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Abstract

As the world progresses towards artificial intelligence and the Internet of Things (IoT), self-powered
sensor systems are increasingly vital for sensing and detection. Nanogenerators, a hew technology in
energy research, enable the harvesting of normally wasted energy from the environment. This
technology scavenges a wide range of ambient energies, meeting the ever-expanding energy demands
as conventional fossil fuel sources are depleted. This research involves designing and fabricating high-
performance flexible piezoelectric nanogenerators (PENGs) and triboelectric nanogenerators (TENGS),

using novel organic-inorganic hybrid nanomaterials for wireless electronics.

Structural health monitoring (SHM) is crucial in the aerospace industry to enhance aircraft safety and
consistency through reliable sensor networks. PENGs are promising for powering wireless sensor
networks in aerospace SHM applications due to their sustainability, durability, flexibility, high
performance, and superior reliability. This research demonstrated a self-powered wireless sensing
system based on a porous PVDF (polyvinylidene fluoride)-based PENG, which is ideal for developing
auto-operated sensor networks. The porous PVDF film-based PENG, enhanced output current by ~ 11
times and output voltage by ~ 8 times, respectively, compared to a pure PVDF-based PENG. The PENG
device generated sufficient electrical energy to power a customized wireless sensing and
communication unit and transfer sensor data every ~ 4 minutes. This PENG could harness energy from

automobile vibration, reflecting the potential for real-life SHM systems.

Subsequently, a novel, self-assembled, highly porous perovskite (FAPbBr:l)/polymer (PVDF)
composite film was designed and developed to fabricate high-performance piezoelectric
nanogenerators (PENGS). The porous structure enlarged the bulk strain of the piezoelectric composite
film, resulting in a 5-fold enhancement of the strain-induced piezo potential and a 15-fold amplification
of the output current. This highly-efficient PENG achieved a peak output power density of 10 pW/cm?
and enabled to run a self-powered integrated wireless electronic node (SIWEN). The PENG was applied
to real-life scenarios including wireless data communication, efficient energy harvesting from
automobile vibrations as well as biomechanical motion. This low-temperature, full-solution synthesis
approach could lead to a paradigm shift in sustainable power sources, expanding the realms of flexible
PENGs.

One of the remaining concerns is the highly soluble lead component, which is one of the constituents

of the PENGs that poses potential adversary impacts on human health and the environment. To address
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this concern, lead-free organic-inorganic hybrid perovskite (OIHP) based flexible piezoelectric
nanogenerators (PENGSs) have been developed. The excellent piezoelectric properties of the FASnBrs;
NPs was demonstrated with a high piezoelectric charge coefficient (dss) of ~ 50 pm/V through
piezoelectric force microscopy (PFM) measurements. The device’s outstanding flexibility and uniform
distribution properties resulted in a maximum piezoelectric peak-to-peak output voltage of 94.5 V,
peak-to-peak current of 19.1 pA, and output power density of 18.95 pW/cm? with a small force of 4.2
N, outperforming many state-of-the-art halide perovskite-based PENGs. For the first time, a self-
powered RF wireless communication between smartphones and a nanogenerator solely based on a lead-
free PENG was demonstrated and serves as a stepping-stone towards achieving self-powered Internet

of Things (1oT) devices using environment-friendly perovskite piezoelectric materials.

Likewise, triboelectric nanogenerators (TENGSs) are also promising energy-harvesting devices for
powering the next generation of wireless electronics. TENGs’ performance relies on the triboelectric
effect between the tribonegative and tribopositive layers. In this study, a natural wood-derived
lignocellulosic nanofibrils (LCNF) tribolayer was reported to have high tribonegativity (higher than
polytetrafluoroethylene (PTFE)) due to the presence of natural lignin on its surface and its nanofibril
morphology. LCNF nanopaper-based TENGs produced significantly higher voltage (160%) and current
(120%) output than TENGs with PTFE as the tribonegative material. Assembling LCNF nanopaper
into a cascade TENG generated sufficient output to power a wireless communication node to send a
radio-frequency signal to a smartphone every 3 mins. This study demonstrates the potential of using
LCNF as a more environmentally friendly alternative to conventional tribonegative materials based on

fluorine-containing petroleum-based polymers.

Overall, this thesis explores the design and development of highly efficient and flexible nanogenerators
for self-powered wireless electronics. By combining highly electroactive nanomaterials with flexible
polymer matrix structures, NGs with high electric output performance and flexibility were successfully
obtained. The synthesizing process for the electroactive nanomaterials was carefully designed and
adopted to sustain the inherent advantages of flexible electronics. The various type of high performance
flexible NGs developed in this research work, including ZnO/PVDF porous PENGs, FAPbBr,1/PVVDF
based PENGs, FASnBrs/PDMS based PENGs, and LCNF nanopaper-based TENGs, provide promising

solutions for energy harvesting and self-powered sensing.
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integrated circuit; (c) an as-fabricated porous PVDF-based PENG device.
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Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

polymer matrix. (d) The suspension drops cast onto a Si wafer (e) Degassing is
done for 30 minutes at 65°C and then annealing at a slightly elevated temperature
(75°C) for another 45 minutes. (f)The films peeled off from the Si substrate. (Q)
Etching with 37 wt. % HCI solution for 4 hours to completely etch off ZnO NPs
from the PVDF matrix. (h) Final porous PVDF thin films are ready for device

fabrication. (i) Fabricated film (j) large scale fabricated film (15 cm x 15 cm).

Material characterization of as-fabricated porous PVDF-based PENG device:
scanning electron microscope (SEM) images of (a) distributed ZnO NPs on the
surface of the PVDF matrix before etching (prepared from a mixture 50 wt.%
mass fraction of PVDF and ZnO); (b) top view SEM of the porous PVDF film
after the etching of the ZnO NPs (Inset is the enlarge view of pore); (c) Elemental
composition mapping of Carbon (C), fluorine (F), Zinc (Zn), Chlorine (CI) in
porous PVDF thin film (d) surface morphology characterized by the AFM (e)
Fourier transform infrared spectrum (FTIR) of the porous PVDF film to confirm
the B phase formation. (f) XRD patterns of pure PVDF, PVDF with ZnO
nanoparticles and porous PVDF based thin film.

Piezopotential distribution in the porous PVDF with varying porosity under a
compressive force of 2GPa (a) with surface pores only, (b) with only inner pores,
and (c) a non-porous PVDF. The same scale bar for (a—) (d) comparison of
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strain distribution of 50% porous PVDF structure ensembled with both inner and
surface pores (f) the piezopotential distribution of 50% porous PVDF structure

ensembled with both inner and surface pores.

Schematics of the energy generation mechanism from the PENG by considering
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General setup of the piezoelectric characterization system. The system includes a
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Figure 2.7

Figure 2.8

Figure 2.9

Measured electrical output performance of the porous PVDF-based PENG
device: (a) the measured open-circuit voltage of the porous PVDF thin films of
almost identical thickness when the ZnO mass fraction increased from 0 wt. %
(pure PVDF) to 60 wt. %, with a frequency of 30Hz. (b) peak to peak output
voltage at 30 Hz and 2G acceleration when the device was pressed by a standard
mass of 138 gram (g) (c) peak to peak output current at 30 Hz and 2G acceleration
when the device was pressed by a standard mass of 138 gram (d) polarity switch
testing of short circuit current to confirm piezoelectricity (e) polarity switch
testing of open circuit voltage to confirm piezoelectricity (f) stability test of the
porous PVDF-based PENG device for 36000 cycles (at 30Hz for 20 minutes).

Demonstration of high output capability and applications prospect of the porous
PVDF-based PENG device (a) comparison of the output voltage at different
frequencies of 10 Hz to 50 Hz for the device with 50 wt. % of ZnO-PVDF
composition (b) comparison of output current at different frequencies of 10 Hz to
50 Hz for the device with 50 wt. % of ZnO-PVDF composition (c) measured
output voltage across the various commercial capacitors of 1 pF, 2.2 uF, 4.7 pF,
10 pF, 47 pF, and 100 uF were charged by the 50 wt. % ZnO-PVDF PENG
device at 30 Hz (d) measured peak output power and peak output power density
at various loading condition of the PENG at 30 Hz (e) measured output voltage
across the input and output capacitor of the EMM, when the PENG is excited with
the linear motor shaking at 30 Hz. (f) wireless signal reception by a Bluetooth
device (mobile phone) (g) the whole sensing system illustration with the aid of a

block diagram.

Application of the PENG for SHM (a) Output voltage from a PENG mounted on
a automobile car engine for both on and run condition. (b) Corresponding
frequency domain distribution via Fast Fourier Transform while the maximum
peak occurs at 29 Hz (c) Output charging voltage of a commercial capacitor (1
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Figure 3.4
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Figure 3.6

Device structure of P-PNGs (a) fabrication process of P-PNGs; (b) XRD patterns
of 20 wt. % FAPbBr.l@PVDF composite film; (c) FTIR results of porous PVDF
and FAPbBrl@PVDF composite films (25 wt. %); (d) digital photos of the large
area composite film (15 cm * 15 cm) and the fabricated P-PNGs

(a) Schematic illustration of crystallization process of the PVDF and the
FAPDBrI nanoparticles. The y axis represents the total concentration of PVDF
and FAPDbBrl in the solution (b) schematic demonstration shows the interactions
between FA* cations and -CF- groups. From the FTIR spectrum, this interaction
is confirmed by the blue-shift of the infra-red absorption peaks of C-F bond in the

wave number range of 1350-1100 cm™.

Working mechanism of P-PNGs (a) cross-sectional SEM image of the self-
assembled highly porous PVDF@FAPDOBr2I (20 wt.%) composite films (inset
shows the close view of a pore); the corresponding element mapping of (b)
fluorine (F) in PVDF and (c) lead (Pb) in FAPbBTr.I; (d) calculated stress and (e)
piezo potential distribution for a similar area of the pure PVDF, 20% circular
porous PVDF and 60% porous FAPbBrl@PVDF film (porosity induced by 20
wt. % of FAPbBTrl).

The output performance of P-PNGs (a) Voc and (b) Isc of PNGs made from pure
PVDF, porous PVDF (with ZnO nanoparticles) and FAPbBr.1@PVDF composite
films. For the porous PVDF, and FAPbBr.|@PVDF composite films, the original
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Self-Powered integrated wireless electronics node (SIWEN) (a) functional block
diagram of the SIWEN (b) internal circuit diagram of a LTC 3588-1 module (c)
architecture of an RSL-10 system on chip (SoC).

Framework of the self-powered integrated wireless electronics node (SIWEN) by

simultaneously using the P-PNGs as a power -source and a sensor.
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Figure 3.7

Figure 4.1

Figure 4.2

Figure 4.3

Application of the P-PNGs for 10T (a) the measured output power of the P-PNG
with an applied acceleration of 2 G (30 Hz). The used load was a metal block of
138 g; (b) charging characteristics of the input (1uF) and output capacitor (220
uF) of the SIWEN; (c) the digital photo shows the sensor signal received by the
cell phone; (d) SIWEN used for car engine states detection at a parking condition
(inset shows the corresponding frequency domain distribution via Fast Fourier
Transform); (e) charging of a commercial capacitor (1 uF) by a single P-PNG
while exciting by an automobile engine (Mercedes-Benz car); (f) the

corresponding digital photo of engine vibration detection

Schematic representation of the PENG device and material structure (@) A
pictorial diagram illustrating the structure of FASnBrs@PDMS composite-based
flexible PENG. The FASnBrs@PDMS based device is inserted between the Cu
and ITO coated PET electrode, (b). The cross-sectional SEM image of PENG
shows the thickness of the FASnBrs@PDMS film is approximately 80 pm and
shows better adhesion between each layer. (c) The crystal lattice of the FASnBr3
perovskite. (d) shows the XRD characteristics peaks of FASnBrsz nanoparticles.

Represents the Scanning Electron Microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS) measurements (a) SEM image of pure PDMS and inset shows
the enlarged view. (b) SEM images of a composite film of 20 wt. % FASnBrs; NPs
loaded into PDMS matrix. (c) SEM-EDS Electronic image (the approximate size
of the NPs is ~250 to 300 nm). (d) (i-vi) shows the elemental composition
mapping of different materials inside the FASnBrz@ PDMS composite film. (e)
XPS spectra of Sn3d, (f) XPS spectra of Br3d.

Origin of piezoelectricity from the FASnBr; NPs: (a) Local longitudinal (vertical)
amplitude and phase hysteresis (inset) vs cyclic dc bias loops from -10 to 10 V;
(b) Piezoelectric response from the FASnBr; and the PPLN sample measured with
an ac tip bias from 0.5 V to 8 V; (c) Surface topography; (d) V-PFM amplitude
and (e) phase images of the FASnBrs NPs; (f) Phase image after poling on the
FASNBrs NPs.
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Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 5.1

Stress (a) and electric potential distribution (b) (close in view) of
FASNBra@PDMS composite. The stress (c) and electric potential distribution (d)
along the line XY

COMSOL model of FASnBrs@PDMS composite and experimentally measured
electrical output of PENG device (a) the strain distribution of 20 wt.% FASNhBTr3;
NPs in PDMS matrix; (b) the piezo potential distribution of 20 wt.% FASNnBr;
NPs in PDMS matrix; (c) Voltage; (d) Current at 40 Hz and 2G acceleration. (e)
output switching test of short-circuit current (f) measured output voltage and (g)
Current at running frequencies from 10 to 50 Hz for the 20 wt. %
FASnBrs@PDMS PENG; and (h) Durability test of the PENG device for 48000
cycles (at 40 Hz for 20 minutes).

Demonstration of energy generation capability and applications prospect of the
PENG device (a) Relative permittivity of FASnBrs@PDMS device; (b)
demonstrating the direct bandgap property of FASnBr; perovskite NPs with a
bandgap of 2.3 eV; (c) measured peak output power of the PENG under various
electrical loading conditions at 40 Hz; (d) Output voltage across the capacitors
of 1,2.2,4.7, and 10 uF were charged by the 20 wt. % FASnBrs@PDMS PENG;
(e) charging and discharging output during the LED turns ON and OFF through
a full-wave bridge rectifier; (f) Voltage across the 1 uF and 220 uF capacitors
during the step-1 and step-2 charging cycles of the EMM when the PENG was
operating at 40 Hz and demonstration of the wireless signal transmission; and (g)

schematic diagram of the complete sensing system.

LED lighting by using the power generated from PENG along with charging

discharging cycle.

(a) Schematic depicting lignocellulosic nanofibrils, (b) Deconvoluted XPSC 1 s
of LCNF nanopaper, (c) FTIR-ATR spectra of CNF and LCNF nanopapers, (d)
TEM image of LCNF, (e) AFM images of LCNF nanopaper and SEM images of
the cross-section of the CNF and LCNF nanopaper, (f) Photo of LCNF nanopaper

and its water contact angle result.
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Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure A2.1

(a) Schematic of contact electrification between LCNF (or CNF) nanopaper and
aluminum foil and the corresponding CPD values, (b) KPFM surface potential
results of CNF and LCNF nanopaper before and after contact electrification with
aluminum, (c) Energy band diagram of CNF and LCNF nanopaper during contact

electrification with Al.

(a) Schematic of the LCNF TENG device structure, (b) Steps involved in the
power generation of TENGS, (c) Open-circuit voltage output and (d) short-circuit
current output of TENGs with LCNF nanopaper compared against that of TENGs
with PTFE film as the tribonegative layer, (e) Revised and simplified version of
the polymeric triboelectric series according to the test results and literature
reference [372], (f) Peak to peak voltage and current of TENGs with either LCNF
nanopaper or PTFE film as the tribonegative layer, (g) Effect of contact force on
peak to peak open-circuit voltage of TENGs made with LCNF nanopaper and Cu
as the two tribolayers, (h) Effect of load resistance on power density of TENGs
with LCNF nanopaper and Cu.

a photograph of the TENG characterization set-up, including Stopper, TENG,

Linear motor, and force sensor.

LCNF@AI-based CTENG for self-powered wireless communication, (a)
Schematic of a LCNF-based cascade type (five units) TENG (CTENG) and a
wireless communication node (WCN) comprising of an energy management and
regulation system for powering up a radio frequency (RF) transmitter, (b)
Charging of different capacitors with the CTENG, (c) Charging of the input and
output capacitor units of the WCN by the CTENG, (d) Close up view of the
measured voltage-controlled charging waveforms in Fig. 5.3c, (e) Discharging of
the output capacitor in the WCN to power-up the RF transmitter indicating each

RF transmission.

The characterization of the pure and porous PVDF film. scanning electron
microscope (SEM) images of the pure PVDF film (a) Plane view SEM (b) Cross-
sectional SEM, annealed at 75°C, the SEM image indicates that the surface of the
pure PVDF is uniform for both cases (c) distributed ZnO NPs on the surface of
the PVDF matrix. (c) the cross-sectional SEM image of the PVDF mixed with
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Figure A2.2

Figure A2.3

Figure A2.4

Figure A2.5

Figure A2.6

Figure A2.7

Figure A2.8

ZnO NPs, The SEM image indicates that nanoparticles are not uniformly
distributed rather accumulated in different positions of the PVDF film. This
creates pores of different sizes after an etching process. (d) Cross-sectional SEM
image of the porous PVDF film after the etching of the ZnO NPs.

Element mapping of (a) Carbon (C); (b) fluorine (F); (c) Zinc (Zn); (d) Chlorine
(CI); in porous PVDF thin film for a specific region of interest. (e) compare the

guant results of elements in the porous film.

() The selected area of top surface SEM of nanoporous PVDF film; (b) EDS
spectrum of the nanoporous PVDF film of image (a); (c) Selected area of cross-
sectional SEM of nanoporous PVDF film; (d) EDS spectrum of the nanoporous
PVDF film of image (c).

The characterization of the porous PVDF film (a) the atomic force microscopy
(AFM) image of porous PVDF surface (b) measured surface roughness of porous
PVDF (~100 nm).

Strain distribution in the porous PVDF with varying porosity under a lateral
bending force of 2GPa (a) pure (0%) PVDF (b) porous PVDF with inner pores
only, and (c) porous PVDF with only surface pores. The scale bar is the same for

all profiles from (a—).

Piezopotential distribution in the porous PVDF model with varying porosity
percentages under lateral bending force (a) with surface pores only, (b) with only
inner pores, and (c) a non-porous PVDF. Same scale bar for (a—c) (d) comparison

of piezopotential as a function of porosity.

Strain distribution in the porous PVDF with varying porosity under a vertical
compressive force of 2 GPa (a) porous PVDF with only surface pores, (b) porous
PVDF with inner pores only, and (c) pure PVDF, the scale bar is the same for all

profiles from (a—c).

(a) Stress distribution for pure PVDF film (b) potential distribution for pure
PVDF film where the peak output voltage is 10.9 volt, (c) prepared solution of
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Figure A2.9

Figure A3.1

Figure A3.2

Figure A3.3

Figure A3.4

PVDF-ZnO with a ZnO mass ratio of 0 to 60 wt. % (0 and 50 wt. % are not shown
here).

Comparison of the electrical output performance for 50 wt. % of ZnO-NP-based
PVDF porous and nonporous film. (a) Output voltage (b) output current.

The characterization of the pure PVDF film. Scanning electron microscopy
(SEM) image of (a) top surface of the pure PVDF (annealed at 75 °C) (b) the
cross section of the pure PVDF film. The SEM images indicate that the surface
of the pure PVDF is uniform (c) FTIR spectrum of the PVDF film is indicating
the B-phase formation (corresponding absorptions at the wavenumbers of 510 cm-
1 and 841 cm™).

The characterization of the porous PVDF film (a) top surface SEM image of the
PVDF loaded with ZnO nanoparticles (NPs) with a diameter of 35-45 nm (b)
cross sectional SEM image of the PVDF loaded with ZnO NPs. The SEM images
are indicating that nanoparticles are not uniformly distributed rather accumulated
in different positions of the PVDF film. This creates pores of different sizes after
an etching process (c) top surface SEM image of the porous PVDF film obtained
after the etching of ZnO NPs by 37 wt. % hydrochloric acid (HCI) (d) atomic
force microscopy (AFM) image of the porous PVDF surface (e) measured surface
roughness of the porous PVDF (~ 100 nm).

The morphology of pore structures in the P-PNGs (a) cross-sectional SEM image
of the FAPbBrl@PVDF film shows that the pores with a length of 20-25 pum are
regularly distributed here (b) surface topography of the FAPbBrl@PVDF film
from the AFM image illustrates that the diameter of the pores are approximately

3-5 pm.

The atomic force microscopy (AFM) images of PVDF-FAPbLBrl film with
different mass ratios (wt. %) of FAPbBTr.l precursor in 10 wt. % PVDF solution
(@) 5 wt. % (b)10 wt. % (c) 15 wt. % (d) 20 wt. % (e) 25 wt. % (f) 30 wt. %. This
AFM images clearly indicates the gradual increase in the pores size (diameter of
up to 7 um at 30 wt. % FAPDBr,l) with the increase of FAPbBrI concentration.
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Figure A3.5

Figure A3.6

Figure A3.7

Figure A3.8

Figure A3.9

Interestingly the pores are generated almost in the nature of a periodic array
throughout the entire film (g) grain boundary topology of FAPbBr2l NPs.

(a) Finite element simulation of the pure, the circular porous and the highly
porous perovskite-polymer films under a compressive pressure of 800 kpa. The
mechanical stress is calculated (b) along the horizontal axis (A-F) (c) along the
vertical axis, which clearly shows a higher stress in the film with a porous
structure than the non-porous (pure) film. The stress distribution is disrupted by

the presence of pores inside the film and further increases with the porosity.

A comparison of piezo-potential distribution for porous FAPbBrl@PVDF (20
wt. %) film with the presence of a single and an array of pore (8 pores) structures.
The shape of the pores has been optimized from the observation of cross-section
SEM image of the composite film. (a) Mechanical stress distribution of the film
with the array of pores (left) and the film with a single pore (right) structure. The
arrows are indicating the amplified stress on the sidewall of each pore. (b) The
piezo-potential distribution is higher in the film with the presence of a large
number of pore structures (left).

A characterization system of energy harvester. The controller unit is operated by
a workstation interface (Vibration View 9). The controller unit (VR 9500)
generates different control signals which are amplified by a power amplifier (Lab
Works Inc.’s pa 138) to feed an electrodynamic shaker (ET-126-1) to control its
motion. An accelerometer (3055D3) provides the feedback signal from the shaker
to the controller unit which can take action if there are any faults. The shaker is
mechanically coupled with a metallic hammer to characterize the energy
harvesting devices. The output from the devices are measured and viewed by an

oscilloscope.

The output performance of the P-PNGs. (a) output voltage and (b) current of the
P-PNG at 30 Hz and 2G acceleration with an applied load of 138 gram (g).

Schematics of energy generation mechanisms of the P-PNGs based on distributed

stress profile.
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Figure A3.10

Figure A3.11

Figure A3.12

Figure Ad.1a

Figure A4.1b

Figure A4.2

Figure A4.3

Figure A4.4

Variation of output voltage (left) and output current (right) of the P-PNGs with
different FAPbBr.l mass ratios (0 wt.%, 10 wt.%, 20 wt.%, 30 wt. %). The
maximum output voltage (85 V) and current (30 pA) was obtained for 20 wt. %
FAPbBr.1@PVDF composites. The output voltage and current increases up to the
mass ratio of 20 wt.%, and then decreases afterwards. The higher mass ratio of
FAPDLBrI (> 20 wt. %) will generate very large pores to greatly reduce PVDF per

unit volume and create more defects.

Frequency dependent (10-50 Hz) output voltage (left) and output current (right)
of the 20 wt. % FAPbBr:1@PVDF based P-PNGs, when the acceleration is fixed
at 2G. The maximum output voltage and output current at 30 Hz frequency was
85 V and 30 pA, respectively. As the frequency increases the strain rate rises and
causing the increase in the output voltage and current. The gradual decrease in
the output at higher frequencies (> 30 Hz) corresponds to the reduction of impact

on the device by the 138-gram (g) proof mass.

Flexibility test of the P-PNGs at 10 Hz and 2G acceleration when a periodic
bending force was applied from an electrodynamic shaker. The generated (a)
output voltage (b) output current of 14 V and 0.3 pA, respectively, depicts the
performance of the P-PNG during the bending condition.

a (i-v) Step by step synthesis process of FASnBr; NPs. (vi-ix) Details of
FASNBrz@PDMS composite film preparation.

(i) Electrical polling of the composite film at 6kV for 3-4 hours (ii) Schematic of
packaged device with different layers (iii) Original fabricated composite film.

XPS spectra of C1s and N1s.

Verification of polling effect to confirm the dipole formation inside the composite
NPs.

(a) Lateral PFM amplitude and (b) Lateral phase images of the FASnBrs NPs, the
weak signals obtained in the L-PFM images indicates the weak polarization

magnitudes in that direction.
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Figure A4.5

Figure A4.6

Figure A4.7

Figure A4.8

Figure A4.9

Figure A4.10

Figure A4.11

Figure A4.12

Figure A5.1

Figure A5.2

Figure A5.3

Figure A5.4

(a) the strain distribution of pure PDMS matrix, (b) the piezopotential distribution
of pure PDMS matrix.

polarity switch testing of open circuit voltage to confirm piezoelectricity.

Measured electrical output performance of FASnBrs@PDMS PENG device: (a)
the measured open-circuit voltage of composite FASnBrs@PDMS PENG when
FASNBr; mass fraction increased from 10 wt. % to 30 wt. %, with a frequency of
40Hz.

Thermal stability of the relative permittivity is measured for one hour at 130 °C,
and 200 kHz for the 20 wt. % FASnBrs@PDMS composite film. The relative

permittivity showed a negligible change in their values.

Load resistance dependent voltage and current measurement.

Energy harvesting from (i) Single finger tapping (ii) Foot stepping (iii) Hand
gesture (iv) bending the device (v) device size (vi) charging by using only finger
tapping.

Custom made wireless signal transmission circuit.

a photograph of the PENG characterization set-up, including mass, PENG,

electrodynamic shaker, oscilloscope, shaker controller and the control software.

a. XPS C 1s deconvoluted spectra of CNF nanopaper, b. XPS survey and c. ATR
spectrum, d. TEM image of CNFs, e. AFM results of CNF film.

DMA results of CNF and LCNF film a. Storage modulus and b. loss modulus, c.
photo of CNF film and associated contact angle results.

Open-circuit voltage and short-circuit current between CNF nanopaper and

various materials.

a. Reliability testing of the output voltage of LCNF nanopaper/Cu TENG (30 Hz,
4.2 N), b. Open circuit voltage of LCNF nanopaper/Cu at different test

frequencies.
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Figure A5.5

Figure A5.6

Figure A5.7

Output voltage of LCNF nanopaper/Cu TENG at various %RH levels, a) 27%, b)
40%, c) 50%, d) 60%, e) 70%, f) 80%, g) 90%, h) 95%, and i) TENG voltage
outputs plotted against RH levels.

Output voltage of LCNF nanopaper/Cu TENG at various temperatures, a) 25.6°C,
b) 30°C, c) 35°C, d) 40°C, e) 50°C %, f) 64°C, g) TENG voltage outputs against

temperature.

Rectified voltage a. and current b. output of LCNF/AI based cascade-type TENG
(CTENG) device.
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Chapter 1

Fundamentals of Nanogenerators and Literature Review

1.1 Background

Scavenging sustainable power by converting ubiquitously-available unutilized energy to usable
electrical energy holds promise to meet ever-expanding energy demands as conventional fossil energy
sources are being quickly exhausted. Due to continuous growth in overall energy demand and the
related environmental impacts, over the last several decades, an enormous amount of research effort
has been devoted to developing eco-friendly sustainable energy storage and conversion systems to
replace fast-exhausted fossil fuels. Lately, with the rapid advancement of smart wearable electronics,
the demand for corresponding flexible and sustainable power supply units is continuously growing [1].
However, traditional chemical batteries, which are still the most widely used portable energy source so
far, cannot meet the requirements of wearable electronics due to their inherent limitations of rigid
complex structure, heavy weight, bulky volume, persistent recharging/replacement, and limited lifetime
[2]. One of the best routes to mitigate this challenge is to develop self-powered energy harvesters that
can scavenge waste biomechanical energy from the surrounding environment, such as human motion,
tiny mechanical vibration, car engine vibration, wind, and ocean waves which is ubiquitously available
and can be generated continuously and inexhaustibly without ambient environment barrier [3]. Energy
harvesting based on nanotechnology [4] is attracting intensive interest and attention for two primary
reasons: (i) the potential to realize self-powered electronics [4-7] as portable devices, sensors, and
implantable biomedical devices which typically consume very low electrical power [8], and (ii) the
potential to reduce global dependency on energy sources based on fossil fuels [9]. Over the past decades,
researchers have been investigating different ambient energy harvesting technologies based on
electromagnetic [10], electrostatic [11-12], and piezoelectric methods [13-14]. These technologies
called nanogenerators (NGs) harvest energy sources in the surrounding environment for driving Internet
of Things (IoT) smart electronics [15-17]. Among them, piezoelectric nanogenerators (PENGs) and

triboelectric nanogenerators (TENGSs) exhibit the excellent capability to efficiently convert different



forms of mechanical energy to electric energy, including human body motion, vehicle movements,
water flow, airflow, and acoustic wave, etc. [18-23]. In particular, a variety of flexible NGs with the
advantages of low cost, simple configuration, lightweight, environment friendliness, and universal
availability have been actively explored [24-27].

The contact electrification effect was first recorded as early as 2600 years ago and the first demonstrated
piezoelectric effect was reported by Pierre and Jacques Curie in 1880. Nevertheless, the unprecedented
potentialities of these effects in energy harvesting applications had not been fully revealed for a very
long time. Following the first demonstration of the piezoelectric nanogenerator in 2006 [28] and the
triboelectric (contact-electrification) nanogenerator in 2012 [29], significant efforts have been devoted
to accomplishing a brand-new era of self-powered electronics by using organic-inorganic
heterojunction nanomaterials to build sophisticated micro-/nano systems [30-39].

