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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

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 &'-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 %. ¢’-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 &'-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 a-phase Nylon-11 nanowires are most
suitable for triboelectric energy generators, but not piezoelectric generators. Notably, definitive
dipole alignment of a-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 a-phase nanowires is
shown to be enhanced by 328 % compared to a ’-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.



Contents

[ L= Tod FoT g 1 o] o ST RSUSSSN i
ACKNOWIEAGEMENTS. ...ttt ii
AADSTFACT ... ...t bbb bbbttt b e iii
L0141 (=] 0] < O TSP P PRV P R OPPPOPT %
Publications and PreSentations ..ot iX
(TS Ao il = o UL =TSSP Xi
I TS 0 I o =TSSR XV
N0 0 1= g Tod F= L | ST XVi
1 a8 oo 11 o4 T o SR 1
1.1 ISSUES AN MOLIVALIONS ....eevviiveiie et eas 3

1.2 THESIS OULIING ...ttt sre e e 4

2 Background and TREOIY .........cooiiiii e 6
2.1 Piezoelectric energy harvesting..........ccooveeiiiereneneneeeeee e 7

2.1.1  Fundamental prinCiple.........cocoieiiiiiiiie e 7

2.1.2  Piezoelectric MAterialS ........ccoceveeeiiierise e 10

2.1.3  Piezoelectric energy generators. ........ccocuuevererieeeieneeesesieseeseeseeeesennes 11

22 Triboelectric energy Narvesting..........ccoeoviiririne i 13

2.2.1 Fundamental prinCiple.........cooiiiiiiii s 14

22,2 Theoretical MOEL...........cccveveiiiieiise e 17

2.2.3 Strategies to improve performance ............ccoeveieieiineneneneneeeeeens 24

2.2.4 Perspectives and Challenges ... 32

23 PVDF and itS COPOIYMEN ........coviiiiiieiiicee e 34



3

231 PVDF e 35
B = AV 0= = = S 36
2.3.3  CONFrONTING ISSUBS. ...cuiiviriiiiiesieiisie sttt sttt 37
2 S N/ 1o Y OO 38
241 Structures Of NYION-11......cooiiiiiiiiie s 39
2.4.2 Post-treatment teCNNIGUES ..........coviiiiriiiierieeeeee s 44
2.4.3 Perspectives and challenges ... 47
2.5 Polymer-based NANOCOMPOSILE. .......cvuviiiiririeierieie et 48
2.5.1 Dispersion and diStribution ISSUE .........cccceverereieienininese e 48
2.5.2  Multi-layered NANOCOMPOSITE. .......cvriririerierieieieeeeee e 50
2.6 Template-wetting Method ..o 51
2.6.1  BAaCKGrOUNG ......coeuiiiiiiiiiiiieie ettt 51
2.6,2 Comparison: polymer nano-structuring methods.........c.cccecvevevvenennnne 52
2.6.3 Fundamental prinCiples ..o 54
2.6.4 Properties of template-grown polymer nanostructures .............ccee.e. 56
2.6.5  CONCIUSTON ..ottt 59
Experimental and Computational Methods ...........cccccvvveviiiiiiiecece e 61
3.1 FaDIICALION ... 61
3.1.1 Conventional film preparation method ............ccccoovvvriiiinnneneiceee, 61
3.1.2  Nanostructured polymer fabrication method............cc.ccocevvrerniniennne. 64
3.1.3  AeroSOl-jet Printing .....cc.ooveieirieesese e 69
32 CharaCterization ..........c.eoeouerieieieiee e 78
3.2.1 Polymer charaCterisation .............ccoiiererierieiieiee s 78
3.2.2  Scanning probe microscopy characterisation..............cccocvvvveveresvennn, 83
3.2.3 Electrical property charaCterization ............ccccccoovviinineneneneneceen 91
324 MOGEITING .t 93

Vi



4 Nano-Piezoelectric Generator based on Nylon-11 Nanowires Grown by Template-

WELEING METNOU........o it be et ae e 97
4.1 Growth mechanism of Nylon-11 NanOWIre.........ccccevveiririenienesenene e 98

4.2 Crystal structure of Nylon-11 nanowires grown by template-wetting............. 103

43 Thermal behaviour of Nylon-11 NanOWIreS .........ccccoerveiieieiiinenineneseeeeeeins 105

44 Nanowire-based nano-piezoelectric generator..........ccocvevercveieereneenesneieneens 107

4.5 CONCIUSTONS ...ttt 112

5 &'-phase Nylon-11 Nanowires Fabricated by Gas-Assisted Nano-Template
Infiltration (GANT) method for Triboelectric Generators .............cccveovieiiiiiiineieens 113
5.1 Nylon-11 for triboelectric generators. ..........covierereieierieesese e 114

52 Gas-flow assisted crystal Structure CONtrol..........cooeveviiieiienie e 117

53 Self-poled d'-phase nanowires through GANT method ..........ccccoevveiiiiinnns 122

54 Nanowire-based triboelectric generators............coeveieiriinienienene e 124

5.5 CONCIUSIONS ...ttt 134

6 a-phase Nylon-11 Nanowires Fabricated by Thermally-Assisted Nano-Template
Infiltration (TANI) Method for Triboelectric GENerators ...........cccoceevveiiiiieveiiece e 135
6.1 Ideal remanent polarization calculation ..., 136

6.2 Thermally-assisted crystal structure CONtrol ............cccevevivviveiininiieie e, 139

6.3 Spontaneous polarization in a-phase NANOWIIES .........ccceevveviveiererreriesneeenees 146

6.4 Nanowire-based triboelectric generators.........ccocveverevceeiesie e 150

6.5 CONCIUSTONS ...ttt 152

7 Phase Tunable Nanoconfined Polymer Crystallisation Method for Nylon-11
Nanowires : A Comparative STUAY ..........ccccoviiiiieieise e 154
7.1 Nanowire growth MechaniSm ............ccooveiriniienercee e 155

7.1.1 Evaporation-driven crystallisation ..............cccoovoiinininnicens 155

7.1.2  Capillary-infiltration ...........cccooiiiiiiiec e 160

vii



7.1.3 Processing parameters for crystallisation in the nanopores................. 162

7.1.4 Three different methods to control the crystal structure of Nylon-11

NANOWITES ...ttt bbbt bbbt 168

7.2 Thermal DENAVIOU .........ociiiiiiiiic e 174

72,1 DSC aAN@lYSIS.....oeiviiriiiieieieeiese s 174

7.2.2 X-ray diffraCtograms.........cccoviirireresenieeeee e 178

7.3 Electromechanical charaCteristiCs ...........cooviiiieieieic e 180

7.3.1 Mechanical stiffness of Nylon-11 single nanowire............c.cccccevvvennne 180

7.3.2  Piezoelectric response of NANOWIIE Arrays .........ccoovrerervenrervereeienienens 184

7.4 CONCIUSIONS ...ttt 187

8 Multi-layered Nanocomposites by Dual Aerosol-Jet Printing Method for Energy
YA o] o] [ToF LA To] <3PPSR 188
8.1 Route to nanocomposites with ideal diSPersion ............cccvvvivnereneierniennenn 189

8.2 Nanoparticle dispersion in aerosol-jet printed NnanocComMposite ............cccvuee. 190

8.3 Dielectric properties of multi-layered nanocomposite ...........ccoovvvrerverenenncnn 196

8.4 Multi-layered nanocomposite-based triboelectric generator...........c.c.cccvenee. 199

8.5 CONCIUSTONS ...ttt 200

9 Conclusions and FULUIE WOTK ..o 202
APPENTIX A .ottt bbbt et 207
APPENAIX B .o r e b e be e r e besaeeaenreeaears 212
BIDHOGIAPNY ..o e e 221

viii



Publications and Presentations

Publications

1.

Choi, Y. S.;; Kim, S. W.; Kar-Narayan S. “Advanced Materials for High-Performance
Triboelectric Energy Harvesting Devices,” In Preparation.

Choi, Y. S.; Williams, F.; Kim, S. K.; Elliot, J. A.; Kar-Narayan S. “Unprecedented
Spontaneous Self-Polarization of Non-Ferroelectric a-Phase Nylon-11 for Energy Harvesting
Applications,” In Preparation.

Jing, Q.; Choi, Y.S; Smith, M.; Ou, C.; Kar-Narayan S. “Aecrosol Jet Printed Freestanding
Conductive Structures for Stretchable Electronics and Sensing Applications,” Submitted.
Jing, Q.; Choi, Y.S; Smith, M.; Catic, N.; Ou, C.; Kar-Narayan S. “Aerosol Jet Printed
Triboelectric Sensors with Fine Structures for Motion Sensing,” Advanced Materials
Technologies 2018, Accepted.

Choi, Y. S.; Kim, S. K.; Williams, F.; Calahorra, Y.; Elliot, J. A.; Kar-Narayan S. “The Effect
of Crystal Structure on the Electromechanical Properties of Piezoelectric Nylon-11
Nanowires,” Chemical Communications 2018, 54, 5863.

Choi, Y. S.; Jing, Q.; Datta, A.; Boughey, C.; Kar-Narayan S. “A Triboelectric Generator
Based on Self-poled Nylon-11 Nanowires Fabricated by Gas-flow Assisted Template
Wetting,” Energy and Environmental Science 2017, 10, 2180.

Datta, A.; Choi, Y. S.; Chalmers, E.; Ou, C.; Kar-Narayan S. “Piezoelectric Nylon-11
Nanowire Arrays Grown by Template Wetting for Vibrational Energy Harvesting
Applications,” Advanced Functional Materials 2017, 27, 1604262.

Smith, M.; Choi, Y. S.; Boughey, C.; Kar-Narayan S. “Controlling and Assessing the Quality
of Aerosol Jet Printed Features for Large Area and Flexible Electronics,” Flexible and Printed
Electronics 2017, 2, 015004.

Wang, T.; Farajollahi, M.; Choi, Y. S.; Lin, I.; Marshall, J. E.; Thompson, N. M.; Kar-
Narayan S.; Madden, J. D. W.; Smoukov, S. K. “Electroactive Polymers for Sensing,”
Interface Focus 2016, 20160026.



Patent applications

1.

Kar-Narayan, S.; Choi, Y. S. “Triboelectric generator, method for manufacture thereof and
elements thereof” 2017, International Patent Appl. No. PCT/EP2017/072742.
Kar-Narayan, S.; Choi, Y. S. “Triboelectric generator, method for manufacture thereof and
elements thereof”” 2017, International Patent Appl. No. PCT/EP2017/068810.

Oral presentations

1.

“Printed Polymer Nanocomposites with High Uniformity for Triboelectric Nanogenerators,”
International Conference on Nanogenerators and Piezotronics, Seoul, S. Korea, May 2018.
“Highly-Uniform and Well-Dispersed Polymer Nanocomposites for Energy Harvesting
Application,” 2018 Materials Research Society (MRS) Spring Meeting, Phoenix, USA, Apr
2018.

“Nanoconfined y-Phase Ferroelectric Nylon Nanowire for Energy Harvesting Devices,” 2017
Materials Research Society (MRS) Spring Meeting, Phoenix, USA, Apr 2017. (Best
Graduate Student Presentation Award).

“Device using Static Electricity,” Maxwell Centre Annual Research Showcase, Cambridge,
UK, Mar 2017.

“Nano-confined Ferroelectric Polymer Nanowires for Triboelectric Nanogenerators,”

International Conference on Nanogenerators and Piezotronics, Rome, Italy, Jun 2016.

Poster presentations

1.

“Advanced Printing Technique for Polymer Nanocomposites,” Innovations in Large-Area
Electronics Conference (innoLAE 2018), Cambridge, UK, Jan 2018. (Best Poster Award).
“Nanogenerators for Energy Harvesting” Nanoshowcase 2017, Cambridge, UK, Nov 2017.
“Self-poled Nylon-11 Nanowires for Triboelectric Energy Harvesting Devices,” Armourers
and Brasiers' Cambridge Forum, Cambridge, UK, Jun 2017.

“Nano-confined Ferroelectric Polymer Nanowires for Triboelectric Nanogenerators,”
Ministry of Defence Poster Session, Cambridge, UK, May 2017.

