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Abstract 

 

Novel Functional Polymeric Nanomaterials for  

Energy Harvesting Applications 

Yeonsik Choi 

 

Polymer-based piezoelectric and triboelectric generators form the basis of well-known 

energy harvesting methods that are capable of transforming ambient vibrational energy into 

electrical energy via electrical polarization changes in a material and contact electrification, 

respectively. However, the low energy conversion efficiency and limited thermal stability of 

polymeric materials hinder practical application. While nanostructured polymers and polymer-

based nanocomposites have been widely studied to overcome these limitations, the performance 

improvement has not been satisfactory due to limitations pertaining to long-standing problems 

associated with polymeric materials; such as low crystallinity of nanostructured polymers, and in 

the case of nanocomposites, poor dispersion and distribution of nanoparticles in the polymer 

matrix. In this thesis, novel functional polymeric nanomaterials, for stable and physically robust 

energy harvesting applications, are proposed by developing advanced nanofabrication methods. 

The focus is on ferroelectric polymeric nanomaterials, as this class of materials is particularly 

well-suited for both piezoelectric and triboelectric energy harvesting. 

The thesis is broadly divided into two parts. The first part focuses on Nylon-11 nanowires 

grown by a template-wetting method. Nylon-11 was chosen due to its reasonably good 

ferroelectric properties and high thermal stability, relative to more commonly studied ferroelectric 

polymers such as polyvinylidene fluoride (PVDF) and polyvinylidene fluoride-trifluoroethylene 

(P(VDF-TrFE)). However, limitations in thin-film fabrication of Nylon-11 have led to poor 

control over crystallinity, and thus investigation of this material for practical applications had 

been mostly discontinued, and its energy harvesting potential never fully realised. The work in 

this thesis shows that these problems can be overcome by adopting nanoporous template-wetting 

as a versatile tool to grow Nylon-11 nanowires with controlled crystallinity. Since the template-

https://en.wikipedia.org/wiki/Polyvinylidene_fluoride
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grown Nylon-11 nanowires exhibit a polarisation without any additional electrical poling process 

by exploiting the nanoconfinement effect, they have been directly incorporated into nano-

piezoelectric generators, exhibiting high temperature stability and excellent fatigue performance. 

To further enhance the energy harvesting capability of Nylon-11 nanowires, a gas -flow assisted 

nano-template (GANT) infiltration method has been developed, whereby rapid crystallisation 

induced by gas-flow leads to the formation of the ferroelectric δʹ-phase. The well-defined 

crystallisation conditions resulting from the GANT method not only lead to self-polarization but 

also increases average crystallinity from 29 % to 38 %. δʹ-phase Nylon-11 nanowires introduced 

into a prototype triboelectric generator are shown to give rise to a six-fold increase in output 

power density as observed relative to the δʹ-phase film-based device. Interestingly, based on the 

accumulated understanding of the template-wetting method, Nylon-11, and energy harvesting 

devices, it was found that thermodynamically stable α-phase Nylon-11 nanowires are most 

suitable for triboelectric energy generators, but not piezoelectric generators. Notably, definitive 

dipole alignment of α-phase nanowires is shown to have been achieved for the first time via a 

novel thermally assisted nano-template infiltration (TANI) method, resulting in exceptionally 

strong and thermally stable spontaneous polarization, as confirmed by molecular structure 

simulations. The output power density of a triboelectric generator based on α-phase nanowires is 

shown to be enhanced by 328 % compared to a δʹ-phase nanowire-based device under the same 

mechanical excitation.  

The second part of the thesis presents recent progress on polymer-based multi-layered 

nanocomposites for energy harvesting applications. To solve the existing issues related to poor 

dispersion and distribution of nanoparticles in the polymer matrix, a dual aerosol-jet printing 

method has been developed and applied. As a result, outstanding dispersion and distribution. 

Furthermore, this method allows precise control of the various physical properties of interest, 

including the dielectric permittivity. The resulting nanocomposite contributes to an overall 

enhancement of the device capacitance, which also leads to high-performance triboelectric 

generators.  

This thesis therefore presents advances in novel functional polymeric nanomaterials for 

energy harvesting applications, with improved performance and thermal stability. It further offers 

insight regarding the long-standing issues in the field of Nylon-11, template-wetting, and 

polymer-based nanocomposites.  
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Chapter 1 

 

1 Introduction 

 

The rapidly growing demand for energy solutions for portable and wearable electronic 

devices and wireless sensor applications has prompted great interest towards environment-

friendly energy harvesting devices. Among various alternative energy sources, scavenging 

mechanical energy from vibrations and frictional motion has attracted worldwide attention 

as these are easily available from ambient sources, regardless of time and environmental 

condition. Piezoelectric and triboelectric generators are well-known energy harvesting 

methods which are able to transform such vibrational and friction energy into electrical 

energy, using electrical polarization in a material and contact electrification, respectively.  

In order to realise piezoelectric and triboelectric generators, materials selection is 

crucial since materials determine not only the performance of the device but also the range 

of application. In the field of piezoelectric generators, research has been focused on 

inorganic materials due to their high energy conversion efficiency. However, as a result of 

harsh processing conditions, toxicity, and increasing needs for mechanical flexibility, 

polymeric materials with piezoelectric properties have been proposed as substitutes. 

Furthermore, in the case of triboelectric generators, common polymers show better device 

performance than inorganic materials. However, in general, the low energy conversion 
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efficiency and thermal stability of polymer-based energy harvesting devices are still 

insufficient for introduction into practical applications.  

Possible approaches to enhance the requisite properties of polymeric materials are 

through nanoconfinement and also by considering polymer-based nanocomposites. 

Nanoconfinement methods, such as nanoporous template-wetting, serve to enhance 

molecular ordering in nanostructures, hence it has been widely investigated as a means to 

improve the piezoelectric performance of polymers. The formation of polymer 

nanocomposites, in which functional and high-performance nanoparticles embedded within 

a polymer matrix, also allows for tuning of dielectric properties, which are required for 

triboelectric performance. However, the performance improvement to date has not been 

satisfactory due to limitations pertaining to long-standing problems associated with 

polymeric materials, such as low crystallinity of nanostructured polymers, and in the case 

of nanocomposites, poor dispersion and distribution of nanoparticles in the polymer matrix.  

In this thesis, to overcome such limitations, novel functional polymeric nanomaterials 

with stable and robust energy harvesting performance are proposed by developing 

advanced nano-fabrication techniques. We showcase the literature regarding vibration-

based energy harvesting mechanisms, possible energy harvesting materials, and nano-

fabrication techniques. Based on the issue therein, solutions for high-performance energy 

harvesting devices are then suggested with detailed fabrication and characterization 

methods. The experimental results and discussions sections are broadly divided into the 

following parts: (i) growth of Nylon-11 nanowires by the template-wetting method; and (ii) 

dual aerosol-jet printed multi-layered nanocomposites. The conclusions of this thesis and 

possible future work are summarised at the end.   

 

Category Part Chapter 

Literature review - Energy harvesting mechanisms  2.1, 2.2 

- Energy harvesting materials 2.3 ~ 2.5 

- Nano-fabrication techniques 2.6 

Methods Fabrication and characterization 3 

Results and discussions 

 

- Growth of Nylon-11 nanowires by 

   template-wetting method 

4 ~ 7 

- Aerosol-jet printed multi-layered 

   nanocomposite 

8 

Conclusions  Conclusions and future work 9 
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 Issues and motivations 

The material-related issues in the field of piezoelectric and triboelectric energy 

harvesting devices can be summarised as follows:  

1. Development of thermally stable piezoelectric polymers.   

2. Developing tribo-positive (i.e. charge donating) materials. 

3. Investigating materials with high-intensity spontaneous polarization.  

4. Solving the issue of high-voltage poling process for spontaneous polarization. 

5. Developing polymer-based nanocomposites. 

6. Investigating the multi-layered structure for triboelectric devices. 

 

1) Nylon-11 nanowires fabricated by template-wetting method 

Nylon-11 can circumvent issue No. 1 ~ 3 because, as an exceptional synthetic 

material among tribo-positive materials, Nylon-11 has much higher thermal stability and 

compatible ferroelectric properties compared to polyvinylidene fluoride (PVDF) and 

polyvinylidene fluoride-trifluoroethylene (P(VDF-TrFE)). Furthermore, template-wetting 

method enables self-polarization of ferroelectric Nylon-11 via preferential crystal 

orientation without high-voltage poling process (issue No. 4). However, the harsh 

processing conditions and metastable property of ferroelectric Nylon-11 are long-standing 

problems. Furthermore, conventional template-wetting method also has serious issues 

regarding low crystallinity of resulting nanowires and limited available crystal structures. 

Above all, alternative synthesis methods for Nylon-11 nanowires have rarely been 

attempted, and the understanding of their piezoelectric and triboelectric properties of 

Nylon-11 nanowires has been yet to be reported. 

Therefore, this thesis aims to develop Nylon-11 nanowires for piezoelectric and 

triboelectric energy harvesting applications (Chapter 4 ~ 7). It demonstrates the 

conventional template-wetting method as a versatile tool to grow Nylon-11 nanowires and 

suggests two different novel and scalable nano-template infiltration methods for Nylon-11 

nanowires with enhanced crystallinity and control of the crystal phase. This also provides 

various characterization routes to measure their properties at bulk and single nanowire scale. 
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Detailed Nylon-11 crystallisation mechanisms in the nanostructure are also studied and 

resulting nanowires are compared, where the aim is to show that suggested method can be 

generalized and applied to other materials. Piezoelectric and triboelectric energy harvesting 

capabilities of the developing Nylon-11 nanowires are provided in order to show how the 

molecular scale nanoconfinement effect influence the bulk scale energy applications.    

 

2) Dual aerosol-jet printed polymer nanocomposite 

Although the polymer-based nanocomposite (issue No. 5) and multi-layered 

structure (issue No. 6) have been suggested to improve the performance of triboelectric 

energy harvesting devices,  poor dispersion and distribution of nanomaterials in polymer 

matrix and limited variety of available polymers are still challenges that need to be 

overcome.  

In this thesis, aerosol-jet printing is suggested for multi-layered polymer-based 

nanocomposites (Chapter 8). It demonstrates the optimum processing conditions for novel 

non-mixable dual printing technique and the corresponding image analysis for evaluating 

the degree of nanoparticle dispersion. It also provides dielectric property measurements of 

the resulting nanocomposites in order to display the design capability of this technique. To 

show the possibility of aerosol-jet printed multi-layered nanocomposite, preliminary 

research for triboelectric energy harvesting application is provided.    

 

 Thesis outline 

In this thesis, novel functional polymeric nanomaterials, for stable and robust energy 

harvesting performance, are proposed by developing advanced nanofabrication methods. 

In Chapter 2, the background and context of energy harvesting mechanisms, energy 

harvesting materials, and nano-fabrication techniques are provided. In Chapter 3, the 

methodology for functional polymeric nanomaterials’ fabrication and property 

characterization techniques are clearly presented so that all the results should be 

reproducible. In Chapter 4, the method to grow Nylon-11 nanowires by template-wetting 

is described. Since the resulting Nylon-11 nanowires exhibit a polarisation without 
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additional electrical poling process by exploiting the nanoconfinement effect of the 

template-wetting process, they have been directly incorporated into nano-piezoelectric 

generators successfully, exhibiting high temperature stability and excellent fatigue 

performance. In Chapter 5, to further enhance the energy harvesting capability of Nylon-

11 nanowires, a gas-flow assisted nano-template (GANT) infiltration method is proposed. 

The well-defined fast crystallisation conditions resulting from the GANT method not only 

leads to self-polarization of the ferroelectric δʹ-phase but also increases average 

crystallinity. δʹ-phase Nylon-11 nanowires introduced into a prototype triboelectric 

generator are shown to give rise to a six-fold increase in output power density as observed 

relative to the δʹ-phase film-based device. In Chapter 6, thermodynamically stable α-phase 

Nylon-11 nanowires are presented. Notably, definitive dipole alignment of α-phase 

nanowires is shown to have been achieved for the first time via a novel thermally assisted 

nano-template infiltration (TANI) method, resulting in exceptionally strong and thermally 

stable spontaneous polarization, as confirmed by molecular structure simulations. The 

output power density of a triboelectric generator based on α-phase nanowires is shown to 

be enhanced by 328 % compared to a δʹ-phase nanowire-based device under the same 

mechanical excitation. In Chapter 7, the crystallisation mechanism of three different 

template-wetting methods; conventional template wetting, GANT and TANI methods, is 

investigated in more detail. Additionally, the resulting nanowires’ crystal structures and 

characteristics are compiled. In Chapter 8, multi-layered nanocomposites are fabricated via 

a modified aerosol-jet printing method. Due to the novel aerosol-based printing technique, 

outstanding dispersion and distribution of the nanoparticles in the polymer matrix has been 

achieved. The resulting nanocomposite contributes to the enhancement of the device 

capacitance, which also leads to high-performance triboelectric generators. The concluding 

remarks and on-going projects are presented in the final chapter. 
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Chapter 2 

 

2 Background and Theory 

 

In this chapter, we explain in more detail the backdrop against which this research is 

undertaken. This chapter consists of three parts: energy harvesting mechanisms, energy 

harvesting materials, and nano-fabrication techniques as follows:  

 
Part Chapter and content 

A. Energy harvesting mechanisms 2.1 Piezoelectric energy harvesting 

2.2 Triboelectric energy harvesting 

B. Energy harvesting materials 2.3 PVDF and its copolymers 

2.4 Nylon-11 

2.5 Polymer-based nanocomposite 

C. Nano-fabrication techniques 2.6 Template-wetting 

 

 

The fundamental mechanisms and context of piezoelectric and triboelectric 

generators are addressed. As an energy harvesting material, ferroelectric polymers, 

including PVDF with its copolymers and Nylon-11, and polymer-based nanocomposite are 

introduced. Lastly, the operating principle of nano-fabrication technique, such as template-

wetting, is provided. Some of the work presented here is adapted from the previous works 
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by the author.[1]–[4] Copyright permission and authors’ contributions are given in 

Appendix A.     

 

Part A. Energy harvesting mechanism 

 Piezoelectric energy harvesting   

This section provides a concise introduction to piezoelectric energy harvesting, 

including fundamental background, piezoelectric materials, and configuration of 

piezoelectric energy harvesting devices.  

 

 Fundamental principle 

 

Fig. 2-1 Schematic representation of the piezoelectric effect: (a) The direct piezoelectric effect and 

(b) the converse piezoelectric effect. F, P, and V indicate applied external force, the direction of net 

polarization, and applied external voltage. A cube with dotted edges indicates the shape of the 

original material.    
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The piezoelectric effect was first discovered by Jacques and Pierre Curie.[5] The 

term ‘piezoelectric’ originates from the Greek word ‘piezo’, which means ‘pressure’, and 

refers to the propensity of certain materials to generate electrical charge on their surfaces 

in response to applied pressure (Fig. 2-1a). Therefore, piezoelectricity can be described as 

a function of applied stress (T), which is applied force (F) per unit area (A), and the induced 

electric displacement1 (D, surface charge per unit area).[6] In three-dimensional space, T is 

described as a second rank tensor (Tij) by two vectors (i, j) because the vector F with 

direction i (Fi) is normal to the vector A with the direction j (Aj). Thus, the diagonal and 

off-diagonal elements of Tij represent “normal” and “shear” stress, respectively. In the 

linear electrical behaviour of the material, D is defined by Gaussian theorem as follows:  

 

 𝐷 = 𝜀𝐸 (2-1) 

 

where ε is the permittivity, and E is the electric field2. (Details of the Gaussian theorem are 

discussed in Appendix B1.) As D and E can be presented as vectors Di and Ej in three-

dimensions, ε is also described by a second rank tensor εij. In addition, based on Hooke’s 

Law, the strain (S) can be defined by   

 

 𝑆 = 𝑠𝑇 (2-2) 

 

where s is the elastic compliance. Considering T and E are independent, D is specified by 

 

 𝐷 = 𝑑𝑇 + 𝜀𝑇𝐸 (2-3) 

 

where d is the piezoelectric strain constant (or piezoelectric charge constant) of the material 

and is represented by a third rank tensor, and 𝜀𝑇 is the permittivity at constant stress. In 

matrix form, [d] represents the direct piezoelectric effect, and [D] can be represented by 

 

                                                      
1 D (electric displacement): Electric field induced by only free charges in material.   
2 E (electric field): Fundamental field in Maxwell equation. The amplitude of E depends on all 

charges in vacuum.  
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[
D1

D2

D3

] = [

d11 d12 d13

d21 d22 d23

d31 d32 d33

d14 d15 d16

d24 d25 d26

d34 d35 d36

]

[
 
 
 
 
 
T1

T2

T3

T4

T5

T6]
 
 
 
 
 

+ [

ε11 ε12 ε13

ε21 ε22 ε23

ε31 ε32 ε33

] [
E1

E2

E3

] 

 

(2-4) 

To identify the directions in the piezoelectric system, terms 1, 2, and 3 corresponding to x-, 

y-, and z-axes are used.3  

Conversely, when an electric potential is applied across the material, mechanical 

deformation in the form of strain results (Fig. 2-1b). Under short circuit condition with 

constant E, S is then specified by   

 

 𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸 (2-5) 

 

where 𝑑𝑡  is the transpose of d and the matrix form of 𝑑𝑡  ([𝑑𝑡]) represent the converse 

piezoelectric effect. s is then represented by a 4th-rank tensor, while 𝑑𝑡 is a 3rd rank tensor. 

Under open circuit condition with constant D, S is specified by   

 

 𝑆 = 𝑠𝐷𝑇 + 𝑔𝐷 (2-6) 

 

where 𝑔 is the piezoelectric voltage constant, which is the electric field produced by a 

mechanical stress. From these equations, piezoelectric coefficients can be derived as 

follows:4  

 

 
𝑑𝑖𝑗 = (

𝜕𝐷𝑖

𝜕𝑇𝑗
)

𝐸

 (2-7) 

 
 

 

𝑔𝑖𝑗 = −(
𝜕𝐸𝑖

𝜕𝑇𝑗
)

𝐷

= (
𝜕𝑆𝑗

𝜕𝐷𝑖
)

𝑇

 (2-8) 

 

                                                      
3 The terms 4, 5, 6 are defined by combination of the directions of 23, 13, and 12, respectively.  
4 Unit of piezoelectric charge (or strain) coefficient (d) and  is piezoelectric voltage coefficient (g) 

are (C / N) and (Vm / N), respectively.  
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The piezoelectric coefficient for resulting strain (𝑑𝑖𝑗) and voltage (𝑔𝑖𝑗) are used to assess 

the piezoelectric material’s capability for actuator and energy harvesting (or sensor) 

applications, respectively.[7], [8] The relationship between two different coefficient d and 

g can be defined as follows:  

 
𝑔 =

𝑑

𝜀
 (2-9) 

 

  

 Piezoelectric materials 

The piezoelectric effect is closely related to the change in electrical polarisation in 

a piezoelectric material. When an external stress is applied to a crystal, the resultant 

deformation of atomic structure leads to ion (or molecular) movement. As a result, a dipole 

moment is induced in the unit cell, and a net polarization (or net dipole moment) is formed 

across the whole material.[9] In crystallography, piezoelectric materials have to have non-

centrosymmetric crystal structure5 to generate a net polarization, otherwise the induced 

dipole moments cancel out by the surrounding dipoles. Therefore, the piezoelectric effect 

is observed in 20 non-centrosymmetric crystals out of the 32 crystal classes. Half of these 

non-centrosymmetric crystals exhibit “polar” crystal structures, meaning that the induced 

polarization can be maintained unless there is an application of external electric field or 

mechanical load. These classes of materials with spontaneous polarization are called 

“ferroelectric” materials. In contrast, the polarization of “non-polar” crystals is only 

induced by mechanical stress and cannot be retained without external stimulus.[10]  

In the case of polar piezoelectric materials (i.e. ferroelectric materials), electrical 

poling (or mechanical stretching in some cases) is conducted to maximize polarization 

because microscale domains with dipole moments are randomly oriented. By applying 

electric fields greater than the coercive field (Ec), and with heating close to the Curie 

temperature (Tc), the dipoles can be aligned, and spontaneous polarization is enhanced after 

cooling.[11]   

                                                      
5 Non-centrosymmetric crystal structure: Crystals without a centre of symmetry 
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In general, most of the well-known piezoelectric materials are inorganic 

materials[12]–[15], such as barium titanate (BaTiO3, BTO) and lead zirconium titanate 

(PbZrxTi1-xO3, PZT), due to their high piezoelectric strain constant. However, these 

piezoelectric ceramics are rigid and require high processing temperatures. In addition, to 

gain the highest performance, lead-containing materials, such as PZT,[16], [17] are used. 

To counter these drawbacks, polymer piezoelectric materials, including PVDF and its 

copolymers, polyamides (Nylon), liquid-crystalline polymers, and polyureas, have been 

proposed as substitutes.[10] These piezoelectric polymers have significant advantages; in 

addition to their soft elasticity, both the materials and processing equipment required are 

inexpensive.[6], [18], [19] Furthermore, although piezoelectric polymers have lower 

piezoelectric strain constants, they present better piezoelectric voltage constants due to the 

low dielectric permittivity of the polymer, as described in Eq. (2-9). This indicates that 

piezoelectric polymers are particularly well-suited to energy harvesting applications.[7], [8] 

However, much higher electric fields (~ 1 MV/cm) are required for the electrical poling 

process of piezoelectric polymers than that of inorganic single crystals (~ 1 kV/cm). 

Furthermore, only low operating temperatures of polymer-based piezoelectric devices are 

achievable due to their typically low melting point (~100 °C) and low Tc.  

 

 Piezoelectric energy generators 

 In general, the electrical poling direction or the direction of crystal orientation is 

defined as the z-direction (polar axis) in polar and non-polar piezoelectric materials, 

respectively. In these cases, the polar axis and all directions in the plane at right angles to 

the polar axis are referred to as the ‘3’ and ‘1’ direction, respectively.[20] Then, the 

electrical response to stress along the polar axis or at right angles to it can be described by 

piezoelectric coefficient of 𝑑33  and 𝑑31  respectively, and these two configurations 

commonly used for piezoelectric energy generators for the conversion of mechanical 

stress/strain into an electric charge (Fig. 2-2).  
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Fig. 2-2 Configuration of piezoelectric energy generator: (a) 33 mode and (b) 31 mode generator. a, 

b, and c indicate the length of each corner of piezoelectric material. (c) A schematic of piezoelectric 

generator.    

  

As shown in Fig. 2-2c, the design of a piezoelectric generator is that of a two-plate 

capacitor with top and bottom electrodes and the piezoelectric material as a dielectric layer, 

where the applied force induces a charge or voltage across the capacitor that can be sensed 

by an external circuit. The electric charge (Q) and induced voltage (V) of 33 and 31 mode 

piezoelectric generators can be defined respectively by   

 

 𝑄 (𝑉 = 0) = (𝑑33 𝐹) 𝑜𝑟  (
𝑎

𝑐
 𝑑31 𝐹  ) (2-10) 

 

and 
 

 
𝑉 (𝑄 = 0) = ( 

𝑐

𝑎𝑏
 𝑔33 𝐹 ) 𝑜𝑟 ( 

1

𝑏
 𝑔31 𝐹 ) (2-11) 

 

(Detailed development processes are described in Appendix B2.) The maximum energy per 

cycle (Um) is also defined respectively by  

 

 
𝑈𝑚 = ( 

𝑐

𝑎𝑏
 𝑑33 𝑔33 𝐹

2)  𝑜𝑟 ( 
1

𝑏
 𝑑31 𝑔31 𝐹

2) (2-12) 
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Fig. 2-3a presents a schematic of a prototype piezoelectric generator. A spin-coated 

and electrically poled film of P(VDF-TrFE) is introduced as a piezoelectric material. 

(Detailed properties of P(VDF-TrFE) are given in Chapter 2.3)  Fig. 2-3b illustrates typical 

output voltage characteristics of the piezoelectric generator under low-frequency vibration 

(5 Hz). The magnitude and frequency of applied stress should be considered as significant 

factors since the shape of the output signal is determined by those.[21] This device shows 

an alternating current shaped output signal with a peak voltage of 0.3 V under the strain 

rate of 0.1 % s-1.[1] This result is a simple demonstration of how a piezoelectric generator 

transforms an induced strain from an applied force into an electrical output, such as a 

voltage or electric current, via changes in electrical polarization.  

 

 

Fig. 2-3 Prototype polymer-based piezoelectric generator. (a) A schematic representation of a 

P(VDF-TrFE)-based piezoelectric generator. (b) Output voltage of P(VDF-TrFE) based 

piezoelectric device when impacted with low-frequency vibrations (f = 5 Hz)  using a magnetic 

shaker. Red circles indicate the deformation states of the ferroelectric polymer film. Fig. (a) and (b) 

are taken from the author’s work from Ref. [1], reproduced with permission from The Royal Society 

Publishing.     

 

 

 Triboelectric energy harvesting   

Here, we review the fundamentals of the triboelectric energy harvesting and 

various ways to enhance the performance of triboelectric generators. In particular, the 

choice of material and functionalization route of materials are discussed predominantly 

based on triboelectric charge collection and storage mechanism.    
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 Fundamental principle 

1) Operating mechanism 

The key mechanisms of triboelectric energy generator are contact electrification 

and subsequent electrostatic induction.[22], [23]  

Contact between two different materials causes a charge transfer between the 

surfaces of the materials.[24]–[26]  The material which gains charge becomes negatively 

charged, and the material which loses charge becomes positively charged; this phenomenon 

is known as “contact electrification”. Such charge transfer is attributed to electron[27]–[30], 

ion[31], and/or material[32] movement between two materials with different charge 

affinity. The charge affinity of materials sometimes referred to as “triboelectricity”, thus 

such charge transfer phenomena and the resulting transferred charge on the surface are 

called “triboelectric effect (or triboelectrification)” and “triboelectric charge”, respectively. 

Since a number of factors, such as electron affinity, electronegativity, surface roughness, 

affect triboelectricity, researchers have come up with an empirical arrangement of materials 

according to their ability to gain or lose charge when two materials are contacted, and this 

arrangement is called a “triboelectric series”.[33] Table 2-1 shows the triboelectric series 

for common materials.[34] Materials located in the positive region, called tribo-positive 

materials, easily lose charge when they come in contact with other materials, and those on 

the negative region, called tribo-negative materials, tend to gain charge upon contact. 

Materials that are far apart with respect to their position in the series are thus desirable for 

greater charge transfer upon contact. When transferred charge (i.e. triboelectric charge) are 

generated on the surfaces of materials, such charge can be moved or stored within the 

materials. In some cases, the transferred charge can be lost through a connected electrode 

or the surrounding atmosphere. Therefore, contact electrification can be further divided 

into three subprocesses: charge transfer, charge storage and charge loss.    

In general, triboelectric generators consist of a pair of dielectric materials and attached 

electrodes (or at least one of them is an insulator with an attached electrode). When two 

contacted materials are separated, transferred charges on the top surfaces of both materials 

induce a potential difference across the electrodes. This results in electron flow from one 

electrode to the other; this phenomenon is called “electrostatic induction”. A periodic 
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potential difference can thus be generated across the materials as a result of periodic relative 

motion between the two.  

 

 

Table 2-1 Triboelectric series.[34] All known materials have different charge affinities and exhibit 

a contact electrification when two materials are contacted. Positive (or negative) means materials 

have a tendency to lose (or gain) charge during contact motion. 
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2) Geometry of a triboelectric generator 

Regarding the geometry of triboelectric generators, four different modes have been 

introduced (Fig. 2-4): the vertical contact-separation mode, the lateral sliding mode, the 

single-electrode mode, and the free-standing mode.[23] Although each geometry shares the 

same fundamental energy harvesting mechanism, such as contact electrification and 

electrostatic induction, they have different working parameters and energy harvesting 

efficiencies according to their structure. To develop a triboelectric generator, therefore, 

device geometry should be carefully considered depending on target applications. In this 

thesis, all triboelectric generators are developed based on the vertical contact-separation 

mode (Fig. 2-4a) in order to focus on the influence of materials on the device performance. 

In this mode, due to the presence of electrodes on the bottom side of each material, the 

transferred charge creates an electrical potential between the two electrodes under open-

circuit conditions during separation motion. In the short-circuit condition, the resulting 

electrical potential causes the flow of electrons in order to attain equilibrium.      

 

 

Fig. 2-4 Four fundamental working modes of the triboelectric generators. (a) The vertical contact-

separation mode, (b) the lateral sliding mode, (c) the single-electrode mode, and (d) the free-standing 

mode. 
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 Theoretical model  

In order to predict the output behaviour of a triboelectric generator, several 

theoretical models have been proposed, and they can be classified into two different 

categories: 1) device-related model and 2) material-related model. All device-related 

models assumed that an equal density of opposite triboelectric charge are uniformly 

distributed on the contact surfaces, and their densities are unchanged once the surfaces are 

charged. Whereas, the movement and loss of triboelectric charge are considered separately 

in material-related models.  

 

1) Device-related model   

Classical model. Researchers have developed a theoretical model based on a planar circuit 

element.[35]–[38] In the dielectric-to-dielectric contact-separation mode triboelectric 

generators (Fig. 2-4a),[35] the electric field strength (E) of one dielectric part is derived by 

Gauss’s law (Eq. (2-1)) and given by  

 

 
𝐸 =

𝑄

𝑆 𝜀0 𝜀𝑟

 (2-13) 

 

where Q is the value of transferred charge between the two electrodes, S the area of the 

electrode, 𝜀0  the permittivity of the vacuum (8.854 × 10-12 F m-1), and 𝜀𝑟 the relative 

permittivity (i.e. dielectric constant) of dielectric material. The electric potential difference 

(ΔV) between two electrodes can be thus given by   

 

 ∆𝑉 = 𝐸1 𝑑1 + 𝐸2 𝑑2 + 𝐸𝑎𝑖𝑟  𝑥(𝑡)                                  

             = [−
𝑄

𝑆 𝜀0 𝜀𝑟1
 𝑑1] + [−

𝑄

𝑆 𝜀0 𝜀𝑟2
 𝑑2] + [

𝑆 𝜎 − 𝑄

𝑆 𝜀0
 𝑥(𝑡)] 

(2-14) 

= −
𝑄

𝑆 𝜀0
(
𝑑1

𝜀𝑟1
+

𝑑2

𝜀𝑟2
+ 𝑥(𝑡)) +

𝜎 𝑥(𝑡)

𝜀0
                  

 

where 𝑑1  and 𝑑2  are the thickness of the two dielectric materials, 𝑥(𝑡)  the distance 

between two contact surfaces, t the time, σ the triboelectric charge density, and 𝜀𝑟1 and 𝜀𝑟2 
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the dielectric constants of the two dielectric materials. (In the conductor-to-dielectric 

structure, t1/εr1 can be ignored because the metal layer acts as both triboelectric layer and 

electrode.) Under open-circuit conditions, the value of transferred charge (Q) become zero 

since no charge is transferred between electrodes. Thus, if we assume the electric potential 

of the bottom electrode to be zero, the equation for the open-circuit voltage (Voc) can be 

calculated to be  

 

 𝑉𝑜𝑐 = 
𝜎

𝜀0
 𝑥(𝑡) (2-15) 

 

From the experimentally determined Voc of each triboelectric generator, the theoretical 

triboelectric charge density (σ) can be estimated by   

 

 
𝜎 =  

𝑉𝑜𝑐  𝜀0

𝑥(𝑡)
 (2-16) 

 

Under short-circuit conditions (V = 0), the short-circuit transferred charge (Qsc) is given by   

 

 
𝑄𝑠𝑐 =

𝑆 𝜎 𝜀𝑟1 𝜀𝑟2 𝑥(𝑡)

𝑑1 𝜀𝑟2 + 𝑑2 𝜀𝑟1 + 𝜀𝑟1 𝜀𝑟2 𝑥(𝑡)
 (2-17) 

 

The value of Qsc can therefore vary as a function of x. In the case of conductor-to-dielectric 

structure, Qsc is given by   

 

 
𝑄𝑠𝑐 =

𝑆 𝜎 𝑥(𝑡)

𝑑 + 𝑥(𝑡)
 (2-18) 

 

Since we can measure the short-circuit current (Isc = dQsc / dt), the Qsc is also calculated 

using the integration of experimentally achieved Isc. (Example of calculation can be shown 

in Fig. 5-18.)  

Based on these classical model, a figure-of-merit (FOM) of triboelectric generator 

has been suggested,[39] as described in the following equation  
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𝐹𝑂𝑀𝑠 = 

2𝜀0

𝜎2

𝐸𝑚

𝑆 ∙ 𝑥𝑚𝑎𝑥
 (2-19) 

 

where FOMs is the dimensionless structural FOM, 𝐸𝑚 the largest possible output energy 

per cycle, and 𝑥𝑚𝑎𝑥 is the maximum displacement between two different materials.[39]  

 

Distance-dependent electric field model. Although this classical model has been widely 

used to demonstrate the experimental results of triboelectric devices, it cannot clearly 

explain the mechanism of polarization of the dielectric layer and free-charge induction on 

the electrodes. This is because the classical model assumed that electric field perpendicular 

to a charged plane is uniform throughout the intervening space, and the magnitude of the 

electric field does not change with the distance from the charged surface.[40] Dharmasena 

et al. subsequently introduced an advanced theoretical model using the concept of a 

distance-dependent electric field.[40], [41] To calculate the variation of electric field with 

distance, the z-axis electric field (Ez) above the midpoint (along with the z-axis) of a 

charged surface in free space is defined by Gauss’s law. In the dielectric-to-dielectric 

contact-separation mode triboelectric generator, the electric field (E) at the dielectric-

electrode interface is given by 

 

 𝐸 =
𝜎

𝜋 𝜀𝑟1

[𝑓(𝑑) − 𝑓(𝑥 + 𝑑)] (2-20) 

 

where  

 

 
𝑓(𝑑) = arctan(

1

2(𝑑/𝐿)√4𝑑2/𝐿2 + 2
) (2-21) 

 

Assuming that L is the dimension of a square-shaped dielectric material, the Voc 

can be calculated by 

 

 𝑉𝑜𝑐 =
𝜎

𝜋 𝜀𝑟1

[𝑀(𝑑)]𝑑1

𝑑1+𝑥
+

𝜎

𝜋 𝜀𝑟2

[𝑀(𝑑)]𝑑2

𝑑2+𝑥
 (2-22) 

 

where 
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𝑀(𝑑) = 𝑥 𝑎𝑟𝑐𝑡𝑎𝑛 (

𝐿

2𝑑√4𝑑2/𝐿2 + 2
)

−
𝐿

𝑤
ln(

1 + √4𝑑2/𝐿2 + 2

−1 + √4𝑑2/𝐿2 + 2
) 

(2-23) 

 

(Detailed development processes are described in Appendix B3.) Under short-circuit 

conditions (V = 0), the short-circuit transferred charge (Qsc) is given by   

 

 

𝑄𝑠𝑐 =
𝜎 𝑆 [

1
𝜀𝑟1

[𝑀(𝑑)]𝑑1

𝑑1+𝑥
+

1
𝜀𝑟2

[𝑀(𝑑)]𝑑2

𝑑2+𝑥
]

(
1

𝜀𝑟1
+

1
𝜀𝑟2

) [𝑀(𝑑)]0
𝑑1+𝑑2+𝑥

 (2-24) 

 

Consideration of the electric field variation with the distance results in non-zero overall 

electric field, which depends on the separation distance, and this enabled the explanation 

of dielectric polarization and electron rearrangement.  

 

The resistance-capacitance product matching model. From a practical point of view, a 

different FOM for maximum power density was also presented by Peng et al.[42] They 

pointed out that the periodic mechanical motion of contact-separation mode triboelectric 

generators changes the distance (x) between two dielectric surfaces and results in the time-

varying capacitance of dielectric layer and air gap. Furthermore, they assured that, to 

achieve the most effective generator with maximum power density, the mechanical motion 

with constant frequency (𝜔) should be matched with the characteristic frequency of the 

circuit (1/RCtotal). By matching the resistance-capacitance (RC) product to 𝜔, the device 

FOM (FOMdevice) for the maximum power density is defined by  

 

 
𝐹𝑂𝑀𝑑𝑒𝑣𝑖𝑐𝑒 = 0.064 ∙

𝜎2 ∙ 𝜈̅

𝜀0
 (2-25) 

 

where 𝜈̅ = 𝜔𝑥𝑚𝑎𝑥/𝜋 is the average speed of the mechanical motion. It shows that 𝜎 is the 

only material-related parameter that needs to be considered for the maximum power density.  
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2) Material-related model  

Dynamic charge model. According to the Eq. (2-17) and (2-24), the triboelectric charge 

density, which is the density of transferred charge on the surface, is the only material-

related parameter for the performance of triboelectric generator. This means that charge 

transfer is the only critical process that needs to be considered for the highly efficient device. 

However, it must be noted that such device-related models assumed that triboelectric 

charge are placed only on the top surface of dielectric material and do not move or dissipate 

(Fig. 2-5a). (As a result, these conventional models are also called “static charge models”.) 

Considering the motion of triboelectric charge in the dielectric layer, it is obvious that the 

charge storage and loss process should also be considered. Cui et al. have suggested a 

“dynamic charge model” to elucidate the motion of charge in the dielectric layer.[43] Given 

that the movement of charge are determined by the properties of material, this model would 

be classified as ‘material-related model’. 

     

 

Fig. 2-5 Schematics of the contact-separation mode triboelectric generators with two different 

assumptions: (a) conventional static charge model and (b) dynamic charge model. Red and blue 

circles indicate transferred electron by contact electrification and induced positive charge, 

respectively. (c) Theoretical triboelectric charge distribution in the dielectric layer of (blue) static 

and (orange) dynamic charge model. (d) Theoretical relationship between the quantity of 

triboelectric charge (q) and thickness of the dielectric layer.   
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 As shown in Fig. 2-5b, the dynamic charge model assumes that triboelectric charge 

can be moved and stored (or lost) in the dielectric layer by two different mechanisms: an 

electric field-induced drift and recombination with the charge on the electrode, respectively. 

(In order to simplify the model, diffusion caused by the concentration gradient, an impact 

of trap level, and the absorbance of charge from the atmosphere were ignored. In addition, 

large electric field (E) and a much larger surface area than thickness were also assumed.) 

As a result, triboelectric charge are distributed within the whole dielectric layer (Fig. 2-5c). 

In addition, the quantity of triboelectric charge (q) can vary with thickness of the dielectric 

layer due to the loss process (Fig. 2-5d). In static charge models, the value of q is constant 

regardless of thickness of the dielectric layer because it is assumed that q is determined by 

contact electrification and is not altered. In contrast, in the case of the dynamic model, q 

increase with dielectric layer thickness because charge can be lost easily in thin dielectric 

materials. If the dielectric layer is expressed as discrete n sub-layers in direction parallel to 

the surface, space and time-dependent electric field (𝐸𝑥,𝑡) of each layer is defined by 

 

 
𝐸𝑥,𝑡 =

∑ 𝑞(𝑖,𝑡)
𝑖
0

𝜀0 𝜀𝑟 𝑆
 (2-26) 

 

where q(i,t) is the triboelectric charge quantity, i the number of sub-layer, and S the surface 

area of dielectric layer. Then, the Gaussian probability density function for the drift 

distance of charge is given by  

 

 
𝑓(𝑖, 𝑡) =

1

𝜎√2𝜋
𝑒

−
1
2
 (

𝑥−𝜇 𝐸𝑖,𝑡
𝜎

)
2

 (2-27) 

 

where μ is the electron mobility in the dielectric materials, and 𝜎 the standard deviation. 

The quantity of triboelectric charge carried in i th sub-layer can be described as  

 

 

𝑞(𝑖,𝑡+∆𝑡) = ∑[𝑞(𝑖−1,𝑡) ∙ 𝑓(𝑖, 𝑡)] −

𝑖

0

𝑞(𝑖,𝑡) ∫ 𝑓(𝑖, 𝑡)

𝑛∆𝑥

𝑖∆𝑥

 (2-28) 
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where ∆𝑥 is the thickness of each sub-layer. The electron drift modelling confirms that a 

large amount of triboelectric charge are lost in the thin dielectric layer. When the thickness 

of dielectric layer increases, the total amount of triboelectric charge increases and is 

saturated at certain thickness because triboelectric charge cannot reach the 

dielectric/electrode interface by induced electric field in the thick dielectric film (Fig. 2-5d, 

orange).  

 

 

Fig. 2-6 Theoretical relationship between short-circuit transferred charge (Qsc) and thickness based 

on (a) static charge model and (b) dynamic and static charge model. 