Piezoelectric nanogenerators (PENGS), which have compact and flexible working modes, are a very
promising alternative solution to the battery. When mechanical stress is applied to a piezoelectric
material, the centers of positive and negative charges are separated, thus creating polarization-induced
piezo potential. PENG research is focused on manipulating material structures (porous, nanowires, etc.)
by lithography, etching, or others to improve stress distribution profiles or growing materials with very
high inherent spontaneous polarization. PENG device performance has been improved by a series of
structure-driven techniques, such as adopting nanowires [40], aspect ratio tuning, film porosity
modulation through a multi-stage etching process [41], cascading multiple devices [42] and reducing
charge-screening effects [43]. However, this device still suffers from comparatively lower output
performance and operates preferably in higher frequency regimes. A thorough investigation is needed
to improve the output performance of the PENG devices.

Triboelectric nanogenerators (TENGS) based on the coupling effect of contact electrification between
two different materials and electrostatic induction have emerged as a viable technology to convert
ambient mechanical energy into electrical energy. TENGs have numerous advantages, including large
power density, high energy conversion efficiency, versatile options for material selection, lightweight,
low cost, etc. They have been successfully used as self-powered sensors in wind speed sensing, micro
liquid biological and chemical sensing, vibration monitoring, transportation, and traffic management,
motion tracking, and powering biomedical microsystems, among others [44-46]. The contact
electrification-induced surface charge density is defined as the key figure of merit for TENGs, which

originates from the different work functions between two materials. Therefore, increasing surface area
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by creating nanostructures, designing nanomaterials with high energy storing capabilities, or having
dense surface states are the efficient routes towards a highly-efficient TENG. A state-of-the-art TENG
can produce a power density of up to 500 W/m? [47]. However, in contact separation-triggered TENGs,
the air breakdown effect can significantly limit the surface charge density on triboelectric surfaces [48].
So, a detail understanding of the underlying physics is needed to improve the output performance of
the TENG devices.

1.2 Principles of Nanogenerator

Nanogenerators efficiently transform mechanical energy into electrical power/signal, which has broad
applications in energy science, environmental protection, wearable electronics, self-powered sensors,
medical science, robotics, and artificial intelligence [49]. TENGs are generally based on contact
electrification. When two dissimilar materials are brought into contact, electrostatic charges are created
on the material surfaces due to the different electron affinities of the materials. When the two materials
are subsequently separated, the developed voltage forces the electrons to flow between two electrodes,
generating an alternating current in the TENG. When mechanical stress is applied, a piezoelectric
material is polarized, creating a piezo potential. The physics behind nanogenerators (NGs) can be

explained using Maxwell’s equations.

Ampere’s circuital law with Maxwell’s addition is
oD
VXH=]+— (1.1)
Jat
where H is the magnetic field and D is the displacement field.

D=€,E+P 12

Here P is the polarization field and E is the electric field. Therefore, Maxwell’s displacement current

can be defined as:

] = a—D = a_E a_P (1.3)
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The first part on the right of equation (1.3) gives the birth of electromagnetic waves. The second part
relates to the output of the nanogenerator. If the surface charge density of a piezoelectric nanogenerator

is op, and there is no external electric field, the displacement current is reduced to [50]

8D _ dP _ dop

—_— == 14
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Photonics Blue energy
Energy for the new era

Space technology
Sensor network

Robotics

Triboelectric nanogenerator

Piezoelectric nanogenerator

Electric field ... =8 R Non-electric field
induced TRV xH =152 induced (strain related)

Figure 1.1. A tree idea to illustrate Maxwell's displacement current: the first term ¢dE/ot is responsible for the
electromagnetic waves’ theory; and the second term OPy/dt is related to energy and sensor applications, such as

nanogenerators. Reproduced with permission [49]. Copyright 2020, Elsevier.



Equation (1.4) denotes the observed output current in PENGs. In TENGS, the electrostatic field built
by the triboelectric charges (with a surface charge density of o) drives the electrons to flow through
an external load, resulting in an accumulation of free electrons in the electrode c1(z, t). ci(z, t) is a
function of the gap distance z(t) between the two dielectrics. The corresponding displacement current

is [50]
(1.5)
oD 0 oy(zt) 0z

ot ot %5t

This is the observed current for TENG. az/ dt depicts the speed at which two triboelectric layers
contact each other. This basic theoretical understanding of nanogenerator operation is vital to further
modeling and analysis, which unveils enormous potentialities for meeting future energy demands as

shown in Figure 1.1.
1.3 Piezoelectric Nanogenerator (PENG)
1.3.1 Basic concept of PENGs and its operating principle

Originating from Maxwell’s displacement current, the piezoelectric nanogenerator concept was coined
by Prof. Wang in 2006 [28], where an array of zinc oxide (ZnO) nanowires (NWs) grown on a metallic
substrate was bent by a conductive atomic force microscope (AFM) cantilever probe, as shown in
Figure 1.2. The tetrahedrally coordinated Zn?* and O*" were accumulated layer-by-layer along the c-
axis (Figure 1.2a). At its original state, the charge center of the anions and cations coincide with each
other. Once an external force is applied, the ZnO nanowire structure is deformed and stretched on one
side while compressed on the other side, which accumulates negative and positive charges on the
respective sides. Therefore, the negative and positive charge centers are separated and form an electric
dipole leading to a piezoelectric potential ((Figure 1.2b). If an external load is connected to the
deformed material, the free electrons are driven to partially screen the piezoelectric potential and flow
through the external circuit to realize a new equilibrium state [51-52]. The resultant piezopotential is
observed through the formed Schottky barrier between the AFM probe tip and semiconducting ZnO
NW, which forces the electrons to flow between the electrodes, through an external circuit ((Figure
1.2c-d).



Figure 1.2. Mechanism of piezoelectricity. (a) Atomic model of the wurtzite-structured ZnO. (b) Different

piezopotential in tension and compression modes of the PENG. (c) Numerical calculation of the piezoelectric
potential distribution in a ZnO nanowire under axial strain. Reproduced with permission [51]. Copyright 2017,
Wiley-VCH (d) Band diagram for the charge outputting and flowing processes in the PENG. Reproduced with
permission [51]. Copyright 2017, Wiley-VCH.

Since this pioneering work, intensive research efforts were made to enhance output power generation
from ZnO NW-based PENGs as it is environmentally friendly, easy to grow at low temperatures, and

is self-poled. In contrast, most of the ferroelectrics require high-temperature processing conditions [32].
1.3.2 Historic outline, advances and remaining challenges of PENGs

Over the past few decades, piezoelectric based energy harvesters have been evolving rapidly. Unlike
many conventional harvesters, they have the capability of transforming small mechanical vibration in

the environment in to useful electrical energy.



The mechanical energy density available in the free environment can reach to up to an order of 10
mW/cm? which is the second highest after solar energy (10-100 mW/cm?) [53]. Scientists have used
numerous piezoelectric materials including ZnO [51], CdS [54], GaN [55], NaNbQs [56], PVDF [57],
BaTiOs [58], PZTs [59], and InN [60] for this purpose.

The first reported piezoelectric energy harvester which was used vertically aligned arrays of ZnO
nanowires was developed by Z. L. Wang in 2006 [28]. The working mechanism of the device is already
presented in Figure 1.2. This demonstration paved a way to develop “self-powered” nano-devices that
can generate electrical energy under the action of external forces using nanometer-scale piezoelectric

materials [61].

Although the quantity of electric output of a single strained nanowire is promising, but for practical
applications the amount of power is still very limited and therefore it is essential to collect the power
from an array of nanowires. In the following year, Z. L. Wang group developed the first ever
piezoelectric nanogenerator excited by ultrasonic waves which could drive AC current through an
external load uninterruptedly [62]. This work demonstrated a route toward resolving the fundamental
engineering issues associated with effective usage of nanogenerators. The physical configuration of the
device allows for the bending of the nanowires and in turn generation of piezoelectric voltage when a
sound pressure is applied to the top electrode. A number of other devices were fabricated using the

same zigzag electrode configuration such as those formed by gold-coated ZnO nanowires [63-66].

While the first-ever energy harvester based on piezoelectric nanowires in 2006 could only generate up
to 9 mV output, it opens the route towards more efficient devices with enhanced output performance.
Yang et al. in 2009, designed and developed a flexible PENG based on a single horizontal ZnO “Fine
wire” with a length and diameter of 200 um and 4 um, respectively. The device is able to generate up
to 65 mV output voltage at bending state [67]. Later in 2014, Zhou et al. developed a flexible
nanocomposite PENG consisting of hydrothermally grown freestanding PZT nanowires and a
polydimethylsiloxane (PDMS) matrix. The configuration of the device made full use of piezoelectric
properties of the inorganic nanowires and the flexibility of the organic polymer matrix. The output open
circuit voltage and short circuit current of the PENG device was reported to be up to 7 V and 120 nA,

respectively [68].

In early 2017, Alluri et al. designed and demonstrated a piezoelectric device, which is composed of

BTO and PDMS for scavenging biomechanical energy. The reported open circuit voltage and short
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circuit current were as high as 126.3 V and 77.6 uA, respectively [69]. This outstanding performance
allowed for powering portable electronic devices with a continuous power supply. After that the
following year, Malakooti et al. used a 3D printing method to construct a piezoelectric nanocomposite
PENG with controlled alignment using the direct-write method. They demonstrated that by using this
technique, they can incorporate highly aligned BTO nanowires in polylactic acid (PLA) polymer and
enhance the output of the device by aligning the nanowires in the direction of applied stress. The output
of the device demonstrated that using the direct write method can improve the performance by about
400% compared to that of randomly oriented nanowires [70]. All the results demonstrated clearly that
the design of the PENG has evolved from a single nanowire with an output of mV range to more than
100 V in about a decade or so, therefore empowering self-powered portable electronic devices to

replace battery operated sensors.

To a continuation, recently, Yuan et al. presented a cascade type 6-layer rugby-ball-shaped PENG and
improved the output performance to 88.62 V and 353 pA, setting a record value for multilayer PENGs
[71]. Although piezoelectricity can be enhanced by these strategies, optimally unifying appropriate
mechanical and electrical properties in a single piezoelectric film remains a challenge. Growing
organic-inorganic molecular perovskite solution, or synthesizing an organic-inorganic perovskite
single-crystal have recently achieved record dss coefficients (~ 185 pC/N) [72] by surpassing their
inorganic counterparts, e.g. lead zirconium titanate (PZT), lead magnesium niobate lead titanate (PMN-
PT) and Barium titanate (BTO). By dispersing highly piezoelectric nanoparticles (NPs) in a flexible
polymer, composite films can be developed, which has been proven as an attractive, easier approach in
terms of fabrication scalability, device flexibility, improved mechanical strength, and enhanced
electrical output and stability. Nanowire (NW) arrays’ unique advantages, such as enhanced surface
area, relatively high mechanical flexibility, and high sensitivity to small forces, make them an ideal
candidate for piezoelectric nanogenerator (NG) applications [73-75]. Such NGs produce piezoelectric
potential (piezopotential) under external dynamic strain and drive electrons to flow in an external load
[76-77]. HI-nitrides NWs such as AIN, AlGaN, GaN, and InN are noted for their tunability, direct
bandgap, high chemical stability and strong resistance to atmospheric moisture, and their unique
piezoelectric property arising from their non-centrosymmetric wurtzite crystal structures [78-79]. The
large dislocation density that is often observed in InN planar structures grown on lattice-mismatched
substrates, can be substantially minimized in InN nanowire structures. This is attributed to highly

efficient strain (and thermal) relaxation in nanowire lateral surfaces [80-83]. In addition, by adding p-
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dopants into InN nanowires, the piezoelectric device performance is significantly improved compared
to intrinsic INN NW-based devices. A systematic study on the p-type InN nanowire material and devices
for piezoelectric NG applications has been conducted and the experimental results demonstrate
excellent reproducibility and reliability of p-type INN NW-based nanogenerator devices [84]. Using
radiofrequency plasma-assisted molecular beam epitaxy (MBE), intrinsic and magnesium (Mg)-doped
(p-type) InN NWs have grown on Si (111) substrates under nitrogen-rich conditions, respectively, using
the INN NW-growth procedure detailed by others [85-86]. After the first demonstration of PENGs
based on ZnO nanowire arrays [28], researchers continue to design and fabricate new device structures,
to improve device performance. Many PENGs are based on ZnO NWs or nanorods because one-
dimensional (1D) ZnO nanostructures with a high aspect ratio exhibit better piezoelectric performance.
However, 1D ZnO nanostructures suffer from mechanical fragility and instability. On the contrary,
two-dimensional (2D) ZnO nanosheets can generate direct current-type piezoelectric output, which is
attributed to their buckling behavior and formation of a self-formed anionic nano clay layer. A PENG
based on the integration of 1D and 2D ZnO nanostructures on the same substrate was demonstrated for
the first time, which was synthesized using a simple, low-temperature, and low-cost hydrothermal
method [87].

Recently, organic-inorganic halide perovskites have received significant attention as materials for
various electronic applications such as photovoltaic cells, photodetectors, light-emitting diodes, and
sensors, owing to their outstanding and unique properties such as high-power conversion efficiency,
tunable bandgap, solution-based processability, and high absorption coefficient [88]. These materials
retain a general perovskite crystal structure with stoichiometry ABXs, in which A represent an organic
cation such as CHsNHs+ (MA) or CH(NH2).+ (FA), B represents a metal cation with a different
oxidation number than A, such as Pb?* or Sn?*, and X is an anion such as Cl—, Br—, or I- [89]. Although
initial studies of OIHPs focused on photovoltaic applications, the applications of their piezoelectric

phenomena continue to attract research interest [90-94].

The OIHPs combine the advantages from both the organic molecular part and inorganic octahedron of
the perovskite structure at a microscopic level, have been the focus of research for quite some time as
a potential alternative to ceramics [95, 90]. Besides their distinct optoelectronic properties, OIHPs
exhibit great advantages in terms of their compositional variability, structural flexibility, and room-
temperature and solvent-based synthesis process [90-92]. Organic-inorganic halide perovskites

materials exhibit structural phase transition that is similar to other inorganic perovskite materials
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leading to ferroelectric polarization [96]. Also, halide perovskites have shown excellent piezoelectric
and ferroelectric properties comparable to those of conventional inorganic piezoelectric materials. The
ferroelectric polarization switching and piezophototronics properties of CHsNHszPblz (MAPDI3)
perovskite were demonstrated by Coll et al. in 2015 [93]. The following year another study by Kim et
al. showed that the PENGs fabricated with MAPDI; thin films give an output voltage of 2.7 V and a
current of 140 nA/cm? [94]. Potential piezoelectric application of OIHPs became more feasible after
the invention of piezoelectric composite films which exhibited superior flexibility and sustainability by
introducing perovskite nanoparticles within different soft polymer materials. Perovskite NPs examined
in the literature to date include FAPbBTr3, Fe-doped MAPDI;, and FASNI; [95, 97-104].

However, a major concern and obstacle to commercialization related to traditional lead-based
perovskite materials is the environmental toxicity of these materials. After exposure to water, the lead-
based materials can easily form a solution containing the life-threatening lead, which may be released
to the environment where it can accumulate in the food chain and impose deleterious impacts on
ecosystems and human health [105]. In recent years, scientists are devoted to finding the solution to the
stability and toxicity problem present in the lead-based system by replacing Pb?* in perovskites [106]
with other divalent cations, such as Sn?*, Ge?*, Mg?*, Ca?*, Sr?*, or Ba?* [107-109, 95]. Due to the ion
size effects and lone pairs of electrons, Sn?* and Ge?* are among the best candidates for the replacement
of Pb?*. Moreover, Sn-based OIHPs exhibit robust photovoltaic performance because of their high
electronic dimensions and unique electronic configuration [110]. However, Sn?* in Sn-based OIHPs
can easily be oxidized to Sn**. One solution to address this challenge would be to engineer the
composite material structure to effectively prevent the migration of external oxygen and moisture
through the material and to suppress internal ion diffusion inside the devices [106]. In this context, the
PENG design strategy whereas the OIHPs scaffolded by an insulating polymer has drawn much

attention for large-scale application [97].

Nevertheless, despite the development of various halide perovskite materials with excellent
piezoelectric properties, an understanding of piezoelectricity in halide perovskites is still further
required to realize practical piezoelectric applications. Part of this research also aims to find the
fundamental understanding of the energy harvesting property of various halide perovskite materials and

the factors to be considered for the development of high-performance energy harvesters.
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1.4 Triboelectric Nanogenerator (TENG)
1.4.1 Basic concept of TENGs and its operating principle

Founded on the omnipresent but detrimental contact-electrification effect, triboelectric nanogenerators
(TENGS) are originally developed for scavenging the mechanical energy from impacts, sliding, and
rotations [111-112], producing higher output voltages than other harvesters. Tribo
electrification/contact electrification creates static polarized charges on two material surfaces, whereas
electrostatic induction on the electrodes by the tribo-charges converts the applied mechanical energy to
electrical energy by changing the separating distance and hence creating potential differences [113].
According to the lump circuit model of TENG, it is a variable capacitor type voltage generator in which

the device output is associated with the separation distance between the electrodes (Figure 1.3(c)).
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Figure 1.3. Theoretical models of TENG. (a) Schematic illustration of the first TENG and its operating cycle. (b)
The displacement current model of a contact-separation-mode TENG. (c) The equivalent electrical circuit model
of TENG. Reproduced with permission [113]. Copyright 2019, Wiley-VCH.
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TENGs offer advantages such as more flexible material choices, easy fabrication, lightweight, and low
cost. In 2012, Prof. Wang’s group first introduced the TENG model in energy harvesting device
fabrication, exhibiting unprecedented energy generation potentialities at low frequency. As
demonstrated in Figure 1.3(a), the TENG device structure is composed of Au/Kapton/Air gap/PET/Au.
Periodic contact-separation between PET and Kapton can generate sufficient output power. From there
onwards, significant research progress has been made and a maximum output power density of 500
W/m? has been reported recently [47]. Depending on the direction of the polarization change and
electrode configuration, four different operation modes of the TENG have been proposed [29] including
vertical contact-separation (CS) mode, lateral-sliding (LS) mode, single-electrode (SE) mode, and
freestanding triboelectric-layer (FT) mode, as shown in Figure 1.4. These can scavenge almost all types
of mechanical energy from the environment. The vertical CS mode uses relative motion perpendicular
to the interface and the potential change between electrodes, and thus external current flow is dictated

by the gap distance between material surfaces.

(a) Vertical Contact-Separation Mode (b) Lateral-Sliding Mode
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Figure 1.4. Four working modes of TENG. (a) Vertical contact-separation (CS) mode. (b) Lateral-Sliding (LS)
mode. (c) Single-Electrode (SE) mode. (d) Freestanding Triboelectric layer (FT) mode. Reproduced with
permission [113]. Copyright 2019, Wiley-VCH.
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The lateral-sliding mode uses the relative displacement in the direction parallel to the interface, and it
can be implemented in a compact package via rotation-induced sliding. The single-electrode mode
takes the ground as the reference electrode and is versatile in harvesting energy from a freely moving
object without attaching an electric conductor, such as a hand typing, human walking, and moving
transportation. The freestanding triboelectric-layer mode is developed upon the single-electrode mode,
but instead of using the ground as the reference electrode, it uses a pair of symmetric electrodes and
electrical output is induced from asymmetric charge distribution as the freely moving object changes
its position [113]. One thing worth noting is that the practical application of TENG is not limited to one
single-mode but relies more on the conjunction or hybridization of different modes to harness their full

advantages.
1.4.2 Historic outline, advances and remaining challenges of TENGs

Triboelectric nanogenerators (TENGs) work on the combined principle of triboelectrification and
electrostatic induction. In definition, triboelectrification is the process of charge generation on the
surface of two dissimilar materials when they are brought into contact. Whereas the electrostatic
induction is an electricity-generating phenomenon in which electrons flow from one electrode to
another electrode through an external load to equalize their difference in potential [29]. The mechanism
behind the formation of charges on the surface of the triboelectric material was not defined clearly and
remain highly debated [114-115]. A fundamental physical model was formed only in the year 2017, in
which the triboelectrification mechanism that has been known for thousands of years was traced back

to Maxwell’s Displacement current.

The first flexible TENG was invented in 2012 by Z. L. Wang’s group by sandwiching polyester (PET)
and Kapton thin films, which produced an open-circuit voltage of 3.3 V and current of 0.6 HA at a
power density of ~10.4 mW/cm?® [88]. Not far along in the same year, Zhu et al. gave a suitable
explanation for the TENG-based power conversion utilizing polymethylmethacrylate (PMMA) and
Kapton as triboelectric materials [116]. These new forms of vigorous nanogenerators produce an open
circuit voltage of 110 V, and the instantaneous power density could reach up to 31.2 mW/cm?. Later in
the same year, Z. L. Wang et al. designed and developed an arc-shaped triboelectric nanogenerator
using polymer thin film and a thin metal film along with the explanation using finite element analysis.
The unique arc-shaped designed TENG [116] reached an output of 230 V, 15.5 pA/cm?, and 128

mW/cm?®. Polydimethylsiloxane (PDMS) is considered as one of the suitable materials for TENG
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applications because of its distinct properties like flexibility, transparency, high negative polarity, and
easy fabrication. In the year 2013, Zhu et al. designed a TENG using nanoparticle-enhanced PDMS and
gold (Au) thin film, based on contact separation mode. The device generated a record high voltage of
~1200 V, instantaneous power output of 1.2 W, power density of 313 W/m?, with an average output
power of 132.1 mW [117]. In the following year, Yun et al., exposed the PDMS to ultraviolet-ozone
followed sprinkled with NaOH solution to get a triboelectric voltage of 49.3 V and 1.16 HA,
respectively [118]. This output is recorded to be 15 times larger than the TENG using pure PDMS. In
2013, Hu et al. developed a vertical contact TENG integrated with a 3D spiral structure that can produce
a maximum output power output of 2.76 W/m? on a resistive load of 6 MQ at a resonant condition
[119]. Recently, a TENG has been designed based on harmonic resonator for an active vibration sensor,
and coupled with nanomaterials modifications. When a vibration with the variable frequency of 2 to
200 Hz with a considerable working frequency of 13.4 Hz was applied, it generates a uniform output
of 284.7 V, a current of 76.8 A, and a peak power density of 726.1 mW/m? [120].

Normally, the nanogenerator produce high output voltage but low output power. In order to improve
the instantaneous power output of the TENG, Cheng et al. developed a nanogenerator based on a contact
switching mode during the mechanical triggering which largely decreases the duration of
charging/discharging process. That’s how the pulse of the instantaneous power output improves without
compromising the output voltage. The output current and power reaches as high as 0.53 A and 142 W
at a resistive load of 500 Q [121]. The recorded current and power density reach as high as 1325 A/m?
and 3.6 x 105 W/m?, respectively. Another approach to solve the lower power output in TENGs were
designed later in 2014 by Yang et al. They designed a 3D integrated multilayered TENGs, where the
output of individual TENGs are synchronized to achieve a maximum value [122]. This 3D TENG has
a multilayered structure with acrylic supporting substrates. PTFE nanowires are used as triboelectric
materials, and aluminum and copper are used as electrodes and contact surfaces. The synchronized 3D
TENG produces a short circuit current of 1.14 mA and an open-circuit voltage of 303 V with a power
density of 104.6 W/m?. Lin et al. [123] studied the relationship between the motion of a single water
drop on to the water TENG and proposed a sequential contact-electrification and electrostatic-induction
process to understand the working mechanism of it. The TENG is made out of nanostructured PTFE
thin film and PMMA as substrate layer coated with Cu electrode. The TENG is based on a single
electrode mode. When a 30 pL water drop hits the TENG, it can achieve a peak voltage of 9.3V and a

peak current of 17 pA. A maximum power output of 145 pW is obtained when the generator is
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connected to a resistive load of 5 MQ. The study also proved that the superhydrophobic nature of the
PTFE film is responsible for the high output.

It is always challenging to improve TENGs output performance and which also hindrance the progress
of TENG. Although some research theoretically showed the energy conversion of TENG is 85%, but
in practice, it has not yet been achieved [114,124]. Based on the electron affinity of different materials,
the triboelectric series has been created to quantify the figure of merits of TENG design. The
displacement current model, the capacitive model, and the figure of merits of TENG all suggest that its
output current and voltage are proportional to the triboelectric surface charge density (SCD) and that
the output power is proportional to the square of the surface charge density [113]. A recent study
demonstrated that designing a new working mode and enlarging the frictional triboelectric surface area
and the frequency can significantly influence the output performance of the TENGs [125]. Based on
this theory, in the year 2018, Feng et al. came up with an innovative TENG based on biodegradable
leaf and leaf powder, which gives 15 pA current and 430 V under 5 Hz contact mode [114]. Later,
poly-L-lysine (PLL) is applied in the same device to modify the leaf powder, which enhances the output
performance as high as 60 pA and 1000 V. A conductive double-sided carbon tape composed of carbon
powder was proposed as electrodes for TENGs by Shi et al. [126] in 2019 for higher output power
density.

Lu et al. showed that the performance of a PTFE-based TENG and its electrical output decreased with
increasing temperature in the range of -20 to 20 °C, remained stable from 20 to 100 °C and then dropped
subsequently [127]. This temperature-dependent change in output charge density is attributed to the
change in material permittivity and temperature-induced surface defects such as surface oxidation or
defluorination. Wang et al. enhanced the triboelectric charge density of a basic Cu-PTFE-based TENG
to a record-high value of 660 uC/m? by simply operating the device in a high vacuum to prevent air
breakdown, which is the biggest performance-limiting factor of TENG [116, 128]. Besides the
aforementioned three approaches, high dielectric constant materials such as BaTiOs; and SrTiOs have
been widely used as fillers, (P(VDF-TrFE)) as the matrix material for charge-attracting, and high-
dielectric barium titanate (BTO) nanoparticles for charge-trapping to enhance TENG performance
[129-131]. Adding a carbon nanotube (CNT) charge transport layer between the triboelectric and
dielectric material can effectively increase triboelectric charge density by facilitating the charge

accumulation process [132].
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Particularly, polytetrafluoroethylene (PTFE) has become the most widely used tribonegative material
[133]. To date, PTFE and other fluorinated polymers accounted for negative tribolayers in more than
50% of reported TENGS in the literature [134].

However, there are growing global interests in replacing petroleum-based non-biodegradable plastics
by green natural materials to attain a higher sustainability and a lower environmental impact. As a
result, (ligno)cellulose, ubiquitous as a low-cost, renewable, biocompatible, and biodegradable
material, has attracted significant attentions. Cellulosic materials have become a top choice for making
more sustainable electronic devices, including transistors, [135-136] supercapacitors [137-138]
batteries [139-140] sensors,[141] and antennas [142-143] that are green, flexible, and disposable or
recyclable [144]. Recently lignocellulosic composite (composed of lignin, starch, glycerol and NaOH)
revealed tribopositive capabilities when paired with nylon [145]. However, cellulosic materials were
rarely explored as tribonegative layers because pure cellulose exhibited weak intrinsic tribopositivity.
The few studies that investigated cellulosic materials as tribonegative layers yielded TENG devices
with only modest power output performances. The best TENG devices with cellulosic tibonegative
layers reported so far involved the use of nitrated cellulose nanofibrils (CNF) nanopapers (Nitro-CNF)
and disulfide-containing regenerated cellulose films (cellophane). The integration of nitro
functionalities altered the surface charge density of the CNF nanopapers due to good electron
withdrawing properties of the nitro group. Nevertheless, the Nitro-CNF (-) @copper (+) pair only
produced 70% of the power output of the TENG using fluorinated ethylene propylene as the
tribonegative layer [146]. Recently, a fully cellulose-based TENG was fabricated by integrating

regenerated cellulose film as the tribopositive layer and cellophane as the tribonegative layer.

Therefore, the quest for new device design, material innovation, and underlying fundamental physics
investigation by considering the ambient parameters, such as temperature, humidity, ambient pressure,

is important to realize an era of self-powered TENG-based micro/nanosystems.
1.5 Material design and performance enhancement of NG
1.5.1 Selection of materials

For flexible PENGs design, the frequently used piezoelectric inorganic semiconductors and

piezoelectric ceramics are unable to meet the demand of adequate flexibility because of their inherent

brittleness [147]. On other hand, due to their excellent flexibility and easy fabrication process,

piezoelectric polymers such as PVDF and P(VDF-TrFE) show promising potential in flexible and
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wearable applications [148]. Nevertheless, the output of such polymer based PENGs are relatively
small because of their intrinsic low polarization [149]. Therefore, novel nanocomposite device
containing inorganic piezoelectric nanoparticles and flexible polymers has been developed for
improving the piezoelectric output performance of polymeric PENGs, taking advantages of the high
piezo response of the inorganic part and the flexibility of the polymer [150]. Among all the piezoelectric
polymers, PVDF and its copolymer P(VDF-TrFE) is attractive due to its enhanced spontaneous
polarization. For the piezoelectric nanofillers, inorganic ZnO, organic/inorganic perovskite
nanoparticles have been used to enhance the piezoelectric property of polymers because of their high

piezoelectric coefficient [151].

Selection of material for flexible TENGs are mainly depend on triboelectric series. It is obvious that
the choices for triboelectric materials are huge, but the selection of suitable friction pair materials with
reverse triboelectric polarities is still consider a crucial factor to obtain enhanced electrical output
performance. In addition, the flexibility of triboelectric materials should also be carefully considered

to achieve flexible and wearable TENGs.
1.5.2 Design of structures

The key points for better device performance have been attributed to the higher aspect ratios of NWs,
Schottky barrier formation between the top electrodes and ZnO due to the higher work function of a
PdAu electrode than other commonly used metals, and reduced charge-screening effects. As the tensile
stress and compressive stress induces negative and positive piezopotential, respectively, an approach
stems from creating pn junction ZnO NWs rather than intrinsic ones, to reduce local charge screening
effects inside the NWs [152]. However, the lower piezoelectric coefficient (dss ~12 pC/N) and the
fragile nature of ZnO NWs, nanobelts, or nanorods are limiting their applications as a high-performance
renewable power source. On the contrary, polymer materials like PVDF (Polyvinylidene fluoride) and
PVDF-TrFE (Polyvinylidene fluoride trifluoro-ethylene) are promising piezoelectric materials that
have higher flexibility, piezoelectric coefficients, and long-term reliability. Altering the microstructures
of such piezoelectric films to enhance strain-dependent piezoelectric polarization has proven to be an
effective energy-harnessing mechanism. Film porosity modulation through a multi-stage etching
process, aspect ratio tuning, and cascading multiple devices are remarkable structure-driven techniques,
further pushing the piezoelectricity limit. For example, by using random and highly porous (50%)

polyvinylidene fluoride (PVDF) structures (through etching process), Mao et al. enhanced the output
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voltage and current of PENG to ~ 11.1 V and 9.7 pA, respectively, which is higher than lithography
assisted porous PVDF nanowire array [153].

