeability, respectively. 
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Multiple-reflection is the third shielding mechanism in CPCs, which occurs due to the existence 

of huge interfacial area. Theoretically, the first reflection from the second interface of a shield is 

counted as a part of the reflection mechanism. According to this definition, multiple-reflection 

adversely impacts the overall EMI shielding due to its augmentation effect on the transmitted 

waves. It is believed that the multiple-reflection can be ignored if a CPC’s thickness is larger than 

its skin depth or if shielding by absorption is more than 10dB [2]. The skin depth of a conductive 

shield is defined as the depth inside the shield at which the power of the EM wave drops to 1/e of 

its incident value. Skin depth is proportional to the root mean square of electrical conductivity and 

magnetic permeability [14]. 

  Figure 4-5 compares the average EMI shielding (overall, reflection and absorption) of the 

generated nanocomposites as a function of nanofiller loading over the X-band frequency range. It 

should be noted that the effect of multiple-reflection is included within the reported values of 

shielding by reflection and absorption. It was seen that the AgNWs/PS nanocomposites showed a 

steady ascending trend of EMI SE with increasing conductive filler loading. Surprisingly it was 

also observed that the AgNW/PS nanocomposites were transparent to EM waves at low AgNW 

loadings, and incorporating AgNW up to about 1.0vol% into the AgNW/PS nanocomposites did 

not enhance the EMI SE (both the reflection and absorption). However, beyond 1.0vol%, the EMI 

SE of the AgNW/PS nanocomposites drastically increased. Same trend observed for EMI SE of 

the samples after 3 months. For instance, at 2.0 and 2.5vol%, the overall EMI SEs of the AgNW/PS 

nanocomposites were 22.70 and 31.85dB, respectively, which were slightly higher than those of 

their oxidized AgNW/PS counterparts. It was noted that EMI SE curve was shifted by 

approximately 0.5 wt% for the 3 month old sample.  

As it pointed out in previous chapter, EMI SE is related to the distribution of the filler inside 

the polymeric matrix. In fact the distribution of the nano filler determines the void space between 

filler bundles. The closer the packed array throughout polymeric matrix, like a conducting mesh 

of nanofiller [17], the better EMI SE efficacy. In our system, fairly good distribution of filler was 

achieved after sonication and this should have led to better EMI shielding values.  

The clues to deciphering the strange behavior of the AgNW/PS nanocomposites are in the 

percolation curves (Figure 4-4). According to the percolation curves, the percolation threshold of 

the fresh AgNW/PS and AgNW/PS after 3 months were both 1.20vol%, and beyond these 
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concentrations, the number of conductive networks increase. In the literature, it is believed that 

EMI shielding does not require filler connectivity; however it increases with filler connectivity 

[18]. This could justify the slight difference between the EMI shielding value of the AgNW/PS 

nanocomposites fresh and after 3 months period. Conductivity of the samples has changed due to 

slight changes in surface chemistry as result of migration of gases from ambient space. It is worth 

mentioning that conductivity of the sample has the same value for both nanocomposites fresh and 

after 3 months for 2.5 vol % of nanofiller. This result was expected since conductivity of the 

sample does not require contribution of all individual AgNWs past a certain point, which in our 

system is 2.5 vol %. As a result, changes in EMI SE, which has an indirect relationship with total 

nomadic charge in the system, can somehow be overshadowed by mere comparison of 

conductivity. Figure 4-4 denotes that shielding by both reflection and absorption are highly 

sensitive to the formation of the conductive network.  

 

(a) 

 

0

5

10

15

20

25

30

35

0.0 1.0 2.0 3.0

EM
I S

E 
(d

B
)

AgNW Vol%

AgNW/PS nano
composite-fresh

AgNW/PS nano
composite- 3 Months

0

2

4

6

8

10

12

14

0.0 1.0 2.0 3.0

Sh
ie

ld
in

g 
b

y 
R

ef
le

ct
io

n
 (

d
B

)

AgNW Vol%

AgNW/PS nano composite-
fresh
AgNW/PS nano composite-3
Months



  

67 
 

(b) 

 

(c) 

Figure 4-5: EMI SE ((a) overall, reflection (b) and absorption (c)) of fresh and aged AgNW/PS as a 

function of nanofiller loading. 

In order to validate this, we investigated the imaginary permittivity and real permittivity of the 

generated nanocomposites (Figure 4-6). It is worth mentioning that all the nanocomposites 

presented a non-magnetic behavior.  Imaginary permittivity signifies the amount of energy 

dissipated by nomadic charges inside a conductive shield, and is highly sensitive to conductive 

network formation. It is evident that the imaginary permittivity follows the same trend as EMI SE 

for the both types of nanocomposites. The imaginary permittivity of the AgNW/PS 

nanocomposites was close to zero below the percolation threshold, and then it increased 

pronouncedly above the percolation threshold. Drastic increase in the imaginary permittivity above 

the percolation threshold stems from the formation of extensive and numerous conductive 

networks, wherein electrons can find more mean-free-paths to go through in each half cycle of 

alternating field, and can dissipate more electrical energy.  

