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Abstract

Mechanical energy is the most ubiquitous energy source in an ambient environment, which
exists in various forms such as vibration, shocks or stress, with frequency ranging from few Hz to
kHz. With the recent surge of technological advancements in low power devices, the escalating
costs of power storage device and the ongoing energy crisis. A significant amount of extensive
investigations has been conducted in the field of effectively harvest and converse these mechanical
energies through smart materials. On one hand, harvesting and utilization of these mechanical
energy could be an efficient strategy to reduce the dependence on the traditional energy source.
On the other hand, smart material does not only harvest mechanical energy into electricity, the
multi-functional property of various smart materials enables its output to be employed in a wide
variety of applications. The study concerning harvesting and conversion of mechanical energy via
smart material technology has been attracting wide attention and therefore deserves more attempts.
In this thesis, three novel strategies based on utilizing piezophotonic material, aggregation induced
luminescence (AIE) materials and triboelectric generator (TENG) to convert and harvest

mechanical energy is developed and illustrated.

Firstly, a novel strategy is developed to realize the reversible tuning of the emission
wavelengths of the piezophotonic material through variation of mechanical excitation frequency.
Here, a non-conventional physical approach of temporal and remote tuning of light-emitting
wavelength and color of piezoluminescence is demonstrated. It is shown that by modulating the
frequency of the mechanical excitation, luminescence wavelength from the flexible composites of

piezophosphors induced by the piezophotonic effect can be tuned in in-situ. Further investigation
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suggests that the observed tunable piezophotonic emission can be ascribed to the tilting band
structure of the piezophosphor induced by a high frequency of mechanical excitation. Experiments
were performed to verify this real-time and reversible piezoluminescence emission color tuning.
Moreover, some proof of concept devices, including red-green-blue full-color displays and tunable
white-light sources are been demonstrated simply by modulating the mechanical excitation

frequency. This work has provided a new understanding of the fundamentals of piezoluminescence.

Secondly, in our society, the process of binding nitrogen with hydrogen under high pressure
and temperature that produces fertilizer consumed 1-2 % of the world’s energy production.
Therefore, the development of green energy-based nitrogen fixation technology is realistically
significant for the fertilizer industry and agriculture. Herein, an environmentally friendly
microplasma discharge-based nitrogen fixation system driven by harvesting ambient or ignored
mechanical energy with a novel triboelectric nanogenerator is conceived. This novel TENG has
the capability to generate a high voltage of about 1300 V without additional auxiliary and it was
integrated with a discharge reactor. The generated voltage can be utilized to induce microplasma
discharge under an atmospheric environment in the discharge reactor. Thereby, this voltage is
directly applied between electrodes of the discharge reactor to induce an atmospheric microplasma
discharge and nitrogen fixation. It is observed that through this discharge nitrogen gas in the air
had been successfully converted into nitrogen compound, including nitrogen dioxide and nitric
acid solution, via the TENG-driven microplasma discharge process to finally realize the nitrogen
fixation. The NOsz- concentration of 250 ppm can be arrived after continuously operating the
TENG for 400 min. Further, the effect of the magnitude of the separation between the discharge

electrode on discharge process, including discharge voltage, discharge current and average
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discharge energy per TENG operation cycle, had been systematically investigated. The TENG-
driven microplasma discharge-based nitrogen fixation system was demonstrated its ability to serve
as a nitrogenous fertilizer supplier, and correspondingly, NaNOs fertilizer was produced via
driving the system by human walking stimuli for crop cultivation. After driving the system by
human walking stimuli, the NaNOs fertilizer was produced to benefit the growth of the green bean.
This work provides feasibility to develop an energy-saving, environmental-friendly, cost-efficient
and safe nitrogen fixation route. This study offers a promising atmospheric nitrogen fixation

strategy with energy-saving, environmental friendliness, flexible operation, and high safety.

Thirdly, a novel strategy to realized mechanical energy modulation of the AIE emission is
purposed. Previously, the majority of switching of AIE luminogen between its on and off states
reported were achieved by multiple forms of energy input, namely, mechanical energy preceded
by heat or vapor fuming. This significantly hinders the development of a real-time, AIE regulating
mechanism based solely on mechanical energy input. Hence, by fabricating a composite by
incorporating the AIE luminogen into a polymer matrix. Mechanical stress was applied to the
composite to control the free volume around these AIE luminogen, such that restricting the
molecular motion of AIE luminogen and these nonradiative decay. Thereby, the emission intensity

can be enhanced.

These researches investigated mechanical energy harvesting and converting utilizing
luminescence materials and triboelectric nanogenerator. The novel findings provide valuable
insight and demonstrated promising application in harvesting mechanical energy, such findings

shall aid further research on various mechanical energy harvesting and conversion materials.
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Chapter 1  Introduction

Mechanical energy is the most ubiquitous energy source in an ambient environment.[1-4]
They exist in various forms such as vibration, shocks or stress, with frequency ranging from few
Hz to kHz. With the recent surge of technological advancements in low power devices, the
escalating costs of power storage device and the energy crisis.[5-9] Thereby, there has been a
significant amount of extensive investigation on the harvesting and conversion of mechanical
energy.

In this thesis, in-situ tuning piezoluminescence emission wavelength through modulating the
temporal of mechanical excitation is briefly described first, serval novel applications based on this
intriguing tuning of piezoluminescence emission wavelength which is described in subsequent
sections. After that, a novel microplasma-based nitrogen fixation system driven by harvesting
ambient mechanical energy though a novel triboelectric nanogenerator is presented, the
fundamentals and characterization of this novel high voltage triboelectric nanogenerator and the
nitrogen fixation system are discussed, providing a new strategy to realize environmentally
friendly in- situ nitrogen fertilizer supply. The possibility of an alternative route for the realization
of mechanical tuning of AIE was also discussed. Finally, the thesis concludes with perspectives in

mechanical energy harvesting based on the current development.

Wong Man Chung



Introduction
THE HONG KONG POLYTECHNIC UNIVERSITY

1.1. Background of mechanical energy harvesting and conversion

Currently, the most familiar mechanical energy harvesting and conversion techniques can be
divided into four main types. They are electromagnetisms, electroactivity / flexoelectricity,

piezoelectricity and electrostatics.[10-19]

Mechanical energy Electrostatic Piezoelectric Triboelectric

harvesting

Electromagnetic

Harvesting principle |Electromagnetic Electrostatic induction Piezoelectric effect & Contact electrification &
induction Electrostatic induction | Electrostatic induction
Impedance type Resistive Capacitive Capacitive Capacitive
Pros High efficiency, easy Light weight Easy to scale down to | Large output power, high
to scale up nanoscale efficiency, low weight, cost
effective materials, simple
fabrication
Cons Heavy magnet Precharge required, Low output & low Pulsed output, high
required, low output for | low output, high efficiency, pulsed matched impedance
small-scale devices matched impedance output, high matched
impedance

Figure 1-1 Comparison about the harvesting of mechanical energy using electromagnetic,
electrostatic, piezoelectric and triboelectric effect for illustrating their merits and possible

practical limitations.[19]

Based on Faraday's law of electromagnetic induction, electromotive force was generated
by relative displacement of magnetic field lines and a conductor.[19] Conventionally,

electromagnetic induction is most suitable for large-scale power generation owning to its gigantic
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sizes and operation condition. This technique harvest mechanism energy with maximum efficiency
in the high frequencies’ regime and macroscopic scale. Although electromagnetic induction is
normally most effective to harvest mechanical energy, however, its unique operation characteristic
limited the possible harvesting circumstances and only electric output. [20-25]

Furthermore, the recent development of multifunctional and on-wafer devices generally
only require a relatively low power consumption, while the number of these devices can be
numerous.[26-31] This puts forward severs challenges for electromagnetic induction based
mechanical energy harvesting and conversion. For instances, it is almost impossible to integrate
an induction motor on to microdevices due to their sizes, this results an in-situ mechanical energy
harvesting unfeasible. Various power storage devices such as battery can transfer the harvested
mechanical energy into each microdevice.[2, 32-37] However, monitoring and maintaining such
innumerable devices routinely and frequently will be an enormous task and may results in a
catastrophic environmental issue.[38-40] In this regard, developing smart material that can
efficiently harvest and converse mechanical energy into various useable forms of energy could be
an ideal strategy.

Smart materials are definite as intelligent materials that have a single or multiple properties
that can be significantly changed upon external stimuli, such as moisture, pH, or stress.[41-44]
Utilizing smart material to harvest mechanical energy may process various benefices. On one hand,
the sizes of smart materials can be miniaturized to adapted various harvesting circumstances.
Therefore, harvesting and utilization towards mechanical energy could be an efficient strategy and

may be able to reduce the dependence on a traditional energy source. On the other hand, smart
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material not only harvests mechanical energy into electricity, the multi-functional property of
various smart materials enables its output to be employed in a wide variety of applications.
Therefore, the study concerning harvesting and conversion of mechanical energy via smart

material technology has been attracting extensive attention and deserves more attempts.

1.2. Luminescence and mechanoluminescence

Luminescence is defined as the light emission from a luminescent material whereas the
electronic state of the substance is excited by external energy (photon, electron, etc. except heat)
and the excitation is released as photon emission.[45-51] It is a cold body radiation. Luminescence
from luminescent material can be provoked by photon excitation, the passage of a strong electric
field, electron beam excitation, or stress inducing light emission.[52-54]

Phosphor is a substance that exhibits the trend of luminescence under various stimuli.[45,
55-61] The types of stimulus that cause luminescent from phosphor depended on the phosphor’s
crystal structure and its electronic configuration. Luminescent and phosphor have been extensively
investigated, such as understanding the Kinetic process of the luminescence changes with structural
symmetry, crystal field, or band energy.[62-69] It is also necessary to develop an alternative
approach to vary the phosphor’s energy-level structure where tunable luminescence can be

achieved.
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Figure 1-2 Various luminescence tuning methodology from different phosphors.[45]

Currently, the most familiar luminescence emissions include photoluminescence,
electroluminescence, bioluminescence, chemiluminescence, etc.,[70-72] with each luminescence
emission form possesses its own potentials and uniqueness. Compared to its counterparts,
mechanoluminescence, by harvesting and converting mechanical energy to luminescence emission,
have several applicational advantages. Firstly, due to the abundant availability of ambient
mechanical energy and low cost in engineering. Further, its enormous potential in various
applications situation, namely application in sensing, actuation, energy conversion, and sourcing,
already attractive approach to achieve a sustainable energy source and self-sufficient systems,

which deserves more attention.

Wong Man Chung



% Introduction
Q& THE HONG KONG POLYTECHNIC UNIVERSITY
1.2.1. Definition and basic principle of piezoluminescence

Mechanoluminescence (ML) is defined as luminescence induced under any mechanical
stimuli.[73-78] Various form of mechanical action such as grinding, rubbing, stress, fracture,
vibration can induce ML. In some case, a sudden change of temperature or photon induced
deformation are also capable of inducing ML. There are numerous materials or compounds capable
of inducing ML. Although the physical mechanism for ML emission from different materials
varies from one another. They can be categorized into two major types: tribo-ML, and
deformation-ML.

Tribo-ML is produced during the contact or separation of two dissimilar materials.[79]
Whereas deformation ML is produced due to mechanical energy induced during deformation of
solids, it may further be divided into three types. The first one is Fracto-ML, the luminescence
produced at the instance new surfaces are created due to fracture of solids. The other type of Tribo-
ML is regarded as Plastic-ML, which is the luminescence emission during plastic deformation of
solids. The third is Elastic-ML is the luminescence during the elastic deformation of solid. Both
Fracto-ML and Plastic-ML may not be reproducible once emission occurs.[80] However, as the
definition suggested, Elastic-ML is highly reproducible and deserved more study in a mechanical
energy harvesting and conversion context.

Despite its great potential, the understanding behind the mechanism governing Elastic-ML
is still limited. It is generally accepted that the Elastic-ML emission originates from the transition

of electrons from the excited state to the ground state during dynamic loading of the ML
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phosphor.[81, 82] However, how these electrons overcome barriers from charges traps are
facilitated to be released during elastic deformation of an ML phosphor remains a mystery. One
proposition is that the piezoelectricity of host compounds generated an electric field which aided
the carriers to be excited into an excited state.[83-86] This is regarded as the piezoelectrically
stimulated electron detrapping model.

The model can be briefly described in Figure 1-3, and it can be intercepted as follow.
When mechanical energy is applied onto a piezophosphor, phosphor processes of the
piezoelectrical properties, the phosphor is subjected to deformation. The non-symmetric structure
of the phosphor crystalline will produces an inner piezoelectric field inside the phosphor lattice.
This piezoelectric field thereby would decrease the trap depth of these charge trap arise from
doping ions into the phosphor or the phosphor special phases. Electrons may, therefore, be de-
trapped. The energy released from the subsequent recombination of these electrons with holes
either directly induced a photon emission or transferred to doped ion and induced a characteristic
emission from that ions acting as luminescent centers. This proposition combined piezoelectricity,
luminescent centers, and charge carrier traps into ML. The process is thereby regarded as
piezoluminescent. Based on this proposed mechanism of piezoluminescent, the phosphor itself are
supposed to be able to maintain its crystalline structural integrity under stress. These charge traps
inside the phosphor lattice must have a proclivity for the charging and discharging processes, and
an in-situ reproducible emission from the phosphor under a dynamical variation in pressure

distribution.
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Figure 1-3 The mechanisms of the piezophotonic emission from (a) ZnS:Mn,[85] and (b)

ZnS:Cu.[87]

Thereby, under these conditions mentioned, only a limited type of piezoluminescence
phosphors have been reported. The most familiar host material included silicate, aluminate and
phosphate systems. These materials were capable of acting as host material since they are relatively
stable, and they are either doped with few types of transitional metal or lathanide. The doped ions
not only create additional energy levels that prohibit the mechanical energy input converted
excitation into non-radiative relaxations, but also able to act as additional charge traps for the
enhancement of piezoluminescence. Take ZnS: Cu as an example, its piezoluminscence
mechanism can be interpreted as follow. According to the lattice structure, a wurtzile structured
ZnS crystal under deformation would produce a piezoelectric field inside. During sintering, the
small sizes of Zn?* ions may induce Frenkel defect inside the crystal lattice. In addition, the doping
process of ZnS also induced Schottky defects that create various types of charge traps, namely,

electron donors and holes acceptors. When this ZnS: Cu phosphor subjected to mechanical energy,
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the piezoelectric field induced inside the lattice structure results in an energy band bending.
Simultaneously, the energy levels of these charge traps decrease due to this piezoelectric field.
Thereby, electron trapped inside these charge trap may be able to reach the conduction band and
recombined either with holes trapped in another defect center or back into its original trap. Energy
is released in the form of photon or transferred to the ions respectively. Notice that the de-
excitation of excited ions would give rise to the light emission characteristic of the doping ions,

which can be regarded as luminescence center.
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Figure 1-4 Crystal structure and piezoluminescence from ZnS:Cu phosphor. [87]
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Traditionally, the representative piezoluminescence material that conducted ML based on
the above mechanism include SrAl,O4:Eu?*, LiNbOs:Pr¥* , mCaO Nb,Os:Pr¥* (m = 1, 2 and 3)
and ZnS:Mn?*.[68, 78, 88, 89] Among them, ZnS:Mn?* emit a strong 585 nm strong
piezoluminescence as a relatively small mechanical energy applied to it. This intriguing
phenomenon embarked further developing type I1-VI doped ZnS based piezoluminecscent
material. For instance, both Cu* and Cu?" are doped into ZnS synthesize a green (510 nm)
piezoluminescence phosphor. Later, co-doping of Cu?* and Mn into ZnS produces a warm white
piezoluminescence. This intriguing color mixing properties of ZnS piezoluminescence based on
co-doping would have a significant impact in the field of ML. Since it would certainly broaden the
scope of applications as well as deepen the understanding of piezoluminescence, therefore

deserved more investigation.
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Figure 1-5 Summarized examples of recent development of piezoluminescent material and its

applications. [68, 88-91]
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1.2.2. Mechanical stimulated and controlled aggregation
induced emission

Mechano-responsive luminescence material is a type of material/composite demonstrates
variation in photoluminescence (PL) emission in responses to a mechanical energy input.[92-94]
The changes can be a completely switching on/off PL emission upon the application of various
mechanical stimuli. These mechano-responsive luminescence materials have shown a steady
increase of attention in recent years since their potential applications in various fields are indeed
promising.