 

 This dynamic charge model gives interesting insight regarding the output 

performance of triboelectric generators. Typically, researchers predicted that much more 

short-circuit transferred charge (Qsc) could be achieved from triboelectric generator with a 

thinner dielectric layer based on the conventional static charge model. This is because the 

dielectric layer is assumed as a capacitor with constant voltage (through constant 

triboelectric charge), and the capacitance (C) is defined as  

 

 
𝐶 =

𝜀0 𝜀𝑟 𝑆

𝑑
 (2-29) 

 

where 𝜀𝑟  is the dielectric constant of the dielectric layer, S the surface area, and d the 

thickness of dielectric layer. As a result, according to the Eq. (2-17) and Eq. (2-18), short-

circuit transferred charge (Qsc) (and Isc) is inversely proportional to the thickness of 

dielectric layer in the contact-separation mode triboelectric generators (Fig. 2-6a) .   
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However, as discussed, if triboelectric charge are moved and lost by combining 

with induced charge at the dielectric/electrode interface, increasing effect of C would be 

cancelled out by voltage drop in thin dielectric layer (Fig. 2-6b). The relationship between 

electric force (or electrostatic force, Fel = E × Q) and dielectric thickness (d) is simply 

derived by Coulomb’s law: 

 

 
𝐹𝑒𝑙 = 

𝑘𝑒 𝑞 𝑄𝑠𝑐

𝑑2
  (2-30) 

 

where 𝑘𝑒 the Coulomb’s constant, q the triboelectric charge, and 𝑄𝑠𝑐  short-circuit 

transferred charge (i.e. induced charge on electrode).[44] When the dielectric is thick 

enough, despite the triboelectric charge being preserved, only a small amount of 𝑄𝑠𝑐 can 

be moved through the electrode because Fel is inversely proportional to the thickness. In 

contrast, when the dielectric layer is too thin, triboelectric charge with drift mobility (μ) 

can easily be moved and combined with charge in the electrode by electric field, resulting 

in low 𝑄𝑠𝑐 at the equilibrium condition. These results indicate that there is an optimum 

thickness for the maximum 𝑄𝑠𝑐 (b). Considering that μ is the material-related factor, the 

dynamic charge model implies that the triboelectric charge storage and loss mechanism can 

also be controlled through material processing.         

 

 Strategies to improve performance   

As an alternative energy source, triboelectric energy harvesting research has 

focused on the enhancement of energy conversion efficiency. To realise an efficient 

triboelectric device, the majority of research to date has focused on finding the best pair of 

materials as this is critical to charge transfer. Versions of the triboelectric series have been 

used to select appropriate pairs of materials because it is known that materials that are 

further apart in the series result in a greater relative charge transfer. Thus, triboelectric 

generators based on pairs of materials located on the extreme opposite ends of the 

triboelectric series are expected to show superior energy harvesting capabilities. For 

example, the combination of fluorinated polymers and metals have been the most 

commonly used materials in triboelectric generator research to date. However, purely 
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triboelectric series-based material selection has shown limited performance enhancement. 

In addition, this would not be a reliable approach because such tables are empirically 

arranged.  

The second major approach is morphological tuning of the contact surfaces. 

Forming nanostructures, such as nanowires or nanotubes, or patterns of pyramid-, square-, 

or hemisphere-based micro- or nanopatterns were shown to improve the effective contact 

area, resulting in output generation enhancement.[45]–[50] However, these rough 

structures increase the frictional force, causing a reduction of energy conversion efficiency. 

Furthermore, lifetimes of such polymer nano- and micro-structures severely affect the 

reliability of the device performance.   

Recently, material-related performance enhancement approaches have been  

proposed. By introducing functional materials or by functionalizing the material itself, 

further improvement of device performance can be achieved. The methods are divided into 

two parts based on the property manipulating mechanism: charge generation and charge 

storage. Fig. 2-7 displays the schematics of each method.   

 

1) Charge generation  

 By transferring charge during contact, triboelectric charge is induced and placed 

on the surface of a material, and the resulting triboelectric charge density is one of the 

critical material-related factors which affects the output of a triboelectric generator. 

Therefore, additional generation of triboelectric charge or increasing surface charge density 

is an effective approach to improve the device performance. (To clarify, both term 

‘triboelectric charge density’ and ‘surface charge density’ should be defined separately. 

Triboelectric charge density should be limited to transferred charge on the surface by 

contact electrification. In contrast, surface charge density can be defined as density of the 

total charge on the surface regardless of origin. The density of surface charge can be 

measured using Kelvin Probe Force Microscopy (KPFM). This method is addressed in 

more detail in Chapter 3.2.2.)    
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Fig. 2-7 Various strategies to improve the performance of triboelectric generators: (a) Charge 

injection by the corona discharging using the air-ionization gun. Possible charged molecules are 

CO3
-, O3

-, and NO3
-. (b) Surface chemical functionalization by a self-assembled monolayer (SAM). 

(c) Realization of spontaneous polarization in ferroelectric materials.(d) Polymer-based 

nanocomposite with inorganic nanoparticles. (e) High dielectric constant (high-k) dielectric layer. 

(f) Multi-layered structures with charge transfer, trap, storage, and blocking layers.        
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Ion-injection. By injecting single-polarity charged particles/ions on the dielectric surface 

via corona discharging, surface charge density has been directly modulated (Fig. 2-7a).[51] 

The charged particles/ions are injected using air-ionization gun on grounded dielectric 

layers. The surface charge density increased with a number of injections and reached a 

maximum level due to air breakdown. As a result, 25-fold enhancement of triboelectric 

output performance was reported at the maximum surface charge density (σmax). The 

relationship between σmax and the thickness of the dielectric film was also investigated by 

comparing the threshold voltage for the air breakdown and the actual voltage drop across 

the air gap in the triboelectric generator. The theoretical and experimental research revealed 

that a larger σmax could be achieved in a thinner  film. By reducing the thickness of 

fluorinated ethylene propylene (FEP) dielectric layer to the range of hundreds of 

nanometres, the surface charge density could be enhanced by a factor of two, with 4-fold 

improvement of output power. It must be noted that the σmax-thickness relationship and Qsc-

thickness relationship in Fig. 2-6 are different. This is because the main consideration of 

ion-injection is charge storage capability in dielectric layer and the air-breakdown. In 

contrast the Qsc relationship assumes the same triboelectric charge density and focuses on 

the possibility of charge loss. In other words, the ion-injection method only considers the 

relatively thick dielectric layer with negligible charge loss. The injected charge showed 

good stability on the surface of the dielectric material. The density of injected surface 

charge on the thick FEP layer was reduced ~ 16.6 % during the first 20 days and maintained 

the 80 % level over an additional 100 days. Depending on the materials, ion-injection 

method showed significant variation of charge storage capability. Despite the same 

quantity of charge (~ 240 μC/m2) initially injected, more than 80 % of surface charge 

density was lost in a Kapton film within 5 days, indicating that the charge storage (or loss) 

efficiency varies with material properties.   

Surface functionalization. Triboelectric charge density can also be manipulated by 

modification of surface chemical structure. To functionalize the surface of a dielectric 

material, self-assembled monolayers (SAMs) have been introduced via dip-coating or 

vapour deposition method (Fig. 2-7b). Poly-L-lysine and trichloro(1H,1H,2H,2H- 

perfluorooctyl) silane (FOTS) coated polyethylene terephthalate (PET) film resulted in 

positively and negatively charged surfaces, respectively.[52] 3-aminopropyltriethoxysilane 

(APTES), 3-glyci-doxypropyltriethoxysilane (GPTES), FOTS, and trichloro (3,3,3-
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trifluoropropyl) silane (TFPS) were also applied onto polydimethylsiloxane (PDMS) layer 

for negative (APTES, GPTES) and positive (FOTS, TFPS) surface potentials.[53] With 

more sophisticated characterization, Shin et al. produced functionalized PETs with 10 

different surface potentials using halogen-terminated aryl-silane derivatives and aminated 

materials.[54] These functionalization processes manipulate the surface potential of the 

dielectric layer through highly polarized functional groups, such as -F, -Cl, -NH2, and 

amide groups. As a result, the tendency of electrostatic potential is consistent with the 

sequence of electron affinity of halogen atoms in the gas phase (Cl > F > Br), indicating 

modification of charge affinity (triboelectricity) of the polymer surface. Thus, if surface 

modification processes result in a more positive (or negative) surface potential, the driving 

force for contact electrification is increased, leading to enhancement of the triboelectric 

charge density on the contact surface and improvement of output performance in a 

triboelectric generator. Surface functionalization research proposes interesting ideas 

regarding contact electrification mechanism: the parameters related to charge affinity of 

surface molecules, such as electronegativity or electron density, is one of the key factors 

for the charge transfer process. As all other variables related to the property of dielectric 

layer, including capacitance and mechanical stiffness, are fixed in surface functionalization 

studies, resulting trends give important evidence for the arrangement of a triboelectric 

series. For example, it is possible to explain why the materials with negative functional 

groups (-F), such as fluorinated polymers, are located on the negative edge, but the 

materials containing positive groups (-NH2, and amide group), such as Nylon, are placed 

on the positive region in the triboelectric series. In some of the literature, the output 

performance was further improved by the combination of the morphological tuning and 

chemical functionalization.[55], [56] Despite the outstanding efficiency of surface 

modification methods, durability of SAMs is a critical limitation because monolayered 

functionalized molecules are vulnerable to frictional motion. As a substitute, Ryu et al. 

suggested solid polymer electrolyte-based triboelectric generators.[57] The addition of 

various ions successfully changed the surface potential of polyvinyl alcohol (PVA) 

electrolyte, improving triboelectric output performance with high durability (more than 

30,000 cycles).      

Spontaneous polarization. Spontaneous polarization (or remanent polarization) is the 

polarization which remains in a ferroelectric polymer when an applied electric field is 
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reduced to zero. Recent investigations have proposed that this spontaneous polarization can 

enhance triboelectric charge density (Fig. 2-7c). Bai et al. demonstrated the substantial 

enhancement of the output power density of triboelectric devices using electrically 

polarized PVDF.[58] Lee et al. showed evidence of the changes in surface potential of 

P(VDF-TrFE) depending on the polarization direction.[59] When a P(VDF-TrFE) film was 

poled negatively, films acted as a tribo-positive material. In contrast, positively poled film 

showed tribo-negative properties, increasing the output voltage compared to an unpoled 

film. This indicates that the spontaneous polarization of the ferroelectric polymer can alter 

the triboelectric charge density as well as device performance. Based on piezoresponse 

force microscopy (PFM) and KPFM analysis, the effect of spontaneous polarization on the 

triboelectric charge density has been demonstrated in more detail.[60] When P(VDF-TrFE) 

films were poled by an atomic force microscope (AFM) tip with different magnitude and 

direction of electric field, the KPFM measurement after rubbing process, which imitates 

the frictional motion of triboelectric generator, showed that the spontaneous polarization 

further enhanced the amount of surface charge. This is possibly due to the modulation of 

work function between the ferroelectric polymer and contact material.[61] The electrical 

poling caused the polarization-induced Fermi level shift in ferroelectric polymer and led to 

transfer of more charge from the metal counterpart to the ferroelectric polymer surface. The 

great advantage of this spontaneous polarization approach is the durability of the device. 

This is because such spontaneous polarization is induced by the modification of the 

“internal” molecular structure of the materials, while ion-injection and surface modification 

manipulate the “surface” property of dielectric materials. 

 

2) Charge storage  

 During the contact and separation motion of triboelectric generator, free-charge are 

introduced into the electrodes to achieve an equilibrium state with the triboelectric charge. 

However, as discussed, triboelectric charge can be dissipated, and this loss process is 

determined by the property of the dielectric layer. There has been much research regarding 

ways to reduce the loss of triboelectric charge by modification of the dielectric layer.  

Dielectric constant. In the triboelectric generator, the dielectric layer is assumed as a 

capacitor with constant voltage (through constant triboelectric charge), and C increases 
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with a decrease in the thickness and/or an increase in the relative permittivity (𝜀𝑟, dielectric 

constant) of the dielectric layer. However, as discussed, since the charge recombination 

and loss process hinder the reduction of thickness, researchers have suggested ways to 

increase the dielectric constant of the polymer dielectric layer instead of decreasing 

dielectric thickness. In this respect, polymer-based nanocomposites have been proposed to 

improve the dielectric constant (Fig. 2-7d). It was found that the a 3-fold increase in Voc 

can be obtained by embedding barium titanate (BaTiO3) nanoparticles into a PDMS 

dielectric layer compared to pure PDMS-based triboelectric generators.[62] In addition, it 

could be clearly seen that the output performance of the triboelectric device increased with 

increasing volume ratio of BaTiO3 nanoparticles. Based on Maxwell model, the 𝜀𝑟  of 

composite (𝜀𝑟,𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒) is given by  

 

 

𝜀𝑟,𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝜀𝑟,𝑝𝑜𝑙𝑦𝑚𝑒𝑟 [1 + 3𝜑𝑓/(

𝜀𝑟,𝑁𝑃𝑠

𝜀𝑟,𝑝𝑜𝑙𝑦𝑚𝑒𝑟
+ 2

𝜀𝑟,𝑁𝑃𝑠

𝜀𝑟,𝑝𝑜𝑙𝑦𝑚𝑒𝑟
− 2

− 𝜑𝑓)] (2-31) 

 

where 𝜀𝑟,𝑝𝑜𝑙𝑦𝑚𝑒𝑟 is the relative permittivity (i.e. dielectric constant) of the polymer matrix, 

𝜑𝑓  the volume fraction of nanoparticles, and 𝜀𝑟,𝑁𝑃𝑠  the relative permittivity of 

nanoparticles. This indicates that the relative permittivity increases with the increase of 

volume ratio of nanoparticles. The same effect of high dielectric constant (high-k) 

nanocomposite on device performance has been confirmed through studies of triboelectric 

generators with Ag-exchanged zeolite[63] and graphite particle-based nanocomposite.[64] 

(The ways to control the dielectric constant of polymers by adding micro- or nano-sized 

materials are well-established in the field of nanocomposite with reviews.[65], [66] 

Therefore, we opted not to deal with it in more detail in this section.) To further enhance 

the performance of triboelectric generators, nanoparticles have been introduced into 

mesoporous dielectric layers. By mixing PDMS with Au/water solution, a mesoporous 

structure was achieved after subsequent evaporation of the water. This Au nanoparticle-

embedded mesoporous film-based triboelectric generator showed 5-fold power 

enhancement compared to a flat film-based device. This is because the pores forming in 

the dielectric layer effectively reduce the thickness, while preventing electric shorting 

between top and bottom electrodes.[67]  As a result, the capacitance could be improved by 

https://www.sigmaaldrich.com/catalog/search?term=12047-27-7&interface=CAS%20No.&N=0+&mode=partialmax&lang=en&region=US&focus=product
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both high-k nanoparticles and decreased thickness (by mesoporous structure). Furthermore, 

pores in the dielectric layer enlarged the surface contact area during contact electrification, 

increasing triboelectric charge density. This is the reason why a synergetic effect could be 

achieved by nanoparticles and pores, despite the air (𝜀𝑟= 1) in the pores reducing the total 

dielectric constant of the nanocomposite (𝜀𝑟,𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒). A triboelectric generator with a 

high-k polymer dielectric was proposed by Lee et al (Fig. 2-7e).[68] Instead of adding 

inorganic nanoparticles, the 𝜀𝑟 of PVDF layer was controlled by a poly(tert-butyl acrylate) 

(PtBA) grafting ratio. Due to the π-bonding and polar characteristics of the ester functional 

groups in the PtBA, the PtBA-grafted PVDF was mainly composed of α-phase with 

increasing dielectric constant, generating twice the enhancement in triboelectric output 

power compared to a pristine PVDF–based generator.  

Charge trap. To reduce the loss of triboelectric charge and improve the charge storage 

capability, additional charge trap materials have been introduced into the polymer dielectric 

(Fig. 2-7f). The first approach was adding polymer interlayers. This is because the physical 

defects (amorphous free volume, crosslinking points, or imperfections of crystal lattice) 

and chemical defects (dangling bonds or functional groups) in polymer materials can act 

as a charge trap site.[69]–[71] The preliminary study regarding multi-layered polymer 

structures was suggested by Cui et al. with the dynamic charge model.[54] By adding 

polystyrene (PS) ‘charge storage’ layer on the bottom of the PVDF friction layer (or charge 

transfer layer), the resulting triboelectric generator showed 7-fold improvement of total 

charge density compared to a single PVDF-based device because most of the triboelectric 

charge were stored in the PS layer. A three-layered structure was also proposed to further 

enhance the performance. To reduce the triboelectric charge attenuation effect during 

contact electrification by accumulated charge in PS layer, a highly conductive carbon 

nanotubes (CNTs) ‘charge transport’ layer was added between PS and PVDF layer. As a 

result, this three-layered structure raised the total charge density by a factor of 11.2. The 

charge storage effect of multi-layered structure was also reported by Feng et al.[72] After 

adding a polyimide (PI) charge storage layer under the PVDF friction layer, the triboelectric 

device exhibited a 6-fold enhancement of short-circuit current. In comparison to PET and 

cellulose (i.e. paper), PI showed the best device performance as a charge storage layer 

because non-uniform energy levels along the aromatic rings in the PI chains generate much 

more trapping sites.[73] Kim et al. demonstrated a triboelectric generator with PDMS 
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interlayer.[44] Due to the physical traps in amorphous phase and the crosslinking networks, 

and chemical traps in the functional groups, the triboelectric generator with PDMS 

interlayer showed 173-fold increased output power density compared to single layered 

device. When compared the charge storage capability to PS, PDMS-PVDF double-layered 

structure exhibited much higher surface potential (- 421 V) than PS-PVDF device because 

the trap density in PDMS is much higher than that of PS. The other approach for charge 

trapping was introduction of inorganic materials into polymer matrix. Wu et al. reported 

that the two-dimensional (2D) materials, such as reduced graphene oxide (rGO) and 

molybdenum disulfide (MoS2), could suppress the loss of triboelectric charge in the 

polymer dielectric because the large surface area and quantum confinement effect enabled 

the charge trapping.[74], [75] As a result, the triboelectric generator with PI/MoS2/PI 

structure exhibited 120 times greater power density than that of the device without MoS2. 

A titanium oxide (TiOx) based electron ‘blocking’ layer was reported by Park et al.[76] The 

TiOx film with thickness of 100 nm was introduced on the dielectric-electrode interface to 

“block” charge recombination, while other methods have focused on “storage” of 

triboelectric charge by manipulating the dielectric layer. Furthermore, high permittivity of 

TiOx enabled additional polarization of dielectric layer, causing improvement of surface 

charge density. As a result, due to the coupling effect of electron blocking and enhanced 

polarization, 25 times greater output power was observed in the triboelectric generator with 

PDMS/TiOx double-layer relative to that of single-layered PDMS device.  

  

 Perspectives and challenges 

Based on the review, the issues and problems that need to be addressed for further 

improvement of triboelectric generators are summarised as follows:  

• Understanding the fundamental mechanisms of contact electrification. Although a few 

hypotheses have been proposed, no substantial conclusion has been reached.[23] Using 

advanced scanning probe microscopy (SPM) techniques, contract electrification can be 

investigated in more detail.  

• Developing reliable tribo-positive materials. The triboelectric generators based on pairs 

of materials located at the extreme opposite ends of the triboelectric series are expected 
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to show superior energy harvesting capabilities. However, the majority of the research 

to date has almost exclusively focused on tribo-negative materials, such as 

polytetrafluoroethylene (PTFE), PVDF, and PDMS. Furthermore, these materials have 

been paired with aluminium or copper as the tribo-positive (or electron-donating) 

counterpart, even though these metals are not located on the extreme positive end of 

the triboelectric series. This is because the vast majority of materials on the positive 

side of the triboelectric series are biological or natural materials, such as human skin 

and cotton, and have relatively low mechanical stiffness and/or formability. Therefore, 

development of robust tribo-positive material is crucial for high-performance 

triboelectric generators.  

• Investigating mechanically durable functionalized layer. Since the triboelectric device 

is a mechanical contact-based energy generator, abrasion of contact surface is 

inevitable. In this respect, despite ion-injection being the most effective way to increase 

the surface charge density, the persistence of injected charge should be confirmed in 

advance. Otherwise additional equipment for constant charge injection needs to be 

introduced, but it is practically unfavourable. In addition, although the surface 

functionalization method is scientifically meaningful to investigate the contact 

electrification mechanism, it cannot be applied to practical devices due to the low 

durability of functionalized layer. Therefore, advanced functionalization method 

and/or functionalized layer should be developed.   

• Development of a polymer material with a high-intensity spontaneous polarization. In 

the durability respect, spontaneous polarization is the most feasible method among 

various triboelectric charge generating techniques, because it relies on altered internal 

molecular structures of the dielectric layer. Therefore, a material with high-intensity 

spontaneous polarization would be a good approach to enhance the device performance. 

However, the required additional electrical poling process with high electric field needs 

to be addressed.    

• Improving the dynamic charge model. The dynamic charge model has given 

outstanding insight regarding charge storage and loss phenomena. It should be 

extended to the device level, merging with latest device-related models, such as 

distance-dependent electric field model and/or capacitor-resistance optimization model.   
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• Developing polymer-based nanocomposites. The approaches for output performance 

improvement, including tuning the dielectric constant and charge trapping, can be 

further investigated through nanocomposite structures. Although various 

nanocomposites have been suggested already, a myriad of combinations of materials 

can be introduced to triboelectric generator research. Furthermore, applying the 

techniques and ideas in the well-established nanocomposite field, to enhance 

triboelectric generator performance, would be a good approach.  

• Investigating the multi-layered structure. The role of additional layers, including 

charge storage, charge transfer, and electron blocking layers, need to be studied in more 

detail. In addition, various combinations of materials should be proposed for multi-

layered structures. Considering the dielectric constant of whole device, polymer-based 

nanocomposite can be also applied as an interlayer. Recently, multi-layered 

nanocomposite has attracted considerable interest in the field of energy storage device. 

Therefore, the studies regarding an advanced multi-layered structure would be 

meaningful for both energy harvesting and energy storage applications.  

 

 

Part B. Energy harvesting materials 

We now consider specific polymeric materials investigated in this thesis.  

 PVDF and its copolymer 

As a ferroelectric polymer material, PVDF and its copolymer P(VDF-TrFE) have 

been widely studied and exploited in various applications, including energy harvesting 

devices. This is because, despite exhibiting weaker piezoelectric properties than commonly 

used ceramics, such as BTO and PZT, PVDF and P(VDF-TrFE) possess a range of 

advantages over ceramics that render them mechanically stable, chemically robust, and 

possibly biocompatible. The following section briefly describes the structure and properties 

of PVDF and P(VDF-TrFE) as energy harvesting materials.  
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 PVDF 

PVDF is a well-known semi-crystalline polymer, with crystalline regions dispersed 

within amorphous regions. Therefore, the relative amount of crystalline and amorphous 

region affect the properties of PVDF. For instance, the mechanical properties of PVDF 

change above the glass transition temperature (Tg) of -35 °C because the amorphous regions 

become glassy or rubbery, decreasing in Young’s modulus at room temperature. The degree 

of crystallinity of PVDF is typically 50 ~ 60 % and varies depending on crystal structures 

and thermal history.[10]   

   

 

Fig. 2-8 Schematic drawing of molecular structure of β-phase PVDF with an all-trans configuration 

and its dipole moment (P). Black arrows indicate the dipole moment. Orange, blue and green spheres 

indicate hydrogen, carbon, and fluorine atoms. 

 

The molecular structure of PVDF is shown in Fig. 2-8. PVDF has a spatially 

symmetrical arrangement of fluorine (F) and hydrogen (H) atoms along the polymer chain. 

Due to the difference in electronegativity6, dipole moments are generated along C-F and 

C-H bonds. If the directions of C-F and C-H bonds are aligned within all-trans chain 

conformation, a macroscopic net polarization of PVDF occurs across the carbon backbone. 

Such chain conformation of PVDF is called β-phase, and it exhibits ferroelectric behaviour 

due to the net polarization. Including β-phase, PVDF has at least four different crystal 

structures (the α, β, γ and δ-phases).[77], [78] The α-phase is thermodynamically the most 

stable phase, while it is non-polar and paraelectric because of the centrosymmetric unit cell 

                                                      
6 Electronegativity: The tendency of an atom to attract a shared pair of electrons (or electron density) 

towards itself. According to the Pauling scale, Fluorine, which is the most electronegative element 

is assigned a value of 4.0. Carbon and Hydrogen are assigned a value of 2.55 and 2.2, respectively.  
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structure with trans-gauche-trans-gauche conformation. γ-PVDF has a chain conformation 

in between that of the α and β-phases, and also shows ferroelectric behaviour. However, 

the γ-phase is experimentally hardly accessible because it requires extreme temperature 

control and high pressures. The δ-phase is a polar version of the α-phase and shows 

ferroelectric property. δ-PVDF is synthesized from α-phase sample by electro-forming with 

high electric field (170 MV/m).  

The most common and widely-studied ferroelectric β-phase PVDF can be achieved 

via biaxial stretching or electrical poling with a high electric field (~ 130 MV/m) of thick 

α-PVDF films. It is noted that the induced polarization and resulting piezoelectricity of 

typical ferroelectric polymers degrade with increasing temperature and vanishes at its Curie 

temperature (Tc).[10] In the case of β-PVDF, the polarization is stable up to melting 

temperature (Tm) because the Tc (~ 195 °C) is higher than the Tm (~ 166 °C), and it enables 

the high temperature operation of PVDF-based ferroelectric devices.[77], [79]  

 

 P(VDF-TrFE)  

As shown in Fig. 2-9, P(VDF-TrFE) is a random copolymer generated by 

integration of two homopolymers: PVDF and poly(trifluoroethylene) (PTrFE).[79] Thus, 

P(VDF-TrFE) has similar physical strength, flexibility7 and chemical stability to PVDF. 

Additional side group of PTrFE helps the polymer crystallize into the ferroelectric β-phase 

with all-trans conformation because of steric effects, which eliminates the need for 

mechanical stretching. This is why the research and applications with P(VDF-TrFE) have 

been more common than those with PVDF.     

 

                                                      
7 Mechanical flexibility: It means that a material has a low Young’s modulus and changes its shapes 

considerably under elastic loads. Young’s modulus can be defined as the resistance of a material to 

elastic deformation under load.  
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Fig. 2-9 Schematic drawing of molecular structure of P(VDF-TrFE) and its dipole moment (P). 

Black and red arrows indicate the dipole moment. Orange, blue and green spheres indicate hydrogen, 

carbon, and fluorine atoms. 

 

In addition, P(VDF-TrFE) has a higher solubility in common organic solvents and 

can easily be processed into ferroelectric thin films via thermal annealing close to the 

crystallisation temperature.[10] However, due to the F atoms in the middle of H atoms and 

resulting dipole moment with opposite direction to others, the magnitude of net polarization 

(P) is smaller than that of PVDF. Furthermore, the reduced dipole interaction gives rise to 

lower Tc of 110 °C, resulting in limited thermal stability of the spontaneous polarization. 

Reported properties of PVDF and P(VDF-TrFE) are given in Table 2-2.[10]  

 

Table 2-2 Property comparison of ferroelectric polymers: PVDF and P(VDF-TrFE) 

Polymer Tc (°C) Tm (°C) d31 (pC/N) 

PVDF 195 175 20 ~ 28 

P(VDF-TrFE) 110 150 12 

 

 Confronting issues 

 PVDF and P(VDF-TrFE) are the most cited and widely used ferroelectric polymer 

materials.[6], [18] PVDF has a high piezoelectric strain constant (20 ~ 28 pC/N) and a good 

thermal stability, while additional mechanical stretching or electric poling with high 

electric field is required to generate a device with ferroelectric property. In contrast, 

ferroelectric phase can easily be achieved in P(VDF-TrFE) due to the additional side group. 

However, the magnitude of net polarization and resulting piezoelectric strain constant (12 

pC/N) is much smaller than that of PVDF. Furthermore, the low Tc and Tm of P(VDF-TrFE) 
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limit their use in applications, such as actuator and sensor, at higher temperatures. There is 

thus a growing need to explore alternative ferroelectric polymers with a high intensity of 

polarization and enhanced thermal stability, which can offer reliable energy harvesting 

performance at higher temperatures. 

 

 

 Nylon-11 

Odd-numbered Nylons, such as Nylon-11, with relatively high melting 

temperatures are known to possess ferroelectric (and piezoelectric) characteristics, that are 

comparable to PVDF at room temperature, by virtue of the high degree of hydrogen 

bonding and dipole orientation resulting from the arrangement of amide molecules within 

adjacent chains upon crystallisation.  

Nylon-11 is also an attractive material in the field of triboelectric energy generators 

because it is a notable exception among tribo-positive materials, being synthetic in nature 

with excellent mechanical properties, such as tenacity, abrasion resistancy, and elasticity, 

that allow for easy control of its shape and subsequent integration into triboelectric 

generators (Table 2-1). In contrast, the vast majority of materials on the positive side of the 

triboelectric series are biological or natural materials, such as human skin and cotton, and 

have relatively low mechanical stiffness and/or shape controllability.[80] Therefore, an 

investigation into Nylon as a potential tribo-positive candidate is essential to enhance 

triboelectric performance and extend the range of triboelectric generator applications.  

In this section, we discuss Nylon-11 as a material for energy harvesting 

applications. In the first half of this review, the structures of Nylon-11, including molecular 

structures and crystal structures, are presented. In the second part, the reported post-

treatment techniques are presented. The development of piezoelectric and ferroelectric 

properties of Nylon-11 are also discussed in chronological order. Lastly, we summarise the 

general characteristics and confronting issues of Nylon-11.  
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 Structures of Nylon-11 

1) Molecular structure 

Nylon is a semi-crystalline polymer with repeating units linked by amide bonds, 

and these amide bonds generate hydrogen bonding which is one of the most important 

characteristics of Nylon. The hydrogen bonding is formed between the oxygen atom in one 

amide group and a hydrogen atom which is bound to another adjacent nitrogen atom, 

resulting in electrostatic attraction between two Nylon chains. The crystalline region 

consists of stacking of chains with multiple hydrogen bonds and contributes to the 

mechanical and dielectric properties of Nylon.    

 

 

Fig. 2-10 Schematics of molecular chain structure of Nylon: (a) even-numbered (Nylon-6) and (b) 

odd-numbered Nylon (Nylon-7). Colour arrows indicate the direction of the dipole moment, which 

is nearly parallel to the C=O bond.    

 

The chemical structure of both Nylons is shown in Fig. 2-10. In one repeating unit, 

Nylon-n has a methylene group (CH2)n-1 and an amide group. Depending on the number of 

carbon atoms (n) in a repeating unit, it is called “even-numbered” or “odd-numbered” 

Nylon. The amide group has a permanent electric dipole moment, and the configuration of 

dipole moments varies on the number of carbon atoms. As a result, even-numbered Nylon 

has no “net” polarization due to the alternating amide groups. In contrast, all of the dipoles 
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in odd-numbered Nylon point in the same direction, resulting in net polarization. Thus, 

odd-numbered Nylon has “polar” properties, and this is the reason why odd-numbered 

Nylon is recognised as a “ferroelectric” polymer. (In reality, even-numbered Nylon also 

exhibits ferroelectric behaviour. It will be discussed in the following subsection.) In this 

work, we focus specifically on Nylon-11.   

 

2) Crystal structures  

At an early stage, most of the studies of Nylon-11 had focused on its crystal 

structures and changes in crystalline morphology with processing conditions because 

Nylon-11 has an extensive degree of polymorphism.[81]–[86] The crystal structures of 

Nylon-11 and their producing methods are summarised in Table 2-3.  

The crystal structures observed for Nylon-11 fall into two categories: (1) α, αʹ and 

β phases; (2) pseudo-hexagonal phase (γ, γʹ, δ, δʹ).[87] The triclinic α-phase has been 

produced by precipitation from Nylon-11 solution in m-cresol with decreasing temperature 

from 150 °C to room temperature.[88] Thus, it is considered as the most 

thermodynamically stable crystal structure, consisting of stacks of well-defined hydrogen-

bonded sheets. The αʹ-phase has been achieved by slow cooling (~ 2 °C/min) of melted 

Nylon-11.[88] It shows almost identical crystal structures to the α-phase; a polar, triclinic 

unit cell with hydrogen-bonded sheets shifting progressively along the chain axis. Thus, 

the X-ray diffraction (XRD) patterns of the αʹ-phase at room temperature are very similar 

to the α-phase. However, the αʹ-phase can be assumed to be a defective α-form because the 

calculated crystal perfection index value of αʹ is lower than that of α-phase (Appendix 

B4).[89] In addition, the reversible phase transition at high temperature, as known as the 

“Brill transition”, is observed only in the αʹ-phase, indicating that the αʹ-phase is a thermally 

tunable (i.e. unstable) crystal structure.[89] The β-phase was not found to be distinct, 

probably involving a small modification of the α phase. There is no definitive crystal 

structure, and this form is not of practical interest. It is generally accepted that the molecular 

chains in the γ-form are slightly contracted from that of the fully extended planar zigzag 

found in the α-form of Nylon-11. Kawaguchi et al. found that the β angle in the pseudo-

hexagonal γ-phase was 118.5° (rather than 120° for perfect hexagonal crystals).[81] The δ- 

and δʹ-phases, like γ, have a pseudo-hexagonal crystal structure. The δ-phase can be viewed 
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as the high temperature α-form, as they are the result of the Brill transition in αʹ at ~ 100°C 

(quoted by Newman[90] as 95°C, although the exact temperature is dependent on nature of 

the sample and heating rate).[89] It is not yet clear exactly how the hydrogen bonding arrays 

are arranged in the δ-phase; the sheet-like structure from the αʹ-phase may or may not be 

preserved above the Brill transition temperature. The δʹ-phase has been produced by ice 

quenching of melted Nylon-11, resulting in a metastable smectic pseudo-hexagonal crystal 

structure with a random distribution of hydrogen bonds along the chain axis. (This 

metastable crystal structure remains intact even when left for extended periods of time.[91]) 

The relationship between δ- and δʹ-phase has never been investigated, but δʹ-phase is 

presumed to be a less ordered δ-phase because both phases show similar diffraction patterns.   
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Table 2-3 Various crystal structures of Nylon-11[81], [82], [89], [92]–[94] 

phase unit cell sample preparation method (hkl) = 2θ (°) d (Å) 

α triclinic 
Precipitated from solution in m-

cresol  

(001) = 7.5 

(200) = 20  

(210/010) = 23.5 

11.7 

4.44 

3.79 

αʹ triclinic Melt and slow cooling 

(001) = 7.4 

(200) = 20.4 

(210/010) = 23.4 

11.9 

4.35 

3.80 

β monoclinic 
Precipitated from solution in 

triethylene glycol (TEG) 

(010) = 5.89 

(001) = 12.2 

(200) = 20.08 

(210) = 20.94 

15.0 

7.25 

4.42 

4.24 

γ monoclinic 

Solution casting from 

trifluoroacetic acid (TFA) based 

solution 

(001) = 5.91 

(200) = 21.34 

(220/020) = 21.87 

14.9 

4.16 

4.06 

γ 
pseudo-

hexagonal 
Solvent treatment on α-phase 

(020) = 6.01 

(200/210) ~ 21.5 

(001) = 22.4 

14.7 

4.13 

3.97 

γ' 
pseudo-

hexagonal 
Solvent treatment on δʹ-phase 

(002) = 12.5 

(100) = 21.5 

7.08 

4.13 

δ 
pseudo-

hexagonal 

High temperature phase of αʹ-

phase 

(001) = 7.4 

(200), (210/010) = 

21.1 

11.9 

4.21 

δʹ 
smectic pseudo-

hexagonal 
Melt and ice-quenching 

(001) = 7.2   

(hk0) = 21.6 

12.2 

4.11 
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Although the detailed structure of Nylon-11 including atomic coordinates is not 

available in the literature, several unit cell parameters of Nylon-11 crystalline forms have 

been proposed based on theoretical calculation and some experimental results compared 

with the studies of well-known Nylon, such as Nylon-6 or Nylon-66 (Table 2-4).  

 

Table 2-4 Proposed unit cell parameters of Nylon-11 

crystal 

structure 

unit cell parameters parallel/ 

anti- 
Ref. 

a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg) 

Triclinic α 

9.6 4.2 15.0 72 90 63.5 A [83] 

9.81 4.65 14.45 68.5 90 66 A [84] 

9.8 5.25 14.9 50.5 90 72 A [89] 

9.52 5.35 14.9 48.5 90 74.7 A [82] 

4.9 5.4 14.9 49 77 63 P [85] 

4.78 4.13 13.1 81.5 75.2 65.4 P [86] 

Monoclinic β 
9.75 15 8.02 90 65 90 A [81] 

9.52 14.9 4 90 67.5 90 A [82] 

Monoclinic γ 9.48 29.4 4.51 90 118.5 90 A [81] 

 

In particular, unit cell parameters of α-phase have been studied dominantly because 

α-phase is the most stable and basic crystal structure of Nylon-11. There were two main 

debates regarding chain conformation and configuration of α-phase. First, literature evokes 

the chain conformation of both fully extended chain and zigzag chain around a single bond, 

corresponding to c value of 15.0 Å and 13.1 Å, respectively. However, a majority of studies 

have suggested that α-phase Nylon-11 has a fully extended chain conformation with the c 

length of around 15.0 Å. Second, the chain configuration was also a controversial issue 

because theoretically, the odd-numbered Nylons have equal energy to form hydrogen 

bonding in both parallel and antiparallel configuration. However, at this moment, the 

antiparallel chain configuration is generally rather accepted based on experimental 

results.[82]  

Regarding ferroelectric (and piezoelectric) properties, although all the phases of 

Nylon-11 have a polar crystal structure due to its molecular configuration, only pseudo-

hexagonal δʹ-phase has been investigated extensively. This is because sparse and randomly 

oriented crystal structures with less hydrogen bonding in pseudo-hexagonal phase (γ, γ', δ, 

δ') enabled field induced dipole reversal.[95]–[97] Whereas, in the case of α-phase, the 
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field induced dipole rotation was restricted up to the electrical breakdown due to the highly-

packed hydrogen bonding and well-ordered crystal structure.  

 

 Post-treatment techniques 

The research regarding crystal structures of Nylon-11 was carried out with three 

different post-treatment techniques: thermal annealing, mechanical drawing, and electrical 

poling.  

 

1) Thermal annealing 

Most of the thermal annealing studies were related to Brill transition phenomenon 

of Nylon-11,[88], [93], [98], [99] and they are well-summarised by Pepin et al.[89] 

According to the literature, triclinic αʹ and smectic pseudo-hexagonal δʹ-phase Nylon-11 

displayed a phase transition around 100 °C inducing the formation of pseudo-hexagonal δ-

phase, and they became triclinic αʹ-phase during the cooling process. In contrast, the α-

phase keeps its lattice symmetry up to the melting point due to the persistence of the 

hydrogen-bonded sheet-like structure. At high-pressure condition, the temperature for the 

Brill transition increased because greater energy is required for equalisations of the lattice 

spacings in δ-phase.[90], [100]  

 

2) Mechanical drawing  

It must be noted that the mechanical drawing of Nylon-11 does not give rise to a 

phase transition but does improve both crystallinity and molecular orientation.[101] Zhang 

et al. reported that the XRD peak of δʹ-phase became sharper and stronger with the increase 

of drawing ratio, indicating the enhancement of the degree of crystallinity.[91] Similar 

increasing trend of crystallinity with strain rate was observed from αʹ-phase.[102] The 

influence of stretching on the molecular orientation was proved by Wu et al.[101] They 

showed that the remanent polarisation of δʹ-phase film was improved by mechanical 

drawing because of improved molecular orientation.    
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3) Electrical poling  

As briefly mentioned, the high-voltage poling process generates piezoelectric and 

ferroelectric Nylon-11, and this was one of the major research topics in the field of Nylon-

11. Here, the studies regarding piezoelectricity and ferroelectricity of Nylon-11 is 

introduced in chronological order because such arrangement would be helpful to 

understand the current status of Nylon-11 work and to suggest new research directions. 