Figure 4-6 also shows that the imaginary permittivity of the fresh AgNW/PS nanocomposites 

at high loadings is much greater than AgNW/PS nanocomposites after 3 months. Several factors 

play a role in determining the imaginary permittivity including the innate conductivity of 

nanofiller, nanofillers’ available surface area and the level of conductive network formation. At 

low filler loadings, fresh AgNW/PS nanocomposites presented similar imaginary permittivity due 

to equality of enhancement of conductive network formation (See Figure 4-4) and available surface 
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area in both fresh and after 3 month nanocomposites. Nevertheless, at high filler contents, the 

innate conductivity of AgNW overcomes its oxidized counterparts, giving superior electrical 

properties. Moreover, the comparison of the electrical properties of fresh and oxidized AgNW/PS 

nanocomposites verifies the dominant role of the total nomadic charge in the system on EMI 

shielding and imaginary permittivity. 

Figure 4-6(b) compares the real permittivities of the generated nanocomposites, which present 

the same trend as the imaginary permittivity. It is can be seen that the real permittivity of the both 

nanocomposites shows an ascending trend with filler loading beyond percolation threshold. In 

general, several polarization mechanisms can occur in CPCs depending on the structure and 

frequency range, i.e. interfacial, dipolar, atomic and electronic polarization [19]. However, in the 

current study, due to the nonpolar nature of the PS matrix and high frequency range of the X-band, 

the electronic polarization of the PS matrix and polarization within the nanofillers are deemed to 

be the only probable mechanisms in play.  
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Figure 4-6: (a) Imaginary permittivity, and (b) real permittivity as a function of nanofiller loading. 

Electronic polarization in CPCs originates from the concept of nanocapacitors; nanofillers act 

as nanoelectrodes and the polymer material between them plays the role of nanodielectric [20, 21]. 

As conductive filler content approaches the percolation threshold, the thickness of nanodielectric 

decreases, thus the applied electric field within nanodielectric increases, which leads to enhanced 

electronic polarization. Hence, the enhancement in the real permittivity of the AgNW/PS 

nanocomposites above the percolation threshold arises from the formation of a large number of 

nanocapacitor structures. Although the oxidized AgNW/PS nanocomposites forms nanocapacitors 

at the same loadings, the total nomadic charges are decreased. As formation of nanocapacitors and 

the ability of these capacitors is directly related to the amount of charge carriers in the system, real 

permittvity also experienced a relative decrease due to oxidization of AgNWs. The capacitance of 

a capacitor is defined as following:  

𝐶 =
𝜀𝐴

𝑑
 

(4-2) 

Where ɛ is real permittivity, A is surface area and d is thickness of capacitors. Moreover, the 

capacitance has a direct relationship with the amount of charges stored on the surface of a 

capacitor. AgNWs, due to their high aspect ratio and conductive network formation ability, 

possessed large A and low d. However, higher innate electrical conductivity of fresh AgNWs over 
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oxidized AgNWs led to higher potential charges stored on the surface of nanocapacitors in the 

fresh AgNW/PS nanocomposites.  

The presence of defects in the crystalline structure of both AgNW/PS nanocomposites could 

result in dipolar polarization and further increase the real permittivity [22, 23].  

 

4.4. Conclusion 

 

Silver nanowires (AgNWs) were synthesized successfully by AC electrodeposition of Ag into 

porous aluminum oxide templates. AgNWs were embedded into polystyrene via the miscible 

solvent mixing and precipitation (MSMP) technique. In this study, due to amazing properties of 

silver nanowires compared to conventional fillers, silver nanowires were singled out for 

embedding in polymers. Unfortunately because of changes in surface chemistry, conductivity of 

individual AgNWs were reduced with time and therefore electrical properties were hugely 

affected. For AgNW/PS nanocomposite electrical conductivity experienced a decrease at low 

volume fractions, whereas at high volume fraction it stayed relatively the same. This result was 

expected since conductivity of the sample does not require contribution of all individual AgNWs 

past a certain point, which in our system was 2.5 vol %. Surprisingly it was also observed that the 

AgNW/PS nanocomposites were transparent to EM waves at low AgNW loadings, and 

incorporating AgNW up to about 1.0vol% into the AgNW/PS nanocomposites did not enhance the 

EMI SE (no enhancement for reflection and absorption). However, beyond 1.0vol%, the EMI SE 

of the AgNW/PS nanocomposites drastically increased. The same trend was observed for EMI SE 

of the samples aged for 3 months. For instance, at 2.0 and 2.5vol%, the overall EMI SEs of the 

