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ABSTRACT

MULTIFUNCTIONAL AND PHYSICALLY TRANSIENT
SUPERCAPACITORS, TRIBOELECTRIC NANOGENERATORS AND
CAPACITIVE SENSORS

Durukan, Mete Batuhan
Doctor of Philosophy, Metallurgical and Materials Engineering
Supervisor: Prof. Dr. H. Emrah Unalan
Co-Supervisor: Assist. Prof. Dr. Yusuf Kelestemur

July 2023, 216 pages

Electronic waste (e-waste) grows parallel with the increasing need for consumer
electronics. This, unfortunately, is leading to pollution and massive ecological
problems worldwide. A standing-out solution to this problem is the use of transient
electronics. While the transiency of a few components such as transistors and
batteries are proposed already, it is crucial to have all elements in electronic devices
to be transient. Therefore, the transiency of more electronic components should be
demonstrated to alleviate the e-waste problem. Herein, multifunctional
nanocomposite electrodes were fabricated using poly(vinyl alcohol) (PVA), carbon
black, and activated carbon. These simple electrodes were then used to fabricate
physically transient supercapacitors, triboelectric nanogenerators, and capacitive
sensors. Transient supercapacitors (T-SUPC) were used numerous times with

excellent supercapacitive behavior before being discarded, which showed promise



as an energy storage component for transient systems. Fabricated transient
triboelectric nanogenerators (T-TENG) were used to harvest mechanical energy,
eliminating the need for an external power supply and paving the way to self-
powered devices like a touchpad. Fabricated transient capacitive sensors (T-CAPS),
on the other hand, showed extended linear sensitivities and offered waste-free
monitoring of physiological signals and body motions. These devices are fabricated
using similar materials and layers, proving that multifunctionality is critical to

achieve simple transient electronic systems.

Keywords: Transient Electronics, Supercapacitors, Triboelectric Nanogenerators,

Capacitive Sensors, Flexible Electronics
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COK FONKSIYONLU VE FiZiKSEL OLARAK GECICi
SUPERKAPASITORLER, TRIBOELEKTRIK NANOJENERATORLER VE
KAPASITIF SENSORLER

Durukan, Mete Batuhan
Doktora, Metalurji ve Malzeme Miihendisligi
Tez Yoneticisi: Prof. Dr. H. Emrah Unalan
Ortak Tez Yoneticisi: Dr. Ogr. Uyesi Yusuf Kelestemur

Temmuz 2023, 216 sayfa

Elektronik atik (e-atik), tiikketici elektronigine olan ihtiyacin artmasiyla paralel olarak
biliyliyor. Bu maalesef diinya capinda kirlilige ve biiylik ekolojik sorunlara yol
aciyor. Bu soruna 6ne ¢ikan bir ¢ozlim, gegici elektroniklerin kullanilmasidir.
Transistorler ve piller gibi birkag bilesenin gegiciligi zaten dnerilmisken, elektronik
cihazlardaki tiim bilesenlerin gegici olmasi ¢ok onemlidir. Bu nedenle, e-atik
sorununu hafifletmek icin daha fazla elektronik bilesenin geciciligi gdsterilmelidir.
Burada poli(vinil alkol) (PVA), karbon siyahi ve aktif karbon kullanilarak ¢ok islevli
nanokompozit elektrotlar iiretilmistir. Bu basit elektrotlar daha sonra fiziksel olarak
gecici superkapasitorler, triboelektrik nanojeneratorler ve kapasitif sensorler
tiretmek igin kullanilmistir. Gegici siiper kapasitorler (T-SUPC), gecici sistemler igin
bir enerji depolama bileseni olarak umut vaat etmekle beraber, atilmadan Once
miikemmel siiper kapasitif davramisla coklu déngiide kullanilabilmistir. Uretilen n

gecici triboelektrik nanojeneratérler (T-TENG) mekanik enerjiyi toplamak igin
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kullanilmis, harici bir gii¢ kaynagina olan ihtiyaci ortadan kaldirmis ve dokunmatik
yiizey gibi kendi kendine calisan cihazlarin calismasini saglamistir. Ote yandan
ureitlen gegici kapasitif sensorler (T-CAPS), uzun dogrusal hassasiyetler gostermis
ve fizyolojik sinyallerin ve vicut hareketlerinin izlenmesini saglamistir. Tim bu
cihazlar, yukarida belirtilen benzer malzemeler ve katmanlar kullanilarak tiretilmis
ve bu da cok islevliligin basit gecici elektronik sistemler elde etmenin anahtari

oldugunu kanitlamistir.

Anahtar Kelimeler: Gegici Elektronikler, Stuperkapasitorler, Triboelektrik

Nanojeneratorler, Kapasitif Sensorler, Esnek Elektronikler
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CHAPTER 1

TRANSIENT ELECTRONICS

1.1 Definition of Transient Electronics

“Transiency” in electronics is a reasonably new adverb/classification that broadly
adds the characteristic of physically disappearing to electronic devices. ! Unlike
conventional electronics, which should be functional over an extended period,
transient electronics are expected to integrate partially or fully after their purpose of
use is at end. As such, they are generally focused on predefined and short-term
work.[ This could be on-demand, triggered via various ways, or can happen at a
defined rate — but the main focus is their untraceable disappearance, which is

picturized in Figure 1.1. ¥

Figure 1.1 Visualized transient electronics (Courtesy of Aysenur Irfanoglu).



Transiency means a disintegration in any possible way. Although this did not require
to be green, the literature adopted the notion of transient electronics fundamentally
requiring green materials, which would cause no environmental harm or leave no
trace following their use. It is also possible to “dissolve” transient electronics, which
is equally essential in recycling and allows one to easily recollect used materials. [
Moreover, the electronics could be ingestible or bioabsorbable as well. Since these
terms are also consistent with being not harmful or being green, they can also be
called as “transient.” 1 Therefore, to form a transient electronic device, the system's
design should be made with biodegradable, biocompatible, and environmentally

friendly materials. (3]

1.2 Requirement for Transient Electronics

The rapid progress in electronics and demand for a wide variety of miniaturized,
integrated, and wearable devices ranging from intelligent electronics to health-
related devices and sensors result in excessive consumption of “newer” and “better”
products. This results in tremendous electronic waste (e-waste) across the world [¢-
8 According to the 2020 report of United Nation University’s (UNU) collaborative
Global E-Waste Statistics Partnership (GESP), 21% of increase in e-waste is
observed just in 5 years, reaching 53.6 million metric tons worldwide, which is
schematically shown in Figure 1.2 P, High sum of these e-wastes is from wearable
electronics and energy storage devices. E-waste primarily constitutes of lithium,
mercury, nickel, cadmium, zinc, lead; most of which are toxic and harmful to both
living beings and ecology 1. In seeking solutions to these problems, a new field has
emerged called transient electronics, where at the end of their lives, devices
disintegrate with minimal remains that are only eco-friendly residuals. This causes
no harm to the environment and produces almost zero waste*%l. Transient electronics

can be used in a wide variety of application areas ranging from simple medical



implants to militaristic technologies that can dissolve or degrade in a specific
period.!* In this manner, water-soluble, biofriendly, biocompatible and
biodegradable devices that can be used in energy-related applications and sensors
are explored to reduce the generated waste 2131,

Above concepts require the electrode material, encapsulation and/or active material
to be biocompatible, biodegradable, and environmentally friendly. In this manner,
designs have been made successfully to have environmental sensors 1%, biomedical
applications*?, soft robotics!**l, water soluble energy storage devices*® and even
edible supercapacitors*®7] and triboelectric nanogenerators!*®l. There is a significant
increase in demand for smaller energy sources to power electronic devices.
Additionally, there is a growing need for health monitoring systems as the population
increases. There is also a requirement to continuously monitor patients without the
need for any devices or invasive procedures, which necessitates the use of small,
biocompatible energy sources. In this manner, emerging field of transient electronics
IS very promising to satisfy the need for growing demand in electronics without
creating any e-waste.
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Figure 1.2 Schematic representation of the e-waste generation reported in 2020 by
United Nation University’s (UNU) collaborative Global E-Waste Statistics
Partnership. [

1.3 Transient Materials

Transient electronics require to be biodegradable, biocompatible and
environmentally friendly, on top of having a pre-defined way to be triggered or have
a rate of transiency. In this manner, all of the components of an electronic system or
device should be suited to these boundary conditions. If the components of an
electronic device are simplified, one could separate them into three. First one is the
substrate, where all of the electronic parts are laid on; second being the electronic

components, and the third being the encapsulation.



1.3.1 Substrate Materials for Transient Electronics

Substrates are equally important with the electrical components, as they are the first
building blocks that allow an electrical system to be built on. In the case of transient
electronics, it becomes much more important since the substrate itself should also be

transient. (4

First reported transient electronics study, which actually utilized silk fibroin proteins
as a dissolvable and bioabsorbable substrate was conducted in 2009 by Kim et al. 1]
Silicon electronics were fabricated on top of silk substrate, which dissolved in water
in mere minutes (Figure 1.3 (a)). Apart from silk, the most common substrate for the
transient electronics is polyvinyl alcohol (PVA). Cinar et al. ) employed PVA with
the addition of sucrose, which allowed them to control the mechanism of swelling
and speed up the dissolution (Figures 1.3 (b) — (d)). Shin et al. ¥ introduced
bubbling agents inside the already transient gelatin and PLGA to improve their
transiency. In the case of gelatin, bubbling agent caused a rapid creation of carbon
dioxide (CO), resulting in an “explosion” of the system, which is visible in Figure
1.3 (e). A mixture of glycerol and hydroxyethylcellulose (HEC) is also used to
construct macromolecular elastomeric gels for transient electronics by introducing
aluminum (Al) electrodes on top of it. Besides having healing properties as well, the
glycerol/HEC macromolecular films showed transiency inside DI water (Figure 1.3
(). 22 All-in-all, it is clear that the polymers and natural substances that are already
biodegradable, bioresorbable or even ingestible are great candidates as substrates for

transient electronics.
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Figure 1.3 a) Dissolution of silicon electronics on silk substrates. % b,c,d)
Photographs of PVA:sucrose substrates with different ratios of sucrose, 1:0, 2:1, and
1:1, respectively.?% ) Overall structure of a transient electronic utilizing composite
of gelatin and PLGA with the addition of bubbling agents and its dissolution in
deion[iz]ed water 21, f) Dissolution of glycerol/hydroxyethylcellulose substrates with
time 1221,

1.3.2 Materials for Electronic Components and Systems in for Transient

Electronics

Transient electronics depend on the electronic components being transient as well.
Achieving this requires materials that can degrade without leaving any harmful
substances behind. Nevertheless, one must use transient components to form a
transient electronic system, which may include semiconducting materials,
dielectrics, energy storage devices, electrodes and even electrical connections and

wiring. The first and foremost idea is to use metals that are already found in the soil



or water as ions, and can even be digested due to the present requirement of human
body. 2%

As the prime example of the use of metals, Prof. John A. Rogers’ group used
magnesium (Mg), zinc (Zn), iron (Fe), tungsten (W), molybdenum (M), and AZ31B
Mg alloy to construct n-channel field effect transistors (MOSFETS) to demonstrate
their feasibility for use in transient electronics.!?* Thin film patterns constructed with
these metals had shown dissolution in deionized water as well as in body fluids. The
degradation of the MOSFETs were evaluated via drain current, showing the
degradation takes place in hours (Figure 1.4 (a)). Semiconducting polymers can also
be used for transient electronics. In such work, Prof. Zhenan Bao’s group fabricated
totally decomposable conjugated polymer for transient electronics. 2% Group
synthesized 5,5'-(2,5-bis(2-octyldodecyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-
c]pyrrole-1,4-diyl)bis(thiophene-2-carbaldehyde), DPP-CHO in short, and
polymerized to obtain semiconducting PDPP-PD to be used to fabricate transient
CMOS devices. With Fe as the gate and source-drain electrodes, aluminum oxide
(Al203) as the dielectric layer and cellulose as the substrate, a complete
disintegration is shown in 30 days (Figure 1.4 (b)). Again, Rogers’ group had
developed a natural wax composite with tungsten micro/nano particles to obtain
conducting composites, which could be used as the electrical pathways for transient
electronics (Figure 1.4 (c)). ® Last but not least, semiconducting amorphous
indium-gallium-zinc oxide (a-1GZO) is utilized to fabricate thin film transistors
(TFTs). Using a-1GZO, which is shown to have potential for biomedical applications
due to its low toxicity. A-1GZO coupled with silicon nitride (SiNy), silicon oxide
(SiOx), Mo and PVA allowed researchers to obtain fully water-soluble TFTs (Figure
1.4 (d)). 1 Above examples is an indication that a wide variety of materials, from
metals to alloys, conjugated polymers to naturally found materials with complex
mixtures, and semiconducting materials ranging from oxides to nitrides can be

utilized to fabricate transient electronics.
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Figure 1.4 a) MOSFET devices fabricated with various metals and alloy patterns and
their degradation behavior with respect to gate current. ? b) Dissolvable and
transient semiconducting conjugated PDPP-PD polymer for CMOS devices ?°l. ¢)
Natural wax and conducting composite wax for transient applications [61. d)
Transiency of TFT devices configured with a-1GZO, SiNy, SiOx, Mo, and PVA in
DI water 271,

133 Encapsulation Materials for Transient Electronics

In transient electronics, encapsulation plays a crucial role in controlling the time of
end-use. The trigger mechanism for transiency needs to clear the encapsulation
before activation. Thus, usage time and hence the start of the disintegration of
transient electronics can be controlled. Transient materials with limited swelling and
possibly having different degradation mechanisms than the transient electronic
system are promising candidates for encapsulation materials. 81 Nonetheless,

materials used as transient substrates are generally used as encapsulation materials.

One of the earliest examples of this is the use of crystallized silk as the encapsulation
layer, which allowed the modulation of device degradation. In Figure 1.5 (a),

Brenckle et al. improved the stability of the transient electrode in water by adjusting



the number of silk layers outside of it. This also extended the amount of time it took
for water to penetrate the encapsulation. ?°1 Zhong et al. used a more complex
polymer that is triggered by UV light in order to achieve transiency on demand.
Blend of polystyrene (PS) and [6,6]-phenyl-Ce1-butyric acid methyl esters (PCBM)
to obtain phototriggerable encapsulation layer that is resistant to dissolution. With
PS-PCBM encapsulation, resistors and random-access memory (RRAM) devices can
withstand water immersion without any faults for prolonged times (Figure 1.5 (b)),
yet can be degraded by applying UV light. B% These two examples show how

encapsulation layer could be used to prolong the usage, or control the mechanism of

transiency.
la) 1 Uncrsiticed [ cosalized [ tlecvonic S8 mahered [l ) S, 1
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Figure 1.5 a) Encapsulation strategy of electronic components by crystallized silk
layer, which is named as pocket strategy. ?* b) Schematic representation of Mg-
based devices encapsulated with PS:PCBM polymer blend. b-i,ii,iii) Optical
microscope images of a resistor degradation in water immersion without and with
encapsulation. Similarly, b-iv,v,vi) shows the optical microscope images of RRAMs
in water immersion without and with encapsulation. %



1.4 Transiency Mechanism of the Transient Electronics

As discussed above, the transiency mechanism can be controlled via used materials,
or encapsulation strategy. Mainly, it is safe to say that the degradation/disintegration
mechanisms are either physical or chemical. ¥ For both cases, the mechanism could
depend on a degradation rate, or triggered via different stimuli such as temperature,

light, or solvation. 2!

141 Transiency via Dissolution

Most common way for the activation of transiency in transient electronics is
exposure to various aqueous solutions, which could be as simple as DI water, with
different pHs or salts to simulate different conditions. Earliest study on transient
electronics firstly explored the transiency with DI water. 21 Although the transiency
process is simply dissolving of several different components, the mechanisms for
each component can have different triggering mechanism. In the case of Mg

electrodes, MgO dielectrics and Si diode, following hydrolysis reactions occur; 22
Mg + 2H,0 - Mg(0OH), + H,
MgO + H,0 - Mg(0H),

Si + 4H,0 — Si(OH), + 2H,

Similar hydrolysis reactions occur for the similar metals such as Fe, Zn, Mo, and W

241 which makes these metals attractive due to the last product being biocompatible

10



and environmentally safe. ! Similarly, Si is a very good candidate for transient
electronics due to its hydrolysis reaction leading into orthosilicic acid, which is

environmentally benign and very close to neutral pH. 2

Polymers that are water soluble are great candidates that can be triggered easily with
aqueous solutions to induce transiency. In this manner, polymers are used both for
substrates and encapsulation layers. [ Polymers such as PVA 334 pLGA [3536]
polycaprolactone (PCL)E>%1 PLABE3 and naturally found compounds such as
silkl04 cellulosel*>*®l sodium alginate®*#] and gelatin[*®*"1 are widely used for
transient electronic systems that can be triggered with water. For example, polymers
and naturally found compounds such as PVA and cellulose have hydroxyl groups,
making them easily soluble in polar solvents such as water or N-methyl pyrrolidone
(NMP). 29 This is due to the permeation of water inside the polymer chains, where
water molecules form hydrogen bonds with hydroxyl groups.[*®! Aforementioned
example in Section 1.3.1 also controlled the rate of transiency in PVA by the addition
of sucrose — to make the transiency process much faster than usual (Figures 1.3 (b)
— (d)). PLGA,; on the other hand, is an actually copolymer of PLA and polyglycolic
acid (PGA), and has a hydrophobic characteristic. This hydrophobicity can be

improved by controlling PLA:PGA ratio to obtain longer transiency. (1035

The only disadvantage of water-soluble transient electronics could be their inevitable
susceptibility to moisture 11, which could be very harsh in high-moisture regions in
the world. Due to the presence of moisture in atmospheric conditions, it is safe to say
that the transiency could begin even in ambient conditions in such places. Water-
soluble transient electronics can be triggered by a change in weather, even when
moisture levels are low. Therefore, one must always assume their transiency
mechanism can be activated in ambient conditions, without even submerging them
in water. When designing these devices, it is essential to consider encapsulation in

accordance with this factor.
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1.4.2 Transiency via Photodegradation

Triggered transiency with light — which in this case is ultraviolet (UV) — is another
route to obtain transient electronics. Although most polymers degrade under UV
light in prolonged times of exposure, there are also different mechanisms provided
by UV exposure. Polymers with photo-acid generators and light-induced phase

transition materials are the two examples. [l

The first and most iconic example is shown by Hernandez et al. % where the
researchers used metastable Poly(phthalaldehyde) (PPA), where they have combined
cyclic PPA (cPPA) with photo-acid generator (PAG) additives. Once the transient
electronic on this PAG/cPPA substrate is exposed to UV, PAG additives (which is
2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine — MBTT) release highly
reactive Cl - radicals which absorbs the hydrogen from the environment and forms
hydrochloric acid (HCI) (Figure 1.6 (a)). The formation of HCI causes rapid
depolymerization in cPPA, resulting in a photo-triggered transiency within few
hours. The visible degradation of the transient electronics is shown in Figure 1.6 (b).
Although not for the transient electronics, similar effect is captured by titanium
dioxide (TiO2) addition. Zhou et al. B proposed that with the addition of TiO;
nanoparticles inside sodium alginate, they have achieved depolymerization under
UV light. The UV degradation already happening due to photo-Fenton system, which
is the mechanism of the hydroxyl radical generation inside the system. Addition of
TiO, further improved this generation due to its photocatalytic nature, where the
researchers were able to control the rate of depolymerization by controlling the

amount of this photocatalytic additives inside the sodium alginate matrix.
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Zhong et al. 2 utilized the latter mechanism, which is light-induced phase transition.
They have used a hydrogel-oxide bilayer encapsulation, which normally limits water
penetration. Under UV-light, the hydrogel undergoes a gel-to-solution transition due
to the photoinduced cleavage reaction of azo bonds. This reaction allows water
permeation through the MgO oxide layer, which actually triggers the transiency for
the RRAM device.

Chen et al. 5% combined the dissolution mechanism with UV radiation to trigger
transiency for gold electrodes. While gold is an inert metal and do not dissolve in
potassium ferricyanide (Ks[Fe(CN)e]), potassium ferrocyanide (Kas[Fe(CN)s])
irradiated with ambient light enables dissolution of gold. This was attributed to the
presence of photoactivity of Ka[Fe(CN)s], which enables the gold dissolution. The
proposed mechanism is electrochemical in nature, which is actually gold

cyanidationt®:
Au+ CN™ & AuCNg4s + €7

AuCNg4s + CN™ & Au(CN);

This mechanism is followed by taking optical and SEM images for the gold
electrodes, and results are shown in Figure 1.6 (c). With the light exposure, resistance
increase was observed (inset of Figure 1.6 (c)), which is by the degradation of gold
- both visible in optical and SEM images. This research indicates that the transiency
mechanisms could be combined or require one another and open up new tools for

the transiency methods for transient electronics.
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Figure 1.6 a) Schematic representation of transient electronics on MBTT/cPPA
films, which underwent degradation due to PAG. b) Optical images of the
degradation triggered by the PAG additive in cPPA matrix. % ¢) Optical and SEM
images of the dissolution of gold electrodes in potassium ferrocyanide solution
irradiated with ambient light. Inset shows the change in resistance before and after
irradiation.
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143 Transiency via Thermal Degradation

Thermal degradation of transient electronics is another method for achieving
transiency. Thermal degradation, at its core, aims at a complete degradation and
destruction of the transient electronics without leaving any trace. !

An earlier example done by Park et al. [54] utilized destructive additives in the
encapsulant to destroy the transient electronics. For this purpose, encapsulated acid
microdroplets were integrated into wax encapsulant, which is schematically shown
in Figure 1.7 (a). Upon enough heating, due to the melting of wax, acid microdroplets
were released. Upon reaching to cPPA substrate and Mg electrodes, the transient
electronics were easily degraded. This is also optically shown while recording the
change in resistance for the serpentine-shaped Mg electrodes in Figure 1.7 (a). On
the other hand, Liu et al. 4 proposed thermal degradation of substrates for
memristors. Using polyoxymethylene (POM) without end-capping resulted in
thermally triggerable polymer materials, which allows transient electronics to be
built on them. A schematic diagram of the memristor based on chromium
(Cr)/Au/SiO2/Cu built on POM substrate is given in Figure 1.7 (b), with the optical
image and typical I-V characteristics. Upon the heat treatment, thermal degradation
of the memristor was visible with a naked eye, in less than one hour. Suggested
mechanism is the POM releasing a volatile formaldehyde (HCHO) gas with thermal
triggering due to depolymerization and induce transiency destructively for the

memristor device.