Based on the studies of piezoelectric properties of PVDF and its copolymers, it has 

been known that the piezoelectricity in semi-crystalline polymers is proportional to the 

volume fraction of polar crystallites with preferred dipole orientation.[103] As a result, it 

had been supposed that Nylon-11 should have the large piezoelectric properties due to all-

trans conformation with large dipole moment in aligned amide group. However, the 

reported piezoelectric strain coefficients of Nylon-11 in the early stage work were two 

orders of magnitude less than that of oriented PVDF.[104] This was because the 

piezoelectric activities of Nylon-11 are quite sensitive to crystal structure and poling 

conditions.[103] In 1980, Newman et al. first investigated the influence of hydrogen 

bonding in the Nylon-11 during the electrical poling process.[103] They found that the 

energy barrier for αʹ-phase dipole realignment is too high due to the well-ordered hydrogen 

bonding, while melt-quenched δʹ-phase could be poled without breakdown and showed 

much improved piezoelectric constants (d31) of 3 pC/N. In 1984, the effect of uniaxial 

drawing on piezoelectric response was reported by Mathur et al.[105] In both αʹ- and δʹ-

phase case, the magnitude of the piezoelectricity of the stretched film was much higher 

than that of the unstretched film due to the dipole reorientation. The origin of δʹ-phase’s 

high piezoelectric coefficient was confirmed by Wu et al. in 1986.[106] Using various 

crystal structures of Nylon-11, they showed that the lower regularity in the dipole 

orientation within the δʹ-phase makes it relatively easier to rearrange the dipoles in parallel 

to the electric field in the poling process. Takase et al.’s investigation of Nylon-11 showed 

much higher d31 value at high temperature.[107] At a temperature between 100 and 200 °C, 

stretched and poled δʹ-phase exhibited d31 value of 14 pC/N, which was much higher than 

that of PVDF (~ 5 pC/N). Furthermore, this sample displayed little decay of d31 even after 

annealing at 185 °C, while PVDF samples showed a significant decay in response, 

indicating much better thermal stability of Nylon-11 as compared to PVDF. In 1999, the 
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highest piezoelectricity of Nylon-11 was reported by Wu et al.[101] From stretched (3.5:1) 

and electrically poled δʹ-phase film, d31 value of 20 pC/N was achieved at 120 °C, 

indicating that the orientation of molecular chains and increased crystallinity enhanced the 

piezoelectricity.   

The ferroelectric behaviour of Nylon-11 was firstly achieved by Lee et al. in 

1991.[108] Before this literature, researchers concluded that the Nylon-11 samples do not 

reveal any ferroelectric behaviour, such as electric displacement (D) versus electric field 

(E) hysteresis loops. However, via high-voltage poling process, D-E hysteresis with 

remanent polarisation value of 68 mC/m2 was achieved from the cold-drawn or low-

temperature annealed (< 100 °C) δʹ-phase samples. In contrast, αʹ-phase and high-

temperature annealed δʹ-phase did not show any ferroelectric behaviour even after electric 

poling process. The same group also discovered an increased coercive field and a decreased 

spontaneous polarisation with increasing annealing temperature.[109] Takahashi et el. 

explained such phenomenon using phase transition from a pseudo-hexagonal δʹ-phase 

containing distorted conformation into all-trans triclinic αʹ-phase.[110] They attributed the 

origin of the increased ferroelectric switching time after thermal annealing (> 100 °C) to 

the enlarged potential barrier against the chain rotation in the αʹ-phase. The effect of 

mechanical drawing on the ferroelectric properties was investigated by Wu et al.[101] 

Interestingly, both undrawn and drawn (3.5:1) films exhibited D-E hysteresis loops with 

coercive voltages of 73 and 63 MV/m, respectively. It means that such drawing process 

gave rise to molecular orientation, so that electric field-induced dipole reorientation 

became easier in the sample with drawing process. Furthermore, assuming that the dipole 

switching occurred in the crystalline region, the increased crystallinity via drawing would 

increase the number of oriented dipoles, resulting in reorientation of more dipoles during 

the poling process. In 2016, Zhang et al. reported D-E hysteresis from even-numbered 

Nylons (Nylon-6 and -12) with mesomorphic (or metastable) melt-quenched phase.[97] 

Although the size of the hysteresis loop was smaller than that of Nylon-11, high voltage 

electric poling enabled Nylon-12 to undergo dipolar switching of the dangling bonds and 

weak hydrogen bonds. It means that that odd-numbered Nylons with polar crystalline 

structures are not pre-requisites for ferroelectricity. Instead, mesophases with enlarged 

interchain spacing and disordered hydrogen bonds are the key factors for ferroelectric 

behaviour of Nylon. 
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 Perspectives and challenges 

Due to the hydrogen bonding and fast crystallisation speed, Nylon-11 has an 

extensive degree of polymorphism, and among various phases, thermodynamically stable 

triclinic α-, defective triclinic αʹ-, and metastable pseudo-hexagonal δʹ-phases have been 

studied mainly. The post-treatment techniques of Nylon-11 can be classified into three 

methods: thermal annealing, mechanical drawing, and electrical poling. The thermal 

annealing process resulted in phase transition of αʹ- or δʹ-phase to δ-phase, and such 

phenomenon was called Brill transition. The mechanical drawing process did not change 

the crystal structures but improved the molecular orientation and crystallinity. The 

electrical poling process enabled Nylon-11 to show piezoelectric and ferroelectric 

properties. Furthermore, pre-stretched and poled Nylon-11 showed outstanding thermal 

stability with much higher piezoelectric and ferroelectric behaviours comparable to PVDF.  

However, the limitations of the Nylon-11 should also be considered: 

• Harsh processing condition for δʹ-phase fabrication. Such piezoelectric and 

ferroelectric properties of Nylon-11 were achieved only in the pseudo hexagonal δʹ-

phase, and this is typically produced through extremely fast crystallisation that is 

required to avoid the formation of large crystal domain. As a result, most of the studies 

regarding the δʹ-phase Nylon-11 have been carried out on films grown via melt and 

ice-quenching. Although several alternative techniques, such as spin coating,[93] 

vapour deposition,[111] electrospinning,[112] and adding carbon nanostructures,[113] 

have been suggested, most of these reported approaches resulted in a lower crystallinity 

and/or still require harsh processing conditions, such as high temperature (290 °C) 

and/or vacuum condition. 

• High-voltage poling process. In order to realise such piezoelectric and ferroelectric 

behaviour in the δʹ-Nylon-11, mechanical stretching and/or electrical poling process 

under high voltage (~140 MV/m) are required. However, such processes are practically 

unfavourable, thus these are major processing issues that need to be overcome.  

• Metastable δʹ-phase. As discussed, the key to piezoelectric and ferroelectric behaviour 

is not a polar crystal structure of Nylon-11 but a metastable crystal structure with 

enlarged interchain spacing and disordered hydrogen bonds because the field induced 

dipole rotation is restricted up to the electrical breakdown in the well-ordered crystal 
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structure with highly-packed hydrogen bonding. However, such a concept of 

metastable crystal structure is inconsistent with the commonly held notion in the field 

of ferroelectric polymers: that polymers with ordered crystal structures and higher 

crystallinity generate a better ferroelectric response.  

 

 

 Polymer-based nanocomposite 

With increasing demand for high performance and multi-functional polymers, 

polymer-based nanocomposites have been proposed and investigated for more than five 

decades.[114], [115] It was shown, for instance, that the electrical and mechanical 

properties of polymers can be manipulated significantly by adding a small number of 

inorganic nanoparticles.[65], [66], [116]  

 

 Dispersion and distribution issue 

Despite many advantages of polymer-based nanocomposite, the use of nano-

insertions in nanocomposites to date has been limited by challenges in nanoparticle 

dispersion and distribution in polymer matrix.  

So far, the fabrication of polymer-based nanocomposite has mainly been achieved 

by melt-extrusion or doctor-blading techniques. [117], [118]  

Melt-extrusion is a well-known process of applying heat and pressure to melt a 

polymer and mix polymer with inorganic nanoparticles (i.e. nano-insertions) (Fig. 2-11a). 

Thermoplastic polymer pellets and inorganic nanoparticles are fed together (or separately) 

through the feeder. A screw of the extruder then forces the mixture of polymer melt and 

nanoparticles through a hole in a continuous process, resulting in polymer-based 

nanocomposite. The melt-extrusion method enables high-throughput fabrication of 

polymer-based nanocomposites, but the aggressive mechanical shearing by screw severely 

damages the surface of the nano-insertions and deteriorates their mechanical and electrical 

performance.[119] In addition, it is difficult to obtain decent degree of dispersion via melt-

extrusion due to high viscosity of polymer melt.  
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Fig. 2-11 Schematics of conventional synthesis techniques of polymer-based nanocomposite: (a) 

melt-extrusion and (b) doctor-blading.   

 

As for doctor-blading methods, they enable fabrication of nanocomposites with 

improved dispersion of nano-insertions by using nanoparticle-dispersed polymer solution 

(Fig. 2-11b). However, they also suffer from performance degradation of nano-insertions 

because the extremely high energy input (~ 20,000 W/L) from ultrasonication is required 

to disperse nanoparticles in polymer solution. Furthermore, to maintain the degree of 

dispersion in the solution, destructive or non-destructive functionalization process should 

be preceded. However, surface defects of nano-insertions by destructive functionalization 

or phase separation by non-destructive method also decline the performance of resulting 

nanocomposite.[120] In addition, preparation of nanoparticle-dispersed polymer solution 

lack in versatility; the process for functionalization or design of surfactant need to be 

modified and re-optimized for every new material combination.    



50 

 

Lastly, although only the dispersion of nanoparticles in polymer matrix has been 

focused dominantly in the nanocomposite study, the issue of distribution should also be 

considered. As shown in Fig. 2-12, nanoparticles can be poorly distributed in the polymer 

matrix even they are well-dispersed. In this case, the nanocomposite shows large difference 

of device performance with low reliability depending on the measuring position. However, 

the ways to solve this distribution issue have not been suggested in the field of 

nanocomposite because of the intrinsic limitation of aforementioned fabrication processes.    

 

 

Fig. 2-12 Schematic of dispersion and distribution of nanoparticles in polymer matrix: (left) ideal 

dispersion and distribution; (middle) poor dispersion with uniform distribution; and (right) well 

dispersion with poor distribution.  

 

 

 Multi-layered nanocomposite 

Recently, multi-layered nanocomposites have attracted considerable interest for 

energy applications, such as capacitor type energy storage device[118], [121], [122] and 

triboelectric energy harvesting device[43], [75], due to their superior dielectric properties 

and electrical stabilities. This multi-layered nanocomposite is also fabricated via melt-

extrusion and doctor-blading techniques. [117], [118] This means that only thermoplastic 

polymers can be selected for melt-extrusion method. Furthermore, only cross-linked 

polymers (i.e. thermoset polymers) or highly viscous polymer solution can be used in the 

doctor-blade method because solvent in the additional layers can dissolve the former layer. 

This limited variety of available polymers is a severe issue for the energy applications. 

Since, in the case of triboelectric generator, properties of polymers, such as charge affinity 

and mechanical stiffness, should also be considered to realize high-performance device. 
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Therefore, development of a novel fabrication method which can circumvent these 

limitations of nanocomposites is essential not only to further enhance the performance of 

energy harvesting devices and but to extend the range of energy harvesting device 

applications.   

 

 

Part C. Nano-fabrication technique 

We now discuss the nano-fabrication method crucial to this work.   

 

 Template-wetting method 

In this section, details of template-wetting method, which is one of the traditional 

structure manipulating methods that has emerged in the past two decades as a promising 

technique to prepare advanced nanomaterials, are discussed. In the first half of this section, 

the background and underlying fundamentals of the template-wetting method are 

introduced. In the second half, properties of template-grown polymer nanostructures are 

presented as compared to their bulk counterpart. Lastly, the achievements and limitations 

of previous studies are summarised. 

 

 Background 

The origin of template-wetting method is a “membrane-based synthesis”, which entails 

production of the desired materials within the pores of a nanoporous membrane.[123] 

Because the membranes contain cylindrical pores of uniform diameter, monodispersed 

nanocylinders of the desired materials, whose dimensions can be carefully controlled, are 

obtained.[124] Above all, the nano-sized confinement effect was the reason why such 

synthesis method attracted attention because molecular ordering can be enhanced through 

this effect. As a result, this membrane-based synthetic method had been used to enhance 

the electric conductivities of conductive polymers[125]–[127] and studied as a different 
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crystallisation mechanism of nanoconfined insulating polymers, such as engineering 

plastics or block-copolymers.[128]–[131] It was widely believed that polymer melt or 

solution could not infiltrate the small pores in the membrane, thus polymeric nanostructures 

had usually been achieved via this method with i) additional pressure (melt-press, polymer 

solution-based vacuum filtration) or ii) smaller particles than pore sizes (polymerisation, 

monomer vapour deposition).[129] However, in 2002, Stenhart et al. proposed a versatile 

“template-wetting method”.[132] They showed that polymer melts or solutions could 

infiltrate nano-sized pores of the template via “wetting” without additional force due to the 

high surface energy porous templates. Since then, a number of studies regarding novel 

properties of polymeric nanocylinders have been investigated based on the template-

wetting method.   

 

 Comparison: polymer nano-structuring methods 

Polymeric materials with nanoscopic dimensions not only have potential 

technological applications based on the surface and interface properties but also are of 

fundamental interest because the physical, chemical, optical, electrical, and structural 

properties of polymers can change in this dimension of transition between the bulk and 

molecular scales.  

 

Fig. 2-13 Schematics of polymer nanostructure synthesis techniques: (a) template-wetting, (b) 

electrospinning, and (c) nanoimprinting methods. 
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Nanostructured polymers are typically synthesised by three main methods; 

template-wetting, electrospinning; and nanoimprinting (Fig. 2-13).[133] Template-wetting 

method produces polymer nanostructures by infiltration of polymer melt or solution into a 

nanoporous template. In the case of electrospinning, the polymer solution is extruded 

through a nozzle, where a high electric-field is applied, and deposited on a grounded 

surface.[134]–[136] Strong drawing and electrical poling during the process result in dipole 

alignment in the nanofibers. Nanopattern or regular arrays of polymer nanostructures can 

also be achieved via nanoimprinting.[137]–[139] If the polymer film is pressed above the 

glass-transition temperature of the polymer by nano-patterned mould, the inverse patterned 

polymer structure occurs. Table 2-5 shows the advantages and disadvantages of each 

nanoconfinement method.  

 

Table 2-5 Advantages and disadvantages of three different polymer nanostructure synthesis 

techniques 

 Advantage Disadvantage 

Template-wetting - preferential crystal orientation  

- template embedded structure  

- limited length of nanocylinder 

Electrospinning - preferential crystal orientation 

- continuous process 

- unlimited nanowire length 

- less-uniform morphology 

- high-voltage process  

Nanoimprinting - preferential crystal orientation - high temp. and pressure process 

- nanostructure size limitation 

 

All methods have an advantage of preferential crystal orientation, and all with their 

specific requirements and applicability. In terms of vibrational energy harvesting, the 

template-embedded structure from template-wetting method would be a significant 

advantage because such structure not only enables the alignment of polymer nanostructures 

but also enhance the mechanical stability. Electrospinning is likely to be more appropriate 

for large surface area application, such as sensor and membrane, due to continuous process 

and unlimited nanofiber length.  
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 Fundamental principles  

Template-wetting method involves the mechanisms of wetting, capillarity, and 

hydrodynamic flow of liquids in cylindrical pores.  

 

Fig. 2-14 Schematic of partially wetting of liquid droplet on the solid substrate. 

 

When we drop a liquid droplet on a flat substrate, the interaction between liquid 

and solid substrate can be described by the contact angle (θ). In this case, three different 

interfacial tensions need to be considered (Fig. 2-14):  

• The surface energy of the solid (γSV) 

• The surface tension of the liquid (γLV) 

• The solid-liquid interfacial energy (γSL). 

The θ is determined by the balance of these three interfacial tensions of γSV, γLV, and γSL, as 

is defined by Young’s equation:   

 

 cos 𝜃 =
𝛾𝑆𝑉 − 𝛾𝑆𝐿

𝛾𝐿𝑉
 (2-32) 

 

If θ < 90°, wetting will occur, while a system is non-wetting if θ > 90°. These wetting 

regimes can be classified differently according to the spreading factor (S),[140]–[142]   

which is defined by  

 

 𝑆 = 𝛾𝑆𝑉 − 𝛾𝑆𝐿 − 𝛾𝐿𝑉 (2-33) 
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S indicates the interfacial energy difference between the bare substrate and the substrate 

covered with a liquid. Therefore, S ≥ 0 corresponds to complete wetting, and a liquid 

droplet will spread on the solid substrate spontaneously until complete coverage of the 

substrate and form a thin liquid film. In contrast, S ˂ 0 corresponds to partial wetting, so 

that an equilibrium shaped liquid droplet is placed on the substrate with θ. When the 

substrate has a high surface energy (γSV = 0.1 ~ 0.5 J m-2)[143], such as glass, metals, metal 

oxides, and ionic crystals, liquid with low surface tensions (γLV↓, including polymer melt 

and solution) immediately cover (or wet) the surface of the substrate because covering the 

solid surface and deformation of the liquid droplet are energetically favourable.[144] 

Interfacial energies (γSL) are determined by the intrinsic properties of the solid and liquid.  

Capillarity is the tendency of a liquid to fill the capillary tube (or pore) 

spontaneously. The driving force of capillary infiltration is also surface tension. The 

capillary pressure difference (Δp) across a hemispherical meniscus can be described by the 

Laplace equation:  

 

 
∆𝑝 =

2𝛾𝐿𝑉 ∙ cos𝜃

𝑟
 (2-34) 

 

where r is the pore radius. Thus, if θ < 90° (wetting condition), infiltration occurs 

spontaneously, and if θ > 90° (non-wetting condition), capillary infiltration cannot exist 

unless nanosized droplets are placed outside the capillary.[145] However, in the case of the 

typical template-wetting method, such situation with nanosized droplets can be ignored.    

The hydrodynamic flow of liquids in cylindrical pores can be described for 

Newtonian liquids by the Lucas-Washburn equation:  

 

 

𝑥(𝑡) =  √
𝑟 ∙ 𝛾𝐿𝑉 ∙ t ∙ cos𝜃

2𝜇
 (2-35) 

 

where x(t) is a time-dependent displacement of liquid in a cylindrical pore, t the time, μ the 

viscosity of the liquid.[146], [147]  Based on this equation, the rate (dx/dt) of the flow of 

liquid in the cylindrical pores can be estimated by[148]  
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 𝑑𝑥

𝑑𝑡
=

𝑟 ∙ 𝛾𝐿𝑉 ∙ cos 𝜃

4𝜇𝑥
 (2-36) 

 

Because the μ, in turn, depends on the temperature, the filling rate is controlled by 

the processing temperature. Zhang et al. demonstrated a transition from the partial to 

complete wetting of polystyrene melt when the annealing temperature was raised above a 

critical temperature.[142] According to the literature, tailored polymeric nanostructures 

(nanorods or nanotubes) can be obtained via the template-wetting method simply by 

controlling the annealing temperature.  

 

 Properties of template-grown polymer nanostructures 

As briefly mentioned, the property of confined polymeric structures is different as 

compared to the bulk. In particular, when the size of the template pores is in the nanometre-

scale, the changes in the polymer characteristics are called “nanoconfinement effect”. 

Many processing parameters of template-wetting affect the nanoconfinement effect and 

properties of resulting polymer nanostructures. Thus, in this subsection, the parameters are 

classified into three types: 1) pore-size; 2) temperature; and 3) interfacial interaction 

changes.    

 

1) Pore-size 

A dominant research topic in the field of template-wetting is the effect of pore-size 

on the properties of polymer nanostructure. First, the thermal behaviour changes of 

polymer nanocylinders were reported based on differential scanning calorimetry (DSC) 

analysis. Both the melting and crystallisation temperature of P(VDF-TrFE) nanowires 

within pores of < 40 nm diameter were depressed, while the Curie transition was only 

slightly affected.[149] The melting point depression (∆𝑇𝑚) can be explained by Gibbs-

Thomson equation:  
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∆𝑇𝑚 = 𝑇𝑚 − 𝑇𝑚(𝑑) =

4 𝛾𝑆𝐿  𝑇𝑚

𝑑 ∆𝐻𝑓 𝜌𝑠
 (2-37) 

 

where 𝑇𝑚 is the normal melting point of bulk, 𝑇𝑚(𝑑)  the melting point of resulting 

nanomaterials, 𝛾𝑆𝐿 the surface tension of the solid-liquid interface, d the size of resulting 

nanomaterial,  ∆𝐻𝑓 the bulk enthalpy of fusion (per g of material), and 𝜌
𝑠
 the density of the 

solid.[150] According to the equation, 𝑇𝑚(𝑑) decreases as the dimension of material 

decreases. The pore size also influence on polymer crystallisation mechanism: nucleation 

can be changed from heterogenous to homogenous with decreasing pore diameter. 

Homogeneous nucleation means that only a few defects initiate nucleation and growth 

crystals due to the small diameter of pores.[149] Such crystallisation temperature reduction 

was investigated in the polyethylene[151], [152], and semi-crystalline block 

copolymer[153], [154] nanocylinders. This melting and crystallisation temperature 

depression behaviour is noticeable at small pore sizes (< 50 nm) where the lamellae are 

forced to be thinner due to a reduction in the space available to crystallise.[155] It must be 

noted that the crystallinity of resulting polymer nanostructures was also found to decrease 

with decreasing pore-size, and was much lower than that of bulk.[151] Second, the 

polymorphism of polymers could be varied by template pore-diameter. Hamilton et al. 

reported on pore-size dependent formation of metastable amorphous and 

thermodynamically stable crystalline phases.[156] Using XRD analysis, Ha et al. 

demonstrated that a mixture of form II and III of anthranilic acid were observed in 24 nm 

template, and only form II was observed in 7.5 nm due to the critical nucleus size.[157] 

Crystal phase transition of PVDF in the nanopores was also observed.[158], [159] Garcia-

Gutierrez et al. showed that the arrays of isolated ferroelectric γ-phase nanorods connected 

by paraelectric α-phase supporting film could be achieved by template-wetting method 

(The pore diameter is 200 nm).[158] In the case of P(VDF-TrFE), the portion of 

ferroelectric β-phase crystals was enhanced and the non-ferroelectric phase was suppressed 

below the pore size of < 40 nm diameter.[149] Lastly, the pore-diameter affect the dielectric 

properties of polymer nanostructures. Choi et al. demonstrated P(VDF-TrFE) “nanowires” 

using 80 nm pores and their piezoelectric properties.[160] The resulting nanowires with 

thick lamellar and higher crystallinity showed piezoelectric polarization without any 

treatment. It was also found that a piezoelectric response, in the absence of any poling or 
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stretching, is obtained upon nanoconfinement on the PVDF and P(VDF-TrFE), which does 

not show any polarization when in bulk or film form without poling.[161] This is because 

the nanoconfinement effect attribute the preferential orientation of crystals in the pores and 

results in polarization without additional stretching or electric poling process, which is 

referred to as “self-polarization”.  

 

 

2) Temperature  

Since processing temperature also plays a vital role in polymer crystallisation, 

many research have been conducted regarding property changes of polymer nanostructures 

depending on the temperature. The effect of processing temperature on the crystal 

structures of syndiotactic Polystyrene (sPS) was reported by Wu et al.[162] By the slow 

cooling of the melt sPS, β-phase nanorods with preferential crystal orientation could be 

achieved. In contrast, α-sPS fabricated by annealing of the melt-quenched amorphous 

nanorods had no preferred orientation, meaning that the preferred crystal orientation is 

formed during the crystallisation process within the nanopores. Lee et al. showed the way 

to change the morphology of PVDF nanostructures by very low crystal growth 

temperature.[163] As a result of placing the solution filled template on a liquid nitrogen 

contacted plate (< 100 °C), directional cooling crystallisation occurred, and various 

nanostructures, ranging from spheres to nanofibers, were produced depending on polymer 

solution concentration (wt %).      

 

3) Interfacial interaction  

Changing the solid-liquid interfacial energy (γSL) also affect the properties of 

polymer nanostructures because it affects the wetting mechanism. Fu et al. showed that the 

crystal structure of PVDF nanostructure could be tuned by γSL.[164] The surface treatment 

by 3-aminopropyltriethoxysilane (APTES) resulted in stronger interaction between the 

hydrogen atoms on NH2 groups in APTES and the fluorine atoms on the PVDF chains. It 

was also found that highly polar hydroxyl groups on the template surface induced by 

plasma-treatment bring out the improvement of polar β-phase proportion in the PVDF 
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nanowires. Xue et al. reported that the interfacial interaction modified the morphology and 

crystallisation of Nylon-6 nanowires.[165] While enhancing the interaction of Nylon-6 and 

the surface of template pores by immersion precipitation, the morphology of nanostructures 

changed from solid nanofibers, mesoporous, to bamboo-like, increasing the domains of 

metastable γ-phase. A double-solution wetting method also showed the impact of the solid-

liquid interaction in the pores to final morphology.[166] When polystyrene (PS) solution 

in dimethylformamide (DMF) and poly(methyl methacrylate) (PMMA) solution in acetic 

acid were infiltrated into the nanopores sequentially, due to the stronger interaction 

between acetic acid and aluminium oxide template, peapod-like PS/PMMA core-shell 

nanostructures were obtained.        

 

 Conclusion 

Template-wetting has a great potential for the preparation of polymer nanostructures. 

Based on the wetting (and capillary infiltration) mechanism, polymer melt or solution can 

easily infiltrate high surface energy nano-pores and result in the various nanostructures, 

such as nanotubes, nanowires, nanoparticles. The key boundary conditions for the 

template-wetting method are pore-size, temperature, and interfacial interaction. Several 

general trends of template-wetted polymer nanostructures can be extracted from this review 

section: 

• The melting and crystallisation temperature decreases with pore size reduction, and 

such thermal behaviours are noticeable at small pore sizes.   

• The degree of crystallinity of template-grown polymer nanostructures is much lower 

than that of bulk polymers, and the crystallinity further decreases with pore size 

reduction.  

• Regardless of pore-size or other processing parameters, preferential crystal orientation 

is achieved in most of the reported polymer nanostructures with perpendicular direction 

to the cylinder axis.[167], [168] The “self-polarisation” in nanoconfined ferroelectric 

polymers would be a practical application of this phenomenon because it takes away 

the need for drawing or electric poling process.  
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• Polymer crystallisation in the nanopores can be affected by temperature and interfacial 

interaction, manipulating polymorphism or nanostructures.  

• The template-wetting method can be applied to a wide variety of polymer materials, 

such as general, engineering, functional polymers, and block copolymers. 

 

In summary, the distinct advantage of the template-wetting method is preferential 

crystal orientation. However, considering that most of the favourable properties of semi-

crystalline ferroelectric polymers originate from the crystalline regions, the crystallinity 

depression would be a severe drawback of the template-wetting method. Therefore, ways 

to improve the crystallinity of nanoconfined polymer nanostructures should be developed.     
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Chapter 3 

 

3 Experimental and Computational 

Methods 

 

This chapter provides an overview of the experimental methods used in the following 

chapters. The details of sample fabrication are provided with results of reference samples. 

In addition, characterization techniques of the properties of the polymers used, scanning 

probe microscopy, electrical measurements, and modelling methods are described.  

   

 Fabrication 

 Conventional film preparation method 

Typically, Nylon-11 films were fabricated by melt-pressing, drop-casting, and spin-

coating, and the resulting films have different crystal structures depending on processing 

conditions. 

Melt-pressing. This method generates αʹ- and δʹ-phase Nylon-11 film. Nylon-11 pellets 

(molecular weights (Mw) of 201.31g/mol, Sigma-Aldrich) were placed on an aluminium 
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foil on a hot-plate, and then the temperature of the hot-plate was increased up to 230 °C. 

When the pellet became a molten film, a glass-slide was placed upon the polymer melt and 

pressure was applied using a tensile machine (Instron 8501) with a force of 200 N. The 

molten polymer was then crystallised by slow-cooling or ice-quenching methods. In the 

case of slow-cooling, the temperature of the hot-plate was decreased from 230 °C to room 

temperature with a cooling rate of 5 °C/min, resulting in αʹ-Nylon-11 film. δʹ-phase could 

be achieved by quenching the molten film into an ice bath.  

Drop-casting. Nylon-11 solution was prepared by dissolving Nylon-11 pellets in formic 

acid (Sigma-Aldrich, Reagent grade > 95%) under constant stirring at 80 °C. Using a 

pipette (Research Plus 100 μL ~ 1,000 μL, eppendorf), 800 μL Nylon-11 solution was 

dropped on a silicon wafer and then allowed to dry naturally over 30 min at room 

temperature. The silicon wafer was used to achieve the films with flat and smooth surfaces. 

Depending on the targeting crystal structures, the drying process of the polymer solution 

can be modified. For instance, if the Nylon-11 solution can be dried slowly in a roughly 

sealed and heated system (where a lid was placed over the sample to fill the environment 

with vapour of formic acid, and the sample was then placed on a hot plate at 80 °C) the 

most stable α-phase Nylon-11 film can be achieved. Details of various drying processes 

and resulting crystal structures are given in Chapter 8.    

Spin-coating. Spin-coating is used to generate a thin film of polymer material, and δʹ-phase 

Nylon-11 film also achieved by this method. The Nylon-11 solution was dropped on a 

silicon substrate, which is held by a vacuum pump on a spin coater, and the substrate was 

spun with a speed of 2,000 revolutions per minute (rpm) for 60 sec. The setting values can 

be varied to achieve the target thickness and evaporation rate. The spin coater used here 

was Model WS-650 Mz-23NPPB (Laurell Technologies). 

 

Fig. 3-1 shows the XRD patterns and photographs of Nylon-11 films. As described, 

αʹ- and δʹ-phase films were produced by a melt-pressing method with slow-cooling and ice-

quenching, respectively. The patterns of diffractograms and peak positions are in good 

agreement with the reported data (Table 2-3).  
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Fig. 3-1 Reference Nylon-11 films with α-, αʹ-, and δʹ-phase. (a) XRD patterns of each film. (b) 

Photographs of each film. Scale bar indicates 1 cm.   

 

Inspection of the photograph of films (Fig. 3-1b) allows us to speculate the crystal 

conformation and degree of crystallinity. The α-phase film fabricated by drop-casting and 

slow-cooling method showed white colour due to the well-ordered crystal structures and 

the highest crystallinity (~ 48 %). In contrast, opaque colour was achieved in the melt and 

slow cooling film due to the defective crystal structure of αʹ-phase. In the case of melt and 

ice-quenched process, the resulting film was almost transparent because melt-quenched 

process suppressed crystal growth and formed δʹ-phase with the lowest crystallinity of 38 %. 

Fig. 3-2 displays the surface morphology of α-phase Nylo-11 film as measured by SEM. It 

shows a rough surface with grain boundaries between spherulite structures.   
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Fig. 3-2 SEM image of α-phase Nylon-11 film fabricated by drop-casting and slow-cooling method. 

Microstructure shows the spherulite structures of Nylon-11 with grain boundaries.  

 

 Nanostructured polymer fabrication method 

Polymer nanostructures were fabricated via melt-pressing or template-wetting 

methods using anodic aluminium oxide (AAO) template (Whatman). The diameter and 

length (i.e. template thickness) of pores in the AAO template are about 200 ~ 250 nm and 

60 μm, respectively (Fig. 3-3). Cross-section of AAO template shows uniform and 

continuous vertical pores across the template. The effective surface area of nano-pores can 

be calculated by an image analyser using a SEM image of bare AAO template. According 

to the SEM images (Fig. 3-4), nano-pores take up approximately 50% area of the AAO 

template.  
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Fig. 3-3 Morphology of AAO template: (a) Surface image and (inset) magnified image of the pores, 

and (b) cross-section image. Fig. (a) and (b) are taken from the author’s work from Ref. [2], 

reproduced with permission from Royal Society of Chemistry. 

 

 

Fig. 3-4 Image analysis for the effective surface area of AAO template calculation. The SEM image 

(a) was transformed into the black and white image (b). The number of black pixels (pores) were 

counted and divided by the total number of pixels (whole surface area of the template). As a result, 

the average effective area was calculated to be ~ 48.25 %. Fig. (a) and (b) are taken from the author’s 

work from Ref. [2], reproduced with permission from Royal Society of Chemistry.  
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1) Melt-pressing method 

 As a reference, Nylon-11 nanostructures were fabricated by the melt-pressing 

method. As before, Nylon-11 pellets were melted on an aluminium foil using a hot-plate, 

and an AAO template was placed on the molten polymer. Pressure was applied to the AAO 

template using the tensile machine, then polymer melt can infiltrate into the pores. The 

crystal structure of melt-pressed Nylon-11 nanostructures is also determined by the 

crystallisation process followed.  

Fig. 3-5 displays the XRD patterns of melt-pressed Nylon-11 nanostructures. The 

diffractograms of slow-cooling (SC) and melt-quenched (MQ) nanostructures are well-

matched with that of αʹ- and δʹ-phase films, respectively. However, the slow-cooled 

nanostructures show a much sharper peak at 20°, indicating that melt-pressing process 

resulted in preferential crystal orientation. In the case of δʹ-phase (melt-quenched sample), 

XRD patterns of both melt-pressed nanostructure and film were almost the same.  

 

 

Fig. 3-5 XRD patterns of melt-pressed Nylon-11 nanostructures crystallized by (blue) slow-cooling 

and (black) melt-quenching methods. SC, NW, MQ indicate slow-cooling, melt-quenching, and 

nanowire.   

 

The morphology of resulting melt-pressed nanostructures is displayed in Fig. 3-6. 

To obtain the template-freed nanostructures, the nanostructure-filled AAO template was 

immersed in a 40 vol % phosphoric acid solution for 4 h. The resulting nanostructure mat 

was then washed in de-ionised water and left to air-dry. As shown in Fig. 3-6e, melt-
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pressing technique generated “nanotube” structure with the pore size of ~ 200 nm. In 

addition, the length of the nanotubes was shorter than that of AAO template. These results 

indicate that polymer melt did not completely infiltrate the nano-pores during the melt-

pressing process. From the macroscopic point of view, αʹ-phase nanotubes seem straight 

(Fig. 3-6a~c). In contrast, δʹ-phase nanotubes seem to lean over (Fig. 3-6f~h). This 

phenomenon is likely to be attributed to the difference of mechanical and/or dielectric 

properties of nanotubes with different crystal structures.  

 

 

Fig. 3-6 SEM images of Nylon-11 nanostructures fabricated by the melt-infiltration method: (a ~ e) 

αʹ-phase and (f ~ h) δʹ-phase obtained by slow-cooling and ice-quenching, respectively.   
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2) Solution-based template-wetting 

As discussed in Chapter 2.5, template-wetting is a straightforward method for 

achieving polymer nanostructures.  

In this work, Nylon-11 nanowires were fabricated by three different solution-based 

template-wetting methods: conventional template-wetting; gas-assisted nano-template 

infiltration (GANT); and thermally-assisted nano-template infiltration (TANI) method. Fig. 

3-7 depicts the schematics of each template-wetting method with their processing 

conditions. As shown in the figure, the dominant factors for crystal structure controlling 

are gas-flow, solution concentration, vapour-environment, and additional heating. Further 

details of development and physical meaning of each of these processing parameters are 

given in Chapter 4 ~ 7. 

 

 

Fig. 3-7 Schematics of Nylon-11 nanowire growth mechanism for (a) conventional template-wetting 

method, (b) gas-assisted nano-template infiltration (GANT) method, and (c) thermally-assisted 

nano-template infiltration (TANI) method.   

 

Conventional template-wetting. The AAO template was placed on top of 10 wt % Nylon-

11 solution. This assembly was then left at room temperature with no additional gas-flow. 

As the formic acid naturally evaporated through the pores, the solution was drawn up 

through the pores via capillary forces, and Nylon-11 was able to crystallise into nanowires. 

GANT method. The AAO template was placed on top of a drop of 17.5 wt % Nylon-11 

solution in accordance with the conventional template wetting method. No additional 

protective layers were added, and the solution was not heated. To control the crystallisation 

rate of the solution, assisted gas-flow was introduced upon the AAO template using a 

portable mini fan placed immediately next to the floating template. The rate of assisted gas 
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was controlled by fan rotation speed and measured by an anemometer. The whole drying 

experiment proceeded under room temperature.  

TANI method. 5 wt % Nylon-11 solution was dropped onto a cleaned petridish pre-heated 

at 40°C. In this method the AAO template was attached to a square glass before placing on 

top of the solution to limit the exposure of the top surface of the AAO template to the air, 

thus limiting the rate of formic acid evaporation. Also, a lid of petridish was placed over 

the sample to further reduce exposure to the surrounding air and to fill the environment 

using the vapour of formic acid. The sample was then placed on a hot plate (~ 80 °C).   

For accurate characterisation of the nanowires, a thin Nylon-11 film formed below 

the AAO template during fabrication must be removed. To do so, excess material was 

scraped off using a razor blade. Next, formic acid was warmed on a hot plate to 80 °C and 

swabbed over the template bottom surfaces using a cotton bud. Once the thin Nylon-11 

films had been removed, the nanowire filled template was washed in distilled water and 

dried at room temperature.  

 

 Aerosol-jet printing 

We now discuss aerosol-jet printing (AJP) technique as the multi-layered 

nanocomposites fabrication route. To modify AJP for printing the nanocomposite, 

understanding the processing mechanism is essential. Therefore, this section provides a 

broad framework for AJP process. The operating principles are described with detailed 

atomization and aerodynamic focusing mechanisms. Then, the processing parameters for 

the AJP process are introduced with the example of process optimization for electrode 

printing. Details of advanced AJP technique for multi-layered nanocomposites is given in 

Chapter 8. Some part in here has been previously published and therefore has been adapted 

from that text.[3] Copyright permission and authors’ contributions are given in Appendix 

A.   
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3.1.3.1 Operating principle  

As an additive manufacturing process, three-dimensional (3D) printing technique is 

an emerging application area for functional nanomaterials, with widespread utility 

spanning sensors, flexible circuits, energy storage and harvesters, and biomedical 

applications.[169]–[171] In this field, AJP is a relatively recent method compared to 

another printing toolbox, such as extrusion-based printing (EXP) or inkjet printing (IJP) 

techniques.[172], [173] However, AJP offers a more versatile alternative to EXP or IJP, 

especially in terms of the selection of suitable materials for deposition. Because while EXP 

and IJP are limited to a narrow range of ink viscosities, AJP is capable of ink with a wide 

range of viscosities between 1 and 1000 cP, allowing variety of materials   ̶ from solution-

based nano- and bio-materials to polymers   ̶ to be deposited over relatively large areas with 

high printing resolution (~ 10 μm).  

A general schematic of the aerosol-jet process is shown in Fig. 3-8. According to 

the literature by Secor et al., the aerosol-jet printing process is classified by five steps: (i) 

atomising; (ii) transport; (iii) collimation; (iv) focusing; and (v) impaction.[174]   

(i) Atomising  

: Both ultrasonic and pneumatic atomisers are used to generate a fine mist (i.e. 

aerosol) of ink material. The size of aerosol droplets is typically 1 to 5 μm in 

diameter.  

(ii) Transport 

: By a nitrogen carrier gas, the aerosol droplets are transported toward the 

deposition head (dep-head) through the plastic tubes. Due to the large-surface area 

of micron-sized droplets, there are rapid solvent evaporation and size reduction of 

the aerosol droplet when they contact with a dry carrier gas.[174] In addition, some 

droplets can be lost during aerosol transport process, because of gravitational 

settling or impingement on tube walls by diffusion. 

(iii) Collimation 

: Within the dep-head, the flow of aerosol is surrounded by a sheath gas.  

(iv) Focusing 

: When the aerosol and sheath gas passes through a deposition tip (nozzle) with the 
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opening of 100 ~ 300 μm, the aerosol droplets are collimated due to the 

aerodynamic focusing.  

(v) Impaction 

: Finally, the aerosol droplets are reached to the substrate and deposited, 

maintaining velocity, focusing, and resolution.  

Among various processes, we would like to discuss the mechanism of (i) atomising 

and (iv) focusing process in more detail because they are a unique process which define the 

distinct characteristic of AJP relative to other printing techniques.  

 

 

Fig. 3-8 Schematic of the aerosol-jet process: atomization by (a) ultrasonic atomizer and (b) 

pneumatic atomizer; (c) collimation, focusing and impaction by printing head. Fig. (a) and (c) are 

taken from the author’s work from Ref. [3], reproduced with permission from IOP Publishing.  
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1) Atomising  

In the AJP system, there are two different atomisers (ultrasonic and pneumatic 

atomiser), and they have different atomising mechanisms.[175]  

 

 

Fig. 3-9 Schematic of ultrasonic atomization mechanism. 