AgNW/PS nanocomposites were 22.70 and 31.85dB, respectively, which were slightly higher than 

those of their aged and oxidized AgNW/PS counterparts. The clues to understand the strange 

behavior of the AgNW/PS nanocomposites were investigated in the percolation curves. According 

to the percolation curves, the percolation threshold of the newly made AgNW/PS and AgNW/PS 

after 3 months nanocomposites were both 1.20vol%, and beyond this concentration, the number 

of conductive networks increased. Although the oxidized AgNW/PS nanocomposites experienced 

nanocapacitor formation at the same loadings, at larger filler contents, total nomadic charges 

decreased. It is believed that EMI shielding does not require filler connectivity; however it 
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increases with filler connectivity. This belief was found based on the fact that EMI shielding 

efficacy is dependent on the total nomadic charge found in the system. As formation of 

nanocapacitors and the ability of these capacitors is directly related to the amount of charge carriers 

in the system, real permittvity also experienced a relative decrease due to oxidization of individual 

AgNWs.  
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Chapter 5: Broadband electrical properties of AgNWs/Ps nanocomposite 

 

 

 

Presentation of the study: This article can be divided into two general sections as followings 

  

 Interpretation of broadband behavior of AgNW/PS composites as functions of filler 

loading 

 Correlation of properties with microstructure  

 

This work also has been done with the help of Dr. Mohammad Arjmand who has assisted me 

in interpretation of results. 

In this study for dielectric measurements, the broadband dielectric spectroscopy of CPCs was 

performed with impedance / gain-phase analyzer (Solartron SI 1260) in the frequency range of 10-

1 – 10+6 Hz. Holding samples were carried out using 12962A sample holder with electrode diameter 

of 10 mm.  Before measurement commencement, electrode surface were painted with silver paste 

to minimize resistance between samples and sample holder electrodes. The impedance analyzer 

applied a voltage over a wide frequency range, and then measured in-phase and out-of phase 

currents. The obtained data were used to finally calculate impedance and dielectric properties.  

The impedance of nanocomposite were obtained via following equations: 

𝑍 =
𝑉

𝐼
 

                                                         (5-1) 

 

𝐼 = 𝐼𝑅 + 𝐼𝐶                                                           (5-2) 

 

𝑍 = 𝑍′ + 𝑖𝑍′′ 

 

                                                         (5-3) 

 

𝐼𝑅 = 𝜔𝐶0𝜀′𝑉 

 

                                                         (5-4) 
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𝐼𝐶 = 𝜔𝐶0𝜀′𝑉 

 

  (5-5) 

 

Where Z is impedance, 𝑉 = 𝑉0. 𝑒𝑖𝑤𝑡 is the AC voltage, 𝐶0 capacitance of free space, 𝜔 

frequency and IR and IC are resistive and capacitive currents, respectively. Substituting IR and IC 

from their respective relationships and then reorganizing them will lead to following final 

equations: 

 

𝜀′ =
1

𝜔𝐶0
[

−𝑧′′

(𝑧′2 + 𝑧′′2)
] 

 

                                                         (5-6) 

 

𝜀′′ =
1

𝜔𝐶0
[

−𝑧′

(𝑧′2 + 𝑧′′2)
] 

 

                                                         (5-7) 

 

𝐶0 = 𝜀0

𝑆

𝑑
 

 

                                                         (5-8) 

 

 

Where, 𝜀′ is real permittivity, 𝜀′′ is imaginary permittivity 𝜀0 the real permittivity of free space 

and S and d: the area and thickness of the sample, respectively. 

 

Abstract 

 

This study investigates the dielectric properties of silver nanowire (AgNWs)/polystyrene (PS) 

composites over a broadband frequency range, i.e., 101 to 106 Hz. The results showed that the real 

permittivity and imaginary permittivity increased tremendously with increased AgNWs 

concentration. For instance, at 100 Hz, the real permittivity and imaginary permittivity of the 

pristine PS was 2.5 and 0.04, respectively, which increased to 1.2×104 and 1.4 ×107 at 2 vol%, 

respectively. AC conductivity results demonstrated that AC conductivity is highly frequency-

dependent in volume fractions far below the percolation threshold. Both real and imaginary 

permittivity increase astronomically in the vicinity of the percolation threshold. The increase in 
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real permittivity was conjectured to be related to the formation of a huge number of nanocapacitors 

(AgNWs as nanoelectrodes and PS as nanodielectrics). For instance, in defective CNTs with 

defects, real permittivity increases dramatically. Watts et al. [1, 2] performed a systematic study 

on the effect of defects on electrical properties and reported dramatic increase in real permittivity 

with an increase in the number of defects. An increase in imaginary permittivity was also shown 

to be rooted in : (1) an increased number of total present nomadic charges in the system (2) a more 

advanced network of AgNWs (3) an increase in polarization loss. The descending trend of real 

permittivity and imaginary permittivity after the percolation threshold was attributed to failure in 

full reorientation of induced electrons, and an inability of the nomadic charges to fully make use 

of the conductive path, respectively.  