Design of flexible TENGs is relatively easy as most of the used materials are polymeric nanomaterials.
The flexible multilayer stacking structured TENG made from biodegradable LCNF nanopaper fabrics
has been investigated to take both advantages of the green functional materials and inherent
characteristics of tribonegativity. Subsequently, the TENG with multilayer performance has been

confirmed to run a self-powered electronic sensor.
1.5.3 Selection of fabrication methods

For the preparation of flexible PENGs, easy approach of one step drop casting and modified LARP
techniques are realized followed by HCL etching where required. Due to the enhancement of
mechanical stretching for porous structure and electric poling together with surface modification of
nanoparticles, as well as ultrasonication induced adsorption process, high output performance of PENG

is anticipated in this study.

On the other hand, for developing high-performance TENGs, constructing micro/nanostructure on the
surface of triboelectric materials has been demonstrated as an effective strategy to enlarge the effective
contact area and improve the triboelectric charge density. The displacement current model, the
capacitive model, and the figure of merits of TENG all suggest that its output current and voltage are
proportional to the triboelectric surface charge density (SCD) and that the output power is proportional
to the square of the surface charge density [113]. That is why the underlying mechanism concerning
the origin of the triboelectric charge still requires further investigation. The improvement of SCD can
be classified into three major approaches: material composition modification, enhancement of effective
contact area, and adjustment of environmental conditions. The material modification strategy can be
further divided into chemical surface functionalization and bulk composition manipulation. In chemical
surface functionalization, the triboelectric material is modified by changing the functional groups
exposed on the surface so that its charge capture capability is enhanced [114-116]. For example, Wang
et al. demonstrated the use of self-assembled monolayers, thiols, and silanes, to modify the surfaces of
the conductive material Au and dielectric material SiO,, respectively [115]. The results show that the
output of the Au-based TENG is enhanced by the largest scale when the more triboelectrically positive

function group, amine (-NH) is introduced on the Au surface, while its performance deteriorates when
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the triboelectrically negative group (-Cl) is used. This approach eludes the change in bulk material and

their properties and still possesses long-term stability with experimental validation.

Secondly, the SCD can be improved by increasing the surface contact area through surface engineering.
The active contact area of two solid materials is generally small due to surface roughness, and thus by
simply improving the contact effectiveness, the total amount of triboelectric charges will increase.
Some forthright and widespread approaches such as surface texturing and nanostructure preparation
can be adopted through lithography assisted nanofabrication techniques, which elevates the SCD to

several times higher for the same material.

The third approach is the control and tuning of environmental conditions such as temperature and

pressure.
1.5.4 Materials characterization

To investigate the morphologies, element compositions, and other characteristics of the materials,
scanning electron microscopy (SEM) equipped with energy dispersive spectrometer (EDS),
Piezoelectric Force Microscopy (PFM), Atomic Force Microscopy (AFM), Kelvin Probe Force
Microscopy (KPFM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Fourier
Transform Infrared Spectroscopy (FTIR), Ultraviolet-visible spectroscopy (UV-Vis), Piezoelectric
Coefficient (ds3), thermogravimetric analysis (TGA), contact angle (CA), measurements have been

conducted in this study.

1.6 Research Objectives

This research mainly focuses on design and developing high performance piezoelectric/triboelectric
nanomaterials based flexible NGs. The efficient material synthesis, device fabrication and

characterization, and structure designs are also explored and studied in detail.

The comprehensive objectives of this research are summarized as follows:

e Explore, design, and demonstrate a self-powered wireless sensing system based on a porous
PVDF PENG

e Synthesize a novel, self-assembled, highly porous perovskite/polymer composite film to

fabricate high-performance piezoelectric nanogenerators
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e Develop lead-free flexible piezoelectric nanogenerators as a substitute for lead-based energy

harvesters

e Study a natural wood-derived lignocellulosic nanofibrils tribolayer to construct and assemble
a multilayer TENG with high output electrical voltage and current

Overall, this thesis will explore the design and development of highly efficient and flexible
nanogenerator for self-powered wireless electronics. By combining highly electroactive nanomaterials
with flexible polymer matrix structures, NGs with high electric output performance and flexibility will
be attained. The synthesizing process for the electroactive nanomaterials will be carefully designed and

adopted to sustain the inherent advantages of flexible electronics.

1.7 Outline of the Thesis
This thesis consists of six chapters and organized as follows:

Chapter 1 presents research background on organic-inorganic nanomaterials based nanogenerators
(NGs). It also reviews the literatures on the recent progress of flexible self-powered PENGs and
TENGsS, including working principles, materials selections, fabrication methods, as well as structural

designs.

Chapter 2 demonstrates a self-powered wireless sensing system based on a porous PVDF-based PENG,
which is prominently anticipated for developing auto-operated sensor networks. The fabricated porous
PVDF-based PENG demonstrates ~ 11 times and ~ 8 times enhancement of output current and voltage,
respectively, compared to a pure PVDF-based PENG. By harnessing energy from minute vibrations,
the fabricated porous PVDF-based PENG device (area of A= 11.33 cm?) can generate sufficient
electrical energy to power up a customized wireless sensing and communication unit, and transfer

sensor data every ~ 4 minutes.

Chapter 3 presents a novel, self-assembled, highly porous perovskite/polymer (polyvinylidene fluoride
(PVDF)) composite film for fabricating high-performance piezoelectric nanogenerators (PENGs). The
macroscopic porous structure can significantly enlarge the bulk strain of the piezoelectric composite
film, which leads to a 5-fold enhancement in the strain-induced piezo potential and a 15-fold
amplification of the output current. Efficient energy harvesting from automobile vibrations and

biomechanical motions was demonstrated.
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Chapter 4 presents an organic-inorganic hybrid perovskites (OIHP) PENG, which is a combination of
lead-free Formamidinium tin (Sn) halide perovskite (CH(NH2).SnBr3; (FASnBTr3)) nanoparticles (NPs)
and polydimethylsiloxane (PDMS) polymer matrix. Piezoelectric force microscopy (PFM)
measurements unveiled the excellent piezoelectric properties of the FASnBr; NPs with a high

piezoelectric charge coefficient (ds3) of ~ 50 pm/V.

Chapter 5 reports the discovery of a natural tribonegative material, LCNFs, wherein the lignin bound
on the surface of the cellulose nanofibrils possess strong tribonegative properties by acting as an
electron-withdrawing component. The experimental results show that LCNF nanopaper (as a highly
tribonegative layer in TENGs) out-performs PTFE and other conventional petroleum-based plastic
tribonegative materials. The research illustrates great potential of using lignocellulosic materials as
green alternatives to replace fluorine-containing polymers in TENGs for developing green self-

powering wireless disposable electronics.

Chapter 6 summarizes the research results, points out the current limitations and presents the future
work of organic-inorganic nanomaterials based highly efficient flexible nanogenerators.
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Chapter 2

Porosity Modulated High-Performance Piezoelectric Nanogenerator
Based on Organic/Inorganic Nanomaterial for Self-Powered

Structural Health Monitoring

2.1 Introduction

Self-powered structural health monitoring (SHM) can be used to monitor the in-service conditions of
aerospace systems [154]. Such an SHM system can overcome the failure modes of traditional deficient
time-based, high-cost scheduled maintenance, and thus enhance the safety, consistency, and efficiency
of military and civilian aircraft [155]. Currently, wired sensor networks are still the industry standard
for aircraft SHM [156-157]. Nevertheless, the installation of the wired network can be an error-prone
process requiring a significant workforce and costs. Alternatively, a wireless sensor network system
can effectively eliminate wiring problems [158]. For such a wireless system, a reliable and long-lasting
power supply becomes critical. One emerging and promising technology is to use an energy-harvesting
device, which harvests energy from the ambient environment and makes the system self-operating [159-
160].

To date, numerous approaches have been adopted to harvest widespread ambient energies, such as from
vibration, wind, raindrops, ocean waves, etc. These technologies include but are not limited to
triboelectric [161] or piezoelectric [162-163] nanogenerators, and devices based on electromagnetic
[164-168] and electrostatic methods [169-171] Triboelectric nanogenerators (TENGs) demonstrate
adequate energy conversion efficiency, high output voltage, flexible material selection, lightweight,
and low cost [161, 172-184]. However, lack of durability and compactness are the two important
bottlenecks limiting their SHM applications, particularly for aircraft. On the contrary, piezoelectric
nanogenerators (PENGSs) exhibit mechanical robustness, excellent environmental adaptability, and
better sensitivity, showing a good fit for SHM applications [185-188]. Numerous materials have been
used to fabricate PENGs such as inorganic lead zirconate titanate (PZT) [189-190] barium titanate
(BaTiOs), [191-192] ZnO, Na/KNbOs;, and ZnSnOs nanoparticles, [193-196] which have large
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piezoelectric coefficients and high energy conversion efficiencies. Organic piezoelectric polymers,
such as polyvinylidene fluoride (PVDF), [197] and their copolymers hexafluoropropylene [P(VDF-
HFP)], [198] trifluoroethylene (P(VDF-TrFE)), [199] and poly (vinyl acetate) (PVAc), [200] have also
attracted significant attention because of their high flexibility, biocompatibility, simple material
synthesis process and the presence of energy-efficient B-phase [201]. However, intrinsic PVDF-based
PENGs yield lower electrical energy outputs compared to their inorganic counterparts. To address these
issues, numerous approaches have been used such as incorporating nanofillers of piezoelectric materials
or replicating micro/nanostructures to further enhance the piezoelectricity [202-210]. By using ZnO
nanowire templates Cha et al. fabricated a nanoporous PVDF array which can generate a piezoelectric
output voltage of 2.6 V and output current of 0.6 pA under an ultrasonic excitation power of 100 dB at
100 Hz [211]. In this similar way, an AAO template (200 nm pore diameter) assisted PVDF-TrFE
nanowire arrays [199] exhibited a peak output voltage and current of 3 V and 5.5 nA, with a strain rate
of 0.1% s*; PVDF-TrFE nanotubes delivered a voltage output of 4.8 V and power output of 2.2 uW/cm?
at a dynamic compression pressure of 0.075 MPa at 1 Hz which is 36 times higher than of its bulk
PVDF-TrFE counterparts [212]. The reason for this high output is mainly attributed to the efficient
strain-confinement in the direction of applied mechanical excitation, as a result of the alteration of the
microstructure of these ferroelectric polymers. The above-mentioned PENGs have demonstrated an
excellent output performance, however, there remains a distinct gap to deploy them as a sustainable
compact power source in real-life applications. Mao et. al. developed a simple yet efficient approach to
fabricate mesoporous PVDF PENGs by the etching of embedded ZnO nanoparticles (NPs) from the
PVDF polymer and raised the output voltage and currentto 11 V and 9.8 YA at 40 Hz due to its higher
energy conversion efficiency [213] Such type of porous PVDF based PENGs can be used as an
implantable power-sources for biomedical applications [214-215] and promising for next-generation
self-powered electronics. Two main problems limit the use of mesoporous PVDF PENGs in many
piezoelectric applications. Firstly, due to the improper etching of the NPs from the PVDF creates an
electrical breakdown during the high voltage poling to align the PVDF dipoles and cannot reach to its
saturated polarization. Secondly, the presence of moistures, defects and pinholes may create short-

circuit between the electrodes.

In this chapter, a high-performance porous PVDF-based PENGs based on a one-step etching of ZnO
NPs was presented, and with this high energy conversion efficiency successfully demonstrated a self-

powered wireless sensing platform. | also develop a model to explain the experimentally observed
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performance enhancement in the fabricated porous PVDF-based PENG. Experimental measurements
show that with applied mechanical stress of only 2 kPa (corresponding proof mass of 138 gram (g)) the
device can produce a peak to peak short-circuit current (lsc) of 22 pA, an open-circuit voltage (Voc) of
84.5 V, the peak power of 0.46 mW, and areal peak power density of 41.02 pW/cm?. Compared to
similar pure PVDF-based PENG, the Isc and V. are enhanced by ~ 11 times and ~ 8 times, respectively,
and are better than those of many previously reported PVDF composite based nanogenerators (Table
2.1). The fabricated porous PVDF-based PENG can produce sufficient electrical energy to drive a
wireless sensing unit or to light up LEDs. This porous PVDF-based PENG is successfully integrated
with a custom-made Bluetooth compatible wireless sensing unit and can send out mimic sensor signals
to a remote receiver every ~ 4 minutes. The PENG can also generate sufficient electrical energy from
an automobile car vibration, which reflects the scenario of potential real-life SHM systems. The results

demonstrate the great potential of porous PVDF-based PENG for practical applications.

2.2 Experiment
2.2.1  Fabrication of the porous PVDF thin film

PVDF powder (Sigma Aldrich) is dissolved in N, N-dimethylformamide (N, N-DMF) solvent (10 wt.
%) at 70°C for 24 hours. Then ZnO NPs (35-45 nm, US Research Nanomaterials, Inc.) are mixed
within the PVDF matrix solution and the mass ratio between ZnO NPs to PVDF is adjusted to create
different porosities. This solution is stirred for another 4 hours on a hot plate with a temperature of
45°C followed by extended ultra-sonication for 30 min to maximize the uniform distribution of ZnO-
NPs within the PVDF polymer matrix. The suspension then drops cast onto a Si wafer and degassing
is done for 30 minutes at 65°C in a vacuum oven purged with N to suppress potential bubble formation
during the curing process. After that, the annealing is done in the same vacuum oven at a slightly
elevated temperature (75°C) for another 45 minutes. The films are then peeled off from the Si substrate
with cares and immersed in a 37 wt. % HCI solution for 4 hours to completely etch off ZnO NPs from
the PVDF matrix. After HCI etching, the films are washed by deionized (DI) water, dried with N, gas,
and put in a vacuum oven overnight at 60°C for better drying. Finally, porous PVDF thin films are

ready for device fabrication.
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2.2.2 The PENG fabrication
A high voltage electrical poling of the porous PVDF film is performed with an electric field of 120
V/um for 5-6 hours with a DC voltage of 0-6 kV. The films are stable throughout the entire poling
process. No short circuit or noticeable voltage fluctuation is detected up to the maximum voltage of 6
kV. Then the poled porous PVDF composite films are inserted between two copper electrodes. For the
characterization purpose, the electrical connections are made from both of the top and bottom electrodes
by very thin and flexible copper conductors. Finally, the layered structure of polyester/copper/porous
PVDF film/copper/polyester film is inserted and passed through a commercial thermal laminator tightly

to eliminate any air gaps to secure uniform adhesion.

2.2.3 Characterization and measurements
A JSM-7200F Field-emission scanning electron microscope is used to characterize the morphology and
structural properties of the PVDF thin films. Fourier transform infrared spectroscopy (FTIR) is
performed by Nicolet iS50 to confirm the piezoelectric - phase formation inside the porous PVDF
film by measuring characteristic absorbance peaks in a wavenumber range from 400 to 1000 cm™.
Atomic force microscopy (AFM) images are captured by using JPK Nanowizard Il, configured in
intermittent-contact mode (scan rate 0.3 Hz).

2.3 Results and Discussions

The self-powered wireless structural health monitoring system (SHM) consists of an energy generation
unit (the porous PVDF-based PENG device), an energy management circuit, and a radio frequency
(RF) data transmission module. In the sketched SHM shown in Figure 2.1a, the porous PVDF-based
PENG device is placed between two metal sheets to reflect the scenario of a PENG operating inside a
mechanical joint. The device is composed of a porous PVDF piezoelectric thin film (~ 50 um in
thickness) which is sandwiched between two copper electrodes and encapsulated with polyester
substrates. For wiring purposes, very thin and flexible copper wires (~ 100 um of diameter) are
connected to both electrodes. Finally, the layered structure of polyester/copper/porous-PVDF
film/copper/polyester is compressed tightly by a commercial thermal laminator to eliminate any air
gaps by confirming uniform adhesion between each layer. A custom-made wireless sensing circuit as
shown in Figure 2.1b is placed inside a central groove of the metal sheets (Figure 2.1a), which includes
functions of energy management, storage, signal conditioning, and wireless data transmission. The
high-performance porous PVDF-based PENG, used as a sustainable power supply for the SHM system,

is based on a mesoporous thin-film structure.
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Metal sheet PENG

Figure 2.1. Schematic of the wireless sensing system of aircraft structural health monitoring (SHM). (a)
schematic illustration of the functional components of piezoelectric nanogenerator (PENG), which is mainly
composed of a porous PVDF-based PENG device unit and an integrated circuit unit; (b) an enlarged view of the

integrated circuit; (c) an as-fabricated porous PVDF-based PENG device.

As to be revealed shortly, the built-in pores in the porous PVDF film substantially elevate the stress
distribution inside the film and thus boost strain-induced piezo potential. PVDF powder is first
dissolved in N, N-dimethylformamide (N, N-DMF) solvent and then mixed with ZnO NPs. The mass
ratio between the ZnO NPs (35-45 nm of diameter) to the PVVDF solution is adjusted, yielding different
porosity of the films. To maximize the uniform distribution of ZnO-NPs within the PVDF polymer
matrix, the solution is stirred on a hot plate followed by extended ultra-sonication for half an hour. The
whole process of porous PVDF thin film preparation and porous PVDF-based PENG device fabrication
has been described in detail in the experimental section (2.2.1 & 2.2.2) and illustrated in Figure 2.2.
The schematic illustration of a fabricated porous PVDF-based PENG device with proper packaging and
electrical connection is shown in Figure 2.1c. By adopting the aforementioned thin-film synthesis
approach, a scalable and industry-viable porous PVDF film (area of 15 cm x 15 cm) is also fabricated

and demonstrated in Figure 2.2.

26



o nA A
s mA o mA

ETa
A

e

&

Fabricated film

Ty

ot =

C

Figure 2.2. Step-by-step fabrication process of the Porous PVDF thin film (a) PVDF powder (Sigma Aldrich) is dissolved
in N, N-dimethylformamide (N, N-DMF) solvent (10 wt. %). (b) ZnO NPs (35-45 nm, US Research Nanomaterials, Inc.) are
mixed within the PVDF matrix solution. and stirred for 4 hours. (c) Ultra-sonication for 30 min to maximize the uniform
distribution of ZnO-NPs within the PVDF polymer matrix. (d) The suspension drops cast onto a Si wafer (e) Degassing is
done for 30 minutes at 65°C and then annealing at a slightly elevated temperature (75°C) for another 45 minutes. (f)The films
peeled off from the Si substrate. (g) Etching with 37 wt. % HCI solution for 4 hours to completely etch off ZnO NPs from the

PVDF matrix. (h) Final porous PVDF thin films are ready for device fabrication. (i) Fabricated film (j) large scale fabricated
film (15 cm x 15 cm)
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Figure A2.1a, Appendix shows the top surface scanning electron microscopy (SEM) image of a pure
PVDF film, indicating that the surface topography is homogenous without wrinkles, grains, voids,
cracks, and deformation. Figure 2.3a shows the top surface scanning electron microscopy (SEM)
image of a thin film prepared from the mixture of 50 wt.% mass fraction of PVDF and ZnO. The ZnO
nanoparticles (NPs) are distributed into the PVDF matrix which shows that the ZnO NPs are
accumulated in the PVDF film like a cluster, which is mainly due to their different molecular weight
(Mw) (Mw of ZnO NPs are higher than that of the PVDF molecule). The main purposes of introducing
ZnO-NPs to the PVDF matrix are (1) to create porosity (by HCI etching) in the PVDF film for
manipulating its mechanical property, and (2) to promote the formation of porous PVDF film
piezoelectric B-phase through the dipolar interaction between ZnQO’s Zn?* cations and PVDF’s -CF,
anion groups. Moreover, ZnO NPs have several unique advantages over inorganic (e.g. SiO>) or organic
(e.g. polystyrene) NPs for the fabrication of similar porous nanostructures ZnO NPs mixed PVDF,
which include cost-effectiveness, non-toxicity, good scalability, and facile removal by acidic solution
[216-220]. Similar phenomena are observed inside the composite film for both pure PVDF and ZnO
NP-mixed PVDF, which is distinguishable as revealed by cross-sectional SEM images (Figure A2.1b-
c). SEM image of Figure 2.3b shows the top surface of a porous PVDF thin film after removing ZnO
NPs by HCI etching. | envision that during the etching process, hydrochloric acid (HCI) starts to react
firstly with the inorganic ZnO NPs on the surface, and then gradually infiltrates to the bulk of the PVDF
film. As ZnO NPs are distributed throughout the film, pores are not only formed on the surface but
throughout the whole film and the size of the pores should be larger than the actual nanoparticle size.
It is seen that the pore sizes are 60 nm with those of the clustered ZnO NPs whereas the average NPs
sizes are 35-45 nm. The ZnO-NP are interconnected inside the film allowing completely removed via
HCI etching. Figure 2.3c explains the energy-dispersive X-ray spectroscopy (EDS) element mapping
of the top surface porous film. These results confirm the percentage of detected Zn is negligible
compared to the percentage of C and F elements detected on the top surface of the porous film. The
corresponding individual element mapping of Figure A2.2a-e in porous PVDF thin film for a specific
region of interest confirms the percentage of detected elements in the porous film. The top surface and
cross-sectional SEM images of the porous PVDF film along with the corresponding EDS spectrum in
Figure A2.3a-d further confirm the dominating peak of C and F compare to Zn and CIl. The atomic
force microscope (AFM) image in Figure 2.3d is a 3-dimensional surface topology of the porous PVDF

film. The surface roughness of the top surface of the porous PVDF film is confirmed and measured to
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Figure 2.3. Material characterization of as-fabricated porous PVDF-based PENG device: scanning electron
microscope (SEM) images of (a) distributed ZnO NPs on the surface of the PVDF matrix before etching (prepared
from a mixture 50 wt.% mass fraction of PVDF and ZnO); (b) top view SEM of the porous PVDF film after the
etching of the ZnO NPs (Inset is the enlarge view of pore); (c) Elemental composition mapping of Carbon (C),
fluorine (F), Zinc (Zn), Chlorine (CI) in porous PVDF thin film (d) surface morphology characterized by the AFM
(e) Fourier transform infrared spectrum (FTIR) of the porous PVDF film to confirm the  phase formation. (f)
XRD patterns of pure PVDF, PVDF with ZnO nanoparticles and porous PVDF based thin film.

be ~ 100 nm (Figure A2.4a, b). In addition to creating porosity, promoting the 3-phase crystallinity of
the PVDF film is crucial, as it possesses the highest spontaneous polarization than the other
polymorphic phases of the PVDF (a, y, 8). To confirm the B-phase formation of porous PVDF thin film,
Fourier transform infrared (FTIR) spectrum analysis in the wavenumber range of 400-1000 cm™ is
performed. The characteristic peaks of the B-phase at 431 and 840 cm™ can be observed in the FTIR
spectrum (Figure 2.3e) [221-222]. The formation of the B-phase in the PVDF matrix is assisted through
the interactions between the dipoles of PVVDF and the surface charges on ZnO-NPs. The positively
charged Zn?* cations (0001 surfaces) and O? terminated anions (0001surfaces) interact with the -CF,"
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or CH>" groups of the PVDF that have negative and positive charge densities respectively, resulting in
the B-phase nucleation. Upon applying a high electric poling field, the dipoles of the PVDF are aligned
in the direction of the field. The XRD pattern of three different films of pure PVDF, PVDF with ZnO
NPs, and porous PVDF are shown in Figure 2.3f. These results demonstrate that the piezoelectric -
phase is well-preserved both for pure PVDF and porous PVDF along with other characteristics peak of
PVDF and some unknown peaks. Whereas, the XRD pattern of the PVDF film combined with ZnO
shows the dominating ZnO characteristics peak compare to the PVDF peaks. This is because the XRD
for the organic ZnO is much more profound than the polymer PVDF. It is noteworthy to mention that
these results also confirmed the etching of ZnO from the film, helping to enhance the mechanical
properties, which is more suitable for the PNG device fabrication. To understand the porosity effect on
material piezoelectric properties, a PENG model based on finite element simulations (COMSOL
Multiphysics 5.3) is developed. A PVDF piezoelectric polymer is used to study the simple cases of a
porous structure, where a square (100 nm x100 nm) two-dimension (2D) model is employed. Three
device models are simulated and compared, including a non-porous (pure) PVVDF, a porous PVDF with
surface pores, and a porous PVDF with inner pores only, with a pore size of 5 nm in radius and different
porosity percentages. To study the piezoelectricity of the porous structure, two independent scenarios-
a compressive force and laterally bending force of 2 GPa are uniformly applied on the side and top
surface respectively. Figure 2.4a-c shows the simulation results of the effect of porosity on
piezopotential under compressive force, which demonstrated clearly that pores modify the relative
magnitude of the piezopotential. Accordingly, the piezopotential increased proportionally with the
degree of porosity, which is represented by the brightness of color grading. The potential is raised by
5.79 % (46.6 V to 49.3 V) when the porosity increases from zero to 3.9 % if pores are on the surface,
and the potential is raised by 13.73 % (46.6 V to 53 V) when the porosity increases from zero to 7.85
% if pores are inside (Figure 2.4d). (Detail calculations provided in Table A2.1). It is also explored
that the porous PVDF film will remarkably boost the piezoelectric potential by forming stress
concentration centers around the pores. To verify this phenomenon, the strain distribution with lateral
bending force is compared between pure PVDF, PVDF with inner pores, and surface pores as shown
in Figure A2.5a-c. It is clearly shown from the figures that, under the lateral bending force of 2 GPa,
the displacement induced of the three different models of the same film thickness of 100 nm is
drastically different. The deformation of the porous PVVDF film is higher than the pure PVDF film. It

is also obvious that the pore position and size influence the mechanical stress distribution, which results

30



—a-surface pore (d) 13.73%

— —&—inner pore

S 524

I

t

S 504

=]

0

=%

S 48

2

o

46 r
0 2 4 6 8
Porosity (%)

Figure 2.4. Piezopotential distribution in the porous PVDF with varying porosity under a compressive
force of 2GPa (a) with surface pores only, (b) with only inner pores, and (c) a non-porous PVDF. The same
scale bar for (a—c) (d) comparison of piezopotential as a function of porosity for surface pores and inner
pores. (e) the strain distribution of 50% porous PVDF structure ensembled with both inner and surface pores

(F) the piezopotential distribution of 50% porous PVVDF structure ensembled with both inner and surface pores.

in large deformation for surface pore structure than the inner pore structure and so as the potential with
lateral bending force. As shown in Figure A2.5a-c, the local strain around each pore has a much higher
magnitude than the bulk strain in the pure PVDF. This localized strain of higher magnitude induces
higher potential, which adds up and enhances the bulk piezopotential. Similarly, the simulated
piezopotential results are shown in Figure A2.6a-d when a lateral bending force is applied to the side
surface of the PVDF structure and described briefly in the Supporting note A2.1. As expected, the
output potential increases linearly with the applied force, but an important point to be noted that the

potential for the equal amount of force is smaller for lateral bending force compare to vertical
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compressive force. This is clarified by the fact that the piezoelectric coefficient along the vertical axis
of PVDF has the highest value. Consequently, a compressive force applied along the c-axis (vertically),
will produce higher output piezopotential compared to a lateral bending force. Then the strain
distribution phenomenon for the vertical compressive force is compared between pure PVDF, PVDF
with inner pores, and with surface pores in Figure A2.7a-c, and systematically investigated
(Supporting note A2.2). These results conclude that the local strain distribution around the pores, with
compressive force and a lateral bending force, leads to a much higher piezopotential enhancement. The
strain-induced piezopotential benefits from the stress concentration behavior through enhanced
piezoelectric polarization and is crucial for determining the piezopotential distribution [219]. Based on
the above discussion, a device model similar to the fabricated device in which pores are distributed
both on the surface and in the bulk is built. The simulation result of 50 wt. % of porous PVDF films are
compared to that of pure PVDF films. Figure 2.4e-f shows the stress distribution and output voltage of
the porous PVDF films under uniaxial compressive stress of 800 kPa whereas Figure A2.8a, b shows
the result of pure PVDF. It is evident that the induced displacement and output of the two PENG models
for the same film thickness is remarkably different- the porous PVDF film experiences much larger
deformation and thus produces higher voltage output compared to the pure PVDF. This phenomenon
can be attributed to the position of pores and size influence. Finally, experimentally investigate the
effect of porosity on practical PENG device performance. The electricity generation mechanisms from
the poled porous PVDF-based PENG device is demonstrated in Figure 2.5a-e. In the beginning, the
net dipole moment inside the film is zero with the absence of externally applied force (Figure 2.5a).
Then dipoles are aligned by applying a high electric field of (120 VV/um) for 2-3 hours, to the direction
of the electric field (Figure 2.5b). After that when a vertical compressive force is applied on the device,
the net polarization within the PENG device will change, thus resulting in a piezoelectric potential
(Figure 2.5c¢). This forces free electrons to move from one electrode to another. After releasing the
force, the piezoelectric potential diminishes and electrons move back (Figure 2.3d). Finally, the PENG
film shows an additional damping cycle, which leads to the observation of an alternative output current
pulse due to the formation of porous structures, (Figure A2.5e). The fabricated porous PVDF-based
PENG device is integrated into the SHM system and evaluated. An electrodynamic shaker is employed
for mechanical excitation. The porous PVDF-based PENG device is placed between the shaker hammer
and a block of stainless steel (138 g), producing piezoelectric output upon the application and releasing

of mechanical stress.
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Figure 2.5. Schematics of the energy generation mechanism from the PENG by considering distributed

stress on the film

The porous PVDF-based PENG device and the weight system can be treated as a free vibration spring-
mass system with damping. The practical setup including all the necessary equipment for the measuring
purpose is shown in Figure 2.6 [216]. PVDF thin films of different porosities are prepared from the
mixture of ZnO NPs with different mass ratios (from 0 wt. % to 60 wt. %) (Figure A2.8c). As shown
in Figure 2.7a, the device output voltage increases from 18 V(p-p) to 84.5 V(p-p) when the ZnO NP
mass ratio increases from O wt. % to 50 wt. %. However, a further increase in the ZnO mass ratios (60
wt. %) results in a decrease of the output voltage to 60 V (p-p). This is because the porosity dependent
output is related to the amount of B-phase of PVDF, which is increased with the increase of ZnO mass
ratio to PVDF from 10% to 50%. Further increase of ZnO causes a decrease in the total amount of
PVDF per unit volume in the mixture, which results in lowering the B-phase. So, the porous PVDF film
made from the mixture of 50 wt.% of ZnO possessed the highest $-phase quantity, exhibits the highest

output performance, which is attributed to enhanced strained-induced piezo potential due to amplified
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Figure 2.6. General setup of the piezoelectric characterization system. The system includes a closed- loop
controller, a vibration shaker, a power amplifier unit, an oscilloscope and a self-powered wireless circuit to

demonstrate the realization of self-powered wireless electronics. [216].

mechanical displacement inside the porous film, as revealed in the modeling. The measured peak-to-
peak output open-circuit voltage (Voc) and short circuit current (Isc) at 30 Hz frequency is about 84.5 V
and 22 pA, respectively from an active device area of 11.3 cm? for a 50 wt. % ZnO@ PVDF device
(Figure 2.7b, c). This porous PVDF composite based PENG shows a drastic increase in the output
current and voltage performance of ~ 11 times (~ 22 pA (p-p)), and ~ 8 times (~ 84.5 V (p-p)),
respectively, compared to a pure PVDF-based PENG (ZnO NP mass ratio: 0 wt. %). It is noteworthy
to mention that in the experimental studies; there are other factors in porous PVDF PENG, e.g., a higher
amount of the B Phase formation, higher porosity due to the etching of randomly distributed ZnO
nanoparticles, which further enhance the PENG output. None of these factors was considered in the
simulation studies. As a result, the PENG voltage output is enhanced by ~8 times which is much higher
than the predicted simulation results. It also shows better performance compared to many previously

reported PVDF composite based nanogenerators (Table 2.1).
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Figure 2.7. Measured electrical output performance of the porous PVDF-based PENG device: (a) the measured
open-circuit voltage of the porous PVDF thin films of almost identical thickness when the ZnO mass fraction
increased from 0 wt. % (pure PVDF) to 60 wt. %, with a frequency of 30Hz. (b) peak to peak output voltage at 30 Hz
and 2G acceleration when the device was pressed by a standard mass of 138 gram (g) (c) peak to peak output current
at 30 Hz and 2G acceleration when the device was pressed by a standard mass of 138 gram (d) polarity switch testing
of short circuit current to confirm piezoelectricity (e) polarity switch testing of open circuit voltage to confirm
piezoelectricity (f) stability test of the porous PVDF-based PENG device for 36000 cycles (at 30Hz for 20 minutes).