“Design Rules for the Multi-layered and Multi-grated Free-standing Triboelectric
Nanogenerator,” Innovations in Large-Area Electronics Conference (innoLAE 2017),
Cambridge, UK, Feb 2017.



List of Figures

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

2-1 Schematic representation of the piezoelectric effect ..., 7
2-2 Configuration of piezoelectric energy generators...........ccoeververeeererieseseseseseeeeeeiens 12
2-3 Prototype polymer-based piezoelectric generator............coooeereeinieniene s 13
2-4 Four fundamental working modes of the triboelectric generators.............c.cccceveiveinnne 16
2-5 Schematics of the contact-separation mode triboelectric generators with two different

ASSUMPLIONS. .. eveeuveite ettt s et st e e et e s ae e s e e s be e besbeese e besseeseesbeeneesaeesaeresneeneenes 21
2-6 Theoretical relationship between short-circuit transferred charge and thickness.......... 23
2-7 Various strategies to improve the performance of triboelectric generators................... 26
2-8 Schematic drawing of molecular structure of B-phase PVDF .........ccccooiiiiinciiiinns 35
2-9 Schematic drawing of molecular structure of P(VDF-TIFE). ......ccccoooiiiiiiieieieinns 37
2-10 Schematics of molecular chain structure of Nylon ... 39
2-11 Schematics of conventional synthesis techniques of polymer nanocomposite............ 49
2-12 Schematic of dispersion and distribution of nanoparticles in polymer matrix ............ 50
2-13 Schematics of polymer nanostructure synthesis teChniques...........ccocoovvvieieiciiienns 52
2-14 Schematic of partially wetting of liquid droplet on the solid substrate. ...................... 54
3-1 Reference Nylon-11 films with o-, a'-, and &'-phase...........ccevvviiriirinereneneeeeeee 63
3-2 SEM image of a-phase NYION-11 film .......ccccooiiiiiiiiiee e 64
3-3 Morphology of AAO tEMPIALE ......ccoiviieiieie s 65
3-4 Image analysis for effective surface area of AAO template calculation ....................... 65
3-5 XRD patterns of melt-pressed Nylon-11 nanoStruCtures...........ccoceveevevieseeeesreseennenns 66

3-6 SEM images of Nylon-11 nanostructures fabricated by the melt-infiltration method... 67

3-7 Schematics of Nylon-11 nanowire growth mechanisms............cccccvviveienecicne e, 68
3-8 Schematic of the aeroSol-jEt PrOCESS.......ccccvveieiieie e 71
3-9 Schematic of ultrasonic atomization MEChANISM ..........ccceveriiiiniiice e 72
3-10 Schematics of pneumatic atomisation Mechanism. ..........cccccvvviieiineir e 73
3-11 Schematic of the aerosol flow profile at the printer nozzle ............ccoccooi i 74

Xi



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

3-12 The influence of two gas-flows on printed-line morphology...........ccccoovveieneieiinnne. 77
3-13 Background XRD PatteINS........c.cuierirrerieieisisesiesie st 79
3-14 X-ray diffraction mechanism in in Bragg-Brentano geometry..........cc.ccoceveneicinnnnn. 80
3-15 Schematics for the operational mechanisms of Kelvin probe force microscopy......... 84
3-16 KPFM characteristics AU SAMPIE .........ooviiiiiii s 86
3-17 Schematic for the operational mechanisms of piezoresponse force microscopy......... 87
3-18 PFM characteristics of calibration sample (LINDO3) .....cccoveiviiiiiiiiiciccccn 88
3-19 Operation mechanism of quantitative nanomechanical property mapping.................. 89
3-20 QNM characteristics of calibration sSample (PS) ........ccoeieieiiiiiiiieeeee 91
3-21 Schematic diagram and photograph of energy harvesting Setup. ..........c.cccvvevvrienniene. 93
3-22 The symmetry geometry used in the Simulation............cccceoeiiiiinnineneseeeee 94
4-1 Schematic of the growth mechanism of Nylon-11 nanowires by capillary infiltration

WIthin AAO TEMPIALE POT.......ooiiiiiiee e 98
4-2 Cross-section SEM images of Nylon-11 filed AAO template..........ccccooeveieiiicinnnnn. 99
4-3 Effect of concentration on the microstructure of Nylon-11 nanowires..............cc.c...... 101
4-4 SEM images of nanowires and NANOWIIE MAL ...........ccoerververeeieninesesesieseesieseeeeesiens 102
4-5 XRD patterns of NyloNn-11 NANOWITES .......c..ccviiririnerieriesieeeiesis et 103
4-6 Room temperature FT-IR spectra of Nylon-11 nanowires. ...........ccocevrereneieeinninnnnns 104
4-7 DSC thermograms of nanowires before and after template dissolution in comparison with

parent pellets and FilM..........cooiii i 106
4-8 Nylon-11 nanowire-based nano-piezoelectric generator ............cc.ccvvevvenencncisinnnne 108
4-9 Electrical output with various input SignalS............ccocevereieiiininieeesie 109
4-10 The change of power according to the time under 10MQ load resistance ................ 109
4-11 High-temperature operation of Nylon-11 nanowire-based piezoelectric device........ 111
4-12 Fatigue test results of nano-piezoelectric deViCe .........ccovvviiiiienininc e 112
5-1 Triboelectric series of COMMON MALErialS............cooviiriiiiiiiic e 115
5-2 Nylon-11 nanowires fabricated by GANT mMethod ...........cccoeiiiiiiniiiiiiiesceee 116
5-3 Cross-section SEM image of a nanowire-filled AAO template .........ccccoccevevvininnne 117
5-4 XRD patterns of Nylon-11 nanowires fabricated by GANT method..............ccocn..... 119

5-5 Numerical simulation results of turbulence flow generated by assisted gas-flow....... 121

Xii



Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

5-6 Schematic of the polymer crystallisation process in the nano-dimensional pore of the
GANT infiltration Method ..........cooie i e 121

5-7 FT-IR absorbance spectra of &'-phase nanowires and additionally stretched film ...... 122

5-8 KPFM analysis of 6'-phase nanowires and film ..........c.cccooe v, 123
5-9 Schematic of the structure of triboelectric generator.............ccccevevieevieieiieevc s, 124
5-10 Electrical output of GANT fabricated nanowire-based triboelectric device ............. 125
5-11 Electrical output of the device with [oad resiStors.........cccccovvvvveveiecieve e 125
5-12 Electrical output of the device under various input conditions .............ccccceevevvenenne. 126
5-13 Reliability test of the triboelectric deVviCe........cccovvvvveiiiiiiicice e 127
5-14 Template-freed nanowire-based triboelectric generators ..........ccccvvvevvevevieevesieecnene, 128
5-15 Charge accumulation trend of the nanowire-based device with respect to time........ 129
5-16 LED lightning test for &'-phase nanowire-based triboelectric generators.................. 130
5-17 Calculated electric potential distribution at different surface charge density............ 132
5-18 The short circuit current of various triboelectric generators...........cccccevvvvveeicieenennn. 133
6-1 Molecular structure and chain packing of Nylon-11.........c.ccccoooiiiiiiiniiiecc e 138
6-2 Morphology of nano-template and resulting polymer NanOWires...........cccceveveeiennns 139
6-3 XRD patterns of nanowires crystallised at various temperatures ...........ccoceverevevernens 141
6-4 Comparison of XRD patterns of a-phase film and nanowires............cccocvvevevvvveciennnns 143
6-5 FT-IR absorbance spectra of a-phase template-freed nanowires and film.................. 143
6-6 Comparison of calculated and experimentally achieved XRD patterns ............c......... 145
6-7 KPFM analysis of film and NaNOWITES ...........ccooiiiiiiiienecese e 146
6-8 Comparison of XRD patterns before and after thermal annealing ............cccceevevennne 148

6-9 Charge accumulation capability of a-phase, 6’-phase nanowires, and a-phase film.. 149
6-10 Triboelectric generator device PerformanCe...........coeverereireieniee e 151
6-11 Electrical output of the device under various input condition .............cc.ccoeerereinnnnn. 152

7-1 Temperature variation according to time in temperature- and evaporation-driven
Crystallisation METNOT ..........ooiiiiiiiee s 156

7-2 XRD patterns of Nylon-11 films fabricated by temperature-driven and evaporation-
ArIVEN METNODS. ... 156

7-3 XRD patterns of Nylon-11 films fabricated by evaporation-driven crystallisation..... 159

7-4 Schematics of two different template-wetting methods ...........cccccovvviiniiiiieeee 161

Xiii



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

7-5 Schematic for evaporation-driven crystallisation ............ccccocviveiiiiiiisece e 162

7-6 Characteristics of reference Nylon-11 NANOWIIES.........cccvevveieieeviiiieie e e 165
7-7 Changes in XRD patterns with different processing conditions.............cc.ccoeeevveiiennne 166
7-8 Schematics of Nylon-11 nanowire growth mechanisms...........c.cccovvvvvevieiieiieseeiiennens 169
7-9 XRD patterns of Nylon-11 nanowires without and within AAO template.................. 171
7-10 XRD peak analysis of Nylon-11 nanowires with different crystal structures. .......... 173
7-11 DSC thermograms (heating) for Nylon-11 films and nanowires..........c.ccccevvevenene 175
7-12 DSC thermograms (cooling) for Nylon-11 films and nanowires ............c.cccceevevennne. 177

7-13 Comparison of XRD patterns of nanowires before and after thermal annealing....... 179

7-14 QNM characteristics of various Nnanowire phases............ccoceoeviiiinineienescieee 180
7-15 Average DMT modulus of a-phase, 6’-phase and conventional nanowires .............. 181
7-16 Numerical simulation results of nano-indentation.............cccceeviiinnenenencsee 182
7-17 QNM characteristics of a-phase Nylon-11 film ... 183
7-18 QNM characteristics of a-phase Nylon-11 nanowire and film............ccocooeieieinnnnn. 183
7-19 Piezoelectric response amplitude of a-, 4’-phase, and reference nanowires............... 185
7-20 PFM characteristics of AAO template filled with &’-phase nanowires...................... 185
7-21 PFM characteristics of AAO template filled with a-phase nanowires...................... 186
7-22 PFM characteristics of AAO template filled with reference nanowires.................... 186
8-1 Schematic of Y-shape connector for aerosol-jet printed nanocomposite. ................... 190
8-2 XRD patterns of aerosol printed PI/Ag NPS NnanoCoOmpOSIte............coovrererierveinninnnns 191
8-3 Microstructure of aerosol printed PI/Ag NPS nanoCOMPOSIte...........cccovvererverieieninnnns 192
8-4 SEM image analysis data for the calculation of degree of dispersion.............c.c......... 193
8-5 XRD patterns of aerosol-jet printed P(VDF-TrFE)/Ag NPs nanocomposite. ............. 194
8-6 SEM images of aerosol-jet printed P(VDF-TrFE)/Ag NPs nanocomposite................ 195
8-7 SEM images of aerosol-jet printed film-typed nanocomposite ........c.ccccevvvvveveieenenne. 196
8-8 Room temperature dielectric properties of NnanOCOMPOSIte .........cccevveeeveiieeccceeiee, 198
8-9 Design and properties of multi-layered nanoCoOmMpOoSIte ...........ccceevvveienenieenc i, 199
8-10 Aerosol-jet printed nanocomposite-based triboelectric generators...........ccccccooveneeee. 200

Xiv


https://universityofcambridgecloud-my.sharepoint.com/personal/yc394_cam_ac_uk/Documents/07.%20Document/(2018,May)%20Dissertation/main_34_final.docx#_Toc524824869