 

5.1 Introduction 

 

Polymers filled with novel inclusions with high dielectric permittivity have shown great potential 

to store electrical energy. Therefore there is the potential for them to be used in a wide range of 

high tech applications, such as radio wave communicating devices, robots moving organs, etc [3-

5]. Traditionally, manufacturers incorporated ceramic powders into the polymer matrix to increase 

their permittivity to large values [6]. However, their great permittivity came with loss of flexibility 

and poor mechanical strength due to the large amount of ceramic powder needed to fill the polymer 

matrix. An abrupt shift in using ceramic powder occurred when conductive nano-sized inclusions 

were discovered. Technically, adding nanosized inclusions impacts the dielectric properties more 

than conventional microsized inclusions, as they create a higher interfacial contact area between 

them and the polymer matrix.  

Strategically, researchers produced nanocomposites with high permittivity using conductive or 

semi-conductive nano-inclusion with a high aspect ratio. In these nanocomposites, nearing the 

percolation threshold would produce an abrupt increase in dielectric permittivity [7, 8], while 

problems associated with ceramic powders would not arise, as volume fraction in these new 

nanocomposites would be relatively low. Getting closer to the percolation threshold in these 

systems forces the nanoparticles to be separated only by a thin layer of polymer matrix, forming 

nanocapacitors (conductive nanoparticle as the nanoelectrode and polymer matrix as the 
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nanodielectric) [8, 9]. One should bear in mind that the high dielectric permittivity in CPCs is not 

due to the innate nature of the filler, but is due to the huge increase in interfacial polarization. 

However, nanoinclusions above the percolation threshold get connected physically and therefore 

lead to high dissipation factor.  

So far, many studies’ main focus have been on developing CPCs with low dissipation factors. The 

main focus has been on developing CPCs with low dissipation factors. For instance, some 

strategies have been developed to stop the direct contact between the conductive particles, such as 

wrapping an insulating thin layer around the nano inclusion [10, 11], intentionally oxidizing 

surfaces of metals [12, 13], and increasing the alignment of nanofiller  [14, 15]. For instance Liu 

et al have used copper oxide as a separating thin layer between copper and carbon to produce a 

coaxial single nanocapacitor [16]. In this study, we present a novel silver nanowire/polystyrene 

(AgNW/PS) nanocomposite with high dielectric permittivity and relatively low dissipation factor.  

5.2 AC conductivity 

 

The real part of the AC conductivity is directly related to the dielectric loss and occurs due to the 

flow of electrons within the dielectric material [13]. The imaginary part of AC conductivity 

accounts for charge polarized and are lined against each other in the dielectric materials, which is 

called dielectric dispersion. Dielectric dispersion in physics is defined as the dependence of the 

permittivity of a dielectric material on the frequency of an applied electric field. Because there is 

always a delay between application of field, charge migration and the final charge accumulation 

in certain zones, the resulting permittivity of the dielectric is a complex function of electric field 

frequency.  

Dielectric dispersion, on molecular structure of the filler, filler chemical integrity, surface-imposed 

charges, stemming from interfacial, dipolar and electronic polarization in CPCs, can be dependent 

polymer polar nature and final morphology of filler inside the matrix [17]. For instance, knitting a 

mesh with precise mesh size of nanoinclusion can effectively impact EMI shielding and dielectric 

properties of CPCs. Generally, when the frequency becomes really high: (1) dipolar polarization 

cannot cope with the pace of frequency change in the  microwave region, which is around 1010 Hz; 

(2) ionic polarization and molecular distortion polarization can no longer track the electric field 

past the infrared or far-infrared region, which is around 1013 Hz, ; and (3) electronic polarization 

http://en.wikipedia.org/wiki/Hertz
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cannot cope with the pace of frequency change in the ultraviolet region, around 1015 Hz [18]. In 

frequencies above ultraviolet, permittivity values approach the permittivity value of free space. 

Given the frequency range focused on in this study, i.e., 101 to 106 Hz, interfacial polarization 

played the main role in developing the dielectric properties of the AgNW/PS nanocomposites. 

Interfacial polarization, the local accumulation of charges inside the dielectric material, can easily 

take place in CPCs. Additionally, since they are made of materials with different conductivities or 

dielectric permittivities, it normally occurs due to a buildup of charges at the surface of phases 

with dissimilar conductivity of permittivities. As interfacial polarization requires charges to 

migrate from deep layers to the conflict zone, it usually takes a while. As it has to be done in longer 

periods of time compared to other simpler types of polarizations, it can usually be observed at 

much lower frequencies[8]. In other words, when the frequency gets really high, such as X-band 

regime, relating this type of polarization toward changes in dielectric properties is nonsensical. 

Fig. 5-1 presents the AC conductivity of the AgNW/PS nanocomposites.  