I have also studied the electrical characterization of film that contains 50 wt.% of ZnO NP inside the
PVDF matrix in both porous and non-porous conditions (Figure A2.9a, b). It is seen from the result
that the output voltage and current both are enhanced due to the porosity of the film. A polarity-
switching test is carried out. When the connection is reversed, the reversal in the open-circuit voltage
(Figure 2.7d) and the short circuit current (Figure 2.7e) revealed identical amplitude with reversed
polarization, which confirm the inherent piezoelectricity originated from the high-performance porous
PVDF PENG [213]. The fabricated PENG is capable of sustaining over a distance future under a
constant oscillation without notable degradation in the output signal for 36000 cycles (30 Hz for 20

minutes) (Figure 2.7f), showing excellent long-term stability.
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Table 2.1: Performance comparison of various PVVDF-based piezoelectric nanogenerators based on
different chemical composition and experimental conditions such as the amount of force applied,
operation mode, device area, and output load resistance.

Materials Fillers Structures Open- Short-circuit Power References
circuit current (appendix)
voltage

P (VDF-TrFE) — Flat film 7V 58 nA — [1]
P (VDF-TrFE) — Curved 120V 700 pA 3.9 [2]
film mwW/cm?
PVDF 3D Nanofillers | Flat film 11V@ — 72 [3]
729 ue uW/cm?®
(strain)
PVDF/Ba (Tio. Nanocubes Flat film 1199V | 136 pA @ 11 — [4]

Zr01)03 @11N N

PVDF/ZnO Nanoparticles Flat film 245V @ | 1.7pA @ 28 — [5]

28 N N
PVDF/SnO; Nanosheets Flat film 42V 6.25 nA/cm? | 4900 [6]
W/m?3
PVDF/AIO-rGO Nanoparticles Flat film BV@ 0.8 uA @ 27.97 uyW [7]
31.19 kPa 31.19 kPa

PVDF/ZnO Nanowires Flat film 6.9V 0.96 pA 6.624 W [8]

PVDF/BaTiOs Nanowires Flat film 14V 4 pA 1.5 uW [9]

PVDF/BaTiO3 Nanoparticles Flat film 10 Vp- 2.5 pAp-p @ 5.8 uW [10]
p@ 2 N 2N

PVDF — Electrospun | 48V @ 6 tA @ 8.3 51 W [11]
membrane 8.3 kPa kPa
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PVDF — Fabric 14V@ | 298pA@ 5.1 [12]
0.1 MPa 0.1 MPa UW/m?

PVDF/NIO @ Nanoparticles Flat film 53V @ 0.3 pA-cm-2 | 685 W/m?® [13]

SiO; 0.3 MPa @ 0.3 MPa
PVDF/NKNS-LT- | Nanoparticles Flat film 1BV@ 2.6 pA @ 50 — [14]
Bz 50N N
PVDF/ZnO Nanorods Electrospun 85V 2.2 uA — [15]
membrane

PVDF/ZnO Nanoparticles | Flat film 845V @ 22 pA @ 0.46 mW | This work

(Porous) 2KPa 2KPa

The open-circuit voltage (Figure 2.8a) and short circuit current (Figure 2.8b) of the PENG device are
measured within a frequency range from 10 Hz to 50 Hz by turning the frequency of the VR9500
shaker. The piezoelectric output voltage (Vo) peaks at 30 Hz, corresponding to the resonant frequency
of the porous PVDF-based PENG device [213]. The harnessed energy is stored in commercial
capacitors through a full-wave bridge circuit and the charging characteristics are plotted in Figure 2.8c.
As expected, the charging time gradually increases with the capacitance (1.0 pF, 2.2 pF, 4.7 uF, 10 pF,
47 UF, and 100 uF). It takes 140 seconds to charge the 100 pF capacitors to 3 V. The output power
from the porous PVDF-based PENG device is measured as a function of load resistance (Figure 2.8d).
The peak output power (P, = I? X R;,) (where I is the load current and R, is the load resistance)
measured to be 78 uW at a load resistance of 7 MQ, corresponding to a peak power density of 12
uW/cm2. This is sufficient for driving the entire wireless SHM system. A two-stage charging system,
in which the input capacitor is 1 pF and the output capacitor is 220 uF), is employed to improve
electrical energy collection efficiency. The porous PVDF-based PENG device produces electrical
energy by harvesting mechanical energy from the vibration of the VR9500 shaker operated at 30 Hz.
Figure 2.8e shows the charging/discharging characteristics of the input (black curve) and output (red
curve) capacitors. The whole operation of the custom-designed wireless sensing node is described in
detail in Figure 2.8g. Herein, the electrical output from the porous PVDF-based PENG is used for two
purposes: for sensing and powering up the data transmission unit. The alternating electrical output
collected from the porous PVDF-based PENG device is first rectified by a bridge rectifier unit and then
37



80 3
——10Hz (a) 1 (C)
R - s 21 —1.0pF
> i < —22pF
© - & —ay
g : g ] —ir
= = [ ——100 pF
[=] = >
> (&)
04
0 é 1'0 1‘5 2‘0 2.5
Time (s)
2 (f)
804 -
(d) § o+
g 60 [15.8
3 == il
@ 404 10 E gi I !
z S & 24
°© (=T
o H =]
§ 20- 5 2 >
A i —— Input Capacitor: 1 pF
© ~—— Qutput Capaciter: 220 pH
0 LU
0 20 40 60 80 0 200 400 600 80O 1000
Resistance (MQ) Time (s)

Programmable
Microcontroller

Impedance

Matchmg Network
ADC Unit Transmitter Unit

RF module

Discharging

Level Control

Linear
! Regulator
Input Capacitor Buck Converter Qutput Capacitor

1uF Module {150 pF)
=g = S

Figure 2.8. Demonstration of high output capability and applications prospect of the porous PVDF-based PENG device
(a) comparison of the output voltage at different frequencies of 10 Hz to 50 Hz for the device with 50 wt. % of ZnO-PVDF
composition (b) comparison of output current at different frequencies of 10 Hz to 50 Hz for the device with 50 wt. % of ZnO-
PVDF composition (c) measured output voltage across the various commercial capacitors of 1 pF, 2.2 uF, 4.7 pF, 10 pF, 47
MF, and 100 uF were charged by the 50 wt. % ZnO-PVDF PENG device at 30 Hz (d) measured peak output power and peak
output power density at various loading conditions of the PENG at 30 Hz (e) measured output voltage across the input and
output capacitor of the EMM, when the PENG is excited with the linear motor shaking at 30 Hz. (f) wireless signal reception

by a Bluetooth device (mobile phone) (g) the whole sensing system illustration with the aid of a block diagram.
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fed to the energy management module (EMM). As a result, the voltage of the input capacitor drops
down to a regulated voltage of ~ 2-3 V. The output capacitor (220 pF) is then disconnected from the
input capacitor by the MOSFET switches of the buck converter. The input capacitor is charged up again
to continue this charging-discharging cycle. The charging-discharging cycle continues until the output
capacitor is charged up to ~ 3.1 V, by when the output capacitor releases its stored energy to drive the
wireless data transmission system. For sensing purposes, the alternating output from the PENG is fed
to the RF module via an impedance matching network (IMU), which contains a diode and an operational
amplifier (Op-Amp) as shown in Figure 2.8g. The RSL-10 system on chip (SoC) of the RF module is
programmed to operate for a pre-set ~ 1 second/data transmission cycle, during which the measured
sensor signal from the PENG device is digitized and transmitted wirelessly to remote receivers (mobile
phones). A discharging level controller of the output capacitor based on a delay circuit is introduced as
well to control the data transmission frequency. The whole system including the rectifier, the EMM,
the RF module, and the impedance matching unit are integrated on a circular printed circuit board
(PCB) of a diameter of 3cm as shown in Figure 2.1b. The full operation of energy harvesting, energy-
storing, data collecting, and wireless transmitting is demonstrated and recorded. This application
scenario is demonstrated in Figure 2.8f where the Bluetooth receiver of the smartphone is receiving
and decoding the mimic sensor signals simultaneously. To demonstrate versatile applicability, the
PENG is used in harnessing vibration from an automobile car engine. Figure 2.9a represents the
measured output voltage from the PENG mounted on the car engine during the off and running
condition of the engine. The output peak-to-peak voltage of 8.5 V was measured at the running
condition, while there was no voltage recorded at the off condition. Corresponding fast Fourier
transform (FFT) (Figure 2.9b) of the output voltage was performed, which reveals the major
contribution of the device output produced from the vibration components of approximately 29 Hz,
which is close to the resonance frequency (30 Hz) of the PENG. The deviation in the FFT signal
obtained by the PENG from different structural vibration conditions is critical to monitor structural
health. Therefore, the PENG has great potential to SHM application with a wide range of vibrational
energy harnessing capabilities. The harnessed energy from the engine vibration can charge a 1 pF
commercial capacitor of up to 2.2 V within 60 seconds, as shown in Figure A2.11c. The scenario of

energy storing in the commercial capacitor is demonstrated in Figure 2.9d.
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Figure 2.9. Application of the PENG for SHM (a) Output voltage from a PENG mounted on a automobile car
engine for both on and run condition. (b) Corresponding frequency domain distribution via Fast Fourier Transform
while the maximum peak occurs at 29 Hz (c) Output charging voltage of a commercial capacitor (1 uF) by a single
PENG by an automobile engine (Mercedes-Benz car); (d) the corresponding digital photo of charging capacitor

by engine vibration at stand still.

2.4 Conclusions

In conclusion, this section successfully demonstrates a high-performance porosity modulated robust
PENG device that can generate electrical energy by reaping mechanical vibration energy. The
developed PENG exhibits a high output current of 22 pA (p-p), a voltage of 84.5 V (p-p), the peak
output power of 0.46 mW, and a power density of 41.02 uW/cm?from a single device of area 11.33
cm?, outperforming other recently-reported NGs (Table 2.1) The control of porosity empowers the
adaptable mechanical property of the PENG device, which is inimitable merits critical for harvesting
ambient mechanical energy and developing practical self-powered electronic systems. The very simple
and effective fabrication method also enhances the formation of piezoelectric f-phase with an applied

electric field of 120 VV/um instead of a large mechanical strain. The as-fabricated PENG allows forced
40



oscillation to operate in a wide range of frequencies (10 to 50 Hz) apart from its resonant frequency
with promising outputs, which unlocks another route toward broadband energy harnessing. The PENG
can also generate sufficient electrical energy by harnessing automobile vibrations. With these
outstanding performances from PENG discussed above, this chapter successfully demonstrates several
auspicious applications such as self-powered SHM for remote sensing which is promising at
inconsistent environments for modern 10T based applications and charging commercial capacitors
that can power LED devices. It is expected that the achieved noteworthy evolution of porous PVDF
film-based PENG provides a promising solution for scavenging energy from the surroundings of the

real-world, which reveals new prospects for environment-friendly self-powered technology.
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Chapter 3

Maximizing Piezoelectricity by Self-assembled Highly Porous
Perovskite-Polymer Composite Films for Enabling the Internet of

Things

3.1 Introduction

Developing increasingly compact structures and high performing sustainable power sources have
constantly become the important area of research focus to help in the deployment of self-powered
electronics. Piezoelectric nanogenerators (PNGs), composed of flexible and compact structures, have
emerged as a promising candidates for this purpose [223] To name a few applications, PNGs have
found importance in self-powered nanoelectromechanical systems (NEMS), electronic/piezotronics
devices, and implantable medical devices and remote sensing [224-230] Altering the microstructures
of piezoelectric films to enhance the strain-dependent piezoelectric polarization has proven to be an
effective energy-harnessing mechanism. For instance, adopting nanowires, [231-234] aspect ratio
tuning, film porosity modulation through a multi-stage etching process, [235-240] cascading multiple
devices, [241-244] and reducing charge screening effects [244-249] are remarkable structure-driven
techniques, further pushing the piezoelectricity limit. By creating pores in ZnO nanowires, [235] Su et
al. demonstrated ~ 23-fold boosted output current in the PNGs (27.7 nA), with an elevated porosity
percentage of 5.4%. By using random and highly porous (50%) polyvinylidene fluoride (PVDF)
structures [236] (through etching process), Mao et al. enhanced the output voltage and current of the
PNG to 11.1 V and 9.7 YA, respectively, which is higher than those of a lithography assisted porous
PVDF nanowire array [231], Recently, Yuan et al. presented a cascade-type 6-layer rugby-ball-shaped
PNG structure and improved the output performance to 88.62 Ve.p and 353 pA, which is a new record
value for multilayer PNGs [241]. Although piezoelectricity can be enhanced by these strategies,
optimally unifying appropriate mechanical and electrical properties in a single piezoelectric film still
remains to be a challenge. Among the piezoelectric materials, the single crystals such as lead zirconium
titanate (PZT), (1—x) Pb (MgusNbz) Os—x PbTiO3(PMN-PT) [250] are highly desirable as it possess

very high piezoelectric coefficient (dss). But the high temperature material synthesis, brittleness, and

42



the presence of toxic lead are the major limiting factors to be used in the PNGs. Thus, developing lead-
free piezoelectric materials is an alternative and promising route for fabricating environment-friendly
PNG, but the output performance of such materials still remains modest [251]. By dispersing highly
piezoelectric NPs in a flexible polymer, composite films can be developed, which is proven to be an
attractive, yet easier approach in terms of fabrication scalability, device flexibility, improved
mechanical strength, and enhanced electrical output [252-256]. Nevertheless, nanoparticle (NP)
dispersion promoters had to be employed to improve the homogeneous dispersion of the NPs in a
polymer scaffold (such as PVDF), [257-262] which adversely impacts device performance. As a trade-
off, this issue was addressed by functionalizing the surface of piezoelectric NPs before mixing with
polymer [263] or replacing NPs with organic-inorganic metal halide perovskites (OMHPs) [264]. By
mechanically reinforcing a polymer scaffold (PVDF) with the homogenously dispersed
Formamidinium lead halide (FAPbBr3), Ding et al. recorded (the highest output of this type) a piezo-
potential of 30 V and current density of 6.2 pA/cm?, incorporating an applied pressure of 0.5 MPa
[265]. By optimally quantifying the content of uniformly distributed methylammonium lead iodine
(MAPDIs) in the PVDF matrix, a cost-effective solution approach for the MAPbI;-PVDF piezoelectric
composites was also introduced as a result [266]. In this process, a similar approach stems from
changing the polymer to polydimethylsiloxane (PDMS), but it still possesses a detrimental brittleness
issue [267]. Moreover, substituting the atomic constituents of the OMHP, the piezoelectric and
ferroelectric properties can be tuned, and exciting experimental investigations are underway to reliably

implement them in practical PNG applications.

In this chapter, a novel self-assembled highly porous perovskite/polymer composite film via the
simultaneous control of film structure and material design, which can be used for the PNG applications
is reported. The composition of a polymer (PVDF) with a novel hybrid halide perovskite - FAPbBrl,
can significantly enlarge the bulk film strain by forming self-assembled high-density and ordered pores,
and can reduce the film impedance due to the high relative permittivity of FAPbBr.l. Consequently,
the output voltage and current of the developed P-PNG device dramatically increased by =~ 5 times
(to ~ 85 V peak to peak), and =~ 15 times (to = 30 pA peak-to-peak), respectively over pure PVDF-
based PNGs, with an acceleration of 2G and proof mass of 138 g. Notably, the composite film can be
prepared in a one-step manner as the incorporation of multiple nanostructure building blocks, the NP
surface functionalization, and follow-up chemical etching all become unnecessary, greatly simplifying
the film preparation process and as a result lowering the cost at the same time. The PNG-driven SIWEN
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demonstrated in wireless communication between the P-PNG sensors and personal electronics (mobile
phones), which is significant for the applications such as self-powered 10T devices, health monitoring
of aerospace structures, and implantable biomedical devices. The demonstrated applications also
include harnessing tiny mechanical vibrations from a running automobile car engine to efficiently
charging up energy storing capacitors and monitoring the engine states by the P-PNG, as well as
harvesting energy from biomechanical energy sources (e.g., human hand-tapping) to directly drive
light-emitting diodes (LEDSs).

3.2 Experiment
3.2.1 Synthesis of the pure PVDF films

To prepare the PVDF solution, PVDF was purchased as a powder form (Sigma Aldrich) and was
dissolved in N, N-DMF (N, N-dimethylformamide > 99%, Sigma Aldrich) solvent (10 wt. %) by
stirring for 12 hours at 40°C. The temperature was maintained at 40°C and was used to prevent
agglomeration and achieve better dissolution. To prepare the PVVDF film, the solution was drop cast on
a standard glass wafer that was placed on a very flat hotplate. The sides of the glass substrates were
covered with polyamide tape, to prevent the solution from flowing outwards. Before starting the
annealing process, the solution was kept under ambient conditions for 30 minutes for degassing. To
form the spontaneous electroactive - phase in the PVDF, the curing temperature was adjusted carefully
and kept at 80°C for 1 hour. Then as grown thin film (= 40-50 um) was peeled off from the glass
substrate. The formation of the -phase in the P\VDF was confirmed by FTIR spectrum analysis (Figure
A3.1c, Appendix) and the surface morphology was investigated by using a scanning electron
microscope (SEM) (Figure A3.1a-b). Finally, a high voltage electrical poling (50-120 V/um) was
performed for 2-4 hours to align the electric dipoles. For the high-voltage poling purpose- two gold
coated copper electrodes were prepared via the electroplating method. To minimize the negative
influence of the ambient moistures or the dust particles, the electrical poling was performed in a vacuum
box. After that, to make the PNG, the films were placed between two copper tapes, and thermally

laminated between two polyester substrates.
3.2.2 Synthesis of the porous PVDF films

PVDF powder was dissolved in N, N-dimethylformamide (DMF) by stirring the solution for 12 hours
at 40 °C. To create different porosities, zinc oxide (ZnO) nanoparticles (NPs) (35-45 nm, US Research

Nanomaterials, Inc.) were dispersed into the PVDF solution and again stirred at 40 °C for 24 hours. The
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mass ratios between the PVDF and ZnO NPs (20 wt. % for this experiment) were adjusted to create
different pores inside the PVDF. To achieve a uniformly mixed PVDF-ZnO composite solution, it was
further treated in an ultrasonic bath for 1 hour. Then the uniform solution was drop casted onto a glass
substrate and degassed for 30 minutes. The solution was cured at 75 °C inside a vacuum oven for 30
minutes. Afterward, the PVDF-ZnO composite film was peeled off from the glass substrate (Figure
A3.2 a-b for the surface and cross-sectional morphology). To obtain the porosity inside the PVDF, one-
step etching of the ZnO NPs was performed in an ultrasonic bath by immersing the PVDF-ZnO
composite film ina 37 wt. % HCI solution for 4 hours. Then the porous film was cleaned with DI water,
and dried in a nitrogen filled oven at 60 °C for 3 hours (Figure A3.2 c-e for the surface morphology).
Finally, high-voltage electrical poling (50-120 V/um) was performed for 2-4 hours to align the dipole.
Then the films were placed between two copper tapes and thermally laminated to encapsulate them
between the polyester substrates.

3.2.3  Synthesis of the FAPbBr.1@PVDF composite films

The FAPDBTr,I precursor solution was prepared by dissolving FAI (Formamidinium iodide > 99%,
Sigma-Aldrich) and PbBr: (lead (II) bromide > 98%, Sigma-Aldrich) at an equal molar ratio (0.5:0.5)
inan N, N- DMF (N, N-dimethylformamide > 99%, Sigma-Aldrich) solvent, followed by stirring at 60
°C for 12 hours. The PVDF solution was dissolved in N, N DMF with constant stirring at 50 °C for 24
hours. The final concentrations of FAPbBr.l and PVDF in DMF were kept at 20 wt. % and 10 wt. %,
respectively. Then, the FAPbBrl@PVDF composite precursor solutions were prepared by
homogeneously mixing 20 wt. % FAPbBr,l and 10 wt. % PVDF. To optimize the concentration, the 10
wt. %, 20 wt. %, and 30 wt. % composite solutions were synthesized. Then the mixed solution was
drop-casted onto a glass substrate and stored for approximately 1 hour for the degassing process.
Immediately followed by annealing at 120 °C, the highly crystalline composite films were obtained

after 2-3 hours.

To align the dipoles in the FAPbBr.l@PVDF film, high-voltage electrical poling was completed with
an electric field of 50-120 V/um for 2-3 hours. After the poling, the films were sandwiched between
two copper electrodes. Finally, the sandwiched structure of the polyester/copper/FAPbBr.l-
PVDF/copper/polyester film was pressed through thermal lamination, which eliminates air gaps and

provides uniform adhesion between the copper electrodes and the piezoelectric film.
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3.2.4 Characterization and measurements

To investigate the crystallinity of the hybrid halide into the ferroelectric PVDF scaffold an X-ray
diffraction (XRD) analysis was performed. A Bruker D8 DISCOVER was used with a Cu Ko radiation
source (A= 1.54 A) to scan the optimized thin film samples (25 wt. % FAPbBr.I-PVDF) from an angular
range of zero to seventy degrees. Fourier transform infrared spectroscopy (Nicolet iS50) was employed
to confirm the ferroelectric B-phase formation inside the porous PVDF and hybrid halide-embedded
PVDF film by measuring the characteristic absorbance peak in a wavenumber range from 400 to 1000
cm™. The dielectric properties of the samples (C-V characteristics) were measured using a Keithley-
4200 semiconductor parameter analyzer. JSM-7200F field-emission scanning electron microscopy
tools were used to obtain surface morphologies and nanoparticles distributions inside PVDF were
mapped by analyzing energy dispersive X-rays in a cleanroom environment (Class-100). The AFM and
KPFM images were captured using a JPK Nanowizard 1l, configured in intermittent-contact mode (a
scan rate of 0.3 Hz). For the KPFM imaging, a cantilever probe (spring constant 42 N/m) with a
platinum-coated tip (radius < 20 nm) was used to probe a grounded sample. A constant tip-sample
interaction with a phase-locked loop and the internal reference of the lock-in amplifier was an applied
AC voltage (3 kHz) to the sample surface is maintained. To study the electrical output performance of
the P-PNGs an electrodynamic shaker (Lab Works Inc.) was used, controlled by a power amplifier and
a controller. A digital oscilloscope (Tektronix 2004 C) and a low-noise current preamplifier (SR 570,
Stanford Research Systems Inc.) were used to measure the electrical signal output from the

nanogenerators.
3.3 Results and discussions
3.3.1 Device structure and working mechanism of P-PNGs

The piezoelectric potential is critically affected by the internal pores, as they can redistribute the
mechanical strain profile inside the film. By mixing FAPbBr;l perovskite with PVDF, a new class of
piezoelectric films are developed, which takes advantage of the enhanced strain from the internal pore
microstructures and the beneficial properties of the novel hybrid lead halide perovskite. A FAPbBTr;l
perovskite precursor solution (20 wt. %) was synthesized at 60 °C from a homogeneous mixture of
Formamidinium iodide (FAI) and lead (I1) bromide (PbBr.) powder in N, N-dimethylformamide (N,
N-DMF). The FAPDbBr.I precursor solution was diluted in 10 wt. % PVDF, and drop casted on a glass

substrate followed by a one-step annealing at 120 °C. Moreover, to align the dipoles a high voltage
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electrical poling was performed for 2-3 hours with an electric field of 50-120 V/ pm by sandwiching
the film between two gold electrodes placed inside a vacuum box. Figure 3.1a depicts a schematic
illustration of the final device fabrication step, where the composite film is sandwiched between two
copper electrodes and is encapsulated between polyester substrates, through a thermal lamination
process. To elucidate the perovskite crystal formation inside PVDF, XRD scans over a wide range
(diffraction angle 20 ranging from 10 to 50 degrees) were conducted. The major diffraction peaks
appear in Figure 3.1b at diffraction angles (20) of 14.64, 29.43, 33, 42.12 and 44.39 can be assigned
to the (100), (220), (222), (224) and (300) crystal planes of a cubic perovskite structure, respectively.
It is noteworthy to mention that replacement of MA with FA cation in the FAPbBr2l crystal, greatly
enhance the structural stability, which is more suitable for the PNG device fabrication. Since it is well
known that semi-crystalline PVDF polymer has four distinct phases (o, B, v, and 8) where B-phase is
the only one that possess the highest spontaneous polarization, the existence of B-phase can be
confirmed by the Fourier Transform Infrared (FTIR) spectrum. The FTIR spectrum in Figure 3.1c
demonstrates that, compared with the conventional pure porous PVDF, [268-269] the coherently grown
films of FAPDBr.I crystals with polymer PVDF, have a higher intensity at a wavenumber of =~ 475
cm!, and a similar intensity at 840 cm™'. This result is attributed to the improved p-phase crystallinity
of the PVDF, due to the existence of dipolar interactions between the FA* cations of FAPbBr;l and the
anionic fluorine (-CF.-) groups of the PVDF [270-271]. The piezoelectric coefficient (Ds) of the

composite films can be written as
D3:(11LE(I) d1+(12(1*(l)) d, (31)

where o1 and o are the poling rate, di, and d, are the piezoelectric coefficients of different materials in
the composite film, respectively, Le is the local field coefficient and ¢ is the mass fraction. Assuming
organic and inorganic phases are fully poled, i.e., ax = a2=1, and ¢ = 0.2, the piezoelectric coefficient
D3 can be estimated. The local electric field (Le= 3¢/ (2¢ + £¢)) is related to the relative permittivity of
the FAPDBI,I nanoparticles (gc) as well as the composite film (). A previous report suggested that the
gc can reach to 1000, which is much larger than €. Therefore, Le is estimated to be approximately 0.1-
0.3 [272]. It has been identified that the piezoelectric coefficients of the PVDF and FAPbBr;l phases
are opposite. The approximated Ds is calculated to be -23 pm/V when taking di~ 25 pm/V and d; = -29
pm/V [265].
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Figure 3.1. Device structure of P-PNGs (a) fabrication process of P-PNGs; (b) XRD patterns of 20 wt. %
FAPbBrl@PVDF composite film; (c) FTIR results of porous PVDF and FAPbBr.l@PVDF composite films (25

wt. %); (d) digital photos of the large area composite film (15 cm x 15 cm) and the fabricated P-PNGs.