List of Tables

Table 2-1 TriDOEIECIIIC SEIIES........cvitiiiieiie i 15
Table 2-2 Property comparison of ferroelectric polymers: PVDF and P(VDF-TrFE)................ 37
Table 2-3 Various crystal structures of Nylon-11..........cccccoviiiiiiiiiiii i 42
Table 2-4 Proposed unit cell parameters of NYION-11 ..........cccccoovviiiiiincene e 43
Table 2-5 Advantages and disadvantages of nanostructured-polymer synthesis techniques...... 53
Table 3-1 Summary of processing parameters and affecting factors ............cccccovviveicivenenn. 76
Table 3-2 Region, assignments and peak positions of the infrared bands of Nylon-11.............. 82
Table 3-3 A comparison between the unit cell parameters ..., 95
Table 5-1 Dimensions of the triboelectric generator..........cccoceveiie i 133
Table 7-1 Four processing conditions for evaporation driven crystallisation. ..............cccee.e.. 158
Table 7-2 Indices of crystallographic planes of Nylon-11 films fabricated by different processing

conditions of evaporation-driven crystallisation methods ..........c.ccccceevvvviiiviiecnnenne. 159
Table 7-3 Optimum processing conditions for each method...........ccccccoeveviiiiici i, 168
Table 7-4 Summary of XRD peak analysiS........cccciiiiiiiiiiiiic it 173
Table 7-5 The Tm, Tc, and y of various phases of Nylon-11 films and nanowires..................... 177

Table 8-1 Setting values of sheath, pneumatic atomizer, and ultrasonic atomizer gas-flow rate for
NANOCOMPOSITE PrINTING......civiiieieieeie e st sre b e sreeraenre s 191

XV



Nomenclature

Greek Symbols

a, o, B,y,v, 90,0 Crystalline phases

Y Surface tension

€ Permittivity

&' Dielectric constant

o Vacuum permittivity

&r Relative permittivity

s Figure of merit normalized by applied squared strain
nt Figure of merit normalized by applied squared stress
0 Incident beam angle in X-ray diffraction

[ Contact angle

A Wavelength

U Viscosity / Mobility

p Concentration of solution

o Charge density

D Work function

o Volume fraction

Degree of crystallinity

Device efficiency

Oscillation / Angular (or natural) frequency

Subscripts

hkl Crystallographic axis

i Direction of the induced electric field (polarization) / Direction of
the applied voltage

j Direction of the applied stress / Direction of the induced strain

XVi



Other Symbols
A

C
D
d

ij

Isc

Jsc
Ke

My

Pr

Device area
Capacitance
Electric displacement

Piezoelectric strain (or charge) constant / Thickness / Crystal size /

Diameter

Piezoelectric strain (or charge) coefficient

Crystallite size

Electric field / modulus
Young’s modulus

Coercive field

Fermi energy level

Force

Frequency

Electrostatic force
Piezoelectric voltage constant / Gravity
Piezoelectric voltage coefficient
Enthalpy

Height

Heat of vaporisation
Current

Number of layer
Short-circuit current
Short-circuit current density
Relative dielectric constant
Coulomb’s constant

Device thickness / length
Molecular weight

Integer / Number of X-ray diffraction peaks

Polarization
Pressure

Remanent polarization

XVii



Q Electric charge / Transferred charge

q Transferred charge / Scattering vector
Qa Aerosol-jet flow rate

Qs Sheath gas flow rate

Qsc Short-circuit transferred charge

R Resistance

r Radius

Re Reynolds number

S Strain / Surface area / Spreading factor

Elastic compliance

R Radius
r Distance
T Applied stress / Period of one cycle
t Time
Te Curie temperature / Crystallisation temperature
Ty Glass transition temperature
Tm Melting temperature
U Energy
\Y Voltage
Poisson’s ratio
Ve Electrostatic potential
Voc Open-circuit voltage
Y Young’s modulus
X Displacement / Thickness of layer
z Height / Separation
Zn Lift scan height

Acronyms / Abbreviations

1D One-Dimensional

2D Two-Dimensional

3D Three-Dimensional

AAO Anodic Aluminium Oxide

xviii



AC Alternating Current

add. additional

AFM Atomic Force Microscope

Al Aluminium

APTES 3-Aminopropyltriethoxysilane

Ag Silver

AJP Aerosol-Jet Printing

Au Gold

BTO Barium Titanate (BaTiOs)

C Carbon

CNT Carbon Nanotube

COMPAS Condensed-phase Optimised Molecular Potentials for Atomistic
Simulation

CPD Contact Potential Difference

Cu Copper

dep- deposition

DC Direct Current

DI De-lonised

DMF Dimethylformamide

DMT Derjaguin—Muller-Toporov

DSC Differential Scanning Calorimetry

Eq. Equation

EXP Extrusion-based Printing

F Fluorine

FEM Finite Element Method

FEP Fluorinated Ethylene Propylene

Fig. Figure

FOM Figure-of-Merit

FOTS Trichloro(1H,1H,2H,2H- perfluorooctyl) Silane

FR Focus Ratio

FT-IR Fourier Transform Infrared

FWHM Full Width at Half-Maximum

XiX



GANT Gas-flow Assisted Nano-Template infiltration

GO Graphene Oxide

GPTES 3-Glyci-doxypropyltriethoxysilane
H Hydrogen

high-k High dielectric constant

HT High Temperature

1JP Inkjet Printing

ITO Indium Tin Oxide (In20s3 - (SnO2)y)
KPFM Kelvin Probe Force Microscopy
LED Light-Emitting Diode

LiNbO3 Lithium Niobate

MoS; Molybdenum Disulfide

N Nitrogen

NMP N-Methyl-2-Pyrrolidone

NP Nanoparticle

NT Nanotube

NW Nanowire

Nylon Polyamide

OH Hydroxide

0] Oxygen

PA Pneumatic Atomizer

PAA Polyamic Acid

PC Polycarbonate

PDMS Polydimethylsiloxane

Pd Palladium

PEDOT:PSS Poly(3,4-ethylenedioxythiophene) Polystyrene Sulfonate
PET Polyethylene Terephthalate

PFM Piezoresponse Force Microscopy
Pl Polyimide

PMMA Poly(methyl methacrylate)

PS Polystyrene

PSPD Position Sensitive Photodetector

XX



Pt Platinum

PtBA Poly(tert-butyl acrylate)

PTFE Polytetrafluoroethylene

PTrFE Poly(trifluoroethylene)

PVA Polyvinyl Alcohol

PVDF Polyvinylidene Fluoride

P(VDF-TrFE) Polyvinylidene Fluoride-trifluoroethylene
PZT Lead Zirconium Titanate (PbZryTi1-«Os)
QNM Quantitative Nanomechanical Mapping
rGco reduced Graphene Oxide

RMS Root Mean Square

rpm Revolutions Per Minute

RT Room Temperature

SAM Self-Assembled Monolayer

SEM Scanning Electron Microscopy

Si Silicon

SiOy Silicon Dioxide

SPM Scanning Probe Microscopy

sPS syndiotactic Polystyrene

TANI Thermally-Assisted Nano-template Infiltration
TEG Triethylene Glycol

TFA Trifluoroacetic Acid

TFPS Trichloro(3,3,3-trifluoropropyl) Silane
TiOx Titanium Oxide

TrFE Trifluoroethylene

UA Ultrasonic Atomizer

w/o without

wt % Weight percent

XRD X-Ray Diffraction

XXI



XXii



Chapter 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



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 21,22
- Energy harvesting materials 23~25
- Nano-fabrication techniques 2.6
Methods Fabrication and characterization 3
Results and discussions - Growth of Nylon-11 nanowires by 4~7
template-wetting method
- Aerosol-jet printed multi-layered 8
nanocomposite
Conclusions Conclusions and future work 9




1.1 Issues and motivations

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

harvesting devices can be summarised as follows:

Development of thermally stable piezoelectric polymers.

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

Investigating materials with high-intensity spontaneous polarization.

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

Developing polymer-based nanocomposites.

o a k~ w DN PE

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.



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.

1.2 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



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 &’-phase but also increases average
crystallinity. o’-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 6’-phase film-based device. In Chapter 6, thermodynamically stable a-phase
Nylon-11 nanowires are presented. Notably, definitive dipole alignment of a-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 a-phase nanowires is shown to
be enhanced by 328 % compared to a &'-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.



Chapter 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



by the author.[1]-[4] Copyright permission and authors’ contributions are given in

Appendix A.

Part A. Energy harvesting mechanism

2.1 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.

2.1.1 Fundamental principle

a F
Pl E) 7
2 N -

b —5

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.



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 displacement® (D, surface charge per unit area).[6] In three-dimensional space, T is
described as a second rank tensor (Tj) by two vectors (i, j) because the vector F with
direction i (F;) is normal to the vector A with the direction j (A;). Thus, the diagonal and
off-diagonal elements of Tj represent “normal” and “shear” stress, respectively. In the

linear electrical behaviour of the material, D is defined by Gaussian theorem as follows:
D =¢E (2-1)

where ¢ is the permittivity, and E is the electric field?. (Details of the Gaussian theorem are
discussed in Appendix B1.) As D and E can be presented as vectors D;j and E; in three-
dimensions, ¢ is also described by a second rank tensor ;. 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 + ¢"E (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 £ 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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To identify the directions in the piezoelectric system, terms 1, 2, and 3 corresponding to x-,
y-, and z-axes are used.?

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 +d.E (2-5)

where d; is the transpose of d and the matrix form of d, ([d.]) represent the converse
piezoelectric effect. s is then represented by a 4th-rank tensor, while d, is a 3rd rank tensor.
Under open circuit condition with constant D, S is specified by

S=sPT+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:*

i = (aD i>E (2-7)

T

(BN (o5 )
94 = ~\ar; aD;

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.



The piezoelectric coefficient for resulting strain (d;;) and voltage (g;;) 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:

9=7 (2-9)

2.1.2 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 structure® 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 (T¢), the dipoles can be aligned, and spontaneous polarization is enhanced after

cooling.[11]

°> 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 (BaTiOs, BTO) and lead zirconium titanate
(PbZrTi1xOs, 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 T..

2.1.3 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 d;; and ds; 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).

11
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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

QV=0)=(ds3 F)or (% d3y F ) (2-10)
and
V(Q=0)=(a_cb.933F)0T<%931F> (2-11)

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

cycle (Un) is also defined respectively by

c

U = (= d F?) or<ld FZ) 2-12
m ap 33933 p 431951 (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] 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.

a pressure b 10
rfsohz
‘ _ m P Magnetic
- — L ' Shaker | Release
Polyimide | S ' P
[ 5]
N / 8
oL |_» Compress
| P(VDF-TIFE)
| glectinde 11.0 15 12.0 ; ;

Time (s)

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.

2.2 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.

13



2.2.1 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

14



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.

+ Air Polyethylene terephthalate (PET)
A Human skin Polyvinyl butyral
Human hair Polychlorobutadiene

Polyamide 11 (Nylon-11)
Polyamide 6-6 (Nylon-6,6)
Wool, knitted

Silk, woven

Cellulose

Cotton, woven

Polyurethane elastomer (PU)
Styrene-butadiene copolymer
Wood

Hard rubber

Acetate, Rayon

Polyvinyl alcohol (PVA)
Polyester (Dacron)
Polyisobutylene
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Polyacrylonitrile
Acrylonitrile-vinyl chloride
Polybisphenol carbonate
Polychloroether

Polyvinylidien chloride (Saran)
Polystyrene (PS)

Polyethyelen (PE)
Polypropylene (PP)

Polyimide (Kapton)

Polyvinyl Chloride (PVC)
Polytriflurochloroethylene
Polydimethylsiloxane (PDMS)
Polytetrafluoroethylene (Teflon)




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.

a b
electrode -Q
d &t dielectric 1 electrode
1 ++ + ++++ + |+0 X(t) dielectric 1
+ + + + +
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dll === ===-" -0 dielectric 2
2 & dielectric 2 electrode
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primary electrode h I
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gl g
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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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2.2.2 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

Q

F=gor (2-13)

where Q is the value of transferred charge between the two electrodes, S the area of the
electrode, £, the permittivity of the vacuum (8.854 x 102 F m?), and &, the relative
permittivity (i.e. dielectric constant) of dielectric material. The electric potential difference

(4V) between two electrodes can be thus given by

AV = E; dy + E; dy + Egr x(t)
- [_ Q dl] N [_ Q dz] N [SZE_Q x(t)] (2-14)