 

 

Figure 5-1: AC conductivity of the AgNW/ PS nanocomposites as a function of frequency 

As is obvious in Figure 5-1, the percolation threshold in our system has occurred somewhere 

between 1.0 vol% and 1.5 vol %. This result can be related to lower aspect ratio of AgNWs as 

result of fragmentation, which reduces the probability of AgNWs contacting each other, i.e., lower 

percolation threshold. AC conductivity, as can be seen, exhibits a relatively continuous increase 
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with addition of filler, which shows underlying microstructure evolution in the system. Also, 

relative increase can also be attributed to increase in polarization centers and consequent interfacial 

polarization. Unfilled polymer and nanocomposites with low filler volume fractions displayed AC 

conductivity is hugely dependent on frequency, indicating an insulating behavior. Also, at low 

volume fractions of filler, because of large distance between adjacent nanoparticles, low frequency 

part of AC conductivity is very low. However, as the filler content was increased, the AC 

conductivity became independent of frequency, indicating the formation of a connected conductive 

network. As frequency increases, the role of dielectric dispersion discussed earlier is heightened 

due to increased interfacial polarization; therefore, AC conductivity experiences an ascending 

trend. Evidently, at higher volume fractions, the AC conductivity of the AgNWs/PS 

nanocomposite was independent of frequency, showing the dominant role of Ohmic conduction 

and well-established conductive network formation.  

 

5.3 Mechanisms for charge polarization in AgNW/PS nanocomposites 

 

In general, charge polarization in AgNWs/polymer (nonpolar) composites originates from three 

sources, namely (1) interfacial polarization, (2) AgNWs polarization, and (3) electronic 

polarization of polymer. Electronic polarization is omnipresent, as all of the material in this 

universe contains atoms [19]. AgNWs polarization happens as a result of the presence of chemical 

impurities and defects on or within individual nanowires. Interfacial (Maxwell–Wagner–Sillars) 

polarization is usually observed in heterogeneous systems, with phases with different 

conductivities, such as AgNWs/polymer composites [32–34]. At the cross-section of two materials 

with dissimilar electrical properties, free charges that are mobile throughout either of the materials 

migrate to the interface and intensify the charge polarization. Interfacial polarization, as the 

mechanism behind it also fully implies, has a long relaxation time which makes it possible only at 

the very low frequencies. It should be noted that Maxwell–Wagner polarization model may not be 

valid in many cases for single-phase ceramics and single crystals; however, in multiphase 

composites, the Maxwell–Wagner polarization may dominate [20].  Although crystallographic 

defects in AgNWs weakens inclusion mechanically and deteriorates their outstanding electrical 

properties, they are polarized in a broad band frequency range. For instance, it was reported by 
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Watts et al that localized defects may not significantly alter electronic properties but they act as 

polarization centers, which display higher ε’ compared to defect-free CNTs [1].  

Similar evidence has been found for MWCNTs [14, 35]. 

These types of polarizations are referred to as the polarization within AgNWs, as they are 

particularly effective at higher frequencies. In another example, a crystallographic defect in the 

armchair-type CNT (conductive type) can cause the surrounding carbonic regions to act as a 

semiconducting material. Consequently, at the molecular level there might be two neighboring 

domains with different levels of conductivity that can interact and induce charge polarization on 

the molecular scale. Generally, properties of materials with defects such as chemical reactivity, 

mechanical strength, optical absorption, and electronic transport all vary with defect concentration. 

Last but not least, electronic polarization of matrix can also contribute to total polarization in 

AgNW/polymer composites. The electric field between adjacent nanoparticles goes toward infinity 

as they approach each other very closely [36, 37]. Buildup of a massive electric field will hugely 

polarize the polymer chains and, as a result, total permittivity increases at high frequencies [19]. 

For instance, Arjmand and Sundararaj [21] proved through experiments that BaTiO3 can act as an 

insulative layer between MWCNTs and decrease the dielectric permittivity and loss in the 

nanocomposite. 

Arjmand and Sundararaj [22] claimed in their paper that contribution to real permittivity from 

three mentioned mechanisms has the following order. At interfacial polarization sites, the charges 

are often separated over a larger distance (compared to the atomic and molecular sizes), and the 

contribution to dielectric loss can therefore be orders of magnitude larger than the dielectric 

response due to molecular fluctuations. They also explained that, with increase in frequency, the 

slow mechanisms will fail, and faster ones will contribute to total real permittivity. 

 

5.4 The Broadband Behavior of Real Permittivity 

 

Figure 5-2 demonstrates the real permittivity of the composites with different AgNWs loading 

levels over the broadband frequency range. The results showed that the real permittivity and 

imaginary permittivity increased astronomically with increased AgNWs concentration. For 

instance, at 100 Hz, the real permittivity and imaginary permittivity of the pristine PS was 2.5 and 
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0.04, respectively, which increased to 1.2×104 and 1.4 ×107 at 2 vol%, respectively. After the 

addition of a small amount of AgNWs to the PS matrix, initial nanostructures were formed, which 

led to an increase in real permittivity compared to unfilled PS. Additionally, charge polarization 

within AgNWs themselves also contributed hugely to very high real permittivity at higher AgNWs 

loadings. Interestingly enough, when volume fraction went above the percolation threshold, an 

abrupt growth in the real permittivity was observed. Arjmand and Sundararaj [22] also observed a 

similar trend in their MWCNT/PVDF nanocomposite. This interesting behavior can be attributed 

to the formation of the large number of nanocapacitors.  To explain this behavior fully, the concept 

of nanoelectrodes at volume fractions close to the percolation threshold should be described. As 

volume fraction nears the percolation threshold, there will be an increase in the number of 

nanoelectrodes, as well as a decrease thickness of the insulative gap between nanoelectrodes. 