It is well established that the structural properties of a solid-state molecule dominate the
luminescence properties of the particular molecule.[95-98] These structural properties include
molecular packing, intermolecular interactions, mobility of various ligand.[99] Upon a mechanical
stimulus applied to the molecules, the changes of the molecules physical factors can induce
alternation of the properties of the subsequent luminescence. For instance, the changes in the
energy levels of the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of molecules can be dynamically controlled results a shift in emission
wavelength. [100-102] Although the majority of known mechano-responsive luminescence
materials display fine reversibility under mild operation condition, but there are a few hindrances
hindering the understanding mechano-responsive luminescence molecules, such as limitation of
choices of material, luminescence quenching, a weak luminescence in solid state and aggregation

caused quenching.[103]
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Although aggregation generally is regarded as a destructive role and great obstacle in the
field of development and limitation of luminescence. In recent years, scientists and researcher
around the globe had put enormous effort developing aggregation-induced emission (AIE) since
Tang et al first reported this intriguing AIE phenomenon in 2001.[104, 105] AIE have first
observed in a silole based organic molecules. Afterward, a prolific number of molecules, organic
luminophores capable of AIE have been developed.[106-109] Apart from this solvent exchange
method, the magnitude of AIE emission can be modulated in situ via various physical means, this
simple and effective phenomenon manifest numerous applications. However, there is a limited
report based on solely and directly utilize local mechanical energy input to regulate the properties
of AIE emission from any AIE molecules. Recently, incorporating AIE-type structural moieties
into macromolecules have been investigated.[110-112] This integration provides an easy and
effective strategy for the fabrication of various flexible AIE composite materials and mechano-
responsive luminescence material. This not only provides a deeper mechanistic insight of AIE
material but also enhanced the possibility for realizing a solely mechanical energy driven AIE

emission modulation. Therefore, it is critical for fundamental research and practical applications.
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Figure 1-6 Example of AIE numerous applications. [113]

The AIE mechanism of silole based luminophoric molecules can be interpreted through the
structural topology of these AIE molecules.[114, 115] Different from planar shaped conventional
luminophores, such as perylene. An archetypical silole based luminophoric molecule has a shape
resample the propeller of a container vessels. It consists of multiple phenyl as the rotors and silole
in the center acting as a stator. When these silole based luminophoric molecules are in a good

solvent, the rotors of the molecule undergo a dynamic intra-molecular rotation against its stator
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upon photon-energy input. Since this dynamic intra-molecular rotation dissipated the incoming
photon energy into kinetic energy of the rotor, renders the molecules non-luminescent. When the
luminophoric molecule was situated in a poor solvent, the propeller-shaped molecules prohibit the
packing of molecules through a n—r stacking process. Furthermore, a restriction of intramolecular
rotations of these rotors arises from physical constraint in poor solvent results the radiative channel
reopen. Once photon energy enters the system where the luminophorpric molecules are situated in,
the molecules become emissive and AIE occur. There are a various of silole based luminophoric
molecules exhibit AIE. As shown in Figure 1-7
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Figure 1-7 Example of archetypical AIE molecules and the AIE mechanism.[113, 116]

Among them, Hexaphenylsilole (HPS) molecule is a distinguish archetypal AIE
luminogen.[117] It has a propeller-like configuration from the torsion between its six peripheral
phenyl rings and the silole plane. In the silole core, six phenyl rings are decorated though single
bonds. The carbons in the peripheral phenyl rings are all arranged either in a clockwise or
anticlockwise manner It has high electron acceptability, fast electron mobility. It is non-emissive

in its normal state. During aggregation, the increased molecular interactions cause restriction of
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HPS intramolecular rotations and also hamper its molecular motions. Aggregation-induced
emission therefore occurs. Comparing with other fluorescent molecules, HPS has shown
significant AIE property, their fluorescence emission intensity increased several hundred times
upon aggregation. Tetraphenylethene (TPE) is another archetypal luminogen with a simple
molecule structure but shows a splendid AIE effect.[118] In its crystalline lattice, it has four
propeller-like phenyl rings. These rings are twisted out of the central alkene plane. Multiple
intramolecular C—H---x hydrogen bonds are formed between the hydrogen atoms and the =
electrons of the phenyl rings of an adjacent TPE molecule. This configuration inhibited
nonradiative recombination by preventing the direct n—n stacking interactions, compile TPE a
highly emissive luminophore in the aggregated state. TPE typically shows a deep blue
electroluminescence emission peak at 445 nm, which is close to the PL of its crystals.
Aforementioned, AIE based mechano-responsive luminescence system that exhibit tunable
emission generally require another types of stimuli to return to its original state.[119-122]
Nonetheless, they can still be regarded as mechano-responsive material. Tang et al. reported that
several luminophoric AIE molecule shown an emission switching between crystalline and
amorphous states.[123] In the report, the AIE molecules were deposited onto a quartz substrate.
Once these AIE molecules were annealed into its crystalline state, with 3-fold intensity
enhancement occurs. The crystalline thereafter was transformed into an amorphous film via an
application of mechanical stress. The subsequent emission from the molecules were diminished
significantly. The observed phenomena were explained by crystallization enhanced emission, a

form of morphology depended emission. Since these intramolecular interactions luminogens
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molecules is restricted owning to steric effect from its crystalline state, which enabling these
radiative interactions. On the other hand, when the luminogens molecules are not packed in a
macroscopic framework or in its amorphous phase, these luminescence quenching criteria such as
intramolecular rotation, p—p stacking or H/J-aggregation may occur, results in a significant
reduction of the luminescence.

Additionally, a shift in emission wavelength can be observed in some AIE luminogens
molecules under mechanical stimuli. The underneath mechanism of the shift has been reported. It
is generally believed that a morphological change between the thermodynamically stable
crystalline state of an AIE luminogen and its metastable amorphous state render the hyperchromic
and bathochromic emissions respectively. This reversible modulation of morphology under
mechanical stimuli combined with thermal or organic solvent fuming driven recrystallization
medicate the peak emission wavelength of the AIE luminogen dynamically. For instance, Tang et
al. reported that 1,1,2,2-tetrakis(4-ethynylphenyl) ethane, an archetypical AIE luminogen, exhibit
a 477 nm emission during its crystalline phase.[116] Upon mechanical stimuli such as grinding
the crystalline with a glass rod into amorphous powder, the emission red shifted to 505 nm.
Thereafter, the peak emission reverts to 477 nm by fuming these amorphous powders with organic
solvent to recrystallization.

However, as stated earlier, most of the cyclic (switch on/off) AIE modulation are achieved
by multiple form of energies input, namely mechanical energy preceded by heat or vapor fuming
driven recrystallization to realize a phase change of these AIE luminogen. This significantly

hinder the development for a real time, simple AIE regulating mechanism based on mechanical
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energy input solely. Although most of previous studies revealed that the restriction of
intramolecular motion of the rotor of the in its amorphous phases is primarily responsible for the
AIE phenomenon, though demonstrating AIE in a solvent exchange context. AIE luminescence
amplified comparatively when it was dispersed into a poor solvent than in good solvent. But one
can suspected that, based on the intramolecular motion of rotor, aggregation formation is not a
necessary condition for AIE to occur. Rather, the aggregation may merely be a sufficient condition
for AIE to happen. It implies there may be an alternative method to realize such an intriguing
phenomenon. In recent year, Shinkai and coworker have been realizing an emission known as
cyclization induced emission by utilizing supramolecular interaction to induced or suppress these
rotor motion, in turn to trigger AIE emission, [112] as shown in Figure 1-8 (a). Compared with
AIE luminogen, incorporation into macromolecule or polymerization of AIE materials provide
several advantages. Among them, ease of functionalization and prominent processability are the
two key factors that may promises a solely mechanical energy modulated AIE emission could be
realized. Although AIE polymer matrix already demonstrated its great potential in practical
applications, such as florescent chemosensors and the application scope had been expanded in
relative potency. As a young field, AIE polymer research is experiencing exponential growth and
tremendous progress have been made so far, studies in design, syntheses protocol, morphology,
functionalities etc. have been conducted and significant progress have also been made.[102, 124]
In the mechanical energy perspective, the major factor in realizing solely mechanical energy
medicated AIE emission should be structural morphology and functionalities of the AIE-polymer

matrix. Thereby, a brief overview of these three key factors will be introduced.

Wong Man Chung
17



b Introduction
q THE HONG KONG POLYTECHNIC UNIVERSITY

(@ s (b)
it~ o~ v

533
{}M > O o~ (t\r( 2, M
THF AIE PDMS elastomer - M
338
free . restricted s Yo
' ) " emissive f\‘,/‘
Solvent Temperature, etc.

L AN

Highly Emissive Non-Emissive
in More Polar solvent Aggregation Dissociation
‘ ( E
pb2 O Fluorene
) () m lon receptor
Pb?*
Non-Emissive Highly Emissive
in Less Polar Solvent Aggregation Formation

Figure 1-8 AIE macromolecules (a) Working principle of tuning of emission of AIE polymer (b)
Examples of crosslinking AIE luminogen with polymer. (c) Working principle of tuning of emission

of AIE polymer (d) Numerous applications utilizing AIE polymer. [110, 112, 124, 125]

AIE macromolecules and the sequent polymerizate polymer can be constructed through
numerous synthetic strategies. These strategies generally aimed either at integrate archetypical

AIE luminogens into monomer or empowered these AIE luminogens as a crosslinker and directly
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polymerized another monomer, some examples are demonstrated in figure 1-8 (b). For integration
of archetypical AIE into monomer, typical methods include direct linkages of AIE into monomers
or copolymerization AIE luminogens with other monomers. These two basic strategies can be
further modified with an AIE luminogens act as a side chain of the monomer or as a terminator.

Besides direct polymerization via modulation of monomer, various polymerization
strategies have deviated to polymerized various types of monomer discussed previously. [102, 124]
They can be categorized into two main schemes, chain polymerization and step polymerization.
These two schemes can furnish both nonconjugated, and conjugated AIE-polymer. For example,
acetyl or alkyne have been used to synthesize conjugated AIE-polyacetylenes, while
homopolymerization or copolymerization form vinyl polymerizations have been utilized to
synthesize nonconjugated AIE-vinyl polymers. Furthermore, step polymerization have also be
employed. Free radical is utilized to initiate polymerization of nonconjugated AIE-polymers. This
method received wide attention as they added additional and various functionalities in the
polymers, such as, enhanced mechanical properties, biocompatibility and temperature or solvent
based stimuli responsive properties.

Though incorporating AIE lumingens into a polymer matrix, the fabricated composite
equipped with both the advantages of AIE small molecules and polymer. For instance, the
performance of AIE-polymer may be comparable or even enhanced when compared to its small
molecule counterpart.[126, 127] Further, many intrinsic properties of the polymer matrix are
inherited by AIE-polymer, such that, the scope of applications and functionalities could be

expanded, especially for conjugated polymer. Since they have shown facile processability and
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superior sensitivity to various environmental factors, therefore, it opens the possibility for the
conjugated polymer to be applied in the applications such as chem and bio sensors, non-linear,

electroluminescence device cell imaging and stimuli-responsive polymer, as shown in Figure 1-8

(d).

1.3. Harvesting ambient mechanical energy for electricity
generation

Electricity and energy are key factors governing the future of society and quality of life.
Traditional fossil energy sources namely coal, natural gas or petroleum fuel are all limited in there
and leave a significant carbon footprint.[128-132] Thereby, energy crises and catastrophic climate
changes have become aware and concern by the general public.[133-135] The urgency to develop
novel renewable and green electrical source to substitute or replace fossil fuel have become
prominent.

In the field of portable and wearable electronics, an unprecedented pace of development has
been observed in the past two decades.[132, 136, 137] These portable and wearable electronic
entered various sectors of life, such as healthcare, fabrication, security, and sensing. The current
trends of miniaturization of electronic technology have not only expanded the knowledge in
material and electronic science but also the revolutionized the concept of energy supply and

Sources.
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The miniaturization of these electronic devices required moderate power to operate, in the
range of milli and micro watt, when the number of these devices can be numerous, furthermore,
as the buck-boast technique has become more mature and low cost in recent years.[8, 138-140]
The possibility to harvest and convert the local ambient environmental energy to match and supply
the devices electrical requirement become significantly realistic. Moreover, in a traditional power
supply sources context, a severe challenge was imposed to traditional energy storage or energy
source. For instance, battery-powered electronic devices are a common practice in modern
society.[141-143] However, to routinely and frequently monitor, replace, and recharge such a vast
number of electronic devices are not practical. Especially for electric or electronic devices that are
in a rural area, not only replacing the battery for these devices impractical, the limited voltage
available from a battery causes the operation cost uneconomical.

In this regard, developing new technology that not only can harvest ambient energy such
as wind, temperature gradient or mechanical energy, in order to satisfy rural area energy needs but
also can supply enough voltage for various application in these areas is likely to be an ideal choice.
Since these ambient energies usually have been ignored and they generally are renewable. Thereby,
harvesting and conversion of such ambient energies could reduce the dependence on traditional
energy significantly. Further, by generating a large voltage, a variety of electrical application can
be operated independently. Therefore, the study concerning harvesting ambient energy has been
attracting extensive attention.

Among substantial energy harvesting, traditionally ambient mechanical energy has been

harvested based on electrostatic, electromagnetic and piezoelectric effects.[13] For instance, the
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piezoelectric generator is used to converse mechanical stimuli to an electrical signal or directly to
electricity for micro-electronics and 10T system. The limited frequency range for piezoelectric
generator limited optimum performance utilization and a piezo generator usually required a
strenuous effort to fabricate these problems still pose a challenge for its application as a power
source.

Electromagnetic generator is the most sophisticated mechanical energy harvest and
conversion technology.[144] Its advantage included its conversion efficiency, while its conversion
is independent of environmental factors. In addition, a stable high current output can be obtained
as long as the input mechanical energy is above a threshold value the electromagnetic generator
required. However, ironically, this threshold value required a relatively high frequency. Moreover,
the torque to start an electromagnetic generator is generally unfeasible in an ambient mechanical
energy context, which significantly hindered the application of electromagnetic generator in
harvesting ambient mechanical energy. Therefore, its ability to harvest ambient mechanical energy
generally is regarded as limited. In recent years, triboelectric nanogenerator (TENG), a novel
mechanical energy harvesting technology have attracted tremendous attention. Due to its
advantage over piezoelectric generator and electromagnetic generator owning to its eases of
fabrication and low threshold energy to operate, have attracted much attention. Furthermore,
TENG shows advantages of wide range of operation frequency, flexible sizes, wide range of

working modes and capable of generate a relative high voltage.
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Figure 1-9 (a) Numerous fields of application of TENG (b) Examples of TENG powering 10T.

[19, 145]
1.3.1. Triboelectric generator and its fundamental

TENG was invented in 2012, it has been attracted extensive attention in academia and rapid
progress have been made. [19, 138, 146-149] Generally, it converted ambient mechanical energy
to electricity. Its operation is based on triboelectrification and electrostatic induction.

By means of triboelectrification, it is the electrically charging of two dissimilar material as
their surface during a rubbing action.[146, 150-152] Although the underneath mechanism is still
uncertain, it is generally believed that the surface contacted exchange charges due to the
electrochemical potential gradient between the two surfaces. From this potential difference,
charges are migrated from a high potential surface to a low potential surface. As the two surfaces
parted, each surface will be acquired or loss static charges. Afterward, a voltage is built up between

these two surfaces due to these charges are generally prohibited to drain to the ground, a high
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voltage is therefore subsequently built up and be utilized as the output of TENG. This mechanism
is summarized in Figure 1-10 By harvesting various form of ambient mechanical energies and
utilizing it for the aforementioned rubbing and separating action, TENG therefore converts the

local ambient energy and acts as a sustainable electric source.
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Figure 1-10 Work mechanism of a typical TENG. [153]

The operation of TENG is based on triboelectricity of material. Prior to numerous effort
and research from the past few years, [8, 138] fundamentally, the operation mechanism of TENGs
can be divided into four modes. Based on these four modes of operation, TENG could be utilized
in a vast situation and/or circumstances for mechanical energy harvesting and conversion. Hence

a brief discussion concerning four modes will be given in the following,
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(1) Vertical contact-separation mode
The vertical contact-separation mode is considered as the most fundamental types of
TENGs.[154-158] Figure 1-11 shows a typical dielectric-to-dielectric vertical contact-separation

mode TENG.
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Figure 1-11 Typical dielectric-to-dielectric vertical contact-separation mode TENG.[159]
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Two different materials regarded as frictional layers with electrodes coated on their top
surface in contact with each other in the bottom surface, surface charges are built up due to contact

electrification between these materials. The difference in electron affinity of two materials will
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cause charge transferred between two surfaces. As electrodes are electrically connected to an
external circuit, once the two oppositely charged surfaces are separated, an electric potential
difference between the two electrodes is generated from coulomb interaction between the charged
frictional layers. This potential different drives electrons in the connected external circuit to flow.
Once the frictional layers separation decreases and were brought into contact by mechanical energy
input. A potential different with revered polarity is induced and electrons thereby in the external
circuit will flow in the opposite direction until the frictional layers contacted with each other. Upon

a periodical application of mechanical energy onto TENG, electric energy is generated.

(2) In-plane sliding mode

Apart from vertical contact-separation mode TENG operator via the two contact materials
as they separated in direction perpendicular. An alternative strategy TENG electricity generation
from contact electrification of two frictional layers is separating these layers in the direction
parallel to the length of the frictional layers. This contact separation mode is regarded as the lateral
sliding mode TENG. Figure 1-12 shows the structure and working principle of a typical dielectric-

to-dielectric lateral sliding mode TENG.[143, 160-163]
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Figure 1-12 Working mechanism of a Sliding mode TENG. [164]

The working principle is similar that of vertical contact-separation mode TENG whereas
frictional layers of TENG slide across each other. The triboelectrification causes the charge
transfer between the interface, this direction and amount of transferred different charge carriers
are also mainly depended on the variance of the electron affinity between frictional layers as in
vertical contact-separation mode TENG. Furthermore, the two frictional layers as in contact-
separation mode are deposited with electrodes and connected to the external circuit. Hence, a
potential difference will be generated upon the separation of the frictional layers, and a current is
thereby induced. Further, as mechanical energy brought the two frictional layers to contact again,
via coulomb interaction a potential difference will generated to oppose the mechanical energy
input, this potential difference also will induce a current across the external circuit in the opposite
direction. However, unlike vertical-contact separation mode TENG, though the mechanical energy
can drive the frictional layers of the sliding mode TENG to sliding back and forth. The structure
of this mode TENG can also be modified such that a rotational mechanical force can also be

harvested and conversed electricity. In a manner similar to an electromagnetic generator, this type
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of TENG not only can enhances its ability to harvest various form of mechanical energy, the low
cost, simplicity and flexibility of the TENG can also provide an attractive alternation from tradition

electromagnetic generator.