 

In the case of the ultrasonic atomiser, capillary wave structure is induced at the ink 

surface via ultrasonication with MHz range frequency, creating fine aerosol droplets with 

a well-defined size distribution of 3 to 5 μm (Fig. 3-9).[176], [177] The ultrasonication 

power is determined by the amount and viscosity of ink.[178] Therefore, considering 

maximum ultrasonication power in the system, materials with a viscosity in the range of 1 

~ 10 cP are appropriate for ultrasonic atomization. The size of the aerosol droplet is varied 

by the density, surface tension of ink and ultrasonication frequency.[178], [179] Solution 

with nanoscale particles is also able to be atomised, but the size of nanoparticles should be 

smaller than the final aerosol droplet size. According to the literature, nanoparticles and 

nanotubes with the size range of 10 nm to 500 nm were printed using the ultrasonic 

atomising system.  

Pneumatic atomisers are extensively used in our daily life for spray and coating 

applications because fine mist can be achieved easily by air pressure and nozzle. Fig. 3-10 

depicts the pneumatic atomisation, including atomisation and virtual impactor. When 

carrier gas is injected into the chamber through the upper hole, ink is also sucked up through 

the lower hole due to the pressure difference. Then the ink is sprayed by carrier gas at the 

nozzle and become fine aerosol with the size of 1 ~ 5 μm. The size of the aerosol droplet 

is defined by nozzle design, gas velocity, liquid viscosity and surface tension.[180], [181] 

In contrast to ultrasonic atomization, a wide range of materials with a viscosity of 1 to 1000 

cP are able to introduce by pneumatic atomiser because there is no limitation on processing 
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parameters, such as ultrasonication power. As a result, much bigger suspended particles 

can be atomised by pneumatic method relative to ultrasonic. The virtual impactor is used 

to remove excess atomisation gas or small molecules, condensing aerosol droplet 

stream.[182] However, due to the virtual impactor, the selection of inks with high vapour 

pressure is avoided because it would be dried during the process and printed as a powdery 

form. Therefore, low or medium vapour pressure solvent is appropriate for pneumatic 

atomization.[175]    

 

 

Fig. 3-10 Schematics of the pneumatic atomisation mechanism. Left and right circle show the 

magnified images of the atomiser nozzle and virtual impactor, respectively. Blue and orange spheres 

indicate aerosol droplets and gas (or solvent) molecules, respectively.    

 

Considering the design of atomisers and atomisation mechanisms, relatively 

smaller amounts of material can be atomised by the ultrasonic system compared to the 

pneumatic atomiser. In addition, inks with high vapour pressure can also be used to 

ultrasonic atomised. In contrast, the pneumatic atomiser is appropriate to materials with 

high viscosity (> 10 cP) and with the large size of suspended particles.  

 

2) Focusing 

 When aerosol droplets are transported by a carrier gas, the aerosol gas-flow is 

surrounded by sheath gas-flow and collimated in the dep-head, generating a form of “jet” 

(or “beam”). This process is called “focusing”. Because the diameter of resulting aerosol-

jet flow determines the printed line width, the focusing process is directly correlated with 
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the resolution of the aerosol printer. Binder et al. proposed the analytical model for aerosol-

jet focusing.[183] There are two assumptions for the calculation. First, the aerosol and 

sheath gases are incompressible and laminar, which is described by the law of Hagan and 

Poiseuille. If the Reynolds number (Re) is 800, the laminar flow can be sustained in the 

tube.[183]  Next, both gases are not mixed and separated. The schematic of the flow profile 

at the nozzle is shown in Fig. 3-11. Both gases are axially symmetric, and the aerosol gas-

flow is cylindrically surrounded by the sheath gas-flow.     

 

 

Fig. 3-11 Schematic of the aerosol flow profile at the printer nozzle.[183] The blue shade area 

displays the aerosol-jet flow. R and djet indicate the radius of the nozzle and aerosol-jet diameter, 

respectively.    

 

Based on the assumptions, the flow profile U(r) is defined by  

 

 
U(r) = 𝑣𝑎− 𝑣𝑆 =

2(𝑄𝑎 + 𝑄𝑠)

𝜋𝑅2
× (1 −

𝑟2

𝑅2) (3-1) 

 

where 𝑣𝑎 is the velocity of aerosol-jet gas, 𝑣𝑠 the velocity of the sheath gas-flow rate 

aerosol-jet flow rate, 𝑉𝑠 the sheath gas-flow rate, and R the channel radius of the nozzle. By 

integrating Eq. (3-1), the aerosol-jet diameter djet can be calculated by 
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𝑉𝑎 = ∫ ∫ 𝑈(𝑟)𝑑𝑟𝑑𝜃

𝑑𝑗𝑒𝑡/2

0

2𝜋

0

 (3-2) 

   

 

 

𝑑𝑗𝑒𝑡 = 2𝑅 × √1 − √
𝐹𝑅

𝐹𝑅 + 1
 (3-3) 

 

where FR is the focus ratio (FR = Qs / Qa).  

Eq. (3-3) shows that the aerosol-jet diameter djet (= final printing width) only 

depends on the FR and size of the nozzle (R), indicating that the printing resolution can be 

generalised by processing parameters regardless of kind of inks.  

 

3.1.3.2 Processing parameters 

 Based on the ink atomising and aerosol focusing mechanism, the key processing 

parameters of AJP system can be summarised as follows: the aerosol-jet flow rate (Qa), the 

sheath gas-flow rate (Qs), the (R), and the aerosol droplet size.[174] As discussed, these 

parameters determine the final resolution of the printer. However, to achieve the best 

quality of printed pattern, other processing parameters should also be optimised because 

they also affect morphology and uniformity. Goth et al. presented some initial 

investigations on the sensitivity of the process to some of the minor parameters.[184] 

Mahajan et al. subsequently carried out a more systematic study into the influence of minor 

parameters on the morphology and electrical properties of silver lines printed on 

silicon.[185] Thus, we summarise all the processing parameters with affecting factors 

(output) in Table 3-1. It must be noted that, while the importance of processing parameters, 

affecting factors are also deviated by properties of inks. Furthermore, the optimised 

condition for one ink cannot be generalised to other inks.  
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Table 3-1 Summary of processing parameters and affecting factors (output) 

Group Processing parameter Output 

key aerosol-jet flow rate resolution  

 sheath gas-flow rate  

 channel radius of nozzle  

 aerosol droplet size  

others  atomiser power, ink temperature droplet size distribution, aerosol density 

 printing speed thickness and width of printed line 

 substrate temperature drying speed, width of printed line 

 tip height width of printed line (overspray) 

  

3.1.3.3 Methods 

In this work, AJ200 AJP (Optomec Inc., New Mexico, USA) equipped with an 

ultrasonic and pneumatic atomiser was used to print conductive electrodes and also 

polymer-based nanocomposites. Several types of inks are prepared and introduced 

depending on the applications. A silver nanoparticle ink (Prelect TPS 50 G2, Clariant) was 

diluted 1:3 by volume with de-ionised water (ink:water), and it was usually atomised in the 

ultrasonic atomiser. During printing, a constant temperature (20 °C) of Ag ink was 

maintained using a water bath. 4 wt % P(VDF-TrFE) solution and 50 vol% polyamic acid 

(PAA) solution were prepared in N-Methyl-2-pyrrolidone (NMP), and they were atomised 

by the pneumatic atomiser.  

Printing tips with a diameter of 150 μm and 250 μm were used for printing silver 

electrode and nanocomposite, respectively. The tip height of 3 mm was used throughout. 

The excitation current of ultrasonic atomiser was set to 0.6 mA. Printing speed and 

substrate temperature were constantly maintained: 1 mm s−1 and 60 °C for the conductive 

electrode; and 10 mm s−1 and 80°C for nanocomposite printing. A variety of substrates 

including silicon wafer (with native oxide), glass, and Kapton film (5 mils, DuPont) were 

used. All substrates were washed in acetone and dried with nitrogen gas prior to printing. 

No surface modification was carried out and a single pass was used for all prints. Post 

thermal annealing process (at 135 °C) was carried out immediately after printing using an 

oven (HeraTherm—Thermo Scientific). A Dektak profilometer (Veeco) was used to 

measure the resulting line profiles, with five profiles being recorded per sample.  
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3.1.3.4 Process optimisation for electrode printing  

To print the silver nanoparticle electrode, the optimised printing conditions are 

investigated by using various combination of gas-flow rates. The gas-flow parameters were 

varied as part of the investigation included the sheath gas-flow rate (Qs, 20 → 160 sccm) 

and aerosol-jet flow rate of ultrasonic atomiser (Qa, 20 → 32 sccm).  

 

 

Fig. 3-12 The influence of two gas-flows on printed-line morphology. Lines printed at the same FR 

(= Qs / Qa) are grouped together. A clear operability window can be seen for Qa between 26 and 30 

sccm, with FR between 2 and 4. Figure is taken from the author’s work from Ref. [3], reproduced 

with permission from IOP Publishing. 

 

The influence of the two gas-flow rates on the line morphology is demonstrated in 

Fig. 3-12. The focus ratio (FR) of each deposition is also highlighted with a different colour. 

It was found that a minimum Va of around 25 sccm had to be reached in order to produce a 

continuous line. For each value of the Va, the deposition could be seen to pass through an 

operational window as the FR was increased. Using a low FR produced lines that were 

broad and ill-defined. Increasing the FR improved the deposition, yielding lines with more 

distinct edges. Increasing the ratio further resulted in lines that were once again poorly-

defined. In this way, an optimal window for deposition could be determined. Fig. 3-12 
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demonstrates that for this particular system (i.e. the combination of printer, ink, substrate, 

temperature and print speed), acceptable deposition occurs for Va of between 26 and 30 

sccm with FR between 2 and 4. Including the FR, other printer related factors, such as 

temperature, resistivity, flexibility, and printing speed, were also investigated and reported 

in our publication.[3]  

 

 

 Characterization  

This section provides a brief explanation of the characterisation and computational 

tools used throughout; polymer characterization, scanning probe microscopy, energy 

harvesting measurements, and modelling. Specific instrument details are also given. 

 

 Polymer characterisation 

In this section, polymer characterisation techniques are detailed; including 

scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared 

(FT-IR) spectroscopy, and differential scanning calorimeter (DSC). We used SEM to 

investigate the surface morphology. XRD was used to study changes in the unit cell, while 

FT-IR was used to measure conformational changes. Using DSC, the thermal behaviour 

and crystallinity of polymer materials were studied.  

 

1) Scanning electron microscopy  

 As a standard imaging technique, scanning electron microscopy (SEM) has been 

used for showing micrometre to nanometre-scale structures. Here, morphological analyses 

of materials were systematically studied by field–emission scanning electron microscopy 

(FE–SEM, FEI Nova NanoSEM)) with a beam intensity of 5 keV and desktop SEM 

(TM3030 Plus Tabletop Microscope, Hitachi) with accelerating voltage of 5 keV. A thin 

(< 10 nm) conductive layer of platinum (Pt) or palladium (Pd) were deposited on the sample 
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by using sputter coater (K575, EMITECH) at 40 mA for 20 s to prevent the charge 

accumulation during SEM imaging.  

 

2) X-ray diffraction  

The crystal structure of materials was characterised by X-ray diffraction (XRD) 

using a Bruker D8 diffractometer equipped with Lynx Eye position-sensitive detector (Cu 

Kα radiation, λ = 1.5418Åu). Peak shift due to sample misalignment was adjusted by using 

a silicon substrate with a single crystal peak of 32.96° for mounting (Fig. 3-13a).  

In the case of nanowires in AAO template, diffractograms of background AAO 

also needed to be considered. As shown in Fig. 3-13b, AAO template showed a broad 

amorphous pattern with the peak at 27° and two sharp peaks from the polymer supporting 

rings positioned outside of the AAO. Silicon peak at 32.96° was also observed as nanowires 

within AAO had to be attached on a silicon wafer to do the XRD measurement. Two 

additional peaks at 13.5° and 17° from support polymer ring did not overlap with diffraction 

patterns of Nylon or other polymers in this work, but they were removed by controlling the 

X-ray scan region.   

 

 

Fig. 3-13 Background XRD. (a) highly p-doped Si wafer displays only one distinct sharp peak at 2θ 

= 32.96° within the scanning region from 2θ = 5 ~ 40°. (b) AAO template shows a broad amorphous 

peak around 2θ = 28.5°. Additional peaks of supported polymer rings are detected at 2θ = 14.2, 

17.1°. However, those peaks can be removed by controlling the X-ray scan area.   
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Differences in the XRD patterns for template-protected nanowires as compared to 

the freed nanowires suggest that the Nylon-11 nanowires have preferential crystal 

orientation. This is because, only lattice planes with scattering vectors (q) normal to the 

sample surface produce diffraction peaks in Bragg-Brentano geometry. The template-freed 

nanowire sample can show all possible diffraction peaks because the nanowires are 

randomly oriented in the sample (Fig. 3-14a). In contrast, only family of peaks in the 

diffraction patterns are observed from the nanowires within AAO template. If we assume 

that crystals in the nanowires have unidirectional orientation, the direction of orientation 

can also be predicted based on the difference of diffractograms. Fig. 3-14b depicts the X-

ray diffraction with different lattice directions. In the case of (200) plane, a Bragg-Brentano 

diffractometer produces a diffraction peak at a corresponding 2θ angle as Bragg’s law is 

fulfilled. The (210) plane would diffract, however, only a background peak is observed 

because the lattice planes are not aligned with scattering vector (q). This means that, if the 

sample displays a diffraction pattern with distinct peak corresponding to (200) plane, the 

orientation of (200) plane must be parallel to the sample surface.  

 

 

Fig. 3-14 X-ray diffraction mechanism in Bragg-Brentano geometry. (a) Schematics for the 

orientation of nanowire (left) without and (right) within a nanoporous template. Arrows display the 

direction of X-ray beam (θ) with a scattering vector (q). (b) The direction of lattice planes and X-

ray diffraction. Fig. (a) and (b) are taken from the author’s work from Ref. [186], reproduced with 

permission from Royal Society of Chemistry.    
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3) Fourier transform infrared spectroscopy 

Fourier transform infrared (FT-IR) spectroscopy measurements were carried out 

using a Bruker Tensor 27 IR spectrometer with attenuated total internal reflection 

attachment. Following a baseline measurement, the samples were placed on an IR 

transparent high refractive index crystal on which the IR beam is incident and pressure was 

applied from a small metal disk to ensure contact between the sample and the crystal.  

FT-IR peak positions and their assignments of Nylon-11 are listed in Table 3-2. 

[187]–[189] The absorbance spectra of Nylon can be classified into four important regions. 

The region 500 ~ 800 cm-1 contains the amide V and VI bands. The 1000 ~ 1400 cm-1 region 

is characterised by the progression bands from the methylene segments. The amide I and 

II bands occur at the region 1500 ~ 1700 cm-1, and the IR spectra around 1640 ~ 1680 cm-1 

is assigned to amide I mode, which is conformationally related to dipole-dipole 

interactions.[189] As a result, deconvolution of amide I band can provide information 

regarding ordered and disordered hydrogen-bonded conformation. In the case of Nylon-11, 

the contribution of the band at 1635 cm-1 assigned to ordered hydrogen-bonded domain is 

distinct, and the contributions of non-hydrogen-bonded and disordered hydrogen-bonded 

domains are negligible. It means that the relative amount of crystalline region in the 

samples would be inferred based on the intensity difference between 1635 cm-1 peaks. 

Lastly, the 3300 cm-1 comprises the amide A band assigned to N-H stretching vibration and 

is sensitive to the strength of the hydrogen bond.[93]  
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Table 3-2 Region, assignments and peak positions (cm-1) of the infrared bands of Nylon-11 

region assignments 
peak position 

(cm-1) 

amide A NH stretching 3309 

 the overtone of amide I 3275 

 combination of amide I and amide II 3197 

CH2 stretching antisymmetric stretching 2923 

symmetric stretching 2852 

amide I non-H bonded (free) 1676 

H-bonded (disordered / amorphous) 1646 

H-bonded (ordered / crystalline) 1638 

 unassigned 1623 

amide II H-bonded 1558 

H-bonded 1540 

free 1516 

CH2 scissoring NH-vicinal CH2 scissoring 1477 

CH2 scissoring (in-phase) 1469 

CH2 scissoring 1457 

CH2 scissoring 1437 

CO-vicinal CH2 scissoring 1419 

amide III amide III 1374 

 CH2 rocking 721 
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3) Differential scanning calorimeter  

The thermal behaviour of polymeric materials was studied by differential scanning 

calorimeter (DSC). By using a Q2000 differential scanning calorimeter (TA Instruments), 

heating and cooling behaviours of polymer were measured at a rate of 5 C/minute. All the 

samples were sealed into Tzero pans (TA Instruments) prior to the measurements. 

Using the average data of the DSC peaks, the crystallinity was calculated by means 

of the equation: 

 

 
Crystallinity (%) =  

∆𝐻𝑚

∆𝐻𝑚
0  × 100 (%) (3-4) 

 

where ∆𝐻𝑚 and ∆𝐻𝑚
0 are the equilibrium heat of fusion enthalpies of the samples and the 

perfect crystalline states, respectively. ∆𝐻𝑚  is achieved from the area under the DSC 

melting peak. In the case of Nylon-11,  ∆𝐻𝑚
0  is around 189 J/g.[99]  

 

 Scanning probe microscopy characterisation  

Scanning probe microscopy (SPM) characterisation includes Kelvin probe force 

microscopy (KPFM), piezoresponse force microscopy (PFM), and quantitative 

nanomechanical property mapping (QNM). Here, all SPM measurements were conducted 

by a Bruker Multimode 8 with a Nanoscope V controller (Bruker). Antimony (n) doped Si 

tip (MESP-RC-V2, Bruker) with a nominal radius of ~ 35 nm, a resonant frequency of ~ 

150 kHz, and nominal spring constant of 5 N m-1 were used.    

 

1) Kelvin Probe Force Microscopy  

Kelvin probe force microscopy (KPFM) has been used to quantify the work 

function ( 𝜙 ) of materials. Recently, it is also utilized to investigate the contact 

electrification at the nanoscale because it can measure the “surface potential” of 

materials.[32], [190]–[192] 
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Fig. 3-15 Schematics for the operational mechanisms of Kelvin probe force microscopy (KPFM). 

(left) First topology scan in TappingMode™and 2nd interleave scan in LiftMode™ with the lift scan 

height (zh). (right) Resulting topology and electrical signals during the 1st and 2nd scanning process.     

 

As shown in Fig. 3-15, the topography of the sample is recorded by the mechanical 

vibration of the cantilever on the first trace and retrace scanning in TappingMode™.[193] 

(Since the cantilever is vibrating near its resonance frequency, the tuning process to find 

the resonance frequency of the AFM tip is necessary.) The cantilever is then lifted to the 

lift scan height (zh) and performed the second scan in LiftMode™ whilst maintaining a 

constant separation (zh) of the cantilever from the measured topology. (The zh can be 

controlled manually and change the measured values of surface potential.) During the 

second scan, the mechanical vibration is turned off and an oscillating voltage (= 𝑉𝐴𝐶 sin𝜔𝑡) 

is applied directly to the tip, where 𝑉𝐴𝐶 is the alternating current (AC) voltage amplitude, 

𝜔 the resonant frequency of the cantilever, and 𝑡 the time. If we assume that a conductive 

cantilever tip and a conductive sample form a capacitor structure, the energy (U) between 

tip and sample is derived by parallel plate capacitor model: 

 

 
𝑈 =

1

2
𝐶(∆𝑉)2 (3-5) 

 

where 𝐶  the local capacitance between the AFM tip and the sample, ∆𝑉  the voltage 

difference between the two. Since the ∆𝑉 consists of direct current (DC) and oscillator 

induced AC component, ∆𝑉 can be described as follows:  

 

 ∆𝑉 = ∆𝑉𝐷𝐶 + 𝑉𝐴𝐶 sin𝜔𝑡 (3-6) 

 

https://en.wikipedia.org/wiki/Alternating_current
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where ∆𝑉𝐷𝐶  includes applied DC voltage (𝑉𝐷𝐶) from the feedback loop, work function 

differences (𝑉𝐶𝑃𝐷), surface charge effects, etc (𝑉𝑒𝑡𝑐). The electrostatic force (𝐹𝑒𝑙) between 

tip and the sample can then be expressed as a function of the separation distance (𝑧): 

 

 
𝐹𝑒𝑙 =

1

2

𝜕𝐶

𝜕𝑧
(∆𝑉)2 (3-7) 

 

This means that the local surface potential can be achieved by varying the 𝑉𝐷𝐶 applied to 

the tip. Between tip and sample, if ∆𝑉 is non-zero, the cantilever experiences 𝐹𝑒𝑙 , and 

amplitude can be detected during vibration. However, if ∆𝑉 become zero by adjusting 𝑉𝐷𝐶, 

cantilever amplitude will be zero. As a result, the relatively weak but long-range 

electrostatic interactions can be measured, minimizing the influence of topography.[193]  

 In the same way, the work function (𝜙) of materials can also be calculated. In 

principle, when there is a contact between two different conductive materials, electron flow 

occurs from the material with lower work function (𝜙1) to the material with higher work 

function (𝜙2 ) to equalize the Fermi energy level (EF). If we assume that these two 

conductive materials are charged with equal and opposite surface charge on each side, a 

potential is developed between two materials like a parallel plate capacitor. Such potential 

is called the contact potential difference (CPD), which equals the work function difference 

(𝜙2 − 𝜙1) between the two materials. Therefore, voltage induced by CPD (𝑉𝐶𝑃𝐷) is given 

by  

 

 
𝑉𝐶𝑃𝐷 =

𝜙2 − 𝜙1

𝑒
=

𝜙𝑠𝑎𝑚𝑝𝑙𝑒 − 𝜙𝑡𝑖𝑝

𝑒
 (3-8) 

 

where 𝑒 is the elementary charge (= 1.60217662 × 10-19 C). To measure 𝜙 of a material, 𝜙 

of the AFM tip needs to be measured using a reference material. Using a MESP-RC-V2 tip,  

the surface potential of a reference gold (Au) film with 𝜙 ~ 5.1 eV was measured (Fig. 

3-16). An average 𝑉𝐶𝑃𝐷 of 462 mV is obtained, and 𝜙𝑡𝑖𝑝 of 5.84 eV is calculated. Now, 𝜙 

of samples can be measured by KPFM as long as the same tip and lift scan height (zh) are 

maintained.  
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Fig. 3-16 KPFM characteristics of Au sample: (a) Topography and (b) surface potential images. The 

lift scan height, and tip velocity were 80 nm, 10 μm/s, respectively. The average surface potential 

value of Au is 462 mV.  

 

2) Piezoresponse force microscopy 

Piezoresponse force microscopy (PFM) enables the visualization and manipulation 

of piezoelectric (or ferroelectric) domains. When AC bias of 𝑉𝐴𝐶 sin𝜔𝑡 is applied to the 

sample through the AFM tip (i.e. cantilever) in contact mode, the size of piezoelectric 

domain is changed due to the converse piezoelectric effect (Fig. 3-17a). The deflection of 

laser induced by displacement of the cantilever can be detected by the position sensitive 

photodetector (PSPD). A lock-in amplifier received the resulting signals from PSPD and 

demodulate it. The topography and piezoresponse, including the amplitude and phase of 

in-phase/out-of-phase deflection, are then measured simultaneously by z-feedback 

controller and lock-in amplifier, respectively.[193] The piezoelectric response and 

corresponding detection mechanism by PFM are illustrated in Fig. 3-17b, c. When electric 

field (E) aligns parallel to the spontaneous polarization (P) of piezoelectric material (in-

phase), the cantilever is vertically lifted by d33 effect, changing in vertical deflection of laser. 

When E and P are orthogonal (out-of-phase), a shear movement of piezoelectric material 

is detected due to the d15 coefficient and causes a torsional bending of the cantilever 

changing in horizontal deflection of laser. 

  

https://en.wikipedia.org/wiki/Piezoelectric_effect
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Fig. 3-17 Schematic representations of the operational mechanisms of piezoresponse force 

microscopy (PFM): (a) the contact mode PFM used, (b) vertical and (c) lateral displacement of 

piezoelectric materials (i.e. piezoresponse) with cantilever movement. E and P indicate applied 

electric field and internal polarization of piezoelectric material, respectively.  
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A DC bias is also able to be applied to the tip and changes the polarization of 

piezoelectric domains. The amplitude and direction of polarization of piezoelectric 

domains can be controlled by the signal (positive or negative) and amplitude of the DC 

voltage, respectively.  

To calibrate the PFM, a periodically poled lithium niobate (LiNbO3) calibration 

sample (Bruker) was used. To reduce the electrostatic interaction between tip and sample, 

the surface potential of sample is measured preliminarily using KPFM. The measuring 

surface potential of the sample is then applied to the tip. By tuning the phase of a lock-in 

amplifier, the maximum in-phase piezoelectric signals can be achieved without out-of-

phase component.[194], [195] It is noted that the slight increasing trend of PFM response 

amplitude can be also observed in non-piezoelectric material due to the internal voltage 

coupling of the PFM equipment.[194] The measured piezoresponse of non-piezoelectric 

material can be used to calibrate the signals from such coupling effect.  

 

 

Fig. 3-18 PFM characteristics of calibration sample (LiNbO3). (a) Phase (left) and amplitude (right) 

mapping as a function of AC amplitude. (b) Piezoelectric response amplitude of LiNbO3 as a 

function of AC amplitude. Fig. (a) and (b) are taken from the author’s work from Ref. [186], 

reproduced with permission from Royal Society of Chemistry.     
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A linearly increasing trend of vertical PFM response can be achieved by ramping 

the AC amplitude (Fig. 3-18). To account for the difference between the zero-to-peak 

applied voltage input and the RMS output of the lock-in amplifier, the PFM response 

amplitude needed to be corrected by a factor of √2. The slope of the resultant trend (~ 0.62 

mV/V) and the piezoelectric coefficient of LiNbO3 (d33 = 7.5 pm/V) allows us to calculate 

a vertical sensitivity of 82 μV/pm.  

 

3) Quantitative nanomechanical property mapping  

Quantitative nanomechanical property mapping (QNM) was used to explore the 

mechanical properties of the different crystal structures in a film and a single 

nanowire.[196], [197] QNM, using an AFM operated in TappingMode™, can be used to 

simultaneously map sample topography, elastic modulus, adhesion, deformation, and 

dissipation with nanoscale resolution via the analysis of force-distance curves at every pixel 

of the scanned area.[198]–[200]  

 

 

Fig. 3-19 Operation mechanism of QNM: (a) Schematics for approaching and withdrawing motion 

of AFM tip in TappingMode™; (b) plot of force (blue, red solid lines) and z-position of tip (dashed 

line) as a function of time; and (c) force-separation plot and resulting nanomechanical properties of 

sample.  
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Fig. 3-19a demonstrates the approaching and withdrawing motion of probe in 

TappingMode™. The changes in z-position (dashed line) and the measured force during 

the motion (red and blue solid lines) are plotted in Fig. 3-19b. At position (1), the force is 

very small or zero because the distance between tip and sample surface is far enough. When 

the tip approaches the surface, attractive force, such as van der Waals and electrostatics 

forces, pulls down the tip toward the surface until the tip contacts the surface (position 2). 

(This attraction is represented by the negative force.) Due to the downward motion of the 

tip by the system, the repulsion force between tip and sample then increases until the tip 

reaches its bottom-most position (position 3). The value of force at position (3) is defined 

as the “peak force”, and it is measured and kept constant by the feedback system. After 

position (3), the system forces tip to withdraw from the surface. The repulsive force then 

decreases and the adhesion increases. When the force reaches the minimum (at position 4), 

the tip is pulled-off from the surface. Like position (1), once the tip has fully pulled off the 

surface, there is no force between the tip and surface (position (5)). To calculate the 

nanomechanical properties, the force curve is converted to force vs. tip-sample separation 

curve (Fig. 3-19c). To calculate Young’s modulus, the withdrawal curve is fit using the 

Derjaguin–Muller–Toporov (DMT) model:[200], [201]  

 

 
𝐹 − 𝐹𝑎𝑑ℎ =

4

3
𝐸∗√𝑅(𝑑 − 𝑑0)

3 (3-9) 

 

where 𝐹 − 𝐹𝑎𝑑ℎ is the force on the tip relative to the adhesion force (𝐹𝑎𝑑ℎ), 𝐸∗ the reduced 

modulus, R the tip end radius, and 𝑑 − 𝑑0  the deformation of the sample. 𝐸∗  can be 

described by  

 

 
𝐸∗ = [

1 − 𝑣𝑠
2

𝐸𝑠
+

1 − 𝑣𝑡𝑖𝑝
2

𝐸𝑡𝑖𝑝
]

−1

 (3-10) 

 

where 𝑣𝑠 is the Poisson’s ratio of the sample, 𝐸𝑠 the Young’s modulus of the sample, 𝑣𝑡𝑖𝑝 

the Poisson’s ratio of the tip, and 𝐸𝑡𝑖𝑝 the Young’s modulus of the tip. If we assume that 

𝐸𝑡𝑖𝑝  is infinite, the 𝐸𝑠  can be calculated using 𝑣𝑠. (In this work, the focus is on elastic 

modulus of materials, thus we opted not to deal with other nanomechanical properties, such 

as adhesion, deformation, and dissipation, in more detail in this section. The ways to 

acquire those properties are well-established in the literature.[200]) 



91 

 

 

Fig. 3-20 QNM characteristics of the calibration sample (PS). (a) Topology (above) and DMT 

modulus (below) mapping of the surface of PS. (b) DMT modulus of PS as a function of position. 

Fig. (a) and (b) are taken from the author’s work from Ref. [186], reproduced with permission from 

Royal Society of Chemistry.     

 

QNM calibration was performed according to the manufacturer’s (Bruker) 

instructions. First of all, the tip calibration (including deflection sensitivity measurement 

and thermal tune) was conducted using standard sapphire samples. Then, to calibrate the 

measuring condition, the DMT modulus of a Polystyrene (PS) film (Bruker) was recorded. 

Since the DMT value of a standard PS film is already known (2 ~ 3 GPa), we tuned 

parameters such as peak force amplitude and frequency to reach the specified DMT value. 

Fig. 3-20 shows QNM mapping of a standard PS sample. A DMT modulus of 2.6 GPa was 

achieved in PS reference film via calibrated scanning.        

 

 

 Electrical property characterization 

1) Dielectric constant 

Dielectric permittivity measurement of polymer nanocomposites in this work was 

carried out by depositing nanocomposites on highly doped silicon wafer acting as the 

bottom electrode, and then sputtering Au electrodes on top of the sample with square mask 

with the size of (300 μm)2. The dielectric properties were recorded between frequencies of 

100 and 100 kHz using an impedance analyser (4294A, Agilent Technologies) in the Cp–

D (parallel capacitance − dissipation factor) mode. The dielectric constant is calculated 

using the capacitor equation C = (k·ε0· A) / d where k is the dielectric constant, ε0 the 

permittivity of vacuum (8.854 x 10-12 F/m), A the active measurement area (= 90,000 μm2), 
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d the thickness of nanocomposite. The thickness of the film was measured by a Dektak 

profilometer (Veeco), with five profiles being recorded per sample. 

 

2) Energy harvesting performance characterization  

To characterise energy harvesting performance, ~ 100 nm thick Au film was 

sputtered on either side (or bottom side) of sample for piezoelectric devices (or triboelectric 

devices). In the case of the piezoelectric device, a shadow mask was used to prevent Au 

from being deposited to the edge of the template, with a few mm being left around the edge 

to prevent the possibility of shorting the top and bottom Au electrodes. Thin copper wires 

were attached on these surfaces using conductive silver paint for electrical access to the 

Nylon-11 nanowires within the template. For the triboelectric generator, an Au-coated 

Teflon film was prepared as a counterpart substrate. 

A vibration generating system was designed and constructed by Dr Richard Whiter 

from our group.[202] Briefly, magnetic shaker (LDS Systems V100) was connected to an 

amplifier (LDS Systems PA25E-CE) driven by a signal generator (Thurlby Thandor 

TG1304) to generate vibration motion based on a programmed signal in the signal 

generator.[202] Energy harvesting data in the form of output voltages and currents were 

collected by data acquisition modules. Two different modules were used to record the 

electrical data on a computer depending on the purpose; multimeter (Keithley 2002) for 

voltage and picoammeter (Keithley 6487) for current measurement. (Fig. 3-21)     
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Fig. 3-21 Schematic diagram and photograph of energy harvesting setup. 

 

 

 Modelling 

To verify and support the experimental result, finite element analysis (FEA) and 

molecular simulation were conducted using COMSOL Multiphysics 5.2 and Materials 

Studio 8.0, respectively.  

 

1) Finite element analysis  

Using COMSOL Multiphysics software, the simulation of gas-flow dynamics in 

the GANT method (Chapter 5.2) was demonstrated based on three different effects: the 

turbulent flow of the assisted gas, heat transfer in all components, and the vaporisation of 

the solvent in the Nylon solution, while in the template pores. For the turbulent flow, we 

assumed that the gas-flow rate and pressure field are independent of the property of the 

used gas, such as moisture content level and temperature. Heat transfer in the model was 

considered to have two different aspects: conduction and convection. The heat transfer 

between the template wall and the solution is governed by conduction, while in the gas-

flow, the heat transfer via convection and the effect of turbulent flow. The cooling effect 

during solvent evaporation needs to be considered as well based on the heat of vaporisation 
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(Hvap). To calculate the amount of vaporised solvent, the material transport equation is used 

with turbulent flow as a diffusion coefficient.   

 

 

Fig. 3-22 The symmetry geometry used in the simulation. Fig. is taken from the author’s work from 

Ref. [2], reproduced with permission from Royal Society of Chemistry.     

 

The modelling geometry was built based on the experimental conditions. (Fig. 3-22) 

The inner diameter and thickness of the nanopore is 200 nm (measured from SEM images) 

and 100 nm, respectively. The height of the nanopore is assumed to be 5 μm filled with 

70 °C formic acid having Hvap of 23.1 kJ/mol. The assisted gas is air with an initial 

temperature of 20 °C and enters to the right side of the geometry. The inlet velocity of the 

turbulent flow was set by the gas-flow rate.   

 

2) Molecular structure simulations  

To investigate the molecular level configuration of Nylon-11, we created a refined 

crystal structure of both the α-phase and the δ'-phase using the Materials Studio 8.0 

software package.[203] These simulations were carried out with help from Prof. James A. 

Elliot, and assisted by Findlay Williams.  

The detailed molecular structure of Nylon-11 has never been explored before due 

to the large amorphous proportion and lack of clarity on the crystalline phase morphology. 
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Thus, we established the most likely molecular structure using Materials Studio 8.0. First, 

the rough atomic coordination of Nylon-11 was predicted based on the crystallographic 

information of another type of Nylons, such as α-Nylon-6, γ-Nylon-77, α-Nylon-66 and α-

Nylon-6,10. Next, a force field-based energy optimisation technique allowed us to find the 

most appropriate molecular geometry and bonding within the proposed unit cell parameters 

of Nylon-11. We then compared the calculated powder diffraction pattern of the optimised 

molecular structure to the experimental data in the literature.    

The α-phase Nylon-11 was established based on the α-phase Nylon-6,10 study by 

Bunn and Garner.[204] The initial α-Nylon-11 chain was extrapolated from an α-Nylon-

6,10 model, maintaining a tetrahedral bond angle of 109° between carbon atoms and a 

torsional angle of 180°. Regarding the chain conformation, we built the structure with fully 

extended anti-parallel molecular chains, which is the configuration suggested in the 

majority of Nylon-11 studies. [82]–[85], [90], [205] To determine the unit cell dimensions 

and the indices of reflections for the triclinic α-phase Nylon-11, we compared the proposed 

unit cells in previous studies and took the parameters from the literature by Dosiere et 

al.[205] These unit cell parameters were then tweaked to achieve optimum matching with 

experimental data, as shown in Table 3-3.[89] With a satisfactory unit cell in place, the 

chain configuration was optimised using the Forcite molecular dynamics module. In the 

case of the most thermodynamically stable α-phase, a condensed-phase optimised 

molecular potentials for atomistic simulation studies (COMPASS) force field was 

introduced in order to perform a geometrical optimisation which acknowledged the effect 

of electrostatic interactions with hydrogen bonding.[206]  

 

Table 3-3 A comparison between the unit cell parameters determined by Dosiere et al., and the 

altered set used to match the simulated XRD pattern with the experimental patterns.   

 a (Å) b (Å) c (Å) α (°) β (°) γ (°) 

Reference (α ) [205] 9.65 5.25 14.9 50.5 90.0 72.0 

Modelling (α) 9.75 5.15 15.1 51.5 90.0 71.0 

 

The approach to the smectic pseudo-hexagonal δ'-phase Nylon-11 model was 

different from that of the α-phase, as literature on its structure is less common.[93] The 
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initial unit cell of δ'-Nylon-11 was created using the atomic coordination of hexagonal γ-

phase Nylon-77. The a and b parameters were kept the same for the Nylon-11 model and 

the c parameter was scaled according to the change in chain length between the -77 and -

11 configurations. A geometrical optimisation was then conducted on the chain within the 

constraints of the derived unit cell. In the case of the δ'-phase, it was appropriate to use the 

Universal force field[207] rather than COMPASS; this is because it is known that the 

direction of hydrogen bonding in δ'-phase is random along the chain, so the simulation was 

set up to intentionally ignore electrostatic effects.   
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Chapter 4 

 

4 Nano-Piezoelectric Generator 

based on Nylon-11 Nanowires 

Grown by Template-Wetting 

Method 

 

In this work, Nylon-11 nanowires were fabricated, for the first time, using a 

conventional template-wetting method. Unlike the typical gravity-induced template 

wetting method for P(VDF-TrFE) nanowires,[202] herein, Nylon-11 nanowires were 

prepared by capillary wetting method, which was necessary in order to prevent fast drying 

of the infiltrated Nylon-11 solution, and which reproducibly yielded a large density of 

nanowires of narrow size distribution. In order to carry out further characterisation, the 

nanowires could be subsequently transferred to any substrate in the form of nanowire mats 

that resulted upon preferential dissolution of the AAO template in phosphoric acid. More 

importantly, the Nylon-11 nanowires were found to be self-poled and were incorporated 

as-grown into template-based nano-piezoelectric generators for energy harvesting with a 

wide temperature range of operation and excellent fatigue performance, without the 

requirement of poling via large external electric fields that are otherwise typically required 

for piezoelectric performance. A substantial amount of this work has been previously 
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published and therefore has been adapted from that text.[208] Copyright permission and 

authors’ contributions are given in Appendix A.   

 

 Growth mechanism of Nylon-11 nanowire 

As discussed in Chapter 2.6, in the case of typical gravity-induced template wetting, 

a polymer melt or solution is typically cast on to the top surface of the template. However, 

this method was found to be unsuitable for Nylon-11 nanowire formation because 

incomplete pore-infiltration of the Nylon-11 solution was found to result due to fast 

evaporation of the formic acid solvent. In addition, a thick film of Nylon-11 was obtained 

on the top of the template surface, preventing further soaking of the pores, and hence no 

nanowires were obtained using this method. Capillary wetting was therefore adopted as a 

viable alternative to ensure complete infiltration of the template pores, for the template-

assisted fabrication of Nylon-11 nanowires. A schematic of the Nylon-11 nanowire growth 

process within the pores of an AAO template is shown in Fig. 4-1.  

 

 

Fig. 4-1 Schematic of the growth mechanism of Nylon-11 nanowires by capillary infiltration within 

AAO template pore. 

 

The Nylon-11 nanowire formation inside the AAO template is comprised of three 

steps: (i) Nylon-11 solution infiltration into the AAO template by capillary force, (ii) 

initiation of nucleation on the top surface of the solution due to the solvent evaporation, 

and (iii) crystal growth along the AAO template wall. It has been observed that when 
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templates were wetted with polymers at temperature slightly above their solidification 

temperatures,[142] the elevated temperature of the polymer solution enhanced the mobility 

of the molecules. The polymer in solution was found to infiltrate the pores as a liquid thread 

preceded by a meniscus during capillary wetting. Thus, in our fabrication process, a warm 

(~ 60 °C) formic acid solution of Nylon-11 was used to infiltrate the AAO template pores 

by the aid of capillary action. As the solution travelled through the pore channels, a thin 

Nylon-11 film is formed on the top surface of AAO template (Fig. 4-2). In addition, the 

thick powdery film with a thickness of ~ 122 μm, originating from the Nylon-11 solution 

being infiltrated, also remained at the bottom of the template. These top and bottom films 

were loosely attached to the template surface and could be easily removed by mechanical 

polishing, leaving a nanowire-filled AAO template. Details of nanowire fabrication method 

are discussed in Chapter 3.1.2.  