These two effects intertwine and manifest as a huge increase in real permittivity.  After the 

percolation threshold, despite completion of a conductive network of AgNWs, the real permittivity 

kept on increasing as a result of the remaining AgNWs still wrapped with polymer chain 

molecules. Poorer network formation generally aids in better charge preservation as it also means 

a shorter mean free path for electrons in each half cycle of AC field.  

Based on Fig. 5-2 it can be claimed that real permittivity stays relatively the same despite changes 

in frequency for volume fractions below the percolation threshold, while it can be varied within 

the conductive domain. For instance, the real permittivity of insulative nanocomposites was 

frequency independent; however, at higher volume fractions, the real permittivity demonstrated a 

descending trend in the low frequency range, then was constant, and finally showed another 

descending trend. 

Generally, at a low filler content, the number of nanocapacitors is limited so real permittivity, 

which is hugely dependent on these structures, stays relatively the same. However, at high filler 

loadings, the abundance of nanostructure formation increases the probability of charge 

preservation and, therefore, real permittivity increases. 
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Figure 5-2: Real permittivity of the AgNW/ PS nanocomposites as a function of frequency 

 

5.5 The Broadband Behavior of Imaginary Permittivity 

 

The larger the imaginary permittivity, the more energy is being lost through electrons and atomic 

motion, and less energy is available to propagate past the induced dipoles. CPCs designed for 

charge storage application need to show a low imaginary permittivity. Ohmic loss is directly 

related to the amount of mobile charge carriers, and polarization loss is also related to the number 

of nanocapacitors. Polarization loss comes from changes in orientation of induced electric dipoles 

in an AC field. As shown in Fig. 5-3, the imaginary permittivity was at its lowest where 

concentration was not large enough to reach the percolation threshold; however, as the 

concentration approached the percolation threshold, imaginary permittivity also increased. 

Increasing the AgNWs content in a polymeric matrix increases the total nomadic charges inside 

the system and also makes the network of AgNWs more advanced. More advanced networks 

contribute to higher imaginary permittivity, as it provides a longer mean free path for electrons to 

travel, and consequently wastes higher amount of energy [2]. Moreover, defects and the points 

with greater resistance, such as contact points between nanowires, dissipate more energy as 

electrons try to pass these obstacles.  
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Polarization loss that comes from interfacial polarization is dependent on filler content, as the 

generated electric field gets stronger as fillers near each other, particularly at the percolation 

threshold. It is worth mentioning that imaginary permittivity at concentrations above the 

percolation threshold has a strong dependency on frequency. The descending trend can be 

explained based on the mechanism behind imaginary permittivity in a CPC. As the frequency 

increases, nomadic charges have less time to go from one end of the conductive path to the other; 

ergo, they dissipate less energy during each half cycle of the AC field. Polarization loss is also 

affected, as some of the polarized electrons fail to fully reorient themselves at high frequencies.  

 

Figure 5-3: Imaginary permittivity of the AgNW/ PS nanocomposites as a function of frequency 

 

The combined effect of dielectric permittivity and dielectric loss can be sought in a term named 

dissipation factor, which is of great importance in assessing the overall potential of a CPC. The 

dissipation factor is simply ratio of imaginary permittivity over real permittivity. Electrical energy 

is dissipated in all dielectric materials, usually in form of heat. The amount of heat generated inside 

the nanocomposite becomes important as excessive heat generation can sabotage the function of 

the nanocomposite. As a rule of thumb, in industry the lower dissipation factors a CPC has, the 

better charge storage ability it can offer. Although the dissipation factor that our generated system 

offers doesn’t show outstanding results, it is comparable to the results usually obtained from 

MWCNTs. For instance, in a study by da Silva et al. [13], trends and values reported for 
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MWCNT/PVDF system is comparable to our AgNWs/PS system. In another study, Arjmand et al 

[23] investigated the effect of foaming on the percolation threshold and reported that foaming 

broadens the insulator-conductor transition span; ergo, reducing the dissipation factor of the 

MWCNT/PS nanocomposites. Generally, in poorer conductive networks, electrons have less mean 

free path to move in each half cycle of the AC field and thus less electrical energy will be wasted.  

 

Figure 5-4: Dissipation factor of the AgNW/ PS nanocomposites as a function of frequency 

 

5.6 Conclusion 

 

Preparation of AgNW/PS nanocomposite through the MSMP method was carried out, and the 

resulting nanocomposite exhibits outstanding electrical results. AC conductivities results 

demonstrated that AC conductivity is highly frequency-dependent for volume fractions far below 

the percolation threshold.  Both real and imaginary permittivity increases dramatically in the 

vicinity of the percolation threshold. The increase in real permittivity was conjectured to be related 

to the formation of a huge number of nanocapacitors (AgNWs as nanoelectrodes and PS as 

nanodielectrics). For instance, in CNTs with many defects, real permittivity increases dramatically. 