(3) Single-electrode mode

The reliability of operational output of both vertical contact-separation and lateral sliding
mode TENG depended on whether the inputting mechanical energy is or not periodic.[165-168]
However, most of the ambient mechanical energy available for harvesting is not practically
predictable.[169] Therefore, a single-electrode mode TENG was devised based its operation on a
single electrode and an electrical reference or grounded point. When mechanical energy was
inputted into a single electrode mode TENG, it generally is through a surface. This surface is
backed with an electrode as the primary electrode of the TENG. The surface itself can be a metal,
polymer or any dielectric. Once this primary electrode contacts the secondary electrode, which
usually is another surface with electrode beneath and connected to ground, charge carriers are
transferred upon the two surfaces are in contact with one another. A potential difference is
generated once these two surfaces were parted. Depending on the polarity of the generated
potential differences, electrons will flow towards or from the ground and a current is generated.
This single electrode mode TENG is flexible in terms of harvesting various form of mechanical

energy.
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Figure 1-13 (a) Working principle of single electrode mode TENG (b) Example of a single

electrode mode TENG. [170, 171]
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Since it can harvest mechanical energy in parallel or perpendicular direction relative to the
contact surfaces, moreover, the mechanical energy can be impulsive, long duration, or non-

periodic, such that increases the circumstances that it can be employed.

(4) Free standing mode

Different form the previous discussed TENG, a free-standing triboelectric layer mode
TENG operating based on two immovable frictional layers above electrodes connected across an
electric load.[172, 173] When a third frictional layer, which is not connected to any electric circuit
and regarded as freestanding layer are allowed contacted the two immovable frictional layers
separately. Since, during each contact between the freestanding frictional layers and one of the
immovable frictional layers, the contact electrification between them causes a charge carrier
transfer. This charge transfer causes a differences in the amount of static charge between the two
immovable frictional layers and induced a potential difference between them, a current will
thereby flow though the electric load. As the freestanding electrode contact the other immoveable
frictional layer, the current of opposite direction will flow across the electric load. This format of
mechanical energy harvesting based displacement of various objects traveling along TENG with

no moving part provide a durable TENG and expanding the scope of TENG applications.
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Figure 1-14 Working principle of two types of free standing mode TENG (a) Contact slicing mode

(b) Contact mode free standing triboelectric based nanogenerator. [174]

Technically, almost all materials can be the utilized to be a frictional layer in TENGsS.
Although contact electrification is a complicated process where both the magnitude and polarity
of the developed charge is sensitive to the material composition, the contact process and the

environmental conditions.[175-178] The critical criteria are for a TENG to be able to generate a
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voltage under same amount of mechanical energy could be regarded to be depending on the
variances in tendencies of the two materials to gain or lose electrons during contact electrification.
That is, with one material as frictional layers with the tendency to lose charge carriers, the other
material that aimed to conduct contact electrification with the first material must have the tendency
to gain charge carriers. The greater the variances, the high the output voltage.

For metallic materials, the charging process during contact electrification can be regarded
to be govern by the work functions of individual metal or alloy. Contrary, a unified theory
concerning the charging process of polymers material have yet to be developed. Since the charging
behavior of polymer vary between different polymer although several charging pattern could be
observed consistently. For instance, Polytetrafluoroethylene (PTFE) is generally regarded as the
most negatively charged material after contact electrification while Polyurethane foam is known
to be an apex positively charged material.

Therefore, various material can be arranged in a “triboelectric series” which enlists these
materials in the order of the relative polarity after contact electrification charging, from those that
capable of charged to most positive, like sorbothane, to those that charge most negative, such as
halogenated polymers. In the triboelectric series the higher positioned materials will acquire a
positive charge when contacted with a material at a lower position along the series. Thus, the

triboelectric series can be used to estimate the relative charge polarity of the materials.
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Table 1 Triboelectric series of various typical materials

Material

Polyurethane foam
Sorbothane

Solid polyurethane, filled
Nylon, dry skin

Nylatron (nylon filled with MoS2)
Glass (soda)

Wood (pine)

Cotton

Nitrile rubber
Polycarbonate

ABS

Acrylic (polymethyl methacrylate)

Affinity (nC/J)
60
58
40
30
28

25

-10

Styrene-butadiene rubber (SBR, Buna S) -35

PET (mylar) cloth

EVA rubber for gaskets, filled

-40

-55
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Polystyrene

Polyimide

Vinyl: flexible (clear tubing)
Olefins (alkenes): LDPE, HDPE, PP
Neoprene (polychloroprene, not SBR)
PVC (rigid vinyl)

Latex (natural) rubber

Viton, filled

Epichlorohydrin rubber, filled
Santoprene rubber

Hypalon rubber, filled

Butyl rubber, filled

EDPM rubber, filled

Teflon

-100

-105

-117

-118

-120

-130

-135

-140

-190
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1.3.3 Application of triboelectric generator
Aforementioned, TENG of various working mode and structural design have been
fabricated and developed for a variety of applications. Currently, TENG is mainly functioned its

function as power sources and self-powered active sensor.

(1) TENGsS as sustainable power sources

The ability of TENG in harvesting and converting ambient mechanical energy have
attracted great attention.[179] The most prominent is its ability to acted as a sustainable power
source to driven electronic devices.[136, 180-182] Moreover, the inherent high voltage output of
TENG provide a unsurpassed simplicity in those circumstances that required high voltage output,
such as mass spectrometer (Figure 1-15 (a)),[183] dielectric elastomer (figure 1-15 (b)),[184]
ferroelectric polymer,[185] field emission devices,[186], (figure 1-15 (c)) electrospinning[187] etc.
Moreover, various types of ambient mechanical energies, such as vibration, wind, blue energy and
human body motion energy have been harvested via TENG owning to the dismal design constraint

of TENG that can suit various occasions.
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Figure 1-15 Examples demonstrating various TENG applications.[183, 186, 187]

(2) TENG:S as self-powered active sensor

By its nature, TENG convert mechanical energy into an electric signal output, it is obvious
that TENG can be utilized as a self-powered direct mechanical stimulus sensing device.[188-191]
Though analyzing the feature of output signals, such as amplitude and frequency, the time portfolio
of the applied mechanical stimuli, and the environmental parameter can be interpreted through
careful analysis affecting the charge density of these surfaces of frictional layers. As shown in

Figure 1-16 (a). This provides the TENG with the ability as a self-powered mechanical or
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chemical/environmental sensor to obtain the information about the mechanical input and the
working environment. Moreover, various range of sensing types have been developed such as wind,

force,[192] acceleration,[193] MEMS fine displacement and rotational sensors etc.
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Figure 1-16 TENGsS as self-powered active sensor. [192, 193]
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(3) Power storage and management of TENGs

The inherent output characteristic of TENG leaded to the utilization of TENG output
directly hindered a number of obstacles. Such as the impedance matching of different forms of
TENGs with various electric devices, power mismatch between TENG output and devices.
Therefore, numerous power management schemes have been deviated.[27, 28, 194, 195] In a usual
strategy is to incorporate TENGs with a power management circuit, rectifier, or buck boast
convertor. In some occasions mechanical energy would be converted to another form of energy

though TENG.

TENG cloth

Smart phone Smart watch

Figure 1-17 Examples of TENG applications ultizing power managment circuit.[22, 26, 182]
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Chapter 2  Experimental techniques

The utilized experiment methods, and the equipment employed in this thesis will illustrated
in this chapter. Crosslinking of polymer and various fabrication strategy will be discussed.
Structural characterization, luminescence emission, electrical characterization, nitrogen sensing

and concentration of solution measurement are conducted various instrument will also presented.

2.1 Device preparation
2.1.1.  Crosslinking of polymer chains

Crosslinking of polymer can be defined as binding of originally separate molecules
permanently by chemical bonds. These chemical bonds either directly from one polymer chain to
another such as C-C bonds, or indirectly through a short chemical chain as in S bonds in rubber
vulcanization.[196]

Long chained polymer inherently resembles liquid regarding their viscosity. Generally, the
viscoelastic properties they exhibited are based on their chemical structure, entanglement of
polymer chains (chain mobility). However, once cross-linked, they will behave like solids and
maintaining their shape against deformation. Thus, the mechanical behavior of cross-linked
polymeric materials has been investigated by many researchers.

For instance, when cross-linked polymer is immersed in a particular solvent, the polymer

absorb the liquid solvent until the swelling force associated with the mixing entropy between the
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chains and the solvent balances the elastic force of the chains between junction points. These cross-

linked polymeric systems containing the solvent are called chemical gels.

2.1.2.  Spin coating

Spin coating is one of many standard procedures for fabricating thin film or micro-
fabrication with thickness from few nanometers to micrometer thick film.[197] Generally, this
fabrication method is relativity simple and the duration of the actual coating processing usually

are not time consuming.

The fabrication process of spin coating basically required a fixed amount of coating
material placed at the center of a substrate. Once the substrate started spinning, centripetal
acceleration will cause these coating materials to spread out across the surfaces of the substrate.
Although the majority of the coating material will eventually fall off from the substrate, on the
other, a thin film will be coated relativity uniform on the surface of the substrate. This thickness
of this film will be depended on a few factors, namely, spinning speed, viscosity of the coating

material, surface tension between the coating surface and the coating material etc.
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Figure 2-1 A typical spin coating process

Typical spin coating process, as depicted in Figure 2-1, consists of a few key steps. Firstly,
after cleaning, wetting or plasma treatment of a substrate. The coating materials were dispensed
onto the substrate. There are two typically ways to dispenses these coating materials, either a static
dispenses, or dynamic dispense. A static dispense is the deposition of coating materials in the
center of the substrate. Whereas a dynamic dispense is the dispensing the coating material when
the substrate is turning at low speed. The coating material spread out over the surface uniformly
then the spin speed ramped up. The optimal spin speed for the dynamic dispense spin coating is
relatively high as compared with static spin coating. Also, the solvent containing the coating

material have less time to evaporate before the actual spinning, furthermore, the ramp speed and
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the time of dispersion are less critical then their counterpart in during static dispersion. In both

cases, a higher spin speeds and prolonged spin duration tend to fibrate a film with smaller thickness.

In case of a patterned substrate coating, the acceleration rate adapted a critical role.[197]
The time to evaporate the solvent that aid the coating process can be determined by this rate.
Moreover, the acceleration rate also governs the magnitude of twisting forces acted on the coating
material, this twisting force aids the uniformity of the dispersion of the coating material onto the

substrate surface.

2.1.3.  3-D printing

Additive manufacturing technique for fabricating structures with a wide range of complex

geometries from 3-dimensional (3D) model data is known as 3D printing.[198]

The process of 3D printing generally based on printing succession layers of materials
stacking on one other. Although powder bed fusion and fused deposition modeling can be regarded
as a bottom up process, generally they are regarded as a variation of 3D printing. Currently, 3-D
printing has been widely applied in different aspect of society, from hobbyists to industrial
application. Although numerous research and business have been employing this novel technique.
New applications are kept on emerging, such as the utilization of novel materials and additive
manufacturing method are continuously being developed and exploited. In addition, the resolution

and aspect ratio of the 3D printing reaches an unprecedented level, whereas the cost of 3D printer
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has been significantly reduced. Thereby 3D printing process has been widely utilized in numerous

applications.

Typically, a 3D printing process involved melting the feedstock (powder or wire) by an
energy source such as laser, electron beam or heat. These molten materials are deposited layer by
layer to form a continuous structure, they subsequently fused or bonded together either through

temperature gradient or various methods, such that a solid was formed. In some cases, materials

in the form of paste, sheet or inks can also be used for 3D printing.

Figure 2-2 An in-house 3D printer used in this thesis

Recently, 3D printing had been applied to various fields, such as biomaterial for

prototyping complex and customized tissues under patient -specific requirement. Although the
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number of choices of material available for the printing process are still limited.[199] On the other
hand, aerospace industry utilized 3D printing for on-site application such as demand
manufacturing or quick maintenance of aircraft. Although the precision of the part may still require
refinement.[200] Nonetheless, the evolution of 3D printing in recent years has been phenomenal.
The increased funding, research and development worldwide would result in a fast transition from

traditional methods of manufacturing to 3D printing in the near future.

2.2. Characterization

2.2.1. Scanning electron microscopy

Scanning electron microscopy (SEM) is regarded as a standard tool to study the
morphology of a sample. It focused a high energy electron beam onto the sample in order to gather

a variety of information about the sample's such as, surface topography and composition.
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Figure 2-3 A typical scanning electron microscopy.

Electron gun (field emission guns or thermionic guns) produced electron beams upon the
application of an ultra-high voltage, the produced electrons are further accelerated and directed
towards the sample by a grid of anode. Before impacting with the sample, the electron beam will
pass through a series of condensing lenses to focus and direct the beam into a more precious
manner. As the high energy electrons impacted with the sample, various signals are generated
though different kinds of interaction between electron and sample. These signals include but not

limited to secondary electrons, backscattered electrons, characteristic X-ray, transmitted electrons
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and photon, will be detected by the corresponding detectors to furnish image and information of

the sample.

For instance, the generated secondary electron provides the morphology, while
backscattered electrons generated from deeper penetration of these incident electron beams will
provide chemical composition information of the sample. Atomic composition of the sample can
be obtained through X-ray characteristic emission induced via inner shell electron bombardment
with the canning samples.

It is generally difficult to analyze nonconductive material by SEM as SEM analyzation
depend on electron interaction with the sample. However, layer of conducting material with
thickness of 10 to 20 nm may be deposited onto the surface of these non-conducting material to
enhance the emission of secondary electron and eliminating the surface of charging effect while
the incident electron beam bombarding the non-conducting surface, results a more stable and

refined morphology image.

2.2.2. Raman spectroscopy

Raman spectra is an analytical method to study molecular structure. It aims to obtain information
concerning molecular vibration, rotation change via analyzing the variance between the incident

light spectra and the scattering spectra.
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Its operation principle is based on quantum mechanics theory. As presented in Figure 2-4.
It was based on the interaction between the electron cloud of a sample and the external electric
field of the monochromatic light, which can create an induced dipole moment within the molecule
based on its polarizability. Since the incident light does not excite the molecule itself, such that
there can be no real transition between energy levels. The Raman effect therefore is not a
photoluminescence emission, in many cases to a vibrationally excited state on the ground
electronic state potential energy surface. According to the theory, elastic and inelastic collision
may take place when a photon collided with molecules. When some of these collisions may be
elastic such that there is no energy exchange during the collision, while during the inelastic
collision, frequency of the scattered photon varies such that a shift in emission spectra of the
excited light can be registered. This scattering is known as Raman scattering. If the frequency of
the scattered photon increases, the scattering is called Stokes Raman scattering. If the
corresponding frequency decreases, the scattering otherwise is known as anti-Stokes Raman
scattering. The molecules, in accordance to the magnitude of energy change, also adopted a new
rovibronic state. Thereby, by measuring the shift in this energy change. The characteristic value

of the vibrational energy of the molecules can be obtained.
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Figure 2-4 Raman scattering effect during Raman spectroscopy.

During the Raman spectroscopy measurement, a laser was irradiated onto the sample,
energy exchange occurred, then a Raman spectrum is recorded with a grating spectrometer. The
shift in energy and the recorded spectrum provide characteristic information concerning the

vibration of the molecules.

2.2.3.  Fourier transform infrared spectroscopy (FTIR)

FTIR is a technique generally for identification of molecular components, structure of
various material. Its working principle is based on characteristic absorption of infrared radiation
of different materials vary from one to other. Contrasts with Raman scattering, FTIR is the energy
measurement based on molecules absorption on infrared light rather than the changes in the
material electronic rovibronic state. During measurement, infrared light sources generates a

specific part of the spectrum. The generated light beam was separated by beam splitter. A path
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difference between these two beams is manifested after the beams through Michelson
interferometer. The two separated beams were recombined again such that the intensity of the new
beam change periodically. After the beam passes through a sample, the resultant signal is
registered by a detector and the signal was analyzed by a common algorithm of the Fourier
transform to obtain an infrared spectrum. Since each absorbed wavelength represents unique

molecular or chemical structure, making FTIR become a great tool for chemical identification.
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Figure 2-5 A schematic of a typical FTIR
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2.2.4.  AC mechanical energy input system

In order to provide controllable and stable mechanical stimuli, two self-designed

mechanical stimuli system were fabricated and applied during measurement.

The first one is a magnetic field inducted stress system which can generate a magnetic field
strength of 3.5 kOe with 400 Hz. Through magnetic attraction, sample which is magneto-
responsive will be under stress. Such that, high frequency sinusoidal mechanical energy can be

applied to a sample.