 

 

Fig. 4-2 Cross-section SEM images of Nylon-11 filed AAO template. Right images represent the 

magnified images of (top) top surface thin Nylon-11 film, (middle) nanowire-filled AAO template, 

and (bottom) bottom thick Nylon-11 film. 

 
The proposed growth mechanism was verified through SEM imaging of the 

nanowires prepared by varying the starting Nylon-11 polymer concentration in the solution. 

On varying the wt % of Nylon-11 polymer in the solution, either continuous or beaded 

nanowires were obtained at high concentration (10 ~ 20 wt %) solution, or a mixture of 
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nanoparticles and nanowires were obtained at low concentration (2 and 5 wt %), as can be 

observed from the SEM images, taken after removal of the template, in Fig. 4-3. In the case 

of 2 wt % Nylon-11 in formic acid, no 1D nanowire growth was observed and only 

particulate deposition with a diameter similar to that of the pore channels resulted instead 

(Fig. 4-3a). With increasing concentration of the Nylon-11 solution, the percentage of 

nanowires increased, as observed for 5 wt % Nylon-11 sample, in which low aspect ratio 

(average length 4 μm and diameter ~ 250 nm) nanowires and a considerable (40 ~ 50 vol%) 

growth of Nylon-11 nanoparticles was obtained (Fig. 4-3b).  

A minimum of 10 wt % was found to be an optimum concentration for obtaining 

high aspect-ratio Nylon-11 nanowires with an average length of ~ 40 µm (Fig. 4-3c) with 

significantly reduced beaded structure (< 5 vol.%) in the sample (Fig. 4-3c, d and inset of 

Fig. 4-3d). Beyond this concentration, the length of the nanowires was found to decrease, 

as the viscosity of the solution increased with increasing concentration, thus inhibiting 

complete infiltration of the pore channels. Nylon-11 nanowires freed from the AAO 

template underwent noticeable stretching (indicated by arrows in Fig. 4-3d) alike Nylon-

11 bulk, and sometimes appearing as nanoribbons. 
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Fig. 4-3 Effect of concentration on the microstructure of Nylon-11 nanowires. Templates were 

completely removed to study the SEM images. (a) For 2 wt % Nylon-11 in formic acid no 1-

dimensional growth and only particulate deposition of diameter as same that of the pore channels 

(~250 nm) was observed. (b) For 5 wt% Nylon-11 in formic acid, low aspect ratio (average length 

4 µm and diameter ~250 nm) nanowires and a considerable (40 ~ 50 vol %) growth of Nylon-11 

nanoparticles were observed. (c) Aligned Nylon-11 nanowires obtained from 10 wt% solution. (d) 

Close-up view of the Nylon-11 nanowires arrays from 10 wt% solution showing tips of the 

nanowires consisting of Nylon-11 nanoparticles (inset). Fig. (a) ~ (d) are taken from the author’s 

work from Ref. [208], reproduced with permission from John Wiley and Sons. 

  



102 

 

The average diameter of the freed nanowires measured from several SEM images 

was 270 ± 20 nm, which is almost 45% larger than the nominal pore size of the AAO 

templates. Detailed SEM studies revealed that the Nylon-11 nanowires freed from the AAO 

template underwent noticeable stretching sometimes appearing as nanoribbons/nanotapes. 

The significant deformation of Nylon-11 nanowires without mechanical failure is 

suggestive of their soft and flexible nature and conforms to the mechanical characteristics 

of Nylon-11. Therefore, in order to measure the true diameter of Nylon-11 nanowires, AAO 

templates were only partially dissolved to expose the tips of Nylon-11 nanowires, from 

which an average diameter of 196 nm was measured (Fig. 4-4a). Dense long nanowire 

arrays freed from the template (inset of Fig. 4-4b) were also occasionally observed to roll 

as mats, assisted by the support of a thin Nylon-11 film (10 ~ 20 nm thick) present at the 

bottom, following cleaning and dissolution of the template as a result of joining of the soft 

nanowire bases (Fig. 4-4b).  

 

 

Fig. 4-4 SEM images of nanowires and nanowire mat. (a) Partially etched Nylon-11 filled AAO 

template reveals the tips of the nanowires and allows estimation of the diameter more accurately. 

The frequency of the distribution of the diameters of Nylon-11 nanowire is shown in the inset. (b) 

Flexible Nylon-11 nanowires form a dense mat which can be carefully transferred to any substrate 

and could roll without mechanical tearing. Inset shows the dense mat-like feature of the nanowires. 

Fig. (a) and (b) are taken from the author’s work from Ref. [208], reproduced with permission from 

John Wiley and Sons. 
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 Crystal structure of Nylon-11 nanowires grown by 

template-wetting 

Detailed structural characterization was subsequently carried out by XRD. For 

Nylon-11 nanowires without AAO template (Fig. 4-5, orange), relatively sharp diffraction 

peak was observed at 2θ = 21.6°, along with weak diffraction of 2θ = 6.2˚ and 22.8˚. 

Interestingly, these are unreported peak configuration. Although the 2θ = 21.6° peak is 

reported as the main peak of pseudo-hexagonal phase, 2θ = 22.8° has never been 

investigated. Therefore, in the case of Nylon-11 nanowires by conventional template 

wetting method, it is difficult to define accurate crystal structures.  

 

 

Fig. 4-5 XRD patterns of Nylon-11 nanowires synthesized by conventional template wetting process 

(black) before and (orange) after the template removal. Accompanying schematics display the 

morphology of sample and the direction of X-ray beam (θ) with a scattering vector (q). 

 

The relative intensity between 2θ = 21.6° and 22.8° is changed in the Nylon-11 

nanowire within AAO template (Fig. 4-5, black). In the case of Nylon-11 nanowires grown 

by conventional template-wetting, one recognizable diffraction peak was observed at 2θ = 

22.8° as compared to the XRD pattern of the corresponding template-freed nanowires. In 

addition, the intensity of the peak at 2θ = 6.2° is also reduced. These results indicate that 

the crystals in the nanowires have a preferential orientation perpendicular to the lattice 

plane corresponding to 2θ = 22.8° peak.  
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Fig. 4-6 Room temperature FT-IR spectra of Nylon-11 nanowires (blue) without and (orange) with 

AAO template. FT-IR spectra of (olive) blank AAO template and (black) commercial Nylon-11 

pellets are also shown for reference. Fig. is taken from the author’s work from Ref. [208], reproduced 

with permission from John Wiley and Sons.  

 

Room-temperature FT-IR spectra of the template-protected and template-freed 

Nylon-11 nanowires are shown in Fig. 4-6, as compared to Nylon-11 pellets and a blank 

AAO template. Typically, in Nylon-11, the region 500 ~ 800 cm-1 comprises the amide V 

and VI bands, whereas, the 1000 ~ 1400 cm-1 zone is sensitive to the methylene segments. 

The region 1500 ~ 1700 cm-1 contains the amide I and II bands and is characteristic of N-

H bending from ordered, disordered, and free N-H groups and C=O bonds. The regions 

typical to hydrogen bonding are from 1600 to 1800 cm-1 and from 3000 to 3600 cm-1.[134] 

FT-IR of Nylon-11 pellets showed intense bands resulting from the absorption of active 

H2O, CO and CO2 molecules.[188], [189] Stretching and bending of C=O and O-H units 

gave rise to strong FT-IR signals between 1700 ~ 2300 cm-1 and 3200 – 3600 cm-1, thereby 

suppressing the bands from Nylon chains. Both the pellets and Nylon-11 nanowires showed 

sharp bands observable at 1469, 1543, and 1643 cm-1 due to intense N-H stretching in amide 

groups. A strong transmittance band ~2352 cm-1 in the nanowire sample was due to 
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absorbance of CO2 molecules in the AAO template for the template-protected sample. A 

slight difference between the ratio of the bands at 2852 and 2925 cm-1 was observed 

between Nylon-11 pellet and nanowires, which can be assigned to symmetric and 

antisymmetric CH2 stretching, respectively.[187] The amide A band occurring at about 

3310 cm-1 in both Nylon-11 pellet and nanowires was due to the N-H stretching vibration 

that is sensitive to the strength of the hydrogen bond. A somewhat increased transmittance, 

as well as varying ratios in the transmittance bands in the Nylon-11 nanowires as compared 

to Nylon-11 pellets, suggests that the hydrogen bonds might break and the dipoles rotate to 

re-form bonds in a new direction due to the nanowire formation. However, no considerable 

difference was noticed in the band intensities in freed Nylon-11 nanowires suggesting that 

no dipole reorientation occurred upon freeing the nanowires.  

 

 

 Thermal behaviour of Nylon-11 nanowires 

DSC measurements on Nylon-11 pellets, spin-cast Nylon-11 film, as well as 

template grown Nylon-11 nanowires are shown in Fig. 4-7. During the heating cycle, a 

single melting peak at Tm = 189.5 oC was recorded for Nylon-11 pellets as well as spin-cast 

Nylon-11 film (Tm ~186 oC). In contrast, in the case of template-protected nanowires (Fig. 

4-7, orange), the melting peak split into two distinct peaks, at 183.9 oC and 186.9 oC, 

corresponding to typical melting points for α- and δʹ- phases respectively.[209], [210] 

However, it does not indicate that Nylon-11 nanowires fabricated by the conventional 

template-wetting method are α- or δʹ- phases. The denomination of the crystal structure of 

template-wetted nanowires will be discussed in Chapter 7 in more detail. For the template-

freed nanowires, the doublet peaks shifted to a higher temperature at 186 oC and 189 oC, 

respectively. During the DSC cooling cycle (Fig. 4-7b), Nylon-11 nanowires (both 

template-protected and freed) recrystallized at a relatively higher temperature (~167 oC) as 

compared to the Nylon-11 film and pellets. The higher Tm observed in Nylon-11 nanowires 

suggest a possible use of Nylon-11 nanowires at a higher operational temperature as 

compared to other ferroelectric polymers.[6], [211]  



106 

 

 

Fig. 4-7 DSC thermograms (a) heating and (b) cooling cycles of Nylon-11 nanowires before and 

after template dissolution in comparison with parent pellets and spin-coated film. Fig. (a) and (b) 

are taken from the author’s work from Ref. [208], reproduced with permission from John Wiley and 

Sons. 
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 Nanowire-based nano-piezoelectric generator  

A nano-piezoelectric generator based on template-grown vertically aligned Nylon-

11 nanowires was fabricated by sputter coating both sides of the template with gold for 

electrical access to the nanowires within AAO template. The electrical output was 

measured in response to periodic impacting perpendicular to the long axis of the nanowires, 

by an oscillating mechanical arm at a set frequency in an energy harvesting measurement 

setup (Details are given in Chapter 3.2).  

Fig. 4-8a shows the schematic of the nano-piezoelectric generator structure and the 

impacting arrangement, where the generator sample is rigidly fixed at the mean position of 

the oscillating arm in order to generate maximum compressive force upon impacting. It is 

ensured that the Nylon-11 nanowire filled template is totally free of any residual film, and 

crack-free before Au electrodes are deposited on both sides of the template. The device 

structure is typical for template-based generators, allowing both mechanical and electrical 

access to the vertical array of nanowires within AAO template.[202], [212]–[215] Fig. 4-8b 

and c show the output open circuit voltage (VOC) and short-circuit current (ISC) respectively, 

measured in response to the periodic impacting at a frequency (f) ranging from 5 to 20Hz 

and amplitude of 0.5 mm. Nano-piezoelectric generator output data taken at frequencies up 

to 150 Hz or at periodic impacting amplitude from 0.5 mm to 2.5 mm are shown in Fig. 

4-9. The observed positive (and negative) peaks in VOC and ISC correspond to compression 

(and releasing) of the nano-piezoelectric generator. The peak-to-peak value of output 

increased with both increasing frequency as well as amplitude. This is because the 

impacting force of higher frequency and amplitude improve the piezoelectric response. We 

observed a peak VOC of ~ 0.7 V and a peak ISC of ~ 60 nA from the device when impacted 

at a frequency of 5 Hz and amplitude of 0.5 mm, akin to gentle finger tapping. This value 

is comparable to that reported from P(VDF-TrFE) nanowire-based NG reported earlier by 

our group.[202] The electrical output of the generator was measured across different 

resistors, as shown in Fig. 4-8d, and a peak in output power density of ~ 0.027 μW cm-2 

was observed under impedance-matched conditions across a load resistance of ~ 10 MΩ 

(Fig. 4-8e).  
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Fig. 4-8 Nylon-11 nanowire-based nano-piezoelectric generator. (a) Schematic showing the 

structure of the Nylon-11 nanowire-based nano-piezoelectric generator, where Au electrodes were 

deposited on both sides of the nanowire-filled AAO template. Piezoelectric output is generated in 

response to periodic impacting using a bespoke impacting setup by which the nanowires are 

subjected to periodic uniaxial compression and relaxation. (b) Open circuit voltage (VOC) and (c) 

short circuit current (ISC) output of the Nylon-11 nanowire-based generator, in response to periodic 

impacting for a range of frequencies between 5 and 20 Hz and a fixed amplitude of ~ 0.5 mm. (d) 

(blue triangle) Voltage and (green square) current and (e) peak power density of a single device, 

measured across different load resistances. Fig. (a) ~ (e) are taken from the author’s work from Ref. 

[208], reproduced with permission from John Wiley and Sons.  
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Fig. 4-9 Electrical output with various input signals. The open circuit voltage (VOC) and short circuit 

current (ISC) under the application of a periodic impacting force (a), (b) at fixed amplitude of ~0.5mm 

with various frequencies, and (c), (d) at a fixed frequency of 5 Hz with various amplitudes. Fig. (a) 

~ (d) are taken from the author’s work from Ref. [208], reproduced with permission from John Wiley 

and Sons.  

 

 

Fig. 4-10 The change of power according to the time under 10MΩ load resistance of device. Grey 

area indicates the integration of power in terms of one cycle time (0.2 s), calculating the value of 

0.8871. Fig. is taken from the author’s work from Ref. [208], reproduced with permission from John 

Wiley and Sons. 
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To achieve the device efficiency (χ'),[18]  electrical energy output and input strain 

energy need to be calculated. (Detailed development processes are described in Appendix 

B5.) The electrical energy output from a device per cycle was approximated using power 

integration. Fig. 4-10 shows a plot of power variation in terms of time under 10 MΩ load 

resistance. Calculated electrical energy is 9.07 × 10-10 J when integrating and averaging 

over 20 cycles. The strain energy can be calculated as 

 

 
𝑆𝑡𝑟𝑎𝑖𝑛 𝐸𝑛𝑒𝑟𝑔𝑦 =  

1

2
𝐴 𝐿 𝜀2 𝐸 (4-1) 

 

where A is the combined cross-sectional area of the nanowires within the device, L the 

original length of the nanowires (= 60 μm), ε the strain in the nanowires after deformation 

and E the Young’s Modulus of Nylon-11 (= 1.5 GPa).[135] The strain energy is then 

calculated to be 6.17 × 10-8 J. χ' is thus found to be 1.47%. 

The mechanical-to-electrical energy conversion efficiency (χ),[18]  of Nylon-11 

nanowire is given by  

 

 
𝜒 =

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑤𝑜𝑟𝑘 𝑝𝑒𝑟𝑓𝑜𝑟𝑒𝑑 𝑏𝑦 𝑒𝑙𝑒𝑚𝑒𝑛𝑡

𝑛𝑒𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑡𝑜 𝑒𝑙𝑒𝑚𝑒𝑛𝑡
 (4-2) 

 

where T is the period of one cycle. This is found to be 11.55 % for an impedance-matched 

load.    

High-temperature operation up to 150 °C was also demonstrated by impacting the 

Nylon-11 based nano-piezoelectric generator while it was mounted on a temperature-

controlled heating stage (Fig. 4-11). The measured electrical output decrease with 

increasing temperature as indicated in Fig. 4-11b. This is possibly due to the changes of 

crystal structure. (The changes of crystal structure after thermal annealing process are given 

in Chapter 7.2 in more details.) However, while there is a slight decrease in the output at 

higher temperatures, comparing the P(VDF-TrFE) with Tm of 150 °C, the ability of the 

Nylon-11 generator to withstand such high temperatures is noteworthy and indicates its 

suitability for operation in high temperature vibration environments, for example, for 

energy harvesting applications in vibrating car engines and/or heavy machinery where 

temperatures typically reach ~ 150 °C.  
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Finally, fatigue testing was carried out by continuously impacting the device for 

up to 15 h at 5 Hz (~ 2.7 × 105 cycles). Fig. 4-12a shows that the Nylon-11 based nano-

piezoelectric generator exhibited negligible change in VOC over the entire period of 

continuous testing. Cross-sectional SEM images taken before and after fatigue testing are 

shown in Fig. 4-12b and c, indicating no significant change in the morphology of the 

nanowires and/or the AAO template.  

 

 

Fig. 4-11 High-temperature operation of Nylon-11 nanowire-based nano-piezoelectric device. (a) 

Schematic showing the nano-piezoelectric generator being impacted as it is directly mounted on a 

standard laboratory hotplate with a K-type thermocouple in close proximity to the device to monitor 

its temperature. Before recording the electrical output in response to impacting, care was taken to 

stabilize the temperature of the device by adjusting the hotplate temperature and waiting till the 

thermocouple reading was stable in time. (b) High-temperature electrical output data recorded at 

temperature ranging from room temperature (22 °C) to 150 °C. The nano-piezoelectric generator 

output data were also recorded upon cooling back to room temperature. Fig. (a) and (b) are taken 

from the author’s work from Ref. [208], reproduced with permission from John Wiley and Sons. 
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Fig. 4-12 Fatigue test results of nano-piezoelectric device. (a) Open-circuit voltage recorded over 

time in response to continuous impacting at a frequency of 5 Hz and amplitude of ~ 0.5 mm on the 

same Nylon-11 nano-piezoelectric generator device for 15 h (270 k impacting cycles in total). Data 

were recorded after 1 h (18 k cycles), 5 h (90 k cycles), 10 h (180 k cycles), and 15 h (270 k cycles). 

Cross-sectional SEM images of the Nylon-11 nanowire-based generator (b) before and (c) after 

fatigue testing, showing unchanged device structure after 270 k impact cycles. Note that the template 

cleaving process resulted in some of the nanowires being pulled out of the pores. Fig. (a) ~ (c) are 

taken from the author’s work from Ref. [208], reproduced with permission from John Wiley and 

Sons. 

 

 

 Conclusions 

In conclusion, we have reported, for the first time, the fabrication of high-quality 

vertically aligned Nylon-11 nanowire arrays by conventional template-wetting method via 

capillary action inside AAO templates, which in contrast to parent pellets and film 

deposited by spin casting. The flexible and chemically resilient Nylon-11 nanowire arrays 

are easily transferable to other substrates as flexible mats, supported by very thin Nylon-

11 film, thus allowing access to the nanowires outside the AAO template. The measured 

thermal response indicates that Nylon-11 nanowires may be useful in high-temperature 

piezoelectric applications as compared to other polymers such as PVDF and P(VDF-TrFE). 

The energy harvesting performance of a nano-piezoelectric generator based on the 

template-grown Nylon-11 nanowire arrays was investigated and revealed high energy 

conversion efficiency with stable operation over 15 hr of continuous impacting. The ‘self-

poled’ nature of the Nylon-11 nanowires renders them particularly attractive for use in low-

cost and simple energy generator designs as they require minimal post-processing steps.   
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Chapter 5 

 

5 δ'-phase Nylon-11 Nanowires 

Fabricated by Gas-Assisted Nano-

Template Infiltration (GANT) 

method for Triboelectric 

Generators 

 

According to the literature, the properties of Nylon-11 significantly depends on the 

crystal structure. For example, the highest mechanical stiffness is observed in the α-phase, 

while δ'-phase exhibits ferroelectric behaviour (Details of crystal structures related 

properties are discussed in Chapter 2.4). In the previous chapter, even though we fabricated 

the Nylon-11 nanowires, we were unable to control the crystal structure. In addition, the 

crystallinity of nanowires, which is closely related to the mechanical and dielectric property 

of semi-crystalline polymers, was relatively low compared to Nylon-11 films.  

In this chapter, we propose an alternative one-step, near room-temperature method, 

namely gas-flow assisted nano-template (GANT) infiltration method, for the fabrication of 

highly crystalline self-poled δʹ-phase Nylon-11 nanowires within nanoporous AAO 

templates, without any subsequent processing such as stretching and/or electrical poling 
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required. The gas-flow assisted method allows for controlled crystallisation rate that 

manifest as rapid solvent evaporation and an extreme temperature gradient within the 

nanopores of the template, as accurately predicted by finite-element simulations, resulting 

in the δʹ-phase crystal structure. Furthermore, the preferential crystal orientation originating 

from template-induced nano-confinement effects leads to self-polarization of the nanowires, 

increasing average crystallinity up to ~ 40 %. The self-poled δʹ-phase Nylon-11 nanowires 

show enhanced surface charge density when compared to melt-quenched films as observed 

by KPFM. Correspondingly, a triboelectric generator device based on GANT Nylon-11 

nanowires showed a ten-fold increase in output power density compared to an aluminium-

based device, when subjected to identical mechanical excitations. A substantial amount of 

this work has been previously published and therefore has been adapted from that text.[2] 

Copyright permission and authors’ contributions are given in Appendix A.   

 

 

 Nylon-11 for triboelectric generators 

As we discussed in Chapter 2.2, an investigation into Nylon as a potential tribo-

positive candidate is essential to enhance triboelectric generator performance and extend 

the range of applications as Nylon is one of the very few synthetic materials on the tribo-

positive side (Fig. 5-1). Furthermore, the induced spontaneous polarization in ferroelectric 

Nylon-11 could serve to enhance the performance of the triboelectric generator through 

inherent surface charge density modification. In order to maximize such spontaneous 

polarisation in Nylon-11, the material needs to possess a pseudo-hexagonal structure with 

randomly oriented hydrogen bonds, referred to as the “δʹ-phase”, where this structure 

allows for easy aligning of the dipole moment.[95], [96] This δʹ-phase, however, is 

typically achieved through extremely fast crystallisation that is required to avoid the 

formation of large domain size.[91], [97], [101], [188]  As a result, most of the studies 

regarding the δʹ-phase Nylon-11 have been carried out on films grown via melt-quenching. 

Although several alternative techniques, such as spin coating[93], vapour deposition[111], 

electrospinning[112], thermal annealing[216], and adding carbon nanostructures[113], 

have been suggested, most of these reported approaches resulted in a lower crystallinity 

and/or still require harsh processing conditions, such as high temperature (290 °C) and high 

voltage (40 kV). Moreover, these methods involve further drawing and electrical poling 
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process to enhance the spontaneous polarisation of the Nylon-11 films.[103] By producing 

Nylon-11 nanowires using conventional template wetting method (Chapter 4), spontaneous 

polarization can be achieved via nano-confinement without stretching and/or poling 

process. However, greater control of the exact crystal structure through nano-confinement 

methods remains challenging, in part owing to the crystal growth initiation site.  

 

 

Fig. 5-1 Triboelectric series of common materials with highlighted position of tribo-positive 

materials. Plus and minus sign indicate the materials’ charge donating and accepting properties, 

respectively. Fig. is taken from the author’s work from Ref. [2], reproduced with permission from 

Royal Society of Chemistry. 

 

Here, we mitigate this problem by introducing an assisted gas-flow to the template-

wetting technique. The assisted gas-flow enables precise control of the crystallisation rate 

of the Nylon-11 polymer solution while in the template pores, resulting in the required δʹ-

phase crystal structure. We find that the presence of the δʹ-phase in Nylon-11 nanowires 

leads to enhanced spontaneous polarisation, and thus precise control of the crystalline phase 

through our method is beneficial for triboelectric energy harvesting performance. 
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Fig. 5-2 (a) Schematic of the nanowire fabrication procedure. (b) Photographs of a fabricated 

nanowire-filled AAO template. The inset shows size comparison with a British one-pence coin. (c, 

d) SEM images of template-freed nanowires and a single strand of Nylon nanowire, respectively. 

Fig. (a) ~ (d) are taken from the author’s work from Ref. [2], reproduced with permission from Royal 

Society of Chemistry. 

 

The GANT fabrication procedure is schematically illustrated in Fig. 5-2a. To 

achieve δʹ-phase Nylon-11 nanowires, the AAO template was placed on top of a 17. 5 wt % 

Nylon-11 solution in formic acid at 70 °C. At the same time, assisted gas-flow (~3 m/s) 

was introduced in a direction parallel to the template surface. (Detailed procedure has been 

described in Chapter 3.1.2). Fig. 5-2b shows a photograph of an AAO template (diameter 

~ 2 cm and thickness ~ 60 μm) filled with Nylon-11 nanowires grown using the GANT 

method. High-resolution SEM imaging was carried out on the resulting nanowires. Well-

aligned nanowire arrays were detected in samples after the template material was dissolved 

using mild acid (Fig. 5-2c, d). A single nanowire strand has uniform width and length of 

200 nm and 60 μm respectively, which are similar to the dimensions of the AAO template 

pore channels. In cross-sectional SEM images of a cleaved template, stretched and 

entangled Nylon-11 nanowire strands (white thread-like regions) were observed (Fig. 5-3).   
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Fig. 5-3 Cross-section SEM image of a nanowire-filled AAO template. White threads indicate the 

Nylon-11 nanowires, which are stretched during the template breaking process. Fig. is taken from 

the author’s work from Ref. [2], reproduced with permission from Royal Society of Chemistry. 

 

 Gas-flow assisted crystal structure control 

Detailed crystal structural characterization was subsequently carried out by XRD. 

At room temperature, a melt-quenched film with pseudo-hexagonal δʹ-phase typically 

showed broader reflection peak at 2θ ~ 21.6° corresponding to (hk0) plane, which 

represents merged planes of (100), (010), and (110).[89] However, without assisted gas-

flow, Nylon-11 nanowires displayed a relatively strong peak at 2θ = 22.6° with a very weak 

δʹ-phase peak (2θ = 21.6°). This diffraction pattern is consistent with our previous result 

regarding the Nylon-11 nanowires manufactured by conventional template wetting method 

(Fig. 4-5). The GANT infiltration process allowed control of the crystal structure, wherein 

we were able to manipulate the rate of crystallisation by adjusting the speed of gas-flow. 

As shown in Fig. 5-4a (left panel), the relative peak intensity of the δʹ-phase gradually 

increased with increasing the rate of assisted gas-flow up to a gas-flow rate of ~ 3 m/s, 

without any further increment thereafter. The relative changes in intensities between the 

peak at 21.6° and peak at 22.6° are depicted in Fig. 5-4a (right panel), where the variation 
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in average peak intensities is plotted as a function of gas-flow rate. This result indicates 

that the crystal structure of nano-confined Nylon-11 nanowires could be well-controlled 

using different gas-flow rate, leading to the formation of pseudo-hexagonal δʹ-phase Nylon-

11 nanowires.  

In order to compare the crystallography of the nanowires, melt quenched Nylon-

11 films with δʹ-phase, were grown. Fig. 5-4b shows the XRD from both a melt-quenched 

film and nanowires in the AAO template. While the melt-quenched film showed a relatively 

broad δʹ-phase peak at 2θhk0 = 21.6°, the δʹ-phase nanowires that were grown using the 

GANT method exhibited a δʹ-phase peak with a smaller full width at half-maximum. It 

means that the nanowires have more organised (pseudo)-hexagonal lattice structure.[89] It 

is to be noted that the volume of nanowires was only about ~ 50% of the film with the same 

size and thickness (Fig. 3-4) as the XRD data for nanowires was taken while the nanowires 

were still embedded in the AAO template. This indicated that the actual amount of 

crystalline region in the nanowire per unit area is larger than that of the melt-quenched film. 

These results suggest that even through the conventional melt-quenching method, the 

presence of large amorphous regions cannot be prevented in the films due to the thickness 

of the film and the low thermal conductivity of Nylon.[97] However, this problem is 

mitigated via the GANT method where the δʹ-phase in Nylon-11 nanowires is realised to a 

larger extent.  
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Fig. 5-4 (a) (left) XRD patterns of nanowire-filled templates crystallised at various assisted gas-flow 

rates. (right) Based on the normalised XRD patterns, the average intensity of the peak at 21.6° and 

22.6° is plotted as a function of assisted gas-flow rate. (b) XRD patterns of a nanowire-filled 

template (orange), melt-quenched film (blue), and silicon background (grey). The right image shows 

the magnification of the δʹ-phase range. Fig. (a) and (b) are taken from the author’s work from Ref. 

[2], reproduced with permission from Royal Society of Chemistry. 
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The crystallisation mechanism initiated by the GANT method was verified using 

finite element analysis using COMSOL Multiphysics as illustrated in Fig. 5-5 (Modelling 

details are discussed in Chapter 3.2.4). To further investigate the rapid crystallisation 

process, the effect of both solvent evaporation as well as temperature of the solution have 

been considered. In terms of solvent evaporation, our simulations revealed that through the 

assisted gas-flow, the artificially generated dry and cool turbulent air flow effectively 

encourages the evaporation of the solvent. Fig. 5-5a and b show the induced turbulent flow 

by the assisted gas within the nanopore channels, whose speed increased with increasing 

assisted gas-flow velocity (Fig. 5-5c). The velocity of the turbulent gas-flow, evaluated 10 

nm above the surface of the solution, was 36 μm/s for an assisted-gas velocity of 3.1 m/s. 

This is an extremely high flow rate considering the nanopore is ~200 nm in diameter. As a 

result, nucleation can be initiated at the surface of the exposed solution by rapid solvent 

evaporation. In our computational model, we also considered the effect of solution cooling 

within the pore channel: both turbulent flow-induced evaporative cooling and conductive 

cooling via the nano-template walls. The overall cooling mechanism is demonstrated in Fig. 

5-5d, e, taking into consideration the turbulent flow around the exposed Nylon-11 solution, 

as well as the heat transfer through the pore walls. As a result of this cooling, a temperature 

gradient is generated both on the top surface and the side of the Nylon-11 solution. Fig. 

5-5f shows the significant temperature gradient produced by evaporative cooling (orange) 

and thermal conduction (blue) as a function of the distance from the top and side surfaces 

of the solution, respectively. The crystal growth direction can be inferred from these heat 

transfer simulation, as the growth of the crystalline region is most likely to occur in the 

direction of the largest temperature gradient (Fig. 5-6).  

In addition, considering the crystal growth direction of the GANT method and due 

to the size of the nano-pores, the crystal growth length (~ 100 nm) can be limited, resulting 

in extremely rapid nucleation and growth. Hence fast crystallisation is achieved within the 

confines of the nanopores, even with mild external conditions, such as low gas-flow rate (3 

m/s) and near-room temperature conditions.   
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Fig. 5-5 Numerical simulation results of turbulence flow generated by assisted gas-flow (3.1 m/s): 

(a) 3D view and (b) xz-plane view. (c) Plot showing the relationship between the velocity of 

turbulent flow at different heights above the solution surface and assisted gas-flow rate. (d) 

Simulation result of heat transfer around the solution-filled nano-pore. (e) the xz-plane view of (d) 

with turbulent flow showing two dominant cooling mechanisms: (i) evaporative cooling and (ii) 

thermal conductive cooling. (f) The temperature gradient from the centre of the solution to the air 

(orange) and template wall (blue). The initial temperature of the Nylon solution and assisted gas 

were taken to be 70 °C and 20 °C, respectively. Fig. (a) ~ (f) are taken from the author’s work from 

Ref. [2], reproduced with permission from Royal Society of Chemistry. 

 

 

 

Fig. 5-6 Schematic of the polymer crystallisation process in the nano-dimensional pore of the GANT 

infiltration method. Fig. is taken from the author’s work from Ref. [2], reproduced with permission 

from Royal Society of Chemistry. 
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 Self-poled δ'-phase nanowires through GANT method 

 

 

Fig. 5-7 FT-IR absorbance spectra for (orange) template-freed nanowires and (blue) additionally 

stretched film. Fig. is taken from the author’s work from Ref. [2], reproduced with permission from 

Royal Society of Chemistry. 

 

The molecular bond structure of δʹ-phase nanowires was measured using room 

temperature FT-IR spectroscopy (Fig. 5-7). A template freed δʹ-phase nanowire mat[208] 

and stretched film were prepared to confirm the effect of nanoconfinement. According to 

the literature, FT-IR spectra of Nylon-11 have two important regions related to dipole 

alignment. The region 1500-1700 cm-1 contains the amide I and II mode and is assigned to 

hydrogen-bonded or free amide group. The band at 3300 cm-1 (amide A peak) is assigned 

to N-H stretching vibration and is sensitive to the hydrogen bond.[93], [187], [188] The 

region 1500-1700 cm-1 is shown in Fig. 5-7 for both stretched film and nanowires, 

containing the amide I and amide II bands. In this region, two materials show similar 

intensity except for 1635 cm-1 band because the conformation in the amorphous phase is 

expected to be the same.[93] The 2920 and 2850 cm-1 bands of both materials are assigned 

to the antisymmetric and symmetric CH2 stretching modes of the methylene groups, 

respectively. The significant differences in the absorption intensities of the N-H stretching 

modes at 3300 cm-1 and C=O stretching modes at 1635 cm-1 show direct evidence of 



123 

 

molecular ordering. Considering that the peak intensity of δʹ-phase nanowires is much 

higher than that of film, it would be inferred that the GANT method generates highly 

crystalline and well-ordered structures in δʹ-phase nanowires.  

In order to investigate the direction of polarization and quantify the surface charge 

variations between Nylon-11 nanowires and melt-quenched films arising from the self-

poled nature of the former, we employed KPFM, where the surface charge potential 

difference between the material and an AFM tip can be measured (Fig. 5-8). Melt-quenched 

Nylon-11 film showed a surface potential difference of 82 mV. In contrast, a higher surface 

potential (426 mV) was observed from the self-poled δʹ-phase nanowire-filled template. It 

is noted that the enhanced surface charge potential difference of self-poled nanowires 

demonstrates the relationship between polarisation and surface charge density. Our results 

indicate an “upward” direction of polarisation, which corresponds to the expected charge 

donating property.  

 

 

Fig. 5-8 (left) KPFM potential images of the melt-quenched Nylon-11 film and the top surface of 

the self-poled δ'-phase nanowires filled template device. (right) The plot for the surface charge 

potential difference of each sample. The inset shows KPFM measured surface structure. Fig. is taken 

from the author’s work from Ref. [2], reproduced with permission from Royal Society of Chemistry. 
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 Nanowire-based triboelectric generators 

A triboelectric generator was fabricated using self-poled δ'-phase nanowires 

embedded within AAO template. The bottom side of AAO template was coated with gold 

(Au) electrodes (~ 100 nm), and an Au-coated Teflon film was prepared as a counterpart 

substrate. Al films and melt-quenched Nylon-11 film were also prepared to compare the 

device performance with the nanowire-based triboelectric generator (Fig. 5-9). The 

triboelectric generator shows the output in response to periodic impacting for a fixed 

frequency and amplitude of 5 Hz and ~ 0.5 mm, respectively.   

 

 

Fig. 5-9 Schematic of the structure of triboelectric generator consisted of tribo-negative material of 

Teflon and three different tribo-positive materials of (a) aluminium, (b) melt-quenched Nylon-11 

film, and (c) Nylon-11 nanowires grown by GANT method.  

 

Fig. 5-10a and b show the open-circuit voltage (VOC) and short-circuit current 

density (JSC) respectively, measured in response to the periodic impacting at a frequency (f) 

of 5 Hz and amplitude of 0.5 mm in an energy harvesting setup that has been previously 

described.[202] The Al-based device showed a peak VOC of ~ 40 V and a peak JSC of ~ 13 

mA·m-2. Following the triboelectric series, higher device performance was observed from 

a melt-quenched Nylon-11 film based triboelectric generator with VOC of ~ 62 V and JSC of 

~ 21 mA·m-2 than from the Al-based generator. The self-poled δ'-phase nanowire based 

triboelectric generator displayed further enhanced output performance with a peak VOC of 

~ 110 V and a peak JSC of ~ 38 mA·m-2 likely due to the self-poled nature of the nanowires.  
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Fig. 5-10 Electrical output of GANT fabricated nanowire-based triboelectric device. (a) Open-circuit 

output voltages of triboelectric generators with different combinations of materials. The output 

voltage increases from ~ 40 V in the device with Al to ~ 110 V in the device with δʹ-phase Nylon 

nanowires. (b) Short-circuit output current densities of the same device as in (a). Fig. (a) and (b) are 

taken from the author’s work from Ref. [2], reproduced with permission from Royal Society of 

Chemistry. 

 

 

Fig. 5-11 Electrical output with load resistors and power of the device: (a) nanowire-filled template, 

(b) melt-quenched film and (c) Al-based triboelectric generators. (d) The power density of different 

triboelectric generators as a function of variable load resistance. The gradual increase and a decrease 

of voltage and current density across the various load resistors, respectively. The power density is 

calculated by the multiplication of current density squared and load resistance. Inset indicates the 

circuit structure. Fig. (a) ~ (d) are taken from the author’s work from Ref. [2], reproduced with 

permission from Royal Society of Chemistry. 
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The electrical power output of the triboelectric generator was measured across different 

resistors. The peak output power density of 1.03 W·m-2, 0.19 W·m-2, and 0.099 W·m-2 were 

observed from the Nylon-11 nanowire, Nylon-11 (melt-quenched) film, and Al-based 

device respectively under impedance-matched conditions at a load resistance of ~ 20 MΩ 

(Fig. 5-11a-c).8 The observed output power from nanowire-based triboelectric generator 

was ∼ 6 times and ~ 10 times higher than those of a melt-quenched Nylon-11 film and Al 

based generator, respectively (Fig. 5-11d). Such remarkable improvement in the output 

performance of δʹ-phase nanowires can be rationalised as follows; the self-polarization of 

the nanowires gave rise to larger surface charge density, which resulted in more charge 

being transferred as compared to the film surface. It should be noted that the surface area 

of the nanowires is only ~ 50 % as compared to the melt-quenched film. It indicates that 

polarisation in the nanowire effectively further enhances the surface charge density of the 

device. 

 

 

Fig. 5-12 Electrical output of the device under various input conditions. Short circuit current density 

of the nanowire device was measured under the application of a periodic impacting force (a) at 

variable frequency between 2 ~ 20 Hz with amplitude of 6 V and (b) at different amplitude between 

3 ~ 12 V with frequency of 5 Hz. In our energy generator system, force amplitude of magnetic shaker 

can be controlled by applied voltage. Fig. (a) and (b) are taken from the author’s work from Ref. [2], 

reproduced with permission from Royal Society of Chemistry.  

 

                                                      
8 Hypothetically, if materials in triboelectric generators are true dielectric, the resistance of the load 

for the maximum coupling of the device circuit would be an infinite. In this aspect, the relatively 

low optimum resistance (20 MΩ) indicates that materials in this experiment are not a good insulator 

and the device performance would be further improved by using materials with better dielectric 

properties. 
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Regarding the triboelectric generator performance, various input conditions 

including frequencies and amplitudes have been tested (Fig. 5-12). The JSC was measured 

in response to the periodic impacting at a frequency ranging from 5 to 20 Hz with amplitude 

of 6 V. In addition, the amplitude was also varied from 3 V to 12 V within constant 

frequency of 5 Hz. As a result, it is clearly seen that the electrical output was found to 

increase with increasing impact frequencies and amplitudes. These performance 

enhancement at high frequency and high amplitude are attributed to the preventing of the 

charge loss and more conformal contact for more transferred charge, respectively.    

 

 

Fig. 5-13 Reliability test of the triboelectric device. (a) Fatigue testing: short circuit current density 

recorded over time in response to continuous impacting at a frequency of 5 Hz and amplitude of 6 

V on the same Nylon-11 nanowire based triboelectric generator for 30 h (~ 540,000 cycles impacting 

cycles in total). Data were recorded after 2 h (18 k cycles), 5 h (90 k cycles), 10 h (180 k cycles), 20 

h (360 k cycles), and 30 h (540 k cycles). (b) Triboelectric generator performance under various 

humidity condition. The maximum (orange) and minimum peak of short circuit density were 

collected at certain humidity. (right image) Fig. (a) and (b) are taken from the author’s work from 

Ref. [2], reproduced with permission from Royal Society of Chemistry.  