S €0 &r1 S €9 &r2 0
d d ox(t
=—i(—1+—2+x(t)>+ ®
S€ \&1 & €o

where d; and d, are the thickness of the two dielectric materials, x(t) the distance

between two contact surfaces, t the time, o the triboelectric charge density, and ¢, and ¢,
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the dielectric constants of the two dielectric materials. (In the conductor-to-dielectric
structure, t1/e1 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

g

x(t) (2-15)
0

Voc = —
oc €

From the experimentally determined V.. of each triboelectric generator, the theoretical
triboelectric charge density (o) can be estimated by

Voc €0

7T %0

(2-16)

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

_ So €r1 &2 x(t)
dl Er2 + dZ &r1 + &r1 &2 X(t)

Qsc (2'17)

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

structure, Qs is given by

_ Sox(t)

%C_d+x@)

(2-18)

Since we can measure the short-circuit current (lsc = dQsc / dt), the Qs is also calculated
using the integration of experimentally achieved ls.. (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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(2-19)

where FOM; is the dimensionless structural FOM, E,,, the largest possible output energy

per cycle, and x,,,,, 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 (E;) 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

o
E =

[f(d) = f(x + d)] (2-20)

T &r

where

f(d) = arctan < (2-21)

1
2(d/L)[4d?]I* + 2>

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

can be calculated by

o di+x o dy+x

Voc = T ey [M(d)]dl + T [M(d)]dz (2-22)

Er2

where
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L
M(d) =x arctan( )
2d\[4d? /12 + 2
(2-23)

L <1+ 4d2/L2+2>
In

W \—-1+./4d?/L? +2

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

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

o S [e- M@ + - M@

Qsc = (2-24)

1 1 di+dy+x
(6 +52) M@y

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 (w) should be matched with the characteristic frequency of the
circuit (1/RCiwi). By matching the resistance-capacitance (RC) product to w, the device
FOM (FOMgevice) for the maximum power density is defined by

o%-v

FOMdevice = 0064 * (2'25)

€o

where v = wx,,4, /7 IS the average speed of the mechanical motion. It shows that ¢ 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’.
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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 (E, .) of each layer is defined by

ZBQUt
p = 9 (2-26)
& S

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

£, t) = e‘% (x_’frEi't) (2-27)

oV2n

where u is the electron mobility in the dielectric materials, and ¢ the standard deviation.

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

esan = P [0 @0 =auo | £GO (2:29)
0

iAx

22



where Ax 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).

Q, (a.u.)

Q. (a.u.)

static

optimum

Thickness (a.u.) Thickness (a.u.)

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

_&& S

c=2° (2-29)

where &, 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 ls) 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, Fe = E X Q) and dielectric thickness (d) is simply

derived by Coulomb’s law:

ke q Qsc

Fo=—7— (2-30)

where k., the Coulomb’s constant, q the triboelectric charge, and Q. 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 Q. can
be moved through the electrode because F is inversely proportional to the thickness. In
contrast, when the dielectric layer is too thin, triboelectric charge with drift mobility (u)
can easily be moved and combined with charge in the electrode by electric field, resulting
in low Q. at the equilibrium condition. These results indicate that there is an optimum
thickness for the maximum Q. (b). Considering that 4 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.

2.2.3 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
COs, Og, and NOs'. (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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lon-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 (omax). The
relationship between omax 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 omax 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 omax-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 Qs 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 uC/m?) 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 (SAMSs) 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, -NH,, 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 (-NH., 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 (e,., 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 hanocomposites 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 (BaTiOs) 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 BaTiO3z nanoparticles. Based on Maxwell model, the &, of
composite (& composite) 1S given by

Er NPs 42

r,polymer
Er composite = Er,polymer |1 + 3<pf/ WZ — @y (2-31)

<‘:r,polymer

where & ,,01ymer 1S the relative permittivity (i.e. dielectric constant) of the polymer matrix,
@y the volume fraction of nanoparticles, and &, yps 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
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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 (&= 1) in the pores reducing the total
dielectric constant of the nanocomposite (& composite)- A triboelectric generator with a
high-k polymer dielectric was proposed by Lee et al (Fig. 2-7¢).[68] Instead of adding
inorganic nanoparticles, the ¢, of PVDF layer was controlled by a poly(tert-butyl acrylate)
(PtBA) grafting ratio. Due to the m-bonding and polar characteristics of the ester functional
groups in the PtBA, the PtBA-grafted PVDF was mainly composed of a-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 (CNTSs) ‘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), Pl 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 (MoS;), 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/MoS./PI
structure exhibited 120 times greater power density than that of the device without MoS,.
A titanium oxide (TiOy) 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
TiOy 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/TiOy double-layer relative to that of single-layered PDMS device.

2.2.4 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:

e 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.

e 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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o 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.

e 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.
2.3 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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2.3.1 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 (T4) 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 B-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 electronegativity®, 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 PVVDF is called B-phase, and it exhibits ferroelectric behaviour
due to the net polarization. Including B-phase, PVDF has at least four different crystal
structures (the a, B, y and -phases).[77], [78] The a-phase is thermodynamically the most

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

® 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. y-PVDF has a chain conformation
in between that of the a and pB-phases, and also shows ferroelectric behaviour. However,
the y-phase is experimentally hardly accessible because it requires extreme temperature
control and high pressures. The 8-phase is a polar version of the a-phase and shows
ferroelectric property. 5-PVDF is synthesized from a-phase sample by electro-forming with
high electric field (170 MV/m).

The most common and widely-studied ferroelectric 3-phase PVDF can be achieved
via biaxial stretching or electrical poling with a high electric field (~ 130 MV/m) of thick
a-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 (T¢).[10] In the case of B-PVDF, the polarization is stable up to melting
temperature (Tn) because the T¢ (~ 195 °C) is higher than the Tr, (~ 166 °C), and it enables
the high temperature operation of PVDF-based ferroelectric devices.[77], [79]

2.32 P(VDE-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, flexibility” and chemical stability to PVDF.
Additional side group of PTrFE helps the polymer crystallize into the ferroelectric 3-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.

" 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 T 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) da1 (pC/N)
PVDF 195 175 20~ 28
P(VDF-TIFE) 110 150 12

2.3.3 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 T.and T, 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.

2.4 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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2.4.1 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.
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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=0 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) a, o’ and
B phases; (2) pseudo-hexagonal phase (y, ', 6, 8').[87] The triclinic a-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 a’-phase has been achieved by slow cooling (~ 2 °C/min) of melted
Nylon-11.[88] It shows almost identical crystal structures to the a-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 a'-phase at room temperature are very similar
to the a-phase. However, the o/-phase can be assumed to be a defective a-form because the
calculated crystal perfection index value of o' is lower than that of a-phase (Appendix
B4).[89] In addition, the reversible phase transition at high temperature, as known as the
“Brill transition”, is observed only in the a’-phase, indicating that the o’-phase is a thermally
tunable (i.e. unstable) crystal structure.[89] The B-phase was not found to be distinct,
probably involving a small modification of the a 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 y-form are slightly contracted from that of the fully extended planar zigzag
found in the a-form of Nylon-11. Kawaguchi et al. found that the £ angle in the pseudo-
hexagonal y-phase was 118.5° (rather than 120° for perfect hexagonal crystals).[81] The -

and &’-phases, like y, have a pseudo-hexagonal crystal structure. The 5-phase can be viewed
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as the high temperature a-form, as they are the result of the Brill transition in o’ 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 -phase; the sheet-like structure from the a’-phase may or may not be
preserved above the Brill transition temperature. The 6'-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 6- and &'-phase has never been investigated, but d'-phase is
presumed to be a less ordered 3-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) =26 (°) d (A
- L (001)=75 11.7
" triclinic Err:sccl)fltated from solution in m- (200) = 20 444
(210/010) =235 3.79
(001)=7.4 11.9
o triclinic Melt and slow cooling (200) = 20.4 4.35
(210/010) = 23.4 3.80
(010) =5.89 15.0
b monoclinic Precipitated from solution in (001)=12.2 7.25
triethylene glycol (TEG) (200) = 20.08 4.42
(210) =20.94 4.24
Solution casting from (001) =5.91 14.9
v monoclinic trifluoroacetic acid (TFA) based | (200) = 21.34 4.16
solution (220/020) = 21.87 4.06
(020) =6.01 14.7
pseudo-
Y hexagonal Solvent treatment on a-phase (200/210) ~21.5 4.13
(001)=22.4 3.97
v E:ii:g;]al Solvent treatment on 8'-phase 5(1)8(2); ; ;ig 1(1)2
. , (001)=7.4

5 pseudo- High temperature phase of a’- (200), (210/010) = 11.9
hexagonal phase 4.21

21.1
, smectic pseudo- . . (001)=7.2 12.2
) hexagonal Melt and ice-quenching (hk0) = 21.6 411
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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 unit cell parameters parallel/
: Ref.
structure a(A) | b(A) | c(A) | a(deg) | p(deg) | y(deg) | anti-
9.6 4.2 15.0 72 90 63.5 A [83]
9.81 465 | 14.45 68.5 90 66 A [84]
S 98 | 525 | 149 | 505 90 72 A [89]
952 | 535 | 149 | 485 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 p 275 |15 | 802 90 65 90 A [81]
952 | 149 | 4 90 675 90 A [82]
Monoclinic y 948 | 294 | 451 90 1185 90 A [81]

In particular, unit cell parameters of a-phase have been studied dominantly because
a-phase is the most stable and basic crystal structure of Nylon-11. There were two main
debates regarding chain conformation and configuration of a-phase. First, literature evokes
the chain conformation of both fully extended chain and zigzag chain around a single bond,
corresponding to ¢ value of 15.0 A and 13.1 A, respectively. However, a majority of studies
have suggested that a-phase Nylon-11 has a fully extended chain conformation with the ¢
length of around 15.0 A. 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 &’-phase has been investigated extensively. This is because sparse and randomly
oriented crystal structures with less hydrogen bonding in pseudo-hexagonal phase (y, v, 6,
d') enabled field induced dipole reversal.[95]-[97] Whereas, in the case of a-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.

2.4.2 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 o’ and smectic pseudo-hexagonal &'-phase Nylon-11
displayed a phase transition around 100 °C inducing the formation of pseudo-hexagonal 6-
phase, and they became triclinic a’-phase during the cooling process. In contrast, the a-
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 8-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 &’-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 o'-phase.[102] The
influence of stretching on the molecular orientation was proved by Wu et al.[101] They
showed that the remanent polarisation of &’-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 a’-phase dipole realignment is too high due to the well-ordered hydrogen
bonding, while melt-quenched &'-phase could be poled without breakdown and showed
much improved piezoelectric constants (ds1) of 3 pC/N. In 1984, the effect of uniaxial
drawing on piezoelectric response was reported by Mathur et al.[105] In both o'~ and &'-
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 &'-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 &’-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 ds; value at high temperature.[107] At a temperature between 100 and 200 °C,
stretched and poled &'-phase exhibited ds: value of 14 pC/N, which was much higher than
that of PVDF (~ 5 pC/N). Furthermore, this sample displayed little decay of ds; 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 &'-phase film, ds; 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/m? was achieved from the cold-drawn or low-
temperature annealed (< 100 °C) &'-phase samples. In contrast, a’-phase and high-
temperature annealed 8'-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 &'-phase
containing distorted conformation into all-trans triclinic a’-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 o'-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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2.4.3 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 a-, defective triclinic o'-, and metastable pseudo-hexagonal &’-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 o'- or &'-phase to 4-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:

e Harsh processing condition for o&'-phase fabrication. Such piezoelectric and
ferroelectric properties of Nylon-11 were achieved only in the pseudo hexagonal &'-
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 &'-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 &’-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 d'-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.

2.5 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]

2.5.1 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.
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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.
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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.

2.5.2 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.

2.6 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.

2.6.1 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.

2.6.2 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.
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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 - limited length of nanocylinder

- template embedded structure
Electrospinning - preferential crystal orientation - less-uniform morphology

- continuous process - high-voltage process

- unlimited nanowire length
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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2.6.3 Fundamental principles

Template-wetting method involves the mechanisms of wetting, capillarity, and
hydrodynamic flow of liquids in cylindrical pores.

vapour

solid rs

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 (). In this case, three different

interfacial tensions need to be considered (Fig. 2-14):

e The surface energy of the solid (ysv)
e The surface tension of the liquid (y.v)

e The solid-liquid interfacial energy (ys.).

The 6 is determined by the balance of these three interfacial tensions of ysv, yLv, and psi, as

is defined by Young’s equation:

cosg =YV ¥t (2-32)
Yiv

If & < 90°, wetting will occur, while a system is non-wetting if 6 > 90°. These wetting
regimes can be classified differently according to the spreading factor (S),[140]-[142]
which is defined by

S =Ysv —VsL — Vv (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 8. When the

substrate has a high surface energy (ysv = 0.1 ~ 0.5 J m?)[143], such as glass, metals, metal

oxides, and ionic crystals, liquid with low surface tensions (y.v 4, 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 (ys.) 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 (4p) across a hemispherical meniscus can be described by the

Laplace equation:

_ 2ypy-cosf

Ap (2-34)

r

where r is the pore radius. Thus, if 8 < 90° (wetting condition), infiltration occurs
spontaneously, and if 8 > 90° (hon-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:

. t - 0
x(t) = JT Yy o cos (2-35)

where x(t) is a time-dependent displacement of liquid in a cylindrical pore, t the time, u 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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% _Tr yL:M-xcos 0 (2-36)

Because the 4, 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.

2.6.4 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 (AT,,) can be explained by Gibbs-

Thomson equation:
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ATy =T — T(d) = dApr
s

(2-37)

where T, is the normal melting point of bulk, T,,(d) the melting point of resulting
nanomaterials, yg; the surface tension of the solid-liquid interface, d the size of resulting

nanomaterial, AH; the bulk enthalpy of fusion (per g of material), and p the density of the

solid.[150] According to the equation, T,,(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 Il and Il of anthranilic acid were observed in 24 nm
template, and only form Il was observed in 7.5 nm due to the critical nucleus size.[157]
Crystal phase transition of P\VDF in the nanopores was also observed.[158], [159] Garcia-
Gutierrez et al. showed that the arrays of isolated ferroelectric y-phase nanorods connected
by paraelectric a-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 B-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, B-phase nanorods with preferential crystal orientation could be
achieved. In contrast, a-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 (ys.) 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 ys..[164] The surface treatment
by 3-aminopropyltriethoxysilane (APTES) resulted in stronger interaction between the
hydrogen atoms on NH- 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 B-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 y-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.

2.6.5 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:

e The melting and crystallisation temperature decreases with pore size reduction, and
such thermal behaviours are noticeable at small pore sizes.

e 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.

o 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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e Polymer crystallisation in the nanopores can be affected by temperature and interfacial
interaction, manipulating polymorphism or nanostructures.

e 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

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.

3.1 Fabrication

3.1.1 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 o'- and &'-phase Nylon-11 film. Nylon-11 pellets

(molecular weights (My) 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 a’-Nylon-11 film. &'-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 pL ~ 1,000 uL, eppendorf), 800 uL 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 a-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 3'-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,
o'~ and &'-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 a-, a’-, and &’-phase. (2) 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 a-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 a’-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 &'-phase with the lowest crystallinity of 38 %.
Fig. 3-2 displays the surface morphology of a-phase Nylo-11 film as measured by SEM. It

shows a rough surface with grain boundaries between spherulite structures.

63



Fig. 3-2 SEM image of a-phase Nylon-11 film fabricated by drop-casting and slow-cooling method.
Microstructure shows the spherulite structures of Nylon-11 with grain boundaries.

3.1.2 Nanostructured polymer fabrication method

Polymer nanostructures were fabricated via melt-pressing or template-wetting
methods using anodic aluminium oxide (AAQO) template (Whatman). The diameter and
length (i.e. template thickness) of pores in the AAO template are about 200 ~ 250 nm and
60 um, 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 a’- and &'-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 6’-phase (melt-quenched sample),
XRD patterns of both melt-pressed nanostructure and film were almost the same.

Intensity (a.u)

5 10 15 20 25 30
20 (°)
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, o’-phase nanotubes seem straight
(Fig. 3-6a~c). In contrast, &’-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 ~ €)
o’-phase and (f ~ h) 8'-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.

a b Gas flow C
AAO template o Closed + Heating

i ti

= | g
Aigh-wt% solutio™

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.

Nylon-11 solutio®

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. 5wt % 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.

3.1.3 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 (1JP)
techniques.[172], [173] However, AJP offers a more versatile alternative to EXP or 1JP,
especially in terms of the selection of suitable materials for deposition. Because while EXP
and 1JP 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 pm).

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]

0] 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 um in
diameter.

(i) 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 wm, 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.

a b N, carrier gas
To dep-head E

Ink loaded N,
= Ink loaded N,

Ink aerosol Ink aerosol

Ultrasonic energy

Dep head
\\‘y
Sheath gas Ink |
\ Sheath loaded |
935 gas |

S
=
Substrate /

| Platen

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]

aerosol

ultrasound .

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 um (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 um. 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]

Atomizer ¥ Virtual impactor
carrier
4 | aerosol °- VO ‘
I s ' Q-P '“P
aerosol ©.0.-90.0

@ aerosol
» gas / solvent

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.

chamber

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 (R.) 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.

aerosol jet sheath gas

\ /
X ¥

¥
I

Re—»

<

diet

nozzle

»

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 dje: indicate the radius of the nozzle and aerosol-jet diameter,
respectively.

Based on the assumptions, the flow profile U(r) is defined by

2
U(r) =v,—vs = % X (1 - %) (3-1)

where v, is the velocity of aerosol-jet gas, v, the velocity of the sheath gas-flow rate

aerosol-jet flow rate, V; the sheath gas-flow rate, and R the channel radius of the nozzle. By

integrating Eq. (3-1), the aerosol-jet diameter dje: can be calculated by
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where FR is the focus ratio (FR = Qs/ Qa).

Eg. (3-3) shows that the aerosol-jet diameter dj: (= 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 (Q.), 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 um and 250 um 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* and 60 °C for the conductive
electrode; and 10 mm st 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).

150+ . FR=8
.. FR=7

£ . FR=6
S 100} .. FR=5
L . FR=4
o . FR=3
S0t . FR=2

. FR=1

0

Q, (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 Q. 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 V, of around 25 sccm had to be reached in order to produce a
continuous line. For each value of the V,, 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 V, 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]

3.2 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.

3.2.1 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
Ka radiation, A = 1.5418Au). 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 AAOQ. Silicon peak at 32.96° was also observed as hanowires
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.

32.96° support ring Si
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Fig. 3-13 Background XRD. (a) highly p-doped Si wafer displays only one distinct sharp peak at 26
= 32.96° within the scanning region from 26 = 5 ~ 40°. (b) AAO template shows a broad amorphous
peak around 26 = 28.5°. Additional peaks of supported polymer rings are detected at 26 = 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 20 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.

4 NW without AAO NW within AAO

| (200) 210) %

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 () with a scattering vector (g). (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* contains the amide V and V1 bands. The 1000 ~ 1400 cm™ region
is characterised by the progression bands from the methylene segments. The amide I and
I1 bands occur at the region 1500 ~ 1700 cm, and the IR spectra around 1640 ~ 1680 cm*
is assigned to amide | mode, which is conformationally related to dipole-dipole
interactions.[189] As a result, deconvolution of amide | 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™ 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™ peaks.
Lastly, the 3300 cm™ 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™) of the infrared bands of Nylon-11

peak position

region assignments (cm ™)
amide A NH stretching 3309
the overtone of amide | 3275
combination of amide | and amide I1 3197
CHg stretching antisymmetric stretching 2923
symmetric stretching 2852
amide | non-H bonded (free) 1676
H-bonded (disordered / amorphous) 1646
H-bonded (ordered / crystalline) 1638
unassigned 1623
amide Il H-bonded 1558
H-bonded 1540
free 1516
CHg scissoring NH-vicinal CH scissoring 1477
CH. scissoring (in-phase) 1469
CHj scissoring 1457
CHj scissoring 1437
CO-vicinal CH scissoring 1419
amide 111 amide 111 1374
CHj; 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:

. AHp,
Crystallinity (%) = AL %X 100 (%) (3-4)

m

where AH,,, and AHY,are the equilibrium heat of fusion enthalpies of the samples and the
perfect crystalline states, respectively. AH,, is achieved from the area under the DSC

melting peak. In the case of Nylon-11, AHY, is around 189 J/g.[99]

3.2.2 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™ were used.

1) Kelvin Probe Force Microscopy

Kelvin probe force microscopy (KPFM) has been used to quantify the work
function (¢ ) 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 (zn). (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 (z») and performed the second scan in LiftMode™ whilst maintaining a
constant separation (z,) of the cantilever from the measured topology. (The z, 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 (= V. sin wt)
is applied directly to the tip, where V. is the alternating current (AC) voltage amplitude,
w 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:

1
U= EC(AV)Z (3-5)

where C the local capacitance between the AFM tip and the sample, AV the voltage
difference between the two. Since the AV consists of direct current (DC) and oscillator

induced AC component, AV can be described as follows:

AV = AVDC + VAC sin wt (3-6)
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where AVj, includes applied DC voltage (V) from the feedback loop, work function
differences (Vqpp), surface charge effects, etc (V,;.). The electrostatic force (F,;) between

tip and the sample can then be expressed as a function of the separation distance (z):

_10C

Fe = >3y (AV)? (3-7)

This means that the local surface potential can be achieved by varying the V- applied to
the tip. Between tip and sample, if AV is non-zero, the cantilever experiences F,;, and
amplitude can be detected during vibration. However, if AV become zero by adjusting Vp,
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 (¢) 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 (¢,) to the material with higher work
function (¢,) to equalize the Fermi energy level (Erf). 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

(¢p2 — ¢1) between the two materials. Therefore, voltage induced by CPD (V.pp) is given
by

¢2 - ¢1 _ ¢sample - ¢tip

e e

Verp = (3-8)

where e is the elementary charge (= 1.60217662 x 10 C). To measure ¢ of a material, ¢
of the AFM tip needs to be measured using a reference material. Using a MESP-RC-V?2 tip,
the surface potential of a reference gold (Au) film with ¢ ~ 5.1 eV was measured (Fig.
3-16). An average V¢pp 0f 462 mV is obtained, and ¢.;,, of 5.84 eV is calculated. Now, ¢
of samples can be measured by KPFM as long as the same tip and lift scan height (z) 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 um/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 V. sin wt 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 dss 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 dis coefficient and causes a torsional bending of the cantilever

changing in horizontal deflection of laser.
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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.
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Fig. 3-18 PFM characteristics of calibration sample (LiNbOs3). (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 V2. The slope of the resultant trend (~ 0.62

mV/V) and the piezoelectric coefficient of LiNbO; (ds3 = 7.5 pm/V) allows us to calculate

a vertical sensitivity of 82 pV/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]
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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]

4
F—Fagn = §E*,/R(d —dy)3 (3-9)

where F — F, 4y, is the force on the tip relative to the adhesion force (F,41), E* the reduced
modulus, R the tip end radius, and d — d, the deformation of the sample. E* can be
described by

-1

— 2 — p2
. [1 V¢ N 1 Uap] (3-10)
Es Etip

where vy is the Poisson’s ratio of the sample, E; the Young’s modulus of the sample, v,
the Poisson’s ratio of the tip, and Ey;;, the Young’s modulus of the tip. If we assume that
Eyip is infinite, the E; can be calculated using v,. (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])
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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. () 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.

3.2.3 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 um)?. 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-eo- A) / d where k is the dielectric constant, & the

permittivity of vacuum (8.854 x 1012 F/m), A the active measurement area (= 90,000 pm?),
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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.

3.2.4 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.

Assiste@ow
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\\
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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 um 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 a-phase and the &'-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 a-Nylon-6, y-Nylon-77, a-Nylon-66 and a-
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 a-phase Nylon-11 was established based on the a-phase Nylon-6,10 study by
Bunn and Garner.[204] The initial a-Nylon-11 chain was extrapolated from an a-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 a-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 o-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® bA) cA) «© BC© Y
Reference (@) [205]  9.65 525 149 505 900 720
Modelling (c) 975 515 151 515 900 710

The approach to the smectic pseudo-hexagonal 8'-phase Nylon-11 model was

different from that of the a-phase, as literature on its structure is less common.[93] The
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initial unit cell of 3'-Nylon-11 was created using the atomic coordination of hexagonal y-
phase Nylon-77. The a and b parameters were kept the same for the Nylon-11 model and
the ¢ 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 8'-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 &'-phase is random along the chain, so the simulation was
set up to intentionally ignore electrostatic effects.
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Chapter 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.

4.1 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.
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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 um, 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.

Thin top layer

Y o

AAO tem plate

- Thick’bottom layer

50um

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 um 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 um (Fig. 4-3¢) 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 um 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.
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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).

% frequency
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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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4.2 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 20 = 21.6°, along with weak diffraction of 20 = 6.2° and 22.8".
Interestingly, these are unreported peak configuration. Although the 20 = 21.6° peak is
reported as the main peak of pseudo-hexagonal phase, 26 = 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.
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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 (&) with a scattering vector (q).

The relative intensity between 20 = 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 20 =
22.8° as compared to the XRD pattern of the corresponding template-freed nanowires. In
addition, the intensity of the peak at 20 = 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 20 = 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™ comprises the amide V
and VI bands, whereas, the 1000 ~ 1400 cm* zone is sensitive to the methylene segments.
The region 1500 ~ 1700 cm™* contains the amide I and 11 bands and is characteristic of N-
H bending from ordered, disordered, and free N-H groups and C=0 bonds. The regions
typical to hydrogen bonding are from 1600 to 1800 cm™ and from 3000 to 3600 cm™.[134]
FT-IR of Nylon-11 pellets showed intense bands resulting from the absorption of active
H20, CO and CO, molecules.[188], [189] Stretching and bending of C=0 and O-H units
gave rise to strong FT-IR signals between 1700 ~ 2300 cm™ and 3200 — 3600 cm'?, thereby
suppressing the bands from Nylon chains. Both the pellets and Nylon-11 nanowires showed
sharp bands observable at 1469, 1543, and 1643 cm'* due to intense N-H stretching in amide

groups. A strong transmittance band ~2352 c¢m? in the nanowire sample was due to
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absorbance of CO2molecules in the AAO template for the template-protected sample. A
slight difference between the ratio of the bands at 2852 and 2925 cm™ was observed
between Nylon-11 pellet and nanowires, which can be assigned to symmetric and
antisymmetric CH: stretching, respectively.[187] The amide A band occurring at about
3310 cm™ 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.

4.3 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 T, = 189.5 °C was recorded for Nylon-11 pellets as well as spin-cast
Nylon-11 film (Tm ~186 °C). In contrast, in the case of template-protected nanowires (Fig.
4-7, orange), the melting peak split into two distinct peaks, at 183.9 °C and 186.9 °C,
corresponding to typical melting points for a- and &'- phases respectively.[209], [210]
However, it does not indicate that Nylon-11 nanowires fabricated by the conventional
template-wetting method are a- or &'- 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 °C and 189 °C,
respectively. During the DSC cooling cycle (Fig. 4-7b), Nylon-11 nanowires (both
template-protected and freed) recrystallized at a relatively higher temperature (~167 °C) as
compared to the Nylon-11 film and pellets. The higher Tr, 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]
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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.



4.4 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 uW cm
was observed under impedance-matched conditions across a load resistance of ~ 10 MQ
(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. (2)
~ (d) are taken from the author’s work from Ref. [208], reproduced with permission from John Wiley
and Sons.

60 Area=0.8871

i=N
o
T

o

0.0 0.2 04 0.6 0.8 1.0
Time (s)

Fig. 4-10 The change of power according to the time under 10MQ 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 (x"),[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 MQ load
resistance. Calculated electrical energy is 9.07 x 10" J when integrating and averaging

over 20 cycles. The strain energy can be calculated as

1
Strain Energy = EA Le*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 um), ¢ 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 x 108J. " is thus found to be 1.47%.

The mechanical-to-electrical energy conversion efficiency (x),[18] of Nylon-11

nanowire is given by

electrical work perfored by element

= 4-2
X 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 T, 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 x 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.
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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.

4.5 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

o'-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 a-phase,
while &'-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 &'-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 6’-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 &’-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.

5.1 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 “d'-phase”, where this structure
allows for easy aligning of the dipole moment.[95], [96] This &’-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 8’-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.
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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 &'-
phase crystal structure. We find that the presence of the &’-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 6’-phase Nylon-11 nanowires, the AAO template was placed on top ofa 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 c¢m and thickness ~ 60 pm) 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 pum 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.

5.2 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 &'-phase typically
showed broader reflection peak at 20 ~ 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 26 = 22.6° with a very weak
&'-phase peak (20 = 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 &'-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 ’-phase Nylon-

11 nanowires.

In order to compare the crystallography of the nanowires, melt quenched Nylon-
11 films with &'-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 &'-phase peak at 28no = 21.6°, the 8'-phase nanowires that were grown using the
GANT method exhibited a 6’-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 6’-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 &’-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. 5-5¢). The velocity of the turbulent gas-flow, evaluated 10
nm above the surface of the solution, was 36 um/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 (~ 200 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.
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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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5.3 Self-poled 8'-phase nanowires through GANT method
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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 8'-phase nanowires was measured using room
temperature FT-IR spectroscopy (Fig. 5-7). A template freed &'-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™ contains the amide | and Il mode and is assigned to
hydrogen-bonded or free amide group. The band at 3300 cm™ (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™ is shown in Fig. 5-7 for both stretched film and nanowires,
containing the amide | and amide Il bands. In this region, two materials show similar
intensity except for 1635 cm™ band because the conformation in the amorphous phase is
expected to be the same.[93] The 2920 and 2850 cm* bands of both materials are assigned
to the antisymmetric and symmetric CH; stretching modes of the methylene groups,
respectively. The significant differences in the absorption intensities of the N-H stretching

modes at 3300 cm™ and C=0 stretching modes at 1635 cm™ show direct evidence of
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molecular ordering. Considering that the peak intensity of &’-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 6’-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 &'-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.
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Fig. 5-8 (left) KPFM potential images of the melt-quenched Nylon-11 film and the top surface of
the self-poled &'-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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5.4 Nanowire-based triboelectric generators

A triboelectric generator was fabricated using self-poled &'-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.

a b C

Aluminium Nylon film Nylon NWs
(melt-quenched) (GANT method)

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-m2 than from the Al-based generator. The self-poled &'-phase nanowire based
triboelectric generator displayed further enhanced output performance with a peak Voc of

~ 110V and a peak Jsc of ~ 38 mA-m~2likely 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 &’-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.
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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.

125



The electrical power output of the triboelectric generator was measured across different
resistors. The peak output power density of 1.03 W-m2, 0.19 W-m2, and 0.099 W-m2 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 MQ
(Fig. 5-11a-c). 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 8'-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.
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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~ 12V 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 MQ) 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.
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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 §'-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 &'-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 &'-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.

0 0.5 1 0 0.5 1

Time (sec) Time (sec)

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 &'-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-m2),
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.
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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 6'-phase nanowire-based on triboelectric
generator, a 470 uF capacitor was connected to the device using a full-wave bridge
rectifying circuit (Fig. 5-15). The &'-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 uC-min™. 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).

In the dark

Fig. 5-16 LED lightning test for &'-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 (A7) between two electrodes can be given by
AV = Eltl + Eztz + Eaird
_[__«@ [ @ So-Q
- [ S€0Er1 tl] [Seoe,«z tz] + [ S€&o d] (5'1)

=_i(t_1+t_2+d)+a_d

Sgo \&r1 €2 £o

where E is electric field strength, t; and ¢, 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, o is the triboelectric charge density, g, is the vacuum permittivity, and
&4 and g, are the relative permittivity (dielectric constant) of dielectric materials,
respectively. In the conductor-to-dielectric structure, ti/er1 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 = — (5-2)

Using experimentally determined Vo of each triboelectric generator, we can obtain a

theoretical triboelectric charge density (o).

(5-3)

When d is maximum (0.5 mm) and o of Al, the melt-quenched Nylon film, and the

nanowire-filled template are 0.78, 1.06, and 1.95 uC m, 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) &'-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 (o) 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) &'-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

Sode 1€,

Qsc (5'4)

t1&rp + A8 + 16

The value of Qs 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 uC m? for Al, melt-quenched Nylon film, and the
nanowire-filled template, respectively. The transferred charge (Qs) are also calculated
using the integration of short-circuit current (lsc) (Fig. 5-18). The dimensions which used

for the calculation are summarised in Table 5-1.

132



C

10+ 10¢ 10F
< s} < st < st
= 0 Area=-0.0413 = 0 Area=-0.05522 = Area=-0.07074

Q Area=0.04078 Q Area=0.05349 Q Area=0,07243

2 sl 2 &l 2 sl

10 10f 10

1.85 190 195 200 205 9.00 9.05 9.10 9.15 13.15 13.20 13.25 13.30 13.35
Time (sec) Time (sec) Time (sec)

Fig. 5-18 The short circuit current (lIsc) of various triboelectric generators: (a) Al, (b) melt-quenched
Nylon-11 film, and (c) &'-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
th thickness of PTFE 100 pm
t2 thickness of Nylon film & AAO template 60 pm
S surface area of the electrode 3.14 cm?

Vocal Voc of Al-based device 40 \Y

Voc film Voc of melt-quenched film-based device 60 \%

Vocnw Voc of 8'-phase NW-based device 110 \%
€0 vacuum permittivity 8.85E-12 Fmt

&r film relative permittivity of Nylon-11 film[208], [218] 3.7
£r.AAO relative permittivity of AAO template 9
ErNw relative permittivity of oriented Nylon[208], [218] 4.5
ErPTFE relative permittivity of PTFE 2.1
Py spontaneous polarization of Nylon-11[217] 55 mC m?
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5.5 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 &'-phase Nylon-11
nanowires, as a rarely synthesised tribo-positive material. Assisted gas-flow controlled the
crystallisation speed, resulting in the o&’-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 timesand ~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

a-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 §'-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 a-
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 a-phase restrain the dipole rotation up to the point of
electrical breakdown, and this is why a-phase has been known as a ‘polar’ but ‘non-
ferroelectric’ phase.[103], [106]

In this work, we have developed a-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 a-phase Nylon-11 nanowires has been
achieved for the first time without any external electrical poling. To demonstrate the
formation of well-aligned a-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 a-phase nanowires,
corresponding to high-intensity spontaneous polarization, was measured directly by KPFM,
indicating that the P, of non-ferroelectric a-phase is much higher than that of the
ferroelectric &'-phase nanowires. The robust thermal stability of the spontaneous
polarization in a-phase nanowires is also confirmed by surface potential changes before
and after thermal annealing. As a practical trial, we introduced a-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 6'-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.

6.1 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 o and o', monoclinic B, pseudo
hexagonal vy, 6 and §'.[78], [89] As mentioned, the pseudo-hexagonal phases (such as 3'-
phase) display ferroelectric properties due to sparse chain packing and random hydrogen
bonding. As Fig. 6-1a and b illustrate, the un-poled &'-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 a-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 a-phase is ‘polar’.)
However, it must be noted that such unidirectional dipole moments of a-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 a-phase sample due to the restraints on dipole rotation up to the electrical
breakdown. As a result, the net polarization of pristine a-phase (bulk) sample is much

smaller than that of electrically poled &'-phase sample.

So how high can the spontaneous polarization be, when dipoles in a bulk a-phase
are fully aligned? To evaluate the maximum spontaneous polarization in Nylon-11, we
estimate the “ideal” P, values of perfectly aligned &'-phase and a-phase. To a first-order
approximation, the P, 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 x 10%° C mand 101 x 10 C m are obtained in a pseudo-hexagonal
&'-phase and triclinic a-phase respectively. In the case of 6'-phase, assuming a crystallinity
of about 40 %, the calculated P; is 3.2 pC cm?; this is in good agreement with the
experimentally determined value of about 2.5 uC cm?.[101] In contrast, a-phase with the
same crystallinity shows the P, of 7.5 uC ¢m™, meaning that fully aligned a-phase would
have much greater spontaneous polarization than that of electrically poled &'-phase. This is

because the fully stretched chain structure in the a-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 a cell is much smaller than that in pseudo-hexagonal 6'-
phase. Lastly, from a realistic point of view, well-defined hydrogen-bonded sheets in a-

phase would enable more aligned and stable dipole configuration.
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Fig. 6-1 Molecular structure and chain packing of Nylon-11. (a, b) Schematics show packing of
Nylon-11 monomeric chains in unpoled 3'-phase viewed along the ¢ axis and b axis respectively.
All molecules lie in a random orientation. (c, d) The crystal structures and molecular packing of the
poled &'-phase. All the oxygen atoms point the same direction. (e, f) Crystal structure of a-phase.
Because o 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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6.2 Thermally-assisted crystal structure control

To align the dipoles in a-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 P, 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 a-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 a-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).
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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 um) 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 20 = 21.6° and 22.8° (Fig. 6-3, left panel, black
line).[208] In contrast, it is reported that an a-phase Nylon-11 film shows two distinct peaks
at 26 = 20°, 24.2°, and one small peak at 7.8°.[89] This result confirms that the a-phase
Nylon-11 with desirable crystallinity cannot be obtained by typical nanoconfinement
method. To achieve the o-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 a-
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 o-phase nanowires, we deliberately varied the temperature and solution
concentration, measuring the crystallite size (Dp). First, D, 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 D, 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 a-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 (Dy) is plotted as a function of (above) temperature and (below) solution concentration. ‘w’
indicate mean D, 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 a-phase nanowires with that of film.
The diffraction pattern of template-freed nanowires (red) displays identical peak positions
with the triclinic a-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 (20 = ~ 21.6°) than those of a-phase
film. Furthermore, the a-phase nanowires have much higher crystallinity (y = 50 %) with
larger Dy (23.4 £ 2.05 nm) than those of film (y =41 %, Dp = 16 £ 1.52 nm). These results
suggest that the TANI method generated highly crystalline a-phase nanowires with larger
crystal sizes compared to the a-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 a-phase nanowires. Considering that the N-H stretching
(3300 cm™) and the amide | (1635 cm™) 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 AAQ 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 a-
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 20(200) = 20° was observed. In other words, the (001) and (210/010) planes would diffract
at 20 = 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) a-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 (6) 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.
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Fig. 6-5 FT-IR absorbance spectra of a-phase (red) template-freed nanowires and (black) film.
Middle and right graphs indicate the infrared spectra near N-H stretching (3300 cm™) and amide |

(1635 cm™?) modes, respectively.
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The molecular simulation results validate the determinations of D, and preferential
orientation in a-phase nanowires (Analytical details are discussed in Chapter 3.2.1). With
the assumption of an ideal (or unlimited) D, and random orientation, the simulated powder
diffraction pattern displays the highest peak at 20100100 = 24.2° with the second highest
peak at 26.00) = 20° (Fig. 6-6, top). However, introducing the experimentally achieved D,
values changes the order of the highest peaks and broadens the diffraction pattern (Fig. 6-6,
middle). Considering the broad diffraction peak (20 = 21.6°) of amorphous region in the a-
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 2600 = 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 a-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 a-phase Nylon-11 with the assumption of ideal/real D, 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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6.3 Spontaneous polarization in a-phase nanowires

It is believed that the spontaneous polarization in Nylon-11 results mainly from
dipole alignment, because the P, 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.
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Fig. 6-7 KPFM analysis. a. AFM topology images of a-phase, 8'-phase Nylon-11 films and
nanowires. The surface of nanowire sample is covered by merged nanowire tips. Scale bar indicates
1 um. 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 P, of ferroelectric materials has
been observed by polarization-electric field (P-E) hysteresis loops, the P, 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 P,. 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 a-phase nanowire sample displays more positive surface
potential (576 mV) compared to a-phase film sample (20 mV). In addition, a much higher
surface potential is observed in &'-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’ a-phase nanowire is much higher than that of
‘ferroelectric’ 8'-phase nanowires. This is in good agreement with our P, calculation results
from molecular simulations, indicating that the dipoles in a-phase nanowire are not only
well-aligned but also better packed than those in the 6'-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 &'-
phase nanowires dropped from 395 mV to 0 mV, while a-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 &'-phase was
manipulated and disappeared by thermal energy, respectively. [89] However, the a-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 &'-phase nanowires, the intensity of 21.6° peak corresponding to (hkO0)
plane of 6’-phase decrease after thermal annealing, while the intensity of peak at 20.4°
increase. In contrast, the peak positions and intensities in diffractograms of a-phase
nanowires before and after 165°C annealing are almost the same (Fig. 6-8b), indicating that
a-phase crystal structure and resulting spontaneous polarization in nanowires are thermally
stable. In summary, these surface potential results imply that the non-ferroelectric a-phase
nanowires exhibit strong spontaneous polarization and good thermal stability relative to

ferroelectric '-phase.
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Fig. 6-8 Comparison of XRD patterns (black) before and (red) after thermal annealing at 165 °C: (a)
&'-phase and (b) a-phase of Nylon-11 nanowires within AAO template. Inset displays the magnified
area from 20 of 18° to 26 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 P, 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 o and &'-phase nanowire samples and rubbed the
middle part of the scanned area using contact mode AFM (Fig. 6-9a, c¢). As a result, the a-
phase nanowires showed a surface potential change of 180 mV compared to the unrubbed

area, while the &’-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 a-phase nanowires than
on the &'-phase nanowires during rubbing via AFM tip. Comparison with the a-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’ a-phase

nanowires are aligned, and the intensity is much higher than that of ‘ferroelectric’ &'-phase.
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Fig. 6-9 Charge accumulation capability of (a, b) a-phase, (c, d) &’-phase nanowires, and (e, f) a-
phase film before and after rubbing process. (a, ¢, €) AFM topology and surface potential images
(left) before and (right) after rubbing process. Dot squares indicates rubbing area. Scale bar indicates
1 um. 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.

149



6.4 Nanowire-based triboelectric generators

Based on a-phase Nylon-11 nanowires, we developed a contact-separation mode
triboelectric generator with the size of 3.14 cm?. An Al film and §'-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-m2. Due to the better charge affinity and self-polarization effect, higher
performance was observed from a &'-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
&'-phase nanowire-based triboelectric generator (Chapter 5). The self-poled a-phase
nanowire-based triboelectric generator displayed further enhanced output with a peak Jsc
of ~ 74 mA-m? 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-m2, 1.03 W-m2, and 0.099 W-m were observed

from o-phase nanowire, &'-phase nanowire, and Al-based devices respectively under

impedance-matched conditions at a load resistance of ~ 5 MQ, 20 MQ, and 20 MQ
respectively (Fig. 6-10b, c). The observed output power from a-phase nanowire-based
triboelectric generator was ~ 3 times and ~ 34 times higher than those of &'-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 a-phase nanowire effectively further enhances the surface charge density
of the device. Furthermore, an output power comparison between a-phase and &'-phase
nanowire-based devices illustrates that the much higher P in closely packed and aligned
molecular structure of a-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) &'-phase
nanowire, and (red) a-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 a-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 a-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 a-phase nanowires and the robustness of the
nanowire-based device itself (Fig. 6-11c). It must be noted that the mechanical stiffness of
a-phase nanowires is much higher than that of the '-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 o or &'-phase nanowires, such a stiffness difference implies that the a-phase nanowire

is more appropriate for use in friction-based triboelectric generators.

6.5 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, a-phase Nylon-11 nanowires with preferential crystal
orientation were achieved. The crystal structure, molecular alignment and crystallite size

of self-poled a- and &'-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 a-phase nanowires with higher surface potential outperform ferroelectric &'
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’ a-phase Nylon-11 can be much higher than that of self-poled ‘ferroelectric’
d'-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

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

154



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.

7.1 Nanowire growth mechanism

7.1.1 Evaporation-driven crystallisation

The typical way to obtain bulk or film of Nylon-11 samples is by “temperature-
driven” crystallisation. ® 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 &’-phase film and
precipitation of Nylon-11 solution in 1,4-butanediol with gradual cooling for the a-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.

® 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~* as compared to +31.3 kJ mol™ for acetone, +40.66 kJ mol™*
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)
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Fig. 7-2 XRD patterns of Nylon-11 films fabricated by (black) temperature-driven and (red)
evaporation-driven methods: (a) 8'-phase and (b) o'- and a-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 &’-phase Nylon-11 correspond to the diffraction peaks at 26 = 6.2° and
21.6°, respectively.[89] This confirms that both temperature- and evaporation-driven
crystallisation generated 6'-phase films (Fig. 7-2a). In the case of a-phase, it is difficult to
compare the effect of different crystallisation methods directly as a-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 a’-phase, which is a defective a-phase. In contrast, evaporation-driven
method successfully produced a triclinic a-phase film with three reflections located at 26
= 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 a-phase, the
result of &'-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 §’-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 a-phase film is around 48 %, which is much
higher than that of any reported a-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
v 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 a-phase Nylon-11. In contrast, the room temperature (RT) fast
evaporation (iii, TXEo) and RT natural evaporation (iv, TXEx) samples showed similar
diffractograms to 6'-Nylon-11. Interestingly, the crystal structure of Nylon-11 was changed
from &'- to a-phase by “additional heating”, despite the crystallisation being governed by
evaporation. Considering that the a-phase is the thermodynamically stable phase, this result
indicates that the additional heating is an essential prerequisite for a-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 268 of 21.5°, which corresponds to the &'-phase,
is observed in (ii, HT fast evaporation), indicating that fast evaporation generated a 5'-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
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7.1.2 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.
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Fig. 7-4 Schematics of two different template-wetting methods. (2) 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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7.1.3 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.
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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:

b= 2y(cos 9)
pgr

(7-1)
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where y is the surface tension of the polymer solution, 6 the contact angle of the meniscus
at the pore wall, p 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 y = 0.033 ~0.043 N m?, §=75°~82° p=1.01~1.03gcm? and r =125
nm (pore diameter ~ 250 nm), respectively], the calculated maximum height (~ 2.2 x 107
um) 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 pum). 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 Rycos@
— = (7-2)
dt 4uh

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 u the viscosity of the polymer solution.[142], [148] Because u 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 20 = 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 26 = 21.6° corresponds to the (hkl) plane of pseudo-
hexagonal &'-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. 7-6¢ ii and iii). Fig.
7-6¢ (i) and (iv) displays top and bottom films of this sample. Small spheres of diameter
approximately 5 um on the bottom surface in Fig. 7-6¢ (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 (6) 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 pm.
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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 26 = 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 &'-phase with a dominant peak at 26 = 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 &'-phase formation.
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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 a-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. 7-7¢). 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 &'-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 &'-
phase peak at 21.6° was further increased (relative to the peak intensity shown in Fig. 7-7¢),
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.

167



7.1.4 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 &'~ and a-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. (°C) 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 &'-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 a-phase Nylon-11 nanowires were
synthesized in a loosely sealed petri-dish with heating via the TANI method (Fig. 7-8¢c).
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 °C). 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). a-phase nanowires (orange) were characterized by
three reflections located at 26 = 7.8°, 20°, and 24.2°. These peak positions correspond to
the (001), (200), and (210/010) planes of the reported triclinic a-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 &'-phase nanowires (blue), the diffractograms exhibited two
diffraction peaks at 260 = 6.2° and 21.6°, corresponding to the (001) and (hk0) planes of
pseudo-hexagonal &'-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 a- and &’-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:
a-phase nanowires (orange); &’-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 (g) 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 a-phase nanowires (orange) only showed one distinct sharp peak at 26 =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 &'-phase nanowires (blue),
a single diffraction peak was observed at 26 = 21.5°. The absence of an (001) peak indicates
that the &'-phase nanowires also had a chain direction perpendicular to the template wall. It

must be noted that the d'-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 20 =
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: D, = (0.94 X 1)/ (B cos 8), where D,, is average crystallite size, f is
line broadening in radians, & is Bragg angle, and 4 is X-ray wavelength (= 0.15418 for Cu
K-a). As a result, the a-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 &'-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 a-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 6’-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 20 (°) FWHM Dp (nm)
a 20.10 0.39 21.62
&' 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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7.2 Thermal behaviour

7.2.1 DSC analysis

DSC analysis was carried out to determine the thermal and structural properties of
Nylon-11 nanowires, from which the melting temperature (Tn) and the melt crystallisation
temperature (T¢) 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 a-phase (orange) and melt-quenched &'-phase films
(grey), in a good agreement with reported values.[89] However, when &'-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 6'-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 a-phase showed the melting peak at 189 °C that is 1 °C lower than that of films. The
&’-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 T depression found
in the nanowires in the AAO template would be explained by the Gibbs-Thomson
equation[150], [231]:

4 Ogp Tm

ATm = Tm - Tm(d) = m
S

(7-3)

where AT, is the melting point depression, T;,, the normal (bulk) melting point, T,,,(d) the
melting point of cylindrical nanocrystals with diameter d, o, the surface tension of the
solid-liquid interface, AH; the bulk enthalpy of fusion (per g of material), and p, the
concentration of the solid.[150] This equation is well-matched with the T,,, suppression of
1 ~ 2 °C observed in the nanowires relative to films because AT, is inversely proportional
to d. When the nanowires are freed from the AAO template, the melting behaviour of a-
phase nanowires transited to bimodal melting, maintain the dominant T,, at 189 °C.

Furthermore, the position of dominant melting peak of &’-phase nanowires is altered from
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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) o-, (grey) melt-
quenched &’-, and (blue) solution-based &'-phase films and nanowires. (black) un-reported phase
from nanowires fabricated by conventional template-wetting.

185 °C to 189 °C. The melting behaviour of hanowires fabricated by conventional template
wetting method was also manipulated with the similar trend to a-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
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dissolving process. Interestingly, the T of nanowires (within the AAQ) fabricated by
conventional template wetting method was achieved at 191 °C that is much higher than that
of a- and &’-nanowires. Furthermore, the crystallinity of this un-reported phase of Nylon-
11 is 40 %, which is much higher than that of &'-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 T, of a-phase
film and nanowires are found near 165 °C, and solution-based &’-phase film and nanowires
displayed a T, at around 164 °C. The difference of the T between a- and &'-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, T¢, and degree of crystallinity

() of various phases of films and nanowires are summarised in Table 7-5.

176



Heat flow (a.u.)

Heat flow (a.u.)

Film Cooling
—

o'-film (melt)

o'-film (sol'n)

—\

100 120 140 160 180
Temperature (°C)

NW within AAO

conv.-NW

a-NW

o'-NW

——

NW w/o AAO

W

-/

Temperature (°C)

100 120 140 160 180 100 120 140 160 180

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) a-, (grey) melt-
quenched &'-, and (blue) solution-based &’-phase films and nanowires. (black) un-reported phase
from nanowires fabricated by conventional template-wetting.

Table 7-5 The Tm, Tc, and y 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 y of
nanowires were measured only from the template-freed samples.

phase Tm (°C) Tc (°C) x (%0)
Film o 190 165 48
&' (melt-quenched) 190 158 29
&' (solution-based) 187,191 164 38
NW unknown 191 157, 119
(within AAO) o 189 155, 114
& 184,189 155
NW unknown 187,191 166 40
(without AAO) «a 185,189 166 48
& 185,189 163 38
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7.2.2 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, &'-phase nanowires, and o-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 &'-phase nanowires was also changed after thermal annealing. The
intensity of 21.6° peak corresponding to (hk0) plane of &’-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 &'-phase
nanowire is definitely different with that of &’-phase film. According to the literature,
crystal structure of pseudo-hexagonal &'-phase film is transformed to triclinic o'-phase after
165°C annealing because of molecular stabilization during the annealing.[89] As discussed
in Chapter 2.4, a’-phase has two distinct peaks at 20.4° and 23.4° (Fig. 3-1) without 21.6°
peak. Whereas, &'-phase nanowire still has a 21.6° peak with similar intensity to 20.4°,
indicating that &’-phase crystals are remaining after the thermal annealing possibly due to
the relatively large crystallinity of 8'-phase nanowires than &'-phase films. Lastly, in the
case of a-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 a-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) &'-
phase nanowires and (c) a-phase nanowires. Inset displays the magnified area.
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7.3 Electromechanical characteristics

7.3.1 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.
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Fig. 7-14 QNM characteristics of various nanowire phases. (a) Topology (left) and DMT modulus
(right) mapping of a-phase, 6’-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 a-phase (orange), 8’-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 a-phase nanowire (orange) showed the highest modulus (6.1 GPa),
which is double that of '-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 a-phase
nanowires can be attributed to the crystal structure of a-phase Nylon-11 and the relatively
big crystal size. Since the polymer chains have sufficient time to align and stack up during
crystallisation, a-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 a-phase nanowires is much larger than others. As a result, a-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 §’-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 3’-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 a-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 a-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).
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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

182



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 a-phase nanowire exhibited much higher DMT modulus
(6.1 GPa) than that of a-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, a-phase
nanowires were found to exhibit much higher mechanical strength than the corresponding
film.

Fig. 7-17 QNM characteristics of a-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.
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Fig. 7-18 QNM characteristics of (a) an a-phase Nylon-11 nanowire and (b) an a-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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7.3.2 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 d&'-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 &'-phase nanowires was proportional to the
AC bias with a slope of 0.264 mV V<, which suggests that &'-phase nanowire is
piezoelectric (piezoelectric coefficient, ds3 = 3.22 pm V?). In contrast, a-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, &' is the crystal structure which
exhibits the highest piezoelectric response.®?428-31 However, in the “film” shape of §'-phase,
piezoelectric response can be observed only after drawing and/or electric poling process.
The &'-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 -
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 a-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 a-phase (orange), &'-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.
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Fig. 7-20 PFM characteristics of top surface of AAO template filled with 3’-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 a-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. 7-22 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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7.4 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, a- and &’-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. a-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 &'-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 a-phase nanowires and the piezoelectric response of &' -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

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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8.1 Route to nanocomposites with ideal dispersion

We Dbelieve 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 (Bi;Tes) or antimony
telluride (Sb2Tes) 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, Pl 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
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2h at 135 °C, which appears above its Curie temperature (118 °C) but below its melting
temperature (150 °C).

polymer

to dep-head ‘ Aerosols

Fig. 8-1 Schematic of Y-shape connector for aerosol-jet printed nhanocomposite.

8.2 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 hanomaterials,
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,

190



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) 041 042 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
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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 Pl
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
Pl 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 Pl 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 Pl matrix.

N . No#Y| ¢ No.7 | No.8

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 Pl 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. ‘w’, A, 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 Pl 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 Pl 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, B-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.
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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) B-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.

8.3 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 (¢') of the
nanocomposite is almost constant in the ranges from 102 to 10% Hz and gradually decrease
with increasing scan frequency (Fig. 8-8a). The 100 % P(VDF-TrFe) sample shows &' of
14 and loss tangent of 0.02 at 1kHz. In the case of nanocomposite sample No. 2, 2-fold
increase of average €’ value (28) was observed with similar level of tangent loss (Fig. 8-8b).
It must be noted that the differences in variation of ¢’ as a function of frequency measured
at six different positions with active area of ~ 0.1 mm? 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 €' 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 &' 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 €' value and loss tangent both
exponentially increase, indicating that an electrical current path has been produced above
the percolation threshold.

Although the ¢’ 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 €' is
accompanied by high loss tangent and lower breakdown strength (Fig. 8-8c, d). To increase
the ¢’ 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 &' 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 &' 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. (2)
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.

8.4 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 pA. Due to the improved €' 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 €’ 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.
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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.

8.5 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

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 6’-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 a-phase Nylon-11 nanowires were
investigated. Notably, definitive dipole alignment of a-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 a-phase nanowires with higher
surface potential outperform ferroelectric &'-phase nanowires. As a result, the output power
density of an a-phase nanowire-based device was shown to be enhanced by 340 %

compared to a &’-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’ a-phase
Nylon-11 can be much higher than that of self-poled ‘ferroelectric’ &'-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 o-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 a-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 &'-phase nanowires.
Additionally, compared to the properties of films with the same crystal structure, the
modulus of a-phase nanowires and the piezoelectric response of &'-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
&’-phase film and GANT fabricated &’-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, 8’-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 &'-
phase nanowires. Furthermore, thermal behaviour of &’-phase nanowires would be an
interesting topic to explore because &'-phase nanowires show different crystal structure
transition compared to conventional &'-phase film. This would provide information about
the 3-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

205



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
(chargeal) creates the electric field (E) and another charge (charge 2) in such electric field

can feel the force (F).

— -

F,=EQ;

where Q, 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=c¢E

for homogeneous, isotropic, nondispersive and liner material, where € is the permittivity.
If we assume that charge are place on the infinite plate, the direction of E 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

Q
Y
| Q

Q
E:—: =
Ae £

=~
™

where ¢ 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 = Qxc /Area for parallel plate capacitor, and T = Force / Area. Therefore,

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_ F
ab~ 3ab
Q=d33F

In 31 mode (i.e. transverse expansion) in Fig. 2-2b,

Q F

= =d

ab 31 e
L, F

Q—C 31
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2) In the piezoelectric system, E is defined by
E=—gT+pB™D
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 x 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,

|4

F
thickness 9 A

Considering the shape of the material in Fig. 2-2a, in 33 mode,

V_ F
C—933 ab

V—C F
_abg33

In 31 mode (Fig. 2-2b),

V=E.931F

B.3 Distance dependent electric-field model

According to the Gaussian theorem, electric field (E) can be derived as follows

-]

= ¢k

| Q

= ¢F
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eA
a b
E'\ z l N z
X Yy
z O\ r
L
0
-a ! dx +a

Fig. B3-1. Schematics for electric field calculation above the mid-point of a uniformly charged ()
line and (b) sheet. [40]

Considering a single charge is in the space (Fig. B3-1a),[40]

Q Q Q

A e (4mr?) T tdn (z2 + x?)

If the charge is on the line segment dx, the contribution to the electric filed is described as

odx

dE = ——F+———
4me (22 +x?)

where o is the charge density. The component of the electric field along z axis (dEy) is

then given by

Z oz dx

dE =
VzZ ¥ x2 4me (x2+z2)3/2

VA
dE, = dE cos6 = dE =

The integration along the length of the line can be calculated by

o zdx X a o dx l
==

= 2
V2 +z21_, 47[62((1) +22)1/2

a
Ez=f_adE cosf dx = g
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where | = 2a. Based on Fig. B3-1b, E, 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

E; plane = ﬂ-f E, cosa dx dydz

B.4 Crystal perfection index

A crystal perfection index (CPI) of the triclinic structure of Nylon-11 is defined by

( d200 ) 1
d210/010 (0-1)
Q

CPI =

where the factor Q is a constant.[89]

B.5 Piezoelectric device — efficiency calculation

The way to calculate the device efficiency (y) and mechanical-to-electrical energy

conversion efficiency () are described in [18], [202] as follows:

. output electrical energy

input strain energy

electrical work perfored by element

x= net energy supplied to element

1) Electrical energy: It can be integrated from the resulted device Power under 10MQ load

resistance.
= [ IVdt ~0.907 nJ = 9.07 x 10° J (per one cycle)

2) Strain energy

Ll ALe?E
2
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where A is the effective working area, L the thickness of the device (i.e. length of the
nanowires = 60 um), ¢ the dielectric permittivity, and E the Young’s modulus (= 1.5 GPa
= 1.5 x 10° N/m?). Considering that strain () and stress (o) are defined as o/E and Vp/(gs1-L)
respectively, where V, is the peak output voltage (= 0.95 V), ga: the piezoelectric voltage
coefficient (= 50 mVm/N), the calculated ¢ and & are 9.34 x 10 and 1.40 x 10° N/m?,
respectively. Considering the A of 1.57 x 10* m? for the AAO template with diameter of 2
cm and experimentally achieved ¢ of 35.4 pF/m, strain energy of 6.17 x 108J (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 Trm and T. of more than 10 samples are given.
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2) &'-phase film (melt-quenched)
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5) a-phase nanowires (within AAO)
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7) Nanowires fabricated by conventional template-wetting (without AAO)
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8) a-phase nanowires (without AAO)
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