Very recently, research done by Teng et al. [5° obtained fully recyclable liquid-metal-
based transient electronic devices, which is unlike most of the thermally triggered
ones. %571 Researchers utilized liquid metal (LM) based conductors and sodium
hydroxide (NaOH) embedded paraffin as a degradation agent. Using room-
temperature LM of eutectic gallium-indium (EGaln) and Galinstan (GalnSn)

15



allowed a complete recycling of these materials by heating. Optical image of the
device is given in Figure 1.7 (c). Upon heating, paraffin wax was melted, which
destroyed the LM circuit. Melting of the top layer of NaOH embedded paraffin
released the NaOH, which destroyed the whole structure. Yet, recycling was also
equally easy, where the representative process of the recycling is given in
Figures 1.7 (c-i) to 1.7 /(c-iv). After cutting the device from the corner (Figure 1.7
(c-1)) LM could be easily recollected again by its natural agglomeration
(Figure 1.7 (c-iv)), while the paraffin melted down can be recollected again as well
Figure 1.7 (c-iii)). All in all, thermally triggered transient electronics also holds lots
of potential for the future applications, which may aim the complete destruction of

the electronics or recovery of the materials.
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Figure 1.7 a) Schematic representation of the heat-triggerable transient electronics
with wax encapsulant embedded with acid microdroplets. Release of the acid leads
rapid disintegration of the device due to acid release. Optical images of this
disintegration and relevant resistance change are also given. P8 b) Schematic
diagram of a memristor on thermally-triggerable POM substrate. Upon heating, due
to the depolymerization of POM substrate, HCHO gas is released, destroying the
memristor device. ¥ ¢) Transient LM-based heater. i) Recycling can be done simply
by cutting the edge of the device, allowing the separation of LM from the wax (ii).
Recycled paraffin wax (iii) and LM is (iv) is easily gathered after that.[]
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1.5  Application Areas and Relevant Devices for Transient Electronics

The aim of fabricating transient electronics is to reduce the e-waste caused by the
increased use of electronics. Still, the first and foremost area for the transient
electronics — being biocompatible, biodegradable, and even implantable and
digestible — is biomedical devices. The aforementioned properties, such as its
minimal to nonexistent toxicity and on-demand usage, make it highly appealing for
the healthcare industry. 5°% Thus, the usage area for transient electronics can simply
be divided into two, biomedical devices and non-biomedical devices. (1

151 Biomedical Devices

Transient electronics, which are biocompatible and bioresorbable, are of great
interest for biomedical devices. They expand the possibility of implantable devices
as well as ingestible devices that can be digested. %61 Especially for the ingestible
transient device, tracking of various diseases without any intrusive technique can be
made possible — which is especially important for gastrointestinal tract.[5! Although
not transient, PillCam™ (Figure 1.8) is one of the first examples of ingestible devices
to track stomach and colon-related diseases that is commercialized. Yet, it still does
not evade being an e-waste after its used, and still needed to be excreted from the
human body — which can still have the possibility of some adverse effects. Hence,
bioresorbable implantable and ingestible devices hold great potential to reduce most
invasive and surgical procedures and also decrease the e-waste generated by the ever-

increasing need for health monitoring devices.
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Implantable medical devices are one of the cornerstones of modern healthcare
systems, as they can be used for diagnosis, treatment, and rehabilitation. 621 The
difference between implantable devices and transdermal devices is that the
implantable ones are placed directly or close proximity to the target organ — which
should be safely removed through surgical methods after their intended use.
Transient implantable devices are of great importance in such case, where the placed
devices are bioresorbed in an engineered time, without the case of additional
surgeries or without the risk of causing infections and side-effects. [626% One of the
recent works by Boutry et al. 4 present a capacitive pressure sensor which is based
on biodegradable materials to measure arterial blood flow, where sensor is operated
wirelessly (Figures 1.9 (a) — (d)). The aim is to closely follow a procedure called
vessel anastomosis (Figure 1.9 (a)), which is a reconstructive procedure for the veins,
which may have post-op complications. In order to follow-up these kinds of
procedures, researchers have designed a capacitive sensor that can wrap up veins to
follow any change in their diameter (Figure 1.9 (b)). This allows close monitoring or
arteries as well as possible complications after surgery. Figure 1.9 (c) shows the
structure of the capacitive pressure sensor, which is all built by bioresorbable
materials. Figure 1.9 (d) shows an optical image and the SEM images of the
capacitive device and its micropatterned PGS layer, which enhances the capacitance
reading by its evenly spaced pyramid pattern. Ultimately, researchers have been able
to fabricate a short-term device for tracking vessels, which does not require a second

surgical process for the removal due to its bioresorbable nature. 64
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4 PillCam b

Figure 1.8 Photograph of PillCam™ capsule for endoscopy and colonoscopy.
Retrieved from medtronic.com

In another work, Choi et al. [ fabricated a transient closed-loop system which has
a bioresorbable pacemaker that is wirelessly connected with skin-integrated devices,
which can track the cardiac activity on top of providing multihaptic feedback
(Figures 1.9 (e) — (g)). With the wireless closed-loop system, the dependence on the
conventional electrical hardware is removed. Moreover, with the transient materials
the need for a secondary surgical event is eliminated. As given in the schematic in
Figure 1.9 (e), wireless connection made with the transient closed-loop system can
provide autonomous therapy and health tracking, which would be terminated by its
own with a controlled transiency. The system given in Figure 1.9 (f) is consisted of
bioresorbable epicardial pacemaker, bioresorbable steroid-eluting system to reduce
the risk of inflammation, bioresorbable power harvesting unit, biocompatible skin
sensors for electrocardiogram (ECG) measurements and physiological monitoring, a
wireless radio frequency (RF) module to transfer power wirelessly to the power
harvester, a haptic actuator, and a handheld device, such as a smartphone, to store
and do analysis or visualization of the data. The most important part of this transient
and bioresorbable pacemaker (Figure 1.9 (g)) is that it can dissolve in PBS solution
completely within 40 days — proving that the use of the device can be terminated

without hospitalization. [°]
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Figure 1.9 a-d) Transient bioresorbable arterial-pulse sensor for post-op tracking. a)
Schematic representation of the vessel anastomosis where b) the sensor is placed for
post-op monitoring. c) General structure of the sensor including the inductor coil part
for data transmission. d) Photos of the fabricated arterial-pulse sensors, and SEM
image of the micropatterns for capacitive sensing. %4 e-g) Transient closed-loop
system for tracking cardiac pacing and physiological events. e) Schematic and
general idea of the working principle of transient closed-loop system, with no
requirement of surgical operation for termination. f) Components of the whole device
and its operational structure. g) Photos of the bioresorbable module degradation in
PBS, which is simulated biofluid. [

Apart from bioresorbable and implantable devices, edible and ingestible
miniaturized transient electronics also received significant attention.[%¢1 Edible
devices are primarily focused on addressing gastrointestinal tract diseases, given the
significant market size of nearly one billion dollars associated with these health
issues.!®I Conventional ingestible electronics are generally required to be excreted
due to their rigid and nondegradable encapsulations, which still carry some risks that
may have adverse effects on the patient. Therefore, there is a proposal for transient
ingestible devices, known as edible electronics or transient electronics, which can be

digested after use, presenting a new form of ingestible devices. "% One of the
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earliest examples done by Joseph Wang’s group [*¥ introduced the first completely
food-based edible electrochemical sensors by fabricating sensors solely of food
materials (Figures 1.10 (a) — (€)). The electrochemical sensors fabricated with food
materials are comprised of edible activated charcoal, food sleeves and olive oil
(Figure 1.10 (a)). Resulting electrodes which are stuffed with various edible
materials are provided in Figure 1.10 (b). These electrodes can be used as
electrochemical sensors, which could interact with the saliva (Figure 1.10 (c)),
gastric fluid (Figure 1.10 (d)) or intestinal fluid (Figure 1.10 (e)) to give different
responses. This proves that the fabricated edible sensors have the potential to detect

various diseases throughout the entire digestive system. [6°]

Transient electronics with the aim of transiency triggered in-vivo rather than in-vitro
are also studied extensively. In such a recent study, Christopher J. Bettinger’s [l
group fabricated a genipin-cross-linked gelatin-based transient ingestible impedance
module that can evaluate gastrointestinal diseases. Fabricated capsule measures the
impedance with the epithelial barriers in gastrointestinal tract (Figure 1.10 (f)). These
epithelial barriers act as membranes and have the duty of absorption of nutrients and
water while keeping the waste outside. Thus, the integrity of this barrier is an
important parameter to find or cancel-out the possible diseases. Any compromised
barrier — which could be related with several diseases, result in a change in
impedance measurement (Figure 1.10 (g)), allowing researchers to pinpoint the
problematic area in the gastrointestinal tract. Compromised barriers result in lower
impedance values, efficiently being a biomarker for detection. The final structure of
the device is given in Figure 1.10 (h), with a photo of the thin film electrodes on

cross-linked gelatin hydrogels. [
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Figure 1.10 a-e) Food-based electrochemical sensors and their signals from different
parts of the digestive tract. a) schematic representation of food-based materials and
activated charcoal for the fabrication of the edible sensors. b) Photos of the electrodes
packed in various types of foods. These electrochemical sensors can give response
in ¢) saliva via differential pulse voltammetry, d) gastric fluid via amperometry or e)
intestinal fluid via square wave voltammetry 9 f-h) Conceptual schematics of
ingestible transient impedance module that can detect compromised areas in
gastrointestinal tract. f) Schematic representation of the module making contact with
the epithelial lining in the tract — which can take measurements from the healthy or
compromised tracts. g) Representative electrical circuit constructed with the capsule
and the epithelial barrier, and representative impedance results. h) Schematic
structure of the device with electrodes, and its optical image (scale bar corresponds
to 5 mm) [0,
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152 Non-medical Transient Devices

Transient electronics are also important to reduce the general e-waste caused by the
ever-growing electronics industry. Although the primary interest with the transient
electronics are mostly bio-medical related, transient electronics also hold a great
potential for their use in various applications. These include energy storagel’*! and
energy harvestingt’? devices, electrochemical sensors”®l, pressure sensorst’,

memristors”® ,and even soft robotics! 6.

Ji et al. [™® fapricated bipolar resistive memory (Figures 1.11 (a)-(c)), which is
constructed from transient metals of W and Mg as the electrodes and silk fibroin as
the dielectric. Silk fibroin, acting as the switching layer, forms a metal-insulator-
metal interface with W and Mg electrodes. Schematic structure and the photos of the
device is given in Figure 1.11 (a). Schematics of resistive switching under applied
voltage utilizing the silk fibroin is provided in Figure 1.11 (b). The state of ohmic
conduction is the initial stage, where silk fibroin has a high -resistance state, and the
I-V characteristic is of Ohmic Law. When the applied voltage is increased to the
range of 0.2 to 0.5 V, space charges appear inside silk fibroin structure. This state is
called space-charge-limited conduction (SCLC). Few generated charges mostly fill
the traps inside the dielectric layer. Higher voltages than this increases the due to
strong injection of space charges, which changes the characteristic to trap-free
SCLC. Pushing beyond, this trap-free SCLC state abruptly converts into a low-
resistance stage, where a conductive path is formed between the metal electrodes.
This resistive memory device comprised of W/Silk fibroin/Mg was also subjected to
transiency in PBS solution (Figure 1.11 (c i-vii)), which was found to dissolve

completely in 24 hours. [
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Tran et al. 8 fabricated a transient semiconductor which is stretchable and fully
degradable (Figures 1.11 (d) — (h)). Figure 1.11 (d) shows the schematic
representation of the fabricated diketopyrrolopyrrole-based polymer -p(DPP-PPD)
for the semiconduction blended with stretchable PCL-based elastomer. This way,
two component, fully transient and semiconducting system formed from PCL and
p(DPP-PPD) is achieved, which is termed as nanoconfined p(DPP-PPD). As
demonstrated in Figure 1.11 (e). The nanoconfined p(DPP-PPD) transferred onto
PDMS is stretchable up to 100%. In order to measure the thin-film transistor (TFT)
performance under strain, a device shown in Figure 1.11 (f) is fabricated.
Nanoconfined p(DPP-PPD) has shown no decrease in mobility under pressure when
compared to neat p(DPP-PPD) that does not contain PCL (Figure 1.11 (g)). The
obtained nanoconfined polymer is designed to be transient in acidic solutions. In
trifluoroacetic acid (TFA), the degradation of both PCL and p(DPP-PPD) is clearly
visible, and tracked by the changes in UV-vis spectra (Figure 1.11 (h)).

Molybdenum disulfide (MoSz), which belongs to transition metal dichalcogenides
(TMDs) is also an attractive 2D material for transient electronics. MoSz, having
promising electrical, optical and catalytic properties, is recently studied extensively
for biosensors. [/ In thorough research, it was also proven that MoS, degrade due
to slow hydrolysis reaction in aqueous solutions, and had shown no adverse effect
on cell proliferation, indicating that they are biocompatible and non-toxic. ["8l
Building on this, Yoo et al. " used wafer-scale two dimensional MoS; layers for
the fabrication of environmentally friendly transient electronics, which are
photodetectors, pressure sensors and field-effect transistors (Figures 1.11 (i) — (k)).
MoS; pattern was integrated layer-by-layer onto paper substrate to fabricate a
transient pressure sensor, which is shown in Figure 1.11 (i). The difference in the I-
V curve with different pressure levels shows that these electronics are viable to be
used as pressure sensors. Moreover, field-effect transistors (FETSs) were also

fabricated by utilizing MoS2 on PMMA substrates, and again shown a promising
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performance under different gate voltages (Figure 1.11 (j)). The transiency of MoS;
in baking soda buffer (BSB) is also tracked by optical microscopy, images of which

are given in Figure 1.11 (k), showing a complete degradation after 180 hours, ["°]

In a very interesting study, researchers fabricated soft robotics and soft electronics
based on gelatin-biogels, which are surprisingly elastic and resilient, yet have a full
transiency (Figures 1.11 (I) — (0)). #8IWith the fine tuning by the addition of glycerol
and water, excellent mechanical stability is achieved, whereas citric acid is added to
prevent the fouling of the gelatin-based device. In ambient conditions, soft actuator
(Figure 1.11 (m)) is stable for more than 1 year and can still be used, and can be
disposed in wastewater. Soft pneumatic actuators fabricated by gelatin-based biogels
have excellent bending performance and can be cycled as many as 330,000 cycles
without failure. Soft electronics with the help of flexible and reusable PCB board is
also fabricated which had a temperature sensor, humidity sensor, strain sensor, and
pressure sensor again based on the biogels (Figure 1.11 (0)). Images of the devices
and resulting measurements are provided side-by-side, showing that the gelatin-

based biogels enable transient multimodal sensing capability. (6]
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Figure 1.11 a-c) Biodegradable resistive memory. a) Schematic of the resistive
memory device utilizing Mg/Silk fibroin/W interface. b) Working mechanism of the
device under different voltage bias. c) Transiency of the devices from i) initial
submersion to vii) 24 hours. [*1d-h) Design of fully degradable semiconducting
polymer films. d) Schematic structure of the PCL — p(DPP-PPD) blend and e) its
stretchability. f) Schematic structure of the fabricated device to measure stability
under strain. g) The change in saturation mobility under strain conditions. h) UV-
Vis spectra of the devices in TFA solution, which shows complete degradation after
40 days. ["81j-k) Transient MoS; electronics. i) MoS; based pressure sensor on paper
substrates and corresponding I-V and current-time graphics under loading
conditions. j) MoS: based FET devices with optical images of the device showing
the magnified version of the components and |-V characteristic under different gate
voltage bias. " 1-0) Gelatin-based soft robotic and soft electronics. 1) Schematic
representation of the materials used for the actuators and e-skin. m) Soft actuator in
s-shape, with the components forming it and the maximum bending that the actuator
is capable (Scale bar corresponds to 2 cm). 0) Soft electronic patch based on gelatin
biogel. Corresponding device photos of temperature sensor, humidity sensor, strain
sensor, and pressure sensor are provided with corresponding graphs. 461
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1.6 Motivation of this Thesis

Research efforts on transient electronics mainly focus on the solubility in water or
PBS solution at room temperature (RT) or at elevated temperatures 187589 Different
components of transient electronics make use of inert conductors such as
carbonaceous materials 884 silver 85871 magnesium #4881 tungsten 4 or gold
[7171 "and safe polymeric materials and biomaterials such as PVAB®% poly(lactic
acid) (PLA)®U  poly(lactic-co-glycolic acid) (PLGA)P>%1  chitosan®* and
agarose®*%]. Transient electronics concept emerged with frequent demonstrations
of transistors and batteries?488%971  These are only the two basic components in an
electronic device. It is clear that the transiency should be demonstrated in many other
electronic components so that the overall electronic product can be claimed as fully

transient.

Among the materials, PVA is the most commonly used biocompatible and
biodegradable material utilized in biomedical applicationst®®1%l  electronic
circuits'®:1%2 triboelectric nanogenerators®!, nanocomposite fabrication*1%% and
energy storage devices and supercapacitors [1%4-1%1 |n supercapacitors, PVA was
utilized only as a solid-state electrolyte layer for flexibility and biodegradability
[89.104.107] Transient triboelectric energy harvesters were also a subject of research,
which could allow a green energy source with zero waste. Transient triboelectric
energy harvesters were also a subject of research, which could allow a green energy
source with zero waste. Yet, TENGs utilizing PVA did not explore the transiency
aspect. [51%81 pVvA was also utilized in capacitive sensing applications for
physiological signal monitoring as well as for pressure sensing, but again with
limited exploration on transiency. 1% |t is evident from the literature that
multifunctionality of PVA based layers were not explored sufficiently, and most

studies fail to address transiency. Moreover, none of these works disclose all PVA-
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based (i.e. electrode, electrolyte, insulating layer, and encapsulation layer) physically

transient and multifunctional devices.

This dissertation focuses on fabricating multimodal PVA layers to prove an efficient
way to obtain different transient electronics with similar layers. As such, simple
solution-based approach is adapted to fabricate all PVA-based physically transient
supercapacitors (T-SUPC), triboelectric nanogenerators (T-TENG) and transient
capacitive sensors (T-CAPS) that are water-soluble, biodegradable, biocompatible.
PVA was chosen due to cost effectiveness, modification flexibility, accessibility on
top of its inherent biocompatibility and biodegradability. [''!1 In the light of this, the
thesis is divided into 3 sections that explores different application areas and resulting

devices:

In Chapter 2 — Transient supercapacitors (T-SUPC) are fabricated by all PVA-
based layers to explore their efficient use in energy storage applications;

In Chapter 3 — Transient triboelectric nanogenerators (T-TENG) are fabricated to
show the capability of PVA-based layers in energy harvesting and self-powered
electronics;

In Chapter 4 — Transient capacitive sensors (T-CAPS) are fabricated to indicate that
these layers can also be used for sensing applications, and are sensitive enough to

track even the smallest physiological movements.
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CHAPTER 2

TRANSIENT SUPERCAPACITORS

2.1 Introduction to Supercapacitors

Electrochemical capacitors (ECs), also known as supercapacitors (SCs), have been
known for 60 years. 1121 The earliest example, however, traces back before the
Volta’s Pile. Researchers in 18™ century relied on Leyden Jar for energy storage.
Silver foils inside and outside a glass jar which uses the glass jar itself as the
dielectric layer; the Leyden jar was the first energy storage device introduced to the
world, which worked as a capacitor. 1?3124 Earlier and conventional SCs are
generally based on high surface area of carbonaceous materials. 151 ECs received
significant attention in the recent years due to their very fast discharge rate, long
cycling life and capacity retention, and high-power delivery and uptake when

compared to the conventional Li-ion batteries. [116117]

By 2023, there are lots of companies that produces various types of supercapacitors.
Figure 2.1 shows the various supercapacitors that are commercial. Companies such
as Maxwell Technologies 18129 (Figure 2.1 (a) and (g)), CAP-XX [1201211 (Figure
2.1 (b) and (f)), Skeleton Technologies 22 (Figure 2 (c)), Capacitech [*% (Figure
2.1 (d)), and Kyocera-AVX 1241 (Figure 2.1 (e)) produces all sorts of supercapacitors.
The shapes and capacities of these devices vary according to their intended areas of
use. Cylindrical small supercapacitors such as in Figure 2.1 (a) and (b) are used in
various electronic circuits. Pseudocapacitors in Figure 2.1 (c) are used for start-stop

systems of heavy-duty vehicles. Wire-shaped flexible capacitors are particularly
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employed in situations where flexibility is required. Supercapacitors can even be
designed similar to pouch-type batteries (Figure 2.1 (€)). Big modules such in Figure
2.1 (f) are used in applications ranging from transportation to grid/power correction.
[121 Figure 2.1 (g) shows the combination of such modules to be used in combination

with the renewable energy sources such as solar or wind energy. [1*°]

Figure 2.1 Commercial supercapacitor products from a,g) Maxwell Technologies
[118] "p,f) CAP-XX 1201 ¢) Skeleton Technologies 1?21, d) Capacitech Energy 123
and e) Kyocera-AVX [124],

With the recent advances in technology, there are many application fields in which
small powered devices that require high power delivery and fast recharging
capability. One such commercialized example is the ‘S-Pen’ of Samsung S9 (Figure
2.2). This Bluetooth pen can be used 30 minutes with a single charge of 1 minute
when it is docked into the smartphone. 1251 Apart from the small devices, the use of
supercapacitors has also been extended to consumer vehicles. Figure 2.3 (a) shows
the supercapacitors (denoted as ultracapacitors — shortly UC) in the various parts of
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electric vehicles. The most common use of supercapacitors known to consumers
nowadays is the regenerative braking systems, where the lost energy through braking
is collected by the supercapacitors to charge the batteries. (1261 Apart from this, it is
used to significantly increase the acceleration performance by supplying high power
output and reduce the costs for hybrid electric vehicles by extending the lifetime of
batteries by handling the peak power loads (Figure 2.3 (b)). [*?"l Supercapacitors are
not only used in controlling grid power, they are even used to support the failsafe
systems. Such an example is the use of supercapacitor modules for the pitch control
of wind turbines to improve safety conditions by replacing Li-ion batteries and
efficiency of the turbines (Figure 2.3 (c)). Compared with the previous lead-acid
battery systems, supercapacitor modules practically do not require maintenance with
a lifetime of 15+ years. This increases the reliability of the wind turbines, as the

maintenance fees are highly reduced with much lower downtimes. [128]