 

In addition, fatigue testing was carried out by continuously impacting the Nylon-

11 nanowire-based device at 5 Hz and amplitude of 6V for up to 30 hours (≈ 540,000 

cycles). Fig. 5-13a shows that the δ'-phase nanowire-based triboelectric generator exhibited 

a negligible change in JSC over the entire period of continuous testing. Reliability tests 

under various humidity conditions were also carried out by impacting the δ'-phase 

nanowire-based triboelectric generator device within a humidity-controlled box. (Fig. 

5-13b) Although Nylon is known to be prone to degradation in the presence of moisture, 

the δ'-phase nanowire-based triboelectric generator showed reliable output performance up 
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to high humidity condition (~ 80 %), indicating that the AAO template serves to 

encapsulate and protect the nanowires from environmental factors.  

 

 

Fig. 5-14 Template-freed nanowire-based triboelectric generator. (a)-(c) SEM images of a template 

freed nanowire mat. The inset illustrates the random direction of the spontaneous polarisation. (d) 

and (e) show the output performance of the nanowire mat based triboelectric generator. Fig. (a) ~ 

(e) are taken from the author’s work from Ref. [2], reproduced with permission from Royal Society 

of Chemistry.   
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To further confirm the effect of self-polarization on triboelectric generator 

performance, we also measured the output performance of the template-freed δ'-phase 

nanowire mat where the nanowires are lying on the substrate with randomly oriented 

polarisation directions (Fig. 5-14a-c). Interestingly, the template-freed nanowires mat 

based device generated suppressed output performance (VOC = 20V and JSC = 4.0 mA·m-2), 

even though it was thinner and had a larger effective surface area (Fig. 5-14d and e). Due 

to the randomly oriented polarisation in the nanowire mat, the generation of triboelectric 

charge was likely inhibited during the contact and separation process. These results support 

the orientation directed polarisation effects in the Nylon-11 nanowires while they are still 

aligned and embedded within the template.  

 

 

Fig. 5-15 Charge accumulation trend of the nanowire-based device with respect to time. Left top 

and right bottom insets show the circuit structure and schematic of the triboelectric generator. Fig. 

is taken from the author’s work from Ref. [2], reproduced with permission from Royal Society of 

Chemistry.  

 

To confirm the energy generated by the δʹ-phase nanowire-based on triboelectric 

generator, a 470 μF capacitor was connected to the device using a full-wave bridge 

rectifying circuit (Fig. 5-15). The δ'-phase Nylon-11 nanowire-based triboelectric generator 

under mechanical pressure at 5 Hz for about 20 minutes successfully charged the capacitor 

with a charging speed of ~ 38 μC·min-1. Notably, the accumulated charge increased with 

time, suggesting the Nylon nanowire-based triboelectric generator had excellent stability. 
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The electric power produced by the Nylon nanowire-based triboelectric generator was used 

to directly turn on several commercial light-emitting diodes (LEDs). During contact and 

separation with 5 Hz frequency, 36 white LEDs were driven by the produced output voltage 

without the need for external energy storage devices (Fig. 5-16). 

 

 

Fig. 5-16 LED lightning test for δ'-phase Nylon-11 nanowire-based triboelectric generator. 36 white 

LEDs were parallelly connected with device. Fig. is taken from the author’s work from Ref. [2], 

reproduced with permission from Royal Society of Chemistry. 

 

We conducted analytical simulations using a finite element method (FEM) with 

COMSOL Multiphysics software to further confirm the effects of self-polarization on 

triboelectric potential. To confirm the working mechanism of the self-poled nanowire-

based triboelectric generator, we carried out a theoretical analysis based on the Gauss 

theorem.[35], [47] 

In the dielectric-to-dielectric contact-separation mode triboelectric generators (Fig. 

2-4a), the electric potential difference (ΔV) between two electrodes can be given by   

 

 ∆𝑉 = 𝐸1𝑡1 + 𝐸2𝑡2 + 𝐸𝑎𝑖𝑟𝑑 

                              = [−
𝑄

𝑆𝜀0𝜀𝑟1
𝑡1] − [

𝑄

𝑆𝜀0𝜀𝑟2
𝑡2] + [

𝑆𝜎−𝑄

𝑆𝜀0
𝑑] 

              = −
𝑄

𝑆𝜀0
(

𝑡1

𝜀𝑟1
+

𝑡2

𝜀𝑟2
+ 𝑑) +

𝜎𝑑

𝜀0
 

(5-1) 

 

where E is electric field strength, 𝑡1 and 𝑡2 are the thickness of the two surfaces, d is the 

distance between two different layers, Q is the value of transferred charge, S is the area of 

the electrode, σ is the triboelectric charge density, 𝜀0  is the vacuum permittivity, and 

𝜀𝑟1 and 𝜀𝑟2  are the relative permittivity (dielectric constant) of dielectric materials, 

respectively. In the conductor-to-dielectric structure, t1/εr1 can be ignored because the metal 

layer acts as triboelectric layer and electrode.   
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Under open-circuit conditions, the value of transferred charge (Q) become zero 

since no charge is transferred between the two top and bottom electrodes. Thus, if we 

assume electric potential of the bottom electrode to be zero, the equation for the open-

circuit voltage (Voc) can be calculated by  

 

 
𝑉𝑜𝑐 = 

𝜎𝑑

𝜀0
 (5-2) 

 

Using experimentally determined Voc of each triboelectric generator, we can obtain a 

theoretical triboelectric charge density (σ).  

 

 
𝜎 =  

𝑉𝑜𝑐𝜀0

𝑑
 (5-3) 

 

When d is maximum (0.5 mm) and σ of Al, the melt-quenched Nylon film, and the 

nanowire-filled template are 0.78, 1.06, and 1.95 μC m-2, respectively.  

A COMSOL Multiphysics simulation demonstrated the triboelectric potential 

difference of three different structure triboelectric generators with Teflon as the top part 

and: (a) Al, (b) Nylon-11 film, and (c) δ'-phase Nylon-11 nanowires in the template as the 

bottom parts (Fig. 5-17). We assumed that the length of the dielectric and electrodes are 

infinite because they are significantly larger than the thickness of the dielectric layer. The 

nanowire-filled AAO template structure was simplified in the simulation, considering the 

surface area of the nanowires (~ 50 %). Because of the charge density (σ) difference, the 

nanowire sample shows the highest potential different between the top and bottom 

electrodes. In addition, the self-poled Nylon nanowire region exhibits relatively higher 

electric potential than the AAO template region. It indicates that further enhanced 

triboelectric performance of nanowire containing AAO template devices is mainly 

attributed to the self-polarization of the nanowires.   
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Fig. 5-17 Calculated electric potential distribution at different surface charge density: (a) Al, (b) 

Nylon-11 film, and (c) δ'-phase Nylon-11 nanowires. Fig. (a) ~ (d) are taken from the author’s work 

from Ref. [2], reproduced with permission from Royal Society of Chemistry. 

 

The ideal electric potential of self-poled Nylon-11 nanowire-based triboelectric 

generators can be calculated based on the experimental result of spontaneous 

polarisation.[217] Under short-circuit conditions (V = 0), the transferred charge (Qsc) are 

given by   

 

 
𝑄𝑠𝑐 =

𝑆𝜎𝑑𝜀𝑟1𝜀𝑟2

𝑡1𝜀𝑟2 + 𝑑𝜀𝑟1𝜀𝑟2 + 𝑡2𝜀𝑟1
 (5-4) 

 

The value of Qsc can therefore be varied as a function of d. When the generator is fully 

released (d = 0.5 mm), the maximum transferred charge per unit area was theoretically 

calculated to be 0.65, 0.94, and 1.75 μC m-2 for Al, melt-quenched Nylon film, and the 

nanowire-filled template, respectively. The transferred charge (Qsc) are also calculated 

using the integration of short-circuit current (Isc) (Fig. 5-18). The dimensions which used 

for the calculation are summarised in Table 5-1.   
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Fig. 5-18 The short circuit current (Isc) of various triboelectric generators: (a) Al, (b) melt-quenched 

Nylon-11 film, and (c) δ'-phase Nylon-11 nanowire-based devices. The amount of transferred charge 

(Qsc) can be calculated by the integration of graph. Fig. (a) ~ (c) are taken from the author’s work 

from Ref. [2], reproduced with permission from Royal Society of Chemistry.  

 

 

Table 5-1 Dimensions of the triboelectric generator 

Symbol Meaning Value unit 

d max. separation distance  0.5 mm 

t1 thickness of PTFE 100 μm 

t2 thickness of Nylon film & AAO template 60 μm 

S surface area of the electrode 3.14 cm2 

VOC,Al VOC of Al-based device  40 V 

VOC,film VOC of melt-quenched film-based device  60 V 

VOC,NW VOC of δ'-phase NW-based device   110 V 

ε0 vacuum permittivity 8.85E-12 F m-1 

εr.film relative permittivity of Nylon-11 film[208], [218] 3.7  

εr.AAO relative permittivity of AAO template 9  

εr.NW relative permittivity of oriented Nylon[208], [218] 4.5  

εr.PTFE relative permittivity of PTFE 2.1  

Pr spontaneous polarization of Nylon-11[217] 55 mC m-2 
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 Conclusions 

To summarise, we have demonstrated for the first time, a novel and facile GANT 

infiltration method for the fabrication of highly oriented, self-poled δʹ-phase Nylon-11 

nanowires, as a rarely synthesised tribo-positive material. Assisted gas-flow controlled the 

crystallisation speed, resulting in the δʹ-phase crystal structure. Preferential crystal 

orientation originates from the nanoconfinement effect in the template, resulting in self-

poling of the Nylon-11 nanowires with an increased average crystallinity of up to ~40%. 

When self-poled Nylon-11 nanowires were combined with counterpart tribo-negative 

surfaces, such as Teflon, the resulting output power was observed to be ∼6 times and ∼10 

times higher than those of melt-quenched Nylon-11 film- and Al-based triboelectric 

generator, respectively. The output power generated by the Nylon-11 nanowire-based 

device was high enough to drive commercial electronic components such as LEDs and 

capacitors without external power sources. The work provides a new strategy to develop 

highly crystalline and self-poled Nylon in a facile and robust manner, thus providing a 

means to realise a much-needed synthetic tribo-positive material with enhanced surface 

charge density for use in a high-performance triboelectric generator. The patent application 

has been filed based on this new technology.  
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Chapter 6 

 

6 α-phase Nylon-11 Nanowires 

Fabricated by Thermally-Assisted 

Nano-Template Infiltration 

(TANI) Method for Triboelectric 

Generators 

 

Spontaneous polarization (or remanent polarization) in a ferroelectric polymer is the 

polarization which remains when an applied electric field is reduced to zero, and it is one 

of the most important characteristics which determines the performance of charge-based 

energy harvesting devices. The intensity and stability of spontaneous polarization are 

attributed to the molecular structure of the ferroelectric polymer. Therefore, identifying 

material with a stable, well-packed molecular structure is crucial to further improve the 

performance of energy harvesting devices, as well as widening the range of possible 

applications.  

Among various crystal structures of Nylon-11, spontaneous polarization has only been 

achieved  in the metastable δ'-phase with relatively sparse chain packing and random 

hydrogen bonds, here the spontaneous polarization realized by electrical poling of the 
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ferroelectric polymer.[96], [108], [110]  In the case of the thermodynamically stable α-

phase, although it exhibits the highest crystallinity with outstanding thermal stability based 

on denser molecular packing and well-ordered hydrogen bonds, it has been known that it 

is not possible to achieve dipole alignment via electric poling.[219], [220] This is because 

tightly packed hydrogen bonds in the α-phase restrain the dipole rotation up to the point of 

electrical breakdown, and this is why α-phase has been known as a ‘polar’ but ‘non-

ferroelectric’ phase.[103], [106]  

In this work, we have developed α-phase Nylon-11 nanowires which exhibit an 

exceptionally strong and thermally stable spontaneous polarization using a thermally-

assisted nano-template infiltration (TANI) method. Through nanoconfined molecular self-

assembly, the definitive dipole alignment of α-phase Nylon-11 nanowires has been 

achieved for the first time without any external electrical poling. To demonstrate the 

formation of well-aligned α-phase nanowires, we performed sophisticated analysis of XRD 

patterns with and without the supporting template and confirmed it by molecular 

simulations. The remarkably high surface potential of the self-poled α-phase nanowires, 

corresponding to high-intensity spontaneous polarization, was measured directly by KPFM, 

indicating that the Pr of non-ferroelectric α-phase is much higher than that of the 

ferroelectric δʹ-phase nanowires. The robust thermal stability of the spontaneous 

polarization in α-phase nanowires is also confirmed by surface potential changes before 

and after thermal annealing. As a practical trial, we introduced α-phase Nylon-11 

nanowires into a triboelectric generator. The device exhibited a 4-fold and 34-fold increase 

in output power density compared to a δʹ-phase nanowire-based device and a conventional 

aluminium-based device under the same mechanical excitation. A substantial amount of 

this work is under reviewing process, to be published. The authors’ contributions are given 

in Appendix A.   

 

 Ideal remanent polarization calculation 

To compare the chain and hydrogen bonds configuration, we have conducted 

molecular simulations using a program called Materials Studio 8.0.[203] (Details of 

simulation process are given in Chapter 3.2.4). As a semi-crystalline polymer, Nylon-11 
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has at least four crystal structures referred to as the triclinic α and α', monoclinic β, pseudo 

hexagonal γ, δ and δ'.[78], [89] As mentioned, the pseudo-hexagonal phases (such as δ'-

phase) display ferroelectric properties due to sparse chain packing and random hydrogen 

bonding. As Fig. 6-1a and b illustrate, the un-poled δ'-phase has randomly oriented Nylon-

11 chains within a pseudo-hexagonal unit cell, resulting in the cancellation of dipole 

moments.[89] Additional mechanical drawing and subsequent electric poling process allow 

chains to rotate such that the amide groups point in the same direction, resulting in net 

dipole moment (Fig. 6-1c, d). In contrast, the α-phase can adopt a well-aligned molecular 

structure in the triclinic unit-cell without stretching and/or high voltage poling (Fig. 6-1e, 

f). This is because the hydrogen bonds are organised into well-defined sheets held together 

by van der Waals interactions, with the amide groups of adjacent chains located at about 

the same height along the chain axis.[89] As a result, the dipole moment perpendicular to 

the chain axis, points along a single direction. (This is the reason why α-phase is ‘polar’.) 

However, it must be noted that such unidirectional dipole moments of α-phase are limited 

to a localized crystalline region, and the directions of such crystalline regions are randomly 

determined during the crystallisation process. Furthermore, it is also impossible to align 

every dipole in the α-phase sample due to the restraints on dipole rotation up to the electrical 

breakdown. As a result, the net polarization of pristine α-phase (bulk) sample is much 

smaller than that of electrically poled δ'-phase sample.  

So how high can the spontaneous polarization be, when dipoles in a bulk α-phase 

are fully aligned? To evaluate the maximum spontaneous polarization in Nylon-11, we 

estimate the “ideal” Pr values of perfectly aligned δʹ-phase and α-phase. To a first-order 

approximation, the Pr scales with the dipole moment and the crystallinity.[77], [221] Using 

molecular simulation, the dipole moment for individual molecules can be measured by 

assigning charge to the atoms. As a minimum repeating unit, the dipole moments per one 

unit cell values of 88 × 10-30 C m and 101 × 10-30 C m are obtained in a pseudo-hexagonal 

δʹ-phase and triclinic α-phase respectively. In the case of δ'-phase, assuming a crystallinity 

of about 40 %, the calculated Pr is 3.2 μC cm-2; this is in good agreement with the 

experimentally determined value of about 2.5 μC cm-2.[101] In contrast, α-phase with the 

same crystallinity shows the Pr of 7.5 μC cm-2, meaning that fully aligned α-phase would 

have much greater spontaneous polarization than that of electrically poled δ'-phase. This is 

because the fully stretched chain structure in the α-phase maximizes the dipole moment per 
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monomer unit.[221] In addition, considering the crystal structure, the distance between 

adjacent molecules in the triclinic α cell is much smaller than that in pseudo-hexagonal δ'-

phase. Lastly, from a realistic point of view, well-defined hydrogen-bonded sheets in α-

phase would enable more aligned and stable dipole configuration.  

 

 

Fig. 6-1 Molecular structure and chain packing of Nylon-11. (a, b) Schematics show packing of 

Nylon-11 monomeric chains in unpoled δ'-phase viewed along the c axis and b axis respectively. 

All molecules lie in a random orientation. (c, d) The crystal structures and molecular packing of the 

poled δ'-phase. All the oxygen atoms point the same direction. (e, f) Crystal structure of α-phase. 

Because α is the most thermodynamically stable phase, the molecules are fully stretched with trans 

configuration and aligned with the hydrogen bonding sheet. The yellow lines indicate intermolecular 

hydrogen bonding. Grey spheres represent carbon atoms, red spheres oxygen atoms, blue spheres 

nitrogen atoms, and white spheres hydrogen atoms.   
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 Thermally-assisted crystal structure control 

To align the dipoles in α-phase Nylon-11 nanowires, we introduced a nano-

confinement method, such as nano-template wetting, because this technique enables the 

self-polarization of polymer nanowires during the crystallisation process without an 

additional high-voltage poling process.[202], [208] However, due to the difficulties of 

process optimisation, most nanowires manufactured via a conventional template-wetting 

process show poor crystallinity, resulting in a lower Pr than that of electrically poled 

films.[186] Furthermore, despite a large amount of related research over the past decade, 

controlling the polymer crystal structure in the nano-sized pore remains challenging. As a 

result, nanowires with the most stable phase of polymer, including α-phase Nylon-11, have 

never been demonstrated.  

To solve these problems, we developed the TANI method, which allows us to 

finely tune the crystallisation process in the nanopores. We note that the critical factor 

influencing phase control of Nylon-11 is the speed of crystallisation.[81], [92]–[94], [222] 

In particular, in the case of the highly ordered and thermodynamically stable α-phase, slow 

crystallisation with sufficient driving force for molecular configurational flexibility is 

crucial. Therefore, to reduce the crystallisation rate and increase the chain mobility, we 

have controlled the vapour environment, solution concentration, and temperature. (Details 

of the experimental process are discussed in Chapter 3.1). 

 

 

Fig. 6-2 Morphology of nano-template and resulting polymer nanowires. a. SEM image of the nano-

template surface with 200 nm pores. Inset shows the template cross-section. Scale bar indicates 200 

nm. b. SEM image of template-freed nanowires, indicating that each nanowire has a uniform width 

of 200 nm, which is similar to the dimensions of the nano-template pore channels. c. AFM 

topography image of a single nanowire strand showing that a highly dense and smooth surface 

(without grain boundaries) can be obtained by the TANI process. 
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Fig. 6-2a shows the SEM images of an AAO nano-porous template. The top surface 

and cross-section images indicate that the pore size is around 200 nm. The morphology of 

the nanowires manufactured by TANI method is displayed in Fig. 6-2b, c. Long chain-

shaped nanowires with uniform width (200 nm) and length (60 μm) were detected after the 

AAO was dissolved using mild acid. These nanowire dimensions are similar to that of the 

nano-template pore channels. The surface morphology of the nanowire can be measured by 

AFM. Compared to the Nylon-11 film, the nanowires show a uniform and smooth surface 

topography without grain boundaries (Fig. 3-2).  

Detailed crystal structure characterization was carried out by XRD. Typically, the 

nanowires fabricated by conventional nano-template wetting method generated diffraction 

patterns with weak intensity of peaks at 2θ = 21.6° and 22.8° (Fig. 6-3, left panel, black 

line).[208] In contrast, it is reported that an α-phase Nylon-11 film shows two distinct peaks 

at 2θ = 20°, 24.2°, and one small peak at 7.8°.[89] This result confirms that the α-phase 

Nylon-11 with desirable crystallinity cannot be obtained by typical nanoconfinement 

method. To achieve the α-phase nanowires, we subjected Nylon-11 solution to 

crystallization in a closed heating system. In this system, the solvent vapour environment 

effectively suppressed the evaporation speed in the nanopores, resulting in slow 

crystallisation. Furthermore, additional heating allowed us to increase the chain mobility 

which is required for molecular alignment. Fig. 6-3 (left panel, red lines) shows that α-

phase nanowires were achieved by this TANI method, and that the peak intensities 

increased with temperature. To investigate the optimised processing conditions for highly 

crystalline α-phase nanowires, we deliberately varied the temperature and solution 

concentration, measuring the crystallite size (Dp). First, Dp gradually increases with 

temperature, indicating that the additional heating increases the driving force for molecular 

reorientation and ordering (Fig. 6-3, right up panel). The Dp is also affected by the 

concentration of solution. A dilute solution allows larger crystals to be formed because of 

the increased free volume of polymer chains. These results indicate that the desirable, 

highly crystalline α-phase nanowires can be achieved by the TANI process at high-

temperature and in low concentration.   
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Fig. 6-3 (left) XRD patterns of nanowires crystallised at various temperatures. Phase changes can 

be observed between (black) the conventional room temperature template wetting method and (red) 

the TANI method with different temperature. (right) Based on the diffraction analysis, the size of 

crystals (Dp) is plotted as a function of (above) temperature and (below) solution concentration. ‘■’ 

indicate mean Dp value at certain condition. The middle line, top and bottom boundaries in the box 

indicate the median, 75 % and 25 % values, respectively. 
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Fig. 6-4 compares the diffraction pattern of the α-phase nanowires with that of film. 

The diffraction pattern of template-freed nanowires (red) displays identical peak positions 

with the triclinic α-phase film (black). Notably, the diffractogram of the nanowire sample 

shows much sharper peaks of (200), (210/010) planes with a smaller full width at half-

maximum (FWHM) and smaller amorphous region (2θ = ~ 21.6°) than those of α-phase 

film. Furthermore, the α-phase nanowires have much higher crystallinity (χ = 50 %) with 

larger Dp (23.4 ± 2.05 nm) than those of film (χ = 41 %, Dp = 16 ± 1.52 nm). These results 

suggest that the TANI method generated highly crystalline α-phase nanowires with larger 

crystal sizes compared to the α-phase film. The origin of higher crystallinity is corroborated 

using FT-IR measurements. (Detailed peak positions and their assignments are listed in 

Chapter 3.2.1)  In Fig. 6-5, much higher IR peak intensity at both N-H stretching and amide 

I regions was observed from the α-phase nanowires. Considering that the N-H stretching 

(3300 cm-1) and the amide I (1635 cm-1) bands reflect the overall distribution of hydrogen-

bonded strengths and local ordering of hydrogen bonds respectively,[96], [188], [189] it 

can be inferred that the TANI method enables well-ordered crystal growth based on the 

formation of hydrogen bonds.  

 The direction of molecular orientation is verified by detailed XRD analysis of the 

nanowires within the nano-porous AAO template. In principle, a single crystal sample in a 

Bragg-Brentano diffractometer would produce only one family of lattice planes with 

scattering vectors (q) normal to the sample surface in the diffraction pattern. Despite the α-

phase nanowires are not representing single crystals, the discrepancy in the diffractograms 

between the vertically aligned nanowires and randomly positioned nanowires indicates a 

highly ordered nanowire crystal structure with preferential chain alignment. In the case of 

nanowires within the AAO template (Fig. 6-4, orange), only one distinct diffraction peak 

at 2θ(200) = 20° was observed. In other words, the (001) and (210/010) planes would diffract 

at 2θ = 7.8° and 24.2°, but only minimal diffractions were obtained because those peaks 

are not represented in the Bragg-Brentano geometry. This means that the nanowires 

manufactured by controlled nano-template wetting process have preferential crystal 

orientation with the molecular chain axis perpendicular to the nanowire length direction, 

consistent with previous reports.[137], [158], [159]  
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Fig. 6-4 XRD patterns of (black) α-phase Nylon-11 film and nanowires (red) without and (orange) 

within a nano-porous AAO template. Inset schematics display the morphology of sample and the 

direction of X-ray beam (θ) with a scattering vector (q). The TANI method results in identical peak 

positions for both film and nanowire; the nanoconfinement effect results in nanowires with shaper 

main peaks and smaller amorphous region, indicating a more ordered and bigger crystalline region. 

The discrepancies between patterns obtained from the nanowire without and within the AAO 

template shows the preferential crystal orientation in the nanowires. 

 

 

Fig. 6-5 FT-IR absorbance spectra of α-phase (red) template-freed nanowires and (black) film. 

Middle and right graphs indicate the infrared spectra near N-H stretching (3300 cm-1) and amide I 

(1635 cm-1) modes, respectively.  
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The molecular simulation results validate the determinations of Dp and preferential 

orientation in α-phase nanowires (Analytical details are discussed in Chapter 3.2.1). With 

the assumption of an ideal (or unlimited) Dp and random orientation, the simulated powder 

diffraction pattern displays the highest peak at 2θ(210/010) = 24.2° with the second highest 

peak at 2θ(200) = 20° (Fig. 6-6, top). However, introducing the experimentally achieved Dp 

values changes the order of the highest peaks and broadens the diffraction pattern (Fig. 6-6, 

middle). Considering the broad diffraction peak (2θ = 21.6°) of amorphous region in the α-

phase, the simulated result is well matched with the experimentally achieved diffraction 

patterns. Lastly, preferred orientation correction based on the Rietveld-Toraya equation 

results in a diffractogram with remarkably high and sharp peak at 2θ(200) = 20°, showing a 

good agreement with that of nanowires within AAO template (The contribution of AAO 

template to the diffraction pattern is discussed in Chapter 3.1.2). These agreements of 

relative peak intensity and FWHM between calculated and experimental results confirm 

that the relatively large crystals in the α-phase nanowires are preferentially aligned 

perpendicular to the b axis.     
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Fig. 6-6 Comparison of calculated and experimentally achieved XRD patterns. (black) The 

calculated XRD patterns for α-phase Nylon-11 with the assumption of ideal/real Dp and 

random/preferred orientation. They are in good agreement with the experimentally observed spectra 

of (red dot) nanowires without template and (orange dot) nanowires within template.  
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 Spontaneous polarization in α-phase nanowires 

It is believed that the spontaneous polarization in Nylon-11 results mainly from 

dipole alignment, because the Pr value is close to zero as the dipole density approaches 

zero in oriented and poled Nylon-11.[223], [224] This indicates that the preferred chain 

orientation arising from the nanoconfinement effect can generate spontaneous polarization 

(called self-polarization), and the intensity of spontaneous polarization has a close 

relationship with the degree of molecular alignment. 

 

 

Fig. 6-7 KPFM analysis. a. AFM topology images of α-phase, δ'-phase Nylon-11 films and 

nanowires. The surface of nanowire sample is covered by merged nanowire tips. Scale bar indicates 

1 μm. b. Plots of the surface potential of various films and nanowires. Thermal stability of nanowire 

samples was also investigated by surface potential measurement (white bar) before and (orange bar) 

after thermal annealing at 165 °C. Inset schematics indicate the way to measure the surface potential 

using KPFM.  
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To investigate the intensity of spontaneous polarization, a full set of surface 

potential analysis was conducted by KPFM. Although the Pr of ferroelectric materials has 

been observed by polarization-electric field (P-E) hysteresis loops, the Pr of ‘non-

ferroelectric’ materials cannot be measured in this way as they do not show such hysteresis 

behaviour. In contrast, KPFM can measure the material’s surface potential, and such 

surface potential includes the contribution of work function difference and surface charge 

induced by mechanical rubbing or ferroelectric polarization.[59], [190], [191] Thus KPFM 

analysis provides a reliable method for showing the difference in Pr. Fig. 6-7a displays the 

top surface morphology of film and nanowire samples. Although the nanowires are 

embedded in the AAO template, the surface potential can be measured because the top 

surfaces are covered by a thin film consisting of merged nanowire tips. In principle, the 

almost similar surface potential should be achieved in materials with the same crystal 

structures. However, when we compare the surface potential of Nylon-11 films and 

nanowires, the nanowires show much higher values than the films with the same crystal 

structures (Fig. 6-7b). The α-phase nanowire sample displays more positive surface 

potential (576 mV) compared to α-phase film sample (20 mV). In addition, a much higher 

surface potential is observed in δ'-phase nanowires (395 mV) than equivalent films (184 

mV). These results indicate that the nanoconfinement effect effectively aligned the dipoles 

and generated self-polarization in the nanowires.[2] It must be noted that the surface 

potential of the ‘non-ferroelectric’ α-phase nanowire is much higher than that of 

‘ferroelectric’ δ'-phase nanowires. This is in good agreement with our Pr calculation results 

from molecular simulations, indicating that the dipoles in α-phase nanowire are not only 

well-aligned but also better packed than those in the δ'-phase nanowires. Thermal stability 

tests confirm the effect of chain ordering and hydrogen bonding on the changes of dipole 

orientation. After a thermal annealing process at 165 °C, the surface potential of the δ'-

phase nanowires dropped from 395 mV to 0 mV, while α-phase nanowires maintained their 

surface potential within the error range (Fig. 6-7b, orange bar). This is because the 

molecular configuration and resulting self-polarization of metastable δ'-phase was 

manipulated and disappeared by thermal energy, respectively. [89] However, the α-phase 

nanowires sustained their surface potential as well as corresponding self-polarization at 

high temperature due to the strongly hydrogen bonded, well-ordered and highly packed 

molecular structures. The change in X-ray diffractogram after annealing confirms the 
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thermal stability of molecular configuration and induced polarization. As shown in Fig. 

6-8a, in the case of δʹ-phase nanowires, the intensity of 21.6° peak corresponding to (hk0) 

plane of δʹ-phase decrease after thermal annealing, while the intensity of peak at 20.4° 

increase. In contrast, the peak positions and intensities in diffractograms of α-phase 

nanowires before and after 165°C annealing are almost the same (Fig. 6-8b), indicating that 

α-phase crystal structure and resulting spontaneous polarization in nanowires are thermally 

stable. In summary, these surface potential results imply that the non-ferroelectric α-phase 

nanowires exhibit strong spontaneous polarization and good thermal stability relative to 

ferroelectric δʹ-phase.  

 

 

Fig. 6-8 Comparison of XRD patterns (black) before and (red) after thermal annealing at 165 °C: (a) 

δʹ-phase and (b) α-phase of Nylon-11 nanowires within AAO template. Inset displays the magnified 

area from 2θ of 18° to 2θ of 24°.  

 

In order to verify the spontaneous polarization-based charge accumulation ability, 

we measured the changes in surface potential before and after mechanical rubbing (Fig. 

6-9). Charge transfer occurs during the contact of two materials with different work 

functions, and the friction of the AFM tip on the surface of the material induces such an 

effect.[190] Furthermore, the Pr in the ferroelectric polymer affects the amount of 

transferred charge during the rubbing process because the direction of polarization and the 

degree of dipole orientation together change the charge affinity on the surface.[60] We 

measured the surface potential of pristine α and δ'-phase nanowire samples and rubbed the 

middle part of the scanned area using contact mode AFM (Fig. 6-9a, c). As a result, the α-

phase nanowires showed a surface potential change of 180 mV compared to the unrubbed 

area, while the δ’-phase displayed corresponding to a charge of 20 mV (Fig. 6-9b, d). 
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Therefore, more charge were transferred and accumulated on the α-phase nanowires than 

on the δ'-phase nanowires during rubbing via AFM tip. Comparison with the α-phase film 

also confirms that the increased charge transfer can be attributed to the polarization in the 

nanowires (Fig. 6-9e, f). These results show that dipoles in the ‘non-ferroelectric’ α-phase 

nanowires are aligned, and the intensity is much higher than that of ‘ferroelectric’ δ'-phase.  

 

 

Fig. 6-9 Charge accumulation capability of (a, b) α-phase, (c, d) δʹ-phase nanowires, and (e, f) α-

phase film before and after rubbing process. (a, c, e) AFM topology and surface potential images 

(left) before and (right) after rubbing process. Dot squares indicates rubbing area. Scale bar indicates 

1 μm. Blue dot line indicates the data acquisition position for plotting. (b, d, f) Surface potential 

changes (black square) before and (red circle) after rubbing process.   
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 Nanowire-based triboelectric generators 

Based on α-phase Nylon-11 nanowires, we developed a contact-separation mode 

triboelectric generator with the size of 3.14 cm2. An Al film and δ'-phase nanowire-based 

device were also prepared to compare the device performances. 

Fig. 6-10a shows the JSC measured in response to the periodic impacting at a 

frequency of 5 Hz and amplitude of 0.5 mm in an energy harvesting setup that has been 

previously described (Chapter 3.2.3). The Al-based triboelectric generator showed a peak 

JSC of ~ 13 mA·m-2. Due to the better charge affinity and self-polarization effect, higher 

performance was observed from a δ'-phase nanowire-based device with JSC of ~ 38 mA·m-

2 than from the Al-based generator, in a good agreement with our previous results regarding 

δ'-phase nanowire-based triboelectric generator (Chapter 5). The self-poled α-phase 

nanowire-based triboelectric generator displayed further enhanced output with a peak JSC 

of ~ 74 mA·m-2 likely due to the more ordered and aligned polarization. The electrical 

power output of the triboelectric generators was measured across different resistors. The 

peak output power density of 3.38 W·m-2, 1.03 W·m-2, and 0.099 W·m-2 were observed 

from α-phase nanowire, δ'-phase nanowire, and Al-based devices respectively under 

impedance-matched conditions at a load resistance of ~ 5 MΩ, 20 MΩ, and 20 MΩ 

respectively (Fig. 6-10b, c). The observed output power from α-phase nanowire-based 

triboelectric generator was ∼ 3 times and ~ 34 times higher than those of δ'-phase nanowire 

and Al-based device, respectively. Considering that the surface area of the nanowires in the 

device surface was only ~ 50 % that of the Al film, this result indicates that the spontaneous 

polarisation in the α-phase nanowire effectively further enhances the surface charge density 

of the device. Furthermore, an output power comparison between α-phase and δ'-phase 

nanowire-based devices illustrates that the much higher Pr in closely packed and aligned 

molecular structure of α-phase contributed to the enhancement of device performance, in 

good agreement with the results of modelling and surface potential analysis. 
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Fig. 6-10 Triboelectric generator device performance. (a) Short-circuit output current densities of 

triboelectric generators with different combinations of materials: (black) Al, (orange) δ'-phase 

nanowire, and (red) α-phase nanowire. (b) The power density of the same devices as a function of 

variable load resistance. The power density is calculated by the multiplication of current density 

squared and load resistance.  (c) The gradual increase and a decrease of voltage and current density 

across the various load resistors, respectively. Various input condition.  
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Fig. 6-11 Electrical output of the device under various input condition. (a. b) Short circuit current 

density of the α-phase nanowire device was measured under the application of a periodic impacting 

force between 3 ~ 15 V with constant frequency of 5 Hz and a variable frequency between 3 ~ 15 

Hz with amplitude of 6 V. In our energy generator system, force amplitude of magnetic shaker can 

be controlled by applied voltage. (c) Short circuit current density recorded over time in response to 

continuous impacting at a frequency of 5 Hz and amplitude of 6 V on the same Nylon-11 nanowire-

based triboelectric generator for 30 h (~ 540,000 cycles impacting cycles in total). Data were 

recorded after 1 h (18 k cycles), 15 h (270 k cycles), 20 h (360 k cycles), 25 h (450 k cycles), and 

30 h (540 k cycles). 

 

The electrical output was found to increase with increasing impact amplitude and 

frequencies as expected (Fig. 6-11a, b) In addition, the α-phase nanowire-based 

triboelectric generator exhibited a negligible change in output current density over the 

entire period of fatigue testing (≈ 540,000 cycles), demonstrating the high mechanical 

stability of the spontaneous polarization in α-phase nanowires and the robustness of the 

nanowire-based device itself (Fig. 6-11c). It must be noted that the mechanical stiffness of 

α-phase nanowires is much higher than that of the δ'-phase nanowires because of the well-

ordered hydrogen bonding. (The mechanical properties of Nylon-11 nanowires will be 

discussed in Chapter 7). Although no abrasion was observed during the fatigue test in either 

the α or δ'-phase nanowires, such a stiffness difference implies that the α-phase nanowire 

is more appropriate for use in friction-based triboelectric generators.  

 

 

 Conclusions 

Nylon-11 nanowires with unprecedented intensity and thermal stability of 

spontaneous polarization have been fabricated for the first time using the TANI method. 

Through the nanoconfinement effect, α-phase Nylon-11 nanowires with preferential crystal 

orientation were achieved. The crystal structure, molecular alignment and crystallite size 

of self-poled α- and δ'-phase nanowires were corroborated by XRD and molecular 
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simulation. The intensity and thermal stability of spontaneous polarization were indirectly 

investigated by the changes of surface potential in KPFM measurements. We also 

introduced the resulting nanowires into triboelectric generators to prove that non-

ferroelectric α-phase nanowires with higher surface potential outperform ferroelectric δʹ-

phase nanowires. Consequently, we have verified that, due to the ordered crystal structures 

and higher molecular packing density, the net dipole moment of self-poled ‘non-

ferroelectric’ α-phase Nylon-11 can be much higher than that of self-poled ‘ferroelectric’ 

δʹ-phase. Furthermore, the strong hydrogen-bonding (which has previously been 

considered as a serious disadvantage for the polarization of Nylon-11) actually serves to 

enhance the stability of the molecular structure, resulting in a constant spontaneous 

polarization up to near the melting temperature. 
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Chapter 7 

 

7 Phase Tunable Nanoconfined  

Polymer Crystallisation Method 

for Nylon-11 Nanowires 

: A Comparative Study  

 

Polymorphism, defined as the existence of several crystalline structures in material, is 

of particular interest in ferroelectric (or piezoelectric) polymers as functional properties 

may vary dramatically across different crystal phases. As a result, the relationship between 

the crystalline phase and properties of polymers, such as PVDF and odd-numbered Nylon, 

has been studied extensively.[103], [225], [226] However, the majority of research to date 

has been conducted on films or on bulk materials.[1], [77], [227] In the case of one-

dimensional nanowire structures, even though they have many attractive advantages such 

as a preferential molecular orientation and large surface area, only a limited number of 

phases and their properties have been realised and studied because appropriate fabrication 

method capable of manipulating crystal structures of nanowires have not been 

developed.[2], [202], [208] Therefore, in-depth studies regarding conventional 

nanofabrication method and properties of polymer nanowires are crucial for expanding our 
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knowledge of structure-property relationships, as well as widening the range of possible 

applications.  

In this chapter, we investigate the crystallisation mechanism in the template-wetting 

method and suggest three distinct combinations of processing conditions for different 

phases of Nylon-11 nanowires. The crystallographic, and electromechanical characteristics, 

as well as thermal behaviour of resulting nanowires are then collected and compared. A 

substantial amount of this work has been previously published and therefore has been 

adapted from that text.[186] Copyright permission and authors’ contributions are given in 

Appendix A.    

 

 Nanowire growth mechanism 

 Evaporation-driven crystallisation  

The typical way to obtain bulk or film of Nylon-11 samples is by “temperature-

driven” crystallisation. 9  This method results in increased chain mobility at high 

temperatures, regardless of melt or solution processing, and subsequent decreases in chain 

mobility with decreasing temperature.[142] Melt and ice quenching for δʹ-phase film and 

precipitation of Nylon-11 solution in 1,4-butanediol with gradual cooling for the α-phase 

powder are examples of this temperature-driven method.[88]  This means that the heating 

or cooling rate is a key variable that can be altered to influence Nylon-11 crystallisation, 

and therefore the resultant crystal structure. However, a highly crystalline Nylon-11 sample 

cannot be achieved via such temperature-driven approach because the polymer molecules 

do not have sufficient mobility for the crystal size to grow during the crystallisation 

(cooling) process. This is because, during gradual cooling with a constant cooling rate, it 

is not possible to provide the sample with the sufficient amount of thermal energy for 

crystal ordering after a certain point of time (Fig. 7-1a). As a result, Nylon-11 samples 

fabricated by typical temperature-driven crystallisation have relatively low crystallinity.  

                                                      
9 Temperature driven crystallisation: In the case of polymer solution, more polymer can be dissolved 

at high temperature than at lower temperature. If this polymer solution were to be cooled down, a 

crystallized polymer can be achieved by precipitation, and such method can be defined as 

temperature driven crystallisation.  
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Fig. 7-1 Changes in temperature as a function of time in (a) temperature- and (b) evaporation-driven 

crystallisation method. Grey dot line indicates the minimum energy (Em) for polymer crystal 

ordering.   