Watts et al. [1] performed a systematic study on the effect of defects on electrical properties and 
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reported a dramatic increase in real permittivity with an increase in the number of defects. An 

increase in imaginary permittivity was also shown to be rooted in (1) an increased number of total 

present nomadic charges in the system, (2) a more advanced network of AgNWs and (3) an 

increase in polarization loss. The descending trend of real permittivity, and imaginary permittivity, 

after the percolation threshold was attributed to failure in full reorientation of induced electrons 

and an inability of the nomadic charges to fully make use of the conductive path, respectively. 
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Chapter 6: CONCLUSIONS AND FUTURE WORK  

 

Silver nanowires, due to their unique properties, are poised to replace traditional nanoinclusions 

such as metals and ITO in both electrical and optical devices. It was shown experimentally in our 

study that AgNWs can offer better electrical properties compared to commercial CNTs. Therefore, 

related devices currently being employed in military and other applications can be replaced 

effectively using novel made AgNWs/polymer nanocomposite. Interestingly enough, AgNWs also 

have several other advantageous characteristics, including low sheet resistance and high optical 

transparency. An excellent example of ongoing research on AgNWs, attempts to find a 

replacement for ITO in optical devices can be mentioned. ITO is still the most applicable material 

for transparent electrodes; however, there is a demand for manufacturing a new generation of 

transparent electrode materials which can outperform ITO in terms of cost and ductility [1]. In 

other words, endeavors are being aimed at manufacturing devices with sufficient flexibility. Long 

AgNWs, with their high electrical conductivity, seem to be a huge step toward realization of this 

dream. Although many studies reported promising success stories regarding AgNWs, the need for 

some improvement is present.  

The aim of this study was to synthesize silver nanowire and utilize it in CPCs through the 

Miscible Solution Mixing and Precipitation (MSMP) method, and to assess electrical conductivity 

and EMI shielding of compression molded composites. In our study, comprehensive 

characterization techniques like scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) were carried out to track the morphological and structural variations of Ag 

nanowires. Results demonstrated that AgNWs with an average diameter of 25 nm and an average 

length of 2.5 µm were synthesized successfully via AC electrodeposition into a porous aluminum 

oxide (PAO) template. Observed synthesized AgNWs underline that, using our proposed 

manufacturing method, AgNWs with manageable final morphology and uniform size can be 

prepared readily and rapidly.  

A comparative study of AgNW/PS and CNT/PS composites was carried out using identical 

processing conditions, and EMI shielding properties were measured and compared. XRD showed 

silver FCC crystal structure peaks, but no trace of crystalline silver oxide or silver sulfide before 
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or after processing were visible. The absence of silver oxide peaks was related to the natural 

resistance of silver towards oxidation. Peaks related to silver sulfide were also not observed, as 

AgNWs exposure time to sulfur components in the air was minimal.  

TEM analysis verified successful synthesis of AgNWs with an average diameter and length of 

25nm and 5.6±1.4 µm, respectively. TEM images also revealed that an AgNW at high temperature 

transformed into a chain of nanospheres by fragmentation phenomenon. Crystalline phase 

transition might be the main driving force for the fragmentation, but other factors such as corrosion 

with sulfur gases in the air might also come into play to break up the nanowires. The latter was 

ruled out since no noticeable peak related to corrosion was observed in XRD patterns. Moreover, 

TEM images demonstrated that fragmentation was at its early stages and a good level of 

distribution, and dispersion was achieved by sonication.  

Electrical resistivity measurements indicate that the percolation thresholds, obtained from the 

percolation theory, for the MWCNT/PS nanocomposites was 0.04vol%, while the AgNW/PS 

nanocomposites presented a percolation threshold noticeably higher, equal to 1.2vol%. Several 

factors could explain the higher percolation threshold in the AgNW/PS nanocomposites, namely 

(1) a lower aspect ratio of AgNWs, (2) the fragmentation phenomenon in AgNWs, and (3) inferior 

dispersion and distribution of AgNWs. EMI SE, like electrical conductivity, reduced due to 

adverse effect of fragmentation in delaying the network formation. Despite negative effect of 

fragmentation on EMI shielding, EMI SE of AgNW/PS were 31.84 dB, ~10 dB higher than 

MWCNT/PS at 2.5vol % loading. It seems that at high filler loadings, where a conductive network 

was well established for both types of nanocomposites, a higher innate conductivity of AgNWs 

played a dominant role.  

The imaginary permittivity of the AgNW/PS nanocomposites at high loadings is much greater 

than MWCNT/PS nanocomposites. At low filler loading, the MWCNT/PS nanocomposites 

presented a higher imaginary permittivity due to an enhanced conductive network formation and 

larger available surface area, but at high filler contents, the innate conductivity of AgNW 

dominated over the effect of the lower aspect ratio. Real permittivity experienced the trend as 

imaginary permittivity. There is an ascending trend for real permittivity of MWCNT/PS 

nanocomposites from any low concentrations, while there is a jump in real permittivity of 

AgNW/PS nanocomposites at 1.2 vol %. The enhancement in the real permittivity of the 
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AgNW/PS nanocomposites above the percolation threshold originates from the formation of a 

great number of nanocapacitors, i.e. starting at 0.04vol% for MWCNT/PS nanocomposites and 

1.2vol % for AgNW/PS nanocomposites. Additionally, defects in the crystalline structure of both 

MWCNT and AgNW could result in dipolar polarization and further enhancement of the real 

permittivity. 