Brush Motor Magnet
Power source :

Figure 2-6 Homemade stress application system with various temporal of mechanical excitation.
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The stress system consists of 4 main parts: (i) a high speed brush motor, which is used to
rotation of a magnet; (ii) a NdFeB axial magnetized magnet with the remanence of 0.6 T; (iii) a
PWM modulator to control the RPM of the motor from 0 to 22000 and a couple of carjacks to

adjust the distance of the composites from the magnet which determine the magnitude of stress.

The second system for providing mechanical stimuli on a sample perpendicular to the sample

surface is compose of a linear motor.

2.2.5. Electric output characterization

Mechanical energy conversion through TENG is mainly measured by an oscilloscope.
Oscilloscope is an irreplaceable tool utilized by researchers, engineers, technicians, students and
hobbyists to design, debug, deploy and repair electronic designs. The most basic level oscilloscope
allows users to visualize the behavior of a signal by displaying its voltage over a time period.

Oscilloscopes are also commonly used to detect glitches and noise in a signal.

A digital storage oscilloscope read a voltage on an input channel, and then amplify the
signal, after various mathematics modulation based on measurement requirement. The signal will
finally covert with an Analog-to-Pigital Converter (ADC). The ADC samples the voltage into an
n-bit (n depends on the memory of each scope) sample taken every t s. These samples are stored

in the scopes memory and then displayed on the screen.
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Figure 2-7 DSO and high impedance probe employed in this study.

Although more functions were imported to these digital storage oscilloscopes, there are
few key performance characteristics that determine what types of signals can be captured by the
scope and the associated probes. Firstly, the Bandwidth of a digital storage oscilloscope describes

the frequency range of the oscilloscope (in Megahertz MHz) where the sampled signal’s amplitude
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will be attenuated to -3 dB of its original value. Signal attenuation describes a reduction in the
strength of a signal during transmission. Thus, a signal that was transmitted with 1V peak-to-peak
amplitude at 100MHz would be received at 0.7V peak-+to-peak amplitude on a 100MHz scope. The
other key factor is risetime, if the rise time of a scope is slower than the signal rise time, the scope
will show a false positive that cause device under test. The sample rate of a digital scopes also
adapted a key role in performance characteristic. Between each sample taken by the scope, an
interpolated data is not actually present, it is a mathematical make up. Therefore, the higher the
sampling rate, the more samples are recorded, and the fewer points are interpolated, and the more

faithful the signal will be to its original.

2.3. Optical spectroscopy

Various instruments in this study had been utilized to investigate the luminescence properties,

here a brief introduction discussing these apparatuses.

2.3.1. Spectrometer

A charge coupled device spectrometer from Ocean optics with fixed well depth associated
with each photodetector. Generally, a spectrometer is an apparatus to measure an optical emission
spectrum. The spectrum is recorded through the following steps, firstly, the detection process is to
guiding light through a fiber optic cable into the spectrometer through a narrow aperture known as

an entrance slit. The slit vignettes the light to enter the spectrometer. In most spectrometers, the
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divergent light is then collimated by a concave mirror and directed onto a grating. The grating
disperses the spectral components of the light at slightly varying angles, which is then focused by

a second concave mirror onto the detector.

e e
uUsSB4000

OceanOptics corr

Figure 2-8 A typical spectrometer, Ocean optics USB 4000, for recording emission spectrum.

Photon is then coupled and electron are generated by a CCD, the electrons which are digitized and
through the software in the then interpolates the signal based on the number of pixels in the detector
and the linear dispersion of the diffraction grating to create a calibration that enables the data to

be demonstrated as a function of wavelength over the given spectral range.

2.3.2. Spectroradiometer

A spectroradiometer is designed to includes photometric and calorimetric measurements.

However, other measurement such as source spectral power distribution, dominant wavelength
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and correlated color temperature can also be registered. The essential components of a
spectroradiometer consists of input optics, a monochromator and a detector. Firstly, input optics
gather electromagnetic radiation from the luminescence sources. Then the monochromator
separating light into its component wavelengths, the detector then converts the incoming photon

into electric signal and transfer to a control and logging system to define data.

The design of Spectroradiometer includes spectrally based photometric and calorimetric
measurements, source spectral power distribution, dominant wavelength and correlated color
temperature quick and simple. The measurement can be a cosine receptor for irradiance/
illuminance. Spectroradiometer consist input optics that gather the electromagnetic radiation from
the source, a monochromator separating light into its component wavelengths and a detector, and

a control and logging system to define data and store it.

Figure 2-9 A spectroradiometer for color temperature and CIE coordinates measurement.
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Chapter 3  Tuning of piezophotonic emission spectrum
via modulation of mechanical stimuli frequency

3.1. Introduction

Phosphors have been extensively investigated because of their wide range of applications
in display, solid state lighting, sensor, and bioimaging.[45, 78, 85, 201-206] For these applications,
it is desirable for the luminescence to be tunable in terms of the luminescent intensity and
wavelength. Tuning of luminescence properties previously had been focused on modification of
the phosphor, such as changing the phosphors chemical composition, crystal structure, phases,
lattice morphology or surface group, etc.[45, 86, 207, 208] However, these changes are essentially
ex-situ and irreversible. An in situ and dynamic modification of emission wavelength or color
gamut has rarely been reported. Recently, a full color tuning through non-steady state
upconversion photoluminescence was realized. This tuning is based on the modulation of pulse
width between the laser interaction and the samples.[209] The emission properties from a
multiphase core shell nanocrystal is controlled by varying the photo-excitation frequency and
excitation wavelengths. However, the nanocrystal processed a core shell structures that posed a
relative challenge in fabrication of these nanocrystal. The specific excitation wavelength and
excitation duration also limited the spectrum of applications. Furthermore, there had been a limited
work that demonstrated both luminescence intensity and color gamut can be remotely modified.

which hinder the development and understanding of various phosphor’s properties. Therefore, in
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recent decade, numerous pioneering works have manifested development of piezophosphors.[76,
78, 83, 85, 201]. For instance, a metal-ions doped ZnS wurtzite phosphors, as one of the
archetypical piezophosphors, has been investigate extensively. Based on these studies, the origin
of its piezoluminescence can be attributed to the doped ZnS wurtzite phosphors crystal structure.
Upon a mechanical energy stimulus, a piezoelectric potential will be generated within the crystal
lattice of the phosphor. This piezoelectric potential will excite these charge carriers in the
piezophosphors, thereafter, the relaxation of these charge carriers generates photon. Previously,
magnetic-induced luminescence (MIL) based on piezoluminescence was realized.[58] It is a
piezophotonic luminescence emission remotely triggered by a weak magnetic field excitation. The
corresponding emission intensity can be modulated by magnitude and frequency of magnetic
stimuli in a non-contact, reversible and dynamical manner. Based on this interesting work, a novel
strategy is devised to realize an in-situ exquisite control over the emission wavelength of the
piezophosphors. Generally, this strategy is based on modulating the frequency of mechanical
excitation exerted onto the piezophosphors, incorporating the properties of mechanical responses’
piezophosphor such that, charge traps at a shallower trap levels were excited, thereby the emission
peak of the luminescence was shifted. After the realization of such intriguing tuning of
piezoluminescence, an investigation concerning the mechanism of this real time tuning of the
piezoluminescence was conducted. It is ascribed to the properties of tilting energy band of the

piezophosphors under high frequency of mechanical energy stimulation. Furthermore, some proof
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of concept devices, for instance red green blue full-color displays and tunable white-light sources

are demonstrated simply by frequency modulation.
3.2. Sample fabrication

(1) The preparation of color-tunable piezoluminescence composites:

Metals-ion-doped ZnS microparticles with average size of 23 um (Global Tungsten &
Powders) were homogeneously mixed into a PDMS matrix. With the ratio of phosphor material to
PDMS was maintained at 7:3. The cured PDMS composites (5 mm in length and 1 mm in diameter)
were embedded into magnetic elastomer (2 mm in length and 1 mm in diameter) consisted of soft
ferromagnetic microparticle (Fe—Co—Ni alloy particles of average size of 100 um) uncured PDMS

in weight ratio 2.5:1. The samples were cured at 120 <C for 45 min.

(2) Fabrication of the Phosphor Possessing RGB emission ability and tunable White
piezoluminescence composite: The red-colored Hong Kong Polytechnic University logo was
patterned by screen printing (thickness 200 pum) the (SrS, CaS):Eu phosphor paste onto the top of
a ZnS:Cu-based piezoluminescence composite. The other format, namely rod based RGB
piezoluminescence emission consists of the a ZnS: Cu , SrS,CaS :Eu phosphor coated ZnS: Cu as
red element composite rods, and ZnS: Al,Cu as blue composite elements. each with a diameter of
1 mm and a depth of 5 mm. Such that the piezoluminescence red green blue composite consisted

of 16 composite rods, all of them is capped with the magnetic elastomer. For the element of white
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tunable white MIL composite was fabricated via homogenous mixing of YAG:Ce phosphor with

ZnS:Al, Cu piezophosphor. Inside a PDMS matrix to form the tunable white MIL composite.

3.3. Mechanism of in-situ tuning of piezophotonic emission spectrum

In order to formulate the mechanism beneath the in-situ modulation of piezoluminescence
emission wavelength, a brief discussion of the piezophosphors doping will be introduced as

follows.

Generally, specific metal ions such as aluminum and copper were doped into the host lattice
of the ZnS piezophosphor. A nonequivalent charges substitution will thereby occur, such that
various kinds of defects will present inside the phosphor lattices. These defects will generate
different types of luminescent centers and based on the types of luminescent centers; different
wavelengths were therefore emitted. Typically, for sulfide ions in the ZnS, Frenkel type defect will
generate sulfide vacancies. an additional shallow donor state will exist below the conduction band.
In the meantime, the metal ions doped into the ZnS host will create different types of charge traps
inside the band gap of ZnS. For instance, for aluminum ions (AI**) related defect, Al**ions will
occupied a zinc (Zn?*) site, regarded as Alz,. These nonequivalent charges substitution will create
a trapping centers for electrons. On the other hand, when copper ion (Cu®) occupied a zinc site,
Cuzn, the site will carry a negative charge, thereby created an additional hole trap below the valence

band of the ZnS host. These charge traps in different energy levels are bounded together by
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Coulomb interaction to form various luminescent centers in the form of donor—acceptor (D-A)
pairs with discrete spatial intrapair separation (r). The separation between a Sulphur vacancy and
the copper ion occupied zinc site, and that of between aluminum occupied zinc and copper
occupied zinc site is depended solely on the radius of the dopant ions and the lattice structure of
the host crystalline. According to literature, the spatial intra-separation r of Vs-Cuzn and Alz,-Cuzn
pairs can be expressed as r1and ro respectively, with ri<r».[210] Therefore, from coulomb laws of

attraction, the emitted photon energy and the intra-pair separation can be expressed as:

2

q
dmte,r

E(r) = E; — (E4 + Ep) + ¢y
where Eg is the energy bandgap, Ea and Ep represent the trap depth of acceptor and donor,

respectively, q is the electron charge, and & is the permittivity of phosphors.

To trigger luminescence, mechanical energy was applied into the piezophosphors in the
form of an induced magnetostrictive strain. The general formula relating the magnetic field (H)
applied to the piezophosphors, with the magnetostrictive coefficient () and the induced

magnetostrictive strain () generated are related to each other can be as,

_(')s

=30

(2)

This strain will induce a piezoelectric potential inside the phosphor crystal, the electrostatic energy

of an electron inside a charge trap of the crystal is increased and can be expressed as
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1 (AquO)Z

AE = e 3)

where do is the local piezoelectric constant, k is the force constant of host lattice.

The piezophotonic emission is essentially required the piezophosphors to be under a
dynamic mechanical energy changes rather than a static mechanical stimuli, therefore, the
relationship between the change rate of the electrostatic energy of an electron inside a charge trap

and the applied mechanical excitation, (in this case magnetic excitation) is written as:

i

0E _2HH (AquO)Z @

&
where H = ‘Z—I: is the change rate of magnetic field, which is related to the strain change rate acting
on to the sample.

Moreover, arise from the piezoelectric properties of the phosphor, the induced strain would change

the trap depth of the charge trap inside the crystalline,

2HH (Aqu(,)Z .

- (5)

Ep = Ep; — <
r

Ep; is the initial trap depth.

Based on the above equation, the tuning of piezophotonic emission spectrum via
modulating the frequency of mechanical energy input can be interpreted as the followings. When

a mechanical stress was applied onto the ZnS piezophosphors, the energy band of the ZnS was
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tilted and the detrapping of electrons in the donor states takes places. Photon is emitted upon these
electrons are recombined with holes in various types of charge trap afterwards. Under low
frequency mechanical stimulus, owning to the titling of the energy band is limited under a fixed
amount of induced strain, thereby only the deep charge traps in Alz, site are excited. The charge
carriers in the deeper charge traps can therefore be excited and reaches the conduction band,
emission in this case is peaked at 503 nm, which is the characteristic emission of the Alz,-Vs
recombination. Upon the frequency of the mechanical energy stimuli increases further. Although
the magnitude of the mechanical energy stimuli remain the same, the mechanical hysteresis of the
piezophosphors in such a high frequency of stimulation will results a remnant strain in the crystal
lattice, such that the slope of the energy band titling steepens and the charge carrier inside these
shallower charge traps are excited. The emission intensity of this shallow charge traps therefore
increases, aforementioned, the intra-spatial separation between a deep charge traps are relatively
larger than that of shallow charge traps. Therefore, for a deep charge traps pairs, the corresponding
wave functions describing this charge trap have a relatively small overlapping, results in a
saturation of emission intensity under high frequency mechanical energy excitation. On the
contrary, as shallow charge traps have a smaller intra-spatial separation, implicates a high electron
hole recombination rate. Therefore, the green emission intensity saturates as the excitation
frequency increases, while blue emission will subsequently dominate in the luminescence
spectrum, as shown in Figure 3-1. It should be notice that the assignment of the 503 nm emission

to the Alz-Vs recombination arises from the following. Firstly, in literatures reported earlier
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concerning the electroluminescence of this phosphor. [89, 211-213] The emission of various
luminescence center/pair have been well classified and documented. It is well known that
electroluminescence is closely related to the emission properties of mechanoluminescence.
Therefore, it is reasonable to assign the emissions to Alz,- Cuz, luminescence pair. Secondly, the
dependent of various emission wavelengths from Zinc Sulphur phosphor can be examined through
the doping of different dopants into the same host material. Investigation results suggested that a

green emission generally arises from copper ions related defects. And a Sulphur vacancy related

defect will emit a blueish photon.

— s WWWW\~ CB
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Figure 3-1 Schematic illustration of the mechanism responsible for temporal color tuning of
piezoluminescence emission in ZnS: Al, Cu piezophosphor by modulation of mechanical excitation

frequencies.
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3.4. Demonstration of the tuning of piezophotonic spectrum
emission

To realize the temporal and remote tuning of piezophotonic luminescence wavelength and
color gamut, a composite capable of the tuning were fabricated and various experiments were

conducted to examine, and the mechanism discussed in the previous sections.
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Figure 3-2 Schematic illustration of ZnS composite doped with metal ions (e.g., Al, Cu) when

excited by a modulated mechanical energy via magnetic field.

The composite was designed as a laminated structure with two phases with two phases
connected with poly(dimethylsiloxane) (PDMS). PDMS was also chosen as polymer matrix for
its optimized Youngs modulus such that the strain induced in the magneto-responsive phase can
effectivity induced a strain upon piezophosphor to stimulate piezophotonic emission. To be precise,

The magneto-responsive phase was composed of a micro-sized ferromagnetic particles embedded
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into PDMS, such that it will generate magnetostrictive strain when it is stimulated by an external
magnetic field. The generated strain was transferred to the other phases of the composite, where

mico-sized piezophosphors are embedded inside PDMS, as shown in Figure 3-2.

3.4.1. Shifting of emission wavelength under different
frequency of mechanical stimuli

During the measurement process, mechanical stimuli in the form of magnetic field was
acted on to the composite. Such that mechanical strain generated from the magneto-responsive
phase was applied to the piezophosphors. Based on experiment conducted, the strain generated
from the magneto-responsive phase changes monotonically with the magnetic field strength. The
magnetic phase of the composite has a low coercive field (9 Oe), therefore, it is reasonable to
assumed that the strain rate induced on to the piezophosphors various in accordance with the
frequency of the mechanical stimuli. The emission spectra of the piezophosphors under different

frequency of mechanical excitation are shown in Figure 3-3,

Wong Man Chung
65



of mechanical stimuli frequency
THE HONG KONG POLYTECHNIC UNIVERSITY

qu Tuning of piezophotonic emission spectrum via modulation

N

=

<

N

>

5 50 Hz
= 120 Hz
=

k. 160 Hz
175]

2

= 200 Hz
(5]

= 300 Hz
N

. 400 Hz
=

= . . : 470 Hz
Z. 400 500 600

Wavelength (nm)

Figure 3-3 Normalized emission intensity of the composite under various frequencies of

mechanical excitation, showing the emission wavelength tuning

In figure 3-3, the piezophotonic emission spectrums from the same composite under
different frequencies of mechanical excitation were shown. From the figure, it can be observed as
the mechanical excitation frequencies were set at no higher than of 50 Hz, the composite produces
a dominant green emission band peaked at around 503 nm. As the excitation frequencies increases
when maintaining the magnitude of excitation constant. The emission spectrum shown a relative
increase in intensity at the shoulder peak of 460 to 472 nm, when the 503 nm emission intensity

started to decline simultaneously. Upon further increased the excitation frequencies, the emission

Wong Man Chung
66



% Tuning of piezophotonic emission spectrum via modulation
Q& of mechanical stimuli frequency
THE HONG KONG POLYTECHNIC UNIVERSITY

from the composites shown a trend of intensity increase in the shoulder peak at a range from 460
to 472 nm of blue emission band. The emission intensity of 460 to 472 nm become dominant as
the frequency of excitation increased further when the suppression of emission intensity at 503 nm
continued. Hence, a dynamic and in situ control over the piezophotonic emission wavelength by

adjusting the excitation frequency of the mechanical energy stimuli alone was therefore achieved.