 

Thus, to increase the crystallinity, we used a crystallisation method that is 

“evaporation-driven”. This method increases the chain mobility by using a good solvent, 

and crystallisation then proceeds, driven by the evaporation of that solvent. Therefore, the 

solvent should be relatively volatile (i.e. having a high vapour pressure) and have good 

compatibility with the polymer material used. In the case of Nylon-11, among the good 

solvents, formic acid is the most appropriate due to its rapid evaporation rate (heat of 

vaporization = +23.1 kJ mol−1 as compared to +31.3 kJ mol−1 for acetone, +40.66 kJ mol−1 

for water).[228]  The advantage of this evaporation-driven crystallisation is that the 

temperature-induced chain mobility can be maintained through the process, resulting in 

much higher sample crystallinities (Fig. 7-1b) 

. 

 

Fig. 7-2 XRD patterns of Nylon-11 films fabricated by (black) temperature-driven and (red) 

evaporation-driven methods: (a) δ'-phase and (b) αʹ- and α-phase samples.  
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To compare the temperature- and evaporated-driven crystallisation methods, 

Nylon-11 samples were fabricated using both crystallisation methods. Fig. 7-2 shows XRD 

patterns of Nylon-11 samples fabricated by both temperature-driven and evaporation 

driven crystallisation method. According to the literature, the (001) and (hk0) planes of 

pseudo-hexagonal δʹ-phase Nylon-11 correspond to the diffraction peaks at 2θ = 6.2° and 

21.6°, respectively.[89] This confirms that both temperature- and evaporation-driven 

crystallisation generated δʹ-phase films (Fig. 7-2a). In the case of α-phase, it is difficult to 

compare the effect of different crystallisation methods directly as α-phase cannot be 

achieved from polymer melt. As shown in Fig. 7-2b, the film made by temperature-driven 

crystallisation method (melt and slow cooling) gives rise to the diffractograms 

corresponding to αʹ-phase, which is a defective α-phase. In contrast, evaporation-driven 

method successfully produced a triclinic α-phase film with three reflections located at 2θ 

= 7.8°, 20°, and 24.2°, corresponding to the (001), (200), and (210/010) planes, 

respectively.[89] Although the exact comparison is difficult in the case of α-phase, the 

result of δʹ-phase film shows that both crystallisation methods can control the crystal 

structure of Nylon-11. In addition, the shape of the diffraction peaks produced by each 

method is different; the evaporation-driven samples exhibit much sharper peaks with 

smaller FWHM and much smaller amorphous regions, indicating that evaporation-driven 

crystallisation resulted in higher crystallinity. The degree of crystallinity obtained by DSC 

analysis supports this result. In the case of δʹ-phase Nylon-11, the average crystallinity of 

solution-processed film (38 %) is much higher than that of melt-quenched film (29 %). The 

average crystallinity of solution-processed α-phase film is around 48 %, which is much 

higher than that of any reported α-phase powder fabricated by temperature-driven 

crystallisation method, such as precipitation in 1,4-butanediol,[89] confirming that 

evaporation-driven method does generate a highly crystalline Nylon-11 film.     

For this evaporation-driven crystallisation method, we must now consider which 

variables can be altered to influence the Nylon-11 crystal structure in the resultant sample. 

As discussed, two different variables can be manipulated in the evaporation-driven 

crystallisation method: temperature and evaporation rate. Since these two variables are 

inter-related, the processing conditions have to be designed carefully. For instance, if we 

increase the temperature, the evaporation rate will also increase, as the evaporation rate is 

a function of temperature. However, by introducing additional gas-flow or enclosing the 
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sample in a solvent vapour-rich atmosphere, the evaporation rate can independently 

increase or decrease, respectively. Then, four different processing conditions based on the 

combinations of the two variables can be made as follows (Table 7-1).  

 

Table 7-1 Four processing conditions for evaporation driven crystallisation. 

No. Symbol Name Processing condition 

i ToEo HT fast evaporation with add. heating and gas-flow 

ii ToEx HT natural evaporation with add. heating and without add. gas-flow 

iii TxEo RT fast evaporation without add. heating and with add. gas-flow  

Iv TxEx RT natural evaporation without add. heating and without gas-flow 

 

To verify the validity of these conditions, corresponding Nylon-11 films were 

fabricated, and the XRD patterns of the resulting films are shown in Fig. 7-3. (Diffraction 

peak positions of each sample are summarised in Table 7-2). The diffraction patterns of 

high temperature (HT) fast evaporation (i, ToEo) and the HT natural evaporation (ii, ToEx) 

samples corresponds with α-phase Nylon-11. In contrast, the room temperature (RT) fast 

evaporation (iii, TxEo) and RT natural evaporation (iv, TxEx) samples showed similar 

diffractograms to δ'-Nylon-11. Interestingly, the crystal structure of Nylon-11 was changed 

from δ'- to α-phase by “additional heating”, despite the crystallisation being governed by 

evaporation. Considering that the α-phase is the thermodynamically stable phase, this result 

indicates that the additional heating is an essential prerequisite for α-phase formation. In 

other words, room temperature does not provide sufficient energy to chain for synthesizing 

well-ordered crystal structures.  

In terms of the influence of evaporation rate, comparison of two RT condition 

samples (iii and iv) does not display any significant changes. When we compare the film 

(i) and (ii), an additional diffraction peak at 2θ of 21.5°, which corresponds to the δ'-phase, 

is observed in (ii, HT fast evaporation), indicating that fast evaporation generated a δ'-phase 

region in the sample.  
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Fig. 7-3 XRD patterns of Nylon-11 films fabricated by evaporation-driven crystallisation. T and E 

indicate temperature and evaporation. (Resulting diffraction peak positions are summarised in Table 

7-2) 

 

 

Table 7-2 Indices of crystallographic planes of Nylon-11 films fabricated by different processing 

conditions of evaporation-driven crystallisation methods. Red dot indicates the diffraction peak 

induced by additional air-flow 

2θ (º) d (Å) 
Temp. O O X X 

Evap. O X O X 

6.2 14.24    ● ● 

7.8 11.32  ● ●   

20.2 4.40  ● ● ● ● 

21.5 4.12  ●  ● ● 

22.6 3.93    ● ● 

24.0 3.70  ● ●   

37.2 2.41  ● ● ● ● 
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 Capillary-infiltration 

The next question is as follows: is it possible to synthesize the polymer nanowires 

via evaporation-driven method, and is it possible to apply the advantages of the 

evaporation-driven crystallisation method, such as higher crystallinity and phase tunability, 

to the resulting one-dimensional polymer nanowire structures? As discussed in Chapter 2.6, 

template-wetting is a well-known method to produce nanostructured polymers with 

preferential crystal orientation, and both polymer melt and solution can be used in this 

method. Due to the wetting mechanism, drop-casting of polymer melt or polymer solution 

onto the upper surface of the AAO template is sufficient to synthesize nano-cylindrical 

structures. In terms of crystallisation mechanisms, polymer melt- and solution-based 

template wetting correspond to temperature- and evaporation-driven crystallisation 

methods, respectively. One interesting aspect of most of the nanowires reported in the 

literature is the degree of crystallinity. Regardless of crystallisation method, resulting 

nanowires typically showed much lower crystallinity than that of film or bulk 

materials.[151], [155], [160], [162] Another interesting aspect of the literature is that even 

when the processing conditions are varied, it is still difficult to control the crystal structures 

of the generated nanowires.[155], [229]  

We attribute the reason of such limitations to the “wetting direction”. In general, 

the polymer melt or solution used is dropped “onto” the AAO template, and the infiltration 

is along the direction of gravity. (Thus, we called it as a “gravity-infiltration” method.) 

However, it is also possible to infiltrate the solution (or melt) into the nano-pores from the 

opposite direction to gravity by capillary infiltration, thus it called “capillary-infiltration” 

method. As shown in Fig. 7-4a, in the case of gravity-infiltration, the evaporation rate of 

the solvent in the nanopores cannot be manipulated as both sides of the AAO template is 

blocked by the solution droplet on the top surface and the substrate at the bottom. When 

the polymer solution reaches the substrate, the evaporation- and temperature-driven 

crystallisation (nucleation and growth) are initiated from the top and bottom surfaces, 

respectively. This leads to another problem as a single nanowire results from two different 

crystallisation mechanisms. In contrast, in the case of capillary-infiltration method, the 

AAO template is placed on a droplet of solution, which infiltrates “upwards” into the 

nanopores by capillary action (Fig. 7-4b). As a result, the capillary-infiltration method 
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enables exposing the solution surface to external airflow, and the evaporation rate can be 

manipulated during the template-filling process. If the speed of solution infiltration is slow 

enough, this method could make a noticeable difference to the crystallisation rate, and 

therefore the resultant crystal structure, as the sufficient time to control the evaporation of 

the solution within the nanopores can be attained. When the solution fills and reaches the 

top surface of the nanopores, the same evaporation- and temperature-driven crystallisation 

processes occur. However, in the case of capillary-infiltration method, the contribution of 

temperature-driven crystallisation from the bottom substrate can be reduced substantially 

by applying a large amount of solution or increasing the temperature of substrate. As a 

result, the polymer crystallisation process is governed by the evaporation-driven 

mechanism only. To summarize the comparison of methodologies, the capillary-infiltration 

method allows control of the rate of evaporation, and therefore crystallisation can be 

controlled to a much greater extent than in the gravity-infiltration method.          

 

 

Fig. 7-4 Schematics of two different template-wetting methods. (a) gravity-infiltration method and 

(b) capillary-infiltration method. Grey arrows indicate the solution infiltration direction. Red and 

green arrows indicate the direction of (i) evaporation- and (ii) temperature-driven crystallisation.   
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 Processing parameters for crystallisation in the nanopores 

As discussed, Nylon-11 film fabrication from solution is governed by evaporation-

driven crystallisation, indicating that the temperature and evaporation rate are critical 

variables for crystallisation. In the case of capillary-infiltration template-wetting method, 

one more processing parameter should be considered to control the crystallisation, which 

is the “concentration” of the polymer solution. The concentration is a significant parameter 

in three respects. Firstly, it affects the speed of crystallisation because the concentration is 

directly correlated with the distance between polymer chains in the solution. In 

evaporation-driven crystallisation, the crystallisation is initiated when the polymer chains 

meet and get entangled together (Fig. 7-5). Thus, the crystallisation speed of dilute solution 

is very slow because all the solvent between polymer chains has to evaporate. In contrast, 

a concentrated solution takes a much shorter period of time to crystallize.  

 

 

Fig. 7-5 Schematic representation of evaporation-driven crystallisation of dilute solution. Blue 

arrows indicate the evaporation of the solvent.   

 

Second, the final length of the polymer nanowire is determined by the concentration of the 

solution. It is reported that the maximum height (h) of the polymer solution which can reach 

via capillary infiltration is inversely proportional to the concentration of the solution, given 

by Jurin’s law defined as:  

 

 
ℎ =

2𝛾(𝑐𝑜𝑠 𝜃)

𝜌𝑔𝑟
 (7-1) 
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where γ is the surface tension of the polymer solution, θ the contact angle of the meniscus 

at the pore wall, ρ the concentration of the polymer solution, g gravity, and r the radius of 

the nanopore.[230] However, in the case of 10 wt % Nylon-11 based experiment with AAO 

template [where γ = 0.033 ~ 0.043 N m-1, θ = 75° ~ 82°, ρ = 1.01 ~ 1.03 g cm-3, and r = 125 

nm (pore diameter ~ 250 nm), respectively], the calculated maximum height (~ 2.2 × 107 

μm) that the Nylon-11 solution can reach via capillary force is much higher than the length 

of the pore channels (thickness of the template ~ 60 μm). Therefore, the effect of 

concentration on nanowire length is not of significance in the methodology presented. Last, 

the concentration of solution affects the capillary filling rate in nanopores. According to 

the literature, the rate (dh/dt) of the flow of polymer solution in the nanopore can be 

estimated by  

 

 𝑑ℎ

𝑑𝑡
=

𝑅𝛾 cos 𝜃

4𝜇ℎ
 (7-2) 

 

where t is the time, R the hydraulic radius (the ratio between the volume of the liquid in the 

capillary section and the area of solid and liquid interface; R is one-half the radius of 

nanopore r), and μ the viscosity of the polymer solution.[142], [148] Because μ in turn 

depends on the concentration of the polymer solution, the filling rate is also controlled by 

the concentration of the solution.   

Using three processing parameters – temperature, evaporation rate, and 

concentration of solution –, we have designed capillary-infiltration based template-wetting 

processes for highly crystalline Nylon-11 nanowires. Processing temperature is tuned using 

a hot-plate from RT to the boiling point of formic acid (~ 100 °C). Fast evaporation rate 

can be achieved by generating a gas-flow using an additional fan. Also, solvent-vapour rich 

atmosphere via loosely sealed system enabled us to reduce the effective evaporation rate 

due to the volatility of formic acid. The concentration of Nylon-11 solution was varied 

from 5 to 20 wt %. All Nylon-11 solution was synthesised at 60 °C to increase the super-

saturation concentration. To define the changes of crystal structures in Nylon-11 nanowires, 

we measure the XRD pattern of samples within and without an AAO template. 

(Experimental details are given in Chapter 3.1.2)  
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First of all, to serve as a reference, we fabricated nanowires using 10 wt % solution 

at room temperature. The solution and AAO template were exposed to the surrounding air 

without additional gas-flow.  

As shown in Fig. 7-6a (black), diffractions at 2θ = 6.2°, 21.6°, and 22.8° were 

achieved when reference Nylon-11 nanowires were within an AAO template. According to 

the literature, the diffraction peak at 2θ = 21.6° corresponds to the (hkl) plane of pseudo-

hexagonal δʹ-phase Nylon-11 but the 22.8° peak has not been previously reported. Thus, it 

is difficult to define the exact crystal structure of these reference nanowires. Upon removal 

of the AAO template, the nanowires were divided into two samples, the relative peak 

intensity between peaks at 21.6° and 22.8° was observed to vary consistently between the 

samples. This difference can likely be attributed to two different crystallisation 

mechanisms acting within each nanowire. Although the evaporation-driven crystallisation 

is dominant in this capillary-infiltration template-wetting method, additional temperature-

driven crystallisation can also occur at the interface between solution and substrate due to 

the temperature difference (Fig. 7-4b). SEM images of planes towards the top and bottom 

surfaces of the AAO template show that the length of resulting nanowires is shorter than 

the length of the nanopores due to the separation of the two parts (Fig. 7-6c ii and iii). Fig. 

7-6c (i) and (iv) displays top and bottom films of this sample. Small spheres of diameter 

approximately 5 μm on the bottom surface in Fig. 7-6c (iv) originates from the removal 

process of the thick bottom film. These results imply the importance of process 

optimisation to achieve nanowires with uniform morphology and crystal structure.    
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Fig. 7-6 Characteristics of reference Nylon-11 nanowires. (a) XRD analysis of reference Nylon-11 

nanowires (black) within and (blue, orange) without AAO template. Inset schematics display the 

morphology of sample and the direction of X-ray beam (θ) with a scattering vector (q). (b) Schematic 

image of Nylon-11 nanowires fabricated by reference condition. The resulting nanowires are divided 

into two parts (blue and orange) due to different crystallisation mechanism. (c) SEM images of part 

of reference nanowires. (i) ~ (iv) correspond to the location in the schematic (b). Scale bar in the 

inset of (iv) indicates 5 μm.         
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Based on these reference sample results, the processing conditions – solution wt %, 

temperature, and additional gas-flow rate – were altered, and the changes in resulting 

diffractograms are observed (Fig. 7-7). (All XRD analysis was conducted using nanowires 

within the AAO template). Firstly, the influence of solution concentration (wt %) was 

examined at room temperature (Fig. 7-7a). The crystallisation process proceeded under 

standard atmospheric conditions (flow rate ~ 0 m/s), and the intensity of peaks 2θ = 21.6° 

and 22.6° was observed to increase with increasing wt %. However, the gradient of the 

21.6° peak is much greater than that of the 22.6° peak. Considering that the method to 

achieve the metastable δʹ-phase with a dominant peak at 2θ = 21.6° is melt-quenching, this 

result means that reduction of the distance between polymer chains by increasing solution 

concentration induced fast crystallisation and promoted the δʹ-phase formation.  

 

 

Fig. 7-7 Changes in XRD patterns with different processing conditions: (a) RT solution 

concentration (wt %) variation in standard atmospheric conditions (flow rate ~ 0 m/s); (b) 

temperature variation of 10wt % solution in solvent vapour rich atmosphere; (c) gas-flow variation 

of 10 wt % solution at RT; and (d) RT solution wt % variation with gas-flow (3m/s). Fig. (c) is taken 

from the author’s work from Ref. [2], reproduced with permission from Royal Society of Chemistry.     
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Secondly, the effect of changing the processing temperature was examined (Fig. 

7-7b). To reduce the variation in evaporation rate at different temperatures, the experiment 

was conducted in a closed system filled with a solvent vapour-rich atmosphere, and the 

concentration of solutions are fixed to 10  wt %. Interestingly, the crystal structure of 

Nylon-11 nanowires is affected even by mild heating (~ 40°C), indicating that this 

temperature is sufficient to increase the chain mobility to that which is required for 

molecular alignment. In addition, the intensity of α-phase peaks further increased with 

increasing temperature due to temperature-induced crystal ordering. This result is in a good 

agreement with the experimental results of Nylon-11 film (Fig. 7-2), indicating that the 

temperature is key to changing the crystal structure of Nylon-11 nanowires.  

Finally, the impact of the additional gas-flow was also explored (Fig. 7-7c). Based 

on the processing conditions for the reference sample (10 wt % solution and room 

temperature), we introduced gas-flow across the upper surface of the AAO template, which 

was varied in order to control the evaporation rate of the solution. The previously 

unreported peak at 22.6° can be reduced in the XRD spectra of samples made under 

additional gas-flow conditions. Simultaneously, the intensity of the δʹ-phase peak at 21.6° 

was increased by increasing gas-flow, meaning that the gas-flow increased the evaporation 

rate and resulted in fast crystallisation in the nanopores. To further boost the crystallisation 

speed, we manipulated the wt % of the solution, while maintaining the gas-flow at a rate of 

3 m/s (Fig. 7-7d). (All experiments were conducted at RT.) As a result, the intensity of δʹ-

phase peak at 21.6° was further increased (relative to the peak intensity shown in Fig. 7-7c), 

while the peak at 22.6° further decreased. This can be explained as a reduction in the 

number of solvent molecules between the polymer chains, compounded with gas-flow 

induced fast evaporation. Therefore, both processing conditions can be applied 

simultaneously to maximize the crystallisation rate. The optimal wt % value was found 

experimentally to be 17.5 wt %. A solution of 20 wt % may further improved results, 

however, due to the viscosity of the solution it was not possible to fill the AAO nanopores 

to their entirety via capillary action alone. All of these results suggest that we can tune the 

crystal structure of Nylon-11 nanowires using the capillary-infiltration template-wetting 

method with evaporation-driven crystallisation.  
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 Three different methods to control the crystal structure of Nylon-11 

nanowires 

Various crystal phases can be realised in single Nylon-11 nanowires 

simultaneously because the processing parameters are inter-related. It is then difficult to 

figure out the property differences associated with the crystal structures. Thus, based on 

the results of previous section, optimized combinations of processing parameters for 

definite δʹ- and α-phase Nylon-11 nanowires are defined (Table 7-3). Then we named these 

methods based on their optimized conditions: gas-assisted nano-template infiltration 

(GANT), and thermally-assisted nano-template infiltration (TANI) method. As a reference, 

processing conditions for conventional template-wetting method are also included.  

 

Table 7-3 Optimum processing conditions for each method: conventional template-wetting, GANT, 

and TANI methods.  

 Concentration 

(%)  
Temp. (℃)  gas-flow rate (m/s) 

Conventional 10 RT 0 

GANT 17.5 RT 3 

TANI 5 80 0 (closed system) 

 

Three processing conditions and corresponding nanowire growth mechanisms are 

illustrated in Fig. 7-8. The reference nanowires were fabricated by using 10 wt % Nylon-

11 solution in the conventional method which is in the middle of concentration ranges 

explored in other methods (Fig. 7-8a). The solution infiltrates the AAO template at room 

temperature and is crystallized under standard atmospheric conditions without additional 

gas-flow. The nucleation is initiated from the top surface of the solution because of the 

solvent evaporation. The crystals grow in the downward direction. As a typical capillary-

infiltration method, thin top surface film and thick bottom film remain after finishing all 

processes. To generate metastable δʹ-phase nanowires, a maximum concentration of Nylon-

11 solution of 17.5 wt % was used with additional gas-flow (3 m/s) at room temperature 

using the GANT method (Fig. 7-8b). This more concentrated solution resulted in fast 

crystallisation and very slow infiltration due to the close distance between polymer chains 

and high viscosity, respectively. Such fast crystallisation and slow capillary-infiltration 

gave rise to initiation of the nucleation within the nanopores.  
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Fig. 7-8 Schematics of Nylon-11 nanowire growth mechanism for (a) conventional template wetting 

method, (b) GANT, and (c) TANI method.   
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Additional gas-flow further promoted fast crystallisation via an increased 

evaporation rate. Lastly, the thermodynamically stable α-phase Nylon-11 nanowires were 

synthesized in a loosely sealed petri-dish with heating via the TANI method (Fig. 7-8c). 

The loosely closed system facilitated a formic acid atmosphere, resulting in the suppression 

of crystallisation rate. Furthermore, a very diluted solution (5 wt %) was used to reduce the 

crystallisation rate. Sufficient driving force to form ordered crystal structures can be 

introduced by additional heating (~ 80 ℃). As discussed, although temperature and 

evaporation rate are inter-related, the loosely sealed nanowire growth system allowed us to 

reduce the evaporation rate at high temperature. In this system, the nucleation is initiated 

from the top surface and propagated to the downward direction akin to conventional 

template-wetting. However, due to very slow evaporation rate and high temperature, the 

resulting crystal structures are different.      

Three different crystal structures of Nylon-11 nanowires were identified and 

compared by XRD analysis (Fig. 7-9a). α-phase nanowires (orange) were characterized by 

three reflections located at 2θ = 7.8°, 20°, and 24.2°. These peak positions correspond to 

the (001), (200), and (210/010) planes of the reported triclinic α-phase Nylon-11 film 

respectively.[89] This means that the slow crystallisation and driving force induced by the 

heating process generated nanowires with the most thermodynamically stable crystal 

structure. In the case of δʹ-phase nanowires (blue), the diffractograms exhibited two 

diffraction peaks at 2θ = 6.2° and 21.6°, corresponding to the (001) and (hk0) planes of 

pseudo-hexagonal δʹ-phase Nylon-11 respectively.[2], [89] This suggests that additional 

gas-flow during template-wetting significantly increased the rate of crystallisation, 

resulting in a metastable crystal structure. In comparison to the α- and δʹ-phase nanowires, 

the diffractogram intensity of nanowires grown by conventional template-wetting (black) 

is significantly lower. This indicates that both TANI and GANT methods produced highly 

crystalline nanowires.  
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Fig. 7-9 XRD patterns of Nylon-11 nanowires (a) without and (b) with a nanoporous AAO template: 

α-phase nanowires (orange); δʹ-phase nanowires (blue); and nanowires by conventional method 

(black). Fig. (a) and (b) are taken from the author’s work from Ref. [186], reproduced with 

permission from Royal Society of Chemistry.     

 

We further verified the direction of molecular orientation of each sample by XRD 

investigation of nanowires within the AAO template (Fig. 7-9b). In Bragg-Brentano 

geometry, only lattice planes with scattering vectors (q) normal to the sample surface 

produce diffraction peaks. The discrepancy in the diffraction patterns between the 

vertically aligned nanowires within the template and randomly positioned nanowires 

therefore reveals the preferential chain orientation in the nanowires. (Details are discussed 

in Chapter 3.2.1) When we conducted the XRD measurement on the nanowires in the AAO 

template, the α-phase nanowires (orange) only showed one distinct sharp peak at 2θ = 20.0° 

corresponding to the (001) plane, indicating that the chain axis was perpendicular to the 

nanowire growth direction.[137], [158], [159] In the case of the δʹ-phase nanowires (blue), 

a single diffraction peak was observed at 2θ = 21.5°. The absence of an (001) peak indicates 

that the δʹ-phase nanowires also had a chain direction perpendicular to the template wall. It 

must be noted that the δʹ-phase nanowires have a preferential crystal orientation, despite 
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the fact that they were fabricated by fast crystallisation process, where the resulting 

polymer shows no preferred orientation. This is because the crystallisation process 

occurred within the nanopores. Although the speed of crystallisation is much faster than 

other methods, nanowires show a preferential crystal orientation as long as the crystals 

grew within the nanopores.[162] For the case of Nylon-11 nanowires grown by 

conventional template-wetting, one recognizable diffraction peak was observed at 2θ = 

22.8° as compared to the XRD pattern of the corresponding template-freed nanowires. 

Although there is insufficient data regarding the peak position of reference nanowires 

(black), the preferential chain orientation in these nanowires could still be inferred through 

the differences in the diffractograms. 

Based on the XRD peak information, we calculated the size of crystals using the 

Scherrer equation: 𝐷𝑝 = (0.94 × 𝜆)/ (𝛽 cos𝜃), where 𝐷𝑝 is average crystallite size, β is 

line broadening in radians, θ is Bragg angle, and λ is X-ray wavelength (= 0.15418 for Cu 

K-α). As a result, the α-phase nanowires show the biggest crystal size of 21 ± 2.1 nm, while 

11 ± 1.3 nm and 10 ± 1.1 nm were observed from δ'-phase and conventionally grown 

nanowires, respectively (Fig. 7-10 and Table 7-4). These size discrepancies reconfirm the 

validity of our processing conditions. The large crystal size of α-phase nanowires is 

attributed to the slow crystallisation speed with sufficient chain mobility from additional 

heating. In contrast, fast crystallisation in the gas-flow assisted method inhibited the growth 

of crystals, resulting in relatively small size of δʹ-phase crystals. 
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Fig. 7-10 XRD peak analysis of Nylon-11 nanowires with different crystal structures. Fig. is taken 

from the author’s work from Ref. [186], reproduced with permission from Royal Society of 

Chemistry.     

 

Table 7-4 Summary of XRD peak analysis: FWHM and calculated Dp for each phase and peak 

positions. (Accuracy ± 3 nm) 

Phase 2θ (°) FWHM Dp (nm) 

α 20.10 0.39 21.62 

δ' 21.55 0.78 10.83 

 20.09 1.89 4.45 

 22.70 1 8.47 

Conv.  22.93 0.85 9.96 

 21.76 1.28 6.56 
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 Thermal behaviour 

 DSC analysis 

DSC analysis was carried out to determine the thermal and structural properties of 

Nylon-11 nanowires, from which the melting temperature (Tm) and the melt crystallisation 

temperature (Tc) were recorded (Fig. 7-11 and Fig. 7-12). (All of the original DSC curves 

are given in Appendix B6). To investigate the nanoconfinement effect of nanowires, as-

received Nylon-11 films were also prepared. During the heating cycle, a single melting 

peak at 190 °C was observed in the α-phase (orange) and melt-quenched δʹ-phase films 

(grey), in a good agreement with reported values.[89] However, when δʹ-phase films were 

fabricated via solution-based method (blue), the a dominant melting peak was observed at 

187 °C with a minor melting peak at 191 °C. Furthermore, the crystallinity of solution-

processed δʹ-phase films was improved (38 %) compared to that of melt-quenched films 

(29 %), indicating that solution-based method generated highly crystalline phase even the 

similar diffractograms were exhibited (Fig. 7-3b). In the case of nanowires within AAO, 

the α-phase showed the melting peak at 189 °C that is 1 °C lower than that of films. The 

δʹ-phase nanowire also displayed decreased melting peaks at 185 °C and 189 °C, and the 

difference between the two melting peaks became more distinct. The Tm depression found 

in the nanowires in the AAO template would be explained by the Gibbs-Thomson 

equation[150], [231]:   

 

 
∆𝑇𝑚 = 𝑇𝑚 − 𝑇𝑚(𝑑) =

4 𝜎𝑠𝑙  𝑇𝑚

𝑑 ∆𝐻𝑓 𝜌𝑠
 (7-3) 

 

where ∆𝑇𝑚 is the melting point depression, 𝑇𝑚 the normal (bulk) melting point, 𝑇𝑚(𝑑) the 

melting point of cylindrical nanocrystals with diameter 𝑑, 𝜎𝑠𝑙 the surface tension of the 

solid-liquid interface, ∆𝐻𝑓  the bulk enthalpy of fusion (per g of material), and 𝜌𝑠  the 

concentration of the solid.[150] This equation is well-matched with the 𝑇𝑚 suppression of 

1 ~ 2 °C observed in the nanowires relative to films because ∆𝑇𝑚 is inversely proportional 

to 𝑑. When the nanowires are freed from the AAO template, the melting behaviour of α-

phase nanowires transited to bimodal melting, maintain the dominant 𝑇𝑚  at 189 °C.   

Furthermore, the position of dominant melting peak of δʹ-phase nanowires is altered from 
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185 °C to 189 °C. The melting behaviour of nanowires fabricated by conventional template 

wetting method was also manipulated with the similar trend to α-phase nanowires. 

According to the literature, several sources can be responsible for multiple melting 

peaks[232]: 1) recrystallisation during melting; 2) multiple crystalline phases exist 

simultaneously; 3) phase transition occurring during heating; and 4) removal of defects or 

improvement of ordering in the crystal structures by annealing effect. In the case of Nylon-

11 nanowires without AAO, it is possible to experience recrystallisation during the melting 

process. This is because when nanowires are in the template, the thermal behaviour is 

restricted by the template wall. The crystal perfections possibly changes during template 

Fig. 7-11 DSC thermograms obtained during the first heating for Nylon-11 films and nanowires. 

Four different crystal structures of films and nanowires were investigated: (orange) α-, (grey) melt-

quenched δʹ-, and (blue) solution-based δʹ-phase films and nanowires. (black) un-reported phase 

from nanowires fabricated by conventional template-wetting.     
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dissolving process. Interestingly, the Tm of nanowires (within the AAO) fabricated by 

conventional template wetting method was achieved at 191 °C that is much higher than that 

of α- and δʹ-nanowires. Furthermore, the crystallinity of this un-reported phase of Nylon-

11 is 40 %, which is much higher than that of δʹ-phase nanowires (38 %), meaning that 

nanowires fabricated by conventional template wetting has also stable and highly 

crystalline phase.   

During the cooling cycle, films and template-freed nanowires with the same phases 

exhibited the similar crystallisation behaviour (Fig. 7-12 and Table 7-5). The Tc of α-phase 

film and nanowires are found near 165 °C, and solution-based δʹ-phase film and nanowires 

displayed a Tc at around 164 °C. The difference of the Tc between α- and δʹ-phase possibly 

arises due to the residual ordering in the polymer melts. In contrast, within the template, 

the Nylon-11 showed different crystallisation behaviour with relatively weak and broad 

crystallisation peak at around 156 °C. This is because homogeneous nucleation occurred in 

the nano-sized pores. As discussed by Lutkenhaus et al.[149], heterogeneous nucleation is 

typified be a sharp crystallisation peak upon cooling in DSC, which we observe here for 

Nylon-11 films and template-freed nanowires. A broad and supercooled crystallisation 

transition are attributed to the homogeneous nucleation where there are a few defects to 

initiate crystal growth. It must be noted that, in the case of PVDF or P(VDF-TrFE), such 

homogenous nucleation was only observed when they were confined in very small size of 

pores (< 50 nm).[149] (For bulk or crystallisation in bigger pores (~ 200 nm), P(VDF-TrFE) 

presented the sharp crystallisation peak corresponding to heterogeneous nucleation.) This 

is because the size of nanostructures should be smaller than the natural average distance 

between heterogeneous nucleation centres to achieve the complete confinement.[137], [138] 

In contrast, in the case of Nylon-11, homogeneous nucleation is observed in 200 nm pores, 

indicating that the distance between nucleation centres of Nylon-11 is much bigger than 

that of PVDF and its copolymers. Above all, this means that the complete confinement of 

Nylon-11 can be achieved via 200 nm AAO template. The Tm, Tc, and degree of crystallinity 

(χ) of various phases of films and nanowires are summarised in Table 7-5.  
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Fig. 7-12 DSC thermograms obtained during the cooling for Nylon-11 films and nanowires. Four 

different crystal structures of films and nanowires were investigated: (orange) α-, (grey) melt-

quenched δʹ-, and (blue) solution-based δʹ-phase films and nanowires. (black) un-reported phase 

from nanowires fabricated by conventional template-wetting.     

 

Table 7-5 The Tm, Tc, and χ of various phases of Nylon-11 films and nanowires observed by DSC 

measurement. The bold character in the temperature values indicate the dominant peak. The χ of 

nanowires were measured only from the template-freed samples.  

 phase Tm (°C) Tc (°C) χ (%) 

Film  α 190 165 48 

δʹ (melt-quenched) 190 158 29 

δʹ (solution-based) 187, 191 164 38 

NW  

(within AAO) 

unknown 191 157, 119  

α 189 155, 114  

δʹ  184, 189 155  

NW  

(without AAO) 

unknown 187, 191 166 40 

α 185, 189 166 48 

δʹ  185, 189 163 38 
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 X-ray diffractograms 

To measure the thermal stability of Nylon-11 nanowires, X-ray diffractograms 

before and after 165 °C annealing of samples are compared. Three different samples with 

nanowires grown by conventional template-wetting, δʹ-phase nanowires, and α-phase 

nanowires were prepared. XRD measurement was conducted on the nanowires within an 

AAO template. In the case of nanowires grown by conventional template-wetting, the 

intensity of dominant peak at 22.8° was significantly reduced after annealing (Fig. 7-13a). 

Considering that the nanowire has a preferential chain orientation and corresponding plane 

is the main direction of orientation perpendicular to the nanowire growth direction, this 

result implies that the preferential orientation in nanowire is removed, changing the 

molecular configuration. In addition, this suggests that the phase of nanowire grown by 

conventional template-wetting is also a thermally unstable phase. The molecular 

configuration of δʹ-phase nanowires was also changed after thermal annealing. The 

intensity of 21.6° peak corresponding to (hk0) plane of δʹ-phase decrease after thermal 

annealing, while the intensity of peak at 20.4° increase, indicating that the preferential 

orientation is also disappeared similar to nanowires grown by conventional template-

wetting (Fig. 7-13b). However, it must be noted that the thermal behaviour of δʹ-phase 

nanowire is definitely different with that of δʹ-phase film. According to the literature, 

crystal structure of pseudo-hexagonal δʹ-phase film is transformed to triclinic αʹ-phase after 

165°C annealing because of molecular stabilization during the annealing.[89] As discussed 

in Chapter 2.4, αʹ-phase has two distinct peaks at 20.4° and 23.4° (Fig. 3-1) without 21.6° 

peak. Whereas, δʹ-phase nanowire still has a 21.6° peak with similar intensity to 20.4°, 

indicating that δʹ-phase crystals are remaining after the thermal annealing possibly due to 

the relatively large crystallinity of δʹ-phase nanowires than δʹ-phase films. Lastly, in the 

case of α-phase nanowire, the peak positions and intensities in diffractograms before and 

after 165°C annealing are almost the same (Fig. 7-13c). This means that α-phase nanowires 

can preserve their crystal structures at very high temperature due to strong hydrogen 

bonding and ordered crystal structures.   
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Fig. 7-13 Comparison of XRD patterns of nanowires within AAO template (black) before and (red) 

after thermal annealing at 165 °C: (a) nanowires grown by conventional template-wetting, (b) δʹ-

phase nanowires and (c) α-phase nanowires. Inset displays the magnified area.  
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 Electromechanical characteristics 

 Mechanical stiffness of Nylon-11 single nanowire 

Fig. 7-14 shows the height changes across identical nanowires of different Nylon-

11 crystal structures mounted on a silicon substrate, while height-correlated trends were 

presented in the corresponding DMT modulus mapping mode.[201] However, since the 

nanowire modulus is not a function of its thickness, the topography-related modulus was 

assumed to have resulted from tip-nanowire interaction.[196], [197] Therefore, a reliable 

DMT modulus could be achieved by recording the measurement at the top of the nanowire. 

   

 

 

Fig. 7-14 QNM characteristics of various nanowire phases. (a) Topology (left) and DMT modulus 

(right) mapping of α-phase, δʹ-phase and conventional nanowires.  (b) Average DMT modulus along 

the whole width of each nanowire. Fig. (a) and (b) are taken from the author’s work from Ref. [186], 

reproduced with permission from Royal Society of Chemistry.     
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Fig. 7-15 Average DMT modulus of α-phase (orange), δʹ-phase (blue) and conventional (black) 

nanowires. Fig. is taken from the author’s work from Ref. [186], reproduced with permission from 

Royal Society of Chemistry.     

 

 In Fig. 7-15, the α-phase nanowire (orange) showed the highest modulus (6.1 GPa), 

which is double that of δʹ-phase nanowire (blue, 3 GPa). Nanowires prepared through the 

conventional template-wetting method (black) exhibited an intermediate modulus of 4.5 

GPa. The difference in respective moduli of the different nanowire samples can be 

explained by the corresponding crystal structures. Firstly, the stiffness of the α-phase 

nanowires can be attributed to the crystal structure of α-phase Nylon-11 and the relatively 

big crystal size. Since the polymer chains have sufficient time to align and stack up during 

crystallisation, α-phase Nylon-11 typically contains highly packed crystal structures with 

hydrogen bonding sheets. Furthermore, due to the same reason, as discussed, the size of 

crystal in α-phase nanowires is much larger than others. As a result, α-phase displays good 

mechanical stiffness because the mechanical property of semi-crystalline polymer is 

attributed to the crystalline region dominantly.[103], [106], [233] In contrast, the δʹ-phase 

exhibits suppressed hydrogen bonding and crystal growth due to fast-crystallisation.[103], 

[106] This means that the positive contribution of hydrogen bonding to crystal structure is 

relatively small in the δʹ-phase nanowire, resulting in much lower DMT modulus. For the 

case of nanowires prepared via a conventional template-wetting method, the modulus can 

be explained through the processing conditions. The only difference between the α-phase 

growth method and conventional template-wetting method is the growth temperature, 

which is related to the driving force for chain alignment. The latter therefore has sufficient 

time to crystallize but does not have enough energy to produce a more ordered and bigger 

crystal structure, resulting in the comparatively lower modulus than α-phase nanowires.   
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 It should be noted that the DMT model is not generally suitable for the analysis of 

cylinder indentation,[201]  and an acceptable model for this particular problem does not 

exist to the best of our knowledge.  To address this issue, we have performed finite-element 

simulations of nano-indentation on nanowires and thin films (Fig. 7-16).  

 

 

Fig. 7-16 Numerical simulation results of nano-indentation: (a) cross-sectional view of a 6 nm 

indentation of a nanowire using a 25 nm AFM tip. (b) Indentation force change as a function of 

thickness of the film (green) and the nanowire (orange). The simulation was conducted using 

deformation depth (d) of 6nm (circle) and 2nm (square). Fig. (a) and (b) are taken from the author’s 

work from Ref. [186], reproduced with permission from Royal Society of Chemistry.      

 

 The indentation force due to the AFM tip on both the nanowires and the films was 

characterized by changing the sample deformation depth (d) and sample thickness. It can 

be seen that, as the film becomes thinner, the required force to deform the film increases. 

In the case of the nanowire, however, this effect is reduced and is almost constant due to 

the suppressed circumferential clamping of a nanowire.[196], [197] In addition, the film 
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requires a much higher force for a given deformation than a nanowire, which is more 

pronounced for larger deformation (6 nm, circle). These results show that nanowires are 

inherently softer than films of the same intrinsic mechanical properties, and that they are 

less affected by the substrate upon reduction of thickness. It also suggests that the DMT 

model underestimates Young’s modulus of nanowire samples. Despite this, in our QNM 

experiments, we found that the α-phase nanowire exhibited much higher DMT modulus 

(6.1 GPa) than that of α-phase film (2.5 GPa) (Fig. 7-17), even when the deformation range 

was similar to that of the simulation (Fig. 7-18). Our results indicate that due to a large 

amount of hydrogen bonding and well-aligned crystal structure in the nanowire, α-phase 

nanowires were found to exhibit much higher mechanical strength than the corresponding 

film. 

 

 

Fig. 7-17 QNM characteristics of α-phase Nylon-11 film: Height (above) and DMT modulus (below) 

maps are illustrated. Fig. is taken from the author’s work from Ref. [186], reproduced with 

permission from Royal Society of Chemistry.      