Moreover, other predominant factors such as the nanoparticles distribution and film geometry also
significantly influence the piezoelectricity of this complex hybrid composite material system. The
scalable FAPbBrl@ PVDF composite film (15 cm x 15 cm) and a fabricated flexible P-PNG device
are shown in Figure 3.1d. During the crystallization process, phase separation usually plays an
important role in the formation of the porous structures in the composite film. As a result, the
crystallization process of PVDF@FAPDBTI can be divided into the following two stages [273]. During
the first stage (schematic illustration in Figure 3.2a) (i) while heating up the solution at 60 °C, the N,
N-DMF solvent starts to evaporate and the PVDF crystallizes due to its relatively lower solubility. Then
it transforms into a colorless film and remains in an intermediate state. (ii) After that, the FAPbBTrl
solution begins to approach its supersaturated concentration (Co) and then forms into nanoparticles,
which is indicated by the change in color from colorless to red. The keys to the self-assembly process
48



(b)

a PVDF and perovskite
M\ |precursor solution

Absorbance (a.u.)
by w s o

25% wt FAPbBrI-PVDF

Ny
& A
’ é" Nanoparticles
[¢)

Bhd Growth 1000 1200 1400

1
1
1
]
1
i
Wavenumber (cm™) ® @ (7]

Time (h)

Figure 3.2. (a) Schematic illustration of crystallization process of the PVDF and the FAPbBr.I nanoparticles. The
y axis represents the total concentration of PVDF and FAPDbBr.l in the solution (b) schematic demonstration
shows the interactions between FA* cations and -CF.- groups. From the FTIR spectrum, this interaction is
confirmed by the blue-shift of the infra-red absorption peaks of C-F bond in the wave number range of 1350-1100

cm,

of FAPbBr,I nanoparticles embedded into the PVDF scaffold are two different crystallization processes
of the PVDF and the FAPbBTr-I. During the second stage, the strong interactions between NHs* in the
Formamidinium (FA) cations of the FAPbBrzl and -CF,- groups of the PVDF, the perovskites
nanoparticles tend to anchor on the PVDF scaffold. This interaction is reflected by the blue-shift of the
infrared absorption peaks of the C-F bond in the wave number range of 1350 -1100 cm™* (FTIR spectrum
in Figure 3.2b) due to the decreased force constant according to the expression of (v=1304(k/u) (cm’
1), where v is the frequency, k the force constant (N/m) and u the effective mass. From the cross-section
of the film, demonstrated by the scanning electron microscopy (SEM) image in Figure 3.3a, an array
of almost periodic vertical pores was observed. In contrast to a solid and conventional porous PVDF
film (Figure A3.1 & Figure A3.2), uniquely self-assembled and highly porous structures were found
in the FAPbBr.l@PVDF composite film (material synthesis are described in the experimental sections
3.2.1, 3.22 & 3.2.3). The pores are ~ 20-25 um in length (SEM image in Figure A3.3a) and
approximately ~ 3-5 pm in diameter (atomic force microscopy (AFM) image in Figure A3.3b). In
addition, this interaction can also be observed from the mapping of the fluorine (F) atoms and lead (Pb)
atoms which correspond to the PVDF polymer chain (Figure 3.3b) and the FAPbBTr:l crystal (Figure
3.3c). The perovskite clusters (in Figure 3.3c) are attached to the PVDF polymer because of their
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common solubility in the DMF solvent (two materials can grow in one step) and the dipolar interactions
between NHs" in FA (perovskite) and -CF.- groups of the PVDF. The porosity and size of the pores
can be well controlled via tuning the mass ratios (wt. %) of the hybrid halide perovskites with the
polymer. The corresponding surface morphologies revealed in the AFM images (Figure A3.4f) show
that the pore diameter gradually increases to approximately ~ 7 um at 30 wt. % of FAPbBTr.l. During

the crystallization process, the increase in mass ratios should be led to the agglomeration of FAPbBr-I

NPs. The reason should be the aforementioned strong dipolar interactions between the FA* cations and
the anionic fluorine (-CF-) groups of the PVDF [270-271].
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Figure 3.3. Working mechanism of P-PNGs (a) cross-sectional SEM image of the self-assembled highly porous
PVDF@FAPDBr,I (20 wt.%) composite films (inset shows the close view of a pore); the corresponding element
mapping of (b) fluorine (F) in PVDF and (c) lead (Pb) in FAPbBr.lI; (d) calculated stress and (e) piezo potential
distribution for a similar area of the pure PVDF, 20% circular porous PVDF and 60% porous FAPbBr.|@PVDF
film (porosity induced by 20 wt. % of FAPbBr:l).
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It has been investigated that the porosity in ferroelectric polymers will remarkably boost the
piezoelectric potential by forming stress concentration centers around each pore. A PNG model for the
perovskite/polymer composite was constructed to reveal the effects of self-assembled highly-porous
characteristics on the output piezo- potential, and simulated using COMSOL Multiphysics 5.3. The
simulation results were compared with those of pure (solid without pores) PVDF films and 20%
circular-shaped porous PVDF films (circular shapes were adopted from the ZnO NPs. Figure 3.3d
clearly shows that, under uniaxial compressive stress of 800 kPa, the induced displacement of the three
different PNG models (the same film thickness of 30 um) is drastically different. The pure PVDF film
is the least deformed, whereas the hybrid halide-induced porous PVDF is the most deformed. It is
evident that the pore position and size, influence the mechanical stress distribution, which is attributed
to the increase in the average stress distribution profiles inside the films. From the finite element
calculation (along the cut lines in Figure A3.5b-c), the stress inside the pure PVDF film is quite uniform
under uniaxial vertical stress. In contrast, in the circular porous PVDF structure, the stress distribution
is asymmetric in nature. Compared to the pure PVDF the stress distribution in the circular porous PVDF
model is extremely disrupted by the presence of pores. In such circular porous structures (the middle
model of Figure 3.3d), the stress is mainly confined around each pore but is particularly higher along
the direction of the applied force, namely, at the top and bottom pore sides. Therefore, the localized
compressive strain of each pores results in a bulk film strain mainly in the vertical direction (x-direction
strain S; ~ 0%, y-direction strain S, ~ 3.4%) and modifies the internal coupling. Excitingly, unlike the
uniform and circular porous PVDF (the deformation mainly occurred in the vertical direction), the
highly ordered porous structure (the right-most model of Figure 3.3d) of the FAPbBr2l@PVDF film is
not only deformed along the vertical direction (S, ~ 17%) but also significantly elongated along the
horizontal direction (S1~ 57%). The stress concentration spots at the top exert a pushing force on the
pores of the perovskite/polymer composite, inducing a relaxing strain on the two sides. Figure A3.5b
(the right most model) shows the linear stress-enhancing characteristics of this larger pore to the
sidewall of the structure. This phenomenon is similar to the flex-tensional mechanism, [274-275] which
underlines the structural modification of the mechanical body that could further amplify the applied
vertical stress into the horizontal direction. Since the strain-induced piezo potential is a collective
outcome from the strains around each of the pores, the piezoelectric potential in the circular porous
PVDF structure is therefore higher (Figure 3.3e) than that in the non-porous PVDF piezoelectric films.

The vibration-induced electric displacement D3 (charge per unit area) is calculated by
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D3 = e333533 + less1] S31 (3.2)

where es31 and esss are the piezoelectric constants [276] and Ss; and Ss3 are induced strains along the
horizontal and vertical directions, respectively (Supporting note A3.1). It is clear that the D3 of the
FAPDbBr.l@PVDF composite film is synergistically influenced by the bidirectional (horizontal and
vertical) strains S; (= 57%) and S; (= 17%). Therefore, the proposed novel P-PNG structure greatly
increases the strain-induced piezo-potential or voltage output (according to the parallel plate capacitor
model, V= Q/C, where Q is the total induced charge and C is the device capacitance), which was
confirmed by the finite element simulation in Figure 3.3e. It demonstrates the maximum piezoelectric
potential of ~ 40 V for FAPbBr.|@PVDF composite films, which is ~ 11 V and =~ 15 V for pure and
20% porous PVDF films, respectively (with the same applied stress of 800 kPa). It should be noted that
an array of such a highly ordered pores (Figure A3.6a) in the P-PNG, would generate even higher
potential than a structure having a single of such pores (the right most model in Figure A3.6b). In the
array with such a larger pore, the wall of the inner pore structures is highly compressed due to the
bidirectional stress (indicated by the arrows in Figure A3.6a). Between the interpore distance, the
boosted stress is further improving the piezoelectric potential of the film. Yuan et al. also enhanced the
total piezo potential of a 6-layer PVDF-TrFE (trifluoro ethylene) based PNGs by 2.2 times, by making
a rugby-ball-shaped PNG structure to utilize this flex-tensional strain effect [241]. This approach is
another promising way to develop new PNGs based on the amplified mechanical strain of a particular
composite piezoelectric film and to realize a compact and flexible power source for next-generation

micro/nanodevices.
3.3.2 Energy harvesting performance of the P-PNGs

The highly porous FAPbBrl@PVDF film provides an excellent platform for developing scalable
PNGs, which only need two thin metal electrodes (copper) on both sides. Exploiting the unique
microstructure features along with the formation of beneficial FAPbBrl nanocrystals, | investigated
the effect on practical PNG performance. The device was placed on a hammer of an electrodynamic
shaker and sandwiched by a 138 g metal block (stainless steel) on top (schematic illustration of testing
set-up in Figure A3.7). The generated output voltage and current were measured from the periodic
mechanical vibration produced by the electrodynamic shaker at various frequencies (10-50 Hz) and
accelerations (1-2.5G). | found an output voltage of ~ 85 V (peak to peak) and short-circuit current of
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~ 30 A (peak to peak), respectively, from an active device area of 3.8 cm x 3.8 cm at 30 Hz and 2G
(results are presented in Figure A3.8a-b). In Figure A3.9a-¢, the electricity generation mechanisms of
this P-PNG device are schematically illustrated from the stress mapping by employing finite element
simulation (COMSOL Multiphysics 5.3). When there is no applied electric field, the net dipole moment
inside the film is almost zero (Figure A3.9a). By applying a high electric field (50-120 V/um) for 2-3
hours, dipoles are aligned to the direction of the electric field (Figure A3.9b). Now, if a compressive
force is applied to the device, the net polarization changes in the composite film due to the flex-tensional
strain, thus producing piezoelectric potential (Figure A3.9¢). It is predicted that due to rapid change in
the net dipole moment by the flex-tensional mechanism will promote a polarization change in the poled
P-PNG, yielding an even higher potential [277-278]. If the two electrodes are connected to each other,
then an electric current will flow to balance this piezo potential. While releasing the force, the piezo
potential returns to zero because of the diminished film strain, and then the accumulated electrons will
flow back (Figure A3.9d).

Due to the formation of larger porous structures, the piezoelectric film could undergo an additional
damping cycle, leading to the observation of a second output current pulse (Figure A3.9e). As
discussed earlier that the pore size (and thus porosity) in the FAPbBr.l@PVDF composite film
increases with the concentration of FAPbBr.l precursors, which plays an important role in the PNG
device performance. An interesting trend is found, that the output voltage and current increase with the
composition of FAPbBrI (up to ~ 85 V and ~ 30 pA at 20 wt. %) and decrease afterward (Figure
A3.10a-b). The possible reasons are: Firstly, PVDF per unit volume is greatly reduced due to the very
high porosity. Secondly, the film impedance is reduced by higher mass ratios (> 20 wt. %) of FAPbBr:l,
as a result, causing the earlier dielectric breakdown before maximum polarization charges are achieved
by electrical poling. Thirdly, the defects generated by the agglomeration of FAPbBr2l NPs. Therefore,
the device with 20 wt. % of FAPbBr,l demonstrated the highest output performance, and after a certain
threshold margin, the device performance starts to degrade with further addition of excess FAPbBTr-|
NPs. The highest measured output voltage and current of the P-PNG with 20 wt. % FAPbBr.l was
compared with the pure and 20% circular porous PVDF based PNG devices (Figure 3.4a and Figure
3.4b). Notably, the output voltage and current of the 20 wt. % P-PNGs are boosted by ~ 5 times and
15 times, respectively, compared to those of the pure PVDF based PNG model (~ 17 V, and ~ 2 pA).
They are also substantially higher than those of the 20 % circular porous PVDF PNG (= 40 V, = 6 pA).

The generated electricity of the P-PNG originated from the inherent piezoelectric polarization [279-
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286] was verified from the output polarity switching (Figure 3.4c) clearly showing the expected output
reversal. | sought further evidence by investigating the intrinsic material properties to explain the sharp
enhancement in the output current of the P-PNG device. The relative permittivity of the porous PVDF
and 20 wt. % FAPDbBr.l@PVDF films were measured in a frequency range of 1 kHz to 1 MHz (Figure
3.4d). For both of the films, at the lower frequency regime, permittivity is high at the beginning due to
the interfacial polarization effect [287] between the nanoparticles and polymer interface, which arises
from the free carriers in the polymer material. However, with an increase in the applied electric field
frequency, the interfacial polarization cannot cope up with the frequency change, which results in the
decreased permittivity. Lastly the increasing pattern of the relative permittivity could be correlated with

the arising of a high frequency stray capacitance during the measurements.
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Figure 3.4. The output performance of P-PNGs (a) Vo and (b) Isc of PNGs made from pure PVDF, porous PVDF
(with ZnO nanoparticles) and FAPbBr,l@PVDF composite films. For the porous PVDF, and FAPbBr:|@PVDF
composite films, the original mass ratios of nanoparticles inside the final films are 20 wt. %. (c) Polarization
verification of the P-PNGs by switching test; (d) relative permittivity of the porous and 20 wt. % FAPbBr:| @PVDF
composite films; KPFM images of the (e) porous and (f) 20 wt. % FAPbBr:l@PVDF composite films.

54



The higher permittivity of the FAPbBr.l@PVDF film (= 12 at 1 KHz) enhances the piezoelectric
performance, as it increases the piezoelectric coefficient (Ds) [288-290]. In addition, the enhanced
permittivity of FAPbBr.l perovskites give rise to the output current by reducing the internal impedance
(2) of the film-

da
2TA€EEy

Z=R-]

3.3)

where, R. is the film resistance, d the thickness, A the area, €, the vacuum permittivity and ¢, the
relative permittivity. The charges due to the internal polarization are also affected by the relative
permittivity of FAPbBr.l. The surface potential of the FAPbBrl@PVDF film was measured by
employing Kelvin probe force microscopy (KPFM). The relationship between the permittivity and

polarization can be expressed as [291]
P =¢y(e, — 1)E (3.4)

where, P is the electric polarization within the material, &, the permittivity of free space

(8.854x 1072F m™1), g, the relative permittivity and E the electric-field. From equation (3.4), the
higher permittivity of the composite film due to the presence of perovskite will certainly change the
strain induced electric field inside the composite film, and as a result the magnitude of the surface
potential will be different. In general, for perovskite PNGs, the surface potential is of particular interest
because it affects band bending and carrier transport at the interfaces [292-296]. By measuring the
contact potential difference using a platinum (Pt) KPFM tip (20 nm radius) in intermittent contact mode,
the average surface potential of FAPbBr.l@PVDF was found to be 1.1 V, which is more than twice
that of porous PVDF (Figure 3.4e & Figure 3.4f). The observed variation in the average surface
potential in FAPbBr.l@PVDF film was very small (<100 mV), which eliminates possible surface

contamination by the remnant precursors-formamidinium iodide (FAI), or lead bromide (PbBry).

The combination of high permittivity and the porosity mediated spongy type mechanical property made
the FAPbBr:I@PVDF thin film a promising candidate for harvesting mechanical energy from a wide
range of environmental vibrations. The ambient vibration dependent output voltage and current of the
P-PNGs (Figure A3.11) were measured. By keeping the force constant, the frequency of the
electrodynamic shaker was varied from 10-50 Hz by a controller unit (Vibration Research's VR 9500

Revolution). Maximum output was obtained at 30 Hz, corresponding to the resonant condition in which
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Figure 3.5. Self Powered integrated wireless electronics node (SIWEN) (a) functional block diagram of the
SIWEN (b) internal circuit diagram of a LTC 3588-1 module (c) architecture of an RSL-10 system on chip (SoC).
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the electromechanical coupling is the greatest. To evaluate the flexibility of the device, a periodic
bending force was applied at a constant strain rate (15.5 cm/s) and measured the output voltage and
current. The peak-to-peak output voltage was 14 V, and the current was 0.3 pA (Figure A3.12a-b),
which can be enhanced further by increasing the bending radius [262].

3.3.3 Applications of P-PNGs as a sustainable power source in the loT

Despite vast efforts in the past decade, the implementation of composite PNGs, especially in real-time
applications, is still limited. To address these limitations, this work employed a novel flexible P-PNGs
as a power source to implement a true SIWEN for the distributed 10T network. This SIWEN can
remotely communicate with any Bluetooth- compatible personal electronics to transfer data from many
distributed sensors. The functional block diagram of the SIWEN is shown in Figure 3.5. The SIWEN
incorporates a rectification unit, two-stage energy transfer system, regulated switches, and a low-power
system on chip (SoC) for conditioning the sensor signal and transmitting it to a remote end receiver. To
store and manage the energy harnessed by the P-PNGs, two-stage energy transfer mechanism was
adopted. Following the rectification of the P-PNG output by using a Schottky diode based full-bridge
rectifier unit (Figure 3.5a), rectified output was stored in an input capacitor of 1 yuF. The output level
of the input capacitor was regulated to ~ 5 V. After the voltage level of the input capacitor reaches to
5V, the stored electrical energy was transferred to the output capacitor of 220 pF (permanent storage)
through a buck converter module (LTC 3588-1). The buck converter module operates at undervoltage-
lockout mode (UVLO), which allows a certain portion of energy from the input storage to be transferred
to the permanent storage. While transferring the energy through an inductor (10 uH) (Figure 3.5b) to
the output capacitor, a PMOS switch (p-type metal-oxide-semiconductor) inside the LTC-3588-1
module is used to ramping up the output current and a NMOS switch (n-type metal-oxide-
semiconductor) is used to bring it down. This switching strategy provides a high output current to store
electrical charges to the output capacitor. When the input capacitor’s voltage falls below the UVLO
threshold, the buck converter is turned off and input capacitor starts to store the charges again. The
output voltage of the permanent storage capacitor is monitored by a Vour pin (circuit diagram in Figure
3.5b) and compared with a pre-set regulation point ( = 3 V) of a comparator (PGOOD). After reaching
the output voltage level of the permanent storage to the set point, the buck converter generates a control
signal (enable) through the PGOOD pin in Figure 3.5b while entering into a sleep mode (=~ 100 nA of

load current).
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The enable signal in Figure 3.5a switches a linear regulator (a digital switch), and energy from the
output capacitor is transferred to an RSL-10 (architecture in Figure 3.5c) system on chip (SoC). In the
RSL-10, sensor’s output signal is continuously sampled by an ADC (analog to digital converter), and
the signal is processed to capture the peak value of the output and to transmit it to the remote receiver
through a radio frequency link. As the nanogenerator based sensors (e.g., the P-PNG) possesses a high
internal impedance (of megaohm range), it is challenging to integrate them with an existing commercial
electronics node (e.g., RSL-10). Nevertheless, an Op-Amp (operational-amplifier) which operates at
unity gain was designed as an interfacing unit between the sensor and RSL-10. When the magnitude of
the enable signal reaches ~ 92% of its peak value, linear regulator turns off, and buck- converter is
disconnected from the output energy storage and input energy storage unit start to charge again by the
P-PNG. In Figure 3.6 a P-PNG is exemplified both as an electrical power source and sensor, which is
capable of harnessing mechanical energy from wide range of vibration sources (e.g., human motion,

vibration of aircrafts and automobiles). However, during the experiment, an electrodynamic shaker was

used to generate mimic vibrations at 30 Hz and 2G. Before integrating the P-PNG with SIWEN, a

transmission

practical load-driving capability was confirmed.
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The maximum instantaneous power delivered to the load was measured from the output currents of the
P-PNG with a wide range of external load resistances (100 KQ to 80 MQ). A peak output power of ~
105 pW and a power density of 10 uW/cm? were obtained at a load resistance of 7 MQ (Figure 3.7a).
The energy harnessed by the P-PNG is being stored to powering up the SIWEN to initiate data transfer.
The measured charging characteristics of the two-stage energy transfer system enabled by two
capacitors (Cp) are shown in Figure 3.7b. When the voltage of an input capacitor (1juF) reaches =~ 5V,

which is regulated by a Zener diode, it discharges energy through a buck converter module to an output

capacitor (220 pF).
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Figure 3.7. Application of the P-PNGs for 10T (a) the measured output power of the P-PNG with an applied
acceleration of 2 G (30 Hz). The used load was a metal block of 138 g; (b) charging characteristics of the input
(1pF) and output capacitor (220 uF) of the SIWEN; (c) the digital photo shows the sensor signal received by the
cell phone; (d) SIWEN used for car engine states detection at a parking condition (inset shows the corresponding
frequency domain distribution via Fast Fourier Transform); (e) charging of a commercial capacitor (1 yF) by a
single P-PNG while exciting by an automobile engine (Mercedes-Benz car); (f) the corresponding digital photo
of engine vibration detection
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The buck converter module consists of two metal oxide semiconductor field-effect transistor
(MOSFET) switches. After the output voltage of the 1 pF input capacitor dropped down to a regulated
voltage of =~ 2-3V, the 220 uF output capacitor is disconnected from it by the MOSFET switches and
the input capacitor stops discharging and starts to be charged. In this manner, the output capacitor is
charged until ~ 3.1 V with high energy transfer efficiency, and can power up any electronics node.
Another P-PNG (P-PNG sensor) incorporated in the SIWEN as a sensing unit is connected with an
analog-to-digital converter (ADC) of the SoC via an impedance-matching bridge. Immediately after
reaching the output voltage of the 220 pF capacitor to 3.1 V, a trigger signal turns on a switch through
which the output capacitor discharges energy to power-up the SoC and transmits the digital sensor data
from the P-PNG sensor to a remote receiver. The full operation of energy harvesting, energy storing,
data collecting and wireless transmitting were demonstrated and recorded. Figure 3.7c shows, two
smartphones receiving the transmitted data from the SIWEN and decode the mimic sensor signals
(obtained from the P-PNG sensor). To assess more versatile applicability, the P-PNGs were used in
harnessing vibration from an automobile vehicle. Figure 3.7d depicts the measured output voltage from
the P-PNG, mounted on the car (while the engine is running), where device output reflects the
acceleration and rotational speed-dependent vibration pattern of the engine. After the engine is turned
on, the rpm (revolutions per minute) was varied from a range of 1-1.5, 1.5-2, 2-2.5 kilo revolutions per
minute (Krev/min) while maintaining a constant acceleration between each rpm regime. Initially, a
peak-to-peak voltage of ~ 13 V was measured, which is attributed to the abrupt engine vibration when
getting started. Later, the P-PNG output dropped, due to a gradual decrease in the vibration magnitude
in the higher rpm regimes. We also performed a fast Fourier transform (inset of Figure 3.7d) revealing
the major contribution of the device output produced from the vibration components of approximately
40 Hz, which is close to the resonance frequency of the P-PNG. By harnessing energy from such minute
engine vibrations, a commercial capacitor of 1 uF was charged up to 4 V in =1 minute (Figure 3.7¢).
The capacitor was continuously charged up by switching the car rpm back and forth between 1-1.4
krpm (red curve), 1-2 krpm (blue curve) and 0.75-2 krpm (black curve). The best charging performance
at 1-1.4 krpm is attributed to the highest acceleration and more frequent excitation (due to lower rpm
switching time) to the capacitor. For the other two wider rpm regimes, acceleration is lower and their

longer rpm switching time allows the capacitor to further discharge its energy.
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3.4 Conclusions

To summarize, a novel self-assembled highly porous phenomenon in a composite piezoelectric polymer
film by employing new hybrid halide perovskites (FAPbBTr2l) precursors, is discovered. This chapter
discussed a successful fabrication of an efficient, flexible and all-solution processed perovskite-
piezoelectric nanogenerator (P-PNGs). Because of the enlarged film strain of the self-assembled highly
ordered porous scaffold (PVDF) and the enhanced relative permittivity of the novel perovskite
FAPDBI,I, the composite material’s piezoelectricity was dramatically boosted, yielding a strain-
induced piezo potential of 85 V (=~ 5 times greater than PVDF PNGs) and a current of ~ 30 pA (= 15
times more than PVDF PNGs), with an applied load of 138 g. A very high peak output power density
of 10 pW/cm? (across a resistance of 7 MQ) was recorded to implement the novel P-PNGs in a broad
range of practical applications. The experimental results were supported by the numerical simulation
of three different PNG device models (pure PVDF, circular porous PVDF and the perovskite-polymer
composite film). A self-powered universal wireless electronics node (SIWEN) capable of
communicating remotely with personal electronics was demonstrated by using the P-PNG as an
alternative means of a battery. The P-PNG could also generate electricity by harnessing energy from
automobile vibrations and biomechanical motion which can be easily extended to many applications as
well. This research reveals the underlying mechanisms for the performance enhancement observed in
the P-PNGs based on the novel perovskite/polymer composite film. This in return shows that the results

pave a way to achieve the practical implementation of self-powered technologies.
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Chapter 4

Enhanced Piezoelectricity in Lead-free Halide Perovskite

Nanocomposite for Self-Powered Wireless Electronics

4.1 Introduction

In the modern era of thriving inventions, energy sources play a vital role. Conventional fossil fuel-
based energy sources are gradually being replaced by unconventional ones to address imminent
challenges, such as inadequacy of resources, environmental pollution, and global warming [297-298].
Alongside large-scale conventional energy harnessing sources, many unconventional systems including
solar [299], thermoelectric [300], triboelectric [301-302], electrostatic [303], piezoelectric [304], meta-
triboelectric [305-306], electromagnetic [307] and hybrid nanogenerators by integrating different types
of harvesters in a single unit [308-309] were developed to convert the energy available in the ambient
environment into usable electrical energy for self-powered electronic applications. Since after the
discovery in 2006, piezoelectric nanogenerators appeared/considered as a remarkable energy-
harnessing technology to convert useful electrical energy from available mechanical energy, and were
implemented in self-powered electronics [310-312]. Following the first reported development of
PENGs based on zinc-oxide nanowires in 2006 [313], numerous piezoelectric nanostructures were
utilized to construct nanogenerators, such as gallium-nitride nanorods [314], lead zirconate-lead titanate
(PZT) nanofibers [315], porosity control PZT ceramic structure [316] polyvinylidene fluoride polymer
(PVDF) nanofibers [317], and patterned ion-gel electrolyte on ZnO nanowire (NW) [318]. In
piezoelectric materials, an induced electric dipole moment can be generated upon the application of
vertical or parallel mechanical force. Due to the application of unidirectional stress, the dipole moment
induced can be in-plane or out-of-plane to the applied stress, which is ascribed to the two most common
piezoelectric phenomena, namely longitudinal and transverse respectively [319]. Piezoelectric
materials can be deformed by introducing an external force along a parallel and/or perpendicular
direction. This inverse piezoelectric effect is quantified by material piezoelectric coefficients (dss and

da1) [319].
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Owing to their high ds3 value, inorganic perovskite piezoelectric crystals, such as Pb (Zr,Ti)Os (PZT),
BaTiO; (BTO), and PbTiOs; (PT), were extensively investigated and explored for their energy-
harvesting applications [320-323]. However, the inherently brittle and rigid nature, and requisite high
temperature synthesis of these ceramic materials often limit their applications [324-327].

The OIHPs combine the advantages from both the organic molecular part and inorganic octahedron of
the perovskite structure at a microscopic level, have been the focus of research for quite some time as
a potential alternative to ceramics [319, 328]. Besides their distinct optoelectronic properties, OIHPs
exhibit great advantages in terms of their compositional variability, structural flexibility, and room-
temperature and solvent-based synthesis process [328-330]. These materials retain a general perovskite
crystal structure with stoichiometry ABXs, in which A represent an organic cation such as CHaNHs*
(MA) or CH(NHy)2* (FA), B represents a metal cation with a different oxidation number than A, such
as Pb?* or Sn?* and Xis an anion such as CI~, Br-, or I [327]. Although initial studies of OIHPs focused
on photovoltaic applications, the applications of their piezoelectric phenomena continue to attract
research interest [328-330, 332-333].

The ferroelectric polarization switching and piezophototronics properties of CHsNHsPbls (MAPDIs)
perovskite were demonstrated by Coll et al. in 2015 [332]. The following year another study by Kim et
al. showed that the PENGs fabricated with MAPbI; thin films give an output voltage of 2.7 V and a
current of 140 nA/cm? [333]. Potential piezoelectric application of OIHPs became more feasible after
the invention of piezoelectric composite films which exhibited superior flexibility and sustainability by
introducing perovskite nanoparticles within different soft polymer materials. Perovskite NPs examined
in the literature to date include FAPbBr3, Fe-doped MAPbI3, and FASnI; [319, 334-341]. However, a
major concern and obstacle to commercialization related to traditional lead-based perovskite materials
is the environmental toxicity of these materials. After exposure to water, the lead-based materials can
easily form a solution containing the life-threatening lead, which may be released to the environment
where it can accumulate in the food chain and impose deleterious impacts on ecosystems and human
health [342].

In recent years, scientists are devoted to finding the solution to the stability and toxicity problem present

in the lead-based system by replacing Pb?" in perovskites [343] with other divalent cations, such as

Sn?*, Ge?*, Mg?*, Ca?*, Sr?*, or Ba?* [316-319]. Due to the ion size effects and lone pairs of electrons,

Sn?* and Ge?* are among the best candidates for the replacement of Pb?*. Moreover, Sn-based OIHPs
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exhibit robust photovoltaic performance because of their high electronic dimensions and unique
electronic configuration [344]. However, Sn?* in Sn-based OIHPs can easily be oxidized to Sn**. One
solution to address this challenge would be to engineer the composite material structure to effectively
prevent the migration of external oxygen and moisture through the material and to suppress internal ion
diffusion inside the devices [343]. In this context, the PENG design strategy whereas the OIHPs

scaffolded by an insulating polymer has drawn much attention for large-scale application [334].