In addition, the change of emission intensity of the piezophosphor was in accordance with
mechanical excitation frequency. Figure 3-4 shows the integrated intensities of the emission as
the function of the mechanical excitation frequency. It can be observed that, initially the emission
intensity increases with the frequency of mechanical stimuli. The intensity of the emission
increases monotonically up to around 300 Hz, where the emission intensity reaches its maximum.
Afterwards, the intensity of the piezoluminescence emission from the composite declined readily

as the frequency increased further.
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Figure 3-4 Integrated emission intensity as a function of the modulation frequency of the

mechanical excitation at a fixed strength.

To visualize the excitation frequency-modulated color and intensity from the
piezophotonic emission. Figure 3-5 illustrates the photographs presenting the emission color
varied with the frequency changes. It can be observed the change in color from the composite from
green to blue. The intensity from the composite also varies with mechanical excitation frequencies.

The change in intensities were suspected to be arises from the mechanical hysteresis from the
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composite. During high frequency excitation (> 300 Hz), the emission from a portion of the
piezophosphors in the piezophotonic phase of the composite reduced significantly, the phenomena
may be attributed to the mechanical hysteresis from the composites. Since the portion of the
piezophotonic phase that the emission became diminished remained identical and independent of
the frequencies, while the shift of color coordinates from composites was n the The color
coordinates, peak wavelength and luminance of the emission of the composite as it is under

different mechanical excitation frequency are summarized as shown in Table 2.

Figure 3-5 Photographs showing from green to blue color variation of the sample by changing the

modulation frequency of the mechanical excitation.
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Frequency of excitation [Hz] CIE (x,y) Peak wavelength [nm] Luminance [cd m™]
80 (0.2129,0.3470) 503 24
120 (0.1975,0.2996) 496 30
160 (0.2216,0.2679) 494 59
200 (0.2252,0.2279) 489 82
300 (0.1841,0.2239) 488 166
400 (0.1802,0.2266) 479 64
470 (0.1627,0.2108) 472 47

Table 2 CIE coordinates, emission peak wavelength, and corresponding light intensity of ZnS: Al,

Cu under different modulating frequency of mechanical excitation.

3.4.2. Time dependent luminescence profile of the tunable
piezophotonic emission

To investigate the blue and green components of the piezophotonic emission, the two
characteristic emission wavelengths (472 and 503 nm) of the two luminescence center (Vs-Cuzn
and Alz,-Cuzs respectively) in the ZnS:Al, Cu piezophosphor were studied. In the experiment, a

sinusoidal mechanical excitation with constant root mean squared magnitude were applied to these

Wong Man Chung
70



Q‘b Tuning of piezophotonic emission spectrum via modulation
Q of mechanical stimuli frequency
THE HONG KONG POLYTECHNIC UNIVERSITY

piezophosphors. The transient characteristic emission from of the two wavelengths under different

excitation frequencies is shown in the Figure 3-6.
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Figure 3-6 Time dependent luminescence profiles of ZnS:Al, Cu emitting at 472 and 503 nm under

a sinusoidal mechanical excitation with various frequencies.
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During the investigation, the excitation frequencies were remained constant until the two
wavelengths increased into saturated values. The summation of the intensities of each wavelength
under various frequency were attributed to the total intensity. These three intensities then begin to
fall toward zero as the mechanical excitation switch off. From the figure, it can be observed that
the magnitude of the saturation value for each wavelength under different excitation frequency
changes. the emission from the Vs-Cuz, is more intense at low modulation frequency, while the

emission in blue color region (the Alz,-Cuz, pair) is gradually enhanced under a high modulation

frequency.
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Figure 3-7 The rise time of 472 and 503 nm emission under different excitation modulating

frequency.

In Figure 3-7, the changes in rise times for these two-characteristic wavelengths under different
mechanical excitation frequency were demonstrated. In this context, the rise time is defined as the
time duration for the emission intensity reaches its saturation magnitude in response to certain
excitation frequency. Figure 3-8 shown that the rise time for both characteristic emission
prolonged with the accretion of excitation frequency. That may imply the mechanical
responsiveness of the piezophosphors under relative high frequency of excitation played a

hemogenic role for the shift of spectrum of the piezoluminescence emission.

Wong Man Chung
73



Q‘b Tuning of piezophotonic emission spectrum via modulation
?y of mechanical stimuli frequency
THE HONG KONG POLYTECHNIC UNIVERSITY

= 9
s o ® " \ A4 16
2 v 9 =
‘é ®] ©
S| q— v " ¥
S ® =
w ‘ o
cé v . p—> :
O
o # 0.8 &
o & ¥ 472nm o
T“)’ @ 503 nm m
Qﬁ I " 1 . 1 s 1 L
100 200 300 400 500

Modulation frequency (Hz)

Figure 3-8 The relative emission intensity at 472 and 503 nm as a function of excitation frequency.

Figure 3-8 illustrate this change in emission intensity from the composite, it can be solely
adjusted by excitation frequency. Moreover, the 472 nm emission intensity increases while 503
nm decreases with the increment of the mechanical excitation. Initially, the 503 nm emission is
relativity more intense than the 472 nm in low excitation frequency regime. As this frequency
increase further, 472 nm emission intensity eventually overtakes the declining emission intensity
of 503 nm. The ratio of the two emissions intensity thereby also increase homogenously,
implicating the color of the ZnS: Al, Cu piezophosphors can be solely, reversely modulate by

changing the mechanical excitation frequency. It can be observed that the emission intensities of
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472 nm and 503 nm respectively increases and decreases with the increasing frequency. The reason
behind the rise times of different emission wavelength changes is attributed to the frequency of
the mechanical stimuli. Firstly, at a low-frequency regime, only deep charge traps inside the energy
band gap can be excited. With a limited shallow charge trap being exited, and the probability of
their excitation is relatively low. Therefore, the rise times for both 472 nm and 503 nm were
limited. As the stimulation frequency increases, the energy band titled at a slope that it is more
favorable for these shallow charge traps to be excited and excited simultaneously, the emission
from these shallow charge traps become dominated. Therefore, it results a decrease in the rise time

related to that deep charge trap as compared with the 503 nm emission.
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Traditionally, the emission intensity can be controlled via the magnitude of the mechanical stimuli.
In a piezoluminescence context, there is a quadratic relationship between the intensity of emission,

and the magnitude of the mechanical stimuli, as shown in Figure 3-9.
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Figure 3-9 Emission intensity at 472 and 503 nm as a function of the square of the strength of

mechanical excitation and the corresponding linear fittings.

In this measurement, the generated magnetostrictive strain from the magnetic elastomer

phase of the composite varies linearly with the applied magnetic field. Therefore, the
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piezoluminescence intensities of the two wavelengths change linearly with the square of the
magnetic field applied to the composite. Moreover, the emission intensities of both blue and green
components enhanced linearly with the increases of magnetic field in the same rate. This implicate
there are no hypochromic shift with and only with enhancing mechanical stimuli. The shift can
only be realized with changing the mechanical excitation frequency. Furthermore, a reliable linear
relationship between the excitation strength and the output intensity can be observed as shown in
Figure 3-9. Such reliable relationship is pragmatic for sensing application. These obtained results
demonstrated the composite have a prominence potential to be utilized in mechanical-optical

sensors which are capable of detecting a magnetic field with a wide range of frequency.
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3.5. Piezophotonic emission full-color display

The in-situ color tunability though changing the excitation frequency provides a convenient
approach to implement a full-color display. In addition, achieving a real-time modulation of color
temperature of white color emission via reversible real-time physical approach has been attracting
much attention for both fundamental research and numerous applications in recent year. Therefore,
as a proof of concept, the piezophosphors based composite combined with other fluorescence
phosphors to achieve a real-time tunable white light and a multicolor display. The mechanism is
that through modulating the temporal of the mechanical excitation via changing the frequency of
the magnetic field, such that the emission wavelength of the piezoluminescence can be modulated.
Through this change in emission wavelength, the fluorescence emissions from various
fluorescence phosphor excited by the piezoluminescence can also be controlled, thereby an RGB
display and white color with tunable color temperature were materialized (summarized in Figure

3-10).
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Figure 3-10 Schematic of MIL full-color display realized by coupling piezophotonic composite

with different fluorescent materials.

To construct the real-time tunable color temperature white emission, Ce doped Y3Als012
(YAG: Ce) phosphor was chosen. It is based on considering that this phosphor have yellow color
emission and its high conversion efficiency when this phosphor is excited by a blue color
irradiation. This high efficiency can be demonstrated with the fact that the corresponding yellow
emission from YAG:Ce upon the blue color excitation is able to accompany the original blue
excitation light. The combination thereby produces a white colored emission. Hence, by combining
ZnS:Al, Cu piezoluminescence composite with YAG:Ce fluorescence phosphor, white emission
color temperature modulation from 3700 to 5700 k has been achieved. This achievement is based

on the mechanical excitation frequency induced spectrum shift from the piezophosphor, such that
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the final emission color changes from saturated yellow and warm-white to deep blue through cold-

white owning to the blueshift of the piezoluminescence emission, as shown in Figure 3-11.

Frequency (Hz) y 150 | 200 300 @ 400
[ EeiiE | 3732 4832 5369 N/A

Luminescence
Photograph

Figure 3-11 Photographs of white emission with tunable color temperature from piezophotonic

composite mixed with YAG:Ce phosphor.

The mixing of YAG:Ce fluorescence phosphors with tunable piezophosphors produces
white color possessing a wide range of specific color temperature, allowing a reliable and

continuous tuning of the emission color that can be perceived with naked eye.
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Sample 1
B Sample 2

Figure 3-12 Enlarged CIE coordinates of adjustable white emissions modulated by varying the

frequency of mechanical excitation.

Figure 3-12 shows the trends in Commission Internationale de L’Eclairage (CIE)
coordinates of the white emissions, from the two composite samples with different ratio of
YAG:Ce phosphor embedded inside of the piezophosphors composite. These coordinates were all
situated within the area adjacent to the Planckian locus. Furthermore, as the mechanical excitation
frequency changes, the corresponding color coordinates of the YAG:Ce phosphor coated
piezophosphors composite migrated in accordance to the mixing ratio of the composites. For
example, if the weight ratio in the piezophosphor and the YAG:Ce phosphor is 1:1 (piezophosphor

composite: YAG:Ce), a shift of the CIE coordinate with increasing blue component under a high
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frequency of the mechanical excitation is observed. Such that an approximate standard white color
emission with CIE (x, y) = (0.3352, 0.3354) was observed with the mechanical excitation
frequency at about 300 Hz, with an mechanical to illuminance efficiency n of about 0.0018 Im
Oe ! (n ~ light-emission output/magnetic-field input strength). From the above results, mechanical
energy driven white emission with an appealing feature of tunable emission color in reversible and

in situ route has been realized. This provides ground for a more diverse application opportunity.
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Figure 3-13 The excitation and afterglow of red emission intensity at 640 nm as a function of time.
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It has long been criticized the duration of piezoluminescence is relatively short and the
limited emission color. In order to extend this duration and provide more color for various
applications, Figure 3-13 shows the transient characteristic of the red emission from the
piezoluminescence composite coated with (Cal-—xSrx)S:Eu persistence phosphor. In this
measurement, mechanical excitation frequency of 250 Hz was initially switched on and the
magnitude of the mechanical excitation retained at a constant root mean square value. After one
min, the excitation is switched off. From figure 3-13, it can be observed that the 640 nm emission
rises almost instantaneously when the mechanical excited emission occurs and then begins to
decay exponentially once the mechanical excitation ceases, resulting in a prolonged reddish
persistence luminescence as expected. It is interesting to notice that this color conversion not only
broadens the color expression of piezoluminescence, but also prolonged the illumination of
piezoluminescence composite after the stoppage of the excitation. It can be observed that that the
luminescence rises very fast and then rises slower; as well as decaying rapidly and then slowly
The two parts contained inside the emission of the persistent emission shown in the figure are
suspected of containing two parts, one is a fluorescence. The other is phosphorescence. The rapid
decay observed upon the ceases of excitation is suspected to be a decay of fluorescence. As the
emission of radiation, usually visible light, caused by excitation of atoms in a material, which then
terminated almost immediately. The exponential decay observed after the rapid decline of emission

intensity can be attributed to the phosphorescence decay.
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It is well established that red green blue color emission is essential to achieve a full-color
display. A full color display has been realized in the field of photoluminescence and
electroluminescence, however, these full color display are seldom reported in the field of
piezoluminescence, even less in a tunable emission condition. Thereby, the realization of a red
green blue colored emission from a piezoluminescence composite with persistence luminescence
property will prompt a various of applications. Therefore the ZnS: Al, Cu based piezoluminescence
composite is coupled not only with a highly efficient red-emitting phosphorescence phosphor of
(Cal—xSrx)S:Eu, a tricolored in situ tunable mechanical energy driven luminescence display with
simultaneous persistence luminescence. The fabrication of the composite were structed as a
patterned array of ZnS:Al, Cu-based composite coated with the (Cal-xSrx)S:Eu phosphor.As in
Figure 3-14, the illumination of the display was triggered by a sinusoidal mechanical excitation
in the form of magnetic-field excitation. The (Cal-xSrx)S:Eu phosphorescence was utilized to
convert the green piezophotonic emission and displays a red colored logo of Hong Kong

Polytechnic University.
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Figure 3-14 Multicolor MIL flexible composite combined with (Cax, Sr;-x) S:Eu displaying the

logo of the Hong Kong Polytechnic University.

Figure 3-15 shown a tricolor display elements which was fabricated by incorporating
(CaxSr1-x)S:Eu phosphor with ZnS:Al, Cu-based piezophosphors composite(red) and ZnS:Cu
based piezophosphors (green). These elements were incorporated into a single display with each
element function as a pixel of the display. This display is capable of generate a simultaneous RGB

emission via converting mechanical energy in the form of magnetic excitation.
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qu Tuning of piezophotonic emission spectrum via modulation

Figure 3-15 Display of piezophotonic medicated RGB emissions.

The RGB display emission can be seen by the naked eyes. This result implies the possibility
of broadening up the range of energy harvesting and conversion applications based on the

intriguing property of mechanical excitation frequency modulating piezoluminescence materials.

3.6. Conclusion

In summary, a novel strategy to realize an in-situ modulation the emission wavelength and
color of piezoluminescence is developed. This strategy is based on varying the frequency of
mechanical excitation upon the piezophosphors, induces a mechanical hysteresis of the
piezophosphors. Such that the titled of the energy band structure under mechanical excitation is

steepen without an increase of magnitude of mechanical excitation stimuli. The high frequency of
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mechanical excitation causes saturation of these deep charge traps and decreases the recombination
rate of the charge carriers inside. The emission from the shallow charge trap become dominant,
thereby the emission color changes. Experiment was performed to verify this real time and
reversible piezoluminescence emission color tuning. A brief discussion on the mechanism of the
temporal modulated tuning of piezophotonic-effect-induced luminescence and color Gamut via
Modulating mechanical excitation was provided. Moreover, some proof of concept devices,
including red—green—blue full-color displays and tunable white-light sources are demonstrated
simply by frequency modulation. The study provides a new insight and understanding on the
piezophotonic emission mechanism. These new finding of the luminescent materials with ability
to be accessed and modulated remotely will offer opportunities for applications in the fields of
mechanical energy harvesting and conversion, optical sensing, piezophotonics, nondestructive

environmental surveillance, novel light sources, and displays.
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Chapter 4  Ultra-high voltage output triboelectric
nanogenerator powered mechano-nitrogenous fertilizer
supplier

4.1. Introduction

Nitrogen is an essential nutrient and indispensable building blocks for all organisms on earth.
For example, nitrogenous bases is an indispensable building block of DNA and RNA. Although
molecular nitrogen (N2) is the most abundant element on the earth’s surface (78.08 % of air is
composed of N.). The majority of organisms are incapable of exploiting this surplus.[214, 215] As
nitrogen fixation, the convention of the gaseous forms of dinitrogen into biologically usable form,
is very taxing for an organism in an energy perspective.[216] In our society, Haber-Bosch gas
phase dinitrogen fixation process is the process of binding nitrogen with hydrogen under high
pressure and temperature that produces ammonia. This process is essential for agriculture and the
manufacture of fertilizer. However, its inherent harsh reaction conditions requirement results this
energy intensive fixation processes consumed 1-2 % of the world’s energy production.
Considering the ever-escalating demand for fertilizers, the high energy intensity and
environmental concerns triggered by the Haber-Bosch process, the urgency to develop and

integrate a more sustainable nitrogen fixation processes becomes more imperative.

Several alternative fixation technologies are currently being investigated. Prominently,

atmospheric-pressure microplasma discharge-based nitrogen fixation is considered as having great
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potential as a supplementary or replacement of exists technology.[216, 217] Its most significant
advantages are its insubstantial energy consumption and peripheral reaction criteria, which
improve the fixation energy efficiency and reduce environmental impact. The microplasma
discharge typically created by applying a high voltage across two electrodes under ambient
condition. Whereas this high voltage established an electric field strength exceeded the dielectric
strength of air, air molecules in the regions of this intense voltage gradients became ionized and
conducting. Nitrogen fixation is therefore accomplished by producing nitric oxide via the
subsequent recombination of these ionized nitrogen and oxygen molecules.[216, 218] Based on
these insights, utilizing a renewable energy source capable of generating necessary voltage for an
microplasma discharge under ambient conditions suggested a more sustainable nitrogen fixation
route. However, existing environmental-friendly high voltage discharge sources all suffer several
disadvantages, for example as the source usually required strenuous efforts to fabricate. In some
cases, auxiliary apparatuses are mandatory during operation.[217] The operation condition is
somewhat only finite to a few circumstances. Therefore, it is a prominent endeavor to create a
simple, in-situ self-reliant sustainable direct microplamsa discharge sources in order to realize an

environmentally friendly atmospheric-pressure nitrogen fixation.

Triboelectric nanogenerators (TENGS) is a novel mechanical energy harvester emanated on
the contact electrification of two dissimilar materials. Since its invention in 2012, numerous self-
powered applications had manifested TENG as an excellent sustainable power source.[19] It

generates useful electrical energy by converting mechanical energy available in the surroundings.
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These ubiquitous mechanical energies usually either exist naturally or does not functionally
participate in any given circumstance.[132, 219, 220] Therefore, scavenging these energies for
recuperation is considered an ideal sustainable strategy. Moreover, these mechanical stimuli
inherently exist in a low frequency regime. The versatility of TENG enables it to harvest these
stimuli with various frequencies band because of its dismal design constraint. Though, its operation
mechanism predetermines its paramount performance would be under a modest frequency range

of mechanical stimuli. Hence, it is desirable for TENG to scavenge these mechanical energies.

Fundamentally, during each operation cycle, two insulating surfaces in a TENG are
mandatorily contacted with each other. The contact surfaces will be acquired opposite static
charges via triboelectric charging upon separation. These charges are prohibited from draining
owing to the insulating nature of these insulators, high voltage is therefore subsequently built up
and utilized as the output of TENG. This output principally capable of reaching several hundred
or even thousand volts, depending on the variances in tendencies of the two insulating materials
to gain or lose electrons. Quantitative properties of the inputting mechanical stimuli also play a
hegemony role on the magnitude of the output voltage of TENG. Furthermore, TENG operational
safety is inherently ensured by its intrinsic minuscule short-circuit current. These characteristics
primed TENG as an excellent high-voltage source. In particular, TENG performs peculiarly upon

powering a capacitive device.

Ever since this presupposition has been theorized, researcher have been striving to exploit

this unique quantity in various circumstances, mass spectrometer, dielectric elastomer,
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ferroelectric polymer, field emission devices, electrospinning, self-powered smart systems: these
momentous applications have been pertinent to TENG. However, despite the prominence efforts
have been applied in optimization, these illustrations have rarely manifest both reliability and
autonomy properties of TENG simultaneously in a high voltage regime.[221-224] Researchers
whom revealed in undeviating high voltage output generally required TENG to engage in operation
under specific circumstances, such as high frequency of mechanical stimuli, unfeasible stress or a
customized situation.[145, 183, 187, 225] Meanwhile, in order to maintain a steady high voltage
output from TENG, complementary modification such as integrating TENG with another voltage
sources or incorporating TENG with supplementary circuitry during TENG operation in an

ambient environment generally disdain the autonomy of TENG.

Based on the evaluation of electron affinity of the different insulating materials at a during
triboelectric charging. The involved charging process instantaneously converts human-TENG
interactions into high voltage directly with an unpretentious mechanical energy input, without
requisition supplementary nor magnification entity. Therefore, TENG inherent simplicity and high
voltage output Based on the above discussion, a rudimentary structured TENG that remediate a
consistent high voltage output was developed, the TENG with simple structure was designed based
on our evaluation in contact electrification ability of materials, and was prepared using
polyurethane (PU) foam and ebonite sheet as contact materials. It could provide a high voltage
output of about 1300 V and a low current output of about 60 pA driven by mechanical stimuli. The

generated voltage is directly applied on electrodes of the discharge reactor for atmospheric
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microplasma discharge, where the nitrogen gas in air is successfully converted into nitrogenous
compound, including nitrogen dioxide and nitric acid solution. This TENG was further employed
to power the TENG-microplasma driven nitrogen fixation system as a nitrogenous fertilizer
supplier. Consequently, fertilizer (NaNO3) is achieved via driving the system by human walking
stimuli to benefit the plant cultivation. This work provides a feasibility to develop an energy-saving,

environmental-friendly, flexible, and safe nitrogen fixation route.

4.2. Working principle of Ultra-high voltage output triboelectric
nanogenerator

4.2.1. Fabrication of the high voltage output triboelectric
nanogenerator

The structural design of the contact-separation mode TENG with high voltage output is

illustrated in Figure 4-1.

| High voltage output TENG

. Ebomite

s &) Polyurethanc foam

! @ Nickel cloth

Figure 4-1 Schematic and Photograph high voltage TENG.
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The structure of the TENG consists of a polyurethane (PU) foam and an ebonite sheet as
top and bottom frictional layers, respectively. Two nickel (Ni) films were deposited on the surface
of the two-contact layer and performed as electrodes for electric output of the TENG, and
polycarbonate was used as the substrate of the device. The fabrication procedure is summarized as
following: PU foam with the thickness of 2 mm and the Ebonite sheet of thickness 600 um were
employed as the friction layer of the TENG without further treatment. The contact-separation
mode TENG was fabricated by confronting the two frictional layers (5 cm x 5 cm) against each
other. Nickel fabric and polycarbonate were successively attached on the rear sides of the frictional
layers as electrodes and supporting substrate, respectively. To ensure a strong bonding between
the nickel cloth and Polyurethane foam, the nickel cloth and the Polyurethane foam was bonded
by a layer of bi-oriented polypropylene (BOPP) adhesive thin film, which was deposited uniformly
between the two layers. BOPP film is renowned for its excellent bonding ability such that the
strength of the bonding between the two layers is guaranteed. During the entire course of operation
of the TENG, the two layers haven’t exhibited any detachment even the TENG is under moderate
to strong compressive stress. Four springs with length of 10 mm and diameter of 8 mm were fixed
on the four corners of polycarbonate substrates via epoxy adhesive and shafts to hold a gap between

friction layers.
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4.2.2. Working principle of the high voltage output triboelectric
nanogenerator

As disused earlier, the contact separation mode TENG with a simple structure was designed
based on the evaluation in contact electrification ability of materials. It was therefore prepared
using PU foam and ebonite sheet as contact materials. During each TENG operating cycle, PU
foam and ebonite are brought into physical contact by mechanical energy input. The amount of
charge generated and transferred is based on the two materials electronic affinity. Herein,
according to the triboelectric series of materials’ tendency to gain or lose electrons, electrons are
transferred from PU foam into ebonite at the interface, and these two surfaces are charged with
opposite polarities. When they are parted, a difference in electric potential is generated between
the two Ni electrodes. Subsequently, when the two separated charged frictional layers are gradually
brought together again by external mechanical energy, a voltage output with reversed polarity is
generated. By means of this process, the ambient mechanical energy is harvested to generate high

voltage output.
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Figure 4-2 Schematic of the working mechanism of the TENG.

This high voltage output can mainly be attributed to the significant difference in
electron affinity between the PU foam and ebonite, which increases the amount of separated
charges generated during the TENG operation and results in a high voltage output. Additionally,
compared with a flat structure, the porous structure of the utilized PU foam can lead to the
enhanced effective contact area between frictional materials, which contributes to the high electric
output of TENG as well. Moreover, PU foam generally is regarded as an excellent triboelectric
charge donor. Previous studies suggested its output performance as a TENG frictional layer can
be further refined.[226] It is suspected the pore sizes of foam adapted a critical role of triboelectric
charging in a vertical contact-separation context. Therefore, experiment was conducted to verify

the hypothesis, the results are shown in below,
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Figure 4-3 Open-circuit voltage of TENG versus the pore size of utilized PU foam friction material.

(Inserts are the optical images of the PU foams with different pore size).

It can be observed that porosity of polyurethane foam articulates the TENG output
voltage eminently. This dictation via porosity variation were suspect to be aroused from two
aspects. One is that elasticity of the PU foam is a variant of the porosity of PU foams. The other is
the effective contact area (these areas actually commence contact electrification) of the two
frictional layers during compression stage of TENG. For a low porosity polyurethane foam, its low

elasticity prohibited an enhanced effective contact area from foam deformation during the
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compression stage of the TENG operation, which limited the chances of electrostatic charge
exchange between the two frictional layers. Summarizing these two factors, the results shown in
Figure 4-3 that the open circuit voltage obviously increases when the pore size increases from
0.25 mm to 0.61 mm. As aforementioned, during the operation of TENG, PU foam layer were
periodically compressed and released with contact and separation of the two frictional layers. The
larger pore size may be beneficial for forming an improved effective contact area between
frictional materials accompanying with the compression of PU foam, leading to the enhancement
of performance of the device. On the other hand, the hardness of PU foam will decrease with an
increase of the pore size. It should be noticed that, in the field of polymeric material, hardness of
a polymeric is the measurement of the ability of the polymer to recover after being indented
through force. The major difference between hardness and Young’s modulus is that, elastic
modulus is a fundamentally related to the bonding of the materials atom or molecules. Hardness
is an engineering property, it is closely related to elastic modulus and a "resistance to plastic
deformation™., which depended on the loading rate and loading hold time. As the TENG system
driven nitrogen fixation system can be operated in an ambient condition with various form of
mechanical loading and of different loading dilation, such that it is more relative to consider the
hardness of polyurethane instead of simply its elastic modulus. This reduces the resistance for
device operation and may assists the contact area between frictional layers to become larger.
Therefore, the Voc obviously increases with the enlargement of the pore size of PU foam, and the

peak Vo of about 1300 V is obtained as the PU pore size is about 0.61 mm. Nevertheless, further
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increase in the pore size to above 3 mm would result the proportion of PU in whole foam becoming
too small as shown, such it will result a significant decrement of the effective contact area and the
electric output of device. Therefore, PU foam with pore size of 0.61 mm was employed as an

optimized friction layer for further device fabrication.

4.2.3. Performance of the high voltage output triboelectric
nanogenerator

In order to evaluate the performance of the prepared TENG, a generator with the size of 25 cm?
was fabricated for the performance characterization. The results demonstrate the TENG is capable
of a high voltage output. As shown in Figure 4-4 and 4-5, triggered by an impulsive force of 70
N, the open-circuit voltage (Voc) and the short-circuit current (Isc) of TENG are capable of reaching

up to about 1300 V and 60 A, respectively.
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Figure 4-4 Open-circuit voltage generated by TENG.

It can be observed that the why the peak value of the voltage for the positive and negative
part in the Figure 4-4 is difference. Theoretically, the response of the TENG is depended on the
force applied onto the TENG during operation. In the cases of the mentioned TENG system, the
TENG was applied with a compressive stress of 70 N while the releasing of the TENG is solely
driven by a couple of spring inserted between these frictional layers. Since the force provided by
these springs are considerably weaker than 70 N, therefore there is a different voltage output for

the positive and negative part.
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Figure 4-5 Short-circuit current generated by TENG

Meanwhile, the dependence of peak instantaneous output current and power on the external
loads are also studied as shown in Figure 4-6. It is found that the increased load resistance leads
to the instantaneous current drops, and correspondingly, TENG reaches the peak instantaneous
power of the maximum of 27 mW at a load resistance of 100 MQ. This implies the maximum

instantaneous power density is 0.432 W/m?,
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Figure 4-6 Dependence of the peak instantaneous current and peak instantaneous power of TENG

on the external load resistance.

Moreover, a durability test of device was also conducted. The result was shown in Figure
4-7. The test result that after a continuous operation of 50000 cycles, no significant distortion or
serious damage on the frictional layers is observed though comparing the morphologies of the two
friction layers before and after operation. Further, the electrical output of device remains stable
during the process and the fluctuation of Vo is less than #0.3% (with a fixed frequency of 7 Hz).
The ultra-high electric output and great reliability of the prepared TENG enable itself to be capable

of being a reliable and durable voltage supply.
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Figure 4-7 The open-circuit voltage of the TENG after continuous operation for 45000 cycles at 7

Hz. Inserts are the SEM images of the two frictional layers before and after the operating process.
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4.3. High voltage output triboelectric nanogenerator induced
atmospheric microplasma discharge

4.3.1. Fabrication of high voltage output triboelectric
nanogenerator

From these TENG unique electrical output performances demonstrated in the previous
sections, implicated its competent in capacitive device applications. Thereby, facilitating from the
TENGS inherent simplicity in fabrication and a high voltage output under ambient pressure, it is
suitable for it to power a capacitor-type sustainable atmospheric-pressure microplamsa discharge
system. Such an microplasma discharge will be beneficial for realizing a nitrogen fixation system.
Thereby, through harvesting ambient or wasted mechanical energy, reconciling the TENG to an
ever more environmentally friendly biologically consumable nitrate solution. To realizes such a
system, an microplasma discharge reactor is furnished. Generally, it is considered as an air-filled
miniature glass cylinder. Two stainless steel needles, acting as the discharge electrodes, are fixed

at the interior of the glass cylinder as shown in Figure 4-8.
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Figure 4-8 Schematic and Photograph of the microplasma discharge reactor.

Owing to the inherent high voltage from the TENG, the output voltage was directly applied
to the needle electrodes directly connected to the TENG, and thus this voltage generated by TENG
can be directly induced an microplasma discharge. Some DI water was placed at the bottom of
glass cylinder to absorb generated nitrogen compounds during the process of microplasma

discharge.
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Figure 4-9 Schematic of the working mechanism of the TENG-microplamsa nitrogen fixation

system.

The working mechanism of the TENG-microplasma discharge system is shown in Figure
4-9. For each operating cycle of TENG, PU foam and ebonite are brought into physical contact
mechanical stimuli. According to the triboelectric series of materials’ tendency to gain or lose
electrons, charges are transferred from PU foam into ebonite at the interface, and these two
surfaces are charged with opposite polarities. When they are parted, difference in an electric
potential is produced between the two Ni electrodes. Subsequently, when the two separated
charged frictional layers are gradually brought together again, a voltage output with reversed
polarity is generated. The output voltages are applied between the two needle electrodes in the
microplasma discharge reactor. The voltage across the needle thereby will change with the gradual
contact or separation of the frictional layers. Once this voltage exceeds the dielectric strength of

air, ionization of air molecules and microplasma discharge will happen in the regions between
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needle electrodes, which will enable nitrogen to be transformed into nitrogen compounds. By
means of this process, the ambient mechanical energy is harvested to generate electricity for

microplasma discharge-based nitrogen fixation.

The microplasma discharge reactor is a custom-made glass cylinder (Drummond Scientific,
® outer 5 cm, @ inner 4.6 cm) with two stainless steel needles located in the opposite side of the
cylinder. The gap distance between the needles is adjustable. The top end of the reactor is caped
with a helmet to avoid dust or dirt polluting the interior of the reactor. DI water or weak sodium

bicarbonate solution was added into the reactor for absorbing generated nitrogen oxide.

4.3.2. Triboelectric nanogenerator driven plasma discharge
characterization

Based on the aforementioned operation mechanism, the TENG-plasma discharge system,
the output voltage generated by TENG will be directly applied to the needle electrodes in discharge
reactor for plasma discharge was characterized as shown in Figure 4-10, the plasma discharge has

been successfully observed during TENG operation.

—

\

Iy

Figure 4-10 Photograph of the TENG-driven plasma discharge between needle electrodes.
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The detailed discharge process had been further analyzed by studying the change of voltage
(\Vc) and current (Ic) between needle electrodes. The output voltage and current of the TENG were
measured by LeCroy WaveRunner Oscilloscope (44MXI) with the probe resistance value of 50

MQ and low noise current amplifier (Stanford Research Systems, SR570), respectively.

2000 ¢

1500 (i%

LY Ny N

40012

(ii)

300

Voltage (V)

200

Current (pA)

100

0 ) -
0.0 ' 0.1 ' 0.2 0.3 ' 0.4 0.5
Time (s)

Figure 4-11 Change in voltage (i) and current (ii) between needle electrodes during four operation

cycles of TENG. Gap distance between needle electrodes is 0.2 mm.

Figure 4-11 illustrates the V. and Ic during 4 operation cycles of TENGs, and the gap
distance between needle electrodes is 0.2 mm. Taking one cycle as an example, it can be observed

that V. first increases to discharge voltage of ~1500 V and suddenly decreases to 0 V, as in Figure
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4-11(i). Simultaneously, Ic grows rapidly to discharge current of about 300 pA, as in figure 4-11
(i1). This implies that the applied electric field causes the air between the needle electrode electrical
breakdown and induces immediate charges transfer through the air gap. Subsequently, the Ic
decreases back to 50 nA within 0.002 s, and V¢ started to gradually increase due to the continuous
electric supply from the TENG as well as the remaining charges in needle electrodes. When the
V/c reaches up to 1000 V, the second discharge occurs in the same half cycle. It can be noticed that
the discharge phenomenon happens only in the positive half cycles, and there is no microplasma
discharge in the negative half cycle. That is because according to Paschen’s curve, a microplasma
discharge in air generally requires a threshold voltage of more than 1000 V. However, the
maximum output voltage of TENG in negative cycle is around 500 V as shown in figure 4-11 (i),
which is thereby incompetent to generate another microplasma discharge. The released energy for
each microplasma discharge is an important parameter characterizing the micoplasma itself. It can
be quantitatively analyzed by the voltage-charge-cyclogram, namely Lissajous figures. Figure 4-
12 illustrates the Lissajous figures of the discharges process as mentioned. The released energy for

each discharge (EL) can be calculated as,

E, = f Q-dv = ALissajoous (6)

where Q is transferred charge during microplasma discharge, and V is the V. during

microplasma discharge, ALissajoous 1S the area of the enclosed curve.
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Figure 4-12 Lissajous figures of the microplasma discharge process with the gap distance of 0.2

mm.

The results show that for each microplasma discharge with a gap distance of 0.2 mm, the
EL is calculated as about 0.14 . According to the statistical results in Figure 4-11, about 1.75
discharges are observed in per operation cycle of TENG. This means that the average released

energy (Eave) during discharge per cycle is about 0.26 .
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Figure 4-13 Change in voltage and current between needle electrodes during four operation cycle

of TENG. Gap distance between needle electrodes is 0.6 mm.

The gap distance between needle electrodes plays an important role on the microplasma
discharge process. Figure 4-13 shows the changes in V¢ and Ic during the discharge process with
the gap distance of 0.6 mm. The results show that compared with the microplasma discharge with
the gap distance of 0.2 mm, the amount of microplasma discharges statistically decreases to about
0.3 times per operation cycle. Meanwhile, during the microplasma discharge, the discharge voltage
increases to about 2 kV, while the discharge current decreases to 287 pA. That is because such a

relatively wide gap distance (0.6 mm) would limit the ability of the formation of a conductive path
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between needle electrodes via ionization of air molecules, leading to a higher threshold voltage, a
smaller discharge current, and reduced number of discharges for each operation cycle. In addition,
the released energy for each microplasma discharge E. with the gap distance of 0.6 mm is also

measured based on the Lissajous figures as shown in Figure 4-14.
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Figure 4-14 Lissajous figures of the microplasma discharge process with the gap distance of 0.6

mm.

The results reveal that the EL from this discharge is about 0.19 0. Correspondingly, the
average discharge energy per operation cycle Eave is 0.16 U, which is comparatively lower than

that of the discharge with the gap distance of 0.2 mm. In order to optimize the TENG-driven
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microplasma discharge process, the dependence of discharge voltage, discharge current, EL and

Eave ON the gap distance is summarized in Figure 4-15 and Figure 4-16, respectively.
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Figure 4-15 The discharge voltage and discharge current under different gap distance between

needle electrodes.
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Figure 4-16 The released energy for each microplasma discharge and the average discharge

energy in each TENG operation cycle under different gap distance.

It can be observed that the discharge voltage and E. increase while the discharge current
decreases with gap distance enhancement. Correspondingly, the average released energy Eave
arrives at maximum of 0.28 |0 when the discharge gap distance is about 0.3 mm, whereas more

ionized gas is generated to benefit the microplasma discharge and nitrogen fixation.

4.4. Nitrogen fixation via triboelectric nanogenerator driven
microplasma discharge system

Through the discharge driven by TENG, nitrogen in air will be converted into nitrogen

compound for accomplishing nitrogen fixation. The related reactions were summarized in Figure

4-17.
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TENG driven microplasma discharge

Dissociation 02(9) te - 20 te”
—eee— ( | —
Nz(g) +e” - 2Ny, +e

Nitrification

(ii) Nw) + 0 > N0,
NO(g) + 20(1,) d NOZ(g)

|

Dissolution
(i) 4NOy,y +2H,0() + 0y, = 4HNO3
3N02(g) + H,0) — 2HN03(aq) + NO(g)

Figure 4-17 Schematic of the conversion from nitrogen and oxygen molecules to nitrogen dioxide

and nitric acid in TENG-microplasma nitrogen fixation system.

Particularly, during the microplasma discharge process, the high electric field strength
between needle electrodes excites these nitrogen and oxygen atoms in the air between needle
electrodes. This excitation generates high energy electrons and causes molecular N> and O3 to be
dissociated into nitrogen and oxygen free radicals, as shown in the following equations:

Ozgy T € = 200 +e” (7)
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Nz(g) +e” = 2Ny +e” (8)

These free radicals further lead to the generation of nitrogen oxides by different reaction routes.
Among them, the essential reaction can be considered as:

N@w) + 0w = NO(g) 9

Nwy +20@) = NOy (10)

The synthesized nitrogen oxides are then collected via dissolving them into DI water placed in the
discharge reactor, forming nitric acid and complete the nitrogen fixation, as shown below:

4NO; )+ 2H,0) + O35y = 4HNO3 (11)

To provide more evidences concerning these reactions, the emission spectrum of the

discharge microplasma is shown as in Figure 4-18. The emission spectrum of the microplasma

discharge driven by the TENG is recorded by Ocean optics USB 4000 spectrometer. The

characteristic emission peaks of the dinitrogen and nitrogen free radical are observed, indicating

the dissociation of dinitrogen molecules.
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Figure 4-18 The emission spectrum of microplasma discharge.
To verify the subsequent generation of nitrogen oxides from the recombination of free

radicals. Investigation were conducted to obtain the concentrations profile of nitrogen dioxide

(NO») at different sampling distance. (Figure 4-19)
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Figure 4-19 The concentration of nitrogen dioxide detected under different sampling distance.

Herein, the sampling distance was defined as the length between the discharge and the
probe of a gas sensor (EDKORS ADKS-1) as shown in Figure 4-20. The results demonstrate that
the NO; concentration increases with the decrement of sampling distance. This phenomenon

confirms that NO> was generated during the microplasma discharge.
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Figure 4-20 Schematic for nitrogen dioxide concentration measurement based on the EDKORS

ADKS-1 gas detector.

In addition, the effect of gap distance between needle electrodes on the amount of produced
NO> were also measured. As shown in Figure 4-19, it is interesting to notice that the concentration
of NO» in microplasma discharge reactor reaches a maximum value when the gap distance is 0.3
mm. This is because the highest average discharge energy E... is arrived in this case as shown in
figure 4-16, which means that more ionized gas is generated during this discharge process to obtain

the maximum amount of NOx>.

The generated NO; is supposed to be dissolved into water to form the nitric acid solution,
and its Raman spectrum after 12000 operation cycles is exhibited in Figure 4-22. Herein, shown

in Figure 4-21 the strong emission bands at 1046 cm'and at 688 cm™ are observed, which
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correspond to the symmetric stretching vis NO; vibration and the NO; bending 6 O-N-O mode
vibration, respectively. Moreover, a minor shoulder peak can be observed at 929 cm™ and 1304
cm’!, which are attributed to v N-(OH) and vs NO vibration modes, respectively. Therefore, it is
reasonable to deduce that nitric acid has been successfully synthesized via TENG-driven

microplasma discharge.
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Figure 4-21 Raman spectrum of the prepared nitric acid solution in discharge reactor.

It is noticed that the nitrate concentration in nitric acid increases with the extended
operation time of the nitrogen fixation system as illustrated in Figure 4-22. The nitrate

concentration in the range of 0-2000 ppm was detected by a spectrograph (HORIBA,
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LAQUALtwin-NO3-11). The peak nitrate concentration of about 250 ppm is arrived when the

operation time and gap distance are 400 min and 0.3 mm, respectively.

In this respective, the energy efficiency of the nitrogen dioxide can be calculated as
following. The force acted onto the TENG is given as 70 N with a frequency of 7 Hz. The
mechanical energy applied in one second will be 4.9 J. Secondly, the concentration of the nitrogen
dioxide was measured to be 9 ppm. Since the sampling rate of the gas sensor is 4.167 ml/s, in one

second, the volume of generated nitrogen dioxide is given by
4167 ml x (9x107%) = 37.5 x 107° ml (12)
Correspondingly, in one second, the moles number of generated nitrogen dioxide is 1.53 ><10~° mol.
Therefore, the efficiency is calculated as
49] + (1.53 x 1072 mol) = 3197M]/mol (13)

Even though the energy efficiency of the TENG-microplasma based nitrogen dioxide
synthesis is lower than that of Haber Bosch process and gliding arc-based nitrogen oxide synthesis
(37.1 MJ/mol), this novel strategy still processes unique advantages whereas other methods lacked.
Especially, the TENG-microplasma nitrogen fixation can harvest ambient and ignored mechanical

energy to realize in-situ nitrogen fixation, which benefits relieving energy shortage.
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Figure 4-22 The nitrate concentration in nitric acid solution detected at the different operation

time of TENG-microplasma nitrogen fixation system.

4.4.1. Preparation and characterization of the as-prepared
nitrogen dioxide and nitrogenous fertilizer

The generated nitric acid can be utilized in various fields, and its primary consumption is
for the synthesis of nitrogenous fertilizer, including NaNOs, NHsNO3z and CaNO3 etc. These
synthetic nitrogenous fertilizers are essential for the agricultural development. Figure 4-23

demonstrate an application scenario of the TENG-microplasma nitrogen fixation system as the
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sustainable, environmental-friendly and safe in-situ nitrogenous fertilizer supplier. Specifically, in
the system, TENG with the size of 64 cm? is covered with artificial turf and then buried inside a

pothole (highlighted with blue blanket in Figure 4-23).

Figure 4-23 Schematic and Photograph demonstrating the setup of TENG-microplasma nitrogen

fixation system as nitrogenous fertilizer supplier.
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Once the TENG is triggered by the ambient mechanical stimuli, such as human walking,
the mechanical energy will be harvested and converted into electricity, and the output Vo can reach

up to above 1000 V as shown in Figure 4-24.
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Figure 4-24 Open-circuit voltage generated by the buried TENG driven by human walking.

This output voltage is applied between two needle electrodes inside the microplasma
discharge reactor (highlighted with yellow blanket in figure 4-23) for the microplasma discharge
and the generation of NO,. With regarding to safe direct in-situ nitrogenous fertilizer fabrication,

weak sodium bicarbonate solution was placed inside the discharge reactor to absorb and react with
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the generated NO> for forming the sodium nitrate (NaNOs3) solution as fertilizer, instead of nitric

acid.
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Figure 4-25 FTIR spectrum of the prepared NaNO3 solution.

Figure 4-25 illustrates the Fourier-transform infrared spectroscopy (FTIR) analysis of the
solution, and the transmittance characteristic peak of N-O stretching vibration group is found in
the wave numbers of 1290 cm™?, 2431 cmand 875 cm?, [227] [227] [227] which confirms the

successful preparation of NaNOs.

As a demonstration, these synthesized NaNOs are utilized as fertilizers to benefit the

growth of green bean. A comparison between two green bean samples with and without addition
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of NaNOg fertilizers generated by TENG-microplasma nitrogen fixation system was conducted.
Green bean seeds were cultivated in Petri dishes at 28 <C in darkness for three days. Afterwards,
uniform seedlings were transferred and placed in an incubator with DI water for growth with
climate control. Continuous NaNO3z solution was supplied to one sample, while only DI water was
supplied to the reference sample. After growth for one week, the fresh weight of total biomass was
measured for evaluating the growth rate of samples. The results reveal that after growth for one
week, the fresh weight of total biomass (leaves, stems, and roots) of the sample with NaNO3

addition is 1.4-fold heavier than that of the sample without NaNOs, as shown in Figure 4-26.

Figure 4-26 Comparison in growth rates between green bean samples with and without NaNO3

addition.
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This indicates the feasibility and application potential of the self-powered TENG-
microplasma nitrogen fixation system as the mechano-nitrogenous fertilizer supplier. Compared
to the other nitrogen fixation technologies, such as traditional Haber Bosch process, the TENG-
microplasma nitrogen fixation system makes full use of the dissipated, ignored and wasted ambient
mechanical energy for the synthesis of nitrogen compounds and therefore possesses the unique
features of energy-saving and environmental-friendliness. Meanwhile, the TENG-microplasma
nitrogen fixation system also avoids the operation environment of high temperature and high
pressure in Haber Bosch process, leading to the improved system safety. Additionally, the simple
structure and low cost of our system also contributes to an improved portability and usability for
practical application. Therefore, the self-powered TENG-microplasma nitrogen fixation is
considered as an attractive alternative to traditional nitrogen fixation technology. The detailed
comparison between the TENG-microplasma nitrogen fixation and the other nitrogen fixation
technologies is summarized in Table 2. Concerning the TENG driven nitrogen fixation system
working in a harsh condition such as high temperature, and humid environment. Although the
performance of the system hasn’t been investigated quantitatively. However, it can be regarded
that the performance of the fixation system is strictly depended on the efficiency of the mechano-
electrical conversion of the TENG as the discharge electrode is isolated from the environment.
Since the TENG is buried in a pothole covered with artificial turf which provides a partially
isolated working environment from the ambient. Therefore, it is reasonable to assume that the

performance of the system will remain the same.
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Table 3 Comparison between traditional nitrogen fixation method with the TENG-microplamsa

nitrogen fixation.

Methods Energy Raw materials Synthetization Site of Product Emission
source Condition Synthetization
The Haber— Fossil fuel  Natural gas, air, K*, Fe’* High pressure, Centralized Ammonia Carbon dioxide
Bosch process catalyst etc. high
temperature
Biological Adenosine  Microbial organisms with Ambient Depends Ammonia Adenosine diphosphate
nitrogen triphosphate nitrogenase enzymes temperature (ADP), Inorganic
Fixation (ATP), and pressure phosphate, etc.
sugar
Metallocomplex Chemical Strong metal reducing Ambient Depends Ammonia Nil
nitrogen fixation energy agents and transition temperature
metal complexes and pressure
Plasma based Fossil fuel, ~ Air, water Depends Centralized Nitric oxide Nil
nitrogen fixation renewable
energy e.g.
wind, solar,
etc.
TENG- Wastedor  Air, water Ambient In-situ Nitrogenous Nil
microplasma renewable environment fertilizer
nitrogen fixation mechanical
energy

The proposed novel TENG-driven microplasma nitrogen fixation system paves the way to
prepare the nitrogen compound from air in an energy-saving, environmental-friendly, flexible, and

safe way.
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In summary, a TENG-driven microplasma discharge-based nitrogen fixation system has been
developed by integrating a high voltage output TENG with an microplasma-discharge reactor.
Based on maximized electrons affinity difference between contact materials and optimized pore
sizes of PU foam, the TENG can steady output a high voltage of about 1300 V driven by
mechanical stimuli without any auxiliary. The generated voltage is directly applied between needle
electrodes of the discharge reactor for atmospheric microplasma discharge, and the effect of gap
distance on discharge process, including discharge voltage, discharge current and average
discharge energy per TENG operation cycle, have been systematically investigated. It is observed
that the nitrogen gas in air can be successfully converted into nitrogen compound, including
nitrogenous oxide and nitric acid solution, via the TENG-driven discharge process to finally realize
the nitrogen fixation. The NO3™ concentration of 250 ppm can be achieved after continuously
operating the TENG driven fixation system for 400 min. Furthermore, the TENG-microplasma
nitrogen fixation system was employed as a mechano-nitrogenous fertilizer supplier. After driving
the system by human walking stimuli, the NaNOs fertilizer is produced to benefit the green beans
growth. This work provides a feasibility to develop an energy-saving, environmental-friendly,

flexible, and safe nitrogen fixation route.
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Chapter 5 Mechanical controlled AIE elastomer emission

5.1. Introduction

Fluorescent organic molecules have been vigorously investigated in the past two
decades,[102, 124] due to the interesting photophysical properties accompanied by their intrinsic
and lightness. For these applications, it is desirable for the fluorescent that in these applications to

be tunable in terms of the luminescent intensity in a simple and reversible way.

Research on AIE emission tuning previously had been focused on changing AIE luminogen
aggregation either by a temperature gradient, the polarity of solvent, grinding or surface group,
etc.[124, 228] However, these changes are essentially a chemical method and required a different
form of energy input. An in situ and mechanical excitation modulated the AIE luminescence
intensity from a novel phosphor with a fixed composition is rarely reported. Since the pioneering
work by Tang et al., numerous reports on AIE have been published. [116] Which include
applications of AIE luminogens in such as fluorescent sensors, biological probes, and lighting
devices. They based their operation on the restriction of intramolecular rotation of the luminogens.
AIE dispersed state, when light energy excited an AIE molecule the phenyl rotors in an AIE
molecule undergo dynamic intramolecular rotations against its silole stator which non-radiatively
annihilates its excited state and renders its molecule non-luminescent. On the other hand, when
AIE in aggregates state, since most AIE cannot adopted a stacking through a pi-pi interaction due

to its non-planar structure. Thereby, these intramolecular rotations are physically restricted.[116]
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This restriction of intramolecular rotations opens the radiative pathway. As a result, the AIE
molecules become emissive in the aggregate state. Based on these studies, the limited
intramolecular rotation of the AIE luminogens is regarded as a significant factor that causes AIE

phenomenon. On the contrary, this factor can also be satisfied by means of other method.

For instance, macromolecules attributed with AIE luminogens is regards as a promising
composite owning to its enhanced emission state.[112] Generally, AIE incorporated
macromolecules (AIE macromolecules) are a novel class of luminescent materials that incorporate
typical AIE luminogen into the polymer structures. Since both of the polymers structures, topology,
functionalities and morphology can be manipulated. Hence, it provides an enormous advantage to
be applied in various circumstances because of their excellent processability, high emission
efficiency in the aggregated states, etc. Therefore, it should be feasible to utilize this AIE
macromolecules approach to realizes the tuning of emission from AIE luminogen solely based on

mechanical stimuli.

5.2. Structure and working principle of mechanical stimulation
responsive fluorescence AIE Elastomer

The AIE macromolecules generally imposes a steric restriction onto the rotation of these
phenyl rotors of the AIE luminogen based on the polymer inherent long-chain length, such that the

intensity of AIE macromolecules emission may be mechanically tunable.
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AIE macromolecules of various structures such as linear, stat-shaped, crosslinked can be
fabricated through numerous methods. These structures generally aimed either to integrate
archetypical AIE luminogens into monomer or empowered these AIE luminogens as crosslinker
and directly ultizaed as polymerization agent. Another method is the integration of archetypical
AIE into monomer, typical methods include direct linkages of AIE into monomers or
copolymerization AIE luminogens with other polymers. These two basic strategies can be further
modified with an AIE luminogens act as a side chain of the polymer or as a terminator of individual

polymer chains.

In this work, AIE luminogens was empowered to act as a crosslinker to the polymers. This
is realized by the modification of AIE luminogen. Generally, an archetypical AIE luminogen
Tetraphenylethene or Tetra(4-hydroxyphenyl)ethene(TPE) was first modified such that each four
of the phenyl rotors are all 1-butene terminated. The location of the olefin of the AIE luminogen

empowered it with the ability function as the crosslinker of elastomer as shown in Figure 5-1.
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Figure 5-1 Schematic of AIE crosslinkers.

The elastomer fabricated for this work is hydrogen terminated polydimethylsiloxane, the
structure of the elastomer fabricated adopted a topology of radical crosslinking that the phenyl

rotor of an AIE luminogen is linked with the end of a siloxane polymer. As shown in the Figure

5-2,
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Figure 5-2 Preparation of elastomers PDMS-TPE
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By adapting this topological structure, the AIE luminogen inside the elastomer should be

more receptive to motion restriction upon structural rigidification.

The working mechanism of the mechanical stimuli responsive fluorescence of AIE
elastomer is proposed as the following. Firstly, after curing the TPE crosslinked elastomer, an AIE
fluorescence from this elastomer upon UV illumination. This fluorescence is owning to the
entanglement between these polymer chains prohibited the intramolecular motions of the phenyl
rotors in the TPE luminogen. Once an organic solvent was dissolved into the AIE elastomer, the
volume increases between each polymer chain would decreases the entanglement of the polymer
chain. The elastomer becomes swollen, the phenyl rotors thereby have less restriction upon photon-
excitation because the increases of void or free volume around the TPE luminogens restricts the
molecular motions. As a result, a nonradiative decay occur inside the TPE luminogen, the AIE
elastomer thereby become non emissive. Since the emission from the TPE luminogen in this case
depended on the level of entanglement of the polymer chain and the void of volume around the
TPE luminogens. By carefully modulating the degree of swelling of elastomer, and the free volume
round the TPE luminogens, such that the free volume around the TPE elastomer reaches a critical
value, results the emission of AIE elastomer can able to be modulated solely by mechanical energy

stimuli. Therefore, the emission from AIE macromolecules may be mechanically tunable.
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5.3. Fabrication of the AIE elastomer

(1) The preparation of Tetra(4-((4-acryloxyphenyl) ethene crosslinker

The preparation process was carried out under a nitrogen atmosphere. Tertra(4-
hydroxyphenyl)ethene were dissolved in anhydrous Dichloromethane in an ice bath for 20 mins.
Then triethylamine was added into the mixture. Afterwards, acryloyl chloride dropwise added. The

mixture was stirred for 24 hour and washed with aqueous sodium hydrocarbonate.

The precipitate was filtered off, and the filtrate was evaporated to dryness in vacuo. The
residue was dissolved in Tetrahydrofuran, and the solution was washed by distilled water twice.

The collected organic layer was dried by sodium sulfate, and the solvent was removed in vacuo.
(2) Preparation of AIE elastomer PDMS Gel.

PDMS polymer and the Tetra(4-(4-acryloxyphenyl)) ethene crosslinker were dissolved in dry
toluene, and Karstedt’s catalyst (90 mM xylene solution) was added to the mixture. The mixture
was poured into a PTFE mold and heated to 70 degree Celsius for 12 hours. The set elastomer was

immersed in THF for 24 h and dried in vacuo.
5.3.1. Emission characterization of AIE crosslinker

The optical characterization of the Tetra(4-((4-acryloxyphenyl) ethene crosslinker,

fluorescence and UV-vis absorption were recorded.
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In the UV-Vis measurement, the absorption spectra shown a maximum appeared at 300

nm where the crosslinker with high molar extinction, indicating m — m* transition.

Absorbance (a.u.)
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Wavelength (nm)

Figure 5-3 UV-vis spectra of AIE crosslinker
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Figure 5-4 Emission spectrum of AIE luminogen and AIE crosslinker

The fluorescence measurement demonstrated inherent AIE characteristic in Figure 5-4. To
be precise, the Tetra(4-((4-acryloxyphenyl) ethene crosslinker dissolve a good solvent will not
exhibit fluorescence. On the other hand, fluorescence intensity increases significantly as the
crosslinkers aggregated as it dissolved in water. The emission is around 473 nm. This phenomenon
demonstrated that the crosslinker can acted as a conventional crosslinker for a radical

polymerization and an AIE luminogen.
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5.4. Elucidation of AIE elastomer

5.4.1. Mechanical response of AIE elastomer

The curing of H-terminated PDMS through the Tetra(4-((4-acryloxyphenyl) ethene crosslinking
agent was realized with evaluated temperature of 60 degree Celsius. The mechanical properties of
the elastomer were investigated by a tension experiment at ambient environment. During the
experiment, a dog bone specimen was prepared with the H terminated PDMS of molecular mass

of 10,000. The obtained stress strain curve is shown in Figure 5-5.
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Figure 5-5 Stress-strain curves measured at room temperature for the AIE elastomer
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This result demonstrated the Tetra(4-((4-acryloxyphenyl) ethene crosslinked PDMS shown a

comparable mechanical property of these reported PDMS elastomers.

5.4.2. Optical property of the Tetra(4-((4-acryloxyphenyl)
ethene crosslinked PDMS

To realizes a mechanically tuning of AIE, a study of the emission properties of the Tetra(4-((4-
acryloxyphenyl) ethene crosslinked PDMS was conducted to examine the elastomer process the
ability of AIE. Precisely, the study was based on the assumption that the free volume around the
Tetra(4-((4-acryloxyphenyl) ethene change as the elastomer in different swelling level. Such that
this level can be modulated results the AIE of the Tetra(4-((4-acryloxyphenyl) ethene can be

directly controlled by mechanical stimuli.
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Figure 5-6 UV-Vis spectran of AIE elastomer.

Firstly, the spectra of UV-vis of the elastomer is shown in Figure 5-6, which is similar to

that of AIE crosslinker.

Next, fluorescent study on the AIE elastomer was conducted. The emission wavelength of
the elastomer is red shifted as the AIE elastomer has been swelled, compared with the Tetra(4-((4-
acryloxyphenyl) ethene crosslinker before the elastomer crosslinked or the AIE elastomer in its
ridged state. It can be suspected that the radical polymerization of the H-terminated PDMS and the

Tetra(4-((4-acryloxyphenyl) ethene crosslinker cause a constrict of the rotation of the phenyl rotor
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in the Tetra(4-((4-acryloxyphenyl) ethene, the fluorescent emission intensity will therefore

decreased .

As a demonsstration, the AIE elastomer was immersed under various organic solvents. In
the experiment, The AIE elastomer was immersed in Tetrahydrofuran, fluorescence response from
AIE elastomer is measured upon the swelling of the elastomer reaches a quasi-stable state.
Tetrahydrofuran is chosen as it is a one of the good solvents for PDMS elastomer. Once the AIE
elastomer was well immersed in the Tetrahydrofuran. The fluorescence intensity of the AIE
elastomer had significantly decreases to nearly zero. On the other hand, as the AIE elastomer was
taken out of the Tetrahydrofuran and placed in an ambient environment, the fluorescence intensity
raised back once the Tetrahydrofuran begin to evaporate and the swelling of the AIE elastomer

decreased, the result is shown in Figure 5-7.
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Figure 5-7 Fluorescence emission of AIE elastomer in different states.

To visualizes the changes in Fluorescence intensity, Figure 5-8 shown AIE elastomer
fluorescence intensity as it washed with different solvent. During the swollen state of the AIE
elastomer, if Tetrahydrofuran was washed and diluted with poor solvent such as methanol or
ethanol. Since these poor solvents not only posed a weak or no swelling ability upon the AIE
elastomer, but also have the capability to dilute the Tetrahydrofuran. Therefore, the free volume
around the phenyl rotor of the Tetra(4-((4-acryloxyphenyl) ethene decreases, results the restriction

of intramolecular rotation of these phenyl rotors. The fluorescence response thereby increased

again.
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Figure 5-8 Modulation of AIE elastomer emission intensity via solvent exchange method.

5.4.3. Mechanical modulation of AIE intensity

Based on controlling sizes of the free volume surrounding the phenyl rotors Tetra(4-((4-
acryloxyphenyl) ethene through swelling level of AIE elastomer. The direct mechanical tuning
fluorescence of AIE can be realized. Prior to the results in the previous section and according to
the swelling ratio of various solvent. The organic solvent that posed the highest possibility is
chlorobenzene, or Tetrahydrofuran. However, in this stage, since the swelling causes the stress
unable to restrict the motion of the AIE luminogen rotor. Thereby, radiative path cannot be

established.
5.5. Conclusion

In this section, a mechanical tuning of AIE luminogen based on tetraphenylethene (TPE-CL)

and following hydrosilylation reaction of TPE-CL and H-terminated PDMS was proposed.
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examined to construct AIE elastomers. Facile progress of the preparative reaction was confirmed
by spectroscopy studies. A tensile test of the obtained sample strips showed archetypal elastomeric
behavior, while the chain length of employed PDMS substantially affected on their mechanical
properties such as Young’s modulus and maximum strain. UV—vis absorption measurement upon
increase of TPE content in the elastomeric samples represented the homogeneous distribution of
TPE- in them. Fluorescence of the elastomers was found to be stimuli-sensitive against employed
organic solvents, and reversibility of these responsiveness was also confirmed. The AIE
characteristics are clearly responsible for these features, which is susceptible for intramolecular
rotation. The combination of elastomeric polymer network and AIE luminogen will open a new

horizon for material chemistry, such as sensing materials for volatile organic compounds.
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Chapter 6 Conclusion

In this thesis, three strategies have been developed and realized mechanical energy
harvesting and converting utilizing luminescence materials and triboelectric nanogenerator. Firstly,
a tuning of piezophotonic-effect induced luminescence and color gamut via modulating
mechanical excitation is realized. Secondly, a triboelectric nanogenerator capable of powering
microplasma discharge-based nitrogen fixation driven by harvesting ambient mechanical energy
is fabricated. Thirdly, a mechanical energy tuning AIE emission tuning based on AIE elastomer

was discussed. The main conclusions can be briefly described as follows:

A convenient physical approach of temporal and remote tuning of light-emitting
wavelength and color is piezophosphors demonstrated. By means of temporal tuning, it is an
unconventional method that by modulating the frequency of the mechanical excitation, emission
wavelength from a ZnS:Al, Cu piezophosphors induced by can be tuned in an in-situ manner.
Furthermore, a mechanistic investigation was conducted for the temporal tuning. It suggests that
the observed tunable piezophotonic emission is ascribed to the steepened tilting of the energy band
structure in the piezophosphors under a high frequency of mechanical excitation. Subsequently,
different charge traps are thereby activated or saturated. Experimentally, evidences are provided
to proof this intriguing tuning emission peak wavelength and color of ZnS: Al, Cu piezophosphors
by modulating the frequency of the mechanical excitation in the form of a magnetic field.
Moreover, RGB full-color and white light with tunable color temperature are achieved via photon

energy coupling with YAG:Ce and (Ca1 xSrx)S:Eu persistence phosphor. These results offer new
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insight and understanding of the piezophotonic emission mechanism. These novels finding of the
luminescent materials with the ability to be accessed and modulated remotely will offer
opportunities for applications in the fields of mechanical optical sensing, piezophotonic, energy

harvester, nondestructive environmental surveillance, novel light sources, and displays.

A novel triboelectric nanogenerator -driven microplasma discharge-based nitrogen fixation
system (TENG-microplasma nitrogen fixation system) reactor was demonstrated. The application
of traditional microplasma discharge-based nitrogen fixation technology is severely limited
because this route generally requires a high-voltage input, leading to the large power consumption,
complicated apparatus fabrication, high cost, and safety risk etc. Herein, A TENG-driven
microplasma discharge-based nitrogen fixation system is conceived by integrating a TENG and a
discharge reactor. The novel high voltage output TENG with simple structure was designed based
on evaluating contact electrification ability of different materials and was prepared using
polyurethane foam and ebonite sheet as contact materials. It could provide a high voltage output
of about 1300 V and a low current output of about 60 pA driven by an unpretentious mechanical
energy input, capable of instantaneously converts a basic human—-TENG interactions into a large
voltage directly without the requisition of neither supplementary nor magnification entity. TENG
performance characterization was conducted, demonstrated the robustness and durability of the
TENG. Furthermore, the generated voltage is directly applied on electrodes of the discharge
reactor for atmospheric microplasma discharge, where the nitrogen gas in the air is successfully
converted into nitrogenous compound, including nitrogen dioxide and nitric acid solution.

Characterization and optimization of the TENG-microplasma nitrogen fixation system was also
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conducted, such that the highest amount of nitric acid produces had been achieved. The TENG-
microplasma nitrogen fixation system can serve as a nitrogenous fertilizer supplier, and
correspondingly, NaNOs fertilizer was produced via driving the system by human walking stimuli
for crop cultivation. This study offers a promising atmospheric nitrogen fixation strategy with
energy-saving, environmental friendliness, flexible operation and high safety. work is particularly
timely given the recent surge of interest in TENGs high voltage applications, and such findings
can motivate the exploration of coupling and implementation of TENG based on TENG critical

behaviors.

Fluorescent organic molecules have been vigorously investigated in the past two decades
due to the interesting photophysical properties accompanied by their intrinsic and lightness. For
these applications, it is desirable for the fluorescent that in these applications to be tunable in terms
of the luminescent intensity in a simple and reversible way. Therefore, a strategy is purposed based
on utilizing AIE macromolecules approach to realizes the tuning of emission from AIE luminogen
solely based on mechanical stimuli. However, the intramolecular motion of rotor rotation
restriction in the aggregated state is suspected to be not a necessary condition for AIE to occur, an
alternative strategy may exist for the tuning of AIE. Therefore, a method is proposed in term of
applying mechanical stress to the AIE macromolecules composite to control the free volume or
void around the AIE luminogen, such that restricting the molecular motion of AIE luminogen and

these nonradiative decay. Thereby, the emission intensity can be enhanced.
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6.1. Future prospect

This thesis has proposed some strategies and concepts based on utilizing luminescence
materials and triboelectric generator to realized harvesting and conversion of mechanical energy.

Based on the current results, some issues deserve further investigation.

Specifically, for the frequency tuning the piezoluminescence emission wavelength in chapter
3, there are few aspects that deserved in-depth investigations, they are the emission duration of
piezoluminescence and the ranges of in situ tunable emission wavelength from a piezophosphor,
also the responsiveness of a piezophosphor also required further investigation, either the resultant
emission intensity from the phosphor and the turnability under a more moderated temporal of
mechanic excitation. For TENG nitrogen fixation system illustrated in chapter 4, the efficiency of
nitrogen fixation needed to improve since the rates of conversion from nitrogen gas to nitric acid
should be further enhanced. This enhancement may be arising from catalytic implement inside the
discharge reactor or advancing the output power of the current triboelectric nanogenerator by
different types of smart material. The AIE tuning based on mechanical energy stimuli, the AIE
macromolecules or AIE elastomer is recommended for the realization of the tinning. The
deformation of the AIE elastomer when it in its swollen state hinders the interaction between the
mechanical energy input and the AIE luminogen. Thereby, an optimized elastomer host with
sufficient elasticity to minimized deformation during swollen state and a free void that enable the

rotation of these phenyl rotor.
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Mechanical energy has existed in an ambient environment and recognized as a promising
renewable energy source. Generally, the ability to fully utilize the energy and the effect upon
different materials based on the mechanical energy properties gives rises to important issues such
as promoting the practical application of the energy harvesting devices and expanding the
understanding of the conversion of mechanical energy with different material.

The energy converting efficiency can be improved by designing the materials energy band
gap structures, optimizing the interaction between the dopant and host material, and controlling
the interaction between the interface of these dopants and host based on their mechanical properties.
Meanwhile, the management and storage of the generated or converted energy are also important
for various applications. Although persistence phosphors and nitrogen-based energy storage have
been used as examples in this work for realizing such an endeavor, it is vital if more system as
such can be developed and diversified the mechanical energy harvesting and its subsequent

conversion.
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