 

6.1 Future Work  

 

1. The synthesis process caused some irreversible agglomeration, as was discovered in 

different silver nanowire/polymer composites. Even allowing sufficient sonication time did 

not resolve the issue, as scattered bundles of silver nanowire were visible infrequently 

throughout the TEM images. Prolonging the sonication deteriorated properties of the 

nanocomposite, as it further lowered the original high aspect ratio of silver nanowires. 

Thus, chemical modifications should be carried out at or during the liberation phase to 

minimize initial agglomerations. AgNWs oxidation overtime was another issue that  should 

be addressed since it directly affects good electrical properties of AgNWs. Myriad methods 

could tested, including but not limited to (1) adding anti-oxidants into the non-solvent 

where the AgNWs are dispersed (2) performing production and molding of AgNWs made 

CPCs inside an inert medium (3) artificially increasing AgNWs stability. For instance, 

Ramasamy et al. coated AgNWs with TiO2. Although TiO2 increased the thermal stability 

of AgNWs, because of the low conductivity of TiO2 overall, conductivity was hugely 

negatively affected. In another study, Ahn et al. utilized graphene oxide to increase 

resistance of AgNWs against diffusing gas molecules. Although theoretically, the selected 

approach seemed promising, experimental results were not ideal. Coated graphene oxide 

only slowed the increase rate of sheet resistance of AgNWs electrodes when exposed to 

harsh conditions.  

Due to the mentioned problems, it is suggested that future work on AgNWs/polymer 

nanocomposites revolve around solving these problems. All in all, novel aspects such as 

coating, electrode sheet resistance, and nanowire diameter need to be studied carefully 
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before reaping benefits of AgNWs electrodes, as their properties deteriorate over time and 

under certain harsh conditions.  

2. Another interesting future work is to mix nickel nanowires with silver nanowires. The 

dependence of shielding effectiveness on magnetic permeability and conductivity 

demonstrates that better absorption values can be obtained for materials with higher 

conductivity and magnetization. Therefore, it can be concluded that the incorporation of 

magnetic and dielectric fillers in the polymer matrix lead to better absorbing material, 

which makes them futuristic novel EMI shielding materials. For instance, nickel filaments 

of a diameter of 0.4 µm, made by electroplating 0.1 µm diameter nickel upon carbon 

filaments, have been shown to be extremely effective materials for EMI shielding [2-4]. A 

shielding effectiveness of 87 dB at 1 GHz has been attained in a polymer-matrix composite 

containing just 0.7 vol. % nickel filaments. Nickel is more beneficial in the long run than 

copper, due to its superior oxidation resistance. The oxide film demonstrates lower 

conductivities than pure metal and increases the overall resistance in the system. Last but 

not least, mixing a magnetic nanofiller like nickel with a highly electrically conductive 

nanofiller like AgNWs will produce highly efficient shields.  

 

3. Another useful project would be to compare the EMI shielding and dielectric properties of 

CPCs containing MWCNTs and CuNWs over the X-band. This investigation can further 

validate information obtained in our current study regarding the mechanisms behind the 

relationship between intrinsic conductivity of filler and EMI shielding for high-frequency 

applications. 

 

 

4. Probing the level of changes in AgNW surface chemistry (in terms of sulfurization and 

oxidation) on the electrical properties of AgNW/polymer composites. 

 

 

 

5. Studying the effects of foaming on dielectric properties and its impact on delaying the 

conductive network formation [17] is another worthy endeavor. Foaming, like alignment, 
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is a novel way to improve dielectric properties and widens the typically narrow 

concentration window used to manipulate the dielectric properties 

 

 

6. We can also utilize traditional yet effective methods of processing such as injection to take 

advantage of the influence of changes in surface chemistry of AgNWs together with AgNW 

alignment on the dielectric properties. 

 

7. We should investigate the rheological properties of AgNWs before and after fragmentation. 

This will provide more information on the effects of AgNWs fragmentation on viscosity 

and shear rate, which can be an important factor of aspect ratio loss and developed 

morphology in fragmented samples. Studying this novel way of assessing fragmentation 

status is important due to its significant impact on AgNWs aspect ratio and subsequently 

on electrical properties. (MWCNT aspect ratio is decreased by more severe processing.) 

 

8. Measurements using atomic force microscopy (AFM) should be done on individual 

AgNWs. This process can be highly beneficial in determining the effect of surface 

chemistry changes in individual wires. For instance, changing and probing surface 

chemistry along with measurement of conductivity would hugely revolutionize 

understanding of AgNW-conductivity correlations. 
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