This work discussed in this chapter, for the first time successfully demonstrated an efficient composite
film-based NGs by using organic-inorganic Sn-halide perovskite, in which NPs of CH(NH2).SnBr3
(FASnBr3) were incorporated in polydimethylsiloxane (PDMS) polymer matrix. Remarkably, these
NPs were uniformly distributed inside the PDMS polymer to form high-quality composite piezoelectric
films, which have high mechanical flexibility and can be bent upon externally applied mechanical
stress. This high-performance, flexible composite film was used to demonstrate a PENG for self-

powered wireless communication.

The room temperature synthesis of FASnBr; NPs were done by using a modified ligand-assisted
reprecipitation (LARP) technique reported by Zhang et al. [319, 346-348]. The composition was
prepared by adding the FASnBrs; NPs into the PDMS matrix with mass ratio of 20wt%. Finally, a
consistent and chemically stable piezoelectric composite film of FASnBrs@PDMS was fabricated
successfully by the solution drop-casting method on a polyethylene terephthalate (PET) substrate
coated with conductive Indium tin oxide (ITO). In this design, the ITO coated PET also serves as a
flexible bottom electrode of the PENG. The fabricated PENGs produced peak to peak open circuit
voltage (Vo) of 94.5Vp-p, peak to peak short-circuit current (lsc) of 19.1 pAp-p, and power density of
18.95 uW/cm?, by applying a minute’s force (4.2 N/4.66 kPa). This performance is substantially
surpassing the reported PENGs of the similar type in terms of their output power density such as
FAPbBrs@PDMS (12 pW/cm? at 0.5 MPa), Sm-PMN-PT@PDMS (11.5 pW/cm? at 0.35 MPa), and
BaTiOs@PDMS (0.12 uW/cm? at 0.002 MPa) in Table A4.1 [319]. The composite PENG device has
excellent electromechanical energy conversion capability to run the SoC and successfully transfer data
wirelessly to a Bluetooth compatible smart device every ~6 minutes. This study demonstrates the great

potential of lead-free OIHPs materials in next-generation high-performance PENG applications.
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4.2 Experiment

421 Materials

FABr (Formamidinium bromide, 98 %, Sigma-Aldrich), SnBr, (Tin (II) bromide, >98%, Sigma-
Aldrich), Toluene (99.9%, Sigma-Aldrich), DMF (N, N-dimethylformamide, >99%, Sigma-Aldrich),
PDMS (Sylgard 184, Dow Inc.), OTA (Octylamine, 99%, Sigma-Aldrich).

4.2.2  Synthesis of FASnBr; NPs
1 mmol FABr and 1 mmol SnBr; were dissolved in 10 mL of DMF to grow FASNBTrs3:
FABr+SnBr, —— > FASnBr;

Then 70 pL octylamine (OTA) was added into the solution followed by constant stirring at 60 °C for
60 minutes. The role of another additive octylamine (OTA) in the above reaction is to control the
preferential growth of the perovskite nanostructures.1 More specifically, controlling the amount of the
OTA would favor the growth of different perovskite microstructures [224] whereas a lower
concentration of OTA would partially cover the surface of the perovskite nuclei and would favor the
growth of FASnBr; NPs type structure.

The as-prepared precursor solution was slowly dropped into 200 mL (20 times of the precursor
solution) of toluene under vigorous stirring at room temperature (25 °C). Along with the mixing, the
color of the solution turned from clear to slight white, indicating the formation of NPs. The NPs were
purified via centrifuging at 6500 rpm for 2-3 minutes and then re-dissolved in 2 mL toluene for the

composite film growth.
4.2.3 Growth of FASnBrs@PDMS composite film

the piezoelectric composite film was prepared via dispersing the above FASnBr; NPs into the PDMS
matrix with the mass ratios from 0 to 40 wt. %. After stirring 30 minutes, a curing agent was added into
the mixture with a weight ratio of 1:10 with the PDMS matrix. Then the as-prepared solution was drop-
casted onto PET/ITO substrate. Before curing the film at 150 °C for 2 hours, the degassing was needed

inside a vacuum chamber for few hours to remove the residual bubbles.
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4.2.4 Fabrication of piezoelectric nanogenerators

a copper (Cu) electrode was attached to the top surface of the FASnBrs@PDMS film as the top
electrode. Finally, the sandwiched structure of PET/ITO/FASnBrs@PDMS/copper was put in a pouch
bag and then pressed firmly by a commercial thermal laminator. In this process, a uniform adhesion
was obtained between each layer of the PENGs. To improve the device performance, the dipoles need
to be aligned at a high electrical poling voltage of 6.0 kV for 2-3 hours operated inside a vacuum
chamber.

4.2.5 Characterization of the FASnBr:@PDMS composite film

X-ray powder diffraction (XRD) investigations were carried out by using the Bruker D8-Discover
diffractometer with Cu K radiation (A=1.5418 A). The scanning electron microscope (SEM) and
element mapping test were performed by using JSM-7200F electron microscope. The attenuated total
reflection Fourier-transform infrared spectroscopy (ATR-FTIR) was carried out by TENSOR 27,
Bruker, USA.

The vertical and lateral piezoelectric force microscopy (PFM) was recorded via Bruker AFM
(Dimension Icon). The probe used for the PFM is an n-doped (Antimony) silicon probe coated with
reflective Pt/Ir on the back and a conductive tip coating, having a nominal stiffness of 3 N/m. The
sample for the PFM was prepared by drop-casting the diluted NPs solution on the n-doped silicon wafer.
The piezoelectric response curves were collected via applying a sequence of direct current (dc) voltages
from -10 to 10 V with a superimposed alternating current (ac) voltage of 2 V to probe tip. To verify the
accuracy of the PFM measurements, several control experiments were performed on a standard n-type
silicon wafer using a similar approach as described above. The resonance frequency of the probe was
around 305 kHz and the drive frequency were set at 304.45 +/- 0.03 kHz for all the images taken. The
relative permittivity (e;) of the composite film, was also measured by using the Keithley 4200
semiconductor characterization system with the frequency from 1 kHz to 1 MHz. The efficient
piezoelectric coefficient of the composite film was measured via the quasi-static method (Polyk dss

meter).
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4.2.6 Measurement of device output performance

To measure the electrical output from the PENGs, an electrodynamic shaker system (ET-140, Lab
works Inc.) was used to create periodic mechanical excitation. The generated output voltage from the
device was recorded by a digital oscilloscope (Tektronix 2004C) with a 100 MQ probe, and the short-
circuit current was measured by a low-noise current preamplifier (SR570, Stanford Research Systems,
Inc.). Fixed resistances were used in a range from 100 KQ to 75 MQ to optimizing the output power
density. To remove any external artifact signals, the measurement was performed on an electrically

grounded platform and turning off nearby mechanical machinery in the laboratory.
4.3 Results and Discussions

The sequential steps from the synthesis of the FASnBr; NPs to the PENG device fabrication are
illustrated in Figure A4.1a, Appendix: (i-v) FASnBr; NPs were synthesized using the LARP technique
(see details explanation in section 4.2); (vi) the precursor for the composite film was prepared by
mixing the FASnBr3 NPs with PDMS matrix with certain wt. %; (vii) the composite film was fabricated
by simply drop-casting the precursor prepared in step (vi) onto a conductive ITO-coated PET substrate,
which was also used as the bottom electrode; and (viii) the solution was then cured at 130 °C for 2
hours. Thereafter, (ix) a conductive tape of copper (Cu) was added to the top of the film to serve as
another electrode and subsequently, a dc voltage of 6.0 kV was used to do the poling for several hours
to maximize the alignment of dipoles in the piezoelectric film (see details fabrication method in the
supporting information). Finally, the device was encapsulated with a polyester package and thermally
laminated to get better adhesion of the individual layers and minimize the contact-induced triboelectric
charges (Figure A4.1b). A typical schematic representation of the final fabricated FASnBr;@PDMS
PENG:s is illustrated in Figure 4.1a where the film was encapsulated between a Cu and PET/ITO
electrode. Figure 4.1b illustrate the SEM (cross-section) image of the fabricated PENG. It is clearly
visible from the SEM image that the composite film was prepared with a mass ratio of 20 wt. %
FASnBr; NPs having a thickness of ~ 80 um and is encapsulated compactly between the electrodes.
The SEM micrographs also demonstrate that there were no significant gaps between constituent layers,
which alleviate unwanted triboelectric effects. The crystal structure of FASnBr; developed using 3D
visualization for structural models (VESTA) is shown in Figure 4.1c. The detailed structural analysis
was indexed with a cubic lattice (space group: Pm3m) mainly adopted at room temperature according

to previous experiments [349].
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Figure 4.1. Schematic representation of the PENG device and material structure (a) A pictorial diagram
illustrating the structure of FASnBrs@PDMS composite-based flexible PENG. The FASnBrs@PDMS based
device is inserted between the Cu and ITO coated PET electrode, (b). The cross-sectional SEM image of PENG
shows the thickness of the FASnBrz@PDMS film is approximately 80 pm and shows the better adhesion between

each layer. (c) The crystal lattice of the FASnBr3; perovskite. (d) shows the XRD characteristics peaks of FASnBr3
nanoparticles.
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The morphology of the FASnBr; NPs was studied via X-ray diffraction pattern (XRD) (Figure 4.1d).
The significant diffraction peak characteristic of the synthesized FASnBr3; NPs at 20 degree of 15.36°,
20.85°,37.05°,41.85°, and 44.25°. The distinct diffraction angles are the indication of the lattice planes
of cubic perovskite crystal structures, with a space group of Pm3m, and is expected according to
previous reports [350-353]. Figure 4.2a is the surface SEM image of pure PDMS film and the top right
corner shows a zoomed-in SEM image, as expected, these images confirmed the absence of any
particles prior to the addition of FASnBr3; NPs. Figure 4.2b confirms the homogeneous distribution of
FASnBr; NPs inside the PDMS. Figure 4.2¢ shows the SEM-EDS electronic image, from where it can
estimate the approximate size of the NPs as 250-300 nm and demonstrates homogenous distribution
inside the polymer matrix. The energy-dispersive X-ray spectroscopy (EDS) mapping over the surface
of the fabricated PENG device (i.e., elemental mappings of Sn, Br, Si, Au, N, and O, are shown in the
Figure 4.2d (i-vi). The SEM-EDS images demonstrate that the FASnBr; NPs (corresponding to the
elemental mapping of Sn, Br, and N) were distributed uniformly inside PDMS (corresponding mapping
of Si and O). The elemental mapping distribution for N and O does not provide useful information on
the spatial distribution of elements. The reason is for most of the SEM-EDS setup, elements with the
atomic number below 11 (Na) [354] cannot be realistically detected, even if it is possible to detect their
presence, however cannot be quantified reliably. The SEM sample is coated by gold to avoid the
charging effect and for better conductivity. Uniform NP distribution inside the composite is crucial to
get optimal performance because the NPs are considered as the mechanical load carrier of the film;
furthermore, the homogeneous NP distribution will prevent the film from high voltage-poling
breakdown. To obtain the surface chemical elements and valence states of the NPs, X-ray photoelectron
spectroscopy (XPS) measurements were achieved (Figure 4.2e-f). In Figure 4.2e¢, the three peaks
deconvoluted from the Sn3ds; peak at binding energies of 484.24 eV, 485.90 eV and 486.95 eV
corresponded to Sn (0), Sn**, and Sn** respectively, whereas the three significant peaks from the Sn3ds»
at 492.38 eV, 494.30 eV and 496.10 eV corresponded to Sn (0), Sn**, and Sn** respectively. The peaks
at 68.74 eV in the Br3d XPS spectra in Figure 4.2f also established the existence of Br inside the
composite films. XPS spectra of Cls and N1s are illustrated in Figure A4.2. The XPS results are in
well compliance with a previous report [346] and confirm the chemical states of FASnBr; NPs. The
synthesized FASnBr; NPs were spin-coated on an aluminum-coated silicon substrate to make a

homogenous and uniform film of about 1-2 um to investigate the local polarization state using PFM.
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Figure 4.2. Represents the Scanning Electron Microscopy (SEM) and X-ray photoelectron spectroscopy

(XPS) measurements (a) SEM image of pure PDMS and inset shows the enlarged view. (b) SEM images of a
composite film of 20 wt. % FASnBr; NPs loaded into PDMS matrix. (c) SEM-EDS Electronic image (the
approximate size of the NPs is ~250 to 300 nm). (d) (i-vi) shows the elemental composition mapping of different

materials inside the FASnBrs@ PDMS composite film. (€) XPS spectra of Sn3d, (f) XPS spectra of Br3d.



The piezoelectric polarization phenomenon in the FASnBr; NPs was studied in both the vertical (i.e.,
longitudinal) and lateral (i.e., transverse) PFM modes. In the vertical PFM measurement (V-PFM)
mode, z-axis displacement resulted due to the perpendicular bending movement of the tip. In V-PFM
analysis, a series of dc voltages from -10 to +10 V was applied perpendicularly to the FASnBr; film
surface ([001]) from a conductive AFM tip coated with metal by keeping the ac voltage constant at 2V.
Ideally, the electric domain inside a ferroelectric material can be reversed by applying an electric field.
As ferroelectric material possesses dipole-switching properties and has a residual polarization without
bias, so applying a cyclic bias to the film during the PFM measurements produced a phase and a
butterfly amplitude loop. It is clearly showed a 180° change in the phase-hysteresis loop at the time of
V-PFM measurements (inset in Figure 4.3a), and also observed a characteristic butterfly feature in the
amplitude curve in Figure 4.3a. The polarization switching voltages both in the amplitude and phase
hysteresis loop were found at ~ + 1 V, respectively, similar to the typical ferroelectric like materials
[355-356]. The amplitude and phase measurements in the V-PFM strongly indicate that the FASnBr;
NPs have an out-of-plane piezo response which is originated from its out-of-plane polarization [334].
Moreover, to determine the piezoelectric charge coefficient (ds3) of the FASnBr3; NPs, a periodically
poled lithium niobate (LiNbO3) (PPLN) film (Oxford Instruments, USA) was used as a standard sample
for V-PFM analysis. As depicted in Figure 4.3b, the measured slope of amplitude vs. drive voltage of
FASnBr; (K; = .25) is nearly 3.5 times higher than the standard PPLN sample (K, = .07) [44].
Consequently, the ds; of FASnBr; is estimated at ~50 pm/V, which is quite fascinating compare to
traditional organic-inorganic metallic perovskites and other molecular materials (Table A4.1). The
surface topography, piezoelectric amplitude, and phase image of the FASnBr; thin film was unveiled
by the V-PFM mode and presented in Figure 4.3¢c-e. There was a clear 180" phase reversal in the PFM
phase image in Figure 4.3e; although noise was present in both amplitude (Figure 4.3d) and phase
images which was caused by the smaller bias voltage (~ 2 V) used for the measurements. In the V-PFM,
surface charges could create electrostatic responses which are similar to the electromechanical response
of a piezoelectric material [357]. While comparing to the surface topography image (Figure 4.3c¢) the
phase image is quite dissimilar, which discards any topographic cross-talking in the V-PFM
measurements. Figures A4.3 and Figure 4.3f show the effect of poling on the FASnBr; thin film,
whereas the dc bias of -10 V and +10 V was applied alternatively on the surface and simultaneously

the PFM amplitude and phase images were recorded.
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Figure 4.3. Origin of piezoelectricity from the FASnBrs NPs: (a) Local longitudinal (vertical) amplitude and
phase hysteresis (inset) vs cyclic dc bias loops from -10 to 10 V; (b) Piezoelectric response from the FASnBr;
and the PPLN sample measured with an ac tip bias from 0.5 V to 8 V; (c) Surface topography; (d) V-PFM
amplitude and (e) phase images of the FASnBr; NPs; (f) Phase image after poling on the FASnBr; NPs.

The PFM phase images in Figure 4.3f clearly shows domain switching from 0 to 180" by forming two
different stripped regions on the surface visualized from the clear color contrast between them. The
inset of Figure 4.3f is denoting the 180" phase contrast between two adjacent stripped regions across
the surface of the film which again confirms that polarization in the FASnBr3 is switchable. The lateral
PFM technique (L-PFM), which depicts the sheer force among the PFM tip and sample results in in-
line displacement, and corresponding laser glance in the horizontal axis is measured. The L-PFM results
did not show a noticeable phase change (Figure A4.4a) also the piezoresponse magnitude (Figure
A4.4b) was negligible than that observed in the V-PFM. To verify the real-life energy harnessing
scenario of the FASnBr3; NPs, finite element simulation was conducted for the PENG-model by using

the COMSOL (Multiphysics 5.3). An adapted piezoelectric material using the parameters of
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CH(NH>),SnBr3; was used to simulate a PENG, in which a two-dimensional (2D) model was employed
for a square (100 um x100 pm) sized PDMS. Two models were simulated and compared, which
includes a pure PDMS-based PENG, and a composite device in which 20 wt. % of NPs (at which the
maximum output is achieved experimentally) was added to the PDMS matrix. The size and distribution
of piezoelectric nanoparticles inside the PDMS matrix will significantly influence the stress and stress-
induced piezo potential. Ideally, due to the difference in stiffness between the nanoparticles and the
PDMS, the distribution of stress will mainly encompass the stiffer nanoparticle (close in view of Figure
4.4a). In this simulation model, (Figure 4.4b) top surface was chosen as the boundary load whereas the
bottom surface was fixed. Due to the applied force on the top surface, higher stress will be developed
near the top of the film. From the positive correlation between the stress and piezo potential, the

calculated piezo electric potential will be higher at the top of the composite film model.
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Figure 4.4. Stress (a) and electric potential distribution (b) (close in view) of FASNBrs@PDMS composite. The
stress (c) and electric potential distribution (d) along the line XY
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Aline (XY) was drawn across the top to bottom surface to further explain the stress distribution profile.
The stress was gradually reducing to the bottom of the surface (Figure 4.4c¢), causing a proportionate
change in the piezo potential (Figure 4.4d). The stress distribution follows an amplitude modulated
sinusoidal functions-like characteristics along the XY line. It is to be mentioned that during the applied
force on the top surface, the nanoparticles are also compressing each other, hence the stress amplified
region is found between them compared to the less stressed regions without the nanoparticles. That is
to say, the nanoparticles loading and their homogeneous distribution inside the polymer is important to

maximize the piezoelectricity in a composite film.

To study the piezoelectricity of the structures, the top surface of the modeled PENG was uniformly
compressed with the stress of 1 GPa. Figure 4.5a-b illustrates the consequence of the addition of NPs
on the stress distribution and piezo potential. In contrast to the results obtained for the pure PDMS
(Figure A4.5a-b), the addition of NPs to the PDMS matrix drastically enhanced the piezo potential.
Then the effect of introducing FASnBr; on real-world PENG device performance was investigated. The
maximum recordable peak to peak voltage and current at 40 Hz were 94.5 Vp-p and 19.1 pAp-p,
respectively, from an effective area of 6.25 cm? device a 20 wt. % FASnBr;@PDMS composite and
illustrated in Figure 4.5¢-d. The PENG (20 wt. % mixture of NPs) showed a dramatic increase in the
output current and voltage by ~ 11 times (~ 19.1 pAp-p, and ~ 10 times (~ 94.5 Vp-p, respectively, in
comparison to pure PDMS device. An output-switching test was also carried out; when the electrical
connection was switched in terms of its polarity, the voltage (Figure A4.6) and current (Figure 4.5¢)
were found reversed, and also their amplitudes were conserved. This is further confirming the
piezoelectric phenomena of the FASnBr;@PDMS device [358]. The output voltage (Figure 4.5f) and
current (Figure 4.5g) of the PENG was also recorded across a range of frequencies from 10 to 50 Hz
by using an electrodynamic shaker (VR9500). The piezoelectric voltage and current peaked at 40 Hz,
corresponding to the resonant condition of the device system [358]. These results also demonstrated
the broadband energy-harvesting capability of the PENG device. The fabricated PENG was able to
sustain over an extended period under a continuous alternation without a noticeable change in the

outcome for 48000 cycles (i.e., 40 Hz for 20 minutes) (Figure 4.5h), proving its excellent reliability.
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Figure 4.5. COMSOL model of FASnBrs@PDMS composite and experimentally measured electrical output of PENG

device (a) the strain distribution of 20 wt.% FASnBrs NPs in PDMS matrix; (b) the piezo potential distribution of 20 wt.%
FASNBrs NPs in PDMS matrix; (c) Voltage; (d) Current at 40 Hz and 2G acceleration. (e) output switching test of short-circuit
current (f) measured output voltage and (g) Current at running frequencies from 10 to 50 Hz for the 20 wt. % FASnBrs@PDMS
PENG,; and (h) Durability test of the PENG device for 48000 cycles (at 40 Hz for 20 minutes).
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The relative permittivity (&) of the FASnBr; film was measured to be ~ 6.2-4.1 from 1 kHz to 1 MHz
(Figure 4.6a); this permittivity was considerably smaller than most other widely-used piezoelectric
perovskite ceramics reported in the literature, such as BTO or PZT (both of which have &, values two
orders of magnitude higher than the present film) [359]. In addition, these results indicated that
increasing the percentage of NPs in the PDMS matrix increased the relative permittivity of the film
(which behaved in an inversely proportional manner to the piezoelectric voltage coefficient (gs3)). This
explains the maximum output was measured with the 20 wt. % FASnBr; @PDMS devices (Figure 4.5¢-
d), and the output became lower when FASnBr; NPs exceeded 20 wt. % due to the percolation
threshold. Furthermore, it experimentally investigated the effect of adding FASnBr; NPs of different
mass ratios with PDMS (from 10 wt. % to 30 wt. % with a step of 5 wt.%) (Figure A4.7). The result
clearly demonstrated that the 20 wt.% gives the highest output. The relative permittivity of the 20 wt. %
FASnBr;@PDMS composite film was also stable with temperatures, measuring for 60 minutes
continuously with the temperature set at 130°C, and frequency was 200 kHz (Figure A4.8). Permittivity
values were recorded every 10 minutes for a time span of 1 hour; a negligible variation of +.03 in
permittivity was noticed, which reflects the very stable phase of FASnBr3; inside the PDMS and thus
would be promising for harnessing energy in adverse environments. Figure 4.6b shows the direct
bandgap of 2.3 eV, which is responsible for high absorption and is equally important for optical
applications, such as solar cells. The deliverable output power from the PENGs to the electrical loads
was measured across a range of resistances from 100 kQ to 75.4 MQ (Figure 4.6¢). From the
measurements, the highest output power density of 18.95 pW/cm? was calculated across a resistor of 9
MQ (testing conditions were fixed at 40 Hz and 4.2 N). Notably, the measured PENG outputs of 94.5
Vp-p, 19.1 pAp-p, and 18.95 pW/cm? with a small mechanical force (4.2 N) were competitive to the
previously reported PENGs, which were based on the same PDMS matrix (Table A4.1). The voltage
and current were also measured across various resistances (Figure A4.9). The results show that voltage
increased proportionally, whereas the current behaved in an opposite manner with increasing the load,
as anticipated according to Ohm’s law. The generated energy of PENGs was stored in different
commercial capacitors after rectifying with a full-wave bridge rectifier circuit and the charging curves
are shown in Figure 4.6d. As anticipated, the charging time gradually rose with the capacitance (1.0
uF, 2.2 uF, 4.7 puF, and 10 pF). It only took around 20 seconds to accumulate enough charges in the 10
uF capacitors to elevate its output voltage to 3 V, and the device was able to light a red LED (Figure

4.7) and also demonstrated the charging and discharging behavior curve in Figure 4.6e.
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Figure 4.6. Demonstration of energy generation capability and applications prospect of the PENG device

(a) Relative permittivity of FASnBrs@PDMS device; (b) demonstrating the direct bandgap property of FASnBr3

perovskite NPs with a bandgap of 2.3 eV; (c) measured peak output power of the PENG under various electrical

loading conditions at 40 Hz; (d) Output voltage across the capacitors of 1, 2.2, 4.7, and 10 pF were charged by
the 20 wt. % FASnBr;@PDMS PENG,; (e) charging and discharging output during the LED turns ON and OFF
through a full-wave bridge rectifier; (f) Voltage across the 1 uF and 220 pF capacitors during the step-1 and step-

2 charging cycles of the EMM when the PENG was operating at 40 Hz and demonstration of the wireless signal

transmission; and (g) schematic diagram of the complete sensing system.
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Figure 4.7. LED lighting by using the power generated from PENG along with charging discharging cycle

To realize real-life application, the PENG successfully demonstrated biomechanical energy harvesting
from real-life body movement, and the results are provided in Figure A4.11. Finally, to demonstrate
the wireless communication capability an energy-efficient charging circuit was developed which
functions in two different steps (Figure 4.6f). In this process, the rectified electrical output from the
PENG was stored to a smaller capacitor (1 pF) (step-1 charging). A commercial LTC-3588-1 unit was
used to regulate the maximum charging level of this capacitor to 5 V (black curve in Figure 4.6g). As
soon as the output voltage of this capacitor reaches 5 V, the step-2 charging cycle begins and it transfers
a portion of the stored electrical energy to a larger capacitor of 220 pF (voltage increase in the red curve
of Figure 4.6g) and its voltage-level drops from 5 V to 3 V. By using an inductor (10 pH) and two
metal oxide semiconductor field-effect transistor (MOSFET) switches in the LT 3588-1 module, the
current can be raised to mA level to charge the 220 pF capacitor in step-2 charging. After the step-2
charging cycle, the 220 pF capacitor is disconnected and step-1 charging begins again. Given the
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periodic mechanical excitation to the PENG this charging-discharging cycle persists till the output
voltage of the 220 uF capacitor increases to ~ 3.1 V, at which point the LT-3009 switch is activated to
yield the stored energy to the RF transmitter in the SoC. The SoC was set to operate for a very short
time (1 second/data transmission cycle) to reduce the energy consumption of the circuit. During this
time window sensor signal was digitized and transmitted wirelessly to remote receivers (mobile
phones). In this periodic manner, electronic or wireless circuits can be repeatedly powered up using
stored energy from the PENG, thus yielding potential to realize self-powered wireless sensing [361-
365], structural health monitoring, self-powered implantable biomedical devices, and other critical
sensor technologies. The whole system was designed and manufactured on a circular printed circuit
board (PCB) with a diameter of 3 cm (Figure A4.12). The practical setup, including all the necessary

measuring equipment, is shown in Figure A4.13 [360].