Figure 2.2 Photos of Samsung S9 cell phone, which uses a supercapacitor powered
'S-Pen' 1251,
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2.2 Working Principles of ECs

Both batteries and SCs rely on electrochemical processes to store energy, but they
differ in their energy and power densities. Li-ion batteries store energy by
intercalating Li* ions into the electrode bulk, which results in slow charge/discharge
rates due to diffusion-controlled redox reactions. In contrast, SCs store energy on the
electrode surface, which leads to faster reaction rates but lower energy density. %
Supercapacitors have a charging mechanism that offers a longer cycling life, leading
to reduced maintenance costs and less waste compared to batteries. As a result, SCs

serve as an effective solution that bridges the gap between batteries and capacitors.
[131]
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Based on the working principles and types, general classification of the capacitors is
given in the Figure 2.4. While the working principle of conventional capacitors and
SCs are very alike in terms of utilization of the dielectric mechanism, what differs is
that SCs utilize high surface area electrodes with much thinner dielectrics, allowing

the SCs to have much higher capacitance and energy density than the conventional

114
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| |
Electrochemical Electrolytic Nonelectrolytic
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Figure 2.4 General classification of capacitors (1141,
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Thus, SCs have an exclusive position between the conventional capacitors and
lithium-ion batteries due to their capacitances being higher than conventional
capacitors and having much faster kinetics than batteries. This relationship is
illustrated in Figure 2.5, known as the Ragone Plot, which depicts the energy and
power densities of different energy storage devices. As suggested, depending on their
mechanisms, batteries are on the high-energy and low-power density region.
Typically, batteries have low output power, but they can supply power for many
hours. Despite low cycle life, Li-ion batteries are popular because of their high
energy density. Scientists put tremendous effort into improving the charging rates
and cycle life of batteries. In contrast, electrochemical capacitors have high power;
but, low energy density. Charge storage mainly relies on fast, surface-limited
processes, which can be electrostatic and/or faradaic in nature. The active material
on the electrodes and the chosen electrolyte plays crucial roles in these processes.
[1321 Depending on these properties, supercapacitors are valuable for a wide-variety
of applications ranging from micro-electronics to electric vehicles and energy grid
applications, as examples are provided in Section 2.1. It should be noted that the both
batteries and supercapacitors have their unique areas of use and are complementary
to each other. Using the superior energy densities of pseudocapacitors, it is possible
that supercapacitors can replace the batteries in high-power and short-time powering
of electronics. However, sometimes the goal is not necessarily to replace one another
but to create hybrid systems that extend the lifetime of batteries while providing

sufficient power output for applications beyond the capability of batteries alone.
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Figure 2.5 Electrochemical capacitors on Ragone Plot. Arrows show the general
trend/aim for electrochemical capacitors and batteries 132,

Non-electrolytic capacitors are designed with two parallel plate electrodes and a
dielectric material between them, as shown in Figure 2.7. When a potential
difference is applied, the positive and negative charges move towards the surface of
the electrodes with opposite polarity, storing the charge electrostatically. The

capacitance of a capacitor is measured in farads (F) using the equation given below;
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where Q is the electric charge on the electrodes and V is the potential difference

between them. The capacitance of a parallel plate capacitor can also be calculated
using a specific equation;
_ &&rA

C=—2— (22

,where g, and &, are permittivity of free space and dielectric constant, respectively. A is
the area of the electrodes and D is the distance between the electrodes. 14

Plate Separation Distance

Charge Q* Charge Q™

Electric field E

Plate area A

Dielectric &

Figure 2.6 Schematic representation of a conventional capacitor device. 1]

A typical supercapacitor device consists of two electrodes separated by a separator.
Such an example is given in Figure 2.7 (a). Separator can be glass fiber, polyimide,
PTFE or any other porous membranes that allow ions to travel. Separator is wetted
with aqueous or organic electrolytes, while solid-state electrolyte act as both
separator and ionic conductor. While the structure of the supercapacitors is the same,
charge mechanism depends on the active material used in electrodes.

Supercapacitors are classified into two groups with respect to that; electrochemical
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double layer capacitors (EDLCs) and pseudocapacitors (or redox capacitors). Both
types use high surface materials in common, yet electrical double layer phenomena
occur at the surface of carbonaceous materials, while fast faradaic reactions happen
at the surface of the materials such as transition metal oxides, carbides and sulphides.
Such an example of a supercapacitor device is provided in Figure 2.7 (b), which
utilizes metal oxide materials for pseudocapacitive energy storage.
Pseudocapacitance can also arise from the intercalation of ions into the 2D layered
materials such as layered two-dimensional (2D) transition metal carbides and
nitrides (MXenes) fabricated from materials such as TisC,Tx. Lately, metal organic
frameworks, or MOFs, which have engineered to have desired crystal structure and
extreme porosity have also been studied extensively for supercapacitors as active
materials.[***l Typical differences between the storage mechanism, energy and power
densities, discharge time and cycle life of conventional capacitors, batteries and

supercapacitors are given in the Table 2.1 for comparison.
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Figure 2. 7 a) Schematic structure of a conventional supercapacitors. b) Schematic
structure of a cylindrical supercapacitor by Skeleton Technologies. 2%
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Table 2.1 Characteristic properties and performance parameters for conventional
capacitors, batteries and supercapacitors. Adapted from (14

Characteristics Capacitors Batteries Supercapacitors
Electrostatic for
EDLC

Storage Electrostatic Slow intercalation Fast Faradaic

Mechanism reaction to the bulk  reactions and

intercalation storage
for pseudocapacitors
Electrode/electrolyte

Charge Storage Charged plates Entire electrode interface
Energy Density i

(Whkg) <0.1 50 - 500 <10
Power Density

(Wikg) >10 000 <1000 <50000
Cycle Life >106 500 - 1000 >10°

2.2.1 Electrical Double Layer Capacitance (EDLC)

Energy storage mechanism in EDLC type materials, mostly carbonaceous ones,
purely depend on the active surface area of the materials, in which the charge is
stored at the electrode/electrolyte interface. Thus, most important parameters to tune
in order to increase the charge storage mechanism are permeability of the electrolyte

ions through pores and making use of the surface area.

The charge storage mechanism of double-layer capacitance is outlined in Figure 2.8.
The original model was suggested by von Helmholtz (Figure 2.8 (a)), who proposed
a quasi-2-dimensional system with oppositely charged layers separated by a small
atomic distance. ! This model was later modified because the original was only
for colloidal interfaces, disregarding the electrode interfaces can be affected by the
ions that thermally fluctuate and will not remain statically at the electrolyte side of
the electrode/electrolyte interface. %51 This model is called “diffuse” double-layer

capacitance introduced by Gouy. However, the assumption that ions were point
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charges led to an incorrect potential profile at the electrode surface. This incorrect
potential profile at the electrode surface resulted in excessively large potential
difference prediction that was defined as the rate of change of net ionic charge on
the solution side and change of metal solution across the interphase. Chapman 1%
modified the Gouy model by combining the diffuse layer mechanism with
Boltzmann's energy distribution model (Figure 2.8 (b)), resulting in Poisson-
Boltzmann equation. This combination also added the parameter of distance between
the active surface area of an electrode and ionic medium. This model was in the
interphasial region to the second derivative of electric potential. Later on, Stern!*3"]
improved upon the Gouy-Chapman model by incorporating Langmuir's adsorption
isotherm for the inner region of the ion distribution and treating the region beyond
the adsorption layer as a diffuse region of distributed ionic charge (Figure 2.8 (c)).
Based on the model used, it was possible to calculate the width of the limiting
adsorption region of ions by assuming that ions have finite sizes. This allowed Stern
to determine the overall capacitance, which was composed of two components:
Helmholtz type of double layer having a capacitance Cu, and a diffuse region of
double layer having a capacitance Cqitr. The overall double layer capacitance (Ca)
was then calculated as a series relation using an equivalent circuit, in which the
overall double layer capacitance is governed by the smaller component of Helmholtz
type of capacitance or the diffuse regiont*¢l;

11,
Ca  Cy  Cayy

(2.3)

According to this equation, the overall double-layer capacitance is controlled

by the smaller component. (2]
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Figure 2.8 Electrical double layer models: (a) Helmholtz model, (b) Gouy-Chapman
model, and (c) Stern model. IHP and OHP refers to the inner Helmholtz plane and
outer Helmholtz plane, respectively. yo and y refers to the potentials at the electrode
surface and the electrode/electrolyte interface, respectively. 13

Double layer mechanism is generally arisen from carbonaceous materials, as
mentioned before, which is extensively used for supercapacitor devices. Carbon
source used for commercialized supercapacitors are mainly activated carbon!*3, yet
different derivatives of carbon such as graphene % carbon fibers*4*14l nanotubes
[143] “and nano-onions 1441451 have garnered significant attention and are currently
undergoing extensive research for their potential utilization in supercapacitor

devices.

The capacitance value of the carbon electrodes in aqueous electrolytes heavily
depends on the pore structure. The basic expectation is an increase in capacitance
with increased surface area. Yet, the mechanism is not as such, which was
demonstrated back in 2006 by Chmiola et al. 161 A decrease in the capacitance with
increased specific surface area was observed. Yet, a critical pore size was found
where the trend is reversed and a sharp increase in the capacitance was observed

(Figure 2.9 (a)). The behavior was explained in three stages on the graph given in
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Figure 2.9 (a). In stage I, where the pores are much larger than the ion size, adjacent
pore walls of a structure can contribute to the capacitance. Once the pore size is
decreased, which is denoted with region 2, the surface area that can be used by the
solvated ions decrease as the ion layers are impinged. Therefore, a decrease in the
capacitance in this region Il is observed. This behavior is reversed drastically under
1 nm pore size. The solvation shells of the ions are highly distorted and ions are
squeezed inside the narrow pore channels that normally cannot contain solvated ions.
This distortion allows ion centers to be much closer to the pore walls, increasing the

capacitance. [46]

This behavior is not quite the same for the systems with ionic liquids. Absence of
the solvent molecules that form the solvation shell, which actually forms a screening
between anions and cations, results in a strong ion-ion correlations. It is imperative
to explain what is the point of zero charge first. Immersion of a metal surface inside
an electrolyte, a double layer is formed at its interface to make the system to maintain
electroneutrality. The charge collected on the metal per unit area is;

qm = —FZ FiZi (24)
i

where the F is Faraday constant, z; is the charge of the ionic species i, and T is the
surface excess of that component at the interphase. The summation operator is
limited to the solution side of the double layer, which do not take the metal surface
into account. To maintain the electroneutrality, it can be thought that the solution
side of the double layer is equal to the charge on metal with opposite sign; q™ =
—q?®. If an ideally polarized electrode is introduced to the system, where charge
transfer is not allowed, the Gibbs adsorption isotherm at constant temperature and

pressure can be written as;
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do = —q™dE + Z Ldy — (2.5)
i

where the excess charge density due to the ideally polarized electrode can be written

as;

oo m
(6_E)T,P,/.Li =—q (2.6)

where the y; is the chemical potential of the ionic species, E is the electrode potential,
and o denotes the interfacial tension for adsorption. The potential where (g—;)m,m

operation is zero is a situation where the metal surface has no excess charge. This
potential is defined as the “potential of zero charge” (or PZC in short). [*471 This idea
is first covered in 1930 by Frumkin while trying to define electrocapillary values for

the Cd amalgams. 148

Figure 2.9 (b) depicts the over-screening effect at the potentials below PZC range,
which is attributed to the ion-ion correlations due to the absence of the solvation
shell. This forms a counterion layer with an excess charge gathered compared to the
polarization level of the electrode. When the potential is much lower, the polarization
suppresses the over-screening, resulting in a much closer counterion layer to the

inner Helmholtz layer. 149
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Work done by Largeot has shown that the behavior of the carbide derived carbon
electrodes are different when an ionic liquid is used. In this case of no solvent,
matching pore sizes with the cation and anion sizes are much more important. In the
case of ethyl-methylimmidazolium-bis(trifluoro-methane-sulfonyl)imide ionic
liquid (EMI-TFSI), both the anion and cation has a dimension over 0.7 nm. When
the specific areal capacitance was plotted with respect to pore sizes (Figure 2.9 (c))
it was observed that the capacitance increases up to the point of 0.7 nm, and falls
drastically lower than this size. This is attributed to the anion and cation sizes, where

that they are unable to get into the smallest pores. [%°]
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Figure 2.9 a) Plot showing average pore size vs. specific areal capacitance.
Compared to the traditional view, titanium carbide-derived carbons having average
pore size smaller than 1 nm have a drastic increase in capacitance. ¢l p)
Overscreening and crowding phenomena with ionic liquids. [1°1 c) Effect of pore size
on the overall capacitance with ionic liquids. (5%
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2.2.2 Pseudocapacitance

The energy density of double-layer capacitance is limited because the charge is only
stored physically by adsorption onto the carbonaceous materials' surface.
Researchers are extensively studying pseudocapacitive materials due to their
electrochemical storage mechanism by fast reduction-oxidation reactions. The term
'pseudo’ means being almost as, and their electrochemical behavior is similar to
EDLC. This term is first used by Conway and Gileadi!*>!! to find out the dependence
of capacitance value to the electrochemical adsorption of ionic species onto electrode
surfaces. By 1971, the surface dependence is proven by Trasatti and Buzzanca by
experimenting on RuO: in perchloric acid, showing that pseudocapacitance can be
achieved by changing the material from bulk to a film formation. [*°2 The storage is
done with faradaic reactions, allowing a much higher energy density than

carbonaceous materials. [15°

Pseudocapacitive materials store energy with fast, reversible redox reactions at the
surface of the active materials, such as transition metal oxides or conducting
polymers. Reactions start with mass transfer of reactants towards the electrode
interface to have electron transfer at the electrode/electrolyte interface. Afterwards,
preceding chemical reactions take place via adsorption or desorption mechanisms at
the surface of the electrode. Conducting polymers utilized in SCs such as
polyaniline®4l and polypyrrole®®! are examples of conductive polymers utilized in
SCs. [156]

A review of how capacitive materials, pseudocapacitive materials and faradaic
materials (battery like behavior) is given in Figure 2.10 with respect to their cyclic
voltammetry (CV) and discharge profiles. In pseudocapacitive materials, the
behavior can have electrochemical behavior of more than one type. In Figures 2.10
(b), (d) and (e), pseudocapacitive materials with an only surface redox reactions such
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as MnOy, intercalation type materials such as Co030Os in organic electrolyte, or
materials having both intercalation mechanism and partial redox such as MXene

phases (TisCz in acidic electrolytes) can be observed, respectively. [157]
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Figure 2.10 (a,b,d,e,g,h) Schematic cyclic voltammograms and their corresponding
(c,f.i) galvanostatic discharge curves for different energy storage mechanisms. [57]
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2221 Metal Oxides

First material to be discovered to have pseudocapacitive properties is RuO..
Researchers back in 1971 discovered that although the charge storage mechanism is
faradaic in nature, the electrochemical behavior is similar to that of electrochemical
double layer. 52 In an electrochemical characterization of single crystal RuO, only
7% of Ru** atoms were observed to involve in faradaic reactions, which did not have
the “pseudocapacitive” behavior. Continued experiments with the RuO3 thin films
prepared by the thermal decomposition of RuCls.H-O, on the other hand; has shown
much different properties. Figure 2.11 shows the difference between these two
structures. The change in the electrochemical behavior of RuO2, making it a

pseudocapacitive material, is attributed to the improvements below;

i. More accessible redox sites due to film formation,

ii. Inherent high electrical conductivity of RuO»,

iii. Presence of structural water that facilitates charge transport inside the
structure,

iv. Improved surface area resulting in much shorter diffusion lengths (581,
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Figure 2.11 Cyclic voltammogram comparison of thin film RuO2 (top) and single
crystal RuO; (bottom) in 1 M perchloric acid. 52

Currently, the situation is considerably more intricate due to the presence of
various materials that are classified as pseudocapacitors. The term of
pseudocapacitance, as suggested by Brousse*>® should be used more carefully, as
most of the materials such as NiO and Ni(OH)z actually exhibit battery-like behavior.
Figure 2.12, adapted from Brousse et al. directly showcases this issue, as Ni(OH)2
and Ni doped cobalt oxides do all exhibit faradaic behavior. The term
“pseudocapacitance” should only be used where the behavior is such as MnOy, as in
Figure 2.13 (which is similar with the film behavior of RuO, provided in Figure
2.12). 159t should be noted that the behavior itself is also dependent on ionic species
that is adsorbed on the electrode surface. Metal oxides such as iron oxide (FezOa)

[160] ' manganese oxide (MnO3) [*611621 cobalt oxide (Cos04) 631 and nickel oxide
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(NiO) 164 are examples of some metal oxides that are still labeled as
pseudocapacitive materials, although most of the research still contains materials that
show battery-like behavior but falsely labeled as pseudocapacitors. According to
Fleischmann et al. [ pseudocapacitors should have;

i A linear or pseudolinear relationship between the applied potential and
state of charge,

ii. Nearly ideal electrochemical reversibility,

iii. Surface controlled kinetics.

Current (A g'1)
1(A.g7)

00 o1 02 03 04 05 00 02 04 06 08 10
Voltage vs. SCE (V) E vs. Ag/AgClI (V)

Figure 2.12 (Left) Cyclic voltammograms of nickel oxide, nickel hydroxide, cobalt
oxide and nickel doped cobalt oxide, all showing faradaic behavior. (Right) MnO>
electrode exhibiting a rectangular CV shape, which is typical for pseudocapacitive
metal oxides. [%°]
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2.2.2.2  Transition Metal Dichalcogenides

In recent years, transition metal sulfides, also known as transition metal
dichalcogenides (TMDs), have become the focus of attention with their advanced
electronic and chemical properties. Especially their 2D form, with strong covalent
bonding within the layers and weak van der Waals interaction between the layers,
results in unique properties different from their bulk states. Several 2D TMDs based
on molybdenum, tungsten, titanium, and vanadium sulfides/selenides/tellurides are
researched extensively with their unique semiconducting properties (Figure 2.13
(@)). Their most explored phases, 2H phase and 1T phase, affect their electronic
properties. The relevant structures are given in Figure 2.13 (b) and (c). While the H
phase is a trigonal prismatic structure, T phase has its one of the tetragons rotated by
180°. This difference in the structure can result in the metallic behavior of 2D TMD,

especially due to its 2D form resulting in a quantum confinement. [166.167]
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Figure 2.13 a) Possible TMD structures with their available structures of sulfides,
selenides and tellurides. b,c) Two primary phases of 2D TMDs. [166]
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2D TMDs are very attractive for energy storage applications due to their short
electron transport length and efficient ion transport paths. Their advantages include
rapid charge transport at the contact of their layered structure, their effective energy
storage mechanism dependent on both Faradaic and non-Faradaic processes, and
their efficient ion transport between the layers enabling higher charge/discharge
rates. (%81 The main storage mechanism depends on the intercalation of ions,
especially Li*, which has been known to intercalate between TMD layers since 1975.
(1691 Primarily if the metallic phase is obtained, the inherent semi-metallic

conductivity makes them highly prospective materials for energy storage solutions.

Such an example is demonstrated by Acerce et al. X’ where 1T-MoS; phase is
achieved through organolithium exfoliation, which resulted in a semi-metallic
electrical conduction. Figure 2.14 (a) shows the self-standing film and its cross-
sectional SEM image. Cross-sectional image clearly shows the exfoliated and
layered 1T-MoS;. The electrochemical analysis given in Figure 2.14 (b) also shown
to differ greatly with the 2H phase, ultimately indicating the prevalence of 1T phase.
[1701 2D tungsten sulfide (WS;) is also a very promising layered TMD for
supercapacitor applications. Chen et al. X" hydrothermally fabricated 2D WS, and
combined it with graphene to obtain supercapacitor electrodes. TEM images given
in Figure 2.14 (c) shows the 2D structure obtained, and its interface with graphene.
Different weight ratios were used and 8 wt.% WS, with graphene (denoted as M-
WGA) was found to perform much better, which also shows great rate capability.
171 H and T phase of the TMDs can also be controlled to improve the
electrochemical performance. Simple annealing technique utilized by Ke et al. [72]
allowed researchers to control the phase boundary between 2H and 1T phase of MoS>
(Figure 2.14 (e)). This allowed high charge transfer efficiency in the 2H-1T
heterophase boundary, ultimately resulting in a much better electrochemical
performance (Figure 2.14 (f)). 172
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Figure 2.14 a-b) 1T-MoS: supercapacitors fabricated by organolithium exfoliation.
a) Self-standing 1T-MoS: film and its corresponding cross-sectional SEM images.
b) Electrochemical characterization with different electrolytes and its rate capability.
[170] ¢-d) 2D WS, combined with graphene for supercapacitors. ¢) Low and high
magnification TEM images showing the 2D structure and the interface between WS>
and graphene. d) Cyclic voltammetry measurements of the supercapacitor electrodes
with different WS, loadings and rate capability of the best performing one. 71 e-f)
Controlling the phase transition of 1T to 2H of MoS; for improved performance. €)
Shows the regions of 2H after thermal annealing via high resolution TEM. f)
Difference in the electrochemical activity of MoS> electrodes with thermal
annealing. 172
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2223 Metal Carbides — MXenes

2D layered transition metal carbides, carbonitrides and nitrides, also called shortly
as MXenes, are extensively studied in the last couple of years as newly emerging 2D
materials after the first paper published on the fabrication of TisC,Tx in 2011. The
general formula of MXenes is Mn+1Xn Tx (n=1-3), where M is a transition metal such
as Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo and so on, X is carbon or nitrogen or both, and
T is the surface terminations such as hydroxyl bond or fluorine. 1731 MXenes can
also have more than one transition element and they can be in two different
arrangements, a solid solution type or ordered formation. In solid solution type,
random arrangement of two transition materials exists in the layers, while in ordered
structure, one transition metal is sandwiched between the layers of the second
transition metal. 1741 MXenes are synthesized by selective etching and delamination
from their layered precursors or MAX phases. In 2017, up to 70 different MAX
phases including the carbides and nitrides were reported. 74 Figure 2.15 provides a
comprehensive overview of both experimental and theoretical types of reported
MXenes.

Electrochemical performance of the MXenes for supercapacitors arises from their
2D layered structure. Polar organic molecules and metal ions (Li, Na, K, Mg etc.)
can be intercalated spontaneously between the layers chemically or
electrochemically. 74 Ti3C,Tx is the most typical MXene and its electrochemical
behavior as a supercapacitor is shown in Figure 2.16. A similar mechanism to layered
TMDs is observed, in which the capacitance is mainly dependent on the intercalation
of ions such as K*, Na*, Li*, and even Mg?*.
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Figure 2.15 In 2017, the number of reported MXene types reached 70, covering both
experimental and theoretical variations. 174!
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Figure 2.16 a) Schematic representation of cation intercalation between TizC,Tx
layers and b) cyclic voltammograms and representative capacitances with respect to
different electrolytes of a 25-micrometer thick free-standing MXene film. 74
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2.2.2.4  Metal-Organic Frameworks

Metal-organic frameworks (MOFs), also called as coordination polymers, assembled
via node-spacers in which they have metal centers connected with organic linkers
such as imidazolate or carboxylate-based ones. Schematic representation of such
combinations is given in Figure 2.17. This structure allows MOFs to be constructed
with a desired crystalline structure with extreme porosity, which makes them very

good candidates to be used as energy storage materials. [l

With these unique properties and the absolute engineerable parameters, MOFs can
be tailored to have desired properties, such as complementing the low power output
of batteries or low energy density of supercapacitors, while keeping the advantages
of both type of energy storage devices. 33 First MOF reported in 1999, which was
named as MOF-5 had a specific surface area up to 2900 m?/g, while having a thermal
stability up to 300 °C and very promising Hz and CO: storage performance, showing
good gas adsorption properties.'’®! Shortly after, HKUST-1 which is Cu3(BTC)2
(BTC=1,3,5-Benzenetricarboxylic acid) was fabricated with Cu nodes connected by
carboxylate bridges with a three-dimensional paddle wheel unit, creating 0.90 nm
side length and 0.50 nm sized one-dimensional pore channels, which are sorption

sites for small molecules and contributes to the overall gas sorption ability. [176]
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Figure 2.17 Schematic illustration of the shapes and the combination of metal nodes
and organic linkers in MOFs 771,

A MOF with Cr as the metal nodes, named as MIL-101, CrsOF(BDC)s was reported
in 2005 and had a BET surface area of 4100 m?/g with its hierarchical tunnels and
mesoporous cavities. 178 A much recent one demonstrated in 2012, NU-100E,
reached BET surface area of 7140 m?/g while the computational research shows a
theoretical specific surface area of 14000 m?/g can be reached. 7*8% Figure 2.18
provides schematic representations of both the mentioned MOF structures and

additional variations.
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Figure 2.18 Structural representations of example MOFs 791,

2.3 Examples of Transient Energy Devices

As stated in Section 1.2, the exponential growth in consumer electronics not only
fuels the consumption but also contributes to the exponential increase in electronic
waste. In the case of wearable electronics, ranging from smartwatches to medical
implants/sensors, all use conventional energy solutions with harmful and toxic
materials. Commonly used battery materials such as cobalt, cadmium, and nickel
threaten the environment and health. ('8 To alleviate these issues, researchers
focused on transient energy solutions that are biodegradable, biocompatible,

bioresorbable, and even edible.
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231 Transient Batteries

The concept of transient electronics, starting from first transient silicon electronicst®?
brings the need of transient energy storage units. Transient batteries offer a solution
for systems that need to operate for extended durations. Although the concept of Li-
ion batteries can also be used to fabricate transient batteries 1821 | fabrication of
transient batteries with safer materials that can be assembled easily with completely

transient materials is a must. 183

The first concept of a fully biodegradable primary battery is suggested by Prof. John.
A. Rogers’ group, possibly seeing the requirement after their proposal of transient
silicon electronics. They replaced the conventional cathode electrodes for Mg
primary batteries with Mo metal foils, used Mg as anode, and packaged them with
polyanhydrides that are also biodegradable. The schematic structure and photos of
the battery are given in Figure 2.19 (a). Fabricated batteries had enough energy
density to power up a red LED or a simple antenna (Figure 2.19 (b)). Fabricated
transient primary Mg batteries could be triggered with aqueous solutions such as
PBS. A complete degradation of the battery was seen after 19 days, showing the

promising transient behavior of the fabricated primary Mg batteries. [84

A similar study conducted by Huang(®® used molybdenum trioxide (MoOs) as the
cathode. MoO3, despite being extensively researched in the field of Li-ion batteries,
had not been explored for transient batteries prior to this study. Figure 2.19 (d) shows
the structure, where sodium alginate hydrogel with phosphate addition works as an
electrolyte. A good discharge behavior (Figure 2.19 (e)) was observed where the
batteries can supply 1.6 V for 48 hours with a MoO3 film thickness of 300 um. The
battery can again light a red LED, which can continue to do so in PBS solution more
than 16 hours. [l
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One of the most interesting areas of the transient electronics are the edible ones. The
advancements in technology have revolutionized the medical field by introducing
edible electronics that enable non-invasive full body diagnostics, which is truly
remarkable given that they can be used for both imaging and sensing. %1 To realize
these electronics, it is imperative to fabricate edible batteries as well. llic et al. (8]
fabricated edible and rechargeable batteries depending on redox-active food
additives, indigo carmine (E 132) and riboflavin (E 101), on top of two food
ingredients, quercetin and ellagic acid. Overall structure is provided in Figure 2.19
(9). Active components were sealed with beeswax, and serially connected edible
batteries lighted up the red LED (Figure 2.19 (h)). Capacity and charge discharge
curves of the batteries are given in figure 2.19 (i), with a good cycling efficiency
over 100 cycles. Although labeled as batteries, the redox active electrodes actually
show pseudocapacitive behavior, as the discharge plateau does not stay at constant
potential (See Figure 2.10 (f) for clarification). Nevertheless, it is a great addition for

the edible energy storage devices. 8]

For the transient batteries, electrolyte/separator layer should also be transient. Seeing
the absence of such works, the group of Markus Niederberger fabricated transient
separator-electrolyte pair by utilizing cellulose nanocrystals (CNC). Lithiated CNCs
are embedded into PVA. CNCs are lithiated in order to enhance the Li* transport.
The fabricated PVA/CNC-Li electrolytes are also resistant to temperature. In
comparison to bare PVA and commercially available Celgard separators,
PVA/CNC-Li electrolytes demonstrate high temperature resistance up to 160°C.
Relevant images of the electrolytes and their SEM images are given in Figure 2.19
(j). The fabricated electrolytes showed much higher capacity, 94 mAh.g? in
secondary Li/LiFePOa cells compared to the 18 mAh.g™! obtained from Celgard
separators. The fabricated electrolytes can also be dissolved in water, which is
demonstrated in Figure 2.19 (k). 18]
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Figure 2.19 a-c) The first conceptualized transient batteries that is a primary Mg
battery. a) Schematic representation and optical images of the transient Mg battery.
b) Battery lighting up a red LED c) Triggered transiency in PBS solution. 184 d-f)
Transient primary Mg batteries based on MoOs cathode and alginate hydrogel as the
electrolyte. d) Schematic structure of the transient battery. e) Discharge curves
depending on the thickness of MoOs3 cathode. f) Transient Mg battery powering up
a red LED, even when it is submerged to PBS solution. B8 g-i) An edible
rechargeable battery. g) Overall structure of the edible device h) 2 serially connected
batteries lighting the red LED. i) Capacity retention and charge-discharge curve of
the edible batteries. (181 j k) Cellulosic transient electrolyte/separator for transient
batteries. j) Thermal stability of PVA/CNC-L.i electrolytes compared to bare PVA
and Celgard at 160 °C. k) Triggered transiency of the electrolytes in water. (18]
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2.3.2 Transient Supercapacitors

Supercapacitors are another interesting energy storage solution for transient
electronics. They can supply short bursts of power, which could be used to power up
electronics in the required moment, and can be charged much faster than the
batteries. Although they can be used to power up sensors, they can also be integrated

with batteries in order to supply enough power output for more intricate devices.
[181,183]

Lee and coworkers "] fabricated biodegradable microsupercapacitors based on
water-soluble W, Fe, and Mo electrodes. The structure is relatively simple, and it
took inspiration from a previous publication dealing with transient electronics using
the same metals. 24! Photolithography was used to shape the microsupercapacitors,
and metal electrodes were deposited onto glass via magnetron sputtering. Resulting
electrodes and their degradation in PBS solution are shown in Figure 2.20 (a). More
complex microsupercapacitors with microchannels were also fabricated on PLGA
substrates (Figure 2.20 (b)). NaCl/Agarose gels were fabricated as an electrolyte,
which are transient in PBS (Figure 2.20 (c)). The microsupercapacitor deposited on
PLGA was also soluble in PBS solution (Figure 2.20 (d)); given that the electrolyte

was also transient, a fully transient microsupercapacitor was obtained. ']

Developing transient electrolytes for supercapacitors is essential, as it is also
important for the batteries. One such work conducted by Shunsuke Yamadal*¢]
aimed at fabricating water-dissolvable ionic gel. Tris(2-
hydroxyethyl)methylammonium  methylsulfate, or [MTEOA][MeOSOs], is
dispersed in PVA to form ionic gels. Figure 2.20 (h) shows the device structure. The
photos of the complete device, and device with ionic gels, membrane and activated
carbon paste is given in Figure 2.20 (i). These devices utilize water soluble metals
for contacts and activated carbon, an eco-friendly material. (Figure 2.20 (j)). Two
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transient supercapacitors utilizing the transient PVA/[MTEOA][MeOSOs] gel can
light up three LEDS as long as 100 seconds, showing promise for powering transient

electronics. [187]

Transient supercapacitors, as done for the batteries, can be made edible. This is
aimed to replace the energy storage devices for temporary implantable electronics
and medical procedures such as capsule endoscopy or drug delivery. However, low
energy density of the supercapacitors kept them from in vivo demonstrations. Seeing
that, Chen et al. [®8] fabricated hybrid microsupercapacitors using Zn and activated
carbon electrodes. Schematic representation of the fabrication route is given in
Figure 2.20 (I). Fabricated microsupercapacitors have much higher energy density
due to the use of Zn electrode and ZnSO4 based electrolyte, which is actually a
battery-type couple. A photo of the microsupercapacitor is given in Figure 2.20 (m).
These devices can be flexed and can power up red LEDs. Moreover, it is suggested
by the authors that these zinc-ion microsupercapacitors is actually nutritive, as it can
cover the need of daily zinc intake. The transiency of the microsupercapacitors in
gastric fluid is also demonstrated (Figure 2.20 (n)), showcasing the promise of such

devices for the future of edible and transient electronics. €]
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Figure 2.20 a-d) Fully biodegradable microsupercapacitors based on metal
electrodes. a) Optical images of the degradation of the metal electrodes in PBS
solution. b) Mo-based microsupercapacitors on PLGA. c¢,d) Triggered transiency of
NaCl/agarose gel electrolyte and Mo-based microsupercapacitor in PBS solution,
respectively. [ e-g) Wood based biodegradable supercapacitors. €) Schematic
illustration of all-wood-structured supercapacitor. f) Cross-sectional SEM image of
wood-based supercapacitor electrode. Inset figure shows the thickness of
MnOz/carbonized wood. g) Photos of the elements of wood-based supercapacitor in
separate and in assembled form. 8% |-n) Transient zinc-ion microsupercapacitors. I)
Schematic representation of the fabrication of the microsupercapacitors. m) Photo of
a transient microsupercapacitor. Inset figures show the demonstration of flexibility
and powering of a red LED. n) Transiency of the zinc-ion microsupercapacitors in
gastric fluid. (88l
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2.4  Experimental Procedure

24.1 Fabrication of the Layers

Poly (vinyl alcohol) (PVA) was purchased from Sigma-Aldrich, had a molecular
weight of ~ 61,000 with a polymerization degree of ~1,400 and a hydrolysis degree
of 98.0 — 98.8 mol%. Sucrose (ACS Reagent), hydrochloric acid (HCI, ACS reagent,
37%) and sodium chloride (ACS Reagent) and glycerol were also obtained from
Sigma-Aldrich. Carbon black (CB, 50% compressed) and activated carbon (AC, -20
+40 mesh) were purchased from Alfa Aesar and used without further purification.

2.4.1.1  Preparation of PVA/CB/AC (PCA) Thin Film Electrodes

PCA transient electrodes were prepared via simple solution mixing and doctor
blading method adapted from elsewhere. 1% 50 pl of 1 M HCI (to improve the
solubility of PVA) and 1 gram of sucrose was added to 20 ml of deionized water (DI)
and dissolved. Then, 1 gram of CB and 0.2 gram of AC, which were previously
grinded and sieved to 53 — 75 pum were added to the mixing solution, and kept under
stirring for 1 hour. Then, obtained suspension was tip sonicated for 5 minutes to
obtain agglomeration-free and low viscosity ink. Later, 1 gram of PVA was dissolved
in the same suspension at 85°C under stirring. Suspension was heated previously to
facilitate PVA dissolution. Lastly, 0.2 grams of glycerol was added dropwise and
suspension was left to stir overnight at elevated temperature to completely dissolve
PVA. Before casting, obtained ink-like suspension was ultrasonicated for 4 hours to
ensure a homogeneous casting, and the suspension was let to stir at 100 rpm for at
least 30 minutes to get rid of air bubbles formed during sonication. Afterwards,

resulting ink was casted via doctor blading method with a wet thickness of 300 um
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onto glass substrates. Prior to deposition, the substrates underwent a hydrophilic
surface modification process. The casted film was dried under ambient conditions
overnight, and peeled off to obtain very flexible, thin and transient PCA film

electrodes.

2.4.1.2  Preparation of PVA/NaCl (PN) Electrolytes

Solid state PN electrolyte was prepared via simple solution mixing and freeze-
thawing method, which was adapted from elsewherel*®. Typically, 1 gram of PVA
was dissolved in 10 ml of DI water at elevated temperature and magnetically stirred
for at least 2 hours. Once the clear solution was obtained, 0.8 grams of NaCl was
slowly added to ensure a homogeneous dispersion of the salt. After the dissolution
of NaCl, 1 gram of glycerol was added and the solution was further mixed at an
elevated temperature. Once a clear solution was obtained, the temperature and
stirring rpm were reduced to allow air bubbles to disappear. Then the solution was
poured into glass petri dishes and freezed at -24°C in a kitchen refrigerator at least

for one day.

2.4.1.3  Preparation of Transient PVA/Sucrose/Glycerol (PSG) Encapsulant

Films

Transient PSG films were prepared as follows. 50 ul of 1 M HCI (to improve the
solubility of PVA) and 1 gram of sucrose was added to 20 ml of deionized water (DI)
and dissolved. After stirring for 10 minutes, 1 gram of PVA was added, and solution

was kept under heat and stirring at least for 4 hours. After having a clear solution,
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0.2 grams of glycerol was added to improve the flexibility and adhesion of the film.
Resulting solution was casted onto rectangular plaques with a pastor pipette, and left
to dry overnight to obtain transparent and transient encapsulant films, which were
used to cover supercapacitors, triboelectric energy harvesters (Chapter 3) and

capacitive sensor devices (Chapter 4).

2414 Material Characterization

SEM characterizations were done using FEI NOVA NANO SEM 430 at 20 kV of
operation voltage. X-Ray diffraction (XRD) analysis of the films were done using
Rigaku Ultima-1V system with Cu Ka radiation (0.154 nm) at a scan rate of 1° min-
! Thermogravimetric Analysis (TGA) was conducted via Exstar SIl TG/DTA 7300
with a temperature increment of 10 °C.min! under ambient conditions. Differential
scanning calorimetry (DSC) measurements were made via PerkinEImer Diamond
with temperature increment of 10 °C min from -90 to 300 °C. Fourier transform-
infrared (FTIR) spectroscopy analysis were conducted via attenuated total
reflectance (ATR) unit of FTIR spectrometer (Bruker Alpha) with a resolution of 4

cm within a wavenumber range of 400-4000 cm™.

2415 Device Characterization of T-SUPC

Electrochemical tests were employed using symmetric 2-electrode setup with
Swagelok cells, where anode and cathode were PCA electrodes and PN acting as the
electrolyte and separator. Biologic VMP3 galvanostat/potentiostat was used for

electrochemical characterization. Cyclic voltammetry (CV) and galvanostatic
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charge/discharge (GCD) measurements were done at different scan rates and current
densities, respectively, at a voltage range of 1 V. Maximum voltage was set as 1 V
to avoid water electrolysis in both cathode and anode. Electrochemical impedance
spectroscopy (EIS) measurements were conducted within a frequency range of 200
kHz — 50 mHz with employing a sinusoidal AC amplitude of 10 mV and at an open
circuit voltage (E,¢) and at DC bias of 0.1 V and 0.2 V. DC voltages were applied
to observe if there are changes in both high and low frequency regions. Cycling
performance were monitored at a scan rate of 200 mV.s* for 10000 cycles. More
than one Swagelok cell were assembled to utilize the supercapacitors in parallel and
series configurations. Flexible supercapacitor devices were measured in a similar

way, where the contacts were directly taken from the PCA electrodes.

Specific capacitance of the T-SUPC (Cgp ceri — F.g!) was measured from CV analysis

using the equation;

Ef
Csp,cen = 1/Evm (j v (2.7)
Ei

, Where E is the voltage range (V), v is the scan rate (mV.s?), m is the mass of the
total active material (g) and i is the current (mA). Specific capacitance of one

electrode can directly be calculated from here as:

Csp = 4xcsp,cell (2.8)
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24.2 Results and Discussion

2.4.3 Fabrication of the Transient PVA Based Supercapacitor Devices
(T-SUPC)

Transient PVA based supercapacitor devices were assembled as follows. First, PCA
films were punched to obtain circular electrodes with a diameter of 9 mm. The
average weight of the electrodes was found as 1.7 mg per electrode.
Electrochemically active carbonaceous materials involved in electrochemical
storage in total weighs 0.6 mg for one electrode. Then, freeze thawed PN electrolyte
films were also punched at the same diameter, and assembled immediately with PCA

electrodes. The assembled electrodes were used without further processing.

Flexible encapsulated electrodes were assembled in a similar way. PCA electrodes
were cut into desired shape, and assembled with the hydrogel as explained above.
Copper contacts were placed onto PCA electrodes and fabricated devices were
covered again with water soluble and transient PSG encapsulant (Figure 2.21). The
preparation of this film was the same as the fabrication of PCA electrodes, and
amount of sucrose can be manipulated to obtain desired solubility characteristics [0,
Assembled flexible capacitors were also utilized as rolled capacitors. Larger PCA
electrodes were combined with PN electrolyte, and metal foils were used to improve
contacts in the device. Then, the device was immediately covered with PSG films,
and pressed at least overnight to ensure good encapsulation. PSG layer used for

encapsulation also acted as an insulating layer when the flexible T-SUPC was rolled.
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Figure 2.21 Schematic structure of the assembled transient supercapacitor.
Reprinted with permission from ref X111, Copyright 2021, Wiley

2.4.4 Optimization of the PCA Films

PVA/Sucrose ratio (1:1) is directly adapted from (U as explained in the
Experimental Section. The CB addition is done in different amounts to make the film
conductive. 0.5 g, 1.0 g and 1.5 g of CB is added to the above ratio. First, drop-
casting the slurry onto plates and drying is tried. The images of the drop-casted films
with and without the glycerol addition is given in Figure 2.22. Without the glycerol,
the fabricated composite films were brittle and uneven in both mechanical and
electrical properties. With the addition of glycerol, which added the plasticity to the
composites, a flexible film could be attained. Still, the conductivities were not
enough, as a simple measurement with multimeter yielded resistivities of 800
ohms.cm to 2000 ohms.cm, which could decrease performance in applications.
Therefore, doctor blading method was adopted. Doctor blading method allowed
reproducible fabrication of homogeneous composites. Suspensions prepared as
before doctor bladed onto glass substrates with a wet thickness of 300 um. The
addition of 0.5 g of CB did not yield a satisfactory conductive film (lateral resistance
of tens of kohm.cm), 1.5 g of CB addition did not result in a robust and homogeneous

film.
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Figure 2.22 Photos of drop-casted PVA/Sucrose/CB films with and without the
addition of glycerol.

While 1:1:1 ratio (PVA:Sucrose:CB) resulted the best film in terms of conductivity,
the film was brittle. As known from the drop-casted films, glycerol addition was
done to plasticize the film in different ratios. 0.2 g, 0.5 g, 1.0 g and 2.0 g of glycerol
was added. For all of the cases, PCA film became flexible and robust, yet increased
amount of glycerol had a detrimental effect on the conductivity of the film. The
resistance increased from approximately 100 ohm.cm to 600 ohm.cm. From these
results, the best ratio for a good conducting film was chosen as 1:1:1:0.2 for
PVA:Sucrose:CB:Glycerol, respectively. In order to improve the specific
capacitance of the PCA films, additional AC was also added in different ratios.
Addition above 0.2 grams adversely affected the conductivity of the film. For 0.5
grams and 1 grams of additional AC, resistances were increased up to 1.5 kohm.cm
and 1.14 Mohm.cm, respectively. Thus, the last ratio was decided as 1:1:1:0.2:0.2
for PVA:Sucrose:CB:AC:Glycerol, respectively. The parameters and their resulting

resistivity values measured with a multimeter is given in Table 2.2.
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Table 2.2 Parameters and resulting resistivity values for doctor-bladed PCA
electrodes.

Sample Wt pva | sucrose | cB | Glycerol | AC | Resistivity
(PVA:Sucrose:CB:Glycerol:AC) Th('j;”)ess ©| © |©| @ | @] @©hmem
1:1:1:0.2:0 30 | 1| 1 | 1] 02 | 0| -150
1:1:1:0.2:0 200 1 1 1 0.2 0 ~1000
1:1:1:2:0 30 | 1| 1 | 1] 2 |0 | -e40
1:1:1:2:0 200 | 1| = | 1] 2 |0 =630
1:1:1:1:0 300 1 1 1 1 0 ~500
1:1:1:0.2:0.1 30 | 1| 1 | 1] 02 [01| ~200
1:1:1:0.2:02 30 | 1| 1 | 1] 02 [01| ~100
1:1:1:0.2:0.5 300 1 1 1 02 |05 ~1500
1:1:1:0.2:1 30 | L | 1 | 1] 02 | 1 [~11x10°

Wet thickness of doctor blade method was also optimized. Thicknesses of 100, 200
and 300 um was chosen for doctor blading the above ratio. Film prepared with a wet
thickness of 100 um was not robust enough to be removed as a self-standing film.
For the film prepared with a wet thickness of 200 um, the resistance was around 1.0
kohm.cm. The best results were obtained (1:1:1:0.2:0.2) with a wet thickness of 300
pum, which had 95 + 10 ohms/square (measured with four-probe) for the selected
fabrication route, and resistance across thickness was 6.0 + 2.5 ohms. Doctor blade
method allowed direct coating of PCA electrodes. This resulted in the formation of
mechanically stable, thin and self-standing electrodes with an interconnected
structure, offering promising performance in both triboelectric and capacitive
applications. Flexibility and mechanical stability of the films were demonstrated
through twisting, folding and stretching the film (Figure 2.23).
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The supercapacitor device configuration is schematically shown in Figure 2.21. PCA
electrodes acted as anode and cathode, PN ionic conducting layer acts as a solid-state
electrolyte and separator, and PSG film prepared separately by drop-casting acts as
an encapsulant for the supercapacitor devices. Performance-wise, common PVA
matrix among the layers enabled excellent adhesion between the layers, promising
interfacial behavior between the electrode-electrolyte surfaces, and exceptional
adherence of the encapsulant to the whole device. Furthermore, doctor-blading of
the PCA electrodes allowed formation of highly porous structure upon drying,
leading to an improved performance and high rate-capability in fabricated
supercapacitor devices. Related low-magnification and high-magnification SEM
images of the PCA electrodes are provided in Figures 2.24 (a) and (b), respectively,
showing the aforementioned porous structure. This porous structure was obtained
over very thin electrodes (a thickness of 16.5 um) (Figure 2.24 (c)). With the PN
electrolyte layer, the total thickness of the supercapacitor device was around 90 pum,
as clearly shown in the inset of Figure 2.24 (d). Top-view and cross-sectional SEM
images of PCA/PSG electrodes are provided in Figure 2.24 (d). Crystalline nature of
PVA in PSG overcoat could be observed clearly. Thickness of the PSG overcoat was
about 20 um, which was found to be efficient for T-TENG and T-CAPS.
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Figure 2.23 Photos demonstrating the flexibility and mechanical strength of the PCA
film through twisting, folding and stretching. Inset shows a photo of an origami boat
folded with prepared film. Reprinted with permission from ref 14, Copyright 2021,

Wiley
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Figure 2.24 ) Low-magnification, c) high-magnification and d) cross-sectional SEM
images of PCA electrodes. Inset shows cross-sectional SEM image of the fabricated
supercapacitor device. €) SEM images of PVA/PSG structure used in T-TENG and
T-CAPS. Inset shows cross-sectional SEM image of PCA/PSG layer. Reprinted with

permission from ref 111 Copyright 2021, Wiley
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2.4.5 Chemical Characterization of the Layers

Fabricated PVA-based layers were subjected to detailed materials characterization.
X-Ray Diffraction (XRD) pattern, Fourier-Transform Infrared Spectroscopy (FTIR),
Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)
plots for the characterization of different states of PVA during the fabrication
processes are provided in Figure 2.25. Sucrose addition to the PVA matrix enabled
control over the transiency of the composites by increasing the water dissolution rate
and acting as a plasticizer for PVA and decreasing the viscosity of the matrix. [101:192]
The dissolution rate was enhanced due to the increased crystallinity, which caused
disentanglement of PVA molecular chains. [!%! The effect of crystallinity can be
observed from Figures 2.25 (a) — (c). PVA has two characteristic peaks, located at
19.6° and 40.7°. It also includes two low intensity peaks located at 21.5° and 23.8°
that describe different sized semi-crystallites. Following sucrose addition,
aforementioned peaks were found to lose their intensity due to increased crystallinity
of PVA [ In support of this claim, a much narrower and sharper melting peak was
obtained in DSC (Figure 2.25 (c)) upon sucrose addition, indicating an increase in
the crystallinity. 19%1%] The effect of the sucrose on PVA matrix can be further
explained using FTIR analysis. The band at 1141 cm™ on the bare PVA (Figure 2.25
(b)) shows the C-C stretching mode. When compared with the PVA-sucrose,
absorption was found to increase dramatically, suggesting an increase in the
crystallinity of PVA. 1°%1 Another change in the FTIR upon sucrose addition took
place within 3200-3300 cm™ band. This showed the interaction between the PVA
and sucrose through hydrogen bonding. The change in intensity was attributed to the
degree of —OH groups. In addition, the number of free —OH groups in the molecule
also described the degree of solubility in water. Thus, this increment with sucrose

addition evidenced improved solubility. (04
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Glycerol, on the other hand, was used as a plasticizer, which allowed formation of
self -standing PCA and PSG electrodes with excellent flexibility. Doctor-bladed
films could not be removed from the substrates without the introduction of glycerol.
It is expected that the large glycerol molecules enhance the amorphous structure in
the polymeric matrix by introducing multiple hydroxyl groups. Therefore, it can
create hydrogen bonds with the PVA molecules, resulting in the formation of
defective crystallites. [*%! This can be clearly observed in the XRD pattern of PSG
films (Figure 2.25 (a)). Semi-crystalline peaks (21.5 and 23.8°) that were reduced in
intensity with sucrose addition became evident again due to defective crystallite
formation by glycerol. [*%] DSC analyses showed that glycerol addition results in
significant broadening for the melting peak of PVA (Figure 2.25 (c)). This
broadening indicated the decrease in the crystallinity.[1%¢1%7]

Following the addition of carbon, semi-crystalline region of PVA became broader
and semi-crystalline peaks became more intense (Figure 2.25 (a)). A peak at 21.1°
was attributed to the residual ash in the added carbonaceous content, which overlaps
with a semi-crystalline peak of PVA at 21.5°. It can also be stated that addition of
AC into PVA matrix increases the crystallinity of PVA. Thus, after the addition of
AC, the semi-crystalline region of PVA at 19.8° became less dominant compared to
carbon addition, which is consistent with the literature. 1%8%1 Broad part around 26°
was due to amorphous nature of AC % and low crystallinity of CB. [2°:2921 Carbon
addition to PVA resulted in an opaque PCA film, which also reduced FTIR
transmittance. Thus, bands attributed to PVA at 1141 cm™ (due to C-C stretching)
and at 3200-3300 cm™ (due to hydrogen bonding from -OH groups) became more

depressed, which can be observed in Figure 2.14 (b). [192:203]
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Thermal degradation behaviors of the bare PVA, PVA/sucrose, PSG and PCA films
were investigated via TGA. The weight loss that occurs between 90-150 °C was
attributed to the evaporation of absorbed water (Figure 2.25 (d)). Following the
removal of absorbed water, degradation step around 220 °C was attributed to the
volatilization of glycerol addition, where a sharp increase in degradation can be
observed in PSG film (Figure 2.25 (d)). Sucrose addition also changed the
degradation mechanics in this temperature range, which could be due to chemical
interactions between PVA and sucrose. *%?1 Characteristic degradation of PVA starts
about 250 °C and goes till 360 °C, where the water in PVA chains gets eliminated,
followed by the breakdown of the polymer backbone. 2°I Degradation beyond 360
°C in Figure 2.25 (d) was attributed to intramolecular cyclization resulted from the
remnants of polymer backbone breakdown. 2% After 500 °C, carbonaceous mass
was formed due to complete degradation of PVA. Thermal stability of the PCA
composite films significantly increased after CB/AC addition as the amount of

remaining char was significantly higher than that of bare PVA films.
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2.4.6 Electrochemical Characterization of the Transient Supercapacitor
Devices (T-SUPC)

The overall structure of the T-SUPC is provided in Figure 2.21, where PCA
electrodes acted as anode and cathode, while solid PN layer was utilized both as
electrolyte and separator. As stated before, using both PVA based electrodes and
electrolyte improved the adhesion and mating of the surfaces, resulting in better
interfacial behavior for energy storage. Results showed close-to-ideal behavior of T-
SUPC throughout the measurements. Fabricated supercapacitor cells showed
excellent cycling behavior for scan rates extending from 10 mV.s? up to 1 V.s™,
signifying excellent rate capability and stability of the fabricated solid-state
supercapacitors (Figures 2.26 (a) and (b)). Almost linear charging and discharging
behavior (Figure 2.26 (c)) further supported the ideal behavior of the assembled
transient all PVA-based cells. There were no discernible IR drops on the GCD
profiles (Figure 2.26 (c)) evidencing remarkable conductivity of the assembled cells.
The cycling stability of the transient all P\VA-based cells were also explored via CV
at a scan rate of 200 mV.s™ for 10000 cycles. Resulting plot for the capacity retention
is provided in Figure 2.16 (d). While the initial drop can be attributed to the settling
of the electrode/electrolyte interface, transient cell maintained its excellent ideal-like
behavior for 10000 cycles with a capacity retention of 93%. The resulting CVs can
be observed from the inset graphs in Figure 2.26 (d). The specific capacitance of the
transient all PVA-based supercapacitor cell was calculated as 2.62 F.g at a scan rate
of 10 mV.s%. The capacitance was found to decrease gradually and hit 0.42 F.g* at
a scan rate of 5 V.s. The gradual decrease in the specific capacitance with an
increase in the logarithmic scan rate was close to linear (Figure 2.26 (e)), proving
excellent supercapacitive property of the fabricated transient cell. To further analyze
the supercapacitive behavior of the transient cell, EIS was employed and resulting

Nyquist plots at Eoc and at a DC bias of 0.1 and 0.2 V are provided in Figure 2.26
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(F). Small semicircle in the high frequency region of the Nyquist plot was due to the
interfacial impedance of the PCA electrodes and current collectors (stainless steel
rods in Swagelok cell). This was proven by comparing the Nyquist plots of Eoc and
DC biased ones. No change in the semicircle was observed with DC bias, proving
that the transient cell possibly had negligible charge-transfer resistance. This showed
that fabricated T-SUPC possess close to ideal supercapacitive behavior. 2% This
also suggested that semicircle in PEIS was due to interfacial resistances between
electrode/electrolyte and electrode/current collectors. %! Inset model shows the
equivalent circuit of the supercapacitor cell, where Ry, Cz, Rz, Cz and W4 corresponds
to equivalent series resistance (Rs), parasitic capacitance induced by surface
resistances, charge transfer resistance (Rct), capacitance of the cell and Warburg
element, respectively. Rs of the device was as low as 0.54 ohms, while the cell
capacitance was found as 2.84 mF + 7.34 pF. This yielded a specific capacitance of
2.39 F.g’t when divided by the total active material mass, which was consistent with
the CV measurements. Rct was found to be 13 + 0.45 ohms, proving that the
interfacial resistances caused by metallic conductors-electrodes and electrode-
electrolyte interface was low, which was previously proven by bias application
during EIS analysis. ¢! Capacitance due to interfacial resistances were found to be

in the range of uF, which was negligible compared to the overall capacitance.
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T-SUPCs were also assembled in series and parallel connections to further
demonstrate the ideal performance, with detailed CVs and GCDs provided in Figure
2.27. Larger voltage window at a scan rate of 200 mV.s™ can be easily obtained with
the serial connected devices, which is shown in Figure 2.27 (a). Ideal behavior of the
serially connected devices can be observed from the GCD curves provided in Figure
2.27 (b). The charge-discharge times stayed the same, while the voltage limit was
found to increase linearly with each serially connected cell. Same cells were also
assembled in parallel in order to improve the energy density (Figure 2.27 (c)).
Finally, the transient devices were assembled as shown by the equivalent circuit
given in Figure 2.27 (d), where 2 series and 2 parallel connected devices were
compared to devices with different connection configurations. Ideal increase in
maximum voltage and energy density in terms of charge-discharge times in each step
can be clearly observed, proving an ideal capacitive behavior with little or no harm
caused by the connections. Figures 2.27 (a)-(d) demonstrated the potential of T-
SUPCs in real applications. Figure 2.27 (e), on the other hand, shows the CVs of the
transient supercapacitors at a scan rate of 200 mV.s™ when they were bent to 90° and
rolled 360° down to a diameter of 3 mm. CV of a flat supercapacitor is also provided
in Figure 2.27 (e)-i. The device perfectly maintained its behavior when bent
demonstrating its excellent flexibility (Figure 2.27 (e)-ii). Moreover, fabricated
supercapacitor was rolled down to a diameter of 3 mm (which was rolled around
itself at least two times) and found to preserve its close to ideal shape (Figure 2.27

(e)-iii), and could be used as a conventional capacitor component in real applications.
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It was possible to increase the scan rate up to 10 V.s™* without sacrificing the ideal
capacitive behavior, which is highly promising for real-life applications (Figure
2.28). While the equivalent resistance of the device started to be effective after 1 V.s°
1 the assembled transient device showed promising rate capability and operated up
to a scan rate of 5 V.s* (Figure 2.28 (a)). In Figure 2.28 (a), it is shown that a single
device loses its ideal rectangular shape when the scan rate is over 3 V.s. When
multiple T-SUPCs were connected in series and parallel, the potential sweep rate

could be increased to 10 V.s™, while preserving the ideal capacitive shape (Figure
2.28 (b)).
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Figure 2.27 CVs and GCDs of serial and parallel connected supercapacitor devices.
a,b) CVs and GCDs of serially connected supercapacitor devices. ¢) CVs of
supercapacitor devices connected in parallel. d) Comparison of different
combinations of series and parallel connections with GCD. e) CVs of a flexible
supercapacitor cell when it was e-i) straight, e-ii) bent at 90°, and e-iii) 360° rolled.
Reprinted with permission from ref [111 Copyright 2021, Wiley
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Figure 2.28 CVs of a) a single device up to a scan rate of 5 V.s and b) serial and
parallel connected devices at a scan rate of 10 V.s™*. Reprinted with permission from
ref 111 Copyright 2021, Wiley

Comparison of the fabricated T-SUPCs with those supercapacitors in recent
literature including carbonaceous materials and transient and non-transient ones are
given in Table 2.3. While supercapacitors utilizing pseudocapacitive materials do
have better gravimetric capacitances, T-SUPCs have comparable or better areal
capacitances in overall. Moreover, T-SUPCs provide one of the best rate capabilities,
reaching a scan rate of 10 V.s%, on top of providing the fastest physical transiency.
From these results, it is clear that T-SUPCs are promising to be used as energy

storage devices in transient electronics.
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Table 2.3 Comparison of the fabricated T-SUPCs with those supercapacitors in
literature including carbon-based, PVVA-based and transient applications.

. Transiency Energy Maximum Electrochemical
Materials Mode Storage Rate Stability Ref.
Water-soluble Highest
Dissolution in achieved — 1.6 10000 cvcles —
W, Fe, Mo metals as electrodes 24 hours at mF cm?2ata 1Vt Retenti ye t [207]
NaCl/agarose as electrolyte elevated current s etention 1 no
. . provided
temperature in density of
PBS 0.15 mA cm?
Silk protein, fibroin and sericin 1483 F.g*
protein, PEDOT:PSS and Biodegradable and 9.85 500 cycles —
reduced graphene oxide as Degradation in mF.cm?2at a 500 mV s Retention is not [208]
electrodes 21 days in PBS scan rate of 1 provided
NaCl/agarose as electrolyte Ag?
Degradable in 132 F.gtand
Zn-Ti3C, MXene electrodes hydrogen 330 F.cm®at
Gelatin processed in ZnSO, peroxide and a current 100 mV st %%er?zo ato? gtjar\rerlt (209
solution as electrolyte PBS - 8 days density of 0.5 ty 9
Ag?
o a0 [
Bioabsorbable 0.15 mF.cm? 300 mV s capacitance (8]
PVA/PBS hydrogel as -
retention
electrolyte
Water soluble — | 4.15 mF.cm™
Mo wire as electrodes 15 days with at a current 1Vt 5000 cycles — 82% 210]
PVA/NaCl as electrolyte %88 mass density of retention
retention 0.05 mA cm
N-doped graphene Water soluble — | 37.5 mF.cm?
microelectrodes no degradation at a scan rate 100 mv s - @y
PVA-H;PO, as electrolyte test of 5mV.s?t
-1
Graphene electrodes 16%;.?%? ' 10000 cycles —
MMT/PVA treated with No transiency - 200 mV s ycle @12
- density of 1 95% retention
DMSO solution as electrolyte Agl
PPy coated graphene foam as 89.6 mF cm™? 10000 cycles - 75%
electrodes . at a current 1 retention at a 213
ACN:PC:PMMA:LICIO, as gel No transiency density of 0.6 500mV's current density of 5 e
electrolyte mA cm? mA cm?
7mFcm?Zata
CNT/RuO; as electrodes . current 4 1000 cycles - close 214
PVA/H3PO, as electrolyte No transiency density of 0.5 500 mV's to 100% retention “
mA.cm?
o 9.81 mF.cm™ 10000 cycles —
Ssrzi)ehcet?gdce:sNT composite ink No transiency ac; a cyrrent 100 MV st 95.5% reéenti_on ata [215]
PVA/H,PO, as electrolyte ensity of , current ensﬂg of
0.05 mA.cm 0.1 mA.cm
Water soluble
PVA/CBJ/AC as electrodes and composed of | 2.62 F.g™* and 10000 cycles —
PVA/NaCl as electrolyte biodegradable 6 mF.cm?ata 10Vs? 93% retention at a This
PV A/Sucrose/Glycerol as materials - scan rate of 10 scan rate of 200 Work
encapsulant Immediate mV.st mV.s?t
transiency
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CHAPTER 3

TRANSIENT TRIBOELECTRIC NANOGENERATORS

3.1 Introduction

Rapid technological advancements and industrialization lead to increased demand
for power across the globe. This demand is not only created by consumer products
(ranging from small consumer electronics to electric cars) but also from the general
trend to shift towards sustainable energy sources. As of now, development of such
products is hindered by the obsolete energy generation or storage technologies.
Conventional solar cells and lithium-ion batteries, in particular, cannot provide

enough energy harvesting or storage to get off the grid. [26:217]

Triboelectric nanogenerators (TENGs) was invented by Prof. Zhong Lin Wang and
his coworkers. TENGs are used to harvest wasted energy by trivial and low-
frequency actions. 2181 This energy harvesting is enabled by coupling effect of
contact electrification and electrostatic induction. Shortly, this contact electrification
on top of the friction of two different surfaces is called as triboelectrification. When
two different dielectric solid materials come into contact, triboelectrification occurs,
which polarizes the surfaces. 2'°1 These charges can be harvested to realize self-

powered systems or charge various small-appliances such as wearable electronics.

The timeline for the study of electrification is given in Figure 3.1. The word
triboelectric comes from Greek, where “élektron” comes from the Greek word
“amber,” and tribo- prefix is the Greek of “to rub.” The first ever triboelectric
phenomenon was seen in a dialogue that appeared in Plato’s Timaeus, dating back

approximately 400. B.C. The dialogue included “the marvels observed about the

87



attraction of amber,” referring to dry hair electrostatically attracting amber. A
Chinese philosopher, Pu Guo, described the “amber effect” in his poem, dated
around 300 A.D. The poem “Chi Shi Zan (Eulogy of the Magnet)” includes the words

below;

“The magnet draws the iron, and the amber attracts mustard seed. There is a breath
that penetrates secretly and with velocity and which communicates itself
imperceptibly to that which corresponds to it in the other object. It is an inexplicable

thing.”

Here, the “breath” actually refers to the electrostatic attraction between the objects,

which the philosopher thought that the objects are “communicating” with each other.
[220]

The first comprehensive analysis to understand electrification was made much later,
in the 1600s, by William Gilbert. He showed that materials such as sulfur, wax, and
glass could be electrified when rubbed as amber. Otto von Guericke utilized this in
the world’s first friction generator. A rotating sulfur globule is constructed, which
generates electricity when materials are rubbed to the surface of the globule.
Fundamental works on electricity became with Coulomb, where he explained the
law for attraction and repulsion between the electrical charges. He also investigated
the charges on electrified bodies and found that they are limited to the surface of the
materials. Johan Carl Wilcke, a Swedish scientist, suggested the first triboelectric
series showing materials' charge affinity in 1757. A similar study was done by
Michael Faraday, published in “Experimental Researches in Electricity,” which
contains the investigations from 1831 to 1855. A series is constructed from the
materials most prone to give positive charges to the ones prone to give negative
charges, which are subjected to friction. In 1789, Alessandro Volta realized that

electrification could happen with contact rather than simply rubbing. From that point,
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it was realized that triboelectrification is a complex phenomenon still not completely

understood today. [220:221]

Earliest extant written | | Introduction of First tribo- Scientific descrip- Invention of

mention of triboelec- positive and negative | | electric series | | tion of dielectric xerographic Material transfer found in
tric charging (Plato, charge terminology published breakdown of air process triboelectric charging
~3608C) (Franklin, 1751) (Wilcke, 1757) | | (Paschen, 1889) (Carlson, 1938) (Salanek et al., 1976)

1950

lonomers madc-with
controllable triboelectric
charging (Diaz et al., 1991)

Mea 1t of
electric fields in
dust storms
(Rudge, 1913)

First ion of ion

First description of
electrical insulators and
conductors (Gilbert, 1600)

Discovery of two
types of electric
charge (du Fay,
1733)

Report of charging
in contact between
identical solids
(Shaw, 1926)

transfer for triboelec-
tic charging
(Knoblauch, 1902)

Figure 3.1 Timeline of the study on contact electrification. 12?1

3.2  Working Mechanism of TENGs

There are different models proposed for the origin of triboelectrification, and
discussed on many levels including electrical engineering, materials science and

physics. 2222251 Models are summarized and given in Figure 3.2.

Mechanism of

Triboelectricity Schematic Experimental Evidence Questions for Debate
® Thermlomc Emission Are redox reactions conducted by
El Transf -5 electrons?
eclron rans er ® Photoelectron Emission

@ - Eeowon Is there sufficient trap density?
i First-| Prlnciple f‘ I |

b
ﬁf » ; : [ion vanserdomina? ]
i "l [ 3
lon Transfer Model e 2
Zeta Potential Correlation ¢ 0ry cases for zeta
O: AN potential correlation

Cation

Are mobile ions produced from

Material Transfer Time-Dependent Charge primary species?
Model and Polanty Reversal
Mechanochemistry ’ Orbital hybridization or electron
Identical Generation Sites of transfer?
P T —— anary Species

Mosaic of Tnboelec(nc:ty |

Figure 3.2 Models proposed for triboelectrification and their foundations. 21
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Explained mechanisms all rely on the difference in triboelectric series. Higher the
difference between the triboelectric series of the dielectric materials, higher the
performance can be achieved. The best quantification with a proposed method for
standardized measurement was done by Wang’s group in 2019. 2261 A linear motor
system inside a Faraday cage was built. Liquid metal was used as the electrode of
static part of the system. Using liquid metal ensured a complete touching of the
triboelectric material and the liquid metal electrode, which eliminated the effect of
roughness and elastic/plastic deformations of the triboelectric surface. Resulting

quantified triboelectric series is given in Figure 3.3.
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3.21 Electron Transfer Model

This model relies on the work function difference between solid-solid interfaces. In
such insulator-insulator or metal-insulator pairs, an electron transfer mechanism is
suggested, which is based on trap states. 2?71 Visualization of such a transfer is
provided in Figure 3.4. While this phenomenon is not completely understood/proven,
triboelectric properties were suggested to have a direct relationship with Fermi level
of materials and work function. 271 In this model, insulators are expected to have
very low performance (in terms of charge generation) due to their high band gaps. If
this model is valid, insulators need to overcome a very high energy barrier to transfer
electrons. But in contradiction, experimental results have shown that the surface of
the insulators is charging much more than semiconductor-metal pairs. 71 This
phenomenon is recently explained by the electron transfer triggered by interfacial
potential between surface atoms. This phenomenon relies on the interaction between
a few angstrom-thick topmost surface atoms and another adjacent pair. With the
mechanical contact, overlapping of bands between two materials is suggested, in
which the interfacial barrier is overcame because of the superposition principle
[217.228] yet, studies done by Li et al. by utilizing atomic force microscopy (AFM)
and Kelvin probe force microscopy (KPFM) have shown that contact at the
nanoscale causes both thermionic emission and photoelectron emission. 2292301 |
the thermionic case, it was seen that materials at higher temperature tend to be
tribopositive while the latter case, they tend to be tribonegative. This case suggest
that charge transfer can also be attributed to the thermal excitation of electrons on
the mechanical contact, in which they travel from hotter surface to colder ones. [2%°]
In photon excitation effect; on the other hand, light-induced charge decay on
dielectric surfaces were suggested. Moreover, it was found that photons with high
energies (4.1 eV for SiO», for example) may release triboelectric charges from the

surface of the materials. (239
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Figure 3.4 Electron charge transfer mechanism explained via electron-cloud model
and superposition principle. 2%

3.3 lon Transfer Model

Electrostatic charging and charge transfer is theorized to happen due to the transfer
of ions from contacting surfaces 2?7, Yet, a net transfer of charges between one
surface to another cannot be distinguished due to neutralization of positive and
negative ions. 221 In 1967, Kornfeld suggested a model for frictional electrification

for insulators 231
1) Solid insulators possess their own intrinsic electric field,

2) This intrinsic field is neutralized by the ions from ambient conditions,
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3) A surface layer is formed with these attracted ions and other adsorbed

species,
4) If this surface is rubbed to another, it mixes with the rubbed one,

5) Thus, intrinsic fields of these surfaces are disturbed and results in electrified

surfaces. [231

Above theory proposed by Kornfeld actually contradicts with the energy
requirements for charge transfer between the surfaces. While an electron transfer is
surely happening for metal-metal contacts, in insulators, this requires high amount
of energy. As an example, when nylon and polyethylene is rubbed, nylon will be
negatively charged while polyethylene will be charged positive. Transfer of an
electron from negatively charged nylon would require several eVs, while separation
across the interface would require around 1 eV, depending on the distance. After the
transfer, this electron should be introduced to the alkane ring, which is an
endothermic process and again requires additional energy. (232

McCarty and Whitesides 2% tried to obtain an answer to this insulator-insulator
model by investigating ionic polymers which have covalently bound ions and mobile
counterions. This allowed them to disregard the mobility difference between anions
and cations since one is bound to the polymer chains and thus, immobile. The effect
of ions is proved by Diaz as they found an increase in the triboelectrification by
increasing the ion concentration in the polymer by utilizing XPS to find the transfer
of mobile ions 2%, While this is limited due to the dielectric breakdown of air (2331,

it still shines light onto the transfer mechanism.
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Figure 3.5 (a) shows a suggested mechanism for ion transport model formed from
the transport on a single anion. %3 In this case, when two surfaces are in contact
with each other, only movement of this anion will be within its single potential well.
When the surfaces are separated with an infinitesimal distance, this ion will have a
double-well with a very small barrier. Herein, the ion has sufficient energy to freely
travel between two surfaces. Yet, this travel is expected to happen with thermal
activation, as a tunneling mechanism with large ions such as H* is highly unlikely.
If the thermal energies are sufficient (this might arise due to local heating because of
tribology 1), one can find the probability of ion being on the surfaces by using
Boltzmann distribution. When the distance between two surfaces increases even
more, the ion is trapped on one surface. One should note that the final state of ions
trapped in one surface or another is not a case of equilibrium distribution of charges.
This charging from ion-transfer can be estimated with a simple calculation from
Boltzmann distribution by assuming a model such as Figure 3.5 (b). The equation

for this case is given below; (2%

no_ nd e? 21
Non_ *P\"mwkr) G

,where N is the number of ionic functional groups per unit area, which is separated
by a distance d from the unfunctionalized surface. n is the number of mobile anions
transferred from one surface to another, e is the magnitude of charge on a single ion.

Thus, electrostatic work needed for the anion to go from functional surface to

] ) . nde?
unfunctionalized one is = - c.
0
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Figure 3.5 a) Representation of the ion transfer model and b) model used to calculate
the amount of charge separation due to ion transport mechanism. 2%l

3.3.1 Material Transfer Model and Mechanochemistry

While the material transfer model is suggested in earlier studies 2172271 this model
was disregarded due to the expectation of a very small contribution to
triboelectrification. 2% Yet, in 2011, Baytekin et al. 2% discovered that contact
electrification between two polymers arise from nanoscopic mosaic charging

because of material transfer. Relevant schematic can be seen in Figure 3.6. In short,
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Baytekin et al. proved that triboelectrification is also caused by material transfer
through the use of KPFM, confocal Raman spectroscopy (CRS) and X-ray
photoelectron spectroscopy (XPS). In these methods, it is proven that
triboelectrification does not occur traditionally by two different surfaces, but a single

surface consists of mosaic pattern of differently charged regions. 261

Triboelectrification between polymers is accompanied by bond cleavage and
suggested that the mechanical deformations on the surface of the polymers give rise
to mechanoradicals that are even capable of driving chemical reactions. [2%7]
Moreover, Sakaguchi et al. 231 observed that for polyvinyl chloride (PVC) and
polyvinyl fluoride (PVF) produces mechano-radicals, which are actually neutral free
radicals from chain-ends of homogeneous scission of carbon-carbon bonds by
utilizing electron spin resonance (ESR) spectroscopy. Likewise, they observed
mechano-anions, which are from heterogeneous scission of the carbon-carbon bonds.
These mechano-radicals and mechano-ions also contributes to the triboelectrification
of polymer surfaces by mechanical fracture.

[. + Gl
[D - contact [|lseparate

+) piece  (-) piece
@ (+) potential
H (-) potential

Figure 3.6 Schematic representation of contact electrification investigated by KPFM
surface potential maps. Above is the traditional theory, while mosaic surface charge
is observed with KPFM and confocal Raman microscopy. 2361
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3.4  Materials and Methods for the Output Performance of TENGs

The output performance of TENGSs can be improved via various modifications made
to the triboelectric layer. This involves the surface modifications — including both
physical and chemical structuring, chemical modifications of the dielectric layer to
obtain different mechanisms such as changing dielectric properties or adding ionic
characteristics to improve the conductivity, and adding filler materials to the

dielectric layer to form composites to improve the charge generation.

341 Surface Modifications

Surface modifications include physical modifications made to the triboelectric layer
— such as adding roughness/nanoarchitecture or chemical modifications — such as
adding chemical groups or chemical grafting. Both methods, which alter the surface
properties of the triboelectric layers, aim to increase the charge generation at the

contact surface.

3.4.1.1  Physical modifications on triboelectric layer

Physical modification of the triboelectric layer is one of the most fundamental ways
to improve the charge generation. Main idea is to create a micro/nanostructured
surface to improve the contact area, thus improving the effective surface area or
creating a 3D structure to increase the available surfaces that can generate charges
upon triboelectrification. 2392421 Tremendous efforts have been made since then, to
obtain a patterned triboelectric layer — mainly via templating, etching, inducing
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wrinkles or crumples and adding nanostructures onto triboelectric layers through

deposition.

Texturing, especially adding specific structures such as pyramid structure to the
triboelectric layers are widely used to increase the triboelectrification, [239:243-245]
Yang et al. 2 recently tried to explain this phenomenon via simulation and
compared the texture sizes of the pyramids and its effect on the triboelectrification.
Effective dimensions are presented in Figure 3.7 (a). PDMS patterns are fabricated
with respect to these, and optical microscopy images were taken under different
loadings to show the change in area (Figure 3.7 (b)). They have found that especially
under lighter loadings, there is a change in the open-circuit voltage due to changing
contact area, while it became constant at higher loadings due to unchanged contact
area. However, a decrease in the output performance of the TENGs was observed
when the texturing is very close and frequent, which ultimately decreases the
superficial area (Figure 3.7 (c)). In the light of this, a simple texturing done by
Tantraviwat et al. compared three different PDMS surface structures, which are
highly porous, micropillars and flat surfaces (Figure 3.7 (d)). 4”1 Highly randomized
and porous surface with random cavities obtained via dry-etching technique had
better Voc and lsc than micropillared and flat surfaces — indicating that instead of
having periodic architectures, it is much better to have randomized small cavities
(Figure 3.7 (e)). However, researchers have observed that the implementation of
micro-pillars yields superior results compared to using a flat PDMS surface,
indicating that surface texturing is still a feasible way to improve TENG output

performance.

It is also possible to improve the triboelectrification by simply adding nanomaterials
onto the triboelectric surface. Bhavya et al. [*®! simply used liquid-phase exfoliated
2D hexagonal boron nitride nanosheets (BNNS) to modify the triboelectric layer.

BNNS are spin coated on biaxially-oriented polyethylene terephthalate (BoPET). By
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using polyvinyl butyral as the binder, deposited BNNS on BoPET improved the
triboelectrification for at least 70 times — which changes the surface properties as the
BNNS are triboelectrically more negative. This also shows a feasible and cost-
effective way to improve the triboelectrification by simply depositing nanomaterials

onto triboelectric layer.

Ahnetal. in 2021 2* introduced wrinkled structures coexisting with micropillars to
improve the TENG performance by both utilizing the regularly arranged
microstructures with randomly distributed nano-texturing (Figure 3.7 (f)). To obtain
this structure, typical methods that were used for surface texturing were combined,
namely nanotransfer, molding, and buckling. A typical SU-8 was used for the
molding, yet treated with photolithography to obtain a microstructure for the
elastomeric substrate. In the side, nanopatterned PVA was prepared via KrF
lithography of a Si master, where polyurethane resin was used to obtain the
nanopatterned mold. Subsequent Au deposition using e-beam evaporator and
transfer onto PVA films are made to deposit nanopatterns on PVA films. The
elastomer used for micropatterns, on the other hand, treated with (3-aminopropyl)
triethoxysilane (APTES) and coated with UV-curable adhesive to transfer
nanostructures on PVA. After PVA was dissolved in water, authors achieved
morphology-controllable wrinkled micro/nano hierarchical structure (WHS) on a
single substrate, which is normally very challenging to achieve. Nanostructures
provided by wrinkled surface enabled them to have superhydrophobicity — which is
also essential for TENG devices. It is worth noting that triboelectrification is highly
affected by humidity. All in all, with the WHS structure, the output performance of
TENGsS is increased by 608% when compared to simple flat surface. The effect on
the pre-stretching and dimensions of the nanopattern in terms of output voltage,
showing the micro/nano pattern and its effect on the output performance is
controllable (Figure 3.7 (g)). This proves the significant impact of surface

morphology and/or alterations on the output performance of TENGs.
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34.1.2 Chemical Modification of the Surface of Triboelectric Layer

In addition to physical modifications that can be made to the triboelectric layer, the
performance of TENGs can also be enhanced through chemical modifications
specifically applied to the surface [250-231, While the route to alter the properties of
the triboelectric surface, particularly to enhance charge efficiency, holds promise,

there has been relatively limited research conducted in recent years.

Byun and coworkers in 2016 2> explored the concept of chemical functionalization
of the surface of triboelectric layer by thoroughly controlling the surface dipoles and
surface electronic states. To realize that, they have used electron-donating and -
withdrawing functional groups, which were self-assembled as monolayers (SAM)
on SiO; surfaces (Figure 3.8 (a)). By completely controlling the surface properties,
they have shown that it is possible to alter the conventional triboelectric series.
Alteration of the surface of the indium tin oxide (ITO) directly shown huge
improvement on the voltage and current output (Figure 3.8 (b)). SAM addition to
typical substrates such as SiO», AloOz and ITO shown to alter in a great deal —where
NH: groups tend to behave as an electron-donating layer, resulting in a more positive
triboelectricity, whereas CF3 behave as electron-withdrawing layer, resulting in a

more negative triboelectricity (Figure 3.8 (c)). 254

101



ON.a=10m b
-sp
I

—

i5)

Figure 3.7 TENGs with surface modifications for improved output performances. a)
Schematic diagrams of pyramid texture in contact and separation state. b) Contact
images of textured PDMS under different applied forces. c) Variations of open
circuit voltage and short-circuit charge with different texture spacings. ?461d) SEM
images of patterned PDMS with porous morphologies such as nanograss (S1) and
micropillars (S2) and flat PDMS (S3). e) Difference in open circuit voltage and short
circuit current outputs of different morphologies. 2471 f) Schematic image of wrinkled
micro/nano hierarchical structure and SEM images of inclined surface, cross-
sectional images, top-view and side-view of fabricated structure on elastomer
substrate. g) Schematic representation of TENG developed with the wrinkled
structure and its performance with respect to wrinkled structure, its pre-stretching
effect on the output performance, nanopattern dimensions and its effect on the output
performance, and stability. 24°]
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With this knowledge, researchers modified various surfaces, and used it even in
textile-based TENGs. As an example, Sun and coworkers in 2022 2551 modified silk-
based fabrics with different functional groups, organo-siloxanes such as n-
Butyltrimethoxysilane (BTMS), (3-amonopropyl)trimethoxysilane (APTMS), (3-
bromopropyl)trimethoxysilane (BPTS), and (3-mercaptopropyl)trimethoyxsilane
(MPTMS). Fabrics are treated with oxygen plasma to graft hydroxyl groups, then
immersed into organo-siloxane containing ethanol solution for 12 hours. Schematic
representation final TENG structure and the grafting procedure is given in Figure 3.8
(d). Here, researchers again observed that the electronegativity variation of the whole
TENG device can be regulated by the functional groups that are grafted onto silk
fabrics. This chemical grafting also changed the hydrophilicity of the fabric surfaces,
which is also given in Figure 3.8 (d). In a simple combination of original
silk/modified silk pair, the output voltage and the short-circuit current can be
regulated from 5.38 to 36.6 V and from 0.12 to 0.52 YA, respectively (Figure 3.8
(e)). This not only proves that the chemical functionalization of the surface can yield
much better output performance, but also shows that the surfaces can be tailored for

a specific end-usage.?>

Both physical and chemical modifications of the triboelectric layer can be utilized to
improve the performance in a significant manner. Feng and coworkers, in 2022,125]
used this idea to amplify the TENG performance compared to flat and un-modified
surfaces. They have used direct image lithography (DIL) method to fabricate
polyurethane layers with surface microcones, then chemically functionalized it with
trichloro (1 H, 1 H, 2 H, 2 H-perfluorooctyl) silane (FOTS) vapor to obtain increased
roughness with surface fluorine groups (Figure 3.8 (f)). TENG device is formed with
microcones treated with FOTS and untreated one, as schematically shown in Figure
3.8 (f). Having microcone structures resulted in a much better current and charge
output compared to the flat surfaces (Figure 3.8 (f)). Moreover, with respect to
original cone structure, polyurethane (PU) treated with FOTS yielded much higher
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current and charge output (Figure 3.8 (g)) — showing the promise of chemical

functionalization combined with traditional physical modifications. [26]

lon implantation is another interesting technique used to improve the
triboelectrification on the surface. ?57-25% This technique puts an advance over the
simple chemical grafting methods as the distribution of implanted ions in a varied
thickness can be controlled precisely. [2°! In order to explore such concept, Fan et al.
[260] ysed ion implantation to create polar bonds and found that they significantly
improve the polarization, which is schematically provided in Figure 3.8 (h). N ions
are chosen to be implanted into PTFE and FEP as it provides the most
electronegativity. With the ion implantation technique, they have observed a stronger
polar bonding formation such as C = N or C = N bonds. While the best performing
ion implanted PTFE and FEP is seen to have 7.8-fold and FEP 4.6-fold increase in
their charge density when compared to their original structures, it is also observed
that with the ion implantation PTFE has now a polar polymer structure with
increased dielectric constant (Figure 3.8 (i)). These are correlated with a higher
surface charge accumulation, hence, has a huge impact on the output performance of
the triboelectric layer (Figure 3.8 (i)). (26

104



3.4.2 Modification of the Chemical Structure of Triboelectric Layers

Apart from the chemical modifications that are done as a post-process to
functionalize, graft or implant ions onto the surface of the triboelectric layer, one can
also start from scratch and modify the triboelectric layer. As the choice of material
selection is crucial for TENGs for high performance output, it is also tailorable by
the processing techniques. 2611 As such, what is proposed for the modification of the
chemical structure is to modify the widely known polymer materials such as PTFE,
FEP, PVDF, nylon, PVA or cellulose to obtain better mechanical properties or lower
impedance/higher electrical conductivities, and even change their polarity in terms
of triboelectrification. 2621 In this manner, the most common technique is to introduce
ionic groups to the polymeric triboelectric layers or increasing the inherent
conductivity of the polymers with doping. 25026l
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Figure 3.8 Examples of the chemical modifications on the surface of triboelectric
layers. a) Schematic of controlling surface dipoles and via SAM and their
triboelectrification with electron-donating and withdrawing groups. b) Triboelectric
performances of SAM-modified ITO coupled with PI. ¢) Effect of SAM modification
on the triboelectric series of 1TO, Al,O3 and SiO,. 241 d) Schematic representation
of the TENG device with functional-group-modified fabric, and the schematic
representation of the modification process and the SEM images of modified silk and
PVDF nanofibers. Below images show the contact angle images with respect to
different modification groups. e) Isc and Eoc of TENG devices with PVDF and
modified silk triboelectric pair with different modification groups. ?°® f) Schematic
representation of the fabrication of fluorinated PU microcones and its mechanism of
triboelectrification with unfluorinated one. Graph shows the performance difference
between microcones and flat PU. g) Current density and charge density difference
between FOTS treated microcones and O. plasma treated one. Load resistance
matching test showing peak power is also given. %1 h) Schematic figure of ion
implantation into the polymers with the diagram of molecular chain modification via
ion pairing. Resulting schematic TENG device containing ion implanted PTFE is
also given. i) Dielectric constant with respect to implantation dose, with the results

of peak power with respect to load for the sample with highest dielectric constant.
[260]
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3.4.2.1 Addition of ionic species

The main idea of introducing ionic groups — cations, anions or ionic liquids — is to
induce Hofmeister effect and synergistically increase the electrostatic interaction at
the same time. Mainly, identity of ions specific ion effects (shortly SIE) is much
more important than the number of ionic charges or concentrations as suggested by
Debye-Hiickel theory. 251 This Hofmeister effect, coupled with the electrostatic
induction caused by the ionic species, is very widely applied route to improve TENG
performance. In a very simple manner, Ryu et al. %551 explored the addition of ionic
species to PVA to change its triboelectric properties, which is confirmed with KPFM
and enhanced output (Figures 3.9 (a) and (b)). With the addition of calcium chloride
(CaCl) and phosphoric acid (HsPOs), they have been able to obtain the most positive
and most negative triboelectric materials, respectively (Figure 3.9 (c)). The output
performance increase in these were attributed to asymmetric ion pairing. 2% To
build on that, Cheong et al. 2021 %] introduced different ionic species to see both
anion and cation effect. They have explored the molarity, the effect of cation species
while the anion is fixed, and vice versa to find the best performing combination.
Interestingly, the best performing ones, which are PVA-CaCl, and PVA-NaNQOs3,
have the highest dielectric constant and dielectric losses, in which they attributed to
the increase in ionic polarization due to migration of ionic species (Figure 3.9 (d)).
Moreover, they systematically explored the triboelectric performance metrics with
fixed electrolyte concentration, fixed anion concentration, and fixed cation
concentration (Figure 3.9 (e)). Although significant achievements have been made
by simply adding ionic species to the PVA matrix, no relation was made with the
Hofmeister effect. Wu et al 2" explored this effect to understand the mechanism
behind the ionic additions on triboelectrification. Polyacrylamide/PVA
organohydrogels were prepared with the Na* based salts using a glycerol immersion

process. Schematic summary of the findings on the synergistic effects on the
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conductivity of Polyacrylamide/PVA organohydrogels is given in Figure 3.9 (f). It
is seen that that the Hofmeister effect influences the conductivity, and although the
cations are generally disregarded in Hofmeister effect in terms of conductivity,
anions such as lithium and sodium are very important due to their electrostatic
interactions. They have seen the “salting-out” phenomenon positively effecting the
output performance of the organohydrogels. This is due to the formation of lithium
or sodium bonds by electrostatic interactions and provide stable charge channels and
higher conductivity than other pairs. A TENG is assembled to see how these affect
the output performance of the triboelectric layer (Figure 3.9 (g)). Ultimately, in
Figure 3.9 (0), it is observed that the electrostatic interaction plays a much higher
role in determining the output performance, as LiCl or NaCl performs much better
than the NaSO4 or NaN Q3. [267]

3.4.2.2 Modification of polymer structure

Different bottom-up modifications other than ionic integration is also made to
modify polymeric triboelectric layers, not only to obtain performance but also
transparency. Park et al. 2022 2% ysed adipate-based plasticizer on polyvinyl
chloride (PVC) to obtain transparent and stretchable TENGs. As the plasticizer is
added, both transparency and dielectric constant is improved as well as the
tribonegativity of the PVC. They have achieved nearly 20 times the output
performance when compared to the native PVC. 1261 |n a similar manner, Wu et al.
[26% controlled the degree of cross-linking and ionic conductivity to find an optimum
point for highest TENG performance. They have used 1-butyl-3-metyhyimidazoium
hexafluorophosphate ([BMIM]PFs) as the ionic liquid and polyethylene glycol
dimethacrylate (PEGDMA) as the monomer for polymerization to obtain

polyethylene glycol (PEG) with different molecular weights. They have seen that
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increase in molecular weight after some point decreased the conductivity, while the
increase in the ratio of ionic liquid increased both the ionic conductivity and
transmittance. [2%°1 Both works indicated that controlling the structure of the
polymers enable transparent and possibly stretchable triboelectric layers with

improved triboelectrification.

Bottom-up fabrications combined with top-down processes to modify the
triboelectric layer are named as nanoarchitectronics. 271 Although it achieves the
advantages of fast reproduction and applicability to the large areas, a rapid and one-
step nanoporous structures can be obtained. Park et al. 2”1 achieved this one-step
fabrication via ternary polymer solution blend with supramolecular assembly.
Sulfonic-acid-terminated poly(styrene) (SPS), poly(2-vinylpyridine) (P2VP), and
amine terminated poly(ethylene oxide) (APEO) are used to obtain triboelectric layer
(Figure 3.9h). Competition between APEO-SPS and P2VP-SPS interaction causes
the formation of spontaneous nanopores with an average diameter of 33 nm, which
leads to formation of surface-conformal triboelectric nanoporous films with power

density of almost 2 times higher than that of planar surfaces. 274
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3.4.3 Composite Structures

Another common way to improve the overall TENG performance is the fabrication
of composite structures. Incorporation of materials ranging from micron to nano
sizes, and ranging from inorganic materials to polymeric materials has shown a very
effective way to improve the output performance. 262272273 U]timate motive for the
fabrication of composite structures is the modulation the dielectric constant,
providing new charge generating surfaces, improving the conductivity/lowering the
impedance of the dielectric layer or even improve the mechanical or frictional
properties of the dielectric layer. 2732741 Moreover, the composite structure can be a
hierarchical assembly or simply an addition of another layer for the purpose of
improved charge generation or charge trapping. ?7>27"1 Herein, rather than focusing
on the type of materials, the focus is given to the type of composite structure and its

ultimate purpose.
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Figure 3.9 Modification of the chemical structure of triboelectric layers. a)
Schematic representation of an ionically modified PVA triboelectric layers
assembled as TENGs. b) Shows the modified surfaces via KPFM in terms of
polarization. c) Change in the surface polarization with respect to ion addition. Inset
graphs shows the triboelectric performance of the modified PVA layers. 21 d)
Dielectric constant and dielectric loss graphs of PVA layers with different ionic
additions. e) Performance metrics of PVA triboelectric layers modified with different
ions with respect to fixed electrolyte, fixed anion, and fixed cation concentration.
[266] f) Schematic representation of Hofmeister effect in organogels. g) TENG
measurements comparing electrostatic and Hofmeister effect. 2671 h) Schematic of
conformal coating of nanoporous structure due to competitive hydrogen bonding
between SPS and P2VP. Conceptual schematics of this cloth utilized as wearable
TENG application, and its device structure. 274
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3431 Microadditives

As mentioned before, one of the simplest ways to improve the overall performance
is the incorporation of nanomaterials to the dielectric matrix. Mostly, the aim is to
modify the dielectric constant, with the side benefits of increasing surface-charge
density and reduction of the triboelectric loss. "8 Yet, incorporation of micron-
sized particles has also shown to improve the output performance of TENGs. Kim et
al. 2019 71 ysed bulk molybdenum disulfide (MoS2) to form composites with
triboelectrically positive ferroelectric Nylon-11 and triboelectrically negative
ferroelectric PVDF-TrFE (Figure 3.10 (a)). By dipolar polarization, and adding
MoS: structures, they have obtained 500% increase in current density and 220%
increase in output voltage, which is attributed to the change in surface polarization
imaged with KPFM (Figure 3.10 (a)). 2’9 Similarly, Kim et al. 2020 [28% ysed high
permittivity CaCusTi4O12 dielectric particles and formed a composite with butylated
melamine formaldehyde (BMF). Compared with the typical aluminum oxide (Al203)
and titanium dioxide (TiOz), they have seen that high permittivity CaCusTisO12
material also enhances triboelectric output voltage and current density. Compared
with the pure BMF, even 1 wt.% addition of CaCusTisO12 increased both the voltage

and current output at least two times. 2%

3.43.2 Nanoadditives

Nanomaterials are commonly used to improve the performance of triboelectric layers
for TENGs. The effect of nanomaterials can vary depending on their material
properties. The main focus is to improve the dielectric constant to improve the
electrostatic induction, change or improve the charge affinity, and increase the

surface charge density with the possible side benefits of increasing mechanical
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stability or resistance to wear. 741 To achieve all of these, various nanostructures
such as nanoparticlest?-281 nanowires 12842851 ‘and nanosheets [226-28%1 are employed

for the fabrication of nanocomposite structures.

As an example, for nanoparticle additives, barium titanate (BaTiOs) is one of the
most common materials that is used to form composites for TENGs. [28%2%0\Wang et
al. 2022 [2° fapricated a PVDF/ BaTiO3 nanocomposite to increase the permittivity
of the film, hence increase the TENG performance. They fabricate a self-polarized
TENG with floating metal at the middle of two BaTiO3 filled PVDF composites.
Through the addition of BaTiOs, researchers increased the dielectric permittivity of
the nanocomposite layer, thus improving the output performance. 2% Metal
nanoparticles, such as Au or Ag, are also used to facilitate higher performance in
TENGs. [282283.292] | g particular example, Zhang and coworkers 2% introduced Ag
NPs with varying sizes to silica gel in order to observe its effect on triboelectric
performance (Figure 3.10 (b)). They have seen that the particle size directly effects
the output performance of the silica gels, with the smallest being 20 nm in size
showing the best results. These results were again attributed to improved dielectric
constant on top of increased contact area between the Ag NPs and silica gel, which

resulted in increased charge generation (Figure 3.10 (b)). 2]

1D nanostructures, such as nanowires?842%1 gre also used to form nanocomposites.
Moreover, composite nanofibers 2%2%l are also formed by various techniques to
improve the performance of TENGs. For example, Doganay et al. 2021 &l used Ag
NWs to impart conductivity to textiles, then used a TPU lamination to obtain a
TPU/Ag NW fabric (Figure 3.10 (c)). Composite fabrics obtained from TPUs
performed much better without sacrificing the electronic conductivity, which is also
resistant to mechanical bending and washing. Compared with PDMS, PI, Ecoflex
and PLA, best triboelectric pair is formed with PLA, in which composite fabrics with
higher loading of TPU performed much better than the lighter one (Figure 3.10 (d)).
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[285] Kang et al. 2019 1 also used Ag NWs to form an Ag NW/Polymer hybrid
system with PMMA and PVC spin coated onto Ag NW coated substrates (Figure
3.10 (e)). Mesh structure formed by Ag NWs on the top of PMMA or PVVC polymer
changes the surface potential, making PMMA more tribonegative and PVVC more
tribopositive. Mechanisms for different triboelectric pairs such as nylon and PFA is
given, where AgNW-polymer hybrid can be paired with both tribopositive and
tribonegative materials and perform equally good due to the interface created by Ag
NWs (Figure 3.10 (f)) [2°71 Another example of 1D nanostructure is carbon nanotubes
(CNT). Kim et al. 2% fapricated PDMS/CNT composite triboelectrification layer,
which has increased mechanical and electrical properties due to the addition of CNT.
With the additional fluorocarbon plasma etching applied to reveal CNT structures on
top of PDMS layer, the triboelectrification is further improved. 2% Last but not least,
Pu et al. 2020 ?*lintroduced aligned zinc oxide (ZnO) NWs into electrospun PVDF
and Nylon-11 nanofibers to obtain TENGs. ZnO NW addition to polymeric
nanofibers again increased the output performance, on top of increasing the
mechanical and thermal stability. 2%
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Figure 3.10 Examples of composite structures for TENGs. a) MoS; as a
microadditive for PVDF-TrFE and Nylon 11, which is paired for TENG. KPFM
images of unpoled and poled MoS, composites, where poled composites have
increased charge generation due to modified surface polarization. 2! b) Introduction
of Ag NPs with different sizes and their effect on the triboelectric performance 2%
c) Schematic representation of the fabrication of Ag NW-TPU fabric composite. d)
Performance metrics of the Ag NW-TPU fabric composite with different
triboelectric pairs. 2851 ¢) Schematic representation of charge transfer between PVVC
and PMMA facilitated by the Ag NWs, where blue region is tribonegative and red
region is tribopositive. f) Schematic illustration of the operation mode with different
triboelectric pairs and their corresponding performance analysis in terms of output
voltage and current. (2°7]
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Lately, the use of 2D nanomaterials for the modification of TENG layers are also on
the rise. 2’2 These include graphene B%%U | transition metal dichalcogenides
(TMDs) [302-3041 ‘and titanium carbide, or MXene [3%53%1 For example, Shi et al. 2021
[287] introduced graphene nanosheets into electrospun PVDF fibers to improve
triboelectrification (Figure 3.11 (a)). Authors found out that graphene nanosheets
improve the triboelectric performance due to enhancement of surface potential as
determined through KPFM measurements (Figure 3.11 (b)). The surface potential
according to the graphene content was optimized that would correspond to the best
output performance from PVDF fibers loaded with graphene nanosheets (Figures
3.11(c) and (d)). Similarly, Hedau et al. 2022 %l used liquid-phase exfoliated MoS;
to enhance the surface potential of PVDF. They have seen that the incorporation of
MoS:; sheets promoted the B-phase of PVDF, which have nonzero dipole moments.
These newly formed B-phase PVDF was said to increase potential difference
between positive and negative charges, resulting in a repressed recombination of
these two charges after triboelectrification. This “self-poled” structure was observed
via KPFM, which had shown unique distribution of surface charges (Figure 3.11 (e)).
According to the loading content and the heat treatment, best performing sample was
deduced according to the KPFM (Figures 3.11 (e) and (f)). Most negative surface
charge was obtained from MoS2/PVDF composite heat treated at 170°C. This is
attributed to the formation of - phase of PVDF due to the addition of MoS, which
has the highest degree of polarization per unit cell. B Apart from these general
examples, Chen et al. 2022 B% jntroduced metal-organic framework (MOF)
nanoflakes into silk fibroin for enhanced triboelectrification. It is noted that the MOF
nanoflakes increase the capacitive performance of the composite film due to their
high aspect ratio — which is possibly forming nanoscale capacitors across the

composite, which yielded 9 times better output performance that its bare counterpart.
[307]
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Figure 3.11 Examples of composite structures for TENGs. a) Schematic
representation of a TENG device utilizing PVDF fibers loaded with graphene
nanosheets. b) KPFM images showing the alteration of surface potentials due to
graphene loading. c) Graph corresponding to the surface potentials and graphene
loading to PVDF. d) Output metrics of best performing PVDF fiber/graphene
nanosheet composites. 7] e) SEM and KPFM images of bare PVDF and liquid
exfoliated MoS./PVDF nanocomposite layers. f) Performance metrics for the
assembled TENGs with respect to different concentrations of MoS and different
postannealing temperatures. 504
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3.5  Transient Triboelectric Nanogenerators in Literature

As with the general work done on transient electronics, research on transient TENG
devices is also on the rise. Figure 3.12 summarizes some of the latest developments
on transient TENGs. Figure 3.12 (a) shows a biodegradable TENG for in-vivo
biomechanical energy harvesting. Schematic structure, its triboelectric performance
and cell viability analysis is given in the same figure, potentially showing that these
TENGs can be a power source for transient implantable medical devices.
Biocompatibility of the devices were proven by cell viability tests, where no distinct
change from the control group is seen after 7 days. TENG devices were degradable
in PBS especially after 60 days, indicating their on-demand transiency (Figure 3.12
(b)). %1 To demonstrate a different transiency mechanism, sunlight triggerable
TENGs are also fabricated.*%  Researchers used acid-sensitive
poly(phthalaldehyde) (PPHA), and introduced PAGs and photosensitizers (PS).
When a UV irradiation was done, PS transfers electrons to PAGs, which released
acid that depolymerizes the PPHA. The change in triboelectric performance under
UV irradiation is given in Figure 3.12 (c). The degradation is rather fast, and
degradation of PPHA films happen under 5 minutes (Figure 3.12 (d)). 2%

TENGSs can also be used to promote wound healing and elimination of harmful
microorganisms. In such research, Imani et al. B designed a transient implantable
TENG providing electrical stimulation to eliminate deep tissue microorganisms. The
TENGs could be eliminated via ultrasound (US) under the skin. Schematic
representation of the implantable TENG and its structure is given in Figure 3.12 (e).
Escherichia coli and Staphylococcus aureus could be eliminated 99% with the
fabricated TENGs. Moreover, transiency of the components of the TENG in PBS
solution and elimination of the poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) under US was shown (Figure 3.12 (f)). Last but not least, Lee et al. B!
designed transient TENG devices that generates electricity at low intensity US, and
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disintegrate at high intensities. Schematic illustration of such devices is given in
Figure 3.12 (g). The degradation is only triggered at high intensity US (HIS), which
allowed a continuous generation at lower intensities. Schematic of the degradation
mechanism is also given in the same figure. HIU triggers the mechanical
disintegration of the PHBV, which allows the hydrolytic degradation of the devices.
Figure 3.12 (h) shows the optical images of the degradation of the membrane when
HIU is applied. 31
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Figure 3.12 a,b) Biodegrable TENGs. a) Schematic structure, performance analysis
and cell viability of the biodegradable TENGSs. b) Degradation of the TENGs in PBS
solution. %1 ¢ d) Sunlight-triggerable transient TENGs. ¢) Schematic steps of the
fabrication steps and photodegradation of the TENGs with respect to time under UV
irradiation. d) Photos showing the photodegradation. %I e f) Implantable ultrasound
triggerable TENG for subcutaneous antibacterial activity. €) Schematic
representation of the subcutaneous activity of TENG for microorganism elimination.
f) Biodegradation of the components of TENG in PBS solution and PHBV
degradation under US irradiation. %! g h) Ultrasound-mediated energy generation
for implantable devices. g) Schematic representation of the devices and their
performance and degradation under different intensities of US. Cell viability of the
devices are also provided. Schematic of electrification shows the electrical
generation and degradation at low intensity and high intensity US, respectively. h)
US degradation of PHBYV layer used for encapsulation. B4
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3.6  Experimental Procedure

3.6.1 Fabrication of the Transient PVA/PSG Based Triboelectric Energy
Harvesters (T-TENG).

The PCA electrodes were prepared following the same procedure described in
Section 2 and casted using doctor blading method. Electrodes were left to dry
overnight. Then, PVA/sucrose/glycerol solution was prepared and casted onto PCA
electrodes again with doctor blading method to ensure a thin coating with insulation
on the one side of the PCA film. Wet thickness of the overcoat with PSG was 300
um. Resulting PCA/PSG layer (60 cm?) was utilized as a single T-TENG electrode.
Smaller pieces from the same layer were cut (2.5 cm x 2.5 cm) and encapsulated

with additional PSG layer to fabricate self-powered touchpad.

3.6.2 Measurement of the TENG

Performance of the fabricated triboelectric device was measured through hand
tapping using a nitrile glove. Open circuit voltage (Voc) and short circuit current
(Isc) of the T-TENGs with varying resistances were measured via Keithley 6514/E-
Electrometer with a LabView code. The preparation of the electrodes and the
respective measurements were made in an air-conditioned room kept at 20 °C and

25% relative humidity.
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3.7 Results and Discussion

3.7.1 Characterization of PCA/PSG Single Electrode Transient
Triboelectric Nanogenerators (T-TENG)

Harvesting the energy created by human body in motion can be used to power-up
small, miniaturized, wearable devicest®?24l  Triboelectrification, defined as
electrification due to contact of dissimilar materials, might be very useful in that
regard 12263133141 ‘Mechanism of charge accumulation and energy harvesting from

triboelectricity can be explained using the structure provided in Figure 3.13.
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Figure 3.13 Schematic representation and structure of T-TENGs. Reprinted with
permission from ref (111 Copyright 2021, Wiley

As explained in the Section 3.6.1, PCA electrodes were overcoated with PSG to
obtain a very thin and uniform coating, which effectively insulated the top layer of
the electrodes. In this single electrode device, triboelectrification was obtained
between this insulating PSG layer and hand, which simply enabled the conversion of

mechanical energy into electrical energy [*"3!%1 The related mechanism is
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schematically illustrated in Figure 3.14 (a). Initially, surfaces of the nitrile glove and
PCA/PSG layer had zero charges. The surfaces of the nitrile glove and PSG overcoat
become oppositely charged upon contact during hand tapping. Following the
elevation upon coming into contact with T-TENG, potential difference starts to
increase, and the difference reach a maximum when the surfaces are separated by a
considerable distance. This change in the potential leads to an electron flow from the
electrode to the ground. The electrons start to flow back from the ground to PCA
electrode when the nitrile glove approaches to PSG overcoat again, resulting in an
alternating current due to reversed potential. This alternating current is regularly
generated upon repetitive tapping and separating processes. Based on this
mechanism, open circuit voltage (Voc) and short circuit current (Isc) of the fabricated
TENG electrodes were collected via hand-tapping and obtained values are shown in
Figures 3.14 (b) and (c), respectively. A maximum Voc and Isc of 21.6 V and 4.6
HA, respectively, were obtained from the fabricated electrodes with a size of 60 cm?,
proving that transient PCA/PSG layers are highly promising for energy harvesting
and self-powered applications. Respective voltage and current plots in varying loads
are provided in Figure 3.14 (d), which were used to calculate output power with
respect to different loads. A maximum output power of 2.2 mW.m™ was obtained at
a resistance of 50 Mohm. Fabricated PSG/PCA layers were used to light up serially
connected white LEDs arranged to show “METU”, and associated images are
provided in Figures 3.14 (f)-(i). Fabricated T-TENG single electrode device allowed
86 LEDs to light up at the same time through simple hand-tapping.

123



A3 ‘1202 WBLAdOD ‘[17) 484 W0} UoISSIWwIad
yum pawniday " NLAIN,, MM 0] 13)IJ] dUO 0) PAUSIISSE SI APOIIO[D I8 IAYM SIdAR] DSJ/VId PIm
uoljesisuowsp paeoghsy pasamod-yIas a1noajsoqul (11-} ‘sishe] 9Sd/vId ayl buiddel-puey yum 1y sg3a
allyM 98 Pa12auu0d Ajjeras Jo soloyd (1-) ‘paresauab Jamod Bunnsai ayl (8 pue s101s1Sal peoj uatayip buisn
paule}go S$anjeA juaind pue abeljoa Indino (p ‘uonesado ul s18he] 9Sd/VId 4O UdLINI 1NJIID-L0YS (2 pue
abeyjon 1219 uado (q “Buidder-puey eIA UOIIRIISIIINBIB0II 8P04103]8-3]6uls JO wsiueyds| (e #T°E ainbiq

peo’] peo
0L 0L ,0b 0L 0L ,0b 0L 0L Q0L 0L 0L 0L 0L ,0b 0L 0L
l/ \-\-\\nl.l|n. 00 0 l/ .-\l-\-||\4\-|-|-.°
[ o
)
\ / B I° 5
. 0 r\W m z o:rM |
/ s12 T : = 2,
1 3 lw\ € 13 1 _l*/kl /H‘m—‘l\
0z~ ! I E
* vyt {0z
SZ (a , (P -
(s) awny (s) awiy
£ z b 0 > z 1 0
z A \
iafin A \,.‘):}3)3 0 /
b W\ [N S
At 1 _7_ i i _> | | (UL 1
— | | =
@ Il I
T e o
¢ e ‘ ‘ s1S
| ) fennan
v 0z
: |

(e

—
o
w
o~
P~
-]

124



The output performance of T-TENG was also explored under different separation
frequencies, and corresponding Isc and Voc values of the devices are provided in
Figures 3.15 (a) and (b), respectively. Isc roughly increased from 0.6 pHA to 4 pA
upon increasing the frequency from 1 Hz to 5 Hz, respectively. The deviations in the
maximum currents are due to uneven hand tapping, especially at higher frequencies.
Voc, on the other hand, increased from 10 to 20 V upon increasing the frequency
from 1 to 4 Hz, respectively, and reached a saturation point at 4 Hz. Although the
variation in Voc is not expected theoretically ®, increased frequency inevitably
increased the force applied to T-TENGs during hand-tapping. Figure 3.15 (c) shows
that the short circuit charge at a hand-tapping frequency of 4 Hz is roughly 10 nC.
The robustness of the T-TENG was measured by monitoring changes in Voc under
continuous hand-tapping at 4 Hz for 4 minutes. The resulting data are plotted and
provided in Figure 3.15 (d). No significant decrease in Voc was observed during the
4 minutes of measurements, showing the mechanical robustness of the fabricated T-
TENGs. To further investigate the robustness of T-TENGs, the changes in Voc was
monitored for the same T-TENG sample after 3 months of fabrication. Results are
compared in Figure 3.15 (e). No obvious change in Voc was observed, indicating the

chemical robustness of the fabricated T-TENGSs.

With the same T-TENG, it was possible to charge capacitors with capacitance values
ranging from 1.0 to 4.7 pF. The charging curves are provided in Figure 3.16 (a). In
order to demonstrate another use of T-TENGs, fabricated PCA/PSG layers were used
as a self-powered keyboard. Fabrication was done through cutting the T-TENGs into
small pieces followed by the contact formation, simply practiced by an office stapler
and copper wire. A simple Arduino code was used to detect the voltage spikes
resulted from touching the electrodes, and each electrode was assigned to a single
letter (either M or E or T or U). Photos of this proof-of-concept transient and self-
powered T-TENG device are provided in Figures 3.14. The voltage response for

touch detection is given in Figure 3.16 (b). The constructed Arduino system enabled
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the detection of voltage change, and puts down the related letter that is affiliated with
the button via coding. These results revealed the potential of transient electronics

fabricated using simple and all PVA-based structures.
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Figure 3.15 a) Short circuit current and b) open circuit voltage of T-TENG with
respect to hand-tapping frequency. ¢) Short circuit charges (Qsc) of T-TENG. d)
Robustness of T-TENG via continuous hand-tapping at a frequency of 4 Hz. Insets
show the first and last 20 measurements. e) T-TENG performance change in means
of open circuit voltage after 3 months of fabrication. Reprinted with permission from
ref 1111 Copyright 2021, Wiley
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Figure 3.16 a) Charging curves of different sized capacitors. b) Voltage response
curve of self-powered touchpad upon pressing and releasing a button. Reprinted with
permission from ref 111 Copyright 2021, Wiley

Comparison of the fabricated T-TENGs with those triboelectric nanogenerators in
literature including carbon-based, PVA-based and transient ones are provided in
Table 3.1. While the output performance of most TENG articles in literature are
better, they do not offer any transiency. Among the transient TENGs; however, T-
TENG provides one of the best performances on top of immediate transiency when
triggered with aqueous solutions. Moreover, despite its immediate transiency in
water, it is proven that the TENG stable over 3 months in the ambient conditions
(Figure 3.15 (e)), which shows a promising on-demand transiency use case. All in
all, reported performance of T-TENGs allowed fabrication of self-powered transient

devices that can be readily used in transient electronics.
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Table 3.1 Comparison of the fabricated T-TENGs with those triboelectric
nanogenerators in literature including carbon-based, PVA-based and transient
applications.

Open Short
Materials Triboelectric Transiency Circuit Circuit Charge Power Ref
Mode Mode Voltage Current (nC) Density ’
%) HA)
PVDF and PVA as
negatively and
positively polarized Contact
triboelectric Separation — tran,:ignc 230V 6 UA - 3nlﬂl\2N (316]
materials Two Electrodes Y
Al foil as current
collector
Cellulose/PVA
?r)ilgc:glg:clt?isc layers Contact No
- Y Separation — transiency 41V 500 nA 15nC - 7]
VHB films as spacer Single Electrode roposed
Copper foil as g prop
current collector
PVA combined with Contact
PPA-PEl and PVDF | g0 o tion - No 288V 62.3 pA - 123 1 g
as triboelectric transiency mW m
| Two Electrodes
ayers
AgNWs as current Biocompatib
collector Contzflct le 2mw
Silk protein as the Separation — No 110V 0.1 pA - m2 18]
I'K proteli Single Electrode transiency
triboelectric layer
proposed
AgNW and CNT
current collectors Dissolvable
Sodium lauroyl Contact in water and 250 LW
glutamate as Separation — A 138V 425 nA - L; [319]
. ] . oilin1 m
dielectric layer Single Electrode minute
PMMA/PTFE as the
triboelectric layer
Bacterial cellulose Contact
. . - Recyclable
as dielectric layer Separation — 5t o
Bacterial Sandwich trar?lsienc is 29V 0.6 A - 3uw (3]
cellulose/CNT/PPy Structured Single Y
shown
layers as electrodes Electrode
Mg foil as current Biodegradab
collectors Contact le and
Erllzc;r;)nsg;?uztlﬁe d Separation — dissolvable 500 V 1gmm§°‘ - 5 chm (520]
. Two electrodes in water in
gelatin as 20 davs
triboelectric layers Y
PVA and PLGA as Biodegradab
triboelectric layers Contact . le and 130 mwW
Separation — dissolvable ~95V ~15pA | ~30nC ? [321]
AgNW as current Single electrode | in PBS in 40 m
collector 9
days
PCA layer as current Biodegradab
collector
PSG layer as Contact le and water 22 mw This
: . Separation — soluble 216V 4.6 pA 10nC B
triboelectric layer Single electrode Immediate m Work
Additional PSG 9 ;
transiency
layer as encapsulant
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CHAPTER 4

TRANSIENT CAPACITIVE SENSORS

4.1 Introduction to Wearable Electronics and Pressure Sensors

Mankind is always fascinated by the prospect of wearable electronics, ranging back
to the 1950s with comics and movies such as The Jetsons or James Bond. The best
known is presented in Star Trek series back in the 1960s, where the characters wore
communicators that had sensors and allowed communication. Note that handheld
tablets and virtual reality rooms were also commonly used in Star Trek series. Such
as these, there are lots of visionary concepts both in literature and entertainment that
pushes the progression of humankind. In the case of wearable electronics, the first
realization was done with Z-Glove and DataGlove (Figure 4.1 (a)). 22 Inventors
Thomas Zimmerman and Jaron Lanier were able to fabricate what they call a “hand
to machine interface device”, where they could capture the hand gestures and
position of the hand in real-time. Z-Glove employed ultrasonic positioning and
orientation system that worked with Commodore 64 systems, while DataGlove used
magnetic positioning that worked with Apple Macintosh. 22 Nintendo’s Power
Glove, released in 1989, was developed on the patent of DataGlove for the hand
gestures but added functionalities to be an entertainment system. Images in Figure
4.1 (b) show the structure and example gestures for the input commands. %
Although visionary, the system was very complex to control especially back then,
and the games that can be played were very limited. With a similar futuristic dream,
Ivan Sutherland ©24 proposed a “head-mounted three-dimensional display” (later

called as The Sword of Damocles). It is recognized as one of the first virtual reality
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(VR) systems that use miniature cathode ray tube (CRT) with display optics
(Figure 4.1 (c)). The optic system enabled the CRT displays to be magnified.
Moreover, head motions were also tracked via mechanical arm and ultrasonic head
position sensor. 324 After approximately 50-60 years from these cornerstones, VR
systems such as Oculus Rift, with augmented VR capabilities for both head and hand

movements that can receive commands, are among the consumer electronics. 2]

ARDUCTION

ULTRA Soni¢
.~ TRANSDUCERS,

(1 GLOVE)
onNLY

Figure 4.1 Technological advancement of wearable electronics from then to now. a)
Structure of the DataGlove that can sense the hand gesture movements.?21 b) Power
Glove produced for Nintendo Entertainment systems and typical hand gestures to
input different commands. ¢) One of the earliest examples of VR system and its
mechanism. B?41d) Oculus Rift. 291
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Wearable pressure sensors are part of this progression. Tactile sensors, which cover
pressure and strain sensors alike, allow mechanical inputs into digital information.
This can be used to process environmental sources such as pressure, strain,
distortion, and acceleration 261 With the advancements shared in Figure 4.1, pressure
sensing has been an active field of research. The research is diversified into many
regions, from designing new systems to integrating with other devices, improving
sensitivities, and developing new materials and fabrication techniques. Therefore,
the research field for tactile sensing requires an interdisciplinary approach, including

electronics, materials science, system engineering, and even robotics. [5%7]

The interdisciplinary nature of the pressure sensors can be understood more easily
with the given schematic in Figure 4.2. Wearable pressure sensors find applications
in three main areas: human-machine interfaces, robotics, and physiological signal
monitoring. However, due to their interdisciplinary nature, these distinctions
between the different areas are not sharply defined. Human-machine interface
(Figure 4.2 (a)) can actually be coupled with robotics (Figure 4.2 (c)) to obtain
gesture-mimicking robotics (Figure 4.2 (b)). Robotics can be coupled with
physiological sensors (Figure 4.2 (e)) to obtain applications such as prosthetic
robotic arms that move regarding to body signals (Figure 4.2 (d)). Physiological
signal sensors can be used with human-machine interaction tools to fabricate
bimodal sensors (Figure 4.2 (). As it can be understood here, the future of pressure
sensors is an amalgamation of disciplines, fostering groundbreaking advancements

that can surpass conventional means.
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Figure 4.2 Main usage areas of pressure sensors and their related applications. a)
Thermo-haptic feedback. 281 b) Controlling robotic arm using hand gestures. £?° ¢)
Robotic gripper grasping system sensor. 39, d) Prosthetic arm with an epidermal
VR B3 g) Tactile sensor for physiological signal sensing. %2 f) Bimodal sensor
array attached on hand [3331,
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4.2 Mechanisms used in Pressure Sensors

Pressure sensing can be practiced using different mechanisms. Piezoresistive,
piezoelectric, triboelectric, and capacitive are the four main mechanisms used in
pressure sensors. The following sections will cover all mechanisms, while capacitive
will be more detailed to align with this chapter's subject. The effect of selected
mechanisms on different aspects of the pressure sensors are provided in Table 4.1.
Although iontronics are primarily utilized in capacitive sensing, it is worth noting
that they have diverse applications beyond this field. Therefore, iontronics will be

integrated into the other four main mechanisms.

Table 4.1 Pressure sensing mechanisms and their performance in related aspects.
Adapted from B34,

Aspects Piezoresistive  Piezoelectric  Triboelectric Capacitive lontronic
Sensitivity Medium High Medium Low High
Noise High Low Low Low Low
Anti- High High High Low High
interference
Static Force Yes No No Yes Yes
Response
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42.1 Piezoresistive Pressure Sensors

Among other working principles, piezoresistive behavior is the simplest mechanism
to achieve and has the easiest fabrication. 331 Piezoresistive sensors simply convert
the change in resistance value as an output signal under different mechanical
distortions to realize the sensing mechanism. %! For composite structures with
conductive fillers, when the pressure is applied, percolation of the conductive filler
network increases — hence the piezoresistive mechanism is achieved. When pressure
is applied to ionic polymers, the effective thickness of the polymer decreases, leading

to increased conductivity and reduced resistance.

One of the earliest and great examples is the study done by Paradiso et al. 2 in
2005, which used simple stainless steel (SS) wires that were twisted around viscose
yarn, and use hydrogel membranes to improve the signal quality. Figure 4.3 (a)
shows the “WEALTHY” system on the human body, with placements and internal
structure. The fabricated textiles were excellent at collecting body signals such as
ECG, Einthoven, precordial, respiration, and movement (Figure 4.3 (b)). 3371

Sponge systems are quite popular with piezoresistive systems. A
polyurethane/graphene sponge demonstrated by Yao et al.®%lin 2013 also used as a
piezoresistive sensor, to detect the spatial distribution of the applied pressure. The
expected mechanism was given schematically and observed via SEM images,
showing the increased percolation in the sponge system (Figure 4.3 (c)). Inset shows
the simulated conditions where red dots show the percolation points, which increases
substantially with applied pressure. Figure 4.3 (d) shows the fabricated artificial skin,
which can detect the distribution of applied pressure. %1 Even though it was
conducted 8 years later, a remarkably similar study showed that it still relies on the
same percolation theory for piezoresistive sensing. A polyimide nanofiber/MXene
composite aerogel is fabricated which can be compressed, flexed, and twisted easily
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with no damage (Figure 4.3 (e)). The working mechanism given in Figure 4.3 (f) is
a simplified version of the mechanism of the simulation shared in Figure 4.3 (c). The
aerogel sponge had an excellent sensitivity to the applied strain and was stable
through different rates of compression-relaxation (Figure 4.3 (g)). 5%

lontronic systems, as mentioned at the beginning of this section, got very popular
over the last decade. 34 Although mostly worked in capacitive mode, it is possible
to construct a piezoresistive sensor through ionic hydrogels. One such example
fabricated chemically crosslinked methacrylated carboxymethyl cellulose (CMC)
with the addition of NaCl to obtain pressure sensors. 241 A schematic representation
of the fabrication process, which involves photopolymerization, is provided in
Figure 4.3 (h). Figure 4.3 (k) shows the fabricated hydrogel which can be stretched
up to 100% of its original length. These flexible and stretchable hydrogels can be
used to monitor pulse with great accuracy, showing that ionic hydrogels are very

promising as piezoresistive sensing. 2401
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Figure 4.3 Piezoresistive sensors a-b) Wearable full-body health care system based
on knitted textiles. a) Prototype model of E+W, Einthoven and Wilson; R, reference;
P, precordial leads, B, breathing sensors. Inset shows the knitted piezoresistive
sensors. Sensors can be attached to the chest for impedance pneumography and arms
for motion sensing. b) (Left) ECG signals from the left shoulder (Right) Body signals
including Einthoven, precordial, respiration, and movement. 31 c-d) Pressure-
sensitive graphene-polyurethane sponge. C) Schematic of the working mechanism
of the sponge and its relative SEM images. Insets show the simulation of the resting
and pressed conditions, where red dots show the percolation points. d) Artificial skin
made from the foam in flexed condition and its mapping profile. Inset i) shows the
large area of sponge used ii) shows the as-fabricated state. 31 e-g) Polyimide
fiber/MXene composite aerogel as a piezoresistive sensor. e) Schematic structure
and mechanical demonstrations of the aerogel. 1) under pressure, ii) twisting and
bending. f) Mechanism of compression and change in the structure g) Response of
the aerogel under different pressures. 3% h-l) Piezoresistive ionic hydrogels. h)
Schematic illustration of CMC-based hydrogel structure. k) Photos of hydrogels
without and with stretching. 1) Pulse monitoring with the hydrogels. B4
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4.2.2 Piezoelectric Pressure Sensors

Compared to other sensing mechanisms, piezoelectric pressure sensors offer superior
energy conversion efficiency and simpler architectural requirements. 1 First
discovered by Curie brothers in 1880, piezoelectric materials separate positive and
negative charges under applied mechanical stress. 42 This phenomenon is
originated from the ionic structure in certain materials, where the applied mechanical
force changes the equilibrium in the system, which causes polarization in the
crystalline structure.®*!] The biggest disadvantage of the piezoelectric sensors, as
given in Table 4.1, is that there is no static sensing. The charge separation and hence
the voltage/current output solely depends on mechanical perturbation, which does

provide a static signal in relaxed conditions. (3343421

One of the earliest examples of piezoelectric pressure sensors is shown by Professor
Zhong Lin Wang’s group in 2008. A pressure sensor based on an individual ZnO
piezoelectric wire is fabricated. An ultralong ZnO wire is fabricated via a high-
temperature thermal evaporation process. ZnO wire is bonded to a polystyrene (PS)
substrate and contacts are taken from two ends (Figure 4.4 (a)). Photos of the sensor
and the schematic of the measurement system are also provided in Figure 4.4 (a).
The sensor worked both in compression and stretching modes under a fixed bias of
2 V with excellent stability and fast response. 3% Dagdeviren et al. %4 used lead
zirconate titanate (PZT), which is a ferroelectric/piezoelectric material, for cutaneous
pressure monitoring. The PZT array is fabricated and connected to silicon
nanomembrane (SiNM) n-MOSFET to amplify the signals. Schematic of the device
structure and its photograph are given in Figures 4.4 (c) and (d). The monitoring of
blood pressure and pulse exhibited exceptional accuracy and high levels of
sensitivity (around 0.005 Pa) and very fast response times (around 0.1 ms).
Combination with the MOSFET allowed very clear signals, which actually enabled
the researchers to collect even the subtlest effect on the surface of the skin. 3441
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The morphology can also be controlled to improve the pressure-sensing capability
of piezoelectric materials. One such example was demonstrated by Ha et al. %
included bioinspired micro and nanostructured ZnO NW arrays. The schematic
structure of the piezoelectric pressure sensor with interlocked hierarchical structure,
and its SEM images are given in Figures 4.4 (f) and (g). The interlocked hierarchical
structure resulted in increased piezoelectric generation as every ZnO nanowire flexed
against the others (Figure 4.4 (h)). Figure 4.4 (k) illustrates the contrast between a
basic planar piezoelectric current generation and a hierarchical structure. The latter
demonstrates a nearly two-fold improvement in performance under identical

pressures. 341
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Figure 4.4 a-b) Piezoelectric sensor based on a single ZnO wire. a) Schematic
structure of the device, its photo, and schematic representation of the measurement
system. b) Current response under (top) compression and (bottom) strain. 4 c-e)
PZT based piezoelectric pressure sensor for pulse and blood pressure monitoring. c)
Schematic structure of PZT array. d) Photo of the PZT array. e) Various placements
of the PZT array and its relevant signals. 3*41f-k) Hierarchical micro-nano structured
ZnO nanowires for pressure sensing. f) Schematic representation of the interlocked
hierarchical structure. g) SEM images of the micro-nano structured ZnO nanowires
and their pressed state. h) Mechanism of piezoelectric generation based on the
hierarchical structure. k) Output current density in the case of planar and hierarchical
structures. 4%
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4.2.3 Triboelectric Pressure Sensors

Triboelectric nanogenerators are one of the latest additions to pressure sensing
applications. The working mechanism of TENGs is explained in detail in Section
3.2. Simply put, the triboelectrification's current or voltage output can be linked to
mechanical stress, with the output's magnitude serving as an indicator of stress level.
The most common mechanisms to realize triboelectric pressure sensing are contact
separation and single electrode modes. 3461 Although promising, the required
architecture is rather complex compared to the other sensing mechanisms. In
addition, triboelectric pressure sensors share the same drawback as piezoelectric
pressure sensors, as electrification only occurs upon impact, resulting in the

unavailability of static force response. 334

The most iconic triboelectric pressure sensor study that has been subject to many
review articles was conducted by Fan et al.®*1in 2012 where PDMS is patterned
with different Si molds. Microstructures of lines, cubics, and pyramids were
achieved via molding. In Figure 4.5 (a), the micropatterning process and
corresponding SEM images are displayed, showcasing the lines, cubics, and pyramid
shapes that were produced. Interestingly, the pyramid shapes demonstrated the most
impressive triboelectric performance when sensing liquid droplets. In fact, they were
capable of detecting even the slightest feather drop, as illustrated in Figure 4.5 (b).
[3471 Figure 4.5 (c) shows a novel way of femtosecond laser patterning to obtain
varying patterns on PDMS. Schematic shows how gaussian pulses can have different
shapes with different depths. Figure 4.5 (d) gives the depth profile and the gradual
change in the microstructure. These structures could easily detect different pressures

of airflow as well as pulse detection (Figure 4.5 (e)). 34
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Figure 4.5 a-b) Micropatterned PDMS layers for triboelectric pressure sensing. a)
Schematic of the fabrication route for micropatterned PDMS. SEM images of i) lines,
ii) cubics, iii) pyramids obtained on the PDMS surface. iv) Shows the stretchability
of the PDMS layers. b) Triboelectric performance of pressure sensing with the micro
patterns. 471 c-e) Varying pattern obtained through femtosecond laser and its
pressure sensing. ¢) Schematic representation of the fabrication route and the
schematic representation of the shapes that can be achieved via this route. d)
Micropatterns and their variation that can be achieved with different techniques. e)
Pressure sensing performance under airflow and pulse monitoring. (348l
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4.2.4 Capacitive Pressure Sensors

Capacitive pressure sensing is one of the most commonly used mechanism for
pressure sensing. Compared to other mechanisms, it is very easy to obtain high
sensitivity in this method. One major drawback of capacitive sensors is their
sensitivity to ambient conditions which may result in high noise or change in the

sensitivity, [334342

4241  Working Mechanism of Capacitive Sensors

Capacitive sensors for pressure sensing rely on simple parallel-plate capacitor
structure, which is shown in Figure 4.6 (a). When a voltage v is applied, the parallel
metal plates are charged with +q and -q, respectively (Figure 4.6 (b)). The amount
of the charge is proportional to the applied voltage. Capacitor is said to store this

electrical charge, which is

q=Cv (4.1)

,where C, the constant of the relation between electrical charge and v, is known as
capacitance. The unit is farads (F), which is coulomb/volt. Although q and v are
dependent on each other, C does not simply depend on them. The capacitance value

depends on the physical dimensions and the dielectric permittivity;
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,\where g, is the permittivity of space, ¢, is relative permittivity, A is the area of

electrodes, d is the distance between the plates, and C is the capacitance.

a) b)

—— Metal Plates +q

Dielectric with
permittivity €

Figure 4.6 a) A typical capacitor structure. b) A polarized capacitor with an applied
voltage.

When the dielectric becomes an ionic medium, the material chosen for electrodes
can also alter the capacitance. If EDLC is the mechanism, utilizing high surface area
electrodes, like activated carbon, increases the capacity for ionic charges to be
adsorbed onto the electrode surface, effectively enhancing the capacitance. Thus,
adsorption on the surface of the electrode and ionic species can change the
capacitance values —which is effectively called a supercapacitor. If the ionic species-
electrode couple has surface-limited faradaic reactions under applied voltage, which
is called pseudocapacitors, capacitance is effectively increased even more compared
to EDLC but starts to be a diffusion-limited process. The working mechanisms are

explained in detail in Section 3.2.
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Depending on the supercapacitive working mechanisms, the electrode becomes very
important for capacitive sensors. This is especially correct for the subsection that
emerged, which is called iontronics. 34 The choice of the electrode material is an
aspect that is often overlooked but holds significant importance, particularly when

working with ionic dielectrics.

4.2.4.2 Materials for Capacitive Sensors and Improvement Strategies

Overall strategies to improve the sensitivity values of capacitive sensors are given in
Figure 4.7. Micro-nano structuring of electrodes and dielectrics, using porous or
ionic dielectric layers, obtaining composite dielectrics, and choosing appropriate
electrode materials are the general routes for obtaining better sensitivities. These will

be explained in the following sections under “Dielectrics” and “Electrodes”.

“ Composite Dielectrics

I
‘A ‘A‘

‘t‘A‘A‘A

Micro-nano Structured Electrodes Micro-nano Structured Dielectrics

-

Electrode Material

4 &
'} 4

Porous Dielectrics

lonic Dielectrics

Figure 4.7 Strategies to improve the sensitivity of capacitive pressure sensors.
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4.2.4.2.1 Dielectrics for Capacitive Pressure Sensors

The initial idea to manipulate the sensitivity mechanism for the capacitive pressure
sensors is the modification of the dielectrics. Apart from using thin layers of ceramics
or polymeric layers, one can have porous and compressible dielectrics, add
nanostructuring, or use ionic polymeric layers to enhance the sensitivity. Improving
the dielectric permittivity by itself is not a solution, since the sensitivity of a

capacitive pressure sensor is;

where S is the sensitivity and C, is the initial capacitance of the device. The change
in capacitance, AC, with respect to change in loading, AP, is measured. 3% This
mechanism can easily be controlled by adding micro-nano structuring on the
dielectric layer or using porous dielectric such as aerogels or foam structures. In this
way, initial dielectric permittivity becomes dependent on the volume of air between

the electrode and the dielectric layer;

geff = SairVair + Sdielectrichielectric (4-4)

With the addition of air permittivity, the initial capacitance of the sensors becomes
very small, generally in pF range. When it is under compression, the volume of the
air drastically decreases, resulting in a sharp increase in the efficient permittivity.
This results in a very high sensitivity in higher loadings.
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Second enhancement is to use composite dielectric layers, where the resulting
capacitance is affected by the percolation theory. Relationship with the dielectric

constant of the composite dielectric and the filler can be predicted as °;

& x(P,—P)°, PSP, (4.5)

, Where P, is the percolation threshold of the filler, P is the filler content, and s is the
critical exponent of dielectric constant. From the formula, it is expected that
dielectric constant of the composