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Abstract

Triboelectric nanogenerator (TENG) is one of the most promising energy harvesters — a technology
that uses repeated or reciprocating contact of suitably chosen materials to generate charge via the
triboelectric effect (TE) and utilizes this as usable voltage and current. TENGs are attractive as they
can continuously generate charge over a wide range of operating conditions and have several
valuable advantages such as light weight, simple structure, low cost and high efficiency. Therefore,
TENGs have been explored in a wide range of applications, including self-powered wearable
electronics, powering electronics and even for harvesting ocean wave/wind energy. One of the major
limitations of TENG:s is their low power output (usually <500 W/m?). This thesis focuses of a few
specific approaches to optimising TENG output performance. This thesis begins by presenting a
solution to this challenge by optimizing a low permittivity substrate beneath the tribo-contact layer.
The open circuit voltage is found to increase by a factor of 1.3 in moving from PET to the lower
permittivity PTFE. TENG performance is also believed to depend on contact force, but the origin
of the dependence had not previously been explored. Herein, we show that this behaviour results
from a contact force dependent real contact area A; as governed by surface roughness. The open
circuit voltage Vo, short circuit current /. and A, for a TENG were found to increase with contact
force/pressure. Critically, Voc and /i saturate at the same contact pressure as A, suggesting that
electrical output follows the same evolution as 4;. Assuming that tribo-charges can only transfer
across the interface at areas of real contact, it follows that an increasing 4. with contact pressure
should produce a corresponding increase in the electrical output. These results underline the
importance of accounting for real contact area in TENG design, as well as the distinction between
real and nominal contact area in tribo-charge density definition. High-performance ferroelectric-
assisted TENGs (Fe-TENGs) are developed using electrospun fibrous surfaces based on P(VDF-
TrFE) with dispersed BaTiO3 (BTO) nanofillers in either cubic (CBTO) or tetragonal (TBTO) form
in this thesis. TENGs with three types of tribo-negative surface were investigated and output
increased progressively. Critically, P(VDF-TrFE)/TBTO produced higher output than P(VDF-
TrFE)/CBTO even though permittivity is nearly identical. Thus, it is shown that BTO fillers boost
output, not just by increasing permittivity, but also by enhancing the crystallinity and amount of the

B-phase (as TBTO produced a more crystalline f-phase present in greater amounts)



Table of contents

Abstract 1
Table of contents 2
List of figures 5
List of tables 10
List of publications and awards 11
Glossary of abbreviations 14
Chapter 1. 15
Introduction 15
1.1 MOEIVATION .....ociiiicccceccis st se st s s s sae s a e e s s ae e ae b e e e e e e e e s e e aennean 15
1.2 Research 0bjJectives ... s s ssssesse s s ssesnean 17
1.3 Key contributions of this thesis ..., 17
1.4 Structure of the thesis...........co e 19
Chapter I1. 21
Literature Review 21
2.1 NEW ENEIZY FESOUTCES ....ucevererrerseressessessessessssssstssesssssesssssssssssssssssssessesssssssssssssssssssssssssesses 21
2.1.1. Renewable energy 21
2.1.2. Micro/nano energy 24
2.2 Triboelectric NANOZENEIALOY ..........ccocceeeeceerceree e se s e e s e 28
2.2.1 Triboelectrification 28
2.2.2 Working principle of triboelectric nanogenerators 29
2.2.3 The modes of triboelectric nanogenerators 31
2.3 Triboelectrification of materials.............cccooreeorienrece e 37
2.4 Research progress on triboelectric nanogenerators..............cccecevverreerververrcerserseersennens 46
PRSI 111111 ) 61
Chapter I11. 63
Modelling, simulation and optimization for contact and separation mode
triboelectric nanogenerators 63
3.1 INEFOAUCLION ...t s s s e s e e e e e e 63
3.2 Model of the working principle of contact and separation mode TENGs................ 65
3.3 Modelling of surface tribo-charge transfer ............ccccocvrrrnrcrininsnn e 72
3.3.1 Metal-Dielectric Mode 73
3.3.2 Dielectric-Dielectric Mode 75
3.4 Optimizing CS-TENG performance via a low permittivity substrate...................... 77

2



3.4.1 Simulation and fabrication 78
3.4.2 Results and discussion 82
3.4.3 Application in a self-powered system by integration with a stretchable photodetector.85

3.5 CONCIUSIONS ... e se e e e s e e s e s e e s e e s e e s ne e e e s e e s e enns 87
Chapter IV, 89
Origin of the contact force-dependent response of triboelectric nanogenerators....89

4.1 INEFOAUCTION ... e e s s e s e s e e e e s e 89

4.2 Fabrication and eXperiments..........c..ccvreerrnnnsnsniessessssssssssessessessesssssessssssessessessessesses 90

4.2.1 TENG fabrication and surface characterization 90
4.2.2 TENG Electrical measurements 91
4.2.3 TENG Contact area measurements 93

4.3 Results: electrical output and contact area............ccceceeerrcrnnnninsnsesne e 94

4.4 Implications and applications of pressure and area dependence........................... 101

LR 1) 1 T L1 T3 (1) 1 P 104
Chapter V. 107

Ferroelectric-Assisted High-Performance Triboelectric Nanogenerators based on
Electrospun P(VDF-TrFE) Composite Nanofibers with Barium Titanate

Nanofillers 107
5.1 Ntroduction..........cccoceniicr e ————————————— 107
5.2 EXPEIIMENLS .......ooouieeririiriininerese st s s sassas e s se s s s s saesns st st s e s s s e snsnnes 108

5.2.1 Preparation of Materials 108
5.2.2 Electrospinning 110
5.2.3 Characterization and testing 112
5.2.4 Graphene supercapacitor 112
5.3. Result and DiSCUSSION .........cocvvcriniiin s 113
5.3.1 TENG performance 113
5.3.3 Ferroelectric-assisted TENG powered high performance self-charging system.......... 128
5.4 CONCIUSIONS .......coviiiirriricir s 132

Chapter V1. 134

A wide range self-powered flexible pressure sensor based on the triboelectric

nanogenerator 134
6.1 INtroduction ... ———————— 134
6.2 Characterization of self-powered pressure SENsor ...........c.ocoovveeernrssnsensessessessennes 135
6.3 APPLICALIONS.......ccveceeeeeccircr e e e nn 137

6.3.1 Monitoring of human body movements 137
6.3.2 TENG as self-powered impact force sensor for falling objects 140
6.4 CONCIUSION ........oiviicic s 143



Chapter VIL 144

Conclusion and future perspectives 144
7.1 CONCIUSIONS .......ooviiiiirsisic e e s 144
7.2 FUtUTe PErSPECLIVES .......ceceeeeirerreertrreererreesaeresseesessessssssessaessesssessessesssssssessesaesssnsassssens 147

Appendix A: Surface Roughness Metrology 149

Appendix B: MATLAB code 150

References: 151




List of figures

Fig. 2.1: Renewable energy harvesting including solar energy, wind power, hydropower, biomass energy
ANA ZEOthETMAL CNEIEY. .. vevieuiieiieiieierieeie st ettt ettt et et e e ete e tesseeseeseesseeseesseesaeseensesseansesseensessenssensenns 23
Fig. 2.2: Working principles of micro/nano energy harvesting including pyroelectric nanogenerator,
piezoelectric nanogenerator and triboelectric nanogenerator [44, 55, 56]. .....ccceoveviivevnininininneneen 27
Fig. 2.3: Working principle of contact-mode triboelectric nanogenerators: (a) open circuit voltage (b))
ShOTt CITCUIL CUITENL. ...ttt st 31
Fig. 2.4: Working principle of the four TENG modes of operation and their equivalent circuits [80, 90,
03, 102, 103 ] ettt ettt ettt ettt et h bbbt bbb bt bttt a et ettt eb e bbbt b b e 33

Fig. 2.5: Studies on the effect of contact area in CS-TENGs [160, 171, 172] .cccccecvecievieciereieienen. 47

Fig. 2.6: A variety of applications of TENG based self-powered sensors, including: (a) self-powered
velocity and trajectory tracking sensors (VTTS), (b) self-powered velocity dual-mode sensor, (c) self-
powered acceleration sensor, (d) a wide range self-powered pressure sensor, (¢) self-powered water wave
sensor and (f) health monitor [47, 208-210]........ccceeiererieiieeieieeeerie ettt eae e eae e esesseessenseens 57
Fig. 2.7: Types of TENG-supercapacitor-based self-charging systems (a) sandwich shape self-charging

power unit (SCPU), (b) output comparison of one TENG based SCPU and two TENG based SCPUs (c)

self-charging screen printed micro-supercapacitor power unit and (d) biodegradable SCPU [219-221].

Fig. 3.1: Schematic of the CS-TENG used for numerical study by (a) 2D (b) 3D version [42]. ............ 67
Fig. 3.2: Output performance with separation distance (a) open circuit voltage (b) output charge density
and (c) short CIrcUit CUITENt AENSILY. ....vveverveeieriieiesieeiestteie et tee et e et e e eseesaeeseesseenaesseensesseensesseensenseens 68
Fig. 3.3: The simulation results of (a) open circuit voltage (b) short circuit current density and (c) output
charge density. The effects for the output performances with thickness of PDMS (d) open circuit voltage,
(e) output charge density and (f) short circuit current density..........ccoecverveeeerercierieiereere e seens 69
Fig. 3.4: (a) Schematic and device structure information of a metal-dielectric mode CS-TENG and (b)
the energy band diagram for surface tribo-charge transfer at before contact and after contact status. ... 74
Fig. 3.5: (a) Schematic and device structure information for a dielectric-dielectric mode CS-TENG and

(b) the energy band diagram for surface tribo-charge transfer at before contact and after contact status.



Fig. 3.6. Fabrication steps for the “top tribo-1ayer’ [42]. .....ccooceriiiereeieeeieseeee et 81
Fig. 3.7. Schematic of equivalent circuit for open circuit voltage measurements [49]. ........ccccecevverinnene 81
Fig. 3.8: Simulation results: (a) Open circuit voltage vs separation distance with S5cmx5cm areas and
200um thickness substrate, (b) Open circuit voltage vs separation distance with 2cmx2cm areas and
100pm thickness substrate, (c) Short circuit charge den sity vs time, and (d) Short circuit current density
vs time with substrate materials having a range of permittivity values (at Imm separation distance for ¢
and d), (e)—(f) Open circuit voltage, short circuit current density and short circuit charge density versus
relative permittivity for different substrate materials (at Imm separation) [42]. .......ccecvevveecverrercvennennen. 84

Fig. 3.9: Comparison of open circuit voltage signals for the devices with PTFE and PET substrates [42].

Fig. 3.10: Bending stability test for TENG devices: (a) Optical image while convex bending, (b) Optical
image while concave bending [SO0]. .......ccvoieiierieiieiieiesteeetee ettt et st s re et sseensenneens 86
Fig. 3.11: (a) Equivalent circuit for TENG-PD based self-powered system, (b) Integration of stretchable
PD with TENG: Output voltage of TENG at different frequency across PD irradiated with and without
UV light and their respective responsivity at genera ted voltage. Photographic demo showing the
connection of LED in series with self-powered photodetector for real-time UV detection [50]. (Courtesy:
the photodetector was designed and fabricated by Dr. Yogeenth Kumaresan)...........c.cccoevvecvenervennnnen. 87
Fig. 4.1. Schematic of the contact separation mode TENG having copper (Cu) in contact with
polyethylene terephthalate (PET) [152]. ...ooouieoieiieieeieieeteieeett ettt ettt nne e 91
Fig. 4.2. TENG surface topography (a) Cu foil and (b) PET film. Note: the z-axis is in micrometers for
Cu and nanometer for PET due to the roughness difference [152]. .....cccccveeeviecienieierieie e 92
Fig. 4.3. TENG self-aligning test setup: (a) Photo of test rig in mechanical test machine and (b) Sectional
view of the test rig. The numbered parts are (1) TENG device (Cu and PET), (2) Glass plates, (3) Upper
rig platform, (4) Lower rig platform, (5) S pherical bearing ball and (6) Locking screws [152]............ 93
Fig. 4.4: Schematic of equivalent circuit for (a) open circuit voltage measurements, and (b) short circuit
current MEASUrEMENES [152]. ..oiiuiiiiiiiiieii ettt e et e e et e e e tb e e eebee e tbeeesaraeesssseeessseeensseaannes 94
Fig. 4.5: Real contact area measurement using pressure sensitive film: (a) Pressure sensitive film
sandwiched between tribo-layers, (b) Compression of layers under contact force, (c) Pressure sensitive
film operation and (d) Sample tested film showing areas of contact in red/pink [152]. ......ccccecerirennenn 95

Fig. 4.6. (a) Sample of TENG open circuit voltage signals for increasing contact force and (b) Peak open

6



circuit voltage and peak short circuit current versus nominal contact pressure (and force) [152].......... 96
Fig. 4.7: (a) Real contact area as detected by pressure sensitive film with increasing contact pressure
showing as-scanned film with pink indicating solid contact (left) and binarized image with white
indicating solid contact (right) and (b) Contact area ratio (Ar/An) versus nominal contact pressure (and
force). Note: the nominal contact patch size in (a) is 2.5 cm X 2.5 cm [152]. .ooeveviiiieiininnincncncen 97
Fig. 4.8: (a) Open circuit voltage and contact area ratio (Ar/An) versus nominal contact pressure and (b)
Short circuit current and contact area ratio (Ar/An) versus nominal contact pressure. The blue hatched
regions represent the pressure range in previous literature (as depicted in Table 4.2) [152]. ............... 101
Fig. 4.9: (a) LED array performance versus nominal contact pressure and force (and contact area ratio)
and (b) representative energy harvesting circuit. The LED array represents the word “BEST” — the LEDs
become progressively brighter as the contact pressure (and contact area) is increased [152]. ............. 102
Fig. 4.10: Overall view of the relationship between CS-TENG output and contact pressure [152].....107
Fig. 5.1: Fabrication procedures for (a) P(VDF-TrFE), (b) P(VDF-TrFE)/CBTO and (c¢) P(VDF-
TrFE)/TBTO NF mats by electrospinning [49]. ......ccceveevierierieniieieeieieeeeieeee e eae e ese e ssesenens 110
Figure 0.2Fig. 5.2: TENG performance versus wt% of TBTO fillers in the tribo-negative P(VDF-
TrFE)/TBTO layer showing (a) open circuit voltage and (b) short circuit current density [49]. .......... 111
Fig. 5.3: indicates the purely piezoelectric output when a piezoelectric nanogenerators is fabricated for
the PVDF-TIFE/TBTO €aS€ [40]. ...ooveuirieiriiiieieeeereeere ettt 112
Fig. 5.4: (a) Schematic of equivalent piezoelectric nanogenerator (i.e. piezo only) by PVDF-TrFE/TBTO
NFs, (b) output voltage signal with varying applied contact forces and (b) output voltage with varying
operation frEQUENCIES [A0]. ..cuiiieriieieeieie ettt ettt s e e st ebe s e e seesaeseessensaessenseensenseenes 113
Figure 0.1Fig. 5.5: Characterization of device performance. (a-c) illustrate Fe-TENG device structure
having negative tribo-surface as: (a) P(VDF-TrFE), (b) P(VDF-TrFE)/CBTO and (c¢) P(VDF-
TrFE)/TBTO (with PET at the positive tribo-layer in each case). (a-c) also illustrate the role of
ferroelectric polarization in affecting the triboelectric surface potential and charge density by indicating
how the bias of the bound charges and the level of tribocharges increases as we move to P(VDF-
TrFE)/TBTO (Note: XC is degree of crystallinity & oT is tribocharge density). Electrical output is
characterized in (d-i) for each of the three device types as follows: (d) open circuit voltage, (e) short
circuit current density, (f) output power density and (g-i) output current and voltage versus resistive load
for (g) pristine P(VDF-TrFE) & PET, (h) P(VDF-TrFE)/CBTO & PET and (i) P(VDF-TrFE)/TBTO &

7



PET. Contact pressure was fixed at 12.8 kPa. (j) transferred charge for three devices. (k) the stability of
P(VDF-TrFE)/TBTO & PET deViCe [49]. ....cveuiieiiieiinieiinieiretreeretseeeeee et 117
Fig. 5.6: Comparison of output voltage for the device with (a) PVDF-TrFE and (b) PVDF-TrFE/TBTO
by non-poling, poling and electrospinning processes [49]. .......coirererirenerenenenieneeeeeeeeeeeese e 119
Figure 0.3Fig. 5.7: Materials characterization for P(VDF-TrFE) and P(VDF-TrFE)/BTO: (a) X-ray
diffraction (XRD) results of P(VDF-TrFE) (red line), P(VDF-TrFE)/CBTO (black line) and P(VDF-
TrFE)/TBTO (blue line) with crystalline B-phase (110/200) and XRD patterns of the cubic and tetragonal
BTO nanoparticles (001/100); (b) as-measured dielectric properties of the nano-fibrous mats for: P(VDF-
TrFE), P(VDF-TrFE)/CBTO, and P(VDEF-TTFE)/ TBTO..........cccoceciniiiiiniineinceeeeeeeeeeeeeee 121
Figure 0.4Fig. 5.8: COMSOL simulated potential distributions for PVDF-TrFE (left), PVDF-
TrFE/CBTO (middle) and PVDF-TrFE/TBTO (right) devices. Surface potential is clearly highest for the
TBTO CASE [A0]. ettt st sttt 124
Fig. 5.9: (a) Overlapped electron cloud (OEC) model of electron transfer between interface pairs for (a)
P(VDF-TrFE) & PET, (b) P(VDF-TrFE)/CBTO & PET and (c) P(VDF-TrFE)/TBTO & PET [49]....126
Fig. 5.10: Open circuit voltage versus nominal contact pressure [49]. ........cccocevererrenienieenrenicnenenenn. 128
Fig. 5.11: Surface topography and contact analysis: surface height contour plots of (a) P(VDF-TrFE), (b)
P(VDF-TrFE)/CBTO and (c) P(VDF-TrFE)/TBTO. SEM images of nanofiber surfaces for (d) P(VDF-
TrFE), (e) P(VDF-TrFE)/CBTO and (f) P(VDF-TrFE)/TBTO (inset images at higher magnification).
BEM prediction of real contact area (in black) for: (g) P(VDF-TtFE) & PET, (h) P(VDF-TrFE)/CBTO
& PET and (i) P(VDF-TrFE)/TBTO & PET. Note how the predicted contact area follows the peaks of
the fibers in the fiber orientation [49]......c..ooii ittt e raeeare s 129
Fig. 5.12. (a) Schematic of graphene electrode based flexible supercapacitor (SC), (b) energy harvesting
circuit for self-charging system (i.e. integration with the Fe-TENGs), (c) charging and discharging
voltage of SC at different contact forces (freque ncy of 8Hz), (d) the maximum value of voltage charge
into the SC versus nominal contact pressure, (¢) charging and discharging voltage of SC by different
frequencies (contact pressure 12.8 kPa), (f) the maximum value of voltage charge into the SC versus
vibration frequencies, (g) representative energy harvesting circuit of Fe-TENGs for lighting LEDs and
(h) photograph of lighted LED array representing the word “BEST” [49]. .....c.ccceveviiiiinnininicncnenne. 132
Fig. 6.1: Characterization of TENG based self-powered pressure sensor and its potential applications: (a)

working principles of a CS-TENG, (b) a sample of TENG Voc signal under the contact pressure of
8



1176kPa (735N). (c-¢) Voltage output of TENG based self-powered pressure sensor for: (c) low, (d)
medium-high pressure and () Super high-pressure ranges [27]........coceverererenenienienienieieeneeeeenee 139

Fig. 6.2: Voltage signal of the pressure sensing TENG when pressed using different numbers of fingers.

Fig. 6.3: Gait information from a man of 80kg weight collected by the pressure sensing TENG (a)
walking, (b) jogging, (¢) running and (d) JUMPING..........cccereerieririierieieeierieetese e seeaeseeseseesseeenens 141
Fig. 6.4: Gait information from a woman of 45kg weight collected by the pressure sensing TENG (a)
walking, (b) jogging, (¢) running and (d) JUMPING..........cccereerierieiierieieeiereetese e e eaeseesseseessesenens 142
Fig. 6.5: (a) Schematic of free-falling object onto TENG impact sensor from different heights of Scm,
10.5cm, 13cm, l4cm; (b) output voltage peaks of TENG impact sensor showing the consecutive
rebounding of the object from different heights shown in (a); (c) represents the results of output voltage
against heights; (d) depicts impact velocity versus fall height and (e) shows the results for impact force

AZAINSE NEIZNLS. 1.ttt sttt ettt et ettt ebe st ebe b 145



List of tables

Table. 2.1: Comparisons of output performances for energy harvesters [45, 52]. ..cccoveevevvrcvenercvennnnnen. 26
Table. 2.2: Triboelectric series for common materials following a tendency to lose electrons (positive) to
gain of electrons (NEZALIVE) [12]..cviiieiieierieieeieieet ettt sttt et et e s e sseessesneensesneensennnes 40
Table 2.3: Literature comparison of TENG factors and parameters effecting electrical output.............. 47
Table 2.4: Typical PVDF based TENG performances compared with the present work (final row)......56
Table 3.1. Summary table of the key theoretical formulas describing CS-TENG operation. ................. 74
Table 3.2. Parameters for “top tribO-1aYer’. .......ccoecirieriirieie e 81
Table 3.3. Substrate relative material permittivity er, ‘top tribo-layer’ relative equivalent permittivities
g(r,eq) and ‘top tribo-layer’ absolute equivalent permittivities €. .......evvrerverrrrrrereeriereereeseereeseeeeneens 81
Table 3.4: Comparison of fabricated TENG devices and test parameters. ..........ccoecveeeeeeerererenenennens 82
Table 4.1: Areal surface topography parameters of TENG tribo-contact surfaces (see Appendix A for
information on Parameters USEA). .......coereririerierierieieiet ettt ettt ettt ettt ebeebe e st sb e b e 94
Table 4.2: Typical nominal contact pressures (force/area) used in TENG studies compared with the
present WOrk (fINAL TOW). ..cvveiirieieiieie ettt esteestesseesaesseensesseensessnensensnens 101
Table 4.3: Typical contact pressures available in possible high load applications for TENGs. ............ 105
Table 5.1: Areal root mean square surface roughness of the tribo-contact surfaces and predicted contact
area percentage (BEM) of the Fe-TENGS tribo-COntact Pair..........cccceevverrerieneenienienienieeeeeceeneseseenes 132
Table 5.2: Typical charging performance and charging period for TENG based self-charging systems in
the literature as compared with the present work (final TOW)........ccevveriirieniecienieeee e 136

No table of figures entries found.

10



List of publications and awards

Journal papers:

1.

G. Min, L. Manjakkal, D. Mulvihill and R. Dahiya, Triboelectric Nanogenerator with
Enhanced Performance via an Optimized Low Permittivity Substrate, I[EEE Sensors
Journal, (20) 6856 — 6862,2020. (DOI: 10.1109/JSEN.2019.2938605)

G. Min, Y. Xu, P. Cochran, N. Gadegaard, D.M. Mulvihill, R. Dahiya, Origin of the
Contact Force- Dependent Response of Triboelectric Nanogenerators, Nano Energy,
(83) 105829, 2021. (DOI: 10.1016/j.nanoen.2021.105829)

G. Min, A. Pullanchiyodan, A. S. Dahiya, E.S. Hosseini, Y. Xu, D.M. Mulvihill and R.
Dahiya,Ferroelectric-Assisted High-Performance Triboelectric Nanogenerators based
on Electrospun P(VDF- TrFE) Composite Nanofibers with Barium Titanate Nanofillers,
Nano Energy, (90) 106600, 2021. (DOI: doi:10.1016/j.nanoen.2021.106600).

Y. Xu, G. Min, N. Gadegaard, D. Mulvihill and R. Dahiya, A unified contact force-
dependent modelfor triboelectric nanogenerators accounting for surface roughness,
Nano energy, (76) 105067, 2020.(DOI: 10.1016/j.nanoen.2020.105067)

Y. Kumaresan, G. Min, A. S. Dahiya, A. Ejaz, D. Shakthivel and R. Dahiya,
Kirigami and Mogul patterned Ultra-Stretchable High-Performance ZnO
Nanowires based Photodetector, Advanced Materials Technologies, 2100804,
2021 (DOI: 10.1002/admt.202100804).

Guanbo Min, Gaurav Kandelwal, Abhishek Singh Dahiya, Radu Chirila, Daniel M.
Mulvihill and Ravinder Dahiya, “A wide range self-powered flexible pressure sensor
based on triboelectric nanogenerator.” (Under review, IEEE Sensors Journal)

Conference paper:

1. G. Min, L. Manjakkal, D. M. Mulvihill and R. Dahiya, “Enhanced triboelectric
nanogenerator performance via an optimised low permittivity, low thickness substrate,”
1IEEE Sensors conference, N. Delhi, India, Oct 2018.

2. G. Min, A. Dahiya, D. M. Mulvihill and R. Dahiya, “A wide range self-powered flexible
pressure sensor based on triboelectric nanogenerator” the IEEE Int. Conf on Flexible and
Printable Sensors andSystems (FLEPS 2021), Manchester, UK, June 2021.

Awards:

1. Finalist (Top 4) at British Society for Strain Measurement (BSSM), 2021 Young Stress
Analyst Competition.

2. Top 5% paper award at IEEE Sensors 2018 Conference (N. Delhi, India).

11



Acknowledgements

I would like to express my utmost gratitude and thanks to my supervisors Dr. Daniel
Mulvihill and Prof. Ravinder Dahiya for their continuous support through my PhD. I
appreciate the trust and freedom they gave me to explore my own research interests,
without which this research would never have been possible. Further, I am grateful for
the excellent service from the electronics and mechanical workshop and the James Watt
Nanofabrication Centre (JWNC) staff.

I want to extend my sincere thanks to all the members of Bendable Electronics and
Sensing Technologies (BEST) group and Materials and Manufacturing Research Group
(MMRG). I particularly thank Dr. Libu Manjakkal, Prof. Yang Xu, Dr. Abhishek
Dahiya, Dr Abhilash Pullanchiyodan, Dr. Gaurav Khandelwal, Dr Ensieh Seyed
Hosseini and Mr. Radu Chirila who were closely associated in shaping some key
outcomes of the research presented in this thesis and the associated publications. Also,
I would like to thank Dr Yogeenth Kumaresan, Dr Saoirse Dervin, Dr. Bhavani
Yalagala and Mr. Adamos Christou who supported me during the work.

Finally, I would like to express my deepest gratitude to my parents (Mr. Qinggang Min
and Ms. Ling Li) for their unconditional sponsorship, love and support. Especially,
thanks for your encouragement, when I was down, alone and sad. Thank you for your

love and for your complete faith in me; this success would not be possible without you.

12



Author’s declaration

I declare that, except where explicit reference is made to the contribution of others, this
thesis is the result of my own work and has not been submitted for any other degree at

the University of Glasgow or any other institution.

Guanbo Min

13



Glossary of abbreviations

TENG

CS-TENG
LS-TENG
SE-TENG

CF-TENG

T-TENG
Vo

Isc

Qsc

Jse

A;

PTFE
PDMS
PVDF
P(VDF-
TtFE)
TBTO
PET

PMMA
PI

Triboelectric nanogenerator

Contact and separation mode triboelectric nanogenerator
Lateral sliding mode triboelectric nanogenerator

Single electrode contact mode triboelectric nanogenerator

Contact freestanding tribo-layer mode triboelectric nanogenerator

Textile triboelectric nanogenerator
Open circuit voltage

Short circuit current

Short circuit output charge
Short circuit current density
Real contact area
Tribo-charges density

Free charge density
Capacitance

Separation distance
Thickness

Electric field

Permittivity

Permittivity of air

Relative permittivity
Norminal contact area
Triboelectric effect
Ferroelectric effect
Polytetrafluoroethylene
Polydimethylsiloxane
Polyvinylidene fluoride
Poly(vinylidene fluoride-trifluoroethylene)

Tetragonal Barium titanate

Polyethylene terephthalate

Poly(methyl methacrylate)
Kaptan

14



Chapter 1.

Introduction

1.1 Motivation

Since energy is the basis for human beings to accomplish their daily activities (e.g.,
powering electronics and commercial activity), its generation and impact on the
environment has become the pre-eminent issue around the world. However, as
consumption of non-renewable energy (i.e., petroleum, coal, etc.) is increasing
exponentially, a world energy crisis is approaching progressively and restricting
economic development [1]. Reportedly, it is roughly estimated that the reserves of coal
and uranium will be exhausted by the mid-21st century and within 170 years [1-3]. The
reserves of petroleum and natural gas are approximately 1.3k hundred million tons and
140 kMcm?® worldwide, respectively [4, 5]. Petroleum is expected to be exploited
exhaustively until 2055 with an exploitation speed of 30 hundred million tons per year,
and natural gas also can only be used for a further 50 years, with a consumption speed
of 2.5 kMcm?/year. Because of the high consumption and the limited reserves of the
raw material, it is a tremendous challenge for humanity to acquire innovational energy
sources for the future. Indeed, the development of such an energy source can enhance
the development of a country, placing it in a better international position with
accompanying influence. Developing a renewable energy source requires significant
pioneering work. Note that an innovational energy source, which has the characteristic
of low pollution and high energy storage, means energy without the traditional
dependency on fossil fuels. This development of renewable energy can respond to the
challenge of resource exhaustion and environmental pollution [6].

Additionally, exploiting and employing microdevices and micro-electromechanical
systems (MEMYS) is one of the methods to settle the challenge of resource exhaustion,
because of their low power consumption [7-10]. The external power suppliers (e.g.,
lithium batteries and supercapacitors) are necessary for these microdevices and MEMS
to provide continuous electrical energy supply. Simultaneously, these external power

suppliers increase the limitation of the energy storage and environmental pollution [11].
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In order to figure out the energy requirements, nanogenerators were suggested to
convert ambient energy into electricity. Because of the separate positive and negative
charges, the differential potential can drive induced charges as the oriented current to
power the applications [12-15]. Most of the nanogenerators depend on properties such
as pyroelectricity, piezoelectricity and triboelectricity [13, 16-19]. Therein,
triboelectrification and electrostatics are part of our daily lives — think for example of
the charging of cloths when rubbed over hair. Generally, triboelectrification is often
regarded as a negative effect, for example, factory dust explosions, separation between
medicine and powders, etc. Additionally, triboelectrification has often been ignored by
researchers, as triboelectricity was difficult to harvest and utilise. The advent of
triboelectric nanogenerators (TENGs) changed the stereotype of the negative effect of
triboelectrification, due to its high energy conversion efficiency for converting ambient

mechanical energy to electricity (the maximum conversion efficiency can be 85%) [12].

Triboelectric energy harvesting depends on converting ambient random mechanical
energy to electricity, and it can reduce the amount of energy waste. Depending on this
definition, TENGs are fabricated by two types of flexible materials with large
differences in the triboelectric properties such as the interface pair [12, 13]. Due to the
rubbing or contact and separation of the contacting tribo-material surfaces, tribo-
charges are generated on the interface surfaces. Because of electrostatic induction and
polarization, applications can be powered by free charges which are induced on the two
sides of the electrodes. Using TENGs, the mechanical energy from daily life can be
transformed efficiently, including vibration, human motion, ocean wave, wind power,
etc [20-23]. Moreover, TENGs can also be applied as self-powered sensors and into
self-charging systems, to increase their coefficient of utilization [24, 25]. Especially,
this can be a response to the challenge of a 24-hour power supply. These results
demonstrate that this technology can be valuable in wearable applications, where higher

power output, more efficient charging and flexibility are paramount.
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1.2 Research objectives

The main objective of this work was to understand, design and characterize high

performance flexible TENGs and their applications in self-powered/charging systems.

The detailed major objectives are:

To understand the principle of contact and separation mode triboelectric
nanogenerators (CS-TENGs) by MATLAB simulation to summarize the effect of
parameters for optimisation of device performance.

To characterize the electrical output of TENGs and the effect of real contact area
(4,) at the tribo-contact interface.

To understand the origin of the contact force-dependent response of CS-TENGs.
To investigate the properties of TENG contact materials that can improve surface
tribo-charge generation.

To understand the principle of optimizing the performance of the tribo-material by
electrospinning and fabricating a high-performance tribo-layer by electrospinning.
To design a CS-TENG as a self-powered sensor and integrate a high-performance

TENG with a supercapacitor to develop as a wearable self-charging system.

1.3 Key contributions of this thesis

The key contributions of this thesis can be summarized as follows:

A simulation study was presented to investigate the effects of varying substrate
relative permittivity upon TENG outputs such as open circuit voltage, short circuit
current density and transferred charge density. In addition to further in-depth
simulation, two fabricated devices with polyethylene (PET) and
polytetrafluoroethylene (PTFE) substrates also were tested to verify the simulation

results.

The work is the first-time both real contact area and electrical output have been

measured simultaneously between two nominally flat surfaces during the operation

of a TENG device.
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The origin of the contact force-dependent response of TENGs is shown to result
from the contact force dependence of the real contact area (A,), as governed by the
unavoidable presence of surface roughness. The open circuit voltage Ve, short
circuit current /e and 4, for a TENG, having two nominally flat tribo-contact
surfaces, were found to increase with contact force/pressure. The 4, was notably
small at low pressures (0.25% at 16 kPa) that are typically experienced in wearable
applications. However, it increased 328-fold to as much as 82% when it saturated
beyond about 1.12 MPa pressure - achievable for impact with ocean waves.
Critically, Vo and Isc saturate at the same contact pressure as 4, suggesting that

electrical output follows the evolution of the A4, as governed by the surface
topography.
This thesis also presents high-performance ferroelectric-assisted TENGs using

electrospun fibrous surfaces based on P(VDF-TrFE) with dispersed BaTiO3 (BTO)
nanofillers in either cubic (CBTO) or tetragonal (TBTO) form. The results shown
were that BTO fillers boost output, not just by increasing permittivity, but also by
enhancing the crystallinity and amount of the -phase (as TBTO produced a more

crystalline B-phase present in greater amounts).

The ferroelectric-assisted TENG was integrated with a flexible graphene electrode-
based supercapacitor to produce a self-charging system capable of charging to 1.25
V in just 5 min.

A CS-TENG was designed as a wide-range, self-powered flexible pressure sensor.

The fabricated TENG can detect a wide range of applied pressures from 3.2 to 1176
kPa. The sensor sensitivities in three pressure regimes, namely low (1-10 kPa),
medium-high (10-500 kPa) and ultra-high (>500 kPa) were extracted as 3.16, 0.023
and 0.031 V/kPa, respectively.

A wide range pressure sensor has been demonstrated showing how the sensor can
be used to detect finger tapping, collect user gait information and detect impact

forces.
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1.4 Structure of the thesis

Following the introduction, this thesis is organised as follows:

Chapter II introduces an overview of triboelectric nanogenerators (TENGs) with

emphasis on the recent progress on contact and separation mode triboelectric
nanogenerators (CS-TENGs). In particular, the power generation mechanisms,
working principles of the four TENG modes and different tribo-materials that have
been used along with their properties and their performances. In addition, the key
parameters, which can optimize TENG performance have been highlighted.
Simultaneously, the thesis determines a rank order of the sensitivity of CS-TENG
output to the different parameters. Finally, because of the results of the comparisons,
three aspects have been afforded particular focus: increasing contact area between
the interface pair, enhancing the crystallinity of the contact materials and TENG
applications in self-powered sensors and self-charging systems.

Chapter III presents the formulation and model validation through electrical
characterization of CS-TENGs. Firstly, the progress of CS-TENG models based on
device structure is introduced such as parallel-plate capacitor mode, distance-
dependent electric field model and Load-dependent model in the first part of this
chapter. After that, a numerical study on tribo-charge generation behaviors has been
analyzed by the energy bands between the interface pair materials. Finally, a study
on optimizing CS-TENG performance via a low permittivity substrate by both the

simulations and experiments is carried out.

Chapter IV describes experiments that uncover the origin of the contact force-
dependent response of TENGs. Their performance is believed to depend on the
contact force, but its origin had not yet been established. Herein, we show that the
contact force-dependent electrical response is due to the contact force-dependent
real contact area that results from the inevitable presence of surface roughness on

the tribo-contact surfaces.

Chapter V develops high-performance ferroelectric-assisted TENGs using

electrospun fibrous surfaces based on P(VDF-TrFE) with dispersed BaTiO3 (BTO)
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nanofillers in either cubic (CBTO) or tetragonal (TBTO) form. TENGs with three
types of tribo-negative surface (pristine P(VDF-TrFE), P(VDF-TrFE)/CBTO and
P(VDF-TrFE)/TBTO) in contact with PET were investigated. Essentially, tribo-
charge transfer is boosted due to increased surface potential owing to enhanced
ferroelectric polarization induced during electrospinning. P(VDF-TrFE)/TBTO
produced higher output than P(VDF- TrFE)/CBTO even though permittivity is
nearly identical. Thus, it is shown that BTO fillers boost output, not just by
increasing permittivity, but also by enhancing the crystallinity and amount of the

B-phase (as TBTO produced a more crystalline B-phase present in greater amounts).

Chapter VI presents a triboelectric nanogenerator (TENG) based wide-range, self-
powered flexible pressure sensor. The fabricated TENG can detect a wide range of
applied pressures from 3.2 to 1176 kPa. The sensor sensitivities in three pressure
regimes, namely low (1-10 kPa), medium-high (10-500 kPa) and ultra-high (>500
kPa) were extracted as 3.16, 0.023 and 0.031 V/kPa, respectively. Stable and
repeatable TENG responses were achieved for all three pressure regimes and this
is due to how the real contact area at the TENG interface varies reliably with
contact pressure. To the best of our knowledge, this is the first time a TENG as a
self-powered pressure sensor has been characterized over such a wide pressure
range (that includes higher pressures). These results highlight the potential for
TENGs as pressure sensors in a wide range of applications such as: detecting
pressure in wearables, self-powered e-Skin for the sole of humanoid robots to help

them walk and stand, and for detecting impact forces with water waves.

Chapter VII summarizes the contribution of this research on tribo-materials

design, CS-TENG fabrication and characterization of high-performance CS-TENG
based self-powered sensor/ system and self-charging system. It also provides

suggestions for future work.
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Chapter I1.

Literature Review

2.1 New energy resources
2.1.1. Renewable energy

The utilization of energy was one of the major drivers of social economic development
and increasing standard of living. Wind power, water wave power, firewood and animal
power were the major applied power sources for a classical civilization [26-29]. After
the industrial revolution, fossil fuels gradually became the dominant energy source
around the world [30]. With the consumption of fossil fuels, renewable energy sources
are being explored and developed promptly. However, non-fossil and renewable energy
sources still only cover 20% of the total energy utilization [6]. With energy
requirements growing and the non-renewable traditional energy sources exhausting, an
energy crisis is approaching, even threatening human life. It is estimated that only one
person out of four can survive intro the indefinite future (on average) with this speed of
energy consumption. Therefore, renewable energy sources have been suggested as a
response to these energy challenges, because of their high efficiency, cleanliness,
diversification and globalization.

Additionally, the traditional energy source (e.g., fossil fuel) is falling out of fashion due
to its many harmful effects. Compared with the traditional energy sources, renewable
energy is clean, it can reduce the greenhouse effect and it reduces the problem of
resource shortage and dust pollution [3]. There are nine current renewable energy
sources that satisfy these conditions, including solar energy, geothermal energy, wind
power, hydrogen energy, biomass energy, nuclear energy, nuclear fusion energy, tidal
energy and natural gas hydrate (NGH) [16, 26, 31-37]. The advantages of renewable
energy technologies are: (1) they are an underdeveloped resource with high potential,
(2) there are abundant reserves widely spread geographically, (3) they are
environmentally friendly and (4), the wind power, geothermal energy and solar energy
can be a bottomless supply. In short, renewable energy has more advantages than the

traditional energy sources and application spaces. Currently, solar energy, geothermal
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energy, tidal energy, wind power and biomass energy are being applied extensively and

have a highly developing prospect. They are explained further here (A to E):

A . Solar energy is one of the most well known renewable energy sources globally,
owing to its advantages of being clean, environmentally friendly and sustainable
etc. It depends on converting solar radiation energy to electricity. Notably, the
average solar radiation energy per hour can supply the energy to use for a year for
all humans sufficiently, which is approximately 430 quintillion joules [16].
However, solar cells have the disadvantage of energy interruption due to the
environmental limit [38]. For example, solar energy is only outstandingly adequate

in the sunny daytime and summer season, irrespective of the geographical location.

B . Wind power generation is the second largest source among the renewable energy
sources. The mechanical energy from wind can be collected by turbines to drive
generators which then transfer electricity into the national grid. Reportedly, more
than 5% of global electricity was from wind power production in 2018 with 591
GW of global capacity [26]. Nonetheless, wind power generation is not suitable for
every property due to its high noise, threatening presence to wildlife, unpredictable
wind intensity and location limitations. Hydropower is the largest renewable

energy source for power generation.

C . Similar to the wind power generation, hydropower generates electricity by the flow
of water to drive a turbine. Because of the barrier placed in the water (the dam),
the potential energy of the river can be controlled and also allow electrical power
to be stored for use when demand reaches a peak [32]. Therefore, compared with
the other renewable energy sources, hydropower is more reliable due to its stability
and controllability [39]. Tidal energy is a variation of hydropower. However, its

stability is lower than hydropower energy.

D . Biomass energy is a sort of energy that is shaped by solar energy in the form of
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chemical energy (i.e., renewable carbon source); it is because of photosynthesis
[33]. Simultaneously, biomass includes a wide range of varieties such as plant,
microorganism and the waste produced by the herbivores. There are 1,700 million
tons of organisms produced by photosynthesis per year [33]. Simultaneously, the
energy in these organisms is approximately 15 times the total energy consumption
in the world. However, its coefficient of utilization is only 3%, although biomass
is abundant [40]. Additionally, the cost of biomass power generation is

uncompetitive, and its waste is harming the environment.

. Power generation by geothermal energy depends on the temperature difference
between the earth’s surface heat and the heat below the earth’s surface [31]. A
geothermal heat pump is used to convert this heat difference to the electricity. A
special application is ocean thermal energy, which depends on the temperature
difference between the ocean surface and deep below the surface [41]. Comparing
with fossil fuels, the heat (or electricity) can be extracted without burning.
Simultaneously, geothermal energy can be used uninterruptedly, compared with
solar energy and wind power. However, the release of HaS is the main disadvantage

of geothermal energy power generation.

Renewable energy is an important route of response to the energy crisis in the world.

In 2020, there are 34% world electricity from renewable sources [42]. However,

renewable energy sources still have weaknesses in their applications such as the energy

interruption from the environmental limit, location limit, low conversion rate and

technical difficulty. In addition, recent renewable energy is only replacing the original

mega energy by a green route. It still requires a direct and repaid energy route for

powering the micro/nanoelectronics/devices such as micro/nano-sensors, robotics,

health monitoring and tribotronic transistors [43]. It is to be noted that these devices

only need relatively low power (around 0.1-100 mW/m?). From the analysis in the

previous section, it can be seen that the method for power generation of renewable

energy involves:
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1. Collecting the heat from the energy source and converting it into electricity.

2. Transferring the renewable energy sources as the mechanical energy. After that, the

mechanical energy can be converted to electricity (e.g., turbine).

However, their similarity is that a reasonable power terminal is adopted. Therefore,
after determining the collected energy category, designing a power terminal (e.g.,
nanogenerators, solar cells, etc) is the key to micro/nano energy harvesting (see Table

2.1).

b,
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Geothermal energy
|

Fig. 2.1: Renewable energy harvesting including solar energy, wind power, hydropower, biomass energy

and geothermal energy.

2.1.2. Micro/nano energy

The potential of renewable energy as the energy source for the large-scale power grid
has been discussed in Section 2.1.1. Their characteristics include high energy reserves,
high cost of power generation, large power terminal equipment and high output power.
Moreover, nano-scale energy (i.e., milliwatt) harvesting is also a promising method to
provide power for small electronics and nano/micro-systems, as it is sustainable and

maintains free and self-powered operation [12, 14]. The application of renewable
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energy in the aspect of nano energy is also developing increasingly with the progression
of nanotechnology, including energy harvesting, energy conversion, energy storage and
applications [14, 24, 44]. Nano energy technology also improves the utilization factor
of renewable energy, as the random and waste energy in human life can also be utilized
such as human motion, gentle breezes and rolling tires. Integrating these varieties of
nano energies can also accumulate as high energy because nano energies also have high
energy reserves.

Therefore, a number of nanogenerator concepts have been designed depending on how
their materials properties might facilitate electricity generation. For instance, solar cells
depend on solar radiation. Pyroelectric nanogenerators depend on the temperature
sensing of materials [45, 46]. Piezoelectric nanogenerator and triboelectric
nanogenerator, on the other hand, can convert mechanical energy [12, 47].
Nanogenerators are innovative self-powered devices that can directly transfer ambient
energy to electricity. Nanogenerators can convert many variations of ambient energy to
electricity, including wind, water flow and human motion [12]. Additionally, this
promising technology has a wide range of applications. Firstly, nanogenerator-based
sensors and sensor arrays can detect location, acceleration, pressure, temperature and
humidity precisely [24]. For example, if we integrate nanogenerators into the slopes of
Parkinson’s disease, patients’ gait information (e.g., normal walking, rapid walking or
tumble) can be analysed effectively [48]. Because of its self-powered and highly
sensitive characteristic, its prospect of application obtains positive responses.
Simultaneously, it is also a beneficial power supplier for low power electronics such as
self-powered systems. Nanogenerators have been demonstrated to power pH sensors,
LED arrays and photodetector-based systems [49-51]. Finally, due to its high output
power (perhaps up to 500W/m?), energy storage systems also can be charged by
nanogenerators, such as supercapacitor and lithium batteries [50, 52]. Energy
harvesting through various mechanisms such as triboelectric, piezoelectric and

pyroelectric has been widely explored. These devices are discussed in this section.
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Table. 2.1: Comparisons of output performances for energy harvesters [45, 52].

Energy Voltage Current  Power density Efficiency Application

harvesters (V) (HA) (mW/cm?) (%)

PyENG 0.01-190 0.0006-11 0-0.014 0.01-14.8  Geothermal energy
and Solar energy

PENG 0.01-200 0.01-10 0.001-30 0.01-25 Wind power and
hydropower

TENG 12-1500  10-2000 0.01-100 10-85 Wind power and
hydropower

Pyroelectric nanogenerators (PyENGs) utilize pyroelectric material to convert ambient
thermal energy to electricity. Regularly, thermoelectric energy harvesting relies on the
Seebeck effect, where the heated electrons flow toward the cooler side of the device
[46]. However, the environmental temperature distribution is spatially consistent rather
than with a gradient. Thus, it is not able to use Seebeck effect to harvest thermal energy
in the environment, as the temperature is changing with time. Owing to this behaviour,
the PyENG is the most suitable selection for thermal energy harvesting. Because of the
anisotropy of the solid material, the pyroelectric material will be self-polarized by the
change of the temperature. A wearable PYENG, which was integrated on a N95 face
mask, can generate a power density of 0.68uW/cm? [45]. Additionally, there are also
many potential applications for PyENGs such as self-powered temperature sensor,
temperature imaging and medical monitoring and diagnosing.

The piezoelectric nanogenerator (PENG) is the first-generation mechanical energy
harvester; it depends on the piezoelectric property of the material between two
electrodes [47]. Generally, PENGs were fabricated as a sandwich structure. Since
piezoelectric materials exhibit the phenomenon of self-polarization by external applied
pressure, the free charges can be induced on the electrodes by the internal electric field
(i.e., from the piezoelectric material self-polarization). After that, the free charges can
be induced on two sides of the electrodes. Recently, there are many well-known
piezoelectric (PE) materials that have been investigated for nanogenerators, including
zinc oxide (ZnO), zirconate titanate (PZT), barium titanate (BaTiO3) and
polyvinylidene fluoride (PVDF), even the ferroelectric material as Poly(vinylidene

fluoride-co-trifluoroethylene) (P[VDF-TrFE]) [53]. These materials with piezoelectric
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property are so because of their specific atomic structure. For example, ZnO is a type
of metallic oxide with a piezoelectric property, as the zinc atom and oxide oxygen atoms
present non-symmetrical configuration in the ZnO molecule [47]. In addition, [-phase
PVDF is piezoelectric due to the differences in electronegativity between the fluorine
atom and the hydrogen atom [19]. The piezoelectric material is placed between two
electrodes in a PENG device. After a mechanical pressure is applied to the piezoelectric
material, the electric charges within piezoelectric crystal go ‘out of balance’ (i.e., self-
polarization) [47]. Owing to the material self-polarization, an internal electric field is
formed to induce the free charges on two sides of the electrodes. Because
piezoelectricity is the process of using crystals to convert mechanical energy to
electricity effectively, this principle is applied in a wide range of applications, including
human motion monitoring, voice recording, self-powered active sensors for health care
monitoring and electronic skins for discriminating static/dynamic pressure stimuli.
However, its low output power density (~30mW/cm?) [54] is the largest limit for
extending its applications, as depicted in Table 2.1.

The triboelectric nanogenerator (or TENG) is the second-generation mechanical energy
harvester. Recently, a high performance record for CS-TENGs was 100 W/m? output
power density, which is over 3-fold higher than the average PENG output. Additionally,
the conversion efficiency of a TENG can be higher than 85%, which is approximately
5 times that of a solar cell [12, 16]. For instance, a spherical TENG with 7 cm diameter
has been fabricated to harvest water wave energy [55]. A single spherical TENG can
generate a 10mW instantaneous output power at 10Kohm load. It is estimated that, if
these types of TENG devices are installed onto a 1km? area on the sea surface (i.e.,
combining them as a TENG-based energy network), they could produce 27.6GWh of
average output energy. This result envisages a blue energy dream based on TENGs, in
which many TENG-based energy networks combined by cables can provide energy for
a coastal town. This idea also demonstrates the possibility of compound nano/micro
scale energy to be converted as mega/giga scale energy. Overall, these reasons also
demonstrate that TENG technology can be more valuable in the applications of

wearable, water wave energy and sensing technology, where high power, high transfer
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efficiency and flexibility are paramount.
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Fig. 2.2: Working principles of micro/nano energy harvesting including pyroelectric nanogenerator,

piezoelectric nanogenerator and triboelectric nanogenerator [44, 55, 56].
2.2 Triboelectric nanogenerator
The key parameters that govern TENG performance are understanding in this section

2.2-2.3 and then explore ways to boost output in section 2.4.

2.2.1 Triboelectrification

Triboelectrification phenomenon are often considered as a negative effect in human
life. For example, electrostatics usually influence the wireless network during the flight
of a plane at high altitudes, interrupting the communication between the flight and
ground service. In pharmaceutical preparation, tribo-charges attract dust and decrease
medical purity. For electronics, the tribo-charges will breakdown the electronic element
and IC to boost the device burn-in. Additionally, the electrostatic effect easily attracts
dust on electronic surfaces such as TV and phone screens to reduce their resolution. In
factories, tribo-charges result in fires with inflammable and explosive materials.
Therefore, people usually avoid triboelectrification [56]; however, the triboelectric
nanogenerator is one of the applications that has a positive effect via high efficiency
power generation [12].

In the contact-separation triboelectric nanogenerator, it is the coupling of contact
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electrification and electrostatic induction that defines the operating principle [12].
Therein, the generated tribo-charges are the power source that drives the TENGs to
induce the free charges on the electrodes [12, 57-59]. The generation of tribo-charges
depends on the contact electrification phenomenon between the contacting material
interfaces [58]. Because of that, the transfer of opposite and equal tribo-charges occurs
on each of the contact surfaces. The phenomenon of contact electctrification and
triboelectrification is widely experienced in daily life. For instance, after rubbing a
plastic rod on a woollen sweater, it can be observed to attract paper scraps and hairs.
Also, when people wear out their sweaters, they can sometimes hear the sound of a
charge or even see an emerging electric spark. Tribo-charge generation by contact
electctrification or triboelectrification depends on the differences in the tribo-polarity
between two tribo-materials [12]. Generally, when metal and dielectric or dielectric and
dielectric are in contact, an output electrical signal can be detected [60]. During the
friction between two metals, tribo-charges can also be generated; however, the charges
would be lost promptly due to the metal’s conductivity [60]. The tribo-charge
generation is widely understood as the charge transfer between the contacting atom and
molecule (or molecule and molecule) [12, 56, 60]. Note that the chain structure of a
material surface is different to the chain structure of material bulk, in that there are
dangling chains on a material surface [61, 62]. Furthermore, a temporary chemical bond
is formed during contact, because of the differences in electron affinity [63]. In order
to balance the differences in energy band (i.e. chemical potential) of the contacting atom
and molecule (or molecule and molecule), the electrons can transfer from one material
surface to the other. After the interface pair is separated, opposite and equal tribo-

charges will be accumulated on the two sides of the interface.

2.2.2 Working principle of triboelectric nanogenerators

The reason why the triboelectrification phenomenon could be employed as a
nanogenerator is because triboelectrification contains a vast energy reserve, and it is
occurring in real time. In 1929, Van de Graaff’s generator based on the

triboelectrification principle was born, which can transfer electrostatic charges to the
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metal ball surface through corona discharging [64, 65]. Simultaneously, two electrodes
could be discharging, once the charge density reached the threshold value [65].
However, in 2012, the first TENG was reported by Zhonglin Wang’s group in Georgia
Tech [66]. When two tribo-materials contact each other by an external force, they
generate opposite and equal tribo-charges on two contact surfaces due to their
difference capability in gaining and losing electrons to produce the device internal
voltage [12, 43, 57]. After connecting the applications with a TENG by the external
wires, the induced free charges can be used for driving the electrons across the
applications. Because the internal voltage is changing with the varying separation
between the contact surfaces, the external voltage is also changing to balance the
internal voltage. Because of the external voltage, the induced free charges flow to form
the current in the circuit [67].

Herein, this thesis concentrates on the vertical contact-separation mode triboelectric
nanogenerator (CS-TENG) as an example to explain its working principles at open
circuit and short circuit conditions, respectively. The working steps applying to the open
circuit voltage and short circuit current condition for a CS-TENG are shown
schematically in Fig. 2.3. Here, we explain the working principle of a contact-
separation TENG (CS-TENG) at open circuit and short circuit conditions step by step:
The open circuit voltage and short circuit current are the significant parameters for
presenting the performance of CS-TENGs [12, 57-59]. There is no free charge on the
two electrodes for the open circuit configuration in Fig. 2.3(a) [12]. The open circuit
voltage is created by the difference in potential between the electrodes as separation
occurs. Simultaneously, these built-in electric fields cause the polarization of the
dielectric material and produce the induced charges on the electrodes [58]. In the short
circuit mode, after the tribo-charges have been generated on the contact surfaces, the
tribo-layers are being polarized to form the bound charges inside of the tribo-layer
materials. Because of the bound charges, there will be induced free charges on two sides
of the electrodes. Neutralizing the negative charge on the bottom electrode, the positive
charges on the top electrode will be conducted to the bottom electrode to form the short

circuit current, as shown in Fig. 2.3(b).
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Working principles of a CS-TENG is similar to the short circuit condition, when it
connected to applications (e.g., electronics). However, due to connecting the
application to an external circuit, there is a differential potential between two sides of
applications. When the separation is increasing to the amplitude, the internal voltage of
CS-TENG is also increasing, and the top induced free charge is pumped from top to
bottom electrode to balance the internal different potential. Additionally, the output
current from the CS-TENG could be flowing from positive polar to the negative polar
of the application. However, when the separation is reducing from amplitude to zero, it
is equivalent to adding an opposite voltage at two electrodes. For this reason, the
electrons on the bottom electrode are driven back from bottom to the top electrode.
Thus, owing to this periodic vibration by the external applied force, two interfaces are
contacting and separating continuously, and the device is generating alternating current

signal.

2.2.3 The modes of triboelectric nanogenerators

The working principle of the TENG has been introduced with reference to the CS-
TENG, however, there are another three modes of TENG that have been invented to
harvest different modes of vibration effectively, including sliding mode, freestanding
mode and single electrode mode, as shown in Fig. 2.4 [68]. The theoretical module of
TENGs depends on the parallel capacitor module and the concept of displacement
current (i.e. Maxwell’s law) [12, 69, 70]. Note that the current from the TENG
corresponds to the varying of the internal electric field and the tribo-layer polarization
[68]. However, the output voltage for different modes of TENGs related to the device
total capacitance and total surface tribo-charges. Note, device total capacitance can be
calculated by TENGs’ equivalent circuit. We now focus in more detail on the individual

modes.
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Fig. 2.3: Working principle of contact-mode triboelectric nanogenerators: (a) open circuit voltage (b))
short circuit current.

1. Contact and separation mode triboelectric nanogenerator (CS-TENG)

Contact and separation triboelectric nanogenerators (CS-TENG) couple contact
electrification and electrostatic induction [12, 57]. Fig 2.3 has already explained the
working principles of a CS-TENG with an interface pair of PDMS and PET. After the
tribo-charges are generated on the interfaces, the electric fields inside the TENG device
are shown schematically in Fig. 2.4(a). The total electric field is equal to the sum of the
electric fields inside of the tribo-layers and the air gap electric field [57]. If we assume
that the transferred free charges quantity is Q in Fig 2.4(a), the output voltage could be

calculated by the parallel capacitor module as [57]:

Vour = =3 (2 + 2 4 x(0)) + 20 @.1)

Seo \&r1  Er2
where, S is the nominal contact area, di and d> are the thickness of tribo-layers, &,4
and &,, are the relative permittivity of tribo-layer materials, &, is the permittivity of
air, x(7) is the separation distance, v(¢) is the speed of vibration and oy is tribo-charge

density.
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Since Q is equal to zero at the open circuit condition, we have

Vo = 220 = 2@ 2.2)

Cair €o

Depending on the equivalent circuit of a CS-TENG in Fig. 2.4(a), the total capacitance

of the device is deduced from:

= b — (2.3)

Ctotal C1 Cair C2

Due to the V,,;= 0 at short circuit condition,

_ Sor __ Sorx(t)

QSC - CairCtotal - do+x(t) (24)
__dQsc __ Sordov(t)

lse =74 = @orxe)? 2.5)

ii.  Lateral sliding mode triboelectric nanogenerator

The working principle of a lateral sliding mode triboelectric nanogenerator (LS-
TENG) has been shown schematically in Fig. 2.4(b), and it couples the
triboelectrification (rubbing interfaces) with electrostatic induction. Comparing with
the CS-TENGs, the interface pair presents relative displacement to replace the
separation step to generate tribo-charges on the material sliding surfaces [71]. The
working principle of a LS-TENG is still based on the parallel capacitor, as shown in
Fig. 2.4(b).

However, it depends on altering the swept area of tribo-layers to form the output signals
by the external applied force [72]. Increasing the swept area, both surface tribo-charges
(Q) and horizontal electric fields of two tribo-layers are rising to form the output voltage
between two side of electrodes, as shown in Fig. 2.4(b) [71, 72]. Therefore, the output

voltage could be calculated by the parallel capacitor module as [71]:

Vour = = ——o— (S 4 22) 4 20O (41 | &) (2.6)

C w(-x(0)eo \er1 | era) | (=x(t)eo \er1 | &ra
where, w and / are the width and length of tribo-layer, x(¢) is the horizontal relative
displacement, di and d» are the thickness of tribo-layers, €., and ¢,, are the relative
permittivity of tribo-layer materials, &, is the permittivity of air, v(¢) is the speed of
rubbing and o is tribo-charges density. The total capacitance of the device can be

calculated from:
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If it is at short circuit condition (V= 0),

Qsc = orwx(t)
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Fig. 2.4: Working principle of the four TENG modes of operation and their equivalent circuits [80, 90,

93,102, 103].

1il.

Single electrode contact mode triboelectric nanogenerator

Both CS-TENGs and LS-TENGs all require employing two electrodes to construct a

closed circuit to conduct charges in the TENG-based circuit. However, the single

electrode triboelectric nanogenerator (SE-TENG) overcomes the limits of applications

and increases the diversity of energy harvesting (e.g. [73], [74], [75] and etc.). The SE-

TENG could especially be applied as a human skin based TENG, due to its flexible and

practical power generation model. Therein, it has high potential for use in tactile screen

sensors or generators [76-78]. Fig. 2.4(c) shows the working principles and equivalent

circuit of a SE-TENG schematically. The tribo-layer based on a layer of dielectric was

coated by a layer of conductor as the electrode, and it requires to be connected with a

reference electrode. After the independent tribo-layer makes contact with the bottom
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dielectric surface, tribo-charges are generated on the dielectric and independent tribo-
layer material surfaces. Due to the electrical potential based on the tribo-charges, the
electrons flow from the electrode to the reference electrode [79]. When the independent
tribo-layer makes contacts with the bottom interface again, the voltage between Node
#1 and #2 decreases as the x(7) reduces in Fig. 2.4(c). The relationship between the
voltage between Node #1 and #2 (V1), Node #1 and #3 (72) and Node #2 and #3 (V3) is
[68, 80]:

V, =V, +V; (2.11)
Both V, and V; are decreasing, because the x(¢) and x(¢) + g are reducing. Thus, the
charges are drawn from Electrode 2 back to the Electrode 1. When the device is in the
open circuit condition, the total charges on Node #1, Node #2 and Node #3 are -Sor,

Sor and 0, respectively. Therefore, depending on the charge conservation, it can be

seen
C,V, + C,V, = —Sor (2.12)
C3V3 - C1V1 == SO-T (2.13)

Its open circuit voltage V5 in Fig. 2.4(c) can be calculated by combining Eq. (2.11-
2.13) as:

Voc = Vs = ——L2 (2.14)

C1C2+C2C3+C1C3
Because Qg = V,.(; 3, the short circuit output charge could be obtained as:

Qs = L2 (2.15)

T C4Gy

Note that C, 3 is the capacitance between Node #2 and Node #3, in which it is equal

to:
_ C1C
Cr3 = (3 + G, (2.16)
iv. Contact freestanding tribo-layer mode triboelectric nanogenerator

Contact freestanding tribo-layer mode triboelectric nanogenerator (CF-TENG) is
composed of two fixed metal electrodes and one freestanding dielectric layer between
them, as shown in Fig. 2.4(d) [68, 81]. Both sides of the surface of the freestanding
dielectric layer could contact intermittently with the two sides of the electrode

interfaces depending on the external applied forces. When the dielectric layer makes
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contact with the top metal surface, the top electrode generates tribo-charges; the charges
conducted to the bottom electrode [81]. When the dielectric layer makes contact with
the bottom metal layer, the distance (g - x(¢)) between top metal layer and dielectric
layer decreases until they are in contact. The bottom metal surface and dielectric layer
bottom surface transfer tribo-charges and connect to the top electrode [68, 81].
Repeatedly, according to the middle dielectric layer motion between two electrodes, the
alternating current is formed in the external circuit. Fig. 2.4(d) shows the working
principle and equivalent circuit of a CF-TENG schematically. Comparing with the CS-
TENG, the distance between two electrodes is fixed as g. However, due to the varying
of the distance (g — x(t) and x(t)) between the independent dielectric layer, the
voltage between two electrodes could be calculated as (assuming the transferred charge
on the electrode is Q) [81]:

(’i—i+9)0 4 2omx(®)

Eos &0

2.17)

Vour =

__ 20rx(t)

Voc (2.18)

€o
The CF-TENG is equivalent to three capacitors in series; thus, the total capacitance of

the CF-TENG should be:

1
Crotat = ENENEY (2.19)
C1 Cy C3
The charge quantity at short circuit stage should be:
207Sx(t
Qs = 2220 (2.20)
20" Y

We have just reviewed the electrical theories of the four TENG modes, which all depend
on the parallel plate capacitor model. However, in reality the plates are not infinite and
the effect of their finite in-plane dimensions must be accounted for [59]. Therefore, a
distance-dependent electric field model (DDEF model) was proposed by Dharmasena
et al, 2017 [59]. In the DDEF model, the variation of the electric field is stimulated
reasonably at different sites in the three-dimensional space firstly, and subsequently, the
total electric field operating in a fixed dimension TENG device is calculated rather than
regarding the triboelectric surfaces as an infinite plate. Integrating the charged micro-

segments along the charged surface could account for the electric field across the tribo-
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charges charged surface [59, 67]. Therefore, this triboelectric electric field across the
contact surfaces should be corresponding to the separation distance rather than
distributing uniformly in space. According to Dharmasena et a/ (2017) [59], the electric
field in the vertical position of a surface not only depends on the vertical distance from
the point in the space to the planar surface, but also relates to the dimension of the

contact surface.

L
o w o
E, =n—2arctcm —— L — =”—Zf(z) (2.21)
wn4Gw) () +

where, L and W are the length and width of contact surface. z is the distance from point

to the contact surface, € is the permittivity of medium and o7 is the tribo-charge
density.

Combining Eq. (2.21) with the TENG device structure, the potential of two electrodes
can be calculated to investigate the open circuit voltage, short circuit current and output
power even for non-planar devices. Therefore, the parallel capacitor model and the
DDEF model are two fundamental models for prediction of TENG output. These

models can also be used to inform TENG system design.

2.3 Triboelectrification of materials

In Section 2.1.3, we have reviewed theoretical models applicable to the four
triboelectric nanogenerators (TENG) modes. According to these, TENG output
performance depends on a number of factors, including the surface tribo-charge density
[12], separation distance [59], device dimensions [82], permittivity of the tribo-contact
materials [83] and difference in electron affinities of the interface pair [84]. Among
these, the surface tribo-charge density is the key parameter driving TENG performance,
because it is the energy source for a triboelectric device [12]. We have already discussed
how surface tribo-charge generation depends on the contact materials. This is very
much related to the differences in electron affinities (i.e. work function) of the interface
pair [58]. When contact occurs at the interface, the material with high electron affinity
(tribo-negative material) gains electrons from the material with low electron affinity

(tribo-positive material) [57]. After that, the generated negative and positive tribo-
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charges are fixed on the tribo-negative and tribo-positive material surfaces, respectively.
Thus, it is critical for TENG design to select a pair of contact materials with large
differences in tribo-properties. For the basic materials selection in triboelectric device
design, the triboelectric series is the best reference [12, 85], as shown in Table. 2.2. In
general, there are two positions in the series: positive and negative. Many of the
common polymers are tribo-negative, including Teflon materials (e.g. PTFE and FEP),
PDMS, PI (Kapton) and PVDF [86]. Metals such as gold, aluminum and copper are in
the middle region of the triboelectric series [12]. However, nylon, silk and human skin
are tribo-positive [20]. Generally, researchers adopt a tribo-negative material thin film
(such as Teflon materials, PDMS, PI (Kapton) and PVDF) in contact with a tribo-
positive material (such as metal, nylon or silk, etc.) to fabricate flexible TENGs. We

now review some of the material possibilities in turn.
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Table. 2.2: Triboelectric series for common materials following a tendency to lose electrons (positive) to

gain of electrons (negative) [12].

Polyformaldehyde 1.3-1.4 (continued)
Etylcellulose Polyester (Dacron)
Polyamide 11 Polyisobutylene
Positive | Polyamide 6-6 Polyuretane flexible sponge
Melanime formol Polyethylene Terephthalate
Wool, knitted Polyvinyl butyral
Silk, woven Polychlorobutadiene
Aluminum Natural rubber
paper Polyacrilonitrile
Cotton, woven Acrylonitrile-vinyl chloride
Steel Polybisphenol carbonate
Wood Polychloroether
Hard rubber Polyvinylidine chloride (Saran)
Nickel, copper Polystyrene
Sulfur Polyethylene
Brass, silver Polypropylene
Acetate, Rayon Polyimide (Kapton) )
Polymethyl methacrylate (Lucite) Polyvinyl Chloride (PVC) Negative
Polyvinyl alcohol Polydimethylsiloxane (PDMS)
(continued) Polytetrafluoroethylene (Teflon)
(Continue)
Aniline-formol resin Polyvinyl alcohol
Polyformaldehyde 1.3-1.4 Polyester (Dacron) (PET)
Etylcellulose Polyisobutylene
Positive Polyamide 11 Polyuretane flexible sponge
Polyamide 6-6 Polyethylene terephthalate
Melanime formol Polyvinyl butyral
Wool, knitted Formo-phenolique, hardened
Silk, woven Polychlorobutadiene
Polyethylene glycol succinate Butadiene-acrylonitrile copolymer
Cellulose Nature rubber
Cellulose acetate Polyacrilonitrile
Polyethylene glycol adipate Acrylonitrile-vinyl chloride
Polydiallyl phthalate Polybisphenol carbonate
Cellulose (regenerated) sponge Polychloroether
Cotton, woven Polyvinylidine chloride (Saran)
Polyurethane elastomer Poly(2,6-dimethyl polyphenyleneoxide)
Styrene-acrylonitrile copolymer Polystyrene
Styrene-butadiene copolymer Polyethylene
Wood Polypropylene
Hard rubber Polydiphenyl propane carbonate Negative
Acetate, Rayon Polyimide (Kapton)
Polymethyl methacrylate (Lucite) Polyethylene terephtalate
Polyvinyl alcohol Polyvinyl Chloride (PVC)
(continued) Polytrifluorochloroethylene
Polytetrafluoroethylene (Teflon)

39



i.  Polytetrafluoroethylene (PTFE) based TENGs

PTFE is a type of synthetic polymer where all the hydrogen atoms in polyethene (PE)
are replaced by fluorine atoms [87]. PTFE is one of the most commonly used tribo-
negative materials in TENGs [88-92]. Simultaneously, because of properties of acid
resistance, alkali resistance and resistance to organic solutions, the application range
for PTFE based TENGs is extended [93]. For example, a Teflon material based single
electrode TENG (SE-TENG) was used to detect the chemical sensing of solutions in
Jiang et al. [94]. The PTFE based SE-TENG was tested on 10 types of ionic standard
solutions, and it showed different sensing output (V,., I, and Q,.) with each.
Moreover, due to the super hydrophobic characteristic of PTFE thin films, one can even
harvest water wave or water droplet energy using TENGs. Therein, Yang et al (2018)
[117] used a PTFE based tribo-layer to make contact with DI water, tap water and 0.6M
NaCl solution in a water tank. For the TENG with a pristine PTFE surface, the output
power density could be 5SmW/m?. Additionally, the output power density could be
increased to 9.62W/m?, when the hydrophobic property of the PTFE surface was
increased. A high-performance droplet electricity generator with metal/PTFE/ITO
structure has also been designed using the super hydrophobic property of PTFE and the
triboelectricity between the droplet and PTFE [118]. Note that after the droplet
impinged on the PTFE surface, the tribo-charges could be generated by the droplets
spreading, retracting and sliding. Therein, the maximum open circuit voltage and short
circuit current could were approximately 143.5V and 270uA. Therefore, using PTFE to

harvest water energy has potential and requires further investigation.

ii.  Polydimethylsiloxane (PDMS) based TENG

Polydimethylsiloxane (PDMS) is a variation of high molecular organic silicon
compound, which is short for organosilicon [95]. Normally, sluggishness, non-toxicty
and uninflammability characterize PDMS [96]. Because of the properties of high
viscosity, workability and ease of sealing with self and other materials, it always been
fabricated as thin films with high surface functionalization [97-99]. For instance,

exploiting the patterned silicon wafer, it is easy for PDMS to define the nanopatterns
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on its surface. Because of the high surface-to-volume ratio, the contact area of the
interface pair could be increased effectively, especially defining the mating contacting
surface patterns [100]. A stretchable TENG was fabricated with PDMS micro-pyramids
and Al coated PDMS micro-pyramids patterns to increase the effective contact area of
two tribo-layers [93]. Other important properties of PDMS are its transparent and soft
property which could also be applied in the TENG design (especially, using as a tactile
screen sensor). Because of its high output sensitivity and self-power specialties, PDMS
based triboelectric tactile screen sensors have the potential to replace the traditional
electronic tactile screen sensor to reduce the pressure on battery life [101]. Human skin
and PDMS could be combined as a SE-TENG (i.e. the maximum output power density
could be 10mW/cm?) and employed as a tactile screen sensor [102]. Additionally, this
SE-TENG could also be used as a pulse sensor which could perform 2V output voltage
under pulse beating. PDMS is widely employed to design flexible and stretchable
TENGsS.

iii. Polyvinylidene fluoride (PVDF) based TENG

Polyvinylidene fluoride (PVDF) is also a material used, for example, in protective films
for glasses, building exteriors and billboards [86]. Simultaneously, as a consequence of
its capability in filtrating impurities (e.g. sediment and germs), PVDF thin films can
also be used for pretreatment of sewage purification and sea water desalination [103].
Furthermore, the separation films, which are inside of many energy storage devices (e.g.
supercapacitor, lithium battery and etc.), are adopted PVDF thin films [104, 105]. In
the case of its application in energy harvesting, PVDEF, which is composed of the
repeating - CH2-CF2)— unit, is becoming one of the more popular polymer materials in
piezoelectric and triboelectric technologies [50, 106]. Because of the all-trans (tttt)
chain conformation for the [ phase PVDF and its copolymer, it can generate a
piezoelectric response or piezoelectric energy harvesting by external applied forces
[107]. Therefore, PVDF and its copolymers have drawn tremendous attention as
sensing materials in wearable and flexible sensors. According to the triboelectric series

in Table. 2.2, PVDF is a tribo-negative material [85]. For example, a TENG device in
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Mi et al, 2018 [108] using PVDF and CNF/PEI as the tribo-negative and positive
materials generated 105V and 4.5uA/cm? open circuit voltage (Voc) and short circuit
current (/sc), respectively. Interestingly, a pristine [ phase PVDF thin film (without
any modifications) contacting Al foil can generate 0.8mW/m? power density [109].
However, after performing the forward poling process on the PVDF, the output power
could be increased over three times. The output power was decreased 1.3 times by the
reversed poling process on the pristine PVDF thin film. This is because dipole
alignment can be increased by the poling process (from the external electric field) to
increase the material surface potential [109]. Additionally, reversed polarized PVDF
decreased the device performance, because the position of the ferroelectric dipole
moments mismatch with the triboelectric electric field [110]. Owing to this principle,
the piezo/triboelectric nanogenerator has also been designed by inserting one PVDF
layer under the negative tribo-layer to self-align the dipoles inside tribo-layer [111]. As
a results of these, electrospun PVDF and its copolymer have been suggested as the
tribo-negative layer, because of the high surface to volume ratio and surface potential
[112]. Therein, PVDF is also an appropriate electrospinning material, because of its
suitable solution viscosity [113]. Additionally, PVDF films also have other advantages,
including high thermostability, high abrasive resistance (e.g., mechanical strength and
toughness) and high chemical stability (e.g., resisting many chemicals and solvents)
[113].

iv. Polyethylene terephthalate (PET) based TENG

PET is a semi-aromatic polymer that is synthesized by ethylene glycol and terephthalic
acid as well as being one of the most commonly manufactured thermoplastics [114]. Its
melting point and glass transition temperature is 250 to 255°C and 67 to 81°C,
respectively [115]. Because of its characteristics of excellent abrasion resistance, high
flexibility, creep resistance, high dimensional stability, weak corona resistance and fair
oxygen barrier property, it is applied in industrial applications extensively.
Simultaneously, PET is also a common contact or substrate material selection for use
in flexible TENGs [116-120]. However, the electron affinity of PET is weaker as

compared to the abovementioned polymers [12, 20]. Since it is in the middle region of
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the triboelectric series, as shown in Table. 2.2, PET could be used as both a tribo-
positive and negative material in the TENG designs [118, 119]. For example, a SE-
TENG composed by a nanowire-structured PET thin film and Cu foil could generate
1000V, 4.3uA and 15W/m? Ve, Isc and power density by 115L/min air flow [118, 119,
121]. Fan et al (2012) [122] fabricated a high transparent TENG by a regular and
uniform PDMS patterned array based film and ITO coated PET as tribo-negative and
positive materials, respectively. It could generate 18V and 0.13uA/cm? output voltage
and current density. Because the TENG exhibits a high transmittance of 75%, its
potential application in touchscreen, high-definition LCD and self-powered electronic

displays is obvious.

v. Metals in TENG design

According to the triboelectric series (Table. 2.2), metals are in the tribo-positive region:
examples include aluminum (Al), copper (Cu), nickel (Ni) and gold (Au) [12].
Therefore, aluminum and copper are often employed as the tribo-positive material in
TENG construction. These metals are also often used as electrodes. These can be
prepared by commercial foils or by metallization etc. Furthermore, the foils could also
be used as the substrate to fabricate the tribo-layer [123]. For instance, a solution of
polymers (e.g. PDMS, PVDF, PMMA and PI) can be spin-coated on the foil.
Additionally, the Al foil has been extensively used as the substrate to collect electrospun
nanofibers, because of the conductive property [124]. After forming the nanofibers

based thin film, the Al foil can then be used as the electrode of the tribo-layer [50].

In the previous sections, we have discussed fundamental principles, including the
principle of power generation, modes of TENG operation, equivalent circuits and
important triboelectric materials. The basic common parameters, which influence the
output performance of TENGsS, include surface tribo-charge density, permittivity,
separation distance, sliding distance, thickness of tribo-layers, device dimensions,
operation frequency and contact area. These parameters have been demonstrated as

effective methods to improve the performance of TENGs, as shown in Table 2.3. A
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detailed parametric study would be required to determine a rank order of the sensitivity
of TENG output to the different parameters. Comparing with the dimensional and
operational parameters in a TENG device (see Table 2.3), it could observe gains of 5.8
and 4.9 for Voc and Isc, respectively as real contact area (4;) was increased from 0.25
to 82% (present work). It is less than the gains of 50 and 8.5 reported in [59] for Voc
and Isc, respectively, as separation distance was varied from 0.1 to 1 mm. However, for
example, the Voc gain of 5.8 is comparable with Voc gains of 2.6 to 8 reported with
changes in tribo-layer thickness (0.02 to 2 mm) in [125, 126], while the Isc gain of 4.9
is of a similar order to /sc gains of 2.4 to 6 reported with change in frequency (0.5 to 5
Hz) in [59, 127]. Considering optimization via the interface materials, the tribo-charge
density, which is key to power generation, (Table. 2.2) depends on the strength of the
triboelectric effect generated by a particular interface pair [12]. Additionally, the major
parameter used to quantify the surface tribo-charge generation performance for the
contact materials is the material’s surface potential [109, 128, 129]. Comparing with
the other dimensional and operational parameters in TENGs, gains of 4 and 4.5 for Voc
and Isc, respectively, when P(VDF-TrFE)’s surface potential was increased from -0.65
to -5.15V can be observed. It is approximate to the gains from 4 reported in the present
thesis. Thus, increasing the materials surface potential is another significantly effective
parameter to enhance CS-TENG performance. For example, after increasing the
crystallinity of P(VDF-TrFE) in [133], its surface potential is enhanced from -0.87 to -
2.37V and Voc and Isc of the device were optimized 1.7 and 1.8 times, respectively.
Consequently, enhancement of the triboelectric performance of an interface surface pair
via optimization of real contact area, surface potential and permittivity are promising

routes to boosting TENG output.
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Table 2.3: Literature comparison of TENG factors and parameters effecting electrical output.

Voe Gain Isc Gain
Frequency (f) Hz
0.5to 5 (PET & PDMS [59]) - 6
1 to 4 (Al & FEB [127]) 1 2.4
1to 5 (Cu & FEP[130]) 1 3.6
0.3 to 3 (Nylon & PTFE [131]) 1 -
Separation distance (d) mm
0.1to I (PET & PDMS [59]) 50 8.5
1 to 20 (Al & PTFE [125]) 9 2.5
Contact Material Permittivity (¢ - relative)
7.5 to 20 (PA6 & PVDF-BTO [126]) 1.2 1.4
Thickness of Tribo-Layer (f) pm
200 to 1000 (Nylon & PTFE [131])
t for PTFE 2.8 -
32 to 220 (PDMS & PTFE [132])
t for PDMS 7 2.2
300 to 2000 (Al & PTFE [125])
t for PTFE 8 -
20 to 100 (PA6 & PVDF-BTO [126])
t for PVDF-BTO 2.6 1.6
Real Contact Area Ratio (4,) %
0.25 to 82 (Cu & PET) [133] 5.8 4.9
Surface potential
Al & (-0.65 to -5.15V) P(VDF-TrFE) [128] 4 4.5
Al & (-0.87 to -2.37V) P(VDF-TrFE) [109] 1.7 1.8
Al & (-240 to -540mV) PVDF/AgNW [129] 1.7 1.7
Crystallinity (FWHM)
PET & (0.95 TO 0.81) P(VDE-TrFE)/BTO [50] 1.4 34
Al & (0.79 to 0.7) P(VDF-TrFE) [109] 1.7 1.8
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2.4 Research progress on triboelectric nanogenerators

i.  Real contact area

Surface roughness is known to affect aspects such as the frictional response of surfaces
[134], the failure behavior of materials [ 135] and the contact stiffness of interfaces [136].
The real contact area between two rough surfaces is generally much lower than the
idealized nominal contact area between two perfectly flat surfaces — this is an
established result in the field of Tribology. What has been observed in the TENG
literature is that CS-TENG electrical output is generally contact force dependent and
generally increases as the force pressing the tribo-contact surfaces together increases
[137-143]. Some researchers have reported results with electrical output (e.g., Voc and
Is¢) varying linearly with force [139, 141], while in others, a later-stage saturation occurs
at higher forces [137, 138, 141, 142]. However, a link between contact area (mostly
studied by tribologists) and electrical output in TENGs has never really been proposed
and certainly has not been studied experimentally.

One might presume that charge transfer might increase with contact area since contact
within the interatomic repulsive regime is required for electron transfer [63, 144]. In
order to demonstrate this mechanism of surface tribo-charge transfer, material surface
potential has been measured by Kelvin probe force microscopy (KPFM) between the
centre of the scanned area and the edge after a KPFM scan [144]. Based on a parallel
capacitor assumption, the tribo-charge induced dielectric surface potential change can

be associated with the surface tribo-charge density as [145]:

AV = orldielectric (222)
€oédielectric
T (2.23)

Or is the quantity of surface tribo-charges. Therefore, variation of surface tribo-charge
generation could be predicted by investigating the material surface potential after
combining Eq. 23 [133]. Li ef al (2016) [144] extended the experiments of Zhou et al
(2013) [145] by changing the phase shift of the KPFM probe vibration (from attractive
to repulsive force regime). Depending on their experimental results, the surface

potential change could be detected when the tip was vibrating at repulsive regime.
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Inversely, there was no surface potential identified in the attractive regime. Therefore,
these results demonstrated the surface tribo-charge generation is limited to areas of
solid contact (i.e. real contact areas).

The influence of contact pressure on TENG output has been investigated by a TENG
device consisting of a pyramid patterned PDMS surface (negative tribo-layer) in contact
with a flat Ag surface (positive tribo-layer) in Fig. 2.5 (a) [137]. Typical increase in the
open circuit voltage, with load, up to the point of saturation (Fig. 2.5 (b)) was shown
together with microscopic images of the PDMS pyramids in contact with a glass slide
which qualitatively indicated a corresponding growth in contact area (i.e. size of the
square contact patches). From the simulation and experimental results, it can be seen
that only point contacts at the peaks of the pyramids occur in the low contact pressure
range (e.g. from 0.1 to 1 kPa). Because the PDMS based pyramids were deforming with
increasing contact pressure, the contact area between glass slide and PDMS layer are
approaching to full-contact status by the time the high contact pressure is reached.
According to its electrical output (i.e. Vo), it increases close to linear between 10 to
100 kPa and starts to saturate after 100kPa (Fig. 2.5(b)). The relationship between Vo
versus contact pressure has been predicted numerically in Fig. 2.5(c). Note, the
transition point from the qualitative partial contact (PC) to the qualitiative full contact
(FC) condition matches with the transition point to V. saturation. However these results
were somewhat qualitative — contact area was not measured and no relationship
between the TENG outputs and quantitiative measurement of contact area is evident in

the contribution of Seol et al. [137].
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Fig. 2.5: Studies on the effect of contact area in CS-TENGs [160, 171, 172].

Yang et al (2018) [146] modeled the effect of different patterned surface types such as
pyramids etc. (in contact with a flat surface) on the evolution of both contact area and
electrical output (and included the effect of adhesion) — Fig. 2.5(d-f). The deformation
of the pyramid and cone patterns are increased by rising the contact pressure, however,
there is an extremely low deformation of the cube and cylinder patterns by the
increasing contact pressure in Fig. 2.5(d). In addition, the variation of the contact areas
(patterned surface in contact with the same flat surface) were calculated at different
applied contact forces in Fig. 2.5(e). Especially, the effective contact area ratio
increased at the low applied forces range (<400 N) and saturated after applied forces
>400N for the pyramid and cone patterned surfaces. Oppositely, the deformations of
the cube and cylinder patterns are roughly constant, and their contact area ratios are
roughly constant in Fig. 2.5(e) as might be expected from the geometry. Note, the
contact area ratio of the cone patterned film is lower than for pyramid patterned film.

The electrical output results for Vo of the CS-TENGs with pyramid and cone patterns
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predicted the same changes with contact force as the effective contact area, which
increase and later saturate as the surface pattern is flattened in Fig. 2.5(f). However, the
Voc for the CS-TENGs with the cube and cylinder patterns remain roughly constant —
again in line with how the contact area varies for these geometries. Because the
parameters of Vo in Eq. (2.2) (e.g. the separation distance, device dimension and air
permittivity) are constant, the variation of the Vo is related to the change of the effective
contact area ratio. However, this work was numerical and only considered structured
surfaces with certain geometries.

A recent load dependent model (LDM) by the present authors in Xu et al. (2020) [147]
has shown how accounting for a contact force-dependent real contact area (arising from
random surface roughness) produces the commonly observed force-dependent TENG
electrical performance, depending on the DDEF mode of CS-TENG in Fig. 2.5(g-1).
Persson’s contact theory is used to determine the real contact area of the interface pair
and is therefore applicable to contact from first touch up to nearly complete contact (i.e.
nearly 100% contact) as long as deformation remains elastic. Fig. 2.5(h) presents the
contact area fraction as increasing linearly with increasing contact pressure from 0 to
about 0.4MPa and saturating gradually after a contact pressure of over 0.4MPa. The
DDEF model considered the generated tribo-charges distributed on a constant,
unchanging nominal area, but the load-dependent model [147] essentially adapts the
DDEF to a situation where the contact area evolves with contact pressure. The
simulation study is carried out to study the influence of surface roughness (and real
contact area) on the output voltage and short-circuit current of TENGs under different
pressures. Comparing the experimental and simulation results, the simulated results
from load-dependent model is more representative of the experimental results than the
simulated results from DDEF model in Fig. 2.5(i). The important aspect being that the
predicted voltage is now contact force dependent. These previous papers contributed to
qualitative understanding enhanced by theoretical and numerical predictions. However,
no quantitative experimental contact area measurements were plotted in any of these
studies [137, 143, 146] and the experimental study by Seol et al (2015) [137] was based
on qualitative observations of the deformation of idealized highly engineered (pyramid-
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on-flat) type contacts. Therefore, the role of contact area still remains to be
demonstrated experimentally via measurement and calculation of real contact. Crucially,
this kind of experimental study needs to be applied to the general class of non-
engineered nominally flat rough surfaces (i.e. all non-patterned surfaces).

Chapter IV of this thesis resolves this issue by accurately measuring both TENG real
contact area and electrical output simultaneously over a wide range of contact pressures
(from first touch to heavily loaded) for two nominally flat rough surface tribo-contact
pairs. All other parameters are fixed so that just the effect of the contact force and area
can be elucidated. Experiments are carried out where electrical output (such as Vo &
1) were measured together with A; under increasing contact pressure (or force) with
identical test conditions for a TENG in contact separation mode. Fabrication of
nano/micropatterns on the contact surface has been considered extensively as an
approach to enhance the real contact area of the interface pair such as pyramids, line
patterns, nano-helixes and nanofibers [148, 149] — although many of these approaches
do not succeed in enhancing contact area very effectively (primarily because of the gaps
between the features). This aim of increasing contact area leads partly to the next topic:
that of a TENG with electrospun PVDF-TrFE composite nanofibers. Here, there is also
a second major optimizing factor — permanent material polarization made possible as
PVDEF-TrFE is ferroelectric. Hence, the next section reviews the literature related to the
work in Chapter V on a ferroelectric-assisted high performance triboelectric
nanogenerator based on electrospun PVDF-TrFE composite nanofibers with BaTiO;

nanofillers.

ii. Electrospun ferroelectric assisted triboelectric nanogenerator

Many applications place very particular demands on TENG materials such as: high
flexibility, ability to maximize electrical output and robustness in sustaining high
mechanical stress/strain [150-154]. In terms of maximizing electrical output, a tribo-
contact material pair that maximizes change transfer is required. Four key factors that
help optimize this are maximizing: (real) contact area [133, 147], difference in electron

affinities of the interface pair [12], permittivity of the tribocontact materials [99, 155,
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156] and difference in residual surface potential between the interface surfaces [128,
157]. With these demands in mind, materials that have received particular attention are
the ferroelectric (FE) polymers polyvinylidene (PVDF) and copolymer poly(vinylidene
fluoride-co-trifluoroethylene) (P(VDF-TrFE)) as these are flexible, but also allow for
permanent polarization of the tribo-contact surfaces and are piezoelectric.

In Section 2.2, this manuscript has already discussed PVDF (with its repeating —
(CH2-CF2)— unit molecular structure). PVDF is one of the advantageous tribo-negative
materials, because it is a fluoride. Note, fluorine has the highest electron affinity among
the atoms to increase material triboelectric property [158]. Its co-polymer P(VDF-TrFE)
combines the trifluoroethylamine structure into the PVDF molecular structure (i.e. —
(CH2-CF2) m(CFH-CF>) 1—). In addition, the polar [-phase is crystallized from the
melt form of P(VDF-TrFE) readily comparing with PVDF [109]. According to Nalwa
(1995) [159], crystallinity of P(VDF-TrFE) up to 90% can be achieved by pretreatment.
Simultaneously, the high crystallinity of PVDF-TrFE can increase its negative tribo-
property for the application of PVDF-TrFE in TENGs as well. It has been demonstrated
to promote higher crystallinity and better dipole alignment similarly to how high dipole
moment solvents have been shown to increase crystallinity and dipole alignment for
P(VDF-TrFE) [126]. As expected, a high triboelectric output performance corresponds
to the TENG device with highest crystallinity P(VDF-TrFE) thin film. The higher
crystallinity results in a higher dipole alignment of P(VDF-TrFE), and the presence of
aligned dipoles in the B-phase of ferroelectric (FE) polymers results in the enhancement
of the spontaneous polarization (i.e. higher surface potential) and hence the surface
charge density [160]. Thus, enhancing the crystallinity of the FE polymer is an effective
method to optimize the ferroelectric assisted TENG performance. Comparing with
PVDF, P(VDF-TrFE) has been selected as the tribo-negative polymer in Chapter V,
because PVDF-TrFE could be fabricated at higher crystallinity than PVDF under the
same conditions.

Additionally, recent work has shown significant improvements (1 to 5 times) in
TENG electrical output when polarized PVDF or P(VDF-TrFE) are compared to their

non-polarized equivalent [66, 160, 161]. Especially, Lee e al (2016) [162] analyzed the
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influence form the polarization of P(VDF-TrFE) thin film for the TENG devices,
including forward, reverse and non-polarized situations. The experiments not only
explained the effect from surface potential for a TENG device, but of most interest is
the tribo-property changed by the direction of the polarization. From their results, the
highest occupied energy level of electrons of original P(VDF-TrFE) was shifted to the
lower or higher level by forward or reverse-polarizing its thin film. After that,
differences of work function between the contacting materials are enhanced and this
boosts the tribo-charge transfer between the interface pair surfaces. The poling process
is the general method to increase the B-phase formation and crystallinity of P(VDF-
TrFE) [163]. However, to promote the [B-phase formation and crystallinity,
electrospinning also could be used as it combines uniaxial stretching and electric field
poling in a single step [133, 147, 164]. The jet initiation could not happen for the
viscous PVDF-TrFE solution until applying the high voltage during the electrospinning
fabrication, because the electrostatic force is inadequate to overcome the surface
tension of the PVDF-TrFE solution droplet and shoot out the droplet from the nozzle
[165-167]. It is clear that the high voltage can increase the stretching force, because it
is observed that the diameter of the nanofiber decreases with increasing voltage [165].
Therefore, the PVDF-TrFE molecular chains dipole is oriented as the stretching of a
polymer jet under the high applied voltages during the electrospinning fabrication to
shift it from o to B-phase [166, 167]. For example, experimental results have shown that
the PVDF B-phase content could be increased from 67.8% to 72.4% by increasing the
applied voltage from 12kV to 25kV [168]. Simultaneously, the degree of crystallinity
of the PVDF is enhanced from 48% to 56.3% corresponding to a growth of B-phase
content from 70% to 76%, after applied voltage increases from 14kV to 20kV [169].
Hence, the high applied voltage can increase both the B-phase content and degree
crystallinity of the PVDF-TrFE. Additionally, it has been reported that the real contact
area could be increased by optimisation of the nanofiber surface shape [153]. Film
surfaces include roughness and microscale defects and the nanofibers (from
electrospinning) can potentially match the contours of these during contact. Due to the

high surface-to-volume ratio of the interface pair, the contact area of the nanofiber
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based TENG device could potentially be improved, compared with their spin-coated
thin film-based equivalent. Therefore, electrospinning seems an attractive method to
fabricate a high performance P(VDF-TrFE) nano-fibourous TENG. This has not been
done before and is the subject of Chapter V.

Third, different material optimization routes have been followed to enhance the
formation of the B-phase of FE polymers. For instance, it has been shown that addition
of filler materials such as metal nanostructures, and ceramic nanoparticles into the FE
polymer matrix can enhance the formation of a highly polar crystalline B-phase, because
of the electrostatic interactions between the nanostructures and the highly aligned
dipoles of the FE polymer chains [126, 128, 129, 170, 171]. The introduction of
nanoparticles has another very important advantage i.e. high permittivity inorganic
fillers can increase the dielectric constant of the tribo-contact materials, which serves
to increase the TENG capacitance and hence the ability to store charge [126, 128, 155,
163]. As an example, by dispersing particles of tetragonal barium titanate (TBTO with
formula BaTiO3) in a PVDF matrix, an increase in open circuit voltage and short circuit
current density of spin coated TENGs by 1.5 to 2.4 and 1.8 to 2.3 times, respectively
has been reported [126, 128] (Table 2.4). Similarly, voltage and current increases of 1.6
and 1.5 times were observed with a similar dispersion of TBTO particles in a P(VDF-
TrFE) matrix [128]. However, a significant observation from Seung et a/ [163] reports
that the output performance of the P(VDF-TrFE)/TBTO thin film based TENG device
could not be improved much without the poling process. This is because the more
random dipole alignment decreases the intensity of the material intrinsic electric field
and even the material surface potential. The electrospinning fabrication approach holds
the potential to resolve this problem, because a high voltage can be applied during the
fabrication. Considering that TENGs produce high voltages but low currents, the
current density is a vital parameter for performance. If tribo-charge density increases
with real contact area [133, 147], significant gains over the state of the art are potentially
possible if above materials are used in fibrous form. In this regard, electrospinning can
provide better outcomes than the methods such as spin coating used in previous works.
Further, electrospinning could enable even more highly charged P(VDF-TrFE)/TBTO
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(nanofiber (NF) based) surfaces capable of further boosting current density. The
premise is that electrospinning the P(VDF- TrFE)/TBTO surface will lead to higher
dipole alignment and crystallinity in the P(VDF-TrFE)/TBTO matrix (due to higher

voltage and extra alignment due to fiber stretching.

Table 2.4: Typical PVDF based TENG performances compared with the present work (final row)

Contact materials Fabrication Category  Pressure Freq. Vo Jse  Voco/Pressure Ji/Pressure Sample size  Ref.
Method (kPa)  (Hz) (V) (MA/cm?) (V/kPa) (LA/N) cm?
PVDF & Al Electrospinning Tribo - 2 943 028 - - 25 [172]
PVDE-HFP & Silicon Electrospinning  Tribo+piezo 20 1 17 0.06 0.85 0.03 4 [173]
Rubber
PVDF-AgNWs & Nylon  Electrospinning  Tribo+Piezo 12.5 3 240 3.0 19.2 2.46 4 [174]
PVDF & CNEF/PEI aerogel Electrospinning Tribo 30 10 105 4.5 3.5 1.5 2 [108]
PVDF & Silk fibroin Electrospinning  Tribo+piezo 32.1 4 500 1.5 15.6 0.47 8 [175]
PVDF/MXene & PA6 Electrospinning  Tribo+piezo 25 1 50 2.5 2 1 4 [176]
125 4 300 15 2.4 1.2
PVDF/Graphene & PA6 Electrospinning  Tribo+piezo 25 5 1373 141 54.9 5.64 4 [177]
225 5 1720 213 7.6 0.95 4
PVDF/MXene & Nylon 11 Electrospinning  Tribo+piezo 23 4 75 3 33 1.3 3 [178]
PDMS/BTO & Al Spin-coating Tribo+piezo - 2 375 0.3 - - 16 [179]
PVDF & PVA Spin-coating Tribo 15 5 230 1.5 15.3 1 4 [180]
P(VDF-TrFE) poled & Al  Spin-coating Tribo+Ferro 380 5 10 4.0 0.03 0.11 1 [181]
P(VDF-TrFE) & PET Spin-coating Tribo+piezo - 0.5 35 0.6 - - 1 [182]
P(VDF-TrFE)/BTO poled & Spin-coating Tribo+ferro 98 - 457 125 0.47 0.13 1 [128]
Al
PVDEF-BTO & PA6 Spin-coating Tribo+piezo 250 5 450 32 1.8 0.13 4 [126]
P(VDF-TrFE)/BTO & PET Electrospinning  Tribo+ferro 12.8 4 315 6.7 24.6 5.23 6.25 [50]

Therefore, in this work, we develop high-performance hybrid-TENGs using
electrospun fibrous tribo-negative surfaces based on P(VDF-TrFE) composites with
dispersed BaTiO3 (BTO) nanofillers in Chapter V. This is the first time that a nano
fibrous P(VDF-TrFE)-based TENG has been developed. We also explore the use of
cubic BTO (CBTO) as a means of probing the differences introduced by the
piezoelectric TBTO as compared to the non-piezoelectric CBTO. Accordingly, three
types of P-phase crystalline P(VDF-TrFE) NF-based films are fabricated (via

electrospinning) as active negative TE layers: pristine P(VDF-TrFE), P(VDF-
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TrFE)/CBTO and P(VDF-TrFE)/TBTO. PET sheet material is used as the positive
tribo-layer in all three cases to complete the Fe-TENGs. Table 2.4 compares outputs
from the studies discussed above and also includes the present work which exhibits the
highest current density even though the contact pressure is the lowest — suggesting a
significant boosting of current density via the approach in Chapter V.

iii. Self-powered/charging  electronics/system based on  triboelectric

nanogenerator

TENGs have emerged recently as effective self-powered sensors: examples include
physical sensors (e.g., dynamic pressure sensor, speed sensor, acceleration sensor, fluid
sensor and position sensor) and biomedical or healthcare monitoring sensors [48, 183-
191]. Firstly, a TENG is a displacement dependent energy device whether it be sliding
or vertical separation distance. Because TENG output increases with displacement of
the tribo-surfaces, there is a sufficient reason to use TENGs to detect motion. Fig.2.6(a)
presents a work on multi-dimensional self-powered velocity and trajectory tracking
sensors (VTTS) which are composed of a sliding mode TENG array and a LED array
[184]. The moved location of an object can be regarded as it moves in a plane
rectangular coordinate system on a 2D plane, as characterized by corresponding
coordinates, (x, y). Since TENGs can charge the LED array, the location of the object
can be read out from the LED array with a resolution of 250um. This multi-dimensional
VTTS can respond to the limitation of the test motion from single-dimensional motion
sensor advantageously. Many modern industrial applications also require measuring
speed effectively, including for transportation, airport baggage carousels and for robotic
automation etc. Simultaneously, the motion or vibration speed (i.e. frequency) of
TENGs is one of the important parameters governing their output [12]. For instance,
Jing et al (2014) [185] reported a self-powered velocity dual-mode sensor to detect both
rectilinear and rotary motion, depending on the variation of operational speed - see
Fig.2.6(b).

Self-powered acceleration sensors based on TENGs have the potential to be applied to
earthquake monitoring, vibration monitoring such as global position systems,

biomedical devices, vehicle safety, intelligent electronic products and mechanical
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equipment vibration monitoring and troubleshooting. A high performance self-powered
acceleration sensor based on a TENG has been fabricated by a PVDF nanofibers-based
film and a liquid Hg ball for vibration monitoring with a high sensitivity of 0.26 V-s/m?
by Zhang et al (2017) [190], as shown in Fig. 2.6(c). We say in Section 2.2.2 that
electrical output has mostly been observed to be pressure dependent. Hence, a pressure
sensor is the one of the basic applications of the CS-TENG. However, due to its pulse
AC output signal, the CS-TENG is almost designed as dynamic pressure sensor,
especially when applied as a wide range pressure sensor. Because the electrical output
(e.g. open circuit voltage) of a CS-TENG is always saturated at high contact pressure,
as shown in Fig. 2.5(b), there is a sufficient reason to use it as a wide range self-powered
pressure sensor. For example, the electrical output (e.g., output voltage) shows linear
variation in different contact pressures ranges (e.g., 0 to SkPa, 5 to 60kPa and 60 to
600kPa), as shown in Fig.2.6(d) [192]. Another advanced TENG sensing application is
to detect the characteristics of fluids, including gas and liquid flow [186]. Based on
converting the mechanical energy from the fluid, the fluid characteristics (e.g., pressure
& flow speed) can be recorded by the TENG (e.g. rotating TENG) effectively [191].

Additionally, wave energy and sensing also could be detected by a single electrode
TENG due to the hydrophobic feature of the triboelectric material surface [188]. A self-
powered water wave sensor was designed by Xu et al (2019) [189] with an accuracy of
10 mm, as shown in Fig 2.6(e). Self-powered sensors based on TENGs could also be
applied in the field of smart medicine and biomedical engineering [193]. The basic
parameters in these applications often depend on pressure and frequency such as heart
and pulse monitoring [187]. Additionally, a textile TENG (T-TENG) was integrated
with a sock to detect the gait information of Parkinson's disease patients [48]. This
design also depends on the walking frequency of the patients and these are different at
normal walking, loss of stride and freezing of gait. Collection of this data could allow
medics to monitor patients in real-time, as depicted in Fig 2.6(f). Moreover, in the field
of biomedical engineering, a PTFE based single electrode TENG was integrated into a
medical infusion tube, and the triboelectric output signal can then represent the flow

velocity of liquid and gas produced from the injector [183]. This can demonstrate the
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monitoring of the transfusion process for a patient. In this section, the self-powered
sensors based on TENGs have been reviewed from the prospective of physical sensors
and biomedical or healthcare monitoring.

Due to their extensive design in orientation of object, patient monitoring, vibration
monitoring, wide range pressure and speed sensing, the potential of the TENG-based
self-powered sensor applications have been highlighted. In theory, expanded Maxwell
equation demonstrated the reason why TENG-based self-powered sensors can actively
detect the static and dynamic processes arising from mechanical agitation by TENGs

output electric signals [194]. Note that the contact surfaces is deforming via the shear
stresses between the interface pair. The second term (i.e., a—i) of the displacement
current density (/) fuction is the current owing to the movement of the changed media
as driven by an external mechanical agitation/force. In Wang’s calculation [195] for a—i,

the time variation of the surface charge density and the movement speed of the medium
were import into the final results. The reults also indicates the variation of the medium
volume and surface are also influencing the TENG outputs. It also illuminates the
potential of CS-TENGs to be a self-powered pressure sensore, because the shear
stresses deformed the surface shape (i.e., the real contact area of the interface pair). This
thesis builds on findings about the effect of contact pressure in Chapter IV to develop

a wide rage pressure sensor for various novel sensing applications in Section VI.
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Fig. 2.6: A variety of applications of TENG based self-powered sensors, including: (a) self- powered
velocity and trajectory tracking sensors (VITS), (b) self-powered velocity dual-mode sensor, (c) self-
powered acceleration sensor, (d) a wide range self-powered pressure sensor, (¢) self-powered water wave
sensor and (f) health monitor [47, 208-216].

Having explored TENGs as sensors, another important application for TENGs is as a
power supplier to electronics or energy storage devices. Therein, charging energy
storage should be one of the major applications for next generation TENG-based self-
charging systems, because these self-charging systems can facilitate 24-hour powering
by nanogenerators such as TENGs. Owing to the high voltage and low current
characteristics of TENGs, one of the challenges for this TENGs-based self-charging
system is reducing the charging time of the energy storage devices [196, 197].

Supercapacitors are the general selection in self-charging systems, due to their high-
power density (i.e. lower the charging time), as shown in Fig. 2.7. Simultaneously, the
TENG outputs are AC power and must be converted to DC power. Hence, a rectifier

circuit is the most common method to integrate the TENG and supercapacitor [197]. In
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order to improve the charging performance, the straightforward method is to increase
the output power of the TENG. Two TENGs were integrated at the top and bottom side
of one supercapacitor to enhance the input power, as shown in Fig. 2.7(a-b) [197].
Comparing with the system integrating one TENG and a supercapacitor, the stored
voltage of the supercapacitor with two TENGs was increased 2 times with an 8s
charging time in Fig. 2.7(b). The second challenge for the self-charging system is the
integration between the TENGs and supercapacitors. Lou et al (2015) [196] inserted 4
microampere supercapacitors onto the TENG substrate in series as a single device.
Since they are connected in series, the input currents are the same for each
supercapacitor. Thus, although the required current for charging the supercapacitor
array is not increased compared with a single supercapacitor, the output voltage from
the supercapacitor array is enhanced four times, as shown in Fig. 2.7(c) [196]. This
optimization not only decreased the input current for the supercapacitor array and
improved the output performance of the supercapacitor array, but TENGs and
supercapacitors could be integrated as a single device. By this method, the low input
current from TENGs can be answered commendably. Finally, adopting the same
materials for both TENG tribo-layer and the package of supercapacitor is another
challenge, because this could reduce the complexity of the final integrated system, as
shown in Fig. 2.7(c-d). Thus, it can decrease the number of the system layers and boost
the range of device applications - a biodegradable self-charging system was fabricated
by Shi et al (2019) [198]. Both supercapacitor package and TENG substrate used
cellulose paper, and the interface pair of the TENG were nitrocellulose and
PPy/cellulose paper. This design could combine the TENG substrate and supercapacitor
package as one layer and extend the application range of this self-charging system due
to its biodegradable property. However, the recent designs use an external circuit (or
PCB) to combine TENGs and supercapacitors. Therefore, this is one of the key
challenges for future work.

In this work, we successfully integrate the Fe-TENGs (P(VDF-TrFE)/TBTO) with a
graphene electrode-based flexible supercapacitor to realize a self-charging system that

can charge to 1.25 V in just 5 mins (see the application section of Chapter V).
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Fig. 2.7: Types of TENG-supercapacitor-based self-charging systems (a) sandwich shape self-charging
power unit (SCPU), (b) output comparison of one TENG based SCPU and two TENG based SCPUs (c)
self-charging screen printed micro-supercapacitor power unit and (d) biodegradable SCPU [219-221].

In the previous sections, the methods of optimizing TENG performance have been
discussed, including enlarging (real) contact area, difference in electron affinities of the
interface pair, permittivity of the tribocontact materials and difference in residual
surface potential between the interface surfaces. Additionally, as we have just seen,
TENGs have also been developed as self-powered sensors (e.g. acceleration sensor,
dynamic pressure sensor, velocity sensor, trajectory tracking sensor and etc.) due to its
high electric output and sensitivity. Examples are the TENG based self-powered
pressure sensors in the sole of humanoid robots or in the shoes of a person with walking
problems. Another reason why we need to optimize the performance of TENGs is the
current gap between their power output (~0.1- 100 mW/cm?) [54] and the power
needed to develop self-powered systems for charging sensors and electronics (8.44-
107mW/m?) [199]. Generally, TENGs can generate electrical power from the ambient

energy and use it to charge the sensors, sensor arrays and electronics. Additionally,
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TENG generated power can also be channeled into energy storage devices such as
supercapacitors and lithium batteries to realize 24-hour power supply to key
applications. For example, the self-powered charging system with a ferroelectric
assisted TENG and graphene electrode supercapacitor is sufficient for wearable
applications as often low power sensors (nanowatt to microwatt power range [200-203])
need to be powered. Thus, the two major applications of TENGs are self-power

electronics (system) and self-power/charging system.

2.5 Summary

This Chapter has presented an overview of TENGs and their applications. It has also
explored key areas that are likely to be critical in leading to significant optimization of
output. TENG output is still low when compared to many device power requirements
and the need for optimization is clear. The chapter discussed the principle of operation
of the four TENGs modes, TENG materials and triboelectric energy generation. Key
areas with promise for significant optimization were identified. The identified areas are:
real contact area, difference in electron affinities of the interface pair, permittivity of
the tribocontact materials and difference in residual surface potential between the
interface surfaces.

It was noted that reducing the permittivity of the tribo-contact materials would be likely
to increase electric field strength and boost output. The problem is that low permittivity
and optimized tribo-electric surface properties (tribo-positivity or tribo-negativity) do
not necessarily coincide. An approach to finding an optimized solution to this problem
is identified in Chapter III. The next route towards optimization emerged from results
in the literature indicating that TENG output increases with contact pressure. There are
some qualitative observations suggesting that a contact force-dependent real contact
area might be the origin of this behavior. However, concurrent measurements of TENG
electrical output and real contact area have never been made. Nor has this phenomenon
been studied for standard engineering surfaces possessing random surface roughness.
Hence, Chapter IV explores the fundamental origins of this behavior and shows how

output can be optimized via contact area. The next impetus for optimization emerged
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from the body of literature suggesting how permanent polarization of ferrelectrric tribo-
contact materials can be used to boost output. P(VDF-TrFE) with BaTiO3 (BTO)
nanofillers was identified as a suitable high performance ferroelectric material.
Although PVDF/BTO and P(VDF-TrFE)/BTO have been used previously, this has
been to produce a film based spin-coated TENG surface. What has not been explored
is how much output can be boosted if high voltage electrospinning is used to create a
nano-fiborous P(VDF-TrFE)/BTO TENG surface. Furthermore, the enhancing effects
of the BTO nanoparticles has not been adequately explained. Previous studies have
identified the benefit of their high permittivity, but have not explored their effect on the
amount and degree of crystallinity of the B-phase in P(VDF-TrFE). These aspects are
addressed in Chapter V which develops high-performance ferroelectric-assisted
TENGs using electrospun fibrous surfaces based on P(VDF-TrFE) with dispersed BTO
nanofillers in either cubic (CBTO) or tetragonal (TBTO) form.

The need to properly apply these high-performance TENGs in applications was also
touched upon in the literature review. This means integrating with suitable energy
storage and also designing novel TENG based sensors. An overview of the advances in
TENG-based self-powered/charging electronics/system applications and its future
challenges have been presented. In the present work, the advances in Chapters IV and
V lead to the rapid charging TENG based super-capacitor system developed at the end
of Chapter V and the wide-range pressure sensors developed and adapted to key sensing
applications in Chapter VI. In conclusion, despite the plethora of challenges in
optimizing TENG performance, high performance TENGs hold great promise for
advances in many areas where renewable energy, self-powered sensors or self-charging
system are needed. The review hints at a number of approaches that might be taken to

further boosting output and these are explored in the subsequent research chapters.
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Chapter III.
Modelling, simulation and optimization for contact and separation

mode triboelectric nanogenerators

3.1 Introduction

The triboelectric nanogenerator (TENG) has emerged as an exciting new technology
for localized electricity production. It simply utilizes the mechanical rubbing of certain
surface pairs to produce electricity and has applications in harvesting energy from
several sources [12]. The first significant paper on the topic of contact and separation
triboelectric nanogenerator (CS-TENG) was published as recently as 2012 by Fan et al
[66]. The power generation of CS-TENGs depends on the principle of contact
electrification and electrostatic induction. The tribo-charge density, which is key to
power generation, as well as, driving charge flow in TENGs, (Fig. 2.3) depends on the
strength of the triboelectric effect generated by a particular interface pair [12, 57-59].
Based on the distributions of intrinsic electric field distributions during the power
generation, a recent numerical model of CS-TENG operation has been developed by
Niu et al [57]. The energy source (i.e. tribo-charges) is uniformly distributed over
infinite plates in Niu et al; however, this model does not account for the fact that real
TENGs consist of finitely sized plates and it leads to the artificial result of voltage
indefinitely increasing with separation distance between the plates (Fig. 2.5(g) in [59]).
The distance-dependent electric field (DDEF) model addresses this issue [59] and
accounts for finitely sized plates — this gives a voltage which saturates beyond a certain
separation distance. Xu et al. [147] improved the DDEF model by considering the
theoretical influence from contact area due to the surface roughness on the contact
surfaces and established the so-called load-dependent model (LDM). These
fundamental numerical models were important steps in the development of our
understanding of how TENGs work. They also allow simulation of the effect of various
parameters on TENG performance (Section 3.2). This thesis studies these theoretical
models initially to understand the working principles of the CS-TENG.

However, these numerical models say nothing about the generation of tribo-charge
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density. Rather, they depend on an experimental value being input for tribocharge
density. The surface tribo-charge density is one of the most important parameters,
because it serves as the energy source for TENGs [12]. Therefore, the energy band
approach was recommended to understand the surface charge transfer and the effected
parameters of the contact materials [58, 60]. The surface tribo-charge transfer depends
on balancing the differences in the contact materials band gap [60]. For the metals, they
are characterized by their Fermi level (£y), in which all the states are occupied below it.
The states are empty above the Fermi level. For the dielectric, the molecular structure
characteristics of its surface and bulk are different [60, 63]. The dielectric surface can
be characterized by its conduction band (CB) and valence band (VB); however, the
presence of surface/defect states in the bandgap should be assumed, owing to breaking
the symmetry at the surface [63]. Some of the surface states in the bandgap (E,) with
energy below Ercould be filled up by electrons transferred from the metal into the
dielectric surface during contact between the metal and dielectric. This is because the
edge level of the valence band of the dielectric is lower than the Fermi level of the metal
[58, 60]. It should be noted that this results in a dielectric surface with negative charges.
The tribo-charge generation procedures and the calculation of surface tribo-charge
density are discussed using the energy band apparoch in Section 3.3. The transfer of
surface tribo-charges can simply be explained by the energy band theory. Additionally,
the parameters, which affect surface tribo-charge generation, will also be highlighted
from the tribo-charge density calculation. This modelling will establish the foundation
for selecting the triboelectric interface pair and designing the triboelectric composites
in the future TENG research.

Finally, this chapter presents a study on optimizing a low permittivity substrate below
the tribo-contact surface so that gains from both strong triboelectric effect and low
permittivity can be harnessed in a single device architecture. A simulation-based study
is presented to investigate the effects of varying substrate relative permittivity upon
TENG outputs such as open circuit voltage, short circuit charge density and short circuit
current density. In addition to further in-depth simulation, two TENG devices fabricated
with polyethylene terephthalate (PET) and polytetrafluoroethylene (PTFE) substrates
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are tested to verify the simulation results. In order to assess the influence of substrate

permittivity only, the tribo-contact materials are fixed as PET and PDMS films in both

the simulations and experiments in Section 3.4. Therefore, the tribo-charge density of

the devices can be considered constant. Other factors affecting the output parameters

where also fixed to enable comparison including separation distance, frequency and

applied force.

This chapter primarily discusses the following points:

* Introduction of the working principles of a CS-TENG by MATLAB simulation and
summary of the impacted parameters from the device architecture.

* Analysis of the tribo-charge generation behavior by the energy band theory
between the interface pair materials.

* A study on optimizing CS-TENG performance via a low permittivity substrate by

both simulations and experiments.

3.2 Model of the working principle of contact and separation mode TENGs

The tribo-charges are the power source that drives TENGs to produce the free charges
on the electrodes. In CS-TENGs, coupling of contact electrification and electrostatic
induction define the operating principle. The transfer of opposite and equal tribo-
charges occurs on each contact surface, owing to the difference in the triboelectric
property of the contacting materials. The working principle applying to the open circuit
voltage and short circuit current condition for a CS-TENG is shown schematically in
Fig. 2.3 in Chapter II. The output performance of a TENG is actually dependent upon
many factors, including surface roughness, thicknesses, separation distance and contact
material properties. The open circuit voltage is created by the difference in potential
between the electrodes as separation occurs. Simultaneously, these built-in electric
fields cause the polarization of the dielectric material and produce the induced charges
on the electrodes. In a short circuit mode, the charge is transferred from one electrode
to the other. Therein, the separation distance between the interface pairs is one of most
important parameters. Different open circuit voltages will be developed with different

separations. The building of potential on the electrodes is also related to the intensity
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of the internal electric field of TENGs. This depends on both the tribo-charge density
orand the permittivity ¢ as [59]:

E=2 3.1)

2¢
where, E is the electric field perpendicular to the charged surface, o is tribo-charge
density and ¢ is the permittivity of the medium. However, this electric field model is
appropriate to a conventional capacitor rather than a CS-TENG, because the
conventional parallel capacitor model assumes infinitely large charged planes. Hence,
this model cannot explain the polarization of the dielectrics or the induction of free
charges on the electrodes of a TENG completely. Therefore, the distance-dependent
electric field (DDFE) model has been proposed to complete the explanation of the
electric field variations of oppositely charged finite plates in relation to their contact-

separation movement [59].

E, =2 f(2) (3.2)

L

w
1) @)

where, L and W are the length and width of contact surface and z is the distance from

f(x) = arctan (3.3)

point to the contact surface. Because the equivalent and opposite tribo-charges are
located on two sides of the contact surfaces, the total overlapped electric field intensity

on one side electrode can be presented as:
Evotat = 7o (f () = f(x + 2)) (34)

where, x is the distance from material surface to the electrode surface (i.e., the thickness
of the tribo-layer). The electric potential can be described by the relationship between

the distance and the total overlapped across the electrode as:

o1 =2 (7 Feodx - [T, () dx) 33D
0, = ;—“Z( [2feodx = [, F(x) dx) (3.5.2)
They can be simplified as:

o1 = 2 ([ f()ax) (3.5.3)
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02 = 22 (72" fG)dx) (3.54)

where, @1, are the potential of two electrodes, x1,2 are the thickness of the tribo-layers
and €12 are the permittivities of the dielectric materials. Because there is not induced
free charges on the electrodes, the electric potential of the electrodes can neglect the
influences from the induced free charges. The open circuit voltage (Vo) can be
calculated as:

Voe= @1 — @2 (3.6)
Additionally, if the device is considered working at short circuit condition, the induced
free charges on the electrodes will affect the potential of the electrodes. Thus, the

potential of the electrodes could be described as:

01 =27 COdx) + 2 (7 fdx) 3.7.1)
02 = L ) + 2 (2 f o) (372

where, oy is the induced free charge density on the electrodes
Because of the short circuit condition, ¢; — ¢@;=0

Therefore, the induced free charge density can be calculated as:

x1+2 Xo+Z

( f fdx+— f f(x)dx)
Oy = i X1+x +z (38)
(— —)f ety ( )dx
&1 &2
The short circuit current (/sc) can be evaluated as:
do
Le= A—Z, (3.9)

where A is the device area. The separation distance (z) is holding on a sinusoidal
function for the device operation, as:

z = Hsin (2nft + )+ H (3.10)
From the Eq. (3.5.1-3.6) and (3.8-3.9), the key parameters influencing CS-TENG
output performance are tribo-charge density, separation distance, thickness of the tribo-
layer and contact area. The tribo-charge density is a constant which is related to the
contact materials. A dielectric-dielectric CS-TENG, which is using PDMS and PET as
the interface pair, was selected for the numerical simulation in Fig.3.1. PDMS and PET

films with 20um and 200um thickness, and another PET sheet with 100um was

67



adopted as the substrate under PDMS film. Moreover, the relative permittivity of PDMS
and PET was 2.72 and 3.3, respectively. Note, the relative permittivity of the top tribo-
layer can be calculated as 3.24 by the parallel capacitor model [43]. The tribo-charge
density used was 40.7uC/m? from [82]. Fig. 3.2(a) plots the result of open circuit
voltage vs separation distance. The open circuit voltage is increasing lineraly when the
separation distance is under 18mm. Additionally, the growth rate of open circuit voltage
is decreasing after the separation distance is over 18mm. Therefore, the separation
distance is one of the important parameters for improving the open circuit voltage of
CS-TENGs. However, the free charges can flow between two electrodes to counteract
the difference in potential of two electrodes at short circuit current stage, as shown in
Fig. 2.3 in Chapter II. Additionally, Fig.3.2(b-c) shows that the free charge and short
circuit current density increase with rising separation distances. The output charge
density can increase from 33.5 to 38.6 uC/m?, when the separation distance increases
from 1 to 10mm. In addition, the short circuit current density is improved 3.4 times,
after the separation distances rise to 10mm. Thus, based on the simulation results and
formula analysis, the increasing separation distance of CS-TENGs can influence the

outputs as indicated.
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Fig. 3.1: Schematic of the CS-TENG used for numerical study by (a) 2D (b) 3D version [42].
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The effect from the thickness of the tribo-layers for the device output performances was
also investigated by the MATLAB simulation. The thickness of PET sheet is fixed at
100um as well as the thickness of PDMS film are defined as 120, 80, 40 and 20um.
Fig. 3.3(a-c) shows the simulation outputs (open circuit voltage vs separation distance,
short circuit charge density vs time and short circuit current density vs time) of the
device with different thickness of PDMS films. Simultaneously, Fig. 3.3 then illustrates
these outputs against the thickness of PDMS. The open circuit voltage is increased with
reducing thickness of PDMS, as shown in both Fig. 3(a) and (d). Herein, the open circuit
voltage is raised from 1368V to 1371V under a fixed 1mm separation distance, after
decrease the PDMS thickness from 120 to 20um. Moreover, the short circuit current
density and short circuit charge density decline with the growing thickness of PDMS
from Fig 3.3(b) and (e). Also when the thickness of PDMS film is enhanced from 20um
to 120um, the short circuit current density decreases from 174.6 to 155.4 uA/m? (i.e.,
12.3% reduce). This enhancement with 20um thickness PDMS film can be 1.12 times
the output of short circuit current density from the device with 120um PDMS as the
negative triboelectric interface. A similar trend is observed with short circuit charge
density in which it increases from 32.28 to 33.63uC /m? over the range of thickness of
PDMS and Imm separation distance, as depicted in Figs. 3.3(c) and (f). Therefore,
depending on the investigations of the outputs from the devices with different thickness

of the contact material, a low thickness tribo-layer can increase the output performancs
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charge density. The effects for the output performances with thickness of PDMS (d) open circuit voltage,
(e) output charge density and (f) short circuit current density.

Because of the inevitable presence of surface roughness, the contact area between the
interface pair cannot achieve 100% contact (Chapter V) and, in many cases will be very
much less. Simultaneously it is reasonable to assume that the tribo-charges can only be
generated by real contact of the materials (i.e. atomic interaction). The contact area (.S)
in Eq. (2.1) in section II is inapplicable to the CS-TENG theoretical model, because
tribo-charges can only be generated in the real contact area. Increased applied force
induces growth of the real contact area between the contacting surfaces so that the total
generated tribo-charge is likely to be increased. Depending on this hypothesis, a model
of CS-TENG principle (load-dependent model) has been proposed by Yang et al (2020)
[147]. The model essentially applies the concept of a load-dependent real contact area
from the tribology literature on rough surface contact. The core of the argument in this

model is that the tribo-charge density is redefined as:

or (3.11)

or =7,
where, the Q7 is the quantity of generated tribo-charges on the contact surfaces, but
A, 1is the real contact area between the interface pair. Secondly, the surface roughness
was characterized by Persson’s contact theory to determine the load-dependent contact
area (Persson’s contact theory gives a reasonable estimation of real contact area up to
complete contact provided the deformation remains linearly elastic.). An error function

of the normal force expresses the real contact area (A,) in Persson’s contact theory as

[147]:

Ar _ orf(F 2
An_er ApE* A [Vhq|2+|Vh, |2 (3.12)

Where hqi(x,y) and h,(x,y) are the heights of two contact surfaces roughness and

E* is the composite modulus which can be calculated by:

1 1-v,2  1-v,?

P B B (3.13)
where E1, and v;, are the Young’s modulus and the Poisson’s ratio of two tribo-
contact layers, respectively. According to Eq. (3.12), the 4, is varying with contact force.

The generated tribo-charges are distributing in the locations of real contact, and the
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intensity of the formed electric field also depends on the A,. The distance-dependent
electric field expression in Eq. (3.3) can be improved as:

= 9r
E, = . f(Z) (3.14)

Therein [147],

fl@) =2 -—=+1 (“—T)2 (3.15)

%+(z)2
After integrating the E, into Eq. (3.5.1 to 3.6) and (3.7.3 to 3.9), the characteristics of
the CS-TENG depending on the contact force (or pressure) can be investigated,
including open circuit voltage, short circuit current and transfer charge density in Table
3.1
As a conclusion to the above-discussed formulas, it should be noted that the DDEF
model has been established to improve the conventional CS-TENG, as tribo-charges
are distributing on finitely sized charged planes. The DDEF model is more accurate in
explaining the principle of a CS-TENG depending on Maxwell’s equation, because this
model shows the polarization of the dielectrics or the induction of free charges on the
electrodes of a TENG. The key underpinning equations describing the operation of the

CS-TENG are summarized below in Table 3.1.
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Table 3.1. Summary table of the key theoretical formulas describing CS-TENG operation.
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3.3 Modelling of surface tribo-charge transfer

In the previous sections, the parameters which influence the CS-TENG performance
have been discussed separately except the generation of surface tribo-charge density.
The tribo-charge generation is related to the contact electrification via tunneling effect
between the contact materials [58]. Contact electrification depends on the charge
transfer from the contacting particles (e.g. atoms or molecules) on the contact material’s
surface [20, 63]. Because of the dangling chains on the material surface (as the surface

defects), a temporary bond between the contact particles will form [61, 62]. The
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negative charges can be transferred onto the tribo-negative material surface, due to the
high electron affinity. Additionally, the holes (positive charges) are left on the tribo-
positive material surface. The large differences in the tribo-properties of the interface
pair exist so that they can generate more tribo-charges on the contact material’s surface.
The basic materials for the interface pair are usually selected as a pair of materials with
large difference in location in the triboelectric series (see Section 2.3). However,
although the triboelectric series is a respectable reference for the contact material
selection, it cannot explain the mechanism of surface tribo-charge transfer or the
influential parameters involved in charge generation. Thus, according to the mechanism
of the tribo-charge generation, the energy band for illuminating the charge transfer has
been applied to explain these questions explicitly. In terms of contacting materials, there
are two key types for TENGs: metal-dielectric and dielectric-dielectric. Next, tribo-

charge generation in each of these two modes is explained.

3.3.1 Metal-Dielectric Mode

The energy band diagrams for the interface materials representing charge transfer are
shown in Fig. 3.4 [58]. Owing to the differences in work function and electron affinity
between the metal and dielectric, electrons will be transferred from the surface of the
metal to the dielectric [59, 139, 204]. As the work function of the dielectric is generally
larger than for a metal, the electrons from the top metal will be injected into the surface
of the dielectric during the procedure of contact and separation until the surface states
of the dielectric are as high as the Fermi level of the metal [58]. Moreover, there is a
built-up electric field in the TENG. Also, the source of the electric field is from the
tribo-charges when the interface pairs are separated. Due to electrostatic induction, the
top and bottom electrodes are induced with the free charges (the charge density on the
top and bottom electrode are o; and g, respectively, as shown in Fig. 3.4(a).) [58].
Owing to the free charges on the top (o;) and bottom (o) electrode that were induced
by the tribo-charges (o) on the surface of the dielectric, the relationship between tribo-
charge density and induced charge density is [58]:

O'T+O-1+O-2 =0 (315)
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(3.16)
Besides, because of losing electrons and built-in electric field for the metallic surface,
the metallic vacuum energy level reduceds by AE,.., which compares with the
dielectric surface in Fig. 3.4. Thus, the AE,,.. can be calculated as:

o1xe

AEvcc =

(3.17)

€o
where x is a critical tunneling distance, e is the elementary charge and ¢, is the
permittivity of air. Moreover, the surface states of the dielectric should be the same as
the metallic Fermi energy level after contact, owing to the equilibrium of the system.

Hence,
Eo+AEs
or = —e [ No(E) dE (3.18)

where, Ng(E) is the surface density of states, AE is the range of filled surface.

Therefore, the average of surface density of states can be described as:

Eg+AEg N (E)
— 2Eo s
N.(E) = i (3.19)
Thus, simplifying the AE; gives:
AE, = —2%— (3.20)

Ng(E)e
From Fig. 3.4, the function between the energy of metallic and dielectric surface can be
defined in Eq. (3.21), depending on the energy conservation as:
1+ AEy .=, — AE, (3.21)
Simultaneously, the differential potential between two electrodes is:
o2

g1
V=2 -2
€o €1€0

(3.22)

where the &; is the permittivity of the dielectric. Therefore, the tribo-charge density

can be calculated as:

V4+(E22)5 (142
Op = 7 ks (3.23)
£180 = (NS(E)eZ)(1 : slx)
And at the open circuit condition as:
D14+
or = 1 (3.24)

£1€0 | (NS(E)eZ)(1 : slx)
Consequently, the tribo-charge density is related to the difference in work functions

between two contact materials and the surface density of states in Eq, (3.24). However,
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the tribo-charge transfer between the dielectric-dielectric materials is different from the
metal-dielectric mode, because dielectric-dielectric mode depends on the different VB
and CB structures of two contact dielectric materials [63]. The energy band analysis for

the tribo-charge transfer of the dielectric-dielectric mode is depicted in Section 3.3.2.
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Fig. 3.4: (a) Schematic and device structure information of a metal-dielectric mode CS-TENG and (b)

the energy band diagram for surface tribo-charge transfer at before contact and after contact status.
3.3.2 Dielectric-Dielectric Mode

Comparing the contact electrification of metal-dielectric and dielectric-dielectric
materials, the free charges on the top electrode are induced by the tribo-charges on two
sides of dielectric material surfaces rather than the single dielectric material surface, as
shown in Fig.3.5. Simultaneously, after the equal and opposite tribo-charges on two
dielectric surfaces appear, the generated tribo-charges are fixed on the material surfaces.
Also, the transferred charge density should be satisfied by|o;| = |o,| = |o| [139].
Where o; and o, are the induced charge density on the top and bottom electrodes
respectively in Fig. 3.5 and the o is the transferred charge density. In order to balance
the differences in VB and CB structures of two contact dielectric materials, the charges
will transfer from one dielectric to another dielectric surface during the contact [60].
Due to the charge transfer, the variations of the Fermi level (compared with the original

Fermi level) are presented as AE;;and AE,,. AEg; and AE,, are also related to the
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surface density of states [60] as.

— or

AEg = =2 (3.25.2)
— —or

A = 5= (3.25.1)

where Ny, (E) and N,,(E) are the surface density of states for Dielectric 1 and 2.
Furthermore, owing to the opposite tribo-charges on each dielectric surface, the

differential potential between two interface surfaces can be determined as:

o1+0:
Voap = € 180 2x = eAE,, (3.26)

where x is a critical tunneling distance, e is the elementary charge and ¢, is the
permittivity of air. Also, depending on the energy band diagram, the function can be

presented by [60]

¢1+ AEgapx + ——= ¢, — (_ o ) (3.27)

Ns1(E)e Ngz(E)e

Thus, based on Egs. (3.25 - 3.27), the tribo-charge density can be calculated by [50]

ar = (e(p2 — ¢1)- (2” fx (Rl ) (3.28)

Ng1(E)+Ng2(E)

e (P2-¢1)
1 1 2e2xg (3.29)

Ns1(E) Ng2(B) ' €0

or

Consequently, the equations of both metal-dielectric and dielectric-dielectric mode
tribo-charge density have been calculated by analysing their energy band diagrams for
surface tribo-charge transfer. From Egs. (3.24) and (3.29), the key parameters
governing tribocharge density are clear for both metal-dielectric and dielectric-
dielectric modes. These are the differences in work function of the contacting materials,
the surface states of the contacting materials and the permittivity of the materials. The
difference in work function means the edge of the tribo-negative material Fermi level
is lower than the tribo-positive material Fermi level. Thus, there are empty surface
states that can be filled in the electrons from the tribo-positive materials. The number
of the empty surface states is as high as the large differences in the work function of the
interface pair. Contact materials surface states and permittivity are the key parameters
to improve the tribo-charges density in Eq. (3.24) and (3.29). This result is helpful in
approaching tribo-materials design for high performance TENG devices. For example,

designing composites can increase the contact surface permittivity. Additionally, the
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poling process on the contact material surface can attempted, because the external
voltage bias can shift the dielectric surface states. It should be noted that the material

surface potential is the parameter to evaluate the shifting of the dielectric surface states

[58, 63]. This aspect is explored in detail in Chapter V.
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Fig. 3.5: (a) Schematic and device structure information for a dielectric-dielectric mode CS-TENG and

(b) the energy band diagram for surface tribo-charge transfer at before contact and after contact status.
3.4 Optimizing CS-TENG performance via a low permittivity substrate
According to the numerical study in Section 3.2, the output performance of a CS-TENG
has been simulated by MATLAB. Firstly, the simulation-based study is used to
investigate the effects of varying substrate relative permittivity upon TENG outputs
such as open circuit voltage, short circuit charge density and short circuit current density.
In addition to further in-depth simulation, two TENG devices were fabricated and tested
with polyethylene terephthalate (PET) and polytetrafluoroethylene (PTFE) substrates
to verify the simulation results. In order to assess the influence of substrate permittivity
only, the tribo-contact materials are fixed as PET and PDMS films (see Fig. 3.1) in both
the simulations and experiments. Therefore, the tribo-charge density of the devices can
be considered constant. Other factors affecting the output parameters where also fixed

to enable comparison including separation distance, frequency and applied force.
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Because of the same fabrication for the PDMS thin film, the contact area is also fixed

by using the same applied force value.

3.4.1 Simulation and fabrication

A . Simulation

Using the distance-dependent electric field model of CS-TENGs in Section 3.2 [26, 38],
the open circuit voltage and short circuit current was simulated (using MATLAB) for
different substrate relative permittivity. The simulated TENG consists of two contacting
layers which can be thought of as a parallel plate capacitor (Fig. 3.1). The ‘top tribo-
layer’ is comprised of the tribo-contact material, the substrate and the electrode while
the ‘bottom tribo-layer’ comprises just the partner tribo-contact material and its
electrode. The interface pair (i.e. the tribo-contact material pair) was nominally selected

as PDMS and PET (as in Fig. 3.1) to allow direct comparison with results from [59].

Accordingly, a tribo-charge density of 40.7 uC/m2 was used as in [59]. First, TENG
operation was simulated for a selection of substrate materials and an optimum material
was chosen based on optimum permittivity. The total equivalent permittivity of the top
tribo-layer can be calculated by the parallel plate capacitor model. The capacitance of
the substrate layer (in the top tribo-layer) is given by C = €A /d [205], where C is
capacitance, € is permittivity, d is thickness of medium and A is the in-plane area. If the
capacitance of the top layer is supposed as two dielectrics in one capacitor, the
equivalent capacitance of the two materials comprising the top tribo-layer can be

presented as:

1_1 1 (3.30)

Ceq € (G
where, C; and C, are the capacitances of PDMS and the substrate, respectively.
Combining Eq. (3.30) and the formula for capacitance above, the total relative

permittivity of the ‘top tribo-layer’ can be calculated by [205] as:

e _ Er,PDMSSr,Substrate(dPDMS"'dsubstrate) (3 3 1)
req — .
€q dppMsEr,Substratetdsubstrate€r,PDMS

Where, the €, ppys and €, sypsirare are the relative permittivity values of PDMS and the
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substrate, respectively and dppys and dg e are the thicknesses of PDMS and the

substrate film (the ‘yellow’ layer in Fig. 3.1).

Table 3.2. Parameters for ‘top tribo-layer’ [42].
Substrate (PTFE, PET, Paper, Bakelite, Contact Material (PDMS)
Neoprene rubber, PVDF)
Thickness = 100um Thickness = 20um

Relative Permittivity ( €., ) varying Relative Permittivity (&, = 2.7)
(depending on type of substrate)
Size: 2cm X 2cm Size: 2cm X 2cm

Table 3.3. Substrate relative material permittivity &, ‘top tribo-layer’ relative equivalent permittivities

€req) and ‘top tribo-layer’ absolute equivalent permittivities geq [42].

Substrate Materials &-of substrate Ereq Of tOp Eeq Of top tribo-layer
materials tribo-layer X 107 2F/m

PTFE (Teflon) 2.1 2.2 19.3
PET 3.3 3.2 28.2
Paper 3.7 3.5 30.9
Bakelite 4.9 4.3 383
Neoprene Rubber 6.7 54 47.7
a — phase PVDF 7.5 5.8 51.3

Using the relative permittivity for PDMS (Table 3.2) together with the substrate relative
permittivity values in Table 3.3 (first column), the equivalent relative permittivity of
the top tribo-layer was calculated using Eq. 3.31 for a range of substrate materials
(PTFE, PET, Paper, Bakelite, Neoprene rubber and a — phase PVDF). These are listed
as the second column in Table 3.3. The third column in Table 3.3 gives the equivalent
absolute permittivity of the ‘top tribo-layer’. These materials represent a relatively wide
range of permittivity values. Therefore, the relationship between substrate permittivity
and TENG output (i.e. open circuit voltage, short circuit charge density and short circuit
current density) can be summarized by simulating TENGs having these substrate
materials. This essentially allows determination of an optimum substrate material. In
the first part of the simulation work, the effect of substrate material relative permittivity
on TENG output performance was studied using the same dimensions as in previous
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literature [26], including the nominal contact area of Scm x 5cm and the thickness of
the interface pairs (PDMS and PET) of 20 and 200um. This was done to allow direct
comparison with the result in [26] where a PET substrate was used. Subsequently, the
thicknesses of the PDMS and PET were altered to 20pum and 127pm and the nominal
contact area was altered to 2cm x 2cm (see Table 3.4) in order to match the devices
fabricated in this work. Moreover, the thickness of the substrates was fixed at 100um.
The relationship between substrate permittivity and TENG output was simulated by
these parameters to compare the simulation and experimental results. Note, that the
substrate is implanted under the negative triboelectric interface (PDMS). Based on
these parameters, the open circuit voltage, short circuit current and charge have been

simulated and results are discussed in Section 3.4.2.

Table 3.4: Comparison of fabricated TENG devices and test parameters [42].

Device 1 Device 2
Sample Size =2 cm X 2cm Sample Size =2 cm X 2cm
Negative Contact Material - PDMS (20um Negative Contact Material - PDMS (20um
thickness, €ppys = 2.7) thickness, &ppys = 2.7)
Positive Contact Material — ITO coated PET Positive Contact Material — ITO coated PET film
film (127um thickness, €pgr = 3.3) (127um thickness, €pgr = 3.3)
Substrate Material — PET film Substrate Material — PTFE film (100um
(100um thickness, €pgr = 3.3) thickness, &prpp = 2.1)
4Hz Operation frequency 4Hz Operation frequency
8N applied force 8N applied force
Imm separation distance Imm separation distance

B . Fabrication

For the experimental aspect of the work, two types of devices were fabricated based on
two substrate materials having sufficiently different permittivity values (PTFE and PET
- see Table 3.4 for comparison). The overall approach to device structure and fabrication
is somewhat similar to that employed by Dharmasena et al. [59] with some differences.
The bottom half of the TENG was fabricated simply as ITO coated PET film (sheet
resistivity = 60£)/sq, thickness 0.127mm, Sigma Aldrich, UK). The top half consisted
of PDMS, the substrate material (either PET or PTFE) and a gold coating as the
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electrode. PDMS is the negative contact layer and PET is the positive contact layer. To
create the PDMS layer, PDMS cross-linker was mixed with its elastomer by a 1:10 ratio
and degassed under vacuum for 45 min. Subsequently, the PDMS was spin-coated on a
silicon wafer symmetrically at 3800 rpm for 60 seconds to obtain a 20um thickness. In
this experiment, the negative contact material (PDMS) and the positive contact layer
material (PET) were fixed in order to ensure the same tribo-charge density generation
for each device. A substrate sheet (100 um thickness of either PET or PTFE) with
2cmX2cm size was attached on the previous PDMS layer and cured at 70°C for 2hrs.
Finally, the gold film was deposited. The fabrication steps for the top triboelectric layer
are shown Fig. 3.6. A layer of Kapton tape was required on each electrode for sufficient
isolation. The mechanical energy supply for the TENGs was supplied by an oscillating
force (maximum 8 N with frequency 4 Hz) using a TIRA shaker. The separation
distance was fixed at Imm and the open circuit voltage was recorded by an oscilloscope
(KETSIGHT, MSO-X 4154A). The oscilloscope was connected with a voltage
separation circuit comprising a Ri=1GOhm and a R,=10MOhm resistor as shown
schematically in Fig. 3.7. This was done to ensure that the impedance of the voltage

meter setup was much larger than the TENG internal impedance.

% PDMS | Plasma treatment
. = —rf " \— Heat &
Si wafer Spin-coating of N __ Pecloff
PDMS on Si wafer A / N /
—7/ Top tribo-layer
Sputtering Bonding the contact PDMS
of Gold A layer and substrate PTFE
PTFE Substrate Gold coated PTFE layer — Gold

Fig. 3.6. Fabrication steps for the ‘top tribo-layer’ [42].
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Electrode A

R2

Electrode B

Fig. 3.7. Schematic of equivalent circuit for open circuit voltage measurements [49].

3.4.2 Results and discussion
A. Simulation results

Fig. 3.8(a) presents the device’s outputs (open circuit voltage vs separation distance)
for device dimensions of 2cm x 2cm. Fig. 3.8(b-d) reports the device output (open
circuit voltage vs separation distance, short circuit charge density vs time and short
circuit current density vs time) for a device having the same dimensions as the
experimental devices (i.e. 2 cm x 2 cm). Fig. 3.8(e-f) then plots these outputs (2 cm X
2 cm area) explicitly against relative permittivity. Note, the results in Fig. 3.8(c-f) are
for a 1 mm separation distance. It is clear from Fig. 3.8(a) that open circuit voltage
increases significantly as the relative permittivity of the ‘top tribo-layer’ is reduced.
Unsurprisingly, the trend in Figs. 3.8(a) and 3.8(b) is similar as only the device area and
layer thicknesses have changed. In Fig. 3.8(e), the open circuit voltage increases from
1032 V to 1643 V (i.e. 1.6 times), when the substrate material changes from PVDF to
PTFE (i.e. relative permittivity of substrate reduced from 7.5 to 2.1). The improvement
with PTFE is 1.23 times the output reported in [26] with PET (g, = 3.3) as the substrate
material (the result from [26] is identical to the orange line in Fig. 3.8(a)). Hence, open
circuit voltage can be enhanced by embedding a substrate with lower relative
permittivity than the original triboelectric contact material to reduce the relative
equivalent permittivity of the overall top triboelectric layer in Fig. 3.1. Although Fig.
3.8(c-d) shows short circuit charge and current density declining somewhat with
increasing relative permittivity, Fig. 3.8(f) shows that the change is insignificant

relative to the magnitudes of these outputs. Over the range of relative permittivity, they

are approximately fixed at about 36.2 uC/rn2 and 229.2 nA/m? respectively. Hence, by

choosing PTFE as the optimum substrate material, we can obtain useful increases in
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open circuit voltage while not affecting current and charge density very much. In

summary, the simulation results have indicated that open circuit voltage can be

significantly improved, while short circuit charge density and short circuit current

density are only very slightly increased by implanting a low permittivity material under

the negative triboelectric interface.
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Fig. 3.8: Simulation results: (a) Open circuit voltage vs separation distance with Scmx5cm areas and
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200um thickness substrate, (b) Open circuit voltage vs separation distance with 2cmx2cm areas and
100pm thickness substrate, (c) Short circuit charge density vs time, and (d) Short circuit current density
vs time with substrate materials having a range of permittivity values (at Imm separation distance for ¢
and d), (e)—(f) Open circuit voltage, short circuit current density and short circuit charge density versus

relative permittivity for different substrate materials (at 1mm separation) [42].

B. Experimental results

In order to provide a preliminary check on the validity of the simulation predictions,
two materials from Table 3.4 (PET and PTFE — the best performing substrate materials
in Fig. 3.8(e)) were chosen as the substrate material and two corresponding TENG
devices were fabricated (described above) and tested. The devices were fabricated
identically — the only difference being the relative permittivity of the substrate material
reduces from 3.3 to 2.1 in going from a PET to PTFE substrate. Identical interface
materials ensure that both devices generate the same tribo-charge density. Test
conditions were also identical for both devices: a frequency of 4 Hz, a max load of § N
and a 1 mm separation distance. The substrate thickness was 100 um for both devices.
A 5 min pre-charge time was employed before each set of measurements to ensure
equilibrium of tribo-charge generation. Table 3.4 summarizes the device and test
specifications. Fig. 3.9 plots the output open circuit voltage signal from both devices.
The max output voltage increased from 29.5 to 39.4 V (i.e. 1.3 times) and the peak-to-
peak value from 46.5 to 61.4 V (i.e. 1.3 times). These increases are very much in line
with the simulation prediction from Fig. 3(e) where the simulated open circuit voltage
increased by 1.3 times between PET and PTFE. Note, that the voltage magnitudes
between simulation (Fig. 3e) and experiment (Fig. 6) are quite different however. A key
reason for this is likely to be because the simulation results are based on a perfect
contact interface; whereas, the amount of ‘real contact area’ in the experimental device
(at these loads) is likely to be only a fraction of the nominal contact area. A lower
experimental ‘real contact area’ would be likely to generate a reduced tribo-charge
density at the interface and therefore, a reduced open circuit voltage output.

Nevertheless, contrasting the relative voltage increase represents a valid comparison
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and results suggest that the experimental check is in-line with the simulation prediction
(as both predict an increase in open circuit voltage of roughly 1.3 for the move from
PET to PTFE). Finally, the experimental results showed no appreciable difference in
short circuit current density in moving from PET to PTFE substrates as predicted by

the simulation result in Fig. 3.8(f).
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Fig. 3.9: Comparison of open circuit voltage signals for the devices with PTFE and PET substrates [42].

3.4.3 Application in a self-powered system by integration with a stretchable
photodetector.

In this section, the fabricated CS-TENG is used to power an energy autonomous UV
photodetection sensor. Before the demo, the high flexibility/conformability of the
fabricated TENGs and photodetectors (PDs) were tested by placing them over human
fingers and glass vials in Fig. 3.10. This qualitatively confirms the suitability of the

fabricated devices for wearable applications.

Fig. 3.10: Bending stability test for TENG devices: (a) Optical image while convex bending, (b) Optical
image while concave bending [50].
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Figure 0.1Fig. 3.10: Bending stability test for TENG devices: (a) Optical image while convex bending, (b) Optical
Image while concave bending [50].

Accordingly, a self-powered UV PD concept was implemented by integrating a PD with
the TENG through a rectifier bridge circuit. It was operated by applying an 8N force at
4Hz. A LED was connected in series with the PD, in other words, one terminal of the
PD was connected to the TENG through the bridge rectifier circuit and the other end
was connected to the LED light. The setup and the working demo of the self-powered
PD are given in Fig. 3.11a. Without UV radiation, the resistance of the UV detector
remains high so there is no current flow. As a result, the LED was in an ‘off” state (Fig.
3.11b(iii)). When PD2 was exposed to UV radiation, the resistance of the PD decreased,
allowing the current to flow through the PD and hence the LED started glowing, as
shown in Fig. 3.11b(iv). Further, the harsh deformations (stretching, bending, and
twisting) do not affect the ability of PD to detect the UV radiation (Fig. 3.11b(v and
vi)). Thus, the presented self-powered stretchable PD can be attached to any curvilinear
surfaces, such as fabric and skin, for real-time detection of UV radiation for health and

environmental monitoring.

——without UV radiation
——vith UV radiation

Voltage (V)
i o

‘ J A H

Photodetector

Fig. 3.11: (a) Equivalent circuit for TENG-PD based self-powered system, (b) Integration of stretchable
PD with TENG: Output voltage of TENG at different frequency across PD irradiated with and without
UV light and their respective responsivity at generated voltage. Photographic demo showing the
connection of LED in series with self-powered photodetector for real-time UV detection [50]. (Courtesy:

the photodetector was designed and fabricated by Dr. Yogeenth Kumaresan)
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3.4.4 Summary on low permittivity substrate work

Materials with strong triboelectric effect and low permittivity are among the
requirements for improving triboelectric nanogenerator (TENG) performance. These
features are not always possible in the same material, so this work has outlined the idea
of optimising a low permittivity substrate material underneath the tribo-contact layer
so that both optimum triboelectric effect and low permittivity can be incorporated in
the same TENG. Results (simulated using a distance-dependent electric field model)
show that open circuit voltage increases with reducing substrate permittivity. Going
from PVDF (er = 7.5) to PTFE (g7 = 2.1), open circuit voltage increased by a factor of
1.6. Therefore, PTFE was selected as a suitable substrate material. Therefore,
simulation results show that low permittivity can be used to boast TENG performance.
A preliminary check on the simulation results was provided by fabricating and testing
two TENG devices having different substrate permittivity values. PET and PTFE
substrates of 100 um thickness were incorporated in otherwise identical devices. In
moving from PET to PTFE substrates (g7 = 3.3 to & = 2.1), the experiments predicted
almost the same increase in open circuit voltage as the simulations (roughly 1.3 times).
Experiments also confirmed little increase in short circuit current density with substrate
permittivity as predicted by the simulations. The conclusion is that low permittivity
substrates can be used to enhance the open circuit voltage of TENGs. Current work is
concentrating on looking at this effect over a wider range of substrate materials. In
future, we will focus on demonstrating the further significant gains predicted by further
reducing the substrate thickness. Finally, TENGs are currently being considered as a
viable autonomous energy supply source for a host of self-powered sensor technologies
and the advances discussed here in terms of enhancing output will be directly useful in

those sensor applications.

3.5 Conclusions

This chapter initiates the task of attempting to optimize the output performance of the
CS-TENG. First, the evolution of the key models describing CS-TENG operation were
analyzed as a means of discovering the key parameters governing CS-TENG output.

Models have evolved from the simple infinite parallel plate capacitator model of Niu et
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al. [57] to the distance-dependent electric field (DDEF) model of Dharmasena et al. [59]
which accounts for the important reality that TENGs are based on finitely sized plates.
From the DDEF model, it can be noted that the key parameters for designing a CS-
TENG are tribo-charge density, separation distance, thickness of the tribo-layers and
material permittivity. The DDEF simulation results show that the output performance
increases with increasing separation distance (up to a saturation distance) and
decreasing permittivity of the tribo-materials. Analysis of the model also indicates that
decreasing the thickness of the tribo-layers is a potential route to boosting CS-TENG
performance. The load dependent model (LDM) by Xu et al. [147] then added
consideration of surface roughness resulting in the contact force dependent TENG
results that have been observed in experiments. The numerical studies for investigating
the mechanism of tribo-charge transfer by energy bands for both metal-dielectric and
dielectric-dielectric mode material selection were also discussed. The equations for two
mode types have been calculated to obtain the key parameters governing tribo-charge
transfer. These suggest that the important parameters for tribo-charge transfer are:
permittivity of contact materials, material surface states and the differences in material
work function. Therefore, among the factors that confer higher TENG performance are
materials with a strong triboelectric effect together with low permittivity, but it is
challenging to optimize both within a single material. This chapter presented a solution
to this challenge by optimizing a low permittivity substrate beneath the tribo-contact
layer. Using simulations based on the DDFE model, an optimization scheme has been
presented allowing prediction of TENG output for substrates having varying
permittivities. Results were simulated over a range of substrate permittivities. The open
circuit voltage was found to increase by a factor of 1.6 in moving from PVDF to the
lower permittivity PTFE. Two TENG devices have been fabricated with 100um PET
and PTFE substrates to compare performance. The experiments confirm that lowering
the substrate dielectric constant (i.e. PET to PTFE) raises the open circuit voltage in
line with simulation predictions. Finally, an application using the same CS-TENG

device to power a LED and switching by a photodetector has been demonstrated.
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Chapter IV.
Origin of the contact force-dependent response of triboelectric

nanogenerators

4.1 Introduction

Chapter II has reviewed several methods to optimize triboelectric nanogenerator
performance. Most of the focus has been on optimizing the material selections [43] and
engineering the contact surfaces [137, 206] and most of the work conducted to date has
involved relatively low contact forces/pressures (such as with wearables). Output
performance depends on a number of factors: materials, contact pressure, surface
topography, frequency and separation distance. Surprisingly, the role of some of these
aspects is still rather poorly characterized and understood in TENG design. One such
example is the role of contact pressure. This chapter investigates exactly why TENG
output increases with contact pressure. For the first time, the work characterizes both
the electrical and real contact area response for a TENG based on random rough
surfaces in the high contact pressure regime as well as at low pressures. Surface
roughness is known to effect aspects such as the frictional response of surfaces [134],
the failure behaviour of materials [135] or the contact stiffness of interfaces [136], but
here, we demonstrate how it governs the contact pressure dependent output of TENGs
via its influence on the real contact area. The results lead to interesting implications
including the ability to use large contact pressures to boost performance without the
need for costly surface engineering. A number of publications (Section 2.4) have
pointed to the contact pressure dependent response, but its origin is yet to be established.
Herein, this chapter investigates the physical mechanism underpinning this behaviour
via customised experiments designed to probe the behaviour.

This chapter primarily discusses the following points:

¢ Origin of the contact force-dependent performance of TENGs

e Concurrent real contact area & electrical output measurement over wide contact
pressure range

e Implications for definition & measurement of tribo-charge density and

e Applications of load-dependent behaviour
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4.2 Fabrication and experiments

Device fabrication and surface characterization is described in Section 4.2.1. Then two
separate tests are described: one to measure TENG electrical output versus contact force

(Section 4.2.2) and one to measure TENG real contact area versus contact force

(Section 4.2.3).

4.2.1 TENG fabrication and surface characterization

The device used for this study was a conductor-to-dielectric TENG in vertical contact
separation mode. Fig. 4.1 shows a schematic. The TENG tribo-contact layers were
copper sheet (100% Cu, thickness 50um) in contact with polyethylene terephthalate
(PET) sheet (thickness 127um). The PET is coated with indium tin oxide (ITO)
(resistivity 60 €/sq, thickness 0.130pum, Sigma Aldrich, UK) to form the electrode on
the PET side. Device dimensions (active tribo-contact surface) were 2.5 cm x 2.5 cm.
Since the study is focused on the role of TENG real contact area, some additional
measures were taken to ensure uniform contact conformity between the upper and lower
tribo-contact layers. The upper and lower parts of the TENG were both fixed to optical
glass plates (using double sided tape). Float glass plates possess both low flatness and
low surface roughness (<0.05pm). This measure is designed to eliminate any unwanted
perturbances arising from substrate roughness and facilitate parallel contact of the tribo-
layers. In addition, the lead wires were attached to the electrodes outside the active

device area to avoid a bulge affecting the contact area.

Optical Glass
Cu
PET

I o

Fig. 4.1. Schematic of the contact separation mode TENG having copper (Cu) in contact with
polyethylene terephthalate (PET) [152].

The surface topography of both the Cu and PET surfaces was measured prior to testing
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(i.e. pristine surfaces were measured). The Cu surface was scanned using an optical 3D
surface profilometer (Alicona InfiniteFocus) and the PET was scanned using an atomic
force microscope (AFM) (Dimension Icon, Bruker). The roughness scans for both Cu
and PET are shown in Fig. 4.2 and Table 1 reports center-line average roughness, Root
Mean Square (RMS) roughness and RMS surface gradient (see Appendix A for
explanation of these parameters). Note that the Cu surface is nearly three orders of
magnitude rougher than the PET. PET film is transparent, and its root mean square (rms)
roughness is in the nano-scale. These two factors make it nearly impossible for the op-
tical profiler to determine accurate roughness measurements. Hence an AFM was used

to measure the PET surface.
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(a) Cu foil (b) PET film

Fig. 4.2. TENG surface topography (a) Cu foil and (b) PET film. Note: the z-axis is in micrometers for

Cu and nanometer for PET due to the roughness difference [152].

Table 4.1: Areal surface topography parameters of TENG tribo-contact surfaces (see Appendix A for

information on parameters used) [152].

Contact material ~ Center line average (S,) RMS roughness (S;)  RMS surface gradient

(pm) (um)
Cu foil 48 6.1 0.84
PET film 0.0067 0.0095 0.17

4.2.2 TENG Electrical measurements
The setup in Fig. 4.1 (TENG with glass backing plates) was then installed in a custom

designed self-aligning test rig as shown in Fig. 4.3a. Fig. 4.3b shows the key detail via

a sectional view. The device in Fig. 4.1. (TENG (1) with glass backing plates (2)) is
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attached to upper and lower smooth ground metal platforms (3 and 4). Again, because
the focus is on contact area, it is critical that the rig is designed to enable parallel contact
of the upper and lower TENG tribo-contact surfaces. Indeed, Hong et al (2018) [207]
found that open circuit voltage dropped by nearly 75% in their study for a misalignment
of only 1°. In the rig in this study, rotation of the upper platform (3) is fixed, but the
lower platform (4) is free to rotate on a spherical bearing ball (5). Prior to testing, a pre-
load is applied to make contact and self-align the surfaces. The alignment is then

‘locked-in’ by tightening the lock screws (6).

I 1
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(b)

Fig. 4.3. TENG self-aligning test setup: (a) Photo of test rig in mechanical test machine and (b) Sectional
view of the test rig. The numbered parts are (1) TENG device (Cu and PET), (2) Glass plates, (3) Upper
rig platform, (4) Lower rig platform, (5) Spherical bearing ball and (6) Locking screws [152].

Mechanical oscillation was supplied at 0.5 Hz via a mechanical testing frame (Instron
3367, USA) for contact loads ranging from 20 to 930 N. Note, a low operation
frequency ensures the load cell can correctly resolve the peak contact force. This is an
important consideration since we are studying the effect of contact force. At high
frequencies, it would be important to ensure a given load cell and data acquisition
system has the temporal resolution to capture the peak contact force. A key element of
the study to be able to characterize the force-dependent response over a sufficiency
wide range of applied forces: specifically, from very low forces up to forces required
for potential saturation of TENG electrical output. Therefore, for low forces (2—10N),
mechanical oscillation was supplied by an electrodynamic shaker system (TIRA, TV

50018, Germany) with a 20 N load cell capacity.
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Separation distance was fixed at 2 mm and the open circuit voltage was recorded by an
oscilloscope (MSO-X 4154 A, KEYSIGHT, USA). The oscilloscope was connected
with an operational amplifier and a voltage divider circuit (resistances of 1 G Q and 6
G Q) to ensure that the impedance of the voltage meter setup was much larger than the
TENG internal impedance in Fig. 4.4(a) [141]. Details of the short circuit current
measurement approach are given in Fig. 4.4(b). Both tribo-contact surfaces were
cleaned prior to testing (using acetone and isopropanol initially, then rinsing in RO
water and finally blow dried using a nitrogen gun). During the test, the contact load was
progressively increased and, at each load value, TENG open circuit voltage and short
circuit current was measured after a TENG operation period of 250 cycles in order to

ensure equilibrium of tribo-charge generation.

(a) Electrode A (b) w

Electrode AC

osc Electrode B OT

100Q

R2

Electrode B

Fig. 4.4: Schematic of equivalent circuit for (a) open circuit voltage measurements, and (b) short circuit

current measurements [152].

4.2.3 TENG Contact area measurements

Pressure sensitive film (SPF-A, Pressure Sensors Inc., USA) was used to determine the
TENG real contact area. The contact area measurement technique is outlined
schematically in Fig. 4.5. The film is placed between the TENG tribo-contact layers
(Fig. 4.5a) and contact force is applied via the test rig (Fig. 4.5b). The pressure sensitive
film consists of two PET layers: a donor layer and a receiver layer. Both donor and
receiver films where cut to 3 cm x 3 cm (larger than the 2.5 cm x 2.5 cm TENG area to
avoid edge effects). The donor film is coated with a thin layer of micro-capsules and a
colour developing layer is coated onto the receiver. Once the local contact pressure
exceeds a threshold value, the micro-capsules at these locations break and the capsuled

ink transfers to the receiver surface where it reacts with the developer layer to produce
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red spots in areas of contact (see Fig. 4.5¢). A sample of a tested film is shown in Fig.
4.5d. The lateral resolution of the measurement (2.6pum) is determined by the capsule
size (specifications for the pressure sensitive film are given in [133]). Following testing,
the film is scanned (with 1200 dpi resolution) to produce a digital image for analysis.
A MATLAB code is then used to threshold the image to generate binary images and the
total area of contact is calculated. The contact area test had to be carried out separately
to the electrical measurement test (as the pressure sensitive film will grossly alter the
electrical properties of the device). The surfaces were cleaned and aligned (for
parallelism) prior to testing. Load was then increased monotonically up to the same
load points as for the electrical measurements (i.e. there is no oscillation in the contact
area test). At each load point, the pressure sensitive film is removed and a new one is

inserted before proceeding to the next load point.

Rig platform  Glass Cu  PET (+ITO) Donor Receiver

Contact force Pressure sensitive Real contact area
film

TENG (Upper)\ / l // 4

Pressure sensitive film

_

TENG (Lower) — 1 /
(a) (b) (c) (d)

Fig. 4.5: Real contact area measurement using pressure sensitive film: (a) Pressure sensitive film
sandwiched between tribo-layers, (b) Compression of layers under contact force, (c) Pressure sensitive

film operation and (d) Sample tested film showing areas of contact in red/pink [152].

4.3 Results: electrical output and contact area

Fig. 4.6(a) plots the TENG open circuit voltage signals used for device characterization.
A signal is shown for 12 contact forces between 20 and 930 N corresponding to nominal
contact pressures of 32—1488 kPa. Note that, since the nominal contact area varies in
the TENG literature, it is necessary to use nominal contact pressure (i.e. force/nominal
area) to enable comparison. For a given contact force, the peak voltages in Fig. 4.6(a)
are almost constant indicating equilibrium of TENG operation. The peak positive
voltages are then taken from Fig. 4.6(a) and plotted (together with short circuit current)

against contact pressure (and force) in Fig. 4.6(b). In Fig. 4.6(b), open circuit voltage
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increases with contact pressure and the upper end of the pressure range here is also
sufficient to saturate the open circuit voltage: i.e. beyond about 1176 kPa (753 N), the
voltage levels off at around 88 V. This is in-line with previous studies [137, 138, 141,
142] who have noted a similar response. Fig. 4.6(b) also indicates a very similar
response for short circuit current. What has not, so far, been elucidated very clearly is
exactly why electrical output increases with contact pressure. To answer this question,

we turn our attention to the real contact area at the interface.
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Fig. 4.6. (a) Sample of TENG open circuit voltage signals for increasing contact force and (b) Peak open
circuit voltage and peak short circuit current versus nominal contact pressure (and force) [152].

Fig. 4.7(a) shows a sample of the pressure sensitive film results for the 321488 kPa
contact pressure range. The images on the left are the as-scanned images with the pink
spots representing real contact at the TENG interface. The images on the right are the
binary images with white representing real contact. The total real contact area 4, is
simply the sum of the white areas and the contact area ratio is defined as (4,/ 4,) where
An is the nominal device contact area of 2.5%2.5 = 6.25 cm?. Note from Fig. 4.7(a) that
contact is spread relatively evenly over the nominal area and not biased towards any
particular edge or corner. This is a good indication that the careful measures taken to
ensure parallelism of the tribo-contact surfaces in Section 4.1.2 (i.e. glass backing plates
and self-aligning contact) have been successful. When the contact pressure is low (32
kPa case in Fig. 4.7(a), only a few points evenly distributed over the nominal contact

area are found to be in solid contact. As the pressure is increased, the area of solid
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contact grows. The pressure sensitive film result for the maximum contact pressure case
in Fig. 4.7(a) (1488 kPa) is notably different to the 32 kPa result — here a rather large
amount of area is in contact. The increase is quantified in Fig. 4.7(b) where contact area
ratio is plotted against contact pressure. Notice just how small the real contact area is
at low contact pressures: at 32 kPa, the contact area ratio is only 0.0029 (i.e. 0.29%)
and, at 99 kPa, only 0.073 (i.e. 7.3%). This is important to bear in mind when we
consider that the vast majority of published work on TENGs has been carried out at

relatively low contact pressures.
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Fig. 4.7: (a) Real contact area as detected by pressure sensitive film with increasing contact pressure
showing as-scanned film with pink indicating solid contact (left) and binarized image with white
indicating solid contact (right) and (b) Contact area ratio (Ar/An) versus nominal contact pressure (and
force). Note: the nominal contact patch size in (a) is 2.5 cm X 2.5 cm [152].

Table 4.2 compares the nominal contact pressure ranges used across a representative
selection of studies on contact-separation mode TENGs (with both engineered and non-
engineered surface topographies). All of the previous studies in Table 4.2 were
conducted at contact pressures below 200 kPa. This means that only the first two cases
(32 & 99 kPa) in Fig. 4.7(a) are within this range and we can see from the pressure
sensitive film that contact is still rather sparse at these pressures (for the material pair
here). Indeed, many of the prevalent TENG applications are only capable of applying

very small contact pressures (normal pressures in worn clothing are generally less than
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10 kPa [208, 209]) and, although reasonable to a tribologist, it is likely that the TENG
community will not have been aware of just how little true contact area is generated
under these pressures.

In this work, we go beyond the 0-200 kPa range depicted in Table 4.2 and characterize
performance up to a contact pressure of 1488 kPa. To our knowledge, this is the first
time a TENG has been characterized over such a wide pressure range covering both
low and high pressures. Referring back to Fig. 4.7, we see that contact area grows
approximately linearly in the lower pressure regime and then tapers off at higher
pressures. Beyond about 1176 kPa (735 N), the contact area ratio saturates at about 0.82.
This kind of general evolution of real contact area versus contact pressure has been well
observed in the tribology literature [210, 211] and results essentially from the inevitable
presence of roughness on even the smoothest fabricated surfaces (i.e. only the extreme
peaks of the roughness make contact at first, more peaks then come into contact as the
contact pressure is increased until the number of new contact patches and the real
contact area saturates — see the roughness scans in Fig. 4.2). However, what is
particularly interesting here is the comparison of the contact area measurement with the

open circuit voltage and short circuit current measurement.
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Table 4.2: Typical nominal contact pressures (force/area) used in TENG studies compared with the

present work (final row) [152].

Contact Materials Surface Contact Nominal contact Nominal contact Ref.
topography force (N) area (cm?) pressure (kPa)
PDMS & Al/Ag Engineered 0.5t07 2.9 1.7t0 24 [138]
CNF
Ag & PDMS Engineered 4to0 60 4.0 10 to 150 [137,
138]
Ag & PDMS Engineered 200 to 700 36.0 56 to 194 [140]
PTFE & C-PUF Engineered 1to 12 36.0 0.3t03.3 [141]
Cu & PDMS Engineered 18 to 90 9.0 20 to 90 [142]
Al & PDMS Non-Engineered 40 to 220 25.0 16 to 88 [212]
Glass & PDMS Non-Engineered 10 to 50 25.0 4 to 20 [213]
PET & PDMS Non-Engineered 20 25.0 8 [59]
PI & Nylon Non-Engineered 30 to 60 6.25 48 to 96 [214]
Al & PDMS Non-Engineered 20 to 40 2.25 89to 178 [215]
PET & PDMS Non-Engineered 43to05.1 3.75 11t013.6 [139]
Al & PVDF Non-Engineered 50 14.44 34.6 [216]
Cu & PET Non-Engineered 210 930 6.25 3.2 to 1488 [133]

Fig. 4.8(a) plots both open circuit voltage and contact area ratio against contact pressure
in the same graph. The max open circuit voltage increases from 14.9 V to 87.5 V as the
contact area ratio increases from 0.0025 to 0.82. What is particularly interesting are the
similarities in form between the two curves. In particular, both open circuit voltage and
contact area ratio saturate at about the same value of contact pressure (i.e. around 1176
kPa). A similar trend is seen in Fig. 4.8(b) for short circuit current. This essentially
suggests that the electrical output is governed by the real contact area. To gain an insight
into how this happens, we recall that the open circuit voltage Vo for the device (parallel

plat capacitor model) is given by:
Voo = &8 4.1)

where, x(f) is separation distance, &, is the permittivity of air and 4, is the nominal
contact area. Now, since these parameters are constant in our experiment, we can
conclude that the total tribo-charge QOr is likely increasing with contact pressure.
Assuming tribo-charges can only transfer through the real contact area 4., and defining

or as the areal density of tribo-charge transfer through 4,, we can write:
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Qr = or4, (4.2)
Taking or as a constant for the material pair, Egs. (1) and (2) suggest why Vo is
dependent on real contact area. The assumption that tribo-charges can only transfer at
arcas of real contact is reasonable as it has been demonstrated in recent work [63, 144]
that contact electrification (via electron tunneling) requires the interatomic distance
between atoms across an interface to be within the equilibrium bond distance (i.e.
within the repulsive regime). Also, because we are dealing with dielectric materials,
this charge should remain localized in the real contact areas. We established in Fig. 4.7
that real contact area in the TENG is highly contact pressure dependent. Thus, taking
these two pieces of information together, it should follow that total tribo-charge, and
hence TENG electrical output, should be dependent on contact pressure via the real
contact area. Indeed, as we have seen, the results in Fig. 4.8 strongly point in this
direction as Vo and s appear to follow the evolution of real contact area with pressure.
Eq. (4.2), of course, assumes that tribo-charges are uniformly distributed and constant
over areas of real contact. In fact, the distribution of charges within the real contact area
is somewhat unknown and requires significant further study. However, a constant tribo-
charge density has generally been assumed in the literature and, in any case, even if it
is not constant, the o7 in Eq. (4.2) can be considered as the net or equivalent value
leading to the same total charge. The blue hatched regions in Fig. 4.8 encompasse the
pressure range (0—200 kPa) from previous literature as depicted in Table 4.2. We can
see that a much wider pressure range has been investigated in the present work
revealing significant scope for increasing output at higher pressures. For example, at
200 kPa (the max pressure in Table 4.2), the contact area ratio is still less than 0.2, but
it reaches 0.82 beyond about 1168 kPa. Note: we have observed gains of 5.8 and 4.9
for Voc and Isc, respectively as 4, was increased from 0.25% to 82%. It is difficult to
compare this directly with the effect of other TENG parameters due to the variety of
material pairs etc. used across the literature. However, to provide some indicative
perspective: It is less than the gains of 50 and 8.5 reported in [59] for Voc and Isc as
separation distance was varied from 0.1 to 1 mm. On the other hand, the Voc gain of

5.8 is comparable with Voc gains of 2.6—8 reported with changes in tribo-layer thickness
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(0.02-2 mm) in [125, 126], while the Isc gain of 4.9 is of a similar order to /sc gains of
2.4-6 reported with change in frequency (0.5-5 Hz) in [59, 127]. A detailed parametric
study would be required to determine a rank order of the sensitivity of TENG output to

the different parameters.
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Fig. 4.8: (a) Open circuit voltage and contact area ratio (Ar/An) versus nominal contact pressure and (b)
Short circuit current and contact area ratio (Ar/An) versus nominal contact pressure. The blue hatched
regions represent the pressure range in previous literature (as depicted in Table 4.2) [152].

To provide a visual demonstration of the effect of increasing the real contact area (via
the contact pressure), 21 LEDs forming the word ‘BEST’ were connected in series with
the TENG as the power source (Fig. 4.9(b)). Contact pressure was then increased in the
same steps as before and LED performance was imaged via a digital camera at each
step. Fig. 4.9(a) illustrates how the LEDs get progressively brighter as the contact
pressure (and contact area ratio) increase. Contact pressure increases the real contact
area meaning that total charge can increase: this increases voltage and current, and
hence, the LEDs become progressively brighter until saturating at points 3 and 4 in Fig.

4.9(a).
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Fig. 4.9: (a) LED array performance versus nominal contact pressure and force (and contact area ratio)

and (b) representative energy harvesting circuit. The LED array represents the word “BEST” — the LEDs

become progressively brighter as the contact pressure (and contact area) is increased [152].

4.4 Implications and applications of pressure and area dependence

There are a number of important implications that follow from the idea that TENG
electrical performance is dependent on a contact pressure-dependent real contact area.
The first is that device designers need to carefully account for the real contact area
dependence over the design range of contact pressures envisaged for a given device:
failure to account for this is likely to result in inaccurate predictions of device
performance. While the early TENG models [57, 59] did not account for contact
pressure dependence, a recent model by Yang et al (2020) [147] accounts for the effect
by including the rough surface contact mechanics governing the behavior in a unified
TENG model. Material properties, surface topography and contact pressure all
influence the real contact area and the model in Xu et a/ (2020) [147] uses input from
each of these to predict real contact area, and by extension, electrical output.

The continued boosting of TENG output at higher pressures characterized in the present
work also indicates possible new application areas for TENGs — what we might call
‘high pressure applications’. In fact, there are a number of sources of high-pressure
cyclic loading in the world around us. Table 4.3 summarizes the typical contact

pressures available with a selection of these sources. A particularly suitable and
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abundant source is the vehicle wheel-on-surface interaction. For example, in trucks, a
contact pressure in excess of 1700 kPa is available at the tyre-road interface (Table 4.3).
Here, TENGs positioned either in the tyre or on the road surface could be used to power
a variety of sensors for integration with either the truck’s electronic systems or the road
infrastructure (e.g. traffic light sensors, warning lights etc.). Similar possibilities occur
with automobiles, locomotives and construction & agriculture-based vehicles. Another
suitable source is the repeating pressure available from sea waves. Here TENGs can be
adapted to take advantage of the higher pressures available for the purpose of generating
electricity. For example, pressures in excess of 100 kPa are available from wave
interaction with a stationary surface and pressures of almost 9000 kPa have been

observed for waves impacting a moving ship hull (Table 4.3).

Table 4.3: Typical contact pressures available in possible high load applications for TENGs [152].

High pressure application Contact pressure range Ref

Truck tire vs road 344 to 1723 kPa (range in central 8 cm) [217]
Locomotive wheel vs rail 700 to 1600 MPa (Peak), 117 to 1167 MPa (Mean) [218§]
Automobile tire vs road 172 to 275 kPa (mean) [219]
Wave vs tilted slope (1:4) 50 kPa (mean pressure at max peak wave loading) [220]
Wave vs offshore vertical wall 110 kPa (mean pressure at max peak wave loading) [221]

Wave vs moving ship hull 2068 to 8963 kPa (mean pressure at peak wave [222,

(‘slamming”) loading) 223]

Previous literature has focused on boosting TENG output by developing highly
engineered surface topographies. Indeed, the present work helps to explain why so
many authors [142, 206, 216, 224-226] have noted improvements in TENG
performance based on modifications to surface topography — i.e. they were most likely
increasing the real contact area. An interesting point to add to this is that, achieving a
contact area ratio greater than unity is possible — imagine a hard-sawtooth type surface
in contact with a soft counter-surface. The sawtooth surface clearly has an area greater

than the nominal area and this can become the interfacial contact area when pressed
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into a sufficiently soft counter-surface. However, the present work demonstrates that
we can also boost TENG performance with simple non-engineered surfaces. In
applications where sufficient pressure is available (Table 4.3), this is a far more cost-
effective route. Where contact pressure is limited, softer materials can be easily be
chosen so that contact area saturation occurs at lower pressures.

Another important implication relates to the definition and measurement of tribo-charge
density. The fact that 4, is generally less than A4, (and especially so at low contact
pressures) highlights an important distinction between the tribo-charge density as
defined in Eq. (4.2) (i.e. Q7/4,) and the conventional definition as Q7/4,. It means that
tribo-charge density defined as O7/A, cannot be considered to be a fixed quantity (for
a material pair), but will depend on the contact pressure and even the surface roughness
(via the Qr generated by the real contact area which is both pressure and roughness
dependent). Therefore, there is a need for clarity in the measurement of tribo-charge
density essentially to account for the important distinction between the contact pressure
dependent A4, and the nominal device area 4,. Current literature does not account for
this and there is, therefore, a strong need for further research focused on the
measurement of tribo-charge density. Another important consideration here might be
whether the interface materials are insulators or conductors. While tribo-charges will
remain localized at areas of solid contact for dielectric materials, tribo-charges for a
conductor (i.e. in a conductor-to-dielectric TENG) can be expected to distribute over
the entire nominal device area. Yet another consideration is how the distribution of real
contact area effects output — i.e. would identical real contact areas with differing spatial
distribution produce similar electrical output? This question also requires further
attention.

Finally, the results demonstrated in Section 4.2 mean that TENGs can be used as
effective load and pressure sensors. A careful calibration of output voltage or current
versus contact force (and operation within the elastic regime) is essentially all that
would be required for a TENG system to report loads and/or pressures. Example
applications include pressure/force measurement in vehicle weigh stations, road tyres,

shoes and at contact interfaces in vibrating machinery.
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4.5 Conclusions

This chapter has investigated the origin of the contact force-dependent performance of
TENGs. Experiments were carried out where open circuit voltage and short circuit
current were measured together with real contact area under increasing contact
force/pressure with identical test conditions for a TENG involving two nominally flat
surfaces (PET and Cu) in contact separation mode. Digitized pressure sensitive film
was used to directly measure the real contact area — to the authors knowledge, this is
the first-time both real contact area and electrical output have been measured between
two nominally flat surfaces in a TENG device. Special precautions such as ultra-flat
backing plates and a self-alignment facility were shown to ensure the required contact
conformity at the interface. Results show that open circuit voltage, short circuit current
and real contact area all increase with contact pressure. For low contact pressures, the
amount of real contact area is tiny. For example, at 16 kPa (10 N on 25 x 25 mm?) the
percentage of real contact was only 0.25% of the active device area. Voltage, current
and contact area increase roughly linearly at first and later saturate to a converged value
at higher contact pressures. Real contact area at saturation (beyond about 1168 kPa)
was about 82% - this represents an enormous increase in contact area over the pressure
range investigated. Critically, both open circuit voltage and short circuit current
saturated at almost the same contact pressure as the real contact area suggesting that
electrical output follows the evolution of the real contact area. Recourse to simple
TENG theory reveals that, since the key TENG parameters (maximum separation
distance, material properties etc.) where constant during the experiment, the total tribo-
charge at the interface must have been increasing with contact pressure. The most likely
explanation; therefore, is that tribo-charges require real (or solid) contact in order to
transfer at an interface (a valid assumption given that recent work suggests that contact
electrification can only occur for atom pairs within the equilibrium interatomic bond
distance). Therefore, an increasing total tribo-charge (and hence electrical output) is to
be expected if real contact area increases with contact pressure. The reason why real
contact area increases with contact pressure is simply because nominally flat surfaces,

however smooth, inevitably contain random multi-scale surface roughness and the
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mechanics of rough surface contact essentially leads to a contact pressure-dependent
contact area. Material properties, surface topography and contact pressure all influence
the contact area response.
There are several implications of these observations for TENGs. The first is that TENG
designers will need to account for pressure dependence over the design range of contact
pressures experienced by a device — otherwise predictions of output performance may
be inaccurate. This is especially important as most TENG devices operate in the low
contact pressure regime where contact area (as we see here) can be a surprisingly small
fraction of the nominal area even for very smooth surfaces (and is also very sensitive
to contact pressure in this regime). The chapter also essentially explains why so many
authors have been able to boost TENG performance by designing novel surface
topographies — in most instances, the increase in output is likely due to an increase in
real contact area. The distinction between real and nominal contact area leads to another
important point relating to tribo-charge density and its measurement. There now needs
to be clarity on whether tribo-charge density is calculated based on the real contact area
or the nominal active device area and the approach needs to be justifiable for a given
application. Pressure-dependence also means that (after a simple calibration) TENGs
can be used as force and pressure sensors (e.g. pressure/ force measurement in vehicle
weigh stations, road tyres, shoes or even at contact interfaces in vibrating machinery).
Finally, unlike in previous studies, the work characterizes the increasing TENG
output well into the high contact pressure regime (up to 1488 kPa). This leads to the
ability to use large contact pressures to boost performance without the need for costly
surface engineering. In addition, the results demonstrated that a CS-TENG based self-
powered pressure sensor can detect a wide range of pressure with high sensitivity, by
using the effect of changing 4, between the interface pair with the increase of contact
pressure. Note, the pressure sensitive film was used to quantify the A,/A, ratio. The
findings in this chapter were the impetus to developing the wide range flexible self-
powered pressure sensor in Chapter VI. The key outcome of this chapter is illustrated

graphically in Fig. 4.10.
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Chapter V

Ferroelectric-Assisted High-Performance Triboelectric
Nanogenerators based on Electrospun P(VDF-TrFE) Composite

Nanofibers with Barium Titanate Nanofillers

5.1 introduction

A sustainable future of wearable electronic systems depend on assistance from energy
harvester and storage devices. Energy harvesters with flexible and/or stretchable form
factors are key to the effective use of autonomous systems and have found application
in a wide spectrum of areas such as: internet-of-things (IoT), wearable electronics,
rehabilitation, respiration monitoring, actuation and motion sensing, air purification and
gas sensing, and implantable biomedical devices [111, 150-153, 227-231]. As we have
seen, TENGs are flexible, efficient, and cost-effective energy harvesters. Chapter 11
illustrated how TENGs have been explored in a wide range of applications, including
self-powered wearable electronics/sensors, powering of flexible electronics and even
for harvesting ocean wave/wind energy.

Chapter II has also reviewed the application of ferroelectric materials to enhance TENG
performance. Firstly, the polar B-phase of ferroelectric (FE) (e.g. polymers
polyvinylidene (PVDF) and copolymer poly(vinylidene fluoride-co-trifluoroethylene)
(P(VDEF-TrFE))) have received particular attention due to their permanent polarization
of the tribo-contact surfaces. Secondly, to promote B-phase formation, electrospinning
is ideal as it would seem to combine uniaxial stretching and electric field poling in a
single step [108, 175, 232]. The presence of aligned dipoles in the B-phase of FE
polymers results in the enhancement of the spontaneous polarization and hence the
surface charge density [233] . High crystallinity can result in a higher dipole alignment
in FE polymers. Thus, because PVDF can be treated with lower crystallinity than its
copolymer under the same fabrication conditions, B-phase P(VDF-TrFE) was selected

as the tribo-negative material in the following experiments. Note, the crystallinity of -
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phase P(VDF-TrFE) could be achieved at 90% by suitable pretreatment. Thirdly, the
addition of filler material (e.g. BTO with formula BaTiO3) into the FE polymer matrix
can enhance the formation of a highly polar crystalline B-phase, because of the
electrostatic interactions between the nanostructures and the highly aligned dipoles of
the FE polymer chains [126, 128, 129, 170, 171] . Finally, as TENG output increases
with real contact area (Chapter IV), there is another potential advantage to having a
fibrous mat as one of the tribo-surfaces; namely, in certain cases, the flexible fibrous
mat may be better able to conform to the topography of the opposing tribo-contact
surface.

Therefore, this thesis develops high-performance ferroelectric-assisted TENGs using
electrospun fibrous surfaces based on P(VDF-TrFE) with dispersed BaTiO3 (BTO)
nanofillers in either cubic (CBTO) or tetragonal (TBTO) form. TENGs with three types
of tribo-negative surface (pristine P(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-
TrFE)/TBTO) in contact with PET were investigated and the effect on output is
explored. TENGs with P(VDF-TrFE)/BTO have been explored before [126, 128], but
only using a spin coated film. Here we explore the potential additional boost to output
in using electrospinning to develop a fibrous P(VDF-TrFE)/BTO mat. It is hypothesized
that electrospinning might increase dipole alignment due to high applied voltages, but
also encourage the formation of a highly oriented crystalline B-phase via uniaxial
stretching. The mechanism by which BTO fillers boost output is also explored
particularly by comparing the outcomes with CBTO and TBTO. Finally, the
ferroelectric-assisted TENG was integrated with a flexible graphene electrode-based
supercapacitor to produce a rapid self-charging system. The results demonstrated in this

chapter show that this technology can be valuable particularly in wearable applications.

5.2 Experiments
5.2.1 Preparation of Materials

The fibrous (electronegative) surfaces were electrospun from three different solutions:
pure P(VDF-TrFE) (Piezotech, France), P(VDF-TrFE) mixed with cubic BaTiOs
(CBTO, Sigma-Aldrich, UK), and tetragonal BaTiOs; (TBTO, Sigma-Aldrich, UK)
powders. The fabrication steps for the P(VDF-TrFE), P(VDF-TrFE)/CBTO and

108



P(VDF-TrFE)/TBTO solutions are illustrated in Fig 5.1. A 15 wt% P(VDF-TrFE)

solution was prepared by dissolving P(VDF-TrFE) powder in a DMF and acetone

(Sigma-Aldrich, UK) mixed solvent (1:1 ratio) for 10h under stirring by a magnetic stir

bar at 300rpm and 25C° (see Fig. 5.1(a)). The resulting solution was stirred until the

solution was homogeneous and completely transparent. P(VDF-TrFE) and BTO

composite solutions were prepared by mixing CBTO or TBTO with the resulting

P(VDF-TrFE) solution at 3 wt% (Fig. 5.1(b-c)). Note, 3 wt% was chosen as this led to

optimum voltage and current output (See Fig. 5.2). The nanocomposite solutions were

then stirred at 300rpm at 25C° for 4hr to disperse the CBTO or TBTO in the P(VDF-

TrFE) solution uniformly and form the P(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO

slurry.
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1.5g PVDF- 5 Pump TrFE/TBTO
TrFE powder — #8% g ' solution i )
PVDF-
TrFEBWt% +17KV -N C‘;'r'“':lor
TBTO solution u

Fig. 5.1: Fabrication procedures for (a) P(VDF-TrFE), (b) P(VDF-TrFE)/CBTO and (c) P(VDEF-

TrFE)/TBTO NF mats by electrospinning [49].
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Fig. 5.2: TENG performance versus wt% of TBTO fillers in the tribo-negative P(VDF-TrFE)/TBTO layer

showing (a) open circuit voltage and (b) short circuit current density [49].
5.2.2 Electrospinning
Electrospinning of the NFs was conducted using an electrospinning machine. The

prepared solutions were filled into a 10mL syringe and connected to a spinneret with a

21G-gauge needle. After that, the electrospinning of solution was executed at a high

voltage of 17kV and a flow rate of 0.5 mL/hr with a 15 cm distance between the needle
and drum collector, as shown in Fig. 5.1(a-c). The electrospun NFs were collected by a
drum collector, which was covered by an aluminum foil (Sigma-Aldrich, UK), with a
2 kV voltage rotating at 1500rpm. All three polymer solutions (P(VDF-TrFE), P(VDF-
TrFE)/CBTO and P(VDF-TrFE)/TBTO NFs) were electrospun using the same
fabrication parameters at room temperature and humidity. Note, achieving optimum
electrospinning parameters for this application is not straightforward as formation of -
phase P(VDF-TrFE) (critical for enabling higher polarization) is sensitive to several
parameters including voltage, concentration of P(VDF-TrFE), viscosity and distance
between needle and collector. To have NF mats with similar thicknesses, each of the
three NF mats were collected on the Al foil for around 2 hrs which produced nanofiber
mats with thickness of about 8 um. The electrospun NF mats covering the Al foil were
then cut into small pieces (4 X 2.5 cm?) as shown in Fig. 5.3 and used as the negative
tribo-layer. A fixed ITO coated Polyethylene terephthalate (PET) film (4 X 2.5 cm?,
Sigma-Aldrich, UK) with a resistivity of 60 1/sq and 0.127 mm thickness was used

as the positive tribo-layer for each of the three sample types (to keep the counter-surface
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material constant). To avoid a bulge from the electrode lead wires interfering with the
contact area, the interface pair positioning was mismatched at a fixed nominal contact
area of 2.5 X 2.5 cm? during the measurements (i.e., to allow a free region for
attachment of the wires). To measure the pure piezoelectric response, the P(VDF-
TrFE)/TBTO nanofiber-based mat was sandwiched between two Al electrodes and

encapsulated with a polyimide tape as shown in Fig. 5.4.

Fig. 5.3: indicates the purely piezoelectric output when a piezoelectric nanogenerators is fabricated for
the PVDF-TrFE/TBTO case [49].
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Fig. 5.4: (a) Schematic of equivalent piezoelectric nanogenerator (i.e. piezo only) by PVDF-TrFE/TBTO

NFs, (b) output voltage signal with varying applied contact forces and (b) output voltage with varying
operation frequencies [49].
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5.2.3 Characterization and testing

X-ray diffraction (XRD), employing a PANalytical X‘Pert Pro diffractometer with a Cu
Ka source (A = 1.541 A) was used to characterize crystallinity and the  — phase in
the P(VDF-TrFE) matrix for each of the three varieties of electrospun NFs. The surface
topography of electrospun NFs and PET surface was measured prior to testing by an
optical 3D surface profilometer (Alicona, InfiniteFocus) and an atomic force
microscope (AFM) (Dimension Icon, Bruker). A scanning electron microscopy (SEM)
was used to describe the surface structure and morphology of the electrospun NF mats.
The rig used for TENG testing (normal contact separation mode) is the same as
explained elsewhere [147] . Prior to testing, a pre-load was applied to make contact and
to self-align the surfaces. The alignment is then ‘locked-in’ by tightening lock screws.
The mechanical oscillation for the TENGs was supplied by an oscillating force (8N
with 4Hz frequency) using an electrodynamic shaker system (TIRA, TV 50018,
Germany). This produces a corresponding nominal contact pressure of 12.8kPa.
Mechanical oscillation was configured with a 2 mm max separation distance (i.e., peak-
to-peak amplitude of 2 mm). A 5 min pre-charge time is employed before each set of
measurements to ensure equilibrium of tribo-charge generation. The output voltage was
recorded by an oscilloscope (MSO-X 4154A, KEYSIGHT, USA) connected to an
operational amplifier and a voltage divider circuit to ensure that the impedance of the
voltage meter setup was much larger than the TENG internal impedance (See Fig. 4.4a
for details). Simultaneously, the oscilloscope was also coupled with an inverting current
to voltage converter which consisted of a 100k(} feedback resistor and a LMC6001
operational amplifier (ultra-input current amplifier) to measure the output current in Fig.
4.4b. When comparing the three TENG devices with the different tribo-negative
surfaces (and when testing with different resistive loads) all test parameters (contact

pressure, frequency, separation distance etc.) were maintained constant.

5.2.4 Graphene supercapacitor

To demonstrate the self-charging capability of the developed Fe-TENGs, a flexible

supercapacitor (FSC) was fabricated using multilayer graphene sheets (GS, Graphene
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Supermarket, USA) based on a previous report [234]. In a typical process, the GS film
having an area of 3 cm? was used as the current collector and electrode material. At first,
the GS film was pasted on flexible polyethylene terephthalate (PET) substrates by
polyurethane (PU) resin as the binder. A conducting metal wire was fixed on top of the

graphene sheet by silver (Ag) conductive epoxy (RS components, 1863600) for the
external connection and insulated with PU coating and dried for 2 hrs at 80C° in a hot

air oven. Polyvinyl alcohol (PVA)-phosphoric acid (H3POs) based gel electrolyte was
used for the FSC fabrication. The preparation of the gel electrolyte was reported in
previous work [235]. Herein, first we dissolved the PVA (10 wt.%) in hot water with
continuous stirring followed by the addition of H3POs. A polyester/cellulose blend
(Techni Cloth, TX 612) was used as a separator. A schematic representation of the
fabricated FSC is shown in Fig. 5.12(a). To charge the supercapacitor, the Fe-TENGs
and supercapacitor were coupled by a rectifier circuit which consists of four diodes as

shown in Fig. 5.12(b).

5.3. Result and Discussion
5.3.1 TENG performance

Fig. 5.5(a-c) illustrates the structure of the three TENG devices under investigation
having the tribo-negative material as pristine P(VDF-TrFE), P(VDF-TrFE)/CBTO
composite or P(VDF-TrFE)/TBTO composite (each in contact with PET). Device
output is characterized in Fig. 5.5(d-1). Fig. 5.5(d) and Fig. 5.5(e) compare voltages and
current densities for each of the three devices at open circuit and short circuit conditions,
respectively. Both outputs increase as we move from the pristine P(VDF-TrFE) case to
P(VDF-TrFE)/CBTO and to P(VDF-TrFE)/TBTO. The peak positive open circuit
voltage Vo increased from 225 V (pristine) to 293V (P(VDF-TrFE)/CBTO) and to 315
V (P(VDF-TrFE)/TBTO), i.e., 1.4 times increase from pristine to P(VDF-TrFE)/TBTO.
These voltages are comparable with previous work (Table 2.4). TENGs are high voltage
but low current devices and a critical requirement therefore is to boost the current
density. In Fig 5.5e, the peak short circuit current density was about 1.95 uA/cm? for
the pristine case, 5.5 uA/cm?for P(VDF-TrFE)/CBTO and a maximum of 6.7 pA/cm?

for P(VDF-TrFE)/TBTO representing an increase of 3.4 times over the pristine case.
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Fig. 5.5: Characterization of device performance. (a-c) illustrate Fe-TENG device structure having
negative tribo-surface as: (a) P(VDF-TrFE), (b) P(VDF-TrFE)/CBTO and (c) P(VDF-TrFE)/TBTO (with
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PET at the positive tribo-layer in each case). (a-c) also illustrate the role of ferroelectric polarization in
affecting the triboelectric surface potential and charge density by indicating how the bias of the bound
charges and the level of tribocharges increases as we move to P(VDF-TrFE)/TBTO (Note: XC is degree
of crystallinity & or is tribocharge density). Electrical output is characterized in (d-i) for each of the three
device types as follows: (d) open circuit voltage, (e) short circuit current density, (f) output power density
and (g-i) output current and voltage versus resistive load for (g) pristine P(VDF-TrFE) & PET, (h)
P(VDF-TrFE)/CBTO & PET and (i) P(VDF-TrFE)/TBTO & PET. Contact pressure was fixed at 12.8
kPa. (j) transferred charge for three devices. (k) the stability of P(VDF-TrFE)/TBTO & PET device [49].
Additionally, a similar trend is seen in Fig. 5.5(j) for the transferred charges. The
transferred charges of three devices have been measured as 35nC, 56nC and 74nC by
an electrometer (Keithley 6517B, USA). The transferred charges result is illustrated in
Fig. 5.5(j). The resulting boost in the transferred charges by mixing BTO particles into
PVDF-TrFE can be attributed to higher crystallinity (and amount) of B-phase and
increased permittivity as outlined in the paper. Note, the variation of transferred charges
here coincide with trends for open circuit voltage and short circuit current in Fig. 5(d-
e). The comparison of our result with previous work on similar materials is given in
Table 2.4. For example, with a PVDF-TBTO based device in contact with PA6 in [126]
and a P(VDF-TrFE)/TBTO based device in contact with Aluminum in [128]. The
former achieved a maximum current density of 3.2 uA/cm? at a contact pressure of 250
kPa and the latter reported a maximum of 1.25 pA/cm? at a contact pressure of 98 kPa.
The present work has produced significantly higher current density (6.7 pA/cm?) at
much lower contact pressure of only 12.8 kPa. Interestingly, these gains are possible
with the counter surface (PET), which is far less tribo-positive than the tribo-positive
materials used in above mentioned previous works. In fact, 6.7 uA/cm? is among the
highest values in Table 2.4 where the present work is compared to related work in the
literature (i.e. where similar materials were used). The contact pressure is an important
factor here as TENG output increases significantly with contact pressure. Therefore,
this marked boosting of the current density could be largely attributed to the effect of
the electrospinning process used here as previous works used spin-coated films with
[128] and without [126] electrical poling. Specifically, the electrospinning here used a
higher voltage (17 kV) compared to the poling used in [128] (8 kV). To illustrate this,

we have compared our electrospun results to those from equivalent DC poled spin
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coated films. Four devices each having non-poled or poled PVDF-TrFE and non-poled
or poled PVDF-TrFE/TBTO as the negative tribo-layer (with a fixed PET at the tribo-
positive layer) have been fabricated for comparison of output from DC poled and
electrospun devices. To execute the polling process, high electric field (25MV/m) is
applied on the spin-coated PVDF-TrFE and PVDF-TrFE/TBTO films. Accordingly, the
dipoles are aligned with the direction of the external electric field. The increased dipole
alignment (i.e. sum of the aligned dipoles) delivers a high surface potential in the films
and attracts more surface tribo-charges to maintain the new equilibrium, resulting in
enhanced surface tribo-charge density [1].

Fig. 5.6 shows the result of the comparison. For pristine P(VDF-TrFE), output voltage
increased 1.5 times going from non-poled to poled and by 2.1 times going from poled
to electrospun (Fig. 5.6(a)). The output voltage of the device fabricated by electrospun
P(VDF-TrFE)/TBTO is 2.1 times higher than the equivalent poled PVDF-TrFE/TBTO
device in Fig. 5.6(b). The higher voltage in electrospinning is likely to encourage
enhanced dipole alignment in the P(VDF-TrFE) matrix. Also, uniaxial fiber stretching
during the electrospinning process is likely to result in more highly aligned, more
crystalline P(VDF-TrFE). These effects are likely to confer higher surface polarity (i.e.,
higher surface potential) and enable a further boosting of triboelectric charge transfer
leading to the higher currents observed. Electrospinning also has the advantage of
eliminating the extra poling step as this is now a seamless part of the process. Output
power is plotted against resistive load in Fig. 5.5(f) and the corresponding plots of
voltage and current versus resistance are shown in Fig. 5.5(g-i). Energy harvesting
devices such as TENGs generally present high internal impedance to load circuits and
in general, the maximum output power is obtained when the load impedance is matched
to that of the harvester. Across the three TENG device variants here, the optimum power
occurs in the resistance range of 100 to 500 M(). Following the voltage and current
trend, peak power increased from about 0.75 W/m? for the pristine P(VDF-TrFE) to
about 2 W/m? for P(VDF-TrFE)/CBTO and 2.75 W/m? for P(VDF-TrFE)/TBTO - thus
representing 3.2 times increase over the pristine case. The developed Fe-TENG retained
approximately 95% of the original output voltage in Fig. 5.5(i) after 10000 cycles of
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repeated vibration, as shown in Fig. 5.5(k) — thus the device exhibits good stability.
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Fig. 5.6: Comparison of output voltage for the device with (a) PVDF-TrFE and (b) PVDF-TrFE/TBTO
by non-poling, poling and electrospinning processes [49].

Analyzing the intrinsic properties of the three negative tribo-layer materials can help
trace the source of the output differences between the three cases and improve our
understanding of the underlying behavior. It has been shown that the intrinsic properties
of P(VDF-TrFE) NFs govern the output performance of TENGs. This is because the
surface potential of the contact layer is correlated with the degree of crystallinity of the
B-phase of the P(VDF-TrFE) NFs [174, 216, 236]. To probe the crystallinity of the NFs,
X-ray diffraction (XRD) measurements were performed on all three categories of
P(VDF-TrFE) and its composite NF samples (results are shown in Fig. 5.7(a)). From
the XRD data, we can see a dominant peak centered at 20=19.96° for all three samples,
corresponding to the reflection of the crystalline f-phase (110/200) of P(VDF-TrFE).
It is important to note that none of the samples showed the non-polar a phase (present
at 20 = 18.3). These results also suggest good dispersion of BTO nanoparticles in the
P(VDF-TrFE) matrix. Among the three phases of P(VDF-TrFE) namely, alpha, beta and
gamma, the B-phase can generate highest surface tribo-charge density because it
provides the highest dipolar moment per unit cell (i.e. surface dipole moment) [237,
238]. The characteristic diffraction peak of BTO nanoparticles at 20=22.2° is also
apparent in Fig. 5.7(a) for the P(VDF-TrFE) composite NFs (in blue for TBTO and
black for CBTO). In theory, the XRD diffraction of the tetragonal BTO show peak
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splitting at 22.2° corresponding to the (hkl) Miller index (001) and (100), whereas cubic
BTO would have a single peak corresponding to (002) [239]. The P(VDF-TrFE)/TBTO
NFs diffraction pattern (blue line) exhibits typical characteristics of tetragonal BTO
(peak splitting at 22.2 degree) with a single peak at 26 = 22.2° for the CBTO sample.
The cubic phase of BTO belongs to the centrosymmetric crystal class m3m and thus, is

non-piezoelectric [240].
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Fig. 5.7: Materials characterization for P(VDF-TrFE) and P(VDF-TrFE)/BTO: (a) X-ray diffraction
(XRD) results of P(VDF-TrFE) (red line), P(VDF-TrFE)/CBTO (black line) and P(VDF-TrFE)/TBTO
(blue line) with crystalline B-phase (110/200) and XRD patterns of the cubic and tetragonal BTO
nanoparticles (001/100); (b) as-measured dielectric properties of the nano-fibrous mats for: P(VDF-
TrFE), P(VDF-TrFE)/CBTO, and P(VDF-TrFE)/ TBTO. Note: there is little difference in permittivity
between CBTO and TBTO nanofillers meaning that permittivity cannot explain the TENG output boost
with TBTO (c) : FTIR spectra of P(VDF-TrFE)/BTO composite nanofibers with P(VDF-TrFE)/CBTO
(red) and P(VDF-TrFE)/TBTO (blue) and (d) as-measured tangent loss of the nanofibrous mats for:
P(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO [49].

Exploring both CBTO and TBTO in the same work allows us to probe the underlying
behavior further. We noted from Fig. 5.5, that voltage, current and power increase
progressively as we move from pristine P(VDF-TrFE) to P(VDF-TrFE)/CBTO to

P(VDF-TrFE)/TBTO. For example, the current density increases 2.8 times in going
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from the pristine case to P(VDF-TrFE)/CBTO. If we then go to P(VDF-TrFE)/TBTO,
we notice a further boosting of output to 3.4 times the pristine case. To explain the
increases attributable to the BTO nanofillers, there are two key mechanisms: the first
(well outlined in [128] and [126]) is that the addition of high permittivity fillers (i.e. the
CBTO) dramatically increases the permittivity of the resulting P(VDF-TrFE)/BTO
matrix (for example, a factor of 6 to 7 increase in permittivity is reported after addition
of CBTO nanofillers to P(VDF-TrFE) [241]). Higher permittivity contact materials
increase TENG capacitance, thereby increasing the ability to induce and store more
tribo-charge and drive higher currents. Permittivity measurements for the three nano-
fibrous mat types in this work are given in Fig. 5.7(b). The results show the expected
boost in permittivity due to the BTO fillers, and also confirm that CBTO and TBTO
result in near identical permittivity values. Therefore, to explain the higher TENG
output with TBTO (compared to CBTO), we turn to the second reason and the one we
would like to focus on more in this paper.

In a recent work on piezoelectric sensors, the addition of CBTO nanofillers into a
P(VDF-TrFE) matrix has been noted to significantly boost [-phase crystallinity by
becoming advantageous nucleation sites for the crystalline B-phase [242]. This
therefore increased residual polarity and piezoelectric coefficient. Here we explore this
role of the BTO nanofillers in increasing crystallinity and how this might be
advantageous in the TENG context. The crystalline quality is a parameter that can be
determined by calculating the full width at half maximum (FWHM) [243]. Note, a
smaller value of FWHM corresponds to the higher B-phase crystallinity. We calculated
the FWHM values for pristine P(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-
TrFE)/TBTO NFs and these were 0.95, 0.89 and 0.81, respectively. Based on these
results, the P(VDF-TrFE)/TBTO NFs have highest crystallinity among the three
electrospun materials. We also noted via FTIR Spectroscopy analysis of the P(VDF-
TrFE)/BTO that the amount of B-phase was higher for TBTO nanofillers (67%) than for
CBTO (54%). Fig. 5.7(c) shows the absorbance spectra for the P(VDF-TrFE)/CBTO
and P(VDF-TrFE)/TBTO composite mats obtained by FTIR Spectroscopy. We note the
peaks at 850 cm!, 1280 cm™! and 1400 cm! corresponding to the B-phase and the a-
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phase peak at 763 cm™!. Using the Beer-Lambert law F(S )=126j—ﬁ+Aﬁ’ (Ag and Ap are

a-phase and [-phase absorption) the amount of B-phase, F(f), for the CBTO and
TBTO composites was determined at 54% and 67%, respectively.The existence of f3-
phase with higher crystallinity and in higher proportions will improve dipole alignment
and polarization in the P(VDF-TrFE)/BTO matrix leading to an increase in the surface
potential of the tribo-negative contact material. Estimates of surface potential outlined
in Fig. 5.8 follow this trend. Estimated surface potential for pristine P(VDF-TrFE) was
133 V and this increased to 189 V with addition of CBTO fillers and was further boosted
to 214 V for TBTO fillers.

Fig. 5.8 shows simulated estimates of surface potentials for the TENG devices having
each of the three types of tribo-negative nano-fibrous mats (PVDF-TrFE, PVDF-
TrFE/CBTO and PVDEF-TrFE/TBTO). The finite element multiphysics software
COMSOL was used to estimate the surface potential distributions given the key
material and surface properties of the tribo-layers and the TENG dimensions and
separation distance. The negative tribo-layer consisted of 8 um thickness of PVDF-
TrFE, PVDF-TrFE/CBTO or PVDF-TrFE/TBTO, while the positive tribo-layer was a
127 um thick PET sheet. The lateral dimensions were 2.5 x 2.5cm? and the max
separation distance was 2 mm. The key triboelectric parameter required by the
simulation is the tribo-charge density at the interface. This was estimated from the

experiments as follows. The voltage drop V across the TENG is:

_ QO Qr—Qr Qr
V= " d, + v x(t) + v d,, (5.1)

were di, x(f) and d» are the tribo-positive dielectric thickness, air gap thickness and
tribo-negative layer thickness, respectively; €1, g0 and & are the dielectric constants; A4,
is the nominal device area and Q; and Qr are the total induced charge (on the electrodes)
and the total tribo-charge at the interface, respectively. Therefore, the induced charge is
related to the tribo-charge in short circuit mode (i.e. V"= 0) as:

Qr _ Qr 1
A__A_X—+ 2od1_, %ol (52)
n n e1x(t) " £2x(0)

When: ¢, <¢g =¢, and d; = d, K x(t) (which is the case here), Eq. (5.2)

approximates to:
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Q1= 0, (5.3)
Therefore, we can use the induced charge to approximate the tribo-charge. The induced

charge was calculated from the experimental short circuit current /sc using:

_ _Qdov(t)
s = (a0 (5.4)

Since COMSOL assumes complete contact over the full device area, the tribo-charge

density for the COMSOL simulation was calculated in the average sense as:

op = % (5.5)

This led to tribo-charge densities of 0.53, 1.4 and 1.7 uC/cm? (for PVDF-TrFE, PVDF-
TrFE/CBTO and PVDF-TrFE/TBTO, respectively). With the or estimated from
experiment, the COMSOL simulated potential distributions are given in Fig, 5.8 for
PVDF-TrFE (left), PVDF-TrFE/CBTO (middle) and PVDF-TrFE/TBTO (right). The
estimations here confirm that surface potential is increased by the addition of CBTO
fillers (by 42.1%) and further increased by the addition of the TBTO fillers (a further
13.2%). As noted, the extra output available with the TBTO nanofillers (compared with
CBTO nanofillers) seems to be entirely attributable to the crystallinity effect (as both
P(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO produce very similar permittivity — Fig.
5.7(b)). We can thus conclude that, in both cases (CBTO and TBTO nanofillers), the

TENG enhancement mechanism is a combination of enhancing both permittivity and

B-phase crystallinity.
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Fig. 5.8: COMSOL simulated potential distributions for PVDF-TrFE (left), PVDF-TrFE/CBTO (middle)
and PVDF-TrFE/TBTO (right) devices. Surface potential is clearly highest for the TBTO case [49].

The loss tangent for P(VDF-TrFE)/TBTO, P(VDF-TrFE)/CBTO and P(VDF-TrFE) has

been calculated by using: tané = . Note, the C,, and R, were tested using a

21fCpRy
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LCR meter (Keysight E4980, UK). They are the parallel mode capacitance and
resistance of the sample as illustrated in Fig. 5.7d. The loss tangent is lower in the
P(VDF-TrFE)/BTO composites compared with the pristine P(VDF-TrFE), especially at
the higher frequencies in Fig. 5.7(d), because of the glass transition relaxation of the
PVDF-TrFE polymer matrix [244, 245]. However, the loss tangent of P(VDF-TrFE)/
TBTO and P(VDF-TrFE)/ CBTO result in near identical values.

To fully understand how enhanced residual polarization of the P(VDF-TrFE) and its
composites boosts TENG output, it is useful to refer to the overlapped electron-cloud
(OEC) model [157, 246]. This model describes the process of intrinsic electron transfer
between two contact materials. Using the OEC model, Fig. 5.9 schematically illustrates
the electron transfer process when each of the three tribo-negative materials are pressed
into contact with the tribo-positive PET. In Fig. 5.9, Er, pvDF-1rFE), EF, P(VDE-TiFE)/cBTO and
EF, pevor-mireyTBTO Tepresent the Fermi levels of P(VDF-TrFE), P(VDF-TrFE)/CBTO
and P(VDF-TrFE)/TBTO, respectively and the greatest energy level difference between
these surfaces and PET are represented by AE, AE' and AE", respectively.

P(VDEF-TrFE) and its composites play the role of the tribo-negative material, accepting
electrons from PET during contact electrification. The combination of polarization due
to electrospinning and due to enhancements in crystallinity is likely to lead to high
dipole alignment resulting in high surface potential. Simultaneously, the presence of
bound charges, generated by aligned dipoles, could impact the potential energy [216].
As confirmed by the XRD scans, the P(VDF-TrFE)/TBTO sample has shown higher
crystallinity than P(VDF-TrFE)/CBTO and P(VDF-TrFE)/CBTO has shown better
crystallinity than pristine P(VDF-TrFE). Accordingly, as shown in Fig. 5.9, the Fermi
levels should be in order of EF, pvDE-TiFE) > EF, P(VDE-T:FE)/CBTO > EF, P(VDE-TrFE)TBTO. AS
shown in Fig. 5.9(a), when the PET is not in contact with pristine P(VDF-TrFE) NFs,
the electron clouds of the materials do not overlap and there is negligible electron
transfer between the two atoms. When contact occurs, the potential barrier between
them (AFE) decreases, and the electrons can transfer between the two atoms until their
Fermi levels are in equilibrium (ie. until E'pppr = E'rpypr—rrre ). After
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incorporating the CBTO/TBTO nanoparticles into the P(VDF-TrFE) matrix, the Fermi
level of the negative tribo-layer can be expected to shift downwards due to enhanced
surface polarization. As the Fermi level of the PET sheet (Ef pgr) is fixed in each case,
the energy difference is in the following order: AE < AE' < AE". A greater difference
in energy levels means more empty surface states of the negative tribo-layer can be
filled with electrons from the PET surface (due to the increased differences in work
function between the contact materials) and hence higher tribo-charge transfer. After
separating the interface pair, the tribo-charge density of a dielectric-dielectric TENG is

given by [139]:

e (@2-91)
1 1 2e%xg
__+__ —_—
Ns1 Ns2 £

or =

(5.6)

Where, ¢, and Ng;,, are the work function and average surface states of the
positive and negative tribo-layer, respectively, e is the elementary charge, &, is air
permittivity, and x, is the separation distance. Due to the increased differences in
work function and surface states of the negative tribo-layer (i.e., Ny,), Eq. 5.6 shows
how the tribo-charge density can clearly be boosted. It is important to note that TBTO
has a higher dipole moment than CBTO which is non-piezoelectric. Thus, it can be
expected to promote higher crystallinity and better dipole alignment similarly to how
high dipole solvents have been shown to increase crystallinity and dipole alignment for
P(VDF-TrFE) [236]. Thus, in the case of P(VDF-TrFE)-TBTO, the Fermi level of the
negative triboelectric material can be expected to further shift to a lower level due to a
higher surface potential. Thus, this case is expected to show the largest transfer of
electrons between the two materials. This appears to be borne out in the TENG
electrical output (Fig. 5.5) and the tribo-charge transfer result in Fig. 5.5(j) where the
TBTO composite gives the highest output. The effect of polarized dipoles in affecting

the output performance of Fe-TENGs is illustrated schematically in Fig. 5.5.
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Fig. 5.9: (a) Overlapped electron cloud (OEC) model of electron transfer between interface pairs for (a)
P(VDF-TtFE) & PET, (b) P(VDF-TrFE)/CBTO & PET and (c) P(VDF-TrFE)/TBTO & PET [49].

To investigate the contribution of conventional piezoelectricity to the TENG output, we
tested a P(VDF-TrFE)/TBTO device in piezoelectric mode only. The result is shown in
Fig. 5.4. Here we see that output voltage (1.25 V) at max contact force (8 N) is less than
1% of the corresponding output (315 V) in TENG mode (see Fig. 5.5d). Thus, the
TENG devices in this work are referred to as ferroelectric-assisted TENGs rather than
hybrid TENGs as the piezoelectric contribution can be considered relatively
insignificant. All the above effects (increased permittivity and higher surface
polarization) essentially combine in the case of the electrospun P(VDF-TrFE)-TBTO
NFs to boost tribo-charge density and deliver the best output performance in the Fe-

TENGs device (Fig. 5.5).
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5.3.2 Pressure sensitivity, topography and contact area

We turn now to some other key factors that affect the output of these ferroelectric-
assisted NF based TENGs. We know that TENG output is generally sensitive to contact
pressure for TENGs having solid rough surfaces [133, 147]. Fig. 5.10 shows that this is
also the case for the fibrous P(VDF-TrFE) matrix in contact with PET here. At this low-
pressure range (3.2 to 12.8 kPa), we observe a roughly linear increase of voltage with
pressure. The calculated pressure sensitivities (S) for pristine P(VDF-TrFE), P(VDF-
TrFE)/CBTO and P(VDF-TrFE)/TBTO are 27, 28, and 32 V/kPa, respectively.
Interestingly, the obtained sensitivity value for P(VDF-TrFE)/TBTO (S = 32 V/kPa) is
higher than previously reported for TENG-based pressure sensors [77]. As expected,
the P(VDF-TrFE)/TBTO plot shows higher voltages than P(VDF-TrFE)/CBTO and the
P(VDF-TrFE)-CBTO plot gives higher voltages than the pristine P(VDF-TrFE) case.
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Fig. 5.10: Open circuit voltage versus nominal contact pressure [49].

We know that contact area also affects TENG output (Chapter IV) via the contact
pressure and, although the contact pressure was fixed at 12.8 kPa for the electrical
results in Fig. 5.5, it is still possible that differences in the topography or elastic modulus
of the fibrous (electrospun) surfaces could be responsible for the differences in output
already discussed. To evaluate this prospect, we imaged the topography of each surface
type and used the boundary element method to estimate the real contact area. The
topographies of all three P(VDF-TrFE) based nanofiber mats were measured using an

optical profilometer (Infinite Focus, Alicona) prior to testing and the surface roughness
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of the PET film was measured by Atomic Force Microscopy (AFM, Bruker, US). The
roughness height contours of pure P(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-
TrFE)/TBTO NF mats are shown in Fig. 5.11(a-c), respectively. The root mean square
roughness (Sq) of the three types of P(VDF-TrFE) mats and the PET film are given in
Table 5.1. It is nearly impossible to optically measure the real contact area between
these two thin layers using the current test rig, thus, the boundary element method
(BEM) [247] is utilized to simulate the linear elastic quasi-static contact between PET
and each of the three types of P(VDF-TrFE) based NF mat. Since the sampling area
(0.5 x 0.7 mm?) measured by the optical profilometer is much smaller than the
nominal contact area of the TENG devices (25 X 25 mm?), the periodic assumption is
adopted in the BEM assuming that the sampling area is periodic along two orthogonal
scanning directions. Since the Sq of the PET film is approximately 143 times smaller
than the average Sq of all three P(VDF-TrFE) NF mats (see Table 5.1), the rough
surface contact simulation can be simplified to a rough-on-flat scenario. Note, the
roughness of the positive tribo-layer was fixed by reusing the PET sheet. The surface
morphology of the electrospun nanofibers for the three cases of tribo-negative layers
were characterized using the SEM and are shown in Fig. 5.11(d-f). Each of the three
types of NF mats exhibited a completely fibrous structure with uniform distribution of
nanofibers and an average fiber diameter of 250 nm. As shown in Fig. 5.11(¢e) and Fig.
5.11(f), the BTO nanoparticles are inserted into the nanofibers uniformly and particles
can be seen on the surface of the fibers. We see from Table 5.1 that the mats with the

BTO particles have higher Sq roughness (1.7 and 1.8 um) than the pristine case (0.57

pum).
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Fig. 5.11: Surface topography and contact analysis: surface height contour plots of (a) P(VDF-TrFE), (b)
P(VDF-TrFE)/CBTO and (c) P(VDF-TrFE)/TBTO. SEM images of nanofiber surfaces for (d) P(VDF-
TrFE), (e) P(VDF-TrFE)/CBTO and (f) P(VDF-TrFE)/TBTO (inset images at higher magnification).
BEM prediction of real contact area (in black) for: (g) P(VDF-TrFE) & PET, (h) P(VDF-TrFE)/CBTO
& PET and (i) P(VDF-TrFE)/TBTO & PET. Note how the predicted contact area follows the peaks of
the fibers in the fiber orientation [49].

The BEM results for real contact area on the Fe-TENGs interfaces (at 12.8 kPa) are
illustrated in Fig. 5.11(g-1) in the form of binary images where black pixels represent
contact area.The binary images indicate that: (1) the contact commonly occurs on the
higher peaks of the PVDF mats and its composites and, (2) the contact area distributions
reflect the orientations of the clusters of high peaks on the rough surfaces. The total real
contact area (4,) is simply the sum of the black areas and the contact area ratio is
defined as A, /A, where A, is the (total) sampling area of the rough surface. The
BEM calculation for each device is repeated three times using three different rough
surface data measurements at different locations over the same P(VDF-TrFE) based NF
mats. The BEM predicts a contact area ratio of 10.8% for P(VDF-TrFE), 6.7% for
P(VDF-TrFE)/CBTO and 5.6% for P(VDF-TrFE)/TBTO. This corresponds with the

surface roughness trend — i.e., the rougher the surfaces, the lesser the contact area.
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Considering the electrical outputs now, we note that, although the contact area
prediction is highest for pristine P(VDF-TrFE), electrical output is lowest for this case.
Also, electrical output is significantly higher for P(VDF-TrFE)-TBTO compared to
P(VDF-TrFE) but this is not the case for the predicted real contact areas which were
similar (TBTO actually predicting a slightly lower contact area). Thus, we can rule out
contact area as an explanation for the trends already observed in the results based on all

devices based on fibrous electro-negative material.

Table 5.1: Areal root mean square surface roughness of the tribo-contact surfaces and predicted contact
area percentage (BEM) of the Fe-TENGs tribo-contact pair [49].

Negative tribo-layer RMS Roughness Average contact area Positive tribo-layer (PET

(Sq) (um) percentage (Av/An sheet) RMS Roughness (Sq)
x100) (nm)
P(VDF-TrFE) 0.57 10.8% 9.5
P(VDF-TrFE)/CBTO 1.7 6.7% 9.5
P(VDF-TrFE)/TBTO 1.8 5.6% 9.5

5.3.3 Ferroelectric-assisted TENG powered high performance self-charging
system

Finally, the ability of the best performing Fe-TENGs (i.e., P(VDF-TrFE)/TBTO & PET)
to charge an integrated supercapacitor was investigated. The purpose of demonstrating
charging of the supercapacitor with the Fe-TENG device is to show its self-charging
ability for applications like wearable electronics. In such applications, a supercapacitor
is more suitable compared to a common electrolytic capacitor due to its very high
energy density, flexibility and ease of integration. A graphene sheet (GS) based flexible
supercapacitor (FSC) [234] with PVA-H3PO4 gel electrolyte was used as shown in Fig.
5.12(a). The electronic circuit which connects it with the Fe-TENGs via a rectifier is
shown in Fig. 5.12(b). In the self-charging system, the Fe-TENGs will generate the free
charges which are stored in the graphene sheet supercapacitor (GSC) through the
rectifier. The purpose of the rectifier is to convert the alternating current (AC) output
of the Fe-TENGs (see Fig. 5.5(d-e)) to direct current (DC) and hence provide a
continuous electrical power supply to store the energy into the GSC.

Fig. 5.12(c) shows rapid charging (~5 min) of the GSC with the Fe-TENGs under
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different applied forces with a fixed vibration time (5 min) and frequency (8Hz)
followed by a slower self-discharging. It is evident from Fig. 5.12(c) that with increase
in contact forces between 2 to 8N (i.e., 3.2 to 12.8 kPa), the maximum output voltage
of the SC also increased roughly linearly. This is further evident from Fig. 5.12(d)
which shows the variation in maximum output voltage with nominal contact pressures
(i.e., contact force/nominal area). It was observed that the voltage could be improved
from 0.75V to 1V, when the contact pressure increased from 3.2 to 12.8 kPa. A similar
observation can also be seen in Fig. 5.12(e) and Fig. 5.12(f), when the operation
frequencies varied between 2 to 10 Hz at a fixed time (5 min) and contact pressure 12.8
kPa (8N) — i.e., the output voltage also increases roughly linearly with frequency. This
is due to the increased output current with increasing TENG operating frequency [59]

which can be calculated as:

-2
=27 (5.7)

Where, Q is output charge and ¢ is generation period. To increase confidence in the
results, three GSC devices with near identical specifications were fabricated and the
experiments repeated, with results shown in Fig. 5.12(d) and Fig. 5.12(f). Note that the
error in Fig. 5.12(d) and Fig. 5.12(f) is due to expected variation between the three

separately fabricated GSC devices rather than instability in a single device.
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Fig. 5.12. (a) Schematic of graphene electrode based flexible supercapacitor (SC), (b) energy harvesting

circuit for self-charging system (i.e. integration with the Fe-TENGs), (c) charging and discharging
voltage of SC at different contact forces (frequency of 8Hz), (d) the maximum value of voltage charge
into the SC versus nominal contact pressure, (¢) charging and discharging voltage of SC by different
frequencies (contact pressure 12.8 kPa), (f) the maximum value of voltage charge into the SC versus
vibration frequencies, (g) representative energy harvesting circuit of Fe-TENGs for lighting LEDs and
(h) photograph of lighted LED array representing the word “BEST” [49].

Table 5.2 summarizes the performance of the present device with the related TENG
based self-charging supercapacitor systems in the literature. In the present work, we

could charge the GSC to 1.25V voltage within the short time period of about 5 min.

This is a considerably lower charging time then the other TENG based supercapacitor
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systems in Table 5.2 which vary from 20 to 180 min, thus showing the compatibility of
presented devices as an excellent energy harvesting and storage system. For instance,
the Polypyrrole paper-based SC charged by a TENG interface pair of PPy/Cellulose
paper and Nitrtocellulose membrane exhibited a maximum charged voltage value of
1.5V in 167 min at a frequency of 10 Hz (similar to this work) and under much higher
contact pressure of 30kPa [198]. In the present work, we were able to charge the SC in
a considerably lower charging time with much lower contact pressure, thus indicating
the high efficiency of the self-charging system. The rapid charge time is due to high
electron mobility in the graphene electrodes which reduce SC impedance as well as the
high current being produced by the Fe-TENGs. However, during the self-discharging
of the GSC, a rapid drop in voltage to about 0.4V, followed by a slow decrease, is
apparent (Fig. 5.12(c) and Fig. 5.12(e)). This high drift in potential or fast discharging
indicates the low efficiency of charge storing capacity of the graphene electrode. This
is because of the low electroactive surface area, low electrochemical activity and
hydrophobicity of graphene electrodes [234]. However, this may still be sufficient for
wearable applications as often low power sensors (nanowatt to microwatt power range
[200-203]) are needed to be powered. The charging of three series connected GSCs to
a maximum 2.3V voltage with the presented Fe-TENG devices has also been
demonstrated. To demonstrate the high energy harvesting efficiency of the Fe-TENGs
supercapacitor system, we have lighted 40 LEDs connected in series forming the word
‘BEST’ as shown in Fig 5.12g. In this case, the applied contact pressure was 0.8 kPa at
a frequency of 8 Hz. The LEDs are bright even at this low contact pressure. Hence the
Fe-TENGs/supercapacitor system produces usable output even at low contact pressures

such as those available in wearable applications.
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Table 5.2: Typical charging performance and charging period for TENG based self-charging systems in

the literature as compared with the present work (final row) [49].

TENG interface pair SC electrode & electrolytes Pressure Frequency Period V4, ¢
(kPa) (Hz) (min) (V)

Ref.

C4Fs & ITO Electrode: CNT/paper - 8 180 0.9

Electrolytes: PVA/H3PO4

PTFE & ITO Electrode: Cu sheet 40 2 20 0.06

Electrolytes: [BMIM] [BF4]/ ETPTA

LIG & PTFE Electrode: LIG - - 117 3
Electrolytes: PVA/H2PO4

PTFE & Al Electrode: peptide-CooSs - 1 167 1.78
Electrolytes: KOH/PVA

PVDF-HFP & steel Electrode: CoFe204 and Fe-RGO 44 3.8 32 1.6
Electrolytes: Fe**-PAA/KOH

PPy/Cellulose paper & Electrode: Polypyrrole 30 10 167 1.5

Nitrocellulose Membrane Electrolytes: PVA/H3PO4

P(VDF-TrFE)/TBTO NFs &  Electrode: Graphene 12.8 10 5 1.25

PET Electrolytes: PVA/H3PO4

[197]

[248]

[196]

[249]

[250]

[198]

This

work

5.4 Conclusions

In this chapter, novel ferroelectric-assisted TENGs (Fe-TENGs) were fabricated
whereby the tribo-negative surface is based on electrospun P(VDF-TrFE) composite
nano-fibrous mats (having the advantageous [-phase) with dispersed BaTiO3; (BTO)
nanofillers in either cubic (CBTO) or tetragonal (TBTO) form. The approach used
electrospinning to significantly increase triboelectric output by boosting surface
polarization. TENGs with three types of tribo-negative surface were investigated:
pristine P(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-TrFE)/TBTO). The tribo-
positive surface was smooth PET. Open circuit voltage and short circuit current density
increased progressively from the pristine P(VDF-TrFE) case (225 V & 1.9 uA/cm?) to
P(VDF-TrFE)/CBTO (293 V & 5.5 pA/cm?) and reached a maximum for P(VDF-
TrFE)/TBTO (315 V & 6.7 uA/cm?), representing 1.4 and 3.4 times increase in voltage
and current density, respectively. The corresponding optimum power densities were
0.75, 2 and 2.75 W/m?, respectively. Accounting for contact pressure, max output (Voc
=315V & Jic = 6.7 pA/cm?) is significantly higher than for TENGs having spin-coated
P(VDF-TrFE)/BTO.

The gain (versus spin-coating and poling) is likely due to enhanced dipole alignment in
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the P(VDF-TrFE) matrix owing to the higher applied voltage during electrospinning.
Also, uniaxial fiber stretching during electrospinning is likely to produce highly aligned,
more crystalline P(VDF-TrFE). These effects are likely to confer higher surface polarity
(i.e., higher surface potential). The increase in electrical output with the addition of the
BTO particles is partly due to these high permittivity particles boosting the permittivity
of the P(VDF-TrFE) as has been noted in previous literature. However, we found a
significant output increase in moving from P(VDF-TrFE)/CBTO to P(VDF-
TrFE)/TBTO even though these two materials have near identical permittivity. XRD
and FTIR Spectroscopy analysis have revealed that TENG output is boosted by
enhancing the amount and crystallinity of the [-phase of the P(VDF-TrFE) matrix.
Higher crystallinity in the f-phase is likely to further increase dipole alignment and
further boost surface potential. The overlapped electron cloud (OEC) model explains
how this can then boost TENG performance: higher surface potential increases the
energy gap between Fermi levels and thereby increases the amount of tribo-charge
transfer. Thus, this work has shown that the addition of BTO particles boosts TENG
output, not just by enhancing permittivity, but by enhancing the amount and
crystallinity of the P(VDF-TrFE)/BTO matrix — hence the higher output with TBTO.
Finally, the chapter developed an efficient self-charging system by integrating the Fe-
TENGs with a graphene electrode based flexible supercapacitor. The system is capable
of charging to 1.25 V in the notably short time of 5 mins due to high electron mobility
in the graphene electrodes and high current output from the Fe-TENGs. This technology
can have significant application in wearable electronics where higher output currents

and more efficient charging are required from devices.
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Chapter VL.

A wide range self-powered flexible pressure sensor based on the

triboelectric nanogenerator

6.1 Introduction

From Chapter II, it is clear that one of the major applications of triboelectric
nanogenerators (TENGs) is their application as self-powered sensors. Flexible sensors
and sensing systems are widely used in numerous applications of information and
communication technology (ICT) such as health monitoring [251], electronic skin (e-
skin) [252-254], robotics [253, 254], and sensor networks for Internet-of-Things (IoT)
[255] etc. to simultaneously record the wide variety of physical, chemical and
biological parameters [238, 256-258]. Among the various sensors, the flexible pressure
sensors have attracted huge attention since the contact force or pressure forms an
important controlling parameter in numerous applications including for the human-
machine interface, and controlled robotic movements [160, 255, 259]. As a result,
highly sensitive flexible pressure sensors based on capacitive [260, 261], piezoelectric
[262], piezoresistive [263] and triboelectric [160] etc. transduction methods have been
reported. Most of these sensors are reported for robotics applications and have been
developed for tasks requiring pressure measurement in the range (0.1-100kPa) typically
experienced by humans in daily tasks [264]. However, there are many other applications,
both in the robotics field and outside, where wide-range pressure sensors are needed.
For example, the pressure sensors in the sole of a humanoid robot or in the soles of a
person’s shoes with walking problems should withstand the body weight. Flexible
pressure sensors capable of working over a wide range (i.e. low (1-10kPa), medium
(10-100kPa) and high (>100kPa)) for static and dynamic pressures for applications,
ranging from intra-body pressures to deep sea [265, 266] are much needed. Further,
self-powering of sensors is desirable for continuous operation [267]. High precision,
low maintenance, self-powering and wide sensing range are some of the key
requirements for the next generation sensors [268, 269].
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Chapter III discussed the contact force dependent behaviour often observed with
TENGSs (where output increases with contact force). For instance, some results in the
literature simply show a linear variation of electrical output with contact force [139],
while others also include a later-stage saturation occurring at higher forces [142]. In
Chapter IV, the origin of this behaviour was explored via concurrent measurement of
both electrical output and real contact area (4,) in a TENG (from 3.2kPa to 1.488MPa).
The A, was notably small at low pressures (0.25% at 16 kPa), but increased 328-fold to
as much as 82% when it saturated beyond about 1.12 MPa pressure. This means that
the magnitude of electrical output signals from TENGs can be correlated with the
external pressure leading to TENG based pressure sensors with the additional feature
of being ‘self-powered’ [43, 270]. These results suggest that the contact pressure
dependence of the real contact area in TENGs can be used as a basis to develop a wide
range pressure sensor (up to ~1200 kPa).

In this regard, this chapter has demonstrated TENG based wide-range self-powered
sensors by exploiting this real-contact area dependence. A CS-TENG was fabricated
using Cu foil and PET film as the general class of non-engineered triboelectric materials
(Fig.4.1). The sensitivities at different pressure ranges were calculated from voltage (V)
versus nominal pressure plots. Further, we propose that such a device is ideal for self-
powered flexible pressure sensing for applications such as detecting the pressure in
wearables, e-Skin for soles of humanoid robots to help them walk and stand, and for
sensing the impact force for water wave impacts. In addition to this, we demonstrate
the potential application of the self-powered pressure sensing technology in two
example applications. The fabricated CS-TENG is firstly employed to monitor human
body movements including finger tapping and to collect users gait information, and,

secondly, for impact force sensing for free-falling objects.

6.2 Characterization of self-powered pressure sensor

Fig.6.1a schematically shows the working principle of a CS-TENG. The obtained Vi,
collected by an oscilloscope, is used as the sensing signal for the applied dynamic

pressures. Fig. 6.1b plots the output V. signal from the CS-TENG, corresponding to a
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nominal contact pressure of 1176 kPa ( 735N on an area of 6.25cm?) at a frequency of
0.5Hz. For a given contact force, the peak voltage signal in Fig. 6.1(b) is almost
constant indicating equilibrium of TENG operation. The peak positive voltages at
different contact pressures are then taken from the V. signals and plotted against
applied contact pressure in Fig. 6.1(c-e). Note, the nominal contact pressure has been
separated as three segments, comprising low (1-10kPa), medium-high (10-500kPa) and
super high-pressure range (>500kPa). The obtained sensitivities for each of these three
pressure regimes are 3.16, 0.023 and 0.031 V-kPa’!, respectively. To the best of the
authors knowledge, this is the first time a TENG as a self-powered pressure sensor has
been characterized over such a wide pressure range covering both low and super high
pressures. Several suitable low to super-high pressure application areas are proposed
incorporating TENG based self-powered sensors. Fig. 6.1 also indicates the typical
contact pressure available for various applications, including medical diagnosis,
road/traffic monitoring and the deep undersea environment. One potential application
could be for accurate pressure measurement in ocean and maritime research. The
developed pressure sensor can be placed on human-like robotic structures to collect
vital information, which could help researchers measure and record deep-sea pressures
(up to ~100 m below the sea surface which corresponds to 1.2MPa) [219]. It can also
sense a wide range under sea forces to give haptic feedback to control the robot’s

activity such as grasping objects.
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Fig. 6.1: Characterization of TENG based self-powered pressure sensor and its potential applications: (a)
working principles of a CS-TENG, (b) a sample of TENG Vo signal under the contact pressure of
1176kPa (735N). (c-¢) Voltage output of TENG based self-powered pressure sensor for: (c) low, (d)
medium-high pressure and (e) Super high-pressure ranges [27].

6.3 Applications

The fabricated TENG device shows a high response and wide range of pressure
detection capability, which can be applied to detect human body movements and impact
forces. Cu and PET tribo-contact layers (i.e., same as the device in Fig. 4.1) separated

by a gap of 5 mm using a spacer is used to demonstrate the multi-sensing capabilities

of the TENG device.

6.3.1 Monitoring of human body movements

The TENG device is demonstrated for human body movement monitoring. As different
body parts exert a wide range of pressures, the device here is ideal for recording
different physiological signal characteristics.

1) Finger tapping

Fig. 6.2 shows the output voltage signal of the TENG device after being pressed by
different numbers of fingers. When the device was pressed by one, two and three fingers,

the peak positive output voltage of the TENG was increased from 50 to 65, and to 90V,
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respectively (Fig. 6.2). The enhancement in the output voltage is due to the increase in
the contact area between the active TENG layers when pressed by increasing numbers
of fingers (contact force was kept constant). The electrical output of the self-powered
sensor also exhibits a high stability which is clearly evident from the uniform positive
voltage output peak in Fig. 6.2. Therein, the positive voltage peaks correspond to the
status of pressing the device, and the subsequent negative voltage peaks are
corresponding to the releasing state of the device.
YAy &Y

100 | Three fingers

Two fingers

One finger

Voltage (V)
S

4 6 8
Time (s)

Fig. 6.2: Voltage signal of the pressure sensing TENG when pressed using different numbers of fingers.
2) Gait information collection

The fabricated TENG based self-powered sensor was integrated under the shoes of
different users to collect their gait information. Through the TENG output voltage
signal, the gait of the users can be analyzed. According to the working mechanism of
TENGs, the positive voltage peaks are when the tribo-layers come into contact due to
the applied force on the device and the negative voltage peaks can be detected when
the interface pair is releasing. Thus, some preliminary gait characterizations can be
obtained by monitoring the output voltage features, including amplitudes of output
voltage peaks, the frequency of cycles etc. (Fig. (6.3-6.4)). A variety of people’s
activities can be monitored by these detected gait features. For example, the frequencies
of the output voltage signals are 1Hz, 3Hz and 4Hz which corresponds to walking,
jogging, and running, respectively (Fig. 6.3(a-c)). Additionally, there is a 20V negative
voltage peaks and a 157V positive voltage peak in Fig. 6.3(d). The negative voltage
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peak indicates the people jumping up, and the positive voltage peak corresponds to feet
impacting with the ground. Note, the gait information in Fig. 6.3 was collected from a
man weighing 80 kg (corresponding to a 1280kPa pressure). Fig. 6.4 indicates a very
similar response for the gait information extracted from a 45 kg female (corresponding
to a 720 kPa pressure). Comparing the output voltage amplitude in Fig. 6.3 and 6.4, the
output under four types of gait conditions from the man is higher than from the woman.
This is, of course, because the higher the weight of the person, the greater the contact
pressure on the TENG device. The output differences in Fig. 6.3 and 6.4, clearly

indicate that this self-powered pressure sensor can detect a wide range of pressures.
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Fig. 6.3: Gait information from a man of 80kg weight collected by the pressure sensing TENG (a)
walking, (b) jogging, (c) running and (d) jumping.
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Fig. 6.4: Gait information from a woman of 45kg weight collected by the pressure sensing TENG (a)
walking, (b) jogging, (c) running and (d) jumping.

6.3.2 TENG as self-powered impact force sensor for falling objects

The fabricated TENG device also has potential to be used as a self-powered impact
force sensor. This is demonstrated by free-falling an object of a fixed mass over the
device from different heights, as illustrated in Fig. 6.5(a). The response of the TENG
based self-powered impact force sensor is essentially given by the output voltage of the
TENG. TENG output voltage exhibits a number of peaks because of multiple
rebounding of the object. The high amplitude first peak in Fig. 6.5(b) indicates the first
direct impact of the object when dropped from a chosen height and the subsequent
voltage peaks are corresponding to the rebounding (i.e., object jumps on the device)
motion of the object. The rebounded height of the object is lower than the pre-
established height (due to the energy dissipation). Thus, the values of the voltage peaks
are lower for subsequent peaks. Fig. 6.5(b) plots the TENG output voltage signals used
for observing the impact force sensor characterization. When the object is dropped from
a Scm height, the value of the first positive output voltage peak is 117V. The peak value
then increases to 183V, when the preestablished height is adjusted to 14cm. Thus, the

output voltage of the TENG is (as expected) related to the dropping height of the object.
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The positive voltages for the first peak are then taken from Fig. 6.5(b) and plotted
against dropping height in Fig. 6.5(c). As the dropping height increases (5cm to 14cm),
a highly linear increase of voltage with dropping height is observed. Note, the
calculated height sensitivity (S) is approximated to 7V/cm. According to the law of
conservation of energy, the impact velocity and impact force can be calculated by using
the dropping height. Therefore, this sensor not only can detect the falling height of the
object, but its impact velocity and impact force as depicted in Fig. 6.5(d&e),
respectively.

Due to the free-falling motion of the object, the potential energy from the gravity of the
object is converted to kinetic energy just before the impact as:

2

Work done by gravity = %mvimpact - %mvinitialz (6.1)

Work done of gravity = mgh (6.2)

Where, m is the mass of the object, Vjnjia 1s the initial velocity of the object, Vimpact

is object impact velocity, and / is the preestablished height. Due to the free-falling
motion, the initial velocity of the object is zero. Thus, the impact velocity can be

calculated by:

Vimpact = / 29h (6.3)
According to Eq. (6.3), the impact velocity of the object from a height of S5cm, 10.5cm,
13cm and 14cm was calculated. The increase of impact velocity is quantified in Fig.
6.5(d) where impact velocity is plotted against height. The obtained sensitivity between
the impact velocity and height is 0.075m/s*cm. Simultaneously, the sensitivity (S”)
between output voltage (V,) and impact velocity can be calculated, depending on the
regression equation of V, vs. & and v_impact vs. 4. S’ is the proportionality constant
having the value of 92.8m(s-V)™.

Additionally, the impact force is related to the impact energy and deformation of the
impacted object. The impact energy is equal to the work done by gravity from the
dropping point to the TENG top surface or the kinetic energy just before the impact.

Thus, according to the energy conservation, the impact force can be calculated by the
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work-energy theorem [38], as

Fompact = Work done 01; impact force _ %m%;pacrz _ mdgh (6.4)
Where, d is the distance of impacted object deformation. Hence, in this experiment, d
should approximate to the separation distance of the TENG. The calculated impact
force was calculated by the work done by gravity. The calculated impact forces are
plotted against the dropping height in Fig. 6.5(¢). For this height range (5cm to 14cm),
we observe a linear increase of impact force with dropping height. The extracted
sensitivity of 0.4N/cm is 4 times higher than the previously reported TENG based
impact force sensors [271]. The sensitivity (S") between output voltage (¥,) and impact
force can be recalculated by the regression equation of ¥, versus 4 and F'_impact versus
h. S" is the proportionality constant having a value of 17.4V/N.

Furthermore, we demonstrate wireless transfer of the output voltage signal from the
TENG. Towards this aim, the AC signal was converted to DC using a microcontroller

circuit (FireBeetle ESP32-E) and sent via the Bluetooth Classic protocol (2.4 GHz) to

a mobile device. As a proof-of-concept, the finger tapping signals are transferred to a
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Fig. 6.5: (a) Schematic of free-falling object onto TENG impact sensor from different heights of Scm,
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6.4 Conclusion

The results demonstrate that a CS-TENG based self-powered pressure sensor can detect
a wide range of pressures with high sensitivity up to considerably higher pressures than
previously considered. To achieve this, the sensor relies on the contact pressure
dependence of the real contact area 4, in TENGs. This leads directly to a contact
pressure dependent electrical output that can be utilized for pressure sensing. In order
to explain the effect, pressure sensitive film was used to quantify the 4,/4, ratio over a
wide range of pressures. The detected pressure sensing range was separated into three
regimes comprising: low, medium-high and super high pressure covering a range from
3.2 to 1176 kPa. The associated sensor sensitivities for the three pressure regimes were
determined at 3.16V-kPa’!, 0.023 V-kPa! and 0.031 V-kPa'! respectively.
Simultaneously, it is proposed that the TENG based sensor has high potential to be used
for ocean and robotics research due to its ability to detect high pressures. Finally, we
have demonstrated how the fabricated pressure sensing CS-TENG can be applied to a
variety of applications. To provide relevant examples, the chapter shows how the sensor
can be used to detect finger tapping, collect user gait information and detect impact

forces.
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Chapter VII.

Conclusion and future perspectives

7.1 Conclusions

The overall aim of this PhD research was to boost the performance of contact and
separation mode triboelectric nanogenerators (CS-TENGs) via parameters that can
have a significant effect on output. An important goal was also to study how the physics
of these parameters effects output. The application of these high performance TENGs
in self-powered sensors/systems and self-charging systems was also explored.

TENGs as newly emerging renewable energy harvesters are ideal as the energy supply
in autonomous systems and have found application in a wide spectrum of areas such as:
internet-of-things (IoT), powering wearable electronics, rehabilitation, respiration
monitoring, powering or self-powered actuation and motion sensing, air purification
and gas sensing, and implantable biomedical devices. Output power of TENGsS is still
comparatively low and any increase can have significant implications. This thesis has
put forward three key approaches to boosting output: boosting output via control of
substrate permittivity, via control of contact area and via use of permanently polarised
optimised composite ferroelectric materials.

The theories of CS-TENGS (e.g. device structure and tribo-charge transfer) were
studied by simulation and numerical study in Chapter III. These simulations showed
that, among the factors that confer higher performance are: materials with a strong
triboelectric effect together with low permittivity. However, it is challenging to
optimize both within a single material. Therefore, Chapter III presented a solution to
this challenge by optimizing a low permittivity substrate beneath the tribo-contact layer.
Results were simulated over a range of substrate permittivity. The open circuit voltage
was found to increase by a factor of 1.6 in moving from PVDF to the lower permittivity
PTFE. Two TENG devices have been fabricated with 100 um PET and PTFE substrates
to compare performance. The experiments confirm that lowering the substrate dielectric
constant (i.e. PET to PTFE) raises the open circuit voltage in line with simulation
predictions.
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In Chapter IV, attention turned to contact area. The review in Chapter II indicated that
TENG output tends to be contact force dependent, but its origin had yet to be
established. Herein, this thesis shows that the origin lies in the real/ contact area 4,
probed with novel experiments specifically designed for this purpose. The open circuit
voltage V., short circuit current I, and A, for a TENG, having two nominally flat tribo-
contact surfaces, were found to increase with contact force/pressure. The 4, was notably
small at low pressures (0.25% at 16 kPa) that are typically experienced in wearable
applications. However, it increased 328 fold to as much as 82% when it saturated
beyond about 1.12 MPa pressure - achievable for something like impact with ocean
waves. Critically, Vo and . saturated at the same contact pressure as 4, suggesting that
electrical output follows the evolution of the 4,. Assuming that tribo-charges can only
transfer across the interface at areas of real contact, it follows that an increasing 4, with
contact pressure should produce a corresponding increase in the electrical output. These
results underline the importance of accounting for real contact area in TENG design to
boost their performance, the distinction between real and nominal contact area in tribo-
charge density definition, and the possibility of using TENGs as a self-powered
pressure/load sensors. Crucially, the results indicate that the large contact pressures,
readily available in applications such as road-tyre contact and wave energy, alone could
be enough to boost the performance, thus avoiding the need for costly surface
engineering to increase A,.

Chapter V focused on boosting output via careful optimisation of composite
ferroelectric materials in fiborous matt form. This entailed the development of high-
performance ferroelectric-assisted TENGs using electrospun fibrous surfaces based on
P(VDF-TrFE) with dispersed BaTiO3 (BTO) nanofillers in either cubic (CBTO) or
tetragonal (TBTO) form. TENGs with three types of tribo-negative surface (pristine
P(VDF-TrFE), P(VDF-TrFE)/CBTO and P(VDF-TtFE)/TBTO) in contact with PET
were investigated and output increased progressively from pristine (0.75 W/m?) to
CBTO (2 W/m?) and to TBTO (2.75 W/m?). Accounting for contact pressure, the max
output (Voo = 315 V & Jsc = 6.7 pA/cm?) was significantly higher than for TENGs
having spin-coated P(VDF-TrFE)/BTO. It is hypothesized that electrospinning
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increases dipole alignment due to high applied voltages, but also aids the formation of
a highly oriented crystalline B-phase via uniaxial stretching. Essentially, tribo-charge
transfer is boosted due to increased surface potential owing to enhanced ferroelectric
polarization. P(VDF-TrFE)/TBTO produced higher output than P(VDF-TrFE)/CBTO
even though permittivity is nearly identical. Thus, it is shown that BTO fillers boost
output, not just by increasing permittivity, but also by enhancing the crystallinity and
amount of the B-phase (as TBTO produced a more crystalline 3-phase present in greater
amounts). Finally, the ferroelectric-assisted TENG was integrated with a flexible
graphene electrode-based supercapacitor to produce a self-charging system capable of
charging to 1.25 V in just 5 min. These results demonstrate that this technology can be
valuable in wearable applications where higher power output, more efficient charging
and flexibility are paramount.

In Chapter VI, a CS-TENG-based self-powered pressure sensor has been demonstrated
to detect a wide range of pressures with high sensitivity up to considerably higher
pressures than previously considered. To achieve this, the sensor relies on the contact
pressure dependence of the real contact area A, in TENGs. In order to explain the effect,
pressure sensitive film was used to quantify the 4,/4, ratio over a wide range of
pressures. The detected pressure sensing range was separated into three regimes
comprising: low, medium-high and super high pressure covering a range from 3.2 to
1176 kPa. The associated sensor sensitivities for the three pressure regimes were
determined at 3.16V-kPa’!, 0.023 V-kPa! and 0.031 V-kPa!, respectively.
Simultaneously, we propose that the TENG based sensor has high potential to be used
for ocean and robotics research due to its ability to detect high pressures. Finally, we
have demonstrated how the fabricated pressure sensing CS-TENG can be applied to a
variety of applications. To provide relevant examples, the chapter shows how the sensor
can be used to detect finger tapping, collect user gait information and detect impact
forces.

In summary, this work has demonstrated how CS-TENG output can be boosted via three
distinct approaches: by introduction of a low permittivity substrate, by increase of the

real contact area and via use of highly optimised (and polarised) ferroelectric
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composites (in this case, P(VDF-TrFE) with barium titanate (BaTiO3) fillers). The
physical understanding developed in relation to these will be valuable in helping to
optimise performance in future TENG design work. One avenue for future work would
be to attempt to combine each of these optimisations into a single TENG design. Further

possibilities for future work are discussed next.

7.2 Future perspectives

The emphasis of this multidisciplinary study was to provide methods to optimize
contact and separation mode triboelectric nanogenerator (CS-TENG) performance.
However, there are several key areas where additional studies are required to address,
improve and further develop the conclusions in this thesis. An effective method to
measure the real contact area (A,) of CS-TENG by pressure sensitive film has been
demonstrated in Chapter VI. However, it is believed that the electrical outputs of CS-
TENGS can be significantly improved by using micro/nano-structured surfaces for both
mating surfaces. Thus, a competitive CS-TENG fabrication method to produce
micro/nano-structured surface has already been applied in Chapter V. However, there
are many gaps between the nanofibers on the fibrous mat surface. If there is an efficient
material surface design to match with these gaps, then the A, between the interface pair
could be greatly increased. Therefore, use of a ZnO nanowire surface to contact with
the fibrous mat surface is planned.

The electrospun fibrous mat is more suitable for designing a wearable TENG, because
it not only possesses high triboelectric properties, but also good breathability. However,
if a polymer film substrate or metal layer electrode is adopted, it will decrease the
breathability. Therefore, if the fibrous mat can combine with a fabric film, their
wearability will be improved significantly.

One of the applications in TENG based self-charging system has been highlighted in
Chapter V. However, due to the low output current of TENG devices, it will take a long
time to charge high performance energy storage devices (e.g. lithium battery). A
potential method to negotiate this limit is to use a step-down transformer to convert it

as high output current and low output voltage. Therefore, a wearable step-down
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transformer circuit is planned for future work. Simultaneously, since TENGs depend on
mechanical energy input, this places a limitation on its applications. In light of this,
there is potential to design hybrid nanogenerators where non-mechanical energy input

can also be relied on (e.g. integrating solar cell and TENG or PYENG and TENG).
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Appendix A: Surface Roughness Metrology

The definitions, as well as the computing methods relating to the surface metrology
parameters used in Table. 4.1 are given here. All of these parameters are easily
calculated from surface x, y, z data obtained from surface profilometers at sufficient
resolution.

The roughness height, h, is leveled so that mean(h) = 0.

Center line average (CLA) S,:

Sa_ - n,n, Zzlh‘fl

11]

Root mean square (RMS) roughness S,:

S

(B
i=1j=

RMS surface gradient Sg,:
A continuous form of RMS surface gradient is

h oh\*

= SV = (5 +5))
y
Ny—1MNy

~ o, 2)(n —2)22[( ) ( )r

where the partial derivatives are calculated using the central differential scheme:

(%) _ hiv1; —hi—qj (@) _ hije1 = hij—
0x ij 2Ax , ay ij - ZAY '

where A, and A, are the sampling resolution in the x and y directions,
respectively.
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Appendix B: MATLAB code

function dU_dt = myodefunction(t,U)

x1=0.0002;%thickness of surfacel

x2=0.00022;%thickness of surface2

w=0.05;%wide of device

e1=28.674*10."-12; %permmitity of surfacel
€2=29.205*10.7-12;%permmitity of surface2
z=linspace(22,0.01,170);%distance

T=40.7;%density of tribo-charge

H=1*(10."-3);

f=1; %operational frequency

z=(H.*(sin((((2*pi)*1). *)+H((3*p1)/2))))+H;

R=10.76;
MI1=(1/e1).*((((x1+z).*(atan((w)./((2.*(x1+2)).*(sqrt((4.*((x1+2)."2))+2))))))-
((w/2).*(log((sqrt((4.*((x1+2)."2))+2)+1)./(sqrt((4.*((x1+2).72))+2)-1)))))-
(((x1).*(atan((w)./((2.*(x1)). *(sqrt((4.*((x1)."2))+2))))))-
((w/2).*(log((sqrt((4.*((x1)."2))+2)+1)./(sqrt((4.*((x1)."2))+2)-1)))));
M2=(1/e2).*((((x2+z).*(atan((w)./((2.%(x2+z)).*(sqrt((4.*((x2+2)."2))+2))))))-
((w/2).*(log((sqrt((4.*((x2+2)."2))+2)+1)./(sqrt((4.*((x2+2).%2))+2)-1)))))-
(((x2).*(atanh((w)./((2.*(x2)).*(sqrt((4.*((x2).%2))+2))))))-
((w/2).*(log((sqrt((4.*((x2)."2))+2)+1)./(sqrt((4.*((x2)."2))+2)-1)))));
M3=((1/el)+(1/e2)).*((((x1+x2+z).*(atan((w)./((2.*(x 1 +x2+z)).*(sqrt((4.*((x 1 +x2+2).72))+2))))))-
((w/2).*(log((sqrt((4.*((x1+x2+2).~2))+2)+1)./(sqrt((4.*((x 1 +x2+2).*2))+2)-1)))))-
(((0).*(atanh((w)./((2.%(0))-*(sqrt((4.*((0).%2))+2))))))-
((w/2).*(log((sqrt((4.*((0)."2))+2)+1)./(sqrt((4.%((0)."2))+2)-1))))));
M4=((T./pi).*(M1+M2));

P=(M3./pi);

dU_dt=[(1/((w."2)*(R))).*((M4)-(U.*P))];

end
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