4.4 Conclusions

In conclusion, this work successfully developed and demonstrated a performance-enhanced and flexible
piezoelectric nanogenerator based on a FASnBrs@PDMS composite film. The out-of-plane (i.e., along
the y-axis) ferroelectric properties with a piezoelectric coefficient (dss) of ~ 50 pm/V and a switchable
polarization in the well-developed FASnBrs NPs were confirmed. The piezoelectric composite film was
prepared by dispersing the FASnBr3; NPs in the PDMS polymer matrix. An optimal ratio of 20 wt. %
FASNBrs NPs was determined after rigorous experimental trial and verification. The maximum
piezoelectric output peak to peak open-circuit voltage (Voc), peak to peak short circuit current (Isc), and
power density (P/A) of 94.5 Vp-p, 19.1 uAp-p, and 18.95 uW/cm?, respectively, were obtained from
the nanogenerator with a small compressive force of only 4.2 N. The outputs are considerably higher
than previously reported organic—inorganic metal halide perovskite-PDMS-based devices (Table
A4.1), which supports the successful fabrication of an efficient PENG in the present study. In addition,
the PENG is able to operate sustainably across a broad frequency range from 10 to 50 Hz apart from
its resonant frequency, which unlocks its potentialities to be used as a broadband mechanical energy
harvester. The outstanding performance of this fabricated PENG was used to successfully demonstrate
a customized self-powered wireless power communication for remote sensing, and charging
commercial capacitors that can power LED devices. It is anticipated that this work will innovatively
expand the scope of lead-free perovskite-based PENGs for use in next-generation sensing and actuating

applications.
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Chapter 5

Natural Lignocellulosic Nanofibrils as Tribonegative Materials for

Self-Powered Wireless Electronics

5.1 Introduction

Triboelectric nanogenerators (TENGS) are a transformative energy harvesting technology owing to
their high-power output, simple architecture, small size, and low cost. They are highly promising to
provide embedded powering capabilities to next-generation of disposable wearable electronics (i.e., as
part of glasses, shoes, or fabrics) that are completely autonomous [366-367]. TENGs generate electrical
energy by harvesting chaotic and low-frequency mechanical energy from environmental or human
motions (i.e., waves, wind, walking, running) through the coupling of the triboelectric effect and
electrostatic induction [368-370]. The contact between two materials with different electron-
donating/withdrawing tendencies causes electrification due to the triboelectric effect, which then drives
an electrical current by electrostatic induction when separated. Hence, it is critical to select suitable
materials as tribo- negative and positive layers (i.e., work function and polarizability) to achieve high
power outputs [371-373]. Fluorine-containing polymers, with their high strength, thermal stability,
inertness, and electron-withdrawing properties, are well suited for application as the tribonegative layer
in TENGs [372]. Particularly, polytetrafluoroethylene (PTFE) has become the most widely used
tribonegative material [374]. To date, PTFE and other fluorinated polymers accounted for negative
tribolayers in more than 50% of reported TENGs in the literature [375]. However, there are growing
global interests in replacing petroleum-based non-biodegradable plastics by green natural materials to
attain a high sustainability and a lower environmental impact. As a result, (ligno)cellulose, ubiquitous
as a low-cost, renewable, biocompatible, and biodegradable material, has attracted significant attention
and has become a top choice for making more sustainable electronic devices, including transistors [376-
377], supercapacitors [378-379], batteries [380-381], sensors [382], and antennas [383-384], that are
green, flexible, and disposable or recyclable [385]. Previous studies demonstrated the potential of using
renewable lignocellulosic materials as the tribopositive layer replacing other common tribopositive

substrates (such as metals, metal oxides, and petroleum-based polymers) [386-390]. Among all
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cellulosic systems tested, regenerated cellulose films demonstrated remarkable tribopositive
performances, with an electron surface charge density more than three-times higher than that of Buna-
N rubber (+10.05 pC m vs. +2.95 uC m) [391]. Similarly, a lignocellulosic composite (composed of
lignin, starch, glycerol, and NaOH) revealed tribopositive capabilities when paired with nylon [392].
However, cellulosic materials were rarely explored as tribonegative layers because pure cellulose
exhibited weak intrinsic tribopositivity. The few studies that investigated cellulosic materials as
tribonegative layers yielded TENG devices with only modest power output performances. The best
TENG devices with cellulosic tribonegative layers reported so far involved the use of nitrated cellulose
nanofibrils (CNF) nanopapers (Nitro-CNF) and disulfide-containing regenerated cellulose films
(cellophane). The integration of nitro functionalities altered the surface charge density of the CNF
nanopapers due to the good electron withdrawing properties of the nitro group. Nevertheless, the Nitro-
CNF (-) @copper (+) pair only produced 70% of the power output of the TENG using fluorinated
ethylene propylene as the tribonegative layer [393]. Recently, a fully cellulose-based TENG was
fabricated by integrating regenerated cellulose film as the tribopositive layer and cellophane as the
tribonegative layer [391]. Despite tribonegative properties induced by the disulfide bonds in cellophane,
the cellophane (-) @regenerated cellulose (+) pair only produced 40% of the output when PTFE was
used as the tribonegative layer. In an attempt to derive the triboelectric series of a wide range of
materials, it was recently suggested that a derivative of cellulose, referred to as “clear cellulose”, could
be more tribonegative than PTFE [372], however, the chemical composition of this material was not
given. Neither was the performance of the TENG constructed using this material reported in that study.
Moreover, since chemical modification processes are usually chemical and energy intensive, they are
not ideal for making sustainable disposable triboelectric energy harvesting devices. Meanwhile, other
unmodified natural materials have been shown to mostly exhibit intrinsic tribopositive properties (such
as silk, starch, cellulose, chitosan) [375, 394-396]. ldentifying natural tribonegative materials for
TENGSs that can produce superior power output than conventional fluorine-containing polymers is
highly desirable. The natural tribonegative materials would enable the fabrication of a new generation
of low-cost, disposable, biocompatible, biodegradable, and efficient mechanical energy harvesting
devices that will have a lesser impact on the environment. Nature imparted plants with remarkable
strength through the precise assembly of the complex components of the cell wall into hierarchical
macrostructures [397]. The systematic and careful layering of cellulose nanofibrils that are bonded to

lignin via lignin-carbohydrate complex together with the lignin gluing the cell walls together ensures
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the plant has high stiffness and strength. Generally, the production of nanocellulose (cellulose
nanofibrils (CNF) and cellulose nanocrystals) [398] requires pure cellulose that is obtained by removing
lignin (a significant mass fraction) from the original natural feedstock [399]. However, our group has
recently developed lignocellulosic nanofibrils (LCNF) from tree barks with lignin remaining as an
integral part of the nanofibrils, retaining the natural assembly structure of the original cell wall, thereby
considerably reducing environmental footprint and cost while increasing production yield from the
starting raw materials [400-401]. Due to the covalently bound more hydrophobic lignin on the surface
of the cellulose nanofibrils, LCNFs had lower water permeation and absorption, higher water contact
angle, and wet mechanical strength than CNFs [401-406]. In particular, it is shown that the naturally
occurring quinone moieties in lignin biomolecules imparted the LCNF nanopapers with intrinsic redox
capabilities that boosted the electrochemical capacitance when used as a flexible electrode in
supercapacitors [406]. Thus, LCNFs are promising for applications in electronic devices to provide
improvements not only in mechanical properties (strong and flexible) and sustainability but also in
electrochemical performances. Here, this section reports the discovery of a natural tribonegative
material, LCNFs, wherein the lignin bound on the surface of the cellulose nanofibrils possesses strong
tribonegative properties by acting as an electron-withdrawing component. Specifically, the LCNF
nanopaper performed as a highly tribonegative layer in TENGs, outperforming PTFE and conventional
petroleum-based plastic tribonegative materials are demonstrated. When LCNF nanopaper was
combined as the tribonegative layer with aluminum as the tribopositive one in a zigzag structure to
form a cascade type of TENG, it could be used as a power source to run a wireless communication
node, which had never been achieved before by any reported TENGs containing a natural material as
the tribonegative layer. The results of this work illustrated the excellent promise of using lignocellulosic
materials as green alternatives to fluorine-containing polymers in high power output TENGs for

developing green self-powering wireless disposable electronics.

5.2 Experiment

5.2.1 Preparation of the nanofibrils
LCNF and CNF were prepared from Red Cedar bark (Terminal Forest Products, CA). Small pieces of
bark were placed in 1% NaOH solution, weight ratio 1:10, at 90 °C for 2 h to remove extractives. The
residues were washed until a clear liquor (no extractives in bark) could be observed with excess water.
2 wit% of the bark resides were soaked in distilled water for 48 h and placed in a super mass colloider
(MKZA10-15 J, Masuko Sangyo Co., Ltd., Japan) for a fibrillation step at 1500 rpm for 20 passes for
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obtaining LCNF. CNF were fabricated with an additional bleaching step prior to fibrillation. The
bleaching step was conducted by placing 100 g of the alkali-extracted bark residues in distilled water
(3200 mL), glacial acetic acid (10 mL), and reagent-grade sodium chlorite (30 g). The reaction was
heated up to 70-80 °C for 4 h with adding sodium chlorite (30 g) every hour. The obtained yellow pulp
was washed with excess distilled water until reaching a neutral pH and white color. The pulp was then

fibrillated using the same steps as the ones for the fabrication of LCNF.

5.2.2 Materials characterization

X-ray photoelectron spectroscopy (XPS) was performed using a K-Alpha XPS spectrometer
(Thermofisher Scientific, E. Grinstead, UK) with a monochromatic Al Ka X-rays of 400 um nominal
spot size. XPS results first were acquired to determine the atomic composition of LCNF and CNF. The
films were placed on carbon tape to collect a survey spectrum, obtained at low energy resolution with
a pass energy of 25 eV. The relative atomic% was estimated using the sensitivity factors provided with
the equipment (Cls: 1 and Ols: 2.881). Then, high resolution (pass energy—25 eV) spectra were
recorded for Cs, and O1s regions. Instrument operations and further data processing were completed
using the Avantage v. 5.962 software. CNF and LCNF nanofibrils were imaged using transmission
electron microscopy (TEM) (TM-1000, Hitachi, Japan). The morphology of the LCNF and CNF
nanopapers was studied via scanning electron microscopy (SEM) (S-5200, Hitachi, Japan). First, the
nanopapers were soaked in liquid nitrogen and snapped before being carbon-coated using a carbon
evaporator. The coated samples were then mounted on a custom-made holder and placed in the SEM.
Mechanical properties of LCNF and CNF nanopapers were studied in tension mode by dynamic
mechanical analysis (DMA, TA Instruments, USA). The samples were tested using a multifrequency
strain mode at a frequency of 1 Hz and an amplitude of 15 pm. The films were cut in a rectangular
shape, mounted on a clamp, and studied from room temperature to 350°C (ramp of 3°C.mint) The
storage and loss modulus as a function of temperature were recorded. Chemical signatures of CNF and
LCNF nanopapers were collected using a Bruker FTIR spectrometer (model Tensor 27) equipped by
an attenuated total reflectance accessory (ATR) from 4000 to 400 cm™ by averaging 64 scans at a
resolution of 4 cm™. The microscopic surface roughness (Rq) of the samples was measured by an
Atomic Force Microscope (AFM, XE-100, Park Systems, Korea) adopting non-contact mode. Rq of
the films was achieved by scanning a 5 um * 5 pm area. KPFM measurements were taken using a
Bruker Dimension Icon system and a SCM-PIT-V2 probe (Reflective Ptlr,F: Conductive Ptir coated;
Bruker Corporation, Billerica, MA, USA).
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5.2.3 Preparation of (L)CNF nanopapers
LCNF nanopapers were prepared by mixing LCNF nanofibrils suspension in water (0.7 wt%) overnight
(Supporting note A3.1). The homogeneous suspension was filtered using a membrane of
polyvinylidene fluoride (PVDF, 0.22 um pore size, Millipore GVWP14250, Bedford, USA). A second
membrane of PVDF was placed on top of the wet film after filtration. The sandwiched wet film was
placed in between blotting papers and pressed for 6 min at 345kPa. The wet blotting papers were
replaced by dry ones, and the films were left to air-dry under the pressure of approximately 20kPa for
4 days. CNF nanopapers were prepared following a similar protocol by incorporating additional water

prior to mixing overnight (1 mg per 10 mL final concentration).

5.24 Assembly of LCNF, PTFE, and CNF-based TENGs
An Al tape was attached as a back electrode of the LCNF and CNF nanopapers, and PTFE was placed
on an acrylic substrate. The other triboelectric test materials (copper, aluminum, indium-tin-oxide,
Kapton, polyethylene terephthalate) were placed on the opposite end of the device and were separated
by an air gap of 6 mm from the reference materials (LCNF nanopaper and PTFE film). The acrylic
substrate with the reference was fixed on a metallic stopper. The test materials were fixed on another
acrylic substrate with Al as an electrode and connected to a hammer driven by a linear motor that
allowed to control impact force and frequency. The experiments were performed under a relative
humidity (%RH) condition of ~ 27%. To measure the humidity-dependent output voltage, a transparent
commercial glove bag, a humidifier (Honeywell), and a humidity sensor (ThermoPro) were used. The
CTENG device was attached at the fixed positioned stopper of the linear motor. Then the CTENG,
stopper, and humidity sensor were all covered by the air-tight glove bag. A humidifier was used to input
the moisture inside the glove bag by using a vacuum hose pipe to change and control the humidity. The
humidity level was recorded by the humidity sensor which was placed near the CTENG to get the actual
humidity condition surrounding the CTENG device. To measure the temperature-dependence of the
output voltage, a commercial hot plate (Fairweather & Co, USA), and an infrared thermometer
(ETEKCITY, China) (50 to 550°C) were used. The hot plate had two parts, the control unit, and the
base/plate. The base/plate was directly attached to the stopper of the linear motor and put the CTENG
device on top of the base/plate. Then the temperature was controlled by the control unit of the hot plate

and measured by an infrared thermometer.
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5.2.5 LCNF nanopaper cascade TENG assembly and wireless communication node
fabrication

A cascade-type TENG (CTENG) was fabricated on a flexible Kapton substrate by using the LCNF as
the tribonegative layer and the Al as the tribopositive layer. Double-sided copper tape was used as the
back electrode for the LCNF layer, and each TENG unit was repeated in a zigzag structure by the
Kapton substrate (128 pm thick). The CTENG with five units of LCNF@AI TENGs was connected in
a parallel electrical connection by full-bridge rectifier circuits to be integrated into a wireless
communication node (WCN). The WCN was composed of an energy management (EM) and a
regulation unit. The energy regulator unit was a controlled digital switch which connected the output
capacitor to the RF transmitter as soon as its output voltage level reached ~ 3.1 V (common voltage
level standard for commercial electronics). Before driving WCN, CTENG was used to directly charge
different capacitors (1 pF, 2.2 uF, and 4.7 uF) to verify the energy-storing capabilities. To power up
the RF module, the CTENG was excited at 20 Hz, and the harvested electrical energy was stored

initially in a 1 pF input capacitor.

5.3 Results and Discussions

5.3.1 LCNF and CNF nanopaper properties

LCNF containing a high lignin content (31.1 wt.%) (Figure 5.1a) were prepared following a previously
reported protocol [382]. The presence of lignin on the surface of the cellulosic nanofibrils was
demonstrated by the dominant C-C bonds in the deconvoluted XPS spectra of LCNF nanopaper (Figure
5.1b, Figure A5.1a-b, Table A5.1, Table A5.2, Appendix). Moreover, these results indicated that
lignin was the primary component on the nanopaper surface considering the relative percentage of C-
C, C-OH, and COOH maoieties, and the carbon/oxygen balance of the dominant monomers in lignin (p-
coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol) and cellulose (glucose) [407]. The chemical
signature of LCNF (Figure 5.1c, Figure A5.1c) agreed well with previously reported FTIR results for
technical lignin [408], with bands at 1570 cm™ representing aromatic skeletal vibrations, 1400-1500
cm* representing C—H deformations in ~CHs, and ~CH.—, and 1232 cm™* representing C-O stretching
in the syringyl ring. Lignin could be clearly observed as a dark mass extending across several
nanofibrils (Figure 5.1d, Figure A5.1d).
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Figure 5.1. (a) Schematic depicting lignocellulosic nanofibrils, (b) Deconvoluted XPS C 1 s of LCNF nanopaper,
(c) FTIR-ATR spectra of CNF and LCNF nanopapers, (d) TEM image of LCNF, (e) AFM images of LCNF
nanopaper and SEM images of the cross-section of the CNF and LCNF nanopaper, (f) Photo of LCNF nanopaper

and its water contact angle result.

This was coherent with the role of lignin in plant cell walls, where it exists as a stiff and amorphous
polymer binding cellulosic fibrils together. The cross-section of LCNF nanopaper resembled that of a
porous thermoplastic matrix, suggesting that the high lignin content yielded a nanopaper with the
nanofibrils almost covered entirely by lignin (Figure 5.1e). These results marked a striking difference
from previous literature observations of lignin as small nanoparticles on cellulose nanofibrils when the
lignin content was not as high (from 12.5 wt% to 21.8 wt%) [405, 409-410]. Compared to CNF, LCNF
nanopaper had a rougher surface (Figure 5.1e, Figure A5.1e) (RMS ca. 49.97 for CNF nanopaper, and
ca. 85.25 for LCNF nanopaper), which might be due to a smoother surface with a higher level of
interlocking and tighter packing in CNF nanopaper in general, the LCNF nanopaper exhibited
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mechanical properties consistent with previously reported values (Figure A5.2a-b) [406]. Even though
lignin was more hydrophobic than cellulose, LCNF nanopaper showed a relatively low water contact
angle (67°) (Figure 5.1f, Figure A5.2c).

5.3.2  Lignin enhancing surface polarizability of the nanopaper
It is known that selecting a pair of tribolayers with dissimilar work functions and a large difference in
their surface charge potentials will produce a higher electrical power output in TENGs. To investigate
the influence of lignin in the nanofibril, the surface potential of LCNF and CNF nanopaper was
characterized before and after contact electrification with an aluminum foil (Figure 5.2a-b). The values
for the contact potential difference (CPD) (i.e., the surface potential) of LCNF and CNF nanopaper
after undergoing friction with an aluminum foil were + 0.425 V and + 0.081 V, respectively. Since
aluminum is inherently highly tribopositive, these results indicated that both nanopapers behaved as
tribonegative materials. However, the high CPD value of LCNF nanopaper after friction against
aluminum foil implied that lignin endowed the nanopaper with more pronounced polarizability. In
contrast, pure cellulose (CNF) nanopaper was only weakly polarized, which could be explained by the
slight tribopositivity endowed by the abundant oxygen-containing moieties and electron-donating
carboxy groups in CNF produced during the nanofibrillation process [393, 411]. It is attributed lignin
for improving the triboelectric properties of LCNF nanopaper by creating additional lower energy
electron unoccupied states due to its m-electron rich aromatic moieties (Figure 5.2c) [412]. These
additional electron unoccupied states in LCNF could enhance the charges received by the nanopaper
during frictional contact contributing to its increased performance as a negative tribolayer. Typically,
electrically insulating materials have a high band gap and contain partially localized electron trap states
at their surface between the lowest unoccupied molecular orbital level and the highest occupied
molecular orbital level. During frictional contact between the metal layer and the nanopaper insulator
layer, the compression of the metal and the nanopaper reduced the atomic distance between the two
materials that resulted in a larger overlap of electron clouds and electronic charge transfer between
frontier orbitals [373, 413]. The short atomic distance helped to overcome the energy barrier between
the two materials to favor the donation of electrons from the tribopositive layer to the tribonegative

one.
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Figure 5.2. (a) Schematic of contact electrification between LCNF (or CNF) nanopaper and aluminum foil and
the corresponding CPD values, (b) KPFM surface potential results of CNF and LCNF nanopaper before and after
contact electrification with aluminum, (c) Energy band diagram of CNF and LCNF nanopaper during contact

electrification with Al.
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5.3.3  Triboelectric characteristics of LCNF nanopaper in TENGs
LCNF surface polarizability was further investigated by applying LCNF nanopaper as a tribolayer in
TENGsS together with several selected materials ranging from tribonegative to tribopositive. Either the
LCNF nanopaper or a PTFE film was used as the reference substrate against another triboelectric test
material that was placed at the opposite end of the device (Figure 5.3a). Operating similar to a typical
TENG, LCNF-containing TENGs generated power during a contact/separation cycle via four distinct
steps (Figure 5.3b). First, the contact between the LCNF nanopaper and the other test material induced
a charge transfer between the two materials due to the differences in their work function and electron
donating/withdrawing tendency. Second, as the two layers separated, electrons started to flow from the
top LCNF (-) electrode to the bottom electrode (+) to produce an electric potential via electrostatic
induction. Third, the higher electrical potential was obtained as the triboelectric layers reached the
maximum separation distance and the electrical current flow stopped due to the screening out of the
triboelectric charges. Lastly, bringing the triboelectric layers closer into contact again lowered the
generated electric potential, thereby inducing the flow-back of the electrons to the original electrode.
Taking advantage of this contact/separation cycle, electric potential and current were produced
periodically as a function of mechanical excitation parameters (such as frequency of contact, loading
force during contact, etc.). The voltage and current output of TENGs composed of the LCNF nanopaper
and another test material selected from the triboelectric series ranging from highly negative to highly
positive (polyethylene terephthalate (PET), Kapton, indium-tin-oxide (ITO), copper (Cu), and
aluminum (Al)) was systematically studied. For comparison, TENGs were also made using a PTFE
film instead of the LCNF nanopaper with the same set of selected materials as the other. tribolayer
[414]. The open-circuit output voltage (referred to as voltage subsequently) and short-circuit current
(referred to as current subsequently) of the two types of TENG systems were measured at the test
frequency and force of 3 Hz and 20.8 N, respectively, and the results are given in Figure 5.3c and
Figure 5.3d. Evidently, higher voltage and current output were obtained for TENGs with LCNF than
PTFE for all selected test materials including both highly tribonegative (PET) and highly tribopositive
(Al) materials. Using data from a recently published study on the quantification of triboelectric series
of polymeric materials, I plotted some of these polymeric materials according to their triboelectric

charge density in Figure 5.3e.
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Figure 5.3. (a) Schematic of the LCNF TENG device structure, (b) Steps involved in the power generation of
TENGs, (c) Open-circuit voltage output and (d) short-circuit current output of TENGs with LCNF nanopaper
compared against that of TENGs with PTFE film as the tribonegative layer, (e) Revised and simplified version
of the polymeric triboelectric series according to this test results and literature reference[372], (f) Peak to peak
voltage and current of TENGs with either LCNF nanopaper or PTFE film as the tribonegative layer, (g) Effect of
contact force on peak to peak open-circuit voltage of TENGs made with LCNF nanopaper and Cu as the two
tribolayers, (h) Effect of load resistance on power density of TENGs with LCNF nanopaper and Cu.

It is worth noting that in the referred study these values were generated using a customized setup
without verification in TENGs devices, while the results were from side-by-side comparisons of the
actual outputs of TENGs made from LCNF vs. PTFE. The test result showed that LCNF was more
tribonegative than PTFE as shown in Figure 5.3e. Among all materials included in Figure 5.3e, LCNF
was the only natural material that was tribonegative [372]. Thus, LCNF presented a new green
alternative material choice for eco-friendly TENGs. It is important to note that the nanofibrillar nature

of LCNF imparted the nanopaper with high surface roughness and porosity (RMS ca. 85.26 nm).
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Figure 5.4. a photograph of the TENG characterization set-up, including Stopper, TENG, Linear motor, and force

Sensor.

Under external force, surface asperities in the nanopaper can deform making contact with the other
tribolayers to increase the effective/active contact surface area, and consequently induce more surface
charges [415]. Thus, the increase in the voltage and current output of the TENG devices was due to
both the tribonegative properties stemming from the natural lignin bound on the surface of the cellulose
nanofibrils, and the surface texture of the nanopaper brought by the natural nanofibrillar morphology
of LCNF. With the common tribopositive metallic materials (Cu, Al) as the tribopositive layer and
LCNF as the tribonegative layer, LCNF TENGs achieved an output voltage of ~ 300 V and ~ 360 V,
respectively, which were much higher than that of TENGs with PTFE as the tribonegative layer (~ 200
V for PTFE@Cu TENGs; ~ 260 V for PTFE@AI TENGs) (Figure 5.3f). These results clearly
demonstrated that the LCNF nanopaper was more tribonegative than the PTFE film. A similar trend
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was also observed for the current outputs of the TENGs (Figure 5.3f) with 25 pA and 28 pA for the
LCNF@Cu and LCNF@AI TENGs and 17 pA and 18 pA for the PTFE@Cu, and PTFE@AI TENGs,
respectively. In order to elucidate the role of lignin in inducing triboelectric effect in LCNF nanopaper,
“lignin-free”, or pure cellulose nanopaper (CNF) was also used to make TENGs in the same manner as
the LCNF nanopaper. The output results of TENGs with CNF were given in Figure A5.3. Expectedly,
the CNF nanopaper displayed tribopositive behavior. Moreover, TENGs with CNF nanopaper had
much lower voltage and current outputs when combined with the same triboelectric layers used in the
study. Hence, it was clear that the natural lignin as integral part of LCNF transformed LCNF from
tribopositive characteristics of lignin-free CNF to tribonegative responses. Meanwhile, LCNF
nanopaper showed a 3—-15-fold improvement in storage modulus compared to conventional petroleum-
based thermoplastics (polystyrene, polycarbonate, high-density polyethylene, and PTFE) [416-418].
Therefore, wood-derived natural LCNF nanopaper was stronger and more flexible with higher
electronegativity than synthetic non-degradable PTFE. The effect of applied force and load resistance
on the output voltage of the LCNF@Cu TENG was further studied. As expected, with a higher force
applied during contact (from 3 N to 21.5 N), peak to peak voltage increased to ~ 330 V (Figure 5.3g).
The maximum peak power density of the TENG was 52 uW/cm? obtained at a load resistance of § MQ
(Figure 5.3h). Overall, LCNF@Cu TENG demonstrated a high output compared to equivalent TENG
systems reported in the literature (Table A5.3), with an output power exceeding previous unpatterned
metal (metal alloys [419] and Au [420])/PTFE systems. Only unpatterned metal TENGs were included
in the comparison since it was well known that surface texturing/patterning could drastically change
the triboelectric properties of a material [421], and here only used unpatterned metal films in this study.
Moreover, the LCNF@Cu TENG devices demonstrated ultra-high performances compared to
previously reported TENG systems involving unpatterned metals as the tribopositive layer and CNF-
based materials as the tribonegative layers, including > 100-fold improvement from pristine CNF [411].
Lastly, the LCNF@Cu TENG was able to maintain high performances over long periods of time as
demonstrated by the lack of noticeable degradation in the output signal after operating for 72,000 cycles
(Figure Ab5.4a), which indicated the excellent long-term stability of the LCNF nanopaper as a high-
performance tribonegative material. Moreover, the performances of the LCNF nanopaper/Cu TENG
were monitored while varying the temperature and relative humidity levels (%RH) using customized
setups. Expectedly, increasing %RH value from 27% to 95% caused 31.4% decrease in peak-to-peak
voltage output value of the LCNF nanopaper/Cu TENG (Figure A5.5 & Table 5.1).
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Table 5.1. LCNF nanopaper/Cu TENG peak to peak voltage outputs at various relative humidity

levels.
%RH Peak to peak voltage (V) Output reduction (%)
27 78 N/A
40 76 2.6
50 72 1.7
60 68 12.8
70 64 17.9
80 61.5 21.2
90 59 24.4
95 53.5 31.4

Table 5.2. LCNF nanopaper/Cu TENG peak to peak voltage outputs at various temperatures.

Temperature (°C) | Peak to peak voltage | Output reduction

V) (%)

26.5 83.3 N/A

30 82.5 0.9

35 81.2 2.5

40 79.5 4.5

50 78.3 6.0

64 7.7 6.7
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It is known that a higher %RH would negatively affect TENG operations. Under high %RH, a thick
water layer could form on the surface of the tribolayer which would increase the surface electrical
conductivity and the ability to dissipate surface charges to result in a lower TENG voltage output [422].
However, as compared to other pure CNF and CNF-based TENG systems which showed more
pronounced reductions (up to 60%) in voltage outputs with the increasing %RH [391, 423-424], the
LCNF-based TENG in this study demonstrated better robustness for operation under high %RH levels.
Specifically, a CNF/Cellophane TENG previously reported showcased a 32% decrease in the device
current output when raising the %RH from 48% to 62% [371]. Similarly, a TENG composed of
functionalized CNF/Polyamide demonstrated a 65% decrease in voltage output when increasing the
%RH from 30% to 90% [423]. As shown in Figure A5.6 & Table 5.2, a slight decrease in the TENG
voltage output (ca. 6.8%) was observed when increasing temperature from 26.5 °C to 64 °C, which

demonstrated the limited impact of temperature on LCNF TENG operations.

5.3.4 LCNF nanopaper-based cascade-type TENG for self-powering a wireless
communication node

The excellent properties of LCNF nanopaper as a tribonegative material for TENGs were further
explored to demonstrate the suitability of using this natural material in TENGs for self-powering
applications. Usually, self-powering electronics are energy-intensive and require high power output
from the energy storage device that drives them. In this regard, a cascade-type TENG (CTENG) was
fabricated on a flexible Kapton substrate by using LCNF nanopapers as the tribonegative layers and Al
as the tribopositive layers (Figure 5.5a). The CTENG consisted of five units of LCNF@AI TENGs
connected in parallel was integrated into a wireless communication node (WCN) using an RSL10
Multi-Protocol BLUETOOTH® System-on-Chip with a threshold voltage of 3.1 V and a threshold
current of 4.6 mA. The WCN was assembled with an energy management (EM) and a regulation unit
to efficiently store the electrical energy in a two-stage charging mechanism [425-429]. The energy
regulator unit was a controlled digital switch, which connected the output capacitor to the RF
transmitter as soon as its output voltage level reached ~ 3.1 VV (common voltage level standard for
commercial electronics). The performance of the CTENG was initially tested by verifying the ability
of a single LCNF@AI TENG to charge various capacitors (1 pF, 2.2 pF, and 4.7 uF) (Figure 5.5b).
The device was capable of fast charging the 1 pF, 2.2 uF, and 4.7 pF capacitors up to ~3.1 Vin 20 s,
40 s, and 90 s, respectively.
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Figure 5.5. LCNF@AI-based CTENG for self-powered wireless communication, (a) Schematic of a LCNF-based
cascade type (five units) TENG (CTENG) and a wireless communication node (WCN) comprising of an energy
management and regulation system for powering up a radio frequency (RF) transmitter, (b) Charging of different
capacitors with the CTENG, (c) Charging of the input and output capacitor units of the WCN by the CTENG, (d)
Close up view of the measured voltage-controlled charging waveforms in Fig. 5.4c, (e) Discharging of the output

capacitor in the WCN to power-up the RF transmitter indicating each RF transmission.

To power up the RF module, the CTENG output energy (5 LCNF@AI units assembled in parallel) was

initially stored in a 1 pF input capacitor (red color charging curve in Figure 5.5c) until the capacitor

95



reached to ~ 6 V. At this point, the buck-converter inside the energy management system switched on
to charge the output capacitor of 220 pF through an inductor (black charging curve in Figure 5.5c).
After the input capacitor’s voltage level fell between ~ 2.5-3 V the buck-converter was turned off and
it started charging again to ~ 6 V. This method enabled the efficient transfer of energy from the input
to the output capacitors [426]. As the periodic charging process continued, the voltage-level of the
output capacitor was kept fixed by an energy regulator to prevent energy consumption by the RF
module (Figure 5.5d). The voltage of the output capacitor was controlled until it reached ~ 3.1 V, and
subsequently the energy was consumed by the RF transmitter via the energy regulator module (Figure
5.5e). A RF signal transmission occurred from the built-in antenna in the RF module, where the signal
could be further modulated with useful sensory information to realize a self-powered wireless
monitoring system for artificial intelligence (Al) technology or internet of things (10T) [427-430]. The
device enabled RF communication after ~ 6 min in the initial charging cycle while only ~ 3 min were
sufficient for the subsequent transmission. The longer initial charging time could be explained by the
output capacitor charging from an empty state. Following the initial cycle, as the capacitor did not fully
discharge (~ 0.9 V level) after powering up the RF module, the subsequent wireless data transmission
time was greatly reduced. This demonstration of the integration of LCNF-based CTENG to power a
WCN was very exciting as it clearly demonstrated the applicability of a wood-derived, biodegradable,
and green lignocellulosic material as a high-performance tribonegative material to enable self-powered

wireless electronics.