 

 

Fig. 7-18 QNM characteristics of (a) an α-phase Nylon-11 nanowire and (b) an α-phase Nylon-11 

film: The plots indicate height (black) and deformation (orange). Fig. (a) and (b) are taken from the 

author’s work from Ref. [186], reproduced with permission from Royal Society of Chemistry.     
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 Piezoelectric response of nanowire arrays 

In addition to the mechanical properties, the piezoelectric response of the three 

different nanowire phases was characterized by PFM (Fig. 7-19).[195], [197] It is noted 

that, in the case of nanoconfined Nylon-11 nanowires, the additional poling process for 

PFM analysis is not necessary as self-polarization occurs through preferential molecular 

orientation.[2], [208] With the polarisation direction being parallel to the nanopore axis, 

the PFM measurement was performed at the top surface of the nanowires filled AAO 

template.[159], [161] As shown in Fig. 7-20a, the top surface of AAO template contains 

the tips of the δʹ-phase nanowires, resulting in an oscillating piezo-response with the 

application of AC bias between the tip and sample. The average deflection amplitude 

resulting from the piezoelectric response changed as a function of AC bias, as plotted in 

Fig. 7-20c, d. The piezoelectric amplitude of δʹ-phase nanowires was proportional to the 

AC bias with a slope of 0.264 mV V-1, which suggests that δʹ-phase nanowire is 

piezoelectric (piezoelectric coefficient, d33 = 3.22 pm V-1). In contrast, α-phase and 

conventionally grown nanowires do not display significant piezoelectric response (Fig. 

7-19, Fig. 7-21, and Fig. 7-22). 

It is known that, among various phases of Nylon-11, δʹ is the crystal structure which 

exhibits the highest piezoelectric response.3,24,28-31 However, in the “film” shape of δʹ-phase, 

piezoelectric response can be observed only after drawing and/or electric poling process. 

The δʹ-phase nanowires, however, show a distinct piezoelectric response without high 

voltage poling process due to the nanoconfinement effect, attributed to self-poling in these 

nanowires due to the growth process.[2], [202], [211] On the contrary, in the case of the α-

phase nanowires, even though they exhibited a preferential crystal orientation along the 

nanowire axis, no significant piezo-response was observed (Fig. 7-21). This suggests that 

strong hydrogen bonding in the α-phase nanowires not only enhanced the nanomechanical 

properties, but also suppressed the response to an external electric field. This observation 

is in agreement with reported results from Nylon-11 film of similar crystalline 

structure.[95], [103], [106] 
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Fig. 7-19 Piezoelectric response amplitude of α-phase (orange), δʹ-phase (blue) and conventional 

(black) nanowires as a function of AC amplitude. Fig. is taken from the author’s work from Ref. 

[186], reproduced with permission from Royal Society of Chemistry.    

 

   

 

Fig. 7-20 PFM characteristics of top surface of AAO template filled with δʹ-phase nanowires. (a) 

Height, (b) phase mapping, (c) piezo-response amplitude at AC amplitude of 2V and (d) piezo-

response amplitude at various AC amplitude. Fig. (a) ~ (d) are taken from the author’s work from 

Ref. [186], reproduced with permission from Royal Society of Chemistry.     
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Fig. 7-21 PFM characteristics of top surface of AAO template filled with α-phase nanowires. (a) 

Height, (b) phase mapping, (c) piezo-response amplitude at AC amplitude of 2V and (d) piezo-

response amplitude at various AC amplitude.  Fig. (a) ~ (d) are taken from the author’s work from 

Ref. [186], reproduced with permission from Royal Society of Chemistry.     

 

 

Fig. 7-22 PFM characteristics of top surface of AAO template filled with conventionally grown 

nanowires. (a) Height, (b) phase mapping, (c) piezo-response amplitude at AC amplitude of 2V and 

(d) piezo-response amplitude at various AC amplitude. Fig. (a) ~ (d) are taken from the author’s 

work from Ref. [186], reproduced with permission from Royal Society of Chemistry.       
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 Conclusions 

In this chapter, different crystallisation mechanisms of Nylon-11 nanowire 

fabricated by template-wetting method was discussed in great detail. Beyond typical 

temperature-driven crystallisation and gravity-infiltration template-wetting, the potential 

of evaporation-driven crystallisation and capillary infiltration template-wetting method 

was presented. Various combinations of three processing parameters – temperature, gas-

flow rate, and concentration of solution – enables us to tune the crystallisation condition. 

As a result, α- and δʹ-phase Nylon-11 nanowires with much higher crystallinity than that 

of films can be achieved. XRD analysis confirmed the resulting crystal structures, size of 

crystals and preferential orientation in nanowires. Thermal behaviour showed that Nylon-

11 nanowires were fabricated by homogeneous nucleation and complete wetting within 200 

nm nanopores. The electromechanical characteristics display the property of three types of 

nanowire samples with different crystallography. α-phase nanowires showed the highest 

Young’s modulus but did not exhibit significant piezoelectric behaviour. In contrast, a 

distinct piezoelectric response was achieved from the relatively soft δʹ-phase nanowires. A 

similar trend in the variation of properties across the different crystal phases was observed 

in Nylon-11 films. However, compared to the properties of films with the same crystal 

structure, the modulus of α-phase nanowires and the piezoelectric response of δʹ -phase 

nanowires was larger. These results suggest that the nanoconfinement effect leads to 

enhancement of the electromechanical properties of each crystal structure based on 

molecular level optimisation. 
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Chapter 8 

 

8 Multi-layered Nanocomposites by 

Dual Aerosol-Jet Printing Method 

for Energy Applications 

 

In this chapter, we show that an advanced aerosol-jet printing technique can provide 

facile access to multi-layered nanocomposites. The ideal dispersion of nano-insertions is 

achieved via independent atomization of polymer and ink containing the nano-insertions. 

Multi-layered structures of the thermoplastic polymer-based nanocomposite are 

accomplished without a cross-linking agent, thereby unlimited combinations of multi-

layered nanocomposites are possible. The resultant nanocomposites exhibit high dielectric 

constant and low dielectric loss, with outstanding reliability over the whole printed region. 

Preliminary single-layered nanocomposite-based triboelectric energy harvesting 

measurement shows that there was an improvement of output performance compared to a 

neat polymer-based device, but further work is needed to achieve reliable results, including 

the influence of materials and layer combinations.  
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 Route to nanocomposites with ideal dispersion  

We believe that the origin of the long-standing problems related to nanocomposite 

dispersion is not due to the materials, but method. Typically, materials are “pre-mixed” to 

fabricate nanocomposites. In other words, the mixing of polymer and nano-insertions is a 

prerequisite in conventional nanocomposite fabrication methods.  

As discussed in Chapter 3.1.3, aerosol-jet printing is a relatively new additive 

manufacturing technique that enables large area and high-resolution printing of materials 

with a wide range of ink viscosities between 1 and 1000 cP.[3], [169]–[171] The aerosol-

jet printing technique enables atomizing ink to a fine mist, or aerosol, and printing them by 

using a carrier gas to jet this aerosol towards a substrate.[3], [174] Thus, both polymer 

solution and nanomaterial dispersed solution are atomized and printed separately by 

pneumatic and ultrasonic atomizer without pre-mixing of polymer matrix and nano-

insertions. A priori, the aerosol-jet printing technique could also be used to print 

nanocomposites. For example, nanocomposites of bismuth telluride (Bi2Te3) or antimony 

telluride (Sb2Te3) nanocrystals with poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) matrix[236] has already been obtained by using aerosol-jet printer 

in our group. However, previous studies only present the possibilities of aerosol-jet printed 

nanocomposites without evaluating the properties associated with the degree of dispersion 

and multi-layered structures.  

In this work, two different polymer solutions of 4 wt % P(VDF-TrFE) and 50 vol% 

poly(amic acid) in N-Methyl-2-pyrrolidone (NMP), and two different nanomaterials 

dispersed solution of silver (Ag) nanoparticle and copper (Cu) nanoparticles are prepared. 

The proper atomizer for materials is determined by solution viscosity and properties of base 

solvent. Two aerosol streams become one by the Y-shape connector, but materials are not 

mixed in the connector and transporting tubes because materials remain as aerosols (Fig. 

8-1). The aerosol stream is focused by the deposition head (dep-head) up to the printing 

resolution and deposited on various substrates, such as glass, PI film, PET film, and silicon 

wafer, with the assistance of nitrogen gas. The substrate is heated to increase the degree of 

dispersion, and the setting temperature is changed depending on the solvent. The thickness 

of the printed nanocomposites can be manipulated by changing the number of printed layers. 

After printing, the samples are cured in an oven. In the case of P(VDF-TrFE) based 

nanocomposite, to increase the crystallinity, the printed nanocomposite was annealed for 

https://en.wikipedia.org/wiki/N-Methyl-2-pyrrolidone


190 

 

2h at 135 °C, which appears above its Curie temperature (118 °C) but below its melting 

temperature (150 °C).  

 

 

 

Fig. 8-1 Schematic of Y-shape connector for aerosol-jet printed nanocomposite. 

 

 

 Nanoparticle dispersion in aerosol-jet printed 

nanocomposite  

Fine tuning of the ratio between the printing amount of polymer and nanomaterials 

is enabled because the aerosol deposition is controlled by nitrogen gas-flow regulator. 

Table 8-1 shows the sheath, pneumatic atomizer (PA), and ultrasonic atomizer (UA) flow 

rate corresponding to the overall focusing, amount of polymer aerosol, and nanomaterials, 

respectively. Sample 1 corresponds to 100 % polymer, and the number of nanoparticles in 

the polymer matrix gradually increases with number of samples, while the amount of 

polymer matrix is maintained. The variation of the number of nanoparticles in polymer 

matrix is investigated by studying XRD patterns of the printed nanocomposite.  

AS a reference, PI/Ag nanoparticle nanocomposite was printed using aerosol-jet 

printing technique because the optimized printing conditions for printing each of these 

materials are well-established in our group. The diffractograms of aerosol-jet printed PI/Ag 

nanoparticles nanocomposites are displayed in Fig. 8-2. Since PI is an amorphous polymer, 
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only the peaks at 38.2° and 44.4° corresponding to the first and second ordered diffraction 

of Ag nanoparticles are obtained from all samples. From Sample no. 1 to 8, the peak 

intensity of Ag nanoparticles are gradually increased with increasing UA flow rate. 

Interestingly, in the case of Sample No. 2, despite Ag nanoparticles being printed, the 

intensity of the first order Ag peak is significantly small and hence indistinguishable, 

indicating that realizing nanocomposites with extremely small number of nanoparticles is 

enabled by the aerosol-jet printer.    

  

Table 8-1 Setting values of sheath, pneumatic atomizer (PA), and ultrasonic atomizer (UA) gas-flow 

rate for nanocomposite printing. Gas-flow rates are quoted in standard cubic centimetres per minute 

(sccm).  

Sample No.  1 2 3 4 5 6 7 8 

Sheath (sccm) 0.41 0.42 0.43 0.45 0.48 0.50 0.52 0.53 

PA (sccm) 3.70 3.82 3.86 3.88 3.92 3.95 3.99 4.01 

UA (sccm) 0.63 1.33 1.47 1.56 1.64 1.72 1.79 1.87 

 

 

 

Fig. 8-2 XRD patterns of aerosol printed PI/Ag NPs nanocomposite. Orange dot lines at 38° and 44° 

correspond to the diffractions first and second ordered peak of Ag NPs, respectively.   
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The surface morphology of aerosol-jet printed PI/Ag nanoparticles 

nanocomposites were imaged by SEM. To verify the number of Ag nanoparticles in PI 

matrix, SEM scanning was conducted without coating of conductive metals. As a result, 

conductive Ag nanoparticles can be distinguished clearly by brightness difference in the 

SEM images. Fig. 8-3a shows a gradual increase of the number of Ag nanoparticles in the 

PI matrix with increasing UA flow rate. The SEM image of 100 % PI printed line displays 

contrast gradient according to the height without Ag nanoparticles (Fig. 8-3b). In contrast, 

the Ag nanoparticles can be detected on the printed PI line in the magnified image of 

Sample No.3 (Fig. 8-3c), indicating that both polymer and nanomaterials were well-

deposited on the substrate. It must be noted that all nanoparticles with average size of 100 

nm are deposited as a single particle in the printed line. This result means that aerosol-jet 

printing method enables fine dispersion of Ag nanoparticles in PI matrix.  

 

 

Fig. 8-3 Microstructure of aerosol printed PI/Ag NPs nanocomposite. (a) Changes in surface 

morphology of Sample No.1 to No.8. Magnified image of sample (b) No.1 and (c) No.3. Inset of (c) 

indicate the single Ag NP in the PI matrix. White dot indicate the conductive Ag NP.      
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Fig. 8-4 SEM image analysis data for the calculation of degree of dispersion. (a) Relationship 

between UA gas-flow rate and number of Ag nanoparticles. (b) Diameter of Ag nanoparticles in 

each SEM image of sample. ‘■’, ‘▲’, and ‘▼’ indicate mean, 99 %, and 1 % value, respectively. 

The middle line, top and bottom boundaries in the box indicate the median, plus and minus standard 

deviation value. Inset shows the Ag NPs diameter distribution (column) and Gaussian fitting plot 

(red line).       

 

The degree of dispersion of Ag nanoparticles in the PI matrix is investigated by 

SEM image analysis. The nanoparticle size analysis was conducted using samples No. 2 to 

No. 7. The number of Ag nanoparticles in the PI matrix is linearly proportional to the UA 

gas-flow rate from 1.33 sccm to 1.72 sccm (Fig. 8-4a), indicating that the aerosol-jet printer 

can finely control the number of deposited Ag nanoparticles. Above the 1.72 sccm, the 

error ratio increased significantly due to the unclear contrast difference between polymer 

and nanoparticle. Changes in diameter are shown in Fig. 8-4b. The diameter of Ag 

nanoparticle shows normal distribution function (Fig. 8-4b, inset). Interestingly, the 

average nanoparticle diameter of all samples are almost similar, while the standard 

deviation and the size of upper 99 % nanoparticle increase with increasing sample number 

because the number of deposited nanoparticles increases. This means that the nanoparticles 

are well-dispersed in the samples, and the degree of dispersion can be maintained even in 

the high-concentration condition. The increasing trend of the upper 99 % size indicates 

agglomeration of nanoparticles. Because the distance between nanoparticles is reduced 

gradually with increasing deposited amount, some nanoparticles merge to form larger 

particles, resulting in electrically conductive path at high concentration.  

Different combinations of nanocomposites have also been fabricated. Instead of PI, 

P(VDF-TrFE) has been introduced as a polymer matrix because it is one of the widely used 

energy harvesting materials. For the comparison, P(VDF-TrFE) was printed with the same 
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Ag nanoparticles. Although 4 wt % P(VDF-TrFE) solution has lower viscosity than 

polyamic acid (PAA) solution, the PA gas-flow rate does not need to be adjusted because 

of wide processing window of PA. Similar to the PI/Ag nanoparticle composite, XRD 

analysis shows gradual increase of first and second order Ag diffraction peak (Fig. 8-5). In 

addition, β-phase P(VDF-TrFE) diffraction peak at 20° was also obtained in all samples 

because P(VDF-TrFE) is a semi-crystalline polymer. SEM images also display not only the 

changes in deposited nanoparticle numbers with increasing UA flow rate but also almost 

perfect degree of dispersion (Fig. 8-6). Furthermore, based on P(VDF-TrFE) matrix, 

different nanoparticles, such as Cu nanoparticles and graphene oxide (GO), were also 

applied. Although the nanoparticles were printed from pristine solutions without adding 

any other surfactant for polymer matrix, almost perfect dispersion of nanoparticle in 

polymer matrix has been achieved reliably. These results indicate that aerosol-jet printing 

technique enables the realization of well-dispersed nanocomposites independent of the 

compatibility between polymer matrix and inorganic nanoparticles.  

 

 

Fig. 8-5 XRD patterns of aerosol-jet printed P(VDF-TrFE)/Ag NPs nanocomposite. Blue dots (20°) 

and orange dots (38°, 44°) lines correspond to the diffractions of P(VDF-TrFE) β-phase crystal, Ag 

NPs first and second ordered peaks, respectively.   
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Fig. 8-6 SEM images of aerosol-jet printed P(VDF-TrFE)/Ag NPs nanocomposite. 

 

Film type nanocomposite samples were prepared by overlapping printed lines side 

by side. Since the deposited polymer matrix is in a highly viscous solution state, printed 

nanocomposite lines could be merged spontaneously without formation of boundaries, 

while the nanoparticles did not agglomerate due to the viscosity of polymer matrix. As a 

result, the degree of dispersion in the single printed lines could also be preserved in large-

area films. The SEM images of P(VDF-TrFE)/Ag nanoparticle nanocomposite shows well-

dispersed Ag nanoparticles in the film without aggregation (Fig. 8-7). The thickness of a 

single-layered nanocomposite film is about 100 nm, and the total thickness of the film can 

be controlled by the number of printed layers spanning thickness scales from few hundreds 

of nanometres to millimetres.  
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Fig. 8-7 SEM images of aerosol-jet printed film-typed P(VDF-TrFE)/Ag nanoparticle 

nanocomposite. The film was prepared by overwrapping lines side by side.   

 

 Dielectric properties of multi-layered nanocomposite 

The dielectric constants of the single-layered aerosol-jet printed P(VDF-TrFE)/Ag 

nanoparticle nanocomposite with various nanoparticle concentration were measured at 

room temperature using an impedance analyser. The dielectric constant (εʹ) of the 

nanocomposite is almost constant in the ranges from 102 to 103 Hz and gradually decrease 

with increasing scan frequency (Fig. 8-8a). The 100 % P(VDF-TrFe) sample shows εʹ of 

14 and loss tangent of  0.02 at 1kHz. In the case of nanocomposite sample No. 2, 2-fold 

increase of average εʹ value (28) was observed with similar level of tangent loss (Fig. 8-8b). 

It must be noted that the differences in variation of εʹ as a function of frequency measured 

at six different positions with active area of ~ 0.1 mm2 is significantly small compared to 

that of nanocomposites fabricated by other methods (Fig. 8-8, inset).[65], [66] This 

indicates that the aerosol-jet printing technique enables not only excellent dispersion, but 

also uniform distribution of nanoparticles in the polymer matrix (Fig. 2-12). Although the 

average εʹ value gradually increased with increasing UA flow rate, the fluctuation of loss 
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tangent at low-frequency range become severe from sample No. 4 (Fig. 8-8d). The overall 

variation of average εʹ is similar to conventional nanocomposite, but the size of our error 

bars is much smaller than others (Fig. 8-8e). Above a certain amount of Ag nanoparticles 

corresponding to UA flow rate of 1.75 sccm, the average εʹ value and loss tangent both 

exponentially increase, indicating that an electrical current path has been produced above 

the percolation threshold.     

Although the εʹ value of P(VDF-TrFE) can be enhanced by adding Ag nanoparticles 

from 14 to 42 with relatively low loss tangent (Fig. 8-8a, b), further improvement in εʹ  is 

accompanied by high loss tangent and lower breakdown strength (Fig. 8-8c, d). To increase 

the εʹ and breakdown strength simultaneously, we fabricated multi-layered nanocomposites. 

As shown in Fig. 8-9a, two different combinations of multi-layered nanocomposites were 

prepared with a reference 100 % P(VDF-TrFE) polymer dielectric. In the case of multi-

layered nanocomposite (A), nanocomposite sample No. 7 with high dielectric constant and 

high loss tangent was inserted in the middle of P(VDF-TrFE) layers with low dielectric 

constant and low loss tangent. Then the P(VDF-TrFE) layers were replaced by 

nanocomposite sample No. 2 in multi-layered nanocomposite (B). As a result, the multi-

layered nanocomposite (A) and (B) show εʹ of ~ 74 and ~ 220 at 1 kHz scan frequency with 

similar level of low loss tangent as pure P(VDF-TrFE) sample, respectively (Fig. 8-9b, c). 

These values are 5-times and 16-times higher than εʹ of P(VDF-TrFE), and the 

corresponding low loss tangent values cannot be achieved in single layer nanocomposite. 

In addition, despite P(VDF-TrFE) being a thermoplastic polymer, multi-layered 

nanocomposite structures can be realised via 4 wt % P(VDF-TrFE) solution without cross-

linking agent spanning thickness scales from nanometres to millimetres. Lastly, the 

combination of layered structures and types of materials can be freely changed depending 

on the target applications. These indicate that aerosol-jet printing technique enhanced the 

processing window of multi-layered nanocomposites considerably.   
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Fig. 8-8 Room temperature dielectric properties of P(VDF-TrFE)/Ag nanoparticles nanocomposite. 

(a, c) Dielectric constant and (b,d) loss tangent of nanocomposite with various Ag concentration as 

a function of scan frequency. Inset in (a) indicates the variation in dielectric constant measuring at 

six different positions in the sample No.2. (e) Average dielectric constant of nanocomposite as a 

function of the UA flow rate measured at 1 kHz.  
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Fig. 8-9 Design and properties of multi-layered P(VDF-TrFE)/Ag nanoparticles nanocomposite. (a) 

Schematics of nanocomposite design for two different multi-layered structures and reference 100 % 

P(VDF-TrFE) sample. (b) Dielectric constant and (c) loss tangent of nanocomposite as a function 

of scan frequency.      

 

 Multi-layered nanocomposite-based triboelectric generator 

The multi-layered nanocomposite-based triboelectric generator devices tested in this 

section were all preliminary attempts to show the influence of nanoparticles on device 

performance. To develop a contact-separation mode triboelectric generator, we deposited 

P(VDF-TrFE)/Ag nanocomposite with various Ag concentration by aerosol-jet printing 

technique on polyethylene terephthalate (PET) charge storage layer (Fig. 8-10a). An Al 

film was prepared as a counterpart triboelectric material. Fig. 8-10b shows the short circuit 

current (ISC) measured in response to the periodic impacting at a frequency of 5 Hz and 

amplitude of 0.5 mm in an energy harvesting setup that has been previously described 

(Chapter 3.2.3). The 100% P(VDF-TrFE)-based triboelectric generator showed a peak ISC 

of ~ 10.5 μA. Due to the improved εʹ by adding Ag nanoparticles, higher ISC was observed 

from P(VDF-TrFE)/Ag nanocomposite sample No. 2 than from the 100% P(VDF-TrFE)-

based generator. However, although the εʹ increased with increasing sample numbers due 
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to the processing condition, the output ISC of device was formed to decrease linearly with 

sample number. This may possibly be due to the exposure of Ag nanoparticles on the 

contact surface. During the contract electrification process, Ag nanoparticles on the surface 

may reduce the amount of triboelectric charge because the direct pairing of Ag 

nanoparticles and Al film gives rise to much smaller charge transfer compared to the pairing 

of P(VDF-TrFE) and Al film. Therefore, it was difficult to conclude the accurate influence 

of the nanoparticles themselves due to interrelationship among many variables, and a 

limited number of working devices.  

 

 

Fig. 8-10 Aerosol-jet printed nanocomposite-based triboelectric generator. (a) Schematic for 

triboelectric generator setup. PET and Al were introduced as a charge storage layer and counter 

electrode, respectively. (b) ISC of each sample with different Ag concentrations.   

 

 Conclusions 

In this chapter, we demonstrate that multi-layered nanocomposites, with an 

unlimited selection of polymers and ideal dispersion of nano-insertions, can be easily 

fabricated by a novel aerosol-jet printing technique. The ideal dispersion of nanomaterials 

in polymer matrix is achieved via independent atomization and confirmed by SEM-based 

image analysis. Due to the unique deposition which does not require pre-mixing, aerosol-

jet printing technique enables the nanocomposites with various combinations of materials 

without adding additional process surfactant. With increasing UA flow rate corresponding 

to the amount of Ag nanoparticles, the average dielectric constant gradually increased 

similar to the trend seen in conventional nanocomposite, but the size of error bar in our 
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measurements is much smaller due to the uniform distribution of nanoparticles. Multi-

layered thermoplastic polymer-based nanocomposites were accomplished without a cross-

linking agent, resulting in high dielectric constant with low loss tangent. Preliminary 

single-layered nanocomposite-based triboelectric energy harvesting measurements showed 

that there is an improvement of output performance compared to a neat polymer-based 

device, but further tests are required before arriving at any conclusions about these devices. 
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Chapter 9 

 

9 Conclusions and Future Work 

 

In this thesis, we have developed novel functional polymeric nanomaterials, 

including nanowires and nanocomposites, for application in energy harvesting devices. 

First, template-wetting method has been adpoted and modified to realise polymer 

nanowires, with a view to improve scalability and performance. Because the functional 

properties of ferroelectric polymers can be improved at the nanoscale, and vary depending 

on crystal structure, the nanowire growth methods and appropriate crystallisation 

mechanisms for various crystal structures are central to the work reported in this thesis. 

The focus is on Nylon-11 in particular, as its ferroelectric properties and hydrogen bonding 

are well-suited for both robust piezoelectric and triboelectric energy harvesting. 

Subsequently, advanced aerosol-jet printing technique is presented for realisation of multi-

layered polymer-based nanocomposites. Although polymer-based nanocomposites and 

multi-layered structures have already been suggested separately to improve the 

performance of triboelectric energy harvesting devices,  poor dispersion of nano-insertions 

in polymer matrices and limited variety of available polymers are still challenging. 

Therefore, optimum processing conditions for a novel non-mixable dual aerosol-jet 

printing technique and image analysis to measure the degree of nanoparticle dispersion are 
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demonstrated. The dielectric properties and energy harvesting capability of these 

nanocomposites are also investigated.  

In Chapter 4, high-quality vertically aligned Nylon-11 nanowire arrays were 

fabricated via a template-wetting method for the first time. These nanowires were shown 

to exhibit self-polarization by exploiting the nanoconfinement effect, rendering them 

attractive for use in low-cost and simple energy generator designs as they require minimal 

post-processing steps. The measured thermal response indicated that such Nylon-11 

nanowires might be useful in high-temperature piezoelectric applications as compared to 

other polymers such as PVDF and P(VDF-TrFE). High energy conversion efficiency with 

stable operation over 15 hr of continuous impacting was observed from a nano-

piezoelectric generator based on the as-grown template-grown Nylon-11 nanowire arrays.  

In Chapter 5, to further enhance the energy harvesting capability of Nylon-11 

nanowires, a novel and facile gas-flow assisted nano-template (GANT) infiltration method 

was proposed. The fast crystallisation conditions resulting from the GANT method not only 

leads to self-polarization of the ferroelectric δʹ-phase nanowires but also increased average 

crystallinity of up to ~40%. This evaporation-driven crystallisation mechanism was 

verified using finite element analysis. As a tribo-positive material, the self-poled Nylon-11 

nanowires combined with counterpart tribo-negative Teflon surfaces showed ∼6 times and 

∼10 times higher output power than those of melt-quenched Nylon-11 film and Al-based 

triboelectric device, respectively. 

In Chapter 6, thermodynamically stable α-phase Nylon-11 nanowires were 

investigated. Notably, definitive dipole alignment of α-phase nanowires was shown to have 

been achieved for the first time via a novel thermally assisted nano-template infiltration 

(TANI) method, resulting in exceptionally strong and thermally stable spontaneous 

polarization, as confirmed by molecular structure simulations. The intensity and thermal 

stability of spontaneous polarization were indirectly investigated by the changes of surface 

potential in KPFM measurements. We also introduced the resulting nanowires into 

triboelectric generators to prove that non-ferroelectric α-phase nanowires with higher 

surface potential outperform ferroelectric δʹ-phase nanowires. As a result, the output power 

density of an α-phase nanowire-based device was shown to be enhanced by 340 % 

compared to a δʹ-phase nanowire-based device under the same mechanical excitation. 
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Consequently, we have verified that, due to the ordered crystal structures and higher 

molecular packing density, the net dipole moment of self-poled ‘non-ferroelectric’ α-phase 

Nylon-11 can be much higher than that of self-poled ‘ferroelectric’ δʹ-phase. Furthermore, 

the strong hydrogen-bonding (which has previously been considered as a serious 

disadvantage for the polarization of Nylon-11) actually served to enhance the stability of 

the molecular structure, resulting in a constant spontaneous polarization up to near the 

melting temperature. 

In Chapter 7, the crystallisation mechanism of Nylon-11 nanowire in template-

wetting method was discussed in more detail. Based on the typical temperature-driven 

crystallisation and gravity-infiltration template-wetting, the potential of evaporation-driven 

crystallisation and capillary infiltration template-wetting method was presented. In addition, 

the crystallisation mechanism of three different template-wetting methods; conventional 

template wetting, GANT and TANI methods, was defined. XRD analysis confirmed that 

all the resulting nanowires had preferential crystal orientation, and α-phase nanowire had 

the largest size of crystals with thermodynamically stable crystal structures. Thermal 

behaviour showed that homogeneous nucleation and complete wetting occurred during the 

crystallisation within 200 nm nanopores of the templates used. The nanoscale 

electromechanical characteristics showed that the α-phase nanowires showed the highest 

Young’s modulus but did not exhibit significant piezoelectric behaviour. In contrast, a 

distinct piezoelectric response was achieved from the relatively soft δʹ-phase nanowires. 

Additionally, compared to the properties of films with the same crystal structure, the 

modulus of α-phase nanowires and the piezoelectric response of δʹ-phase nanowires was 

larger. These results suggest that the nanoconfinement effect led to enhancement of the 

electromechanical properties of each crystal structure based on molecular level 

optimisation.  

In Chapter 8, multi-layered nanocomposites were fabricated via modified aerosol-

jet printing technique. The ideal dispersion of nanomaterials in polymer matrix was 

achieved via independent atomization and confirmed by SEM-based image analysis. Due 

to the non-mixable process, nanocomposites with various combinations of materials were 

enabled without additional processing or surfactant. The aerosol-jet printed nanocomposite 

showed a similar but more reliable relationship between dielectric constant and the number 
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of Ag nanoparticles compared to that of conventional nanocomposites in the literature. This 

result indicates that nanoparticles were uniformly distributed in polymer matrix. Stacking 

of thermoplastic polymer-based nanocomposites were accomplished without cross-linking 

agent, resulting in high dielectric constant with low loss tangent. Preliminary single-layered 

nanocomposite-based triboelectric energy harvesting measurement showed that there was 

an improvement of output performance compared to a neat polymer-based device, but 

further tests are required before arriving at any conclusions about the devices.  

In terms of developed nanowire fabrication methods, all techniques can be applied 

to other functional polymeric materials, while exploiting the benefits of nanoconfinement. 

In particular, investigating the crystal structures and piezoelectric (and ferroelectric) 

properties of PVDF nanowires would be an interesting topic.  

It would be also interesting to demonstrate the difference between melt-quenched 

δʹ-phase film and GANT fabricated δʹ-phase nanowires in terms of molecular configuration 

and piezoelectricity. This would provide information about the origin of piezoelectricity in 

ferroelectric polymers.[237] In other words, contribution of amorphous and crystalline 

region to the piezoelectric response could be investigated in more detail using these 

samples. As characterisation tools, Transmission Electron Microscopy (TEM) with 

Selected Area Electron Diffraction (SAED) and Small Angle X-ray Scattering (SAXS) 

could be used to reveal the properties of crystalline region and the crystal structure, 

respectively.  

From an energy harvesting application perspective, δʹ-phase nanowires grown by 

GANT method would be a candidate for nano-piezoelectric energy harvesting devices 

because of its high piezoelectricity. The freestanding nanowire on a conducting grid and 

PFM characterization method would reveal the transverse piezoelectric expansion of δʹ-

phase nanowires. Furthermore, thermal behaviour of δʹ-phase nanowires would be an 

interesting topic to explore because δʹ-phase nanowires show different crystal structure 

transition compared to conventional δʹ-phase film. This would provide information about 

the δ-phase Nylon-11.  

In terms of polymer crystallisation in nanopores, there have been reports regarding 

the relationship between the size of nanopores template and resulting crystal structure of 

polymer nanostructures (Chapter 2.6.4). Therefore, investigating the pore size effect in the 
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novel template-wetting processes developed here, including GANT and TANI methods, 

might be an interesting route to demonstrate more accurate polymer crystallization 

mechanism in the nanostructures.   

The dual aerosol-jet printing technique would be applied to other applications, such 

as energy storage devices. In particular,  the output performance of supercapacitors and 

battery devices would be enhanced by the excellent dispersion and uniform distribution of 

nano-insertions. Furthermore, all-in-one energy device with energy harvesting and storage 

could also be realised via aerosol-jet printing technique.     
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Appendix B 

Supporting information  

 

B.1 Gaussian theorem 

1) Definition of the charge 

A “Charge” can be defined as the physical property of matter that causes it to experience a 

force when placed in an electromagnetic field (Fig. B1-1). In other words, positive charge 

(chargea1) creates the electric field (𝐸⃗ ) and another charge (charge 2) in such electric field 

can feel the force (𝐹𝑒
⃗⃗  ⃗).  

𝐹𝑒
⃗⃗  ⃗ = 𝐸⃗  𝑄2  

 where 𝑄2 is the quantity of the electric charge of charge 2.  

 

 

Fig. B1-1. Schematics for positive and negative charge and corresponding electric field. 

 

2)  Gaussian theorem in parallel plate model 
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Gaussian theorem is then defined by  

𝐷 = 𝜀 𝐸 

for homogeneous, isotropic, nondispersive and liner material, where ε is the permittivity. 

If we assume that charge are place on the infinite plate, the direction of 𝐸⃗  of charge in the 

plate is perpendicular to the plate. Since D is (Q / surface area of plate) in parallel plate 

model, E is expressed by  

𝐸 =
𝑄

𝐴 𝜀
=

𝜎 𝐴

𝐴 𝜀
=  

𝜎

𝜀
 

where 𝜎 is the surface charge density, and A is the surface area of plate.  

 

B.2 Piezoelectric generator performance 

1) In short-circuit condition, where V = 0 and E is constant, the Eq. (2-3) become  

𝐷 = 𝑑𝑇 

where D = Qfree /Area for parallel plate capacitor, and T = Force / Area. Therefore,  

𝑄

𝐴
= 𝑑

𝐹

𝐴
 

where Q is the free charges on the surface, A the surface area, and F the force. Considering 

the shape of the material in Fig. 2-2a, in 33 mode (i.e. parallel expansion),  

𝑄

𝑎𝑏
= 𝑑33

𝐹

𝑎𝑏
 

𝑄 = 𝑑33 𝐹 

In 31 mode (i.e. transverse expansion) in Fig. 2-2b, 

𝑄

𝑎𝑏
= 𝑑31

𝐹

𝑏𝑐
 

𝑄 =
𝑎

𝑐
𝑑31 𝐹 
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2) In the piezoelectric system, E is defined by  

𝐸 = −𝑔𝑇 + 𝛽𝑇𝐷 

In open-circuit condition, where Q = 0 and D is constant, above equation become  

𝐸 = −𝑔𝑇 

The electric field (E), which is the force per unit charge, can be defined by E = Voltage / 

thickness of dielectric for parallel plate capacitor because E × thickness is required work 

moving a positive charge from the bottom of the dielectric material to the top surface, and 

it is a definition of voltage (V). Then,  

𝑉

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
= 𝑔 

𝐹

𝐴
 

 Considering the shape of the material in Fig. 2-2a, in 33 mode, 

𝑉

𝑐
= 𝑔33  

𝐹

𝑎𝑏
 

V =
𝑐

𝑎𝑏
 𝑔33 𝐹 

In 31 mode (Fig. 2-2b), 

𝑉

𝑐
= 𝑔31  

𝐹

𝑏𝑐
 

V =
1

𝑏
 𝑔31 𝐹 

 

B.3 Distance dependent electric-field model 

According to the Gaussian theorem, electric field (E) can be derived as follows 

𝐷 = 𝜀𝐸 

𝑄

𝐴
= 𝜀𝐸 
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𝐸 =
𝑄

𝜀𝐴
 

 

 

Fig. B3-1. Schematics for electric field calculation above the mid-point of a uniformly charged (a) 

line and (b) sheet. [40] 

 

Considering a single charge is in the space (Fig. B3-1a),[40]  

𝐸 =
𝑄

𝜀𝐴
=

𝑄

𝜀 (4𝜋𝑟2)
=

𝑄

𝜀 4𝜋 (𝑧2 + 𝑥2)
 

If the charge is on the line segment dx, the contribution to the electric filed is described as  

𝑑𝐸 =
𝜎 𝑑𝑥

4 𝜋 𝜀 (𝑧2 + 𝑥2)
 

where 𝜎 is the charge density. The component of the electric field along z axis (𝑑𝐸𝑍) is 

then given by  

𝑑𝐸𝑍 = 𝑑𝐸 cos 𝜃 = 𝑑𝐸 
𝑧

𝑟
= 𝑑𝐸

𝑧

√𝑧2 + 𝑥2
=

𝜎 𝑧

4 𝜋 𝜀
 

𝑑𝑥

(𝑥2 + 𝑧2)3/2
   

 The integration along the length of the line can be calculated by  

𝐸𝑧 = ∫ 𝑑𝐸
𝑎

−𝑎

 cos𝜃  𝑑𝑥 =
𝜎 𝑧 𝑑𝑥

4 𝜋 𝜀
 [

𝑥

𝑧2 √𝑥2 + 𝑧2
]
−𝑎

𝑎

=
𝜎 𝑑𝑥

4 𝜋 𝜀 𝑧
 

𝑙

((
𝑙
2)

2

+ 𝑧2)1/2
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where l = 2a. Based on Fig. B3-1b, 𝐸𝑧 can be extended to a uniformly charged plane, which 

is a collection of lines along y axis. The overall electric field above the midpoint along the 

z axis can be calculated by  

𝐸𝑧,𝑝𝑙𝑎𝑛𝑒 = ∭𝐸𝑧  cos 𝛼  𝑑𝑥 𝑑𝑦 𝑑𝑧 

 

B.4 Crystal perfection index 

A crystal perfection index (CPI) of the triclinic structure of Nylon-11 is defined by  

 

 

𝐶𝑃𝐼 =

(
𝑑200

𝑑210/010
) − 1

Ω
 

(0-1) 

 

where the factor Ω is a constant.[89]  

 

 

B.5 Piezoelectric device – efficiency calculation 

The way to calculate the device efficiency (χʹ) and mechanical-to-electrical energy 

conversion efficiency (χ) are described in [18], [202] as follows:   

𝜒ʹ =
𝑜𝑢𝑡𝑝𝑢𝑡

𝑖𝑛𝑝𝑢𝑡 
=

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 

𝑠𝑡𝑟𝑎𝑖𝑛 𝑒𝑛𝑒𝑟𝑔𝑦
 

𝜒 =
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑤𝑜𝑟𝑘 𝑝𝑒𝑟𝑓𝑜𝑟𝑒𝑑 𝑏𝑦 𝑒𝑙𝑒𝑚𝑒𝑛𝑡

𝑛𝑒𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑡𝑜 𝑒𝑙𝑒𝑚𝑒𝑛𝑡
 

1) Electrical energy: It can be integrated from the resulted device Power under 10MΩ load 

resistance. 

= ∫ 𝐼𝑉𝑑𝑡 ~ 0.907 nJ = 9.07 × 10-10 J (per one cycle) 

2) Strain energy 

=
1

2
 𝐴 𝐿 𝜀2 𝐸  
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where A is the effective working area, L the thickness of the device (i.e. length of the 

nanowires = 60 μm), ε the dielectric permittivity, and E the Young’s modulus (= 1.5 GPa 

= 1.5 × 109 N/m2). Considering that strain (ε) and stress (σ) are defined as σ/E and Vp/(g31·L) 

respectively, where Vp is the peak output voltage (= 0.95 V), g31 the piezoelectric voltage 

coefficient (= 50 mVm/N), the calculated ε and σ are 9.34 × 10-5 and 1.40 × 105 N/m2, 

respectively. Considering the A of 1.57 × 10-4 m2 for the AAO template with diameter of 2 

cm and experimentally achieved ε of 35.4 pF/m, strain energy of 6.17 × 10-8 J (per one 

cycle) can be achieved.  

 

 

B.6 DSC graphs – Nylon-11 samples 

It must be noted that, in Fig. 7-11 and Fig. 7-12, the DSC graphs which has the closest 

value with the average Tm and Tc of more than 10 samples are given.  

1) α-phase Film 
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2) δʹ-phase film (melt-quenched)  

 

3) δʹ-phase film (solution processed) 

 

4) Nanowires fabricated by conventional template-wetting (within AAO) 
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5) α-phase nanowires (within AAO) 

 

6) δʹ-phase nanowires (within AAO) 

 

7) Nanowires fabricated by conventional template-wetting (without AAO) 
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8) α-phase nanowires (without AAO) 

 

9) δʹ-phase nanowires (without AAO) 
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