5.4 Conclusions

In summary, this chapter report a discovery that wood-derived lignocellulosic nanofibrils exhibit
pronounced tribonegativity in TENGs, leading to superior output performance (voltage and current) as
compared to TENGs with PTFE when paired with various known materials (aluminum, copper, indium-
tin-oxide, polyamide, polyethylene terephthalate) operating in the contact-separation mode. The
reported results indicated that lignin bound on the surface of the cellulosic nanofibrils induced the
increase in the surface polarizability of LCNF nanopaper after friction contact with tribopositive
aluminum. LCNF nanopapers were further assembled in a zigzag structure to form a cascade type
TENG, which was successfully used as a power source to run a wireless communication node that
transmitted a radio-frequency signal every 3 min. Successful application of TENGs made from natural,

biodegradable, inexpensive, and renewable lignocellulosic nanofibrils for powering wireless
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electronics is significant since it showcases the feasibility of fabricating environmentally friendly
disposable electrical energy harvesting devices. This study uncovers a new natural material that can be
used as a strong and flexible tribonegative layer in TENGs that are not only more sustainable but also
perform better than petroleum-based polymers, including fluorine-containing PTFE. The concept
illustrated in this study pinpoints to new possibilities for developing next generation of high-

performance sustainable TENGs for energy harvesting and self-powering devices.
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Chapter 6

Conclusions and Future Work

6.1. Summary of Contributions

After carefully reviewing the recent progress of organic-inorganic nanomaterials-based flexible NGs
for mechanical energy harvesting, the existing problems and challenges in this field were identified. To
bridge the gap between the current challenges and practical applications, this research work rationally
designed and developed novel organic-inorganic nanomaterials-based NGs aiming for improved output
performance and practical applications. Piezoelectric/triboelectric active materials, including organic
materials, inorganic materials, and their hybrid were initially studied along with the principle of
piezoelectric and triboelectric nanogenerators. Novel and highly piezoelectric active
nanocomposites/polymers were explored to enhance the piezoelectric performance. Techniques for
surface micro/nanostructure modification of triboelectric materials were developed to achieve
improved triboelectric outputs. Taking into account the existing problems, organic-inorganic
nanomaterials based nanogenerators with enhanced electrical output performance and desirable
flexibility were developed to addressed the challenges in the development of advanced mechanical
energy harvesting technologies and self-powered electronics. By designing and studying flexible NGs
with different polymers/organic/inorganic/ nanomaterial structures, ZnO/PVDF porous PENGs,
FAPbBr,I/PVDF based PENGs, FASnBrs/PDMS based PENGs, and LCNF nanopaper-based TENGs
were successfully fabricated and measured, and remarkable electric outputs were obtained. Based on

the outcome of this research work, some important conclusions can be drawn.

1. This research began with demonstrating a self-powered wireless sensing system based on a
porous PVDF-based PENG, which is prominently anticipated for developing auto-operated
sensor networks. The results show that the output of the piezoelectric nanogenerator can be
enhanced by adding a piezoelectric polymer matrix (PVDF) with the ZnO nanoparticles. At the
same time, the porosity of the film acts as a strain center and can improve the output
performance greatly. Porous PVDF film was made from a flexible piezoelectric polymer

(polyvinylidene fluoride (PVDF)) and inorganic zinc oxide (ZnQO) nanoparticles. The
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fabricated porous PVDF-based PENG demonstrates ~ 11 times and ~ 8 times enhancement of
output current and voltage, respectively, compared to a pure PVDF-based PENG. The PENG
can generate sufficient electrical energy from an automaobile car vibration, which reflects the
scenario of potential real-life structural health monitoring (SHM) systems.

Second, a novel, self-assembled, highly porous perovskite/polymer (polyvinylidene fluoride
(PVDF)) composite film was designed and developed for fabricating high-performance
piezoelectric nanogenerators (PENGS). The novelty of this work was to develop a single-step
fabrication method without HCI etching (to make the film porous). The macroscopic porous
structure can significantly enlarge the bulk strain of the piezoelectric composite film, which
leads to a 5-fold enhancement in the strain-induced piezo potential. In addition, the novel
hybrid halide perovskites (HHP)-Formamidinium lead bromine iodine (FAPbBrI) material can
improve the conductivity of the final composite film due to its enhanced permittivity, providing
a 15-fold amplification of the output current. This P-PENG based on a low-temperature full-
solution synthesis approach may initiate a paradigm shift by opening the realms of flexible
PENG:S as sustainable power sources.

Third, an organic-inorganic hybrid perovskites (OIHP) PENG was developed, combining lead-
free Formamidinium tin (Sn) halide perovskite (CH(NH2).SnBrs; (FASNnBr3)) nanoparticles
(NPs) and polydimethylsiloxane (PDMS) polymer matrix. Due to the outstanding flexibility
and uniform distribution properties, the device demonstrated a maximum piezoelectric peak-
to-peak output voltage of 94.5 Vp-p, peak-to-peak current of 19.1 uAp-p, and output power
density of 18.95 pW/cm2 with a tiny force of 4.2 N. It is anticipated that the fabricated
FASnBrs@PDMS nanocomposite PENG not only possesses outstanding performance and
reliability but also serves as a stepping-stone towards achieving self-powered Internet of Things

(10T) devices built using environment-friendly perovskite piezoelectric materials.

Fourth, a natural wood-derived lignocellulosic nanofibrils (LCNF) tribolayer was employed to
replace fluorine-containing petroleum-based polymers as a tribonegative material for TENGs
for the first time. The high tribonegativity was due to the presence of natural lignin on the

surface of LCNF and LCNEF’s nanofibril morphology. Assembling LCNF nanopaper as the
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tribonegative layers into a cascade TENG that could generate sufficient output power to drive
a wireless communication node, capable of sending a radio-frequency signal to a smartphone
every 3 min. This study demonstrates the excellent promises of using LCNF to make high-
performance and more environmentally friendly wireless self-powered electronics; and
pinpoints a new approach for fabricating sustainable triboelectric nanogenerators using natural
lignocellulosic materials instead of conventional fluorine-containing petroleum-based

polymers as tribonegative layers.

In summary, this thesis has carried out a systematic study on designing, exploring, and developing
highly efficient flexible nanogenerators for self-powered wireless electronics. With the combination of
highly electroactive nanomaterials with flexible polymer matrix structures, NGs with both high electric
output performance and flexibility were successfully obtained. These findings pave the way for the
development and innovation of flexible nanogenerators for energy harvesting and self-powered

sensing.
6.2. Future Work

Although high-performance flexible NGs of different polymer/organic/inorganic nanomaterials-based
structures were successfully designed and developed, there still exist some limitations, and the

corresponding recommendations for future study in this field can be summarized as

(1) To fulfill the demands for practical applications, the output performance of the NGs still needs to
be further enhanced. One way to enhance the energy efficiency of the polymer/nanomaterials-based
NGs is to be extensively studied and adopted active piezoelectric/triboelectric materials. Moreover, the
design of NGs should also be further optimized for boosting the electric outputs by maximizing the
effective contact area. In addition, cascading the NGs could be a better solution to improve the

performance of the individual NGs.

(2) The flexibility of the reported NGs still require to be further improvement. The copper electrodes
used in this work are comparatively more rigid and therefore need to find a suitable softer electrode. In
addition, it is obvious that the flexibility of the device will reduce when it is encapsulated and protected
by a polyester thin film. Therefore, it is extremely necessary to develop and adopt superior
encapsulation materials to improve the flexibility and longevity of the device. Moreover, an in-depth
investigation is required to ensure that NGs can withstand harsh conditions in practical use.
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(3) To develop an inclusive understanding of the piezoelectric polymer characteristics that affect the
device performance, such as its molecular weight, crystallinity, piezoelectric phase formation
mechanism, and on the crystal grain size in the nanocomposite films can be studied in the future. It is
also important to examine whether the origin of enhanced piezoelectricity in organic/inorganic halide
perovskite stems from ferroelectricity. Although some current research reports showed the
ferroelectricity of some halide perovskite (MAPbIs, CsPbBrs, FAShIs), still more research needs to be

done to understand the underline mechanism of ferroelectric-related knowledge in these materials.

(4) The lead (Pb), present in organolead halide perovskite-based PENG devices is very toxic which is
a threat to human health and the ecological environment. To avoid toxicity, one solution is to replace
the Pb with other nontoxic elements (such as tin (Sn)) to develop Pb-free PENGs. But one of the major
challenges related to the Sn-based perovskites is its poor air stability (easy oxidization from Sn?* to
Sn**), and hence results in rapid degradation of the Sn-based perovskite materials. Therefore, it is an
urgent need to find a solution to stable the Sn-based perovskites PENGs which could be a potential

research direction in the future.
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Appendices

Appendix for Chapter 2

Figure A2.1. The characterization of the pure and porous PVDF film. scanning electron microscope (SEM)
images of the pure PVDF film (a) Plane view SEM (b) Cross-sectional SEM, annealed at 75°C, the SEM image
indicates that the surface of the pure PVDF is uniform for both cases (c) distributed ZnO NPs on the surface of
the PVDF matrix. (c) the cross-sectional SEM image of the PVDF mixed with ZnO NPs, The SEM image
indicates that nanoparticles are not uniformly distributed rather accumulated in different positions of the PVDF
film. This creates pores of different sizes after an etching process. (d) Cross-sectional SEM image of the porous
PVDF film after the etching of the ZnO NPs
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Element Weight % Atomic % Net Int.
CK 68.46 77.69 7314
FK 30.73 22.05 458.3
ZnL 0.29 0.06 24
CIK 0.51 0.20 5.8

Figure A2.2. Element mapping of (a) Carbon (C); (b) fluorine (F); (c) Zinc (Zn); (d) Chlorine (Cl); in porous

PVDF thin film for a specific region of interest. (e) compare the quant results of elements in the porous film.
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Figure A2.3. (a) The selected area of top surface SEM of nanoporous PVDF film; (b) EDS spectrum of the
nanoporous PVDF film of image (a); (c) Selected area of cross-sectional SEM of nanoporous PVDF film; (d)

EDS spectrum of the nanoporous PVDF film of image (c);
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Figure A2.4. The characterization of the porous PVDF film (a) the atomic force microscopy (AFM) image of

porous PVDF surface (b) measured surface roughness of porous PVDF (~100 nm)
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Figure A2.5. Strain distribution in the porous PVDF with varying porosity under a lateral bending force
of 2GPa (a) pure (0%) PVDF (b) porous PVDF with inner pores only, and (c) porous PVDF with only surface

pores. The scale bar is the same for all profiles from (a—c).

Supporting note A2.1: Here a PVDF piezoelectric polymer is used to study the simple cases of the
porous structure, where a square (100nm x 100nm) 2D model is developed. To make the structure
porous, we then intentionally incorporate inner and surface circular nano-pores, with a pore size of 5
nm radius. Here we summarize a comparison between three basic models that included a non-porous
(pure) PVDF, a porous PVDF with surface pores, and a porous PVDF with inner pores only, with
different porosity concentration, having spatially uniform pore distributions. To study the
piezoelectricity of the porous structure a lateral bending force of 2 GPa is uniformly applied on the side
surface. Figure A2.6a-c shows the simulation results, revealing the piezopotential is substantially
modified due to the presence of pores. More specifically, the piezopotential increases proportionally
with the degree of porosity, which is represented by the brightness of color grading. The potential is
raised by 39.45 % (10.9 V to 15.2 V) when the porosity increases from zero to 3.9 % if pores are on
the surface and the potential is raised by 31.19 % (10.9 V to 14.3 V) when the porosity increases from
zero to 7.85 % if pores are inside (Figure A2.6d).
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Figure A2.6. Piezopotential distribution in the porous PVDF model with varying porosity percentages
under lateral bending force (a) with surface pores only, (b) with only inner pores, and (c) a non-porous PVDF.
Same scale bar for (a—c) (d) comparison of piezopotential as a function of porosity.

133



(©)

Figure A2.7. Strain distribution in the porous PVDF with varying porosity under a vertical compressive
force of 2 GPa (a) porous PVDF with only surface pores, (b) porous PVVDF with inner pores only, and (c) pure

PVDF, the scale bar is the same for all profiles from (a—c).

Supporting note A2.2:
As shown in Figure A2.7a for surface pores and Figure A2.7b for inner pores, when the compressive
force is applied, the stress of pores deformed asymmetrically. The strain concentration near both sides

of the pores is much more significantly visualize which indicates tensile strain creation at both sides of
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the pores compared to its bulk counterpart (Figure A2.7c). As discussed earlier that the piezopotential
is the result of combined dipole moments that form due to the displacement of positive and negative
charge centers upon application of external stress, these dipole moments add together and provide the
positive and negative piezopotential. This localized strain of higher magnitude induces higher potential,

which adds up and enhances the bulk piezopotential.

(@) (b)
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Figure A2.8. (a) Stress distribution for pure PVDF film (b) potential distribution for pure PVDF film where the

peak output voltage is 10.9 volt, (c) prepared solution of PVDF-ZnO with a ZnO mass ratio of 0 to 60 wt. % (0

and 50 wt. % are not shown here).
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Figure A2.9. Comparison of the electrical output performance for 50 wt. % of ZnO-NP-based PVDF porous

and nonporous film. (a) Output voltage (b) output current.

Table A2.1: Comparison of percentage increases of piezopotential with porosity

Lateral Bending force
Surface Pore Condition Inner Pore condition
% of Piezo- % of Voltage % of Piezo- % of Voltage
Porosity potential (V) increase Porosity potential (V) increase
0 10.9 - 0 10.9 -
0.79 12.3 12.84 1.57 11.82 8.44
1.57 14.2 30.27 3.14 12.63 15.87
2.36 14.6 33.94 4,71 13.50 23.85
3.14 14.8 35.79 6.28 13.90 27.52
3.93 15.2 39.45 7.85 14.30 31.19
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Compressive force
Surface Pore Condition Inner Pore condition
% of Porosity Piezo- % of Voltage | % of Porosity Piezo- % of Voltage
potential (V) increase potential (V) increase
0 46.6 - 0 46.6 -
0.79 47.2 1.29 1.57 47.8 2.58
1.57 47.7 2.36 3.14 49.1 5.36
2.36 48.2 3.43 471 50.3 7.94
3.14 48.7 451 6.28 51.6 10.73
3.93 49.3 5.79 7.85 53 13.73

% of porosity Calculation for Inner pore

Radius of pore =5 nm
Area of pore = 3.1416*25 = 78.54 nm?
Area of PVDF = 10000 nm?
% of porosity in the PVDF = (78.54/10000) *100 % = .79 % for a single pore

For surface pore, this will be half as the surface contain only the half portion of the circle.
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Appendix for Chapter 3
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Figure A3.1. The characterization of the pure PVDF film. Scanning electron microscopy (SEM) image of (a) top
surface of the pure PVDF (annealed at 75 °C) (b) the cross section of the pure PVDF film. The SEM images
indicate that the surface of the pure PVDF is uniform (c¢) FTIR spectrum of the PVDF film is indicating the B-

phase formation (corresponding absorptions at the wavenumbers of 510 cm™, and 841 cm™).
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Figure A3.2. The characterization of the porous PVDF film (a) top surface SEM image of the PVDF loaded with ZnO
nanoparticles (NPs) with a diameter of 35-45 nm (b) cross sectional SEM image of the PVDF loaded with ZnO NPs.
The SEM images are indicating that nanoparticles are not uniformly distributed rather accumulated in different
positions of the PVDF film. This creates pores of different sizes after an etching process (c) top surface SEM image of
the porous PVDF film obtained after the etching of ZnO NPs by 37 wt. % hydrochloric acid (HCI) (d) atomic force
microscopy (AFM) image of the porous PVDF surface (e) measured surface roughness of the porous PVDF (~ 100
nm)
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Figure A3.3. The morphology of pore structures in the P-PNGs (a) cross-sectional SEM image of the
FAPDBBr:l@PVDF film shows that the pores with a length of 20-25 um are regularly distributed here (b) surface
topography of the FAPbBr.l@PVDF film from the AFM image illustrates that the diameter of the pores are

approximately 3-5 pm.
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Figure A3.4. The atomic force microscopy (AFM) images of PVDF-FAPbBTr,I film with different mass ratios
(wt. %) of FAPbBTr2l precursor in 10 wt. % PVDF solution (a) 5 wt. % (b)10 wt. % (c) 15 wt. % (d) 20 wt. % (e)
25 wt. % (f) 30 wt. %. This AFM images clearly indicates the gradual increase in the pores size (diameter of up
to 7 um at 30 wt. % FAPbBTr,l) with the increase of FAPbBrI concentration. Interestingly the pores are generated
almost in the nature of a periodic array throughout the entire film (g) grain boundary topology of FAPbBr,I NPs
(= 100 nm).
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Figure A3.5. (a) Finite element simulation of the pure, the circular porous and the highly porous perovskite-
polymer films under a compressive pressure of 800 kpa. The mechanical stress is calculated (b) along the
horizontal axis (A-F) (c) along the vertical axis, which clearly shows a higher stress in the film with a porous
structure than the non-porous (pure) film. The stress distribution is disrupted by the presence of pores inside the

film and further increases with the porosity.
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Figure A3.6. A comparison of piezo-potential distribution for porous FAPbBr2l@PVDF (20 wt. %) film with the
presence of a single and an array of pore (8 pores) structures. The shape of the pores has been optimized from the
observation of cross-section SEM image of the composite film. (a) Mechanical stress distribution of the film with
the array of pores (left) and the film with a single pore (right) structure. The arrows are indicating the amplified
stress on the sidewall of each pore. (b) The piezo-potential distribution is higher in the film with the presence of

a large number of pore structures (left).

Supporting Note A3.1: Relationship between the piezoelectric charge coefficient and the strain

The behavior of self-assembled porous perovskite-PVDF nanogenerator (NGs) can be analyzed by the
fundamental piezoelectric equations. For the composite porous film in both mechanical and electrically

equilibrium condition (no external force & no free charge density), the coupled constitutive law is,

0ij = CliSki — enijEn €Y)
Dy = emiiSia + krgnnEn 2)
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Here, 0;; and Sy, are the stress and strain, E, and D,,, are the electric field and electric displacement,
respectively; and Cgkl, emks, and k5, are the elastic (under a constant field), piezoelectric and

dielectric tensor (under a constant stress).

For our P-PNG model, electric displacement (Dn) is strain (Sx) dependent. As there is no applied

electric field, equation (2) can be written as,
D = empSki 3)
Therefore, the electric displacement across the device thickness direction (along 3 —axis) is,
D3 = e3ki Sk (4)

For the P-PNG model, according to the simulation, not only the strain Ss3 along the 3-axis is
contributing to the electric- displacement, a significant amount of strain Ss; along 1-axis is influencing

the net electric displacement Ds. As a result, the equation (4) turns into,
D3 = e333533 + less1| Saq 5)

Here, Ds= Q/A=CV/A (Q is charge, C is the device capacitance, V is the output voltage from device,
A is the electrode area) Ss3 can be written as, Ss3= z/t (t is the device thickness, and z is the displacement

along 3-axis); And Sz;= x/w (w is the device width, and x is the displacement along 1-axis).
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Figure A3.7. A characterization system [64] of energy harvester. The controller unit is operated by a workstation
interface (Vibration View 9). The controller unit (VR 9500) generates different control signals which are
amplified by a power amplifier (Lab Works Inc.’s pa 138) to feed an electrodynamic shaker (ET-126-1) to control
its motion. An accelerometer (3055D3) provides the feedback signal from the shaker to the controller unit which

can take actions if there are any faults. The shaker is mechanically coupled with a metallic hammer to characterize

the energy harvesting devices. The output from the devices is measured and viewed by an oscilloscope.
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Figure A3.8. Output performance of the P-PNGs. (a) output voltage and (b) current of the P-PNG at 30 Hz and

2G acceleration with an applied load of 138 gram (g).
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Figure A3.9. Schematics of energy generation mechanisms of the P-PNGs based on distributed stress profile.
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Figure A3.10. Variation of output voltage (left) and output current (right) of the P-PNGs with different FAPbBr:l
mass ratios (0 wt.%, 10 wt.%, 20 wt.%, 30 wt. %). The maximum output voltage (85 V) and current (30 pA) was
obtained for 20 wt. % FAPbBrl@PVDF composites. The output voltage and current increases up to the mass
ratio of 20 wt.%, and then decreases afterwards. The higher mass ratio of FAPbBr;l (> 20 wt. %) will generate

very large pores to greatly reduce PVDF per unit volume and create more defects.
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Figure A3.11. Frequency dependent (10-50 Hz) output voltage (left) and output current (right) of the 20 wt. %
FAPDbBrl@PVDF based P-PNGs, when the acceleration is fixed at 2G. The maximum output voltage and output
current at 30 Hz frequency was 85 V and 30 PA, respectively. As the frequency increases the strain rate rises and
causing the increase in the output voltage and current. The gradual decrease in the output at higher frequencies (>

30 Hz) corresponds to the reduction of impact on the device by the 138-gram (g) proof mass.
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Figure A3.12. Flexibility test of the P-PNGs at 10 Hz and 2G acceleration when a periodic bending force was
applied from an electrodynamic shaker. The generated (a) output voltage (b) output current of 14 V and 0.3 pA,

respectively, depicts the performance of the P-PNG during the bending condition.
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Table A3.1 A Comparison of output performance of the state-of-the-art PNG devices

Active Film Applied Frequen | Output Output current References
material of thicknes force cy voltage (WA)/current density
PNGs S (N)/pressur (H2) V) (WA/Cm?)
e (Mpa

(um) | & (VP
FaPbBrs- 150 0.5 Mpa 7 8.5 3.8 pA/cm? 267
PDMS
NaNbOs- 100 [-] <1 3.2 0.072 pA 250
PDMS
PMN-PT- 150 Hand- 5 7.8 2.29 pA 251
PDMS tapping
FAPbBr3- 120 0.5 Mpa 5 30 6.2 uA/cm? 265
PVDF
MAPDBr3- [-] Finger 2 5 0.06 pA 264
PVDF tapping
MAPbDI;- 6 0.5 Mpa 5 17.8 2.1 yAlcm? 266
PVDF
PZT-NH2/SM 200 [-] <1 65 1.6 pA 263
FAPDBTrl- 30 1.35N 30 85 30 A This work
PVDF
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Appendix for Chapter 4
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Figure A4d.l1a. (i-v) Step by step synthesis process of FASNBr3 NPs. (vi-ix) Details of FASnBrs@PDMS

composite film preparation.
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Figure A4.1b. (i) Electrical polling of the composite film at 6kV for 3-4 hours (ii) Schematic of packaged
device with different layers (iii) Original fabricated composite film
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Figure A4.2. XPS spectra of C1s and N1s
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Figure A4.3. Verification of polling effect to confirm the dipole formation inside the composite NPs
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Figure A4.4. (a) Lateral PFM amplitude and (b) Lateral phase images of the FASnBrs; NPs, the weak signals

obtained in the L-PFM images indicates the weak polarization magnitudes in that direction.
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Figure A4.5. (a) the strain distribution of pure PDMS matrix, (b) the piezopotential distribution of pure PDMS

matrix.

154



Voltage (V)

-2 -1 0 1 2
Time (s)

Figure A4.6. polarity switch testing of open circuit voltage to confirm piezoelectricity
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Figure A4.7. Measured electrical output performance of FASnBrs@PDMS PENG device: (a) the measured
open-circuit voltage of composite FASnBrs@PDMS PENG when FASnBr; mass fraction increased from 10 wt.

% to 30 wt. %, with a frequency of 40Hz.
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Figure A4.8. Thermal stability of the relative permittivity is measured for one hour at 130 °C, and 200 kHz for
the 20 wt. % FASNBrs@PDMS composite film. The relative permittivity showed a negligible change in their

values.
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Figure A4.9. Load resistance dependent voltage and current measurement.
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Figure A4.10. Energy harvesting from (i) Single finger tapping (ii) Foot stepping (iii) Hand gesture (iv) bending
the device (v) device size (vi) charging by using only finger tapping.
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Figure A4.11. Custom made wireless signal transmission circuit

Figure A4.12. a photograph of the PENG characterization set-up, including mass, PENG, electrodynamic shaker,
oscilloscope, shaker controller and the control software.
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Table A4.1 output performance comparison of PENGs based on PDMS.

Piezoelectric Pressure | Vo Jsc Power Growth Ref.
Materials (MPa) V) (nA/cm?) density Temperature
(uWW/cm?)
BCZT 0.085 30 0.6 N/A high 4
BaTiOs 0.002 2.7 0.26 0.12 high 5
ZnSnOs rolling 20 1 N/A high 6
tire
BiFeOs 0.01 3 0.25 N/A high 7
PMN-PT tapping 7.8 4.6 N/A high 8
SM-PMN-PT 0.35 60 0.85 115 high 9
KNN-BNZ-AS-Fe | 0.0625 52 1.2 N/A high 10
FAPDBr; 0.5 8.5 3.8 12 low 11
MAPDFe.x I3 0.5 7.3 0.88 N/A low 12
(ATHP),PbBr,Cl; 4.66 kPa | 74 6.5 uA 1.7 low 13
FASNBr; 42N 94.5 19.1 pA 18.95 low This
work

[1] C. Zhang, J. Chen, S. Wang, L. Kong, S. W. Lewis, X. Yang, A. L. Rogach, G. Jia, Adv.
Mater. 2020, 32, 2002736.
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Appendix for Chapter 5
Supporting note A5.1

Both CNF and LCNF nanopapers contained C=0 and OH-C=0 moieties that can be the product of side
reactions taking place during the nanofibrillation step (Figure 5.1b, Figure A5.1a). The harsh
conditions during the fibrillation step causes the formation of highly reactive free radicals that can lead
to a decrease in the cellulose crystallinity and degree of polymerization [1]. The higher content of C=0
moieties (ca. 13.55 %) observed in CNF as compared to LCNF (ca. 4.81%) (Table A5.1) indicated that
a greater extent of side reactions (i.e. oxidation, recombination, cross-linking) took place during CNF
production. This outcome may be explained by the radical scavenging capabilities of lignin, [2] which
in this case may have mitigated some of the side reactions during nanofibrillation process [3].
Interestingly, smaller diameters were measured for the unbleached (ca. 16 nm) nanofibrils as compared
to the bleached (ca. 30 nm) ones. This could be explained by the radical scavenging ability of lignin on
the nanofibrils that mitigated side reactions during production, including cross-linking between the
cellulose nanofibrils [3]. SEM cross-section images displayed the anticipated layered structures for the
CNF nanopapers, while it was not evident for LCNF nanopaper (Figure 5.1e). The mechanical
properties of the nanopapers, discussed here in terms of storage and loss moduli, are shown in Figure
Ab5.2a-b. This results indicated that the lignin bound on the surface of the nanofibrils reduced the
mechanical properties of the LCNF nanopaper as compared to CNF nanopaper, which may be explained
by the lower amount of cellulose in LCNF, which impedes the formation of intra- and inter-molecular
hydrogen bonds between nanofibrils that could reduce the mechanical performance of the LCNF
nanopapers [3-5]. Despite the hydrophobic nature of lignin, LCNF nanopaper had a lower water contact
angle (67°) than the pristine CNF one (85°) (Figure 5.1f & Figure A5.2c), which conflicts with
observations in previous studies [3, 4, 7]. It is argued that the observed outcome can be explained by
the differences in both nanopapers’ surface roughness and porosities. As previously discussed, CNF
can form abundant hydrogen bonds inter and intra nanofibrils that enable packing tightly and a
smoother surface. This assembly can reduce the number of hydroxy moieties available for instantaneous
interaction with water during testing, therefore leading to a high instantaneous water contact angle on
the surface of the nanopaper. In comparison, the large surface roughness and pores on the LCNF
nanopaper surface together with the limited inter-nanofibrils interactions due to lignin presence could

facilitate the accommodation of water droplets on the surface and result in a lower water contact angle.
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Figure A5.1. a. XPS C 1s deconvoluted spectra of CNF nanopaper, b. XPS survey and c. ATR spectrum, d.
TEM image of CNFs, e. AFM results of CNF film.
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Figure A5.3. Open-circuit voltage and short-circuit current between CNF nanopaper and various materials.
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Figure A5.4. a. Reliability testing of the output voltage of LCNF nanopaper/Cu TENG (30 Hz, 4.2 N), b. Open

circuit voltage of LCNF nanopaper/Cu at different test frequencies.
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Figure A5.5. Output voltage of LCNF nanopaper/Cu TENG at various %RH levels, a) 27%, b) 40%, ¢) 50%, d)
60%, e) 70%, f) 80%, g) 90%, h) 95%, and i) TENG voltage outputs plotted against RH levels.

165



External frequency and force (5Hz & 13N)

A. B. C.
T 25.6°C v v T30C T T35°C

40- | 40 40-
= 201 20 = 204
o s %
-] @
g0 2 0 2o
s $ 5
> 2 >

204 -20 -20

-40 4 -40 -40

-5 0 5 -5 0 5 -5 0 5
Time (s) Time (s) Time (s)
D E. F
T 40° T50°C

40 40 4 .
E 204 :>: 20 E "
> -3 g
> > S 0

-20 1 20

-20
pat , . 40 . . y
-5 0 5 5 0 5 5 0 5
Time (s) G Time (s) Time (s)
90 4

"‘\\___‘ ]

Voltage (V)
(=2} ~ ©
S ¢ o

15
o

24 32 40 48 56 64
Temperature (°C)

Figure A5.6. Output voltage of LCNF nanopaper/Cu TENG at various temperatures, a) 25.6°C, b) 30°C, ¢)
35°C, d) 40°C, e) 50°C %, f) 64°C, g) TENG voltage outputs against temperature.
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Figure A5.7. Rectified voltage a. and current b. output of LCNF/AI based cascade-type TENG (CTENG)
device.

Table A5.1. X-ray photoelectron spectroscopy (XPS) peak positions data for C 1s line of nanopapers.
Band C 1s was deconvoluted into five peaks.

Sample type  Component Assignment Peak BE (eV) Atomic Conc. (%)

CNF C-C 284.83 30.93
C-OH 286.58 54.04
C=0 288.18 13.55
OH-C=0 289.38 1.49

LCNF C-C 284.68 66.44
C-OH 286.48 26.84
C=0 287.98 4.81
OH-C=0 288.98 191
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Table A5.2. X-ray photoelectron spectroscopy (XPS) survey results. Atomic concentration of carbon
and oxygen in CNF and LCNF nanopapers.

Sampletype  Component  Peak BE (eV) Atomic Conc. (%)

CNF C 286.25 62.3
) 532.98 37.7
LCNF C 292.58 69.2
0 538.58 30.8

Table AS.3 Comparison of output performances of TENGs using unpatterned metal as the tribopositive

layer
Tribopositive Tribonegative  Output power Short-circuit Open-circuit Conditions Ref
layer (+) layer (-) density current density voltage
Nickel Nitro CNF 0.09 W/m? 1.2 pA/em? 35V 3N&5Hz 8
Cu CNF 0.0048 W/m? 0.44 uA/cm? 13V 16.N& 1Hz °
Cu-Ni alloy PTFE 45 pW/cm? 1 pA/cm? 196.8 V NA & 6 Hz 10
Au* PTFE 10 pW/cm? 0.20 pA/cm? 45V NA 1

* Piezo-tribo configuration

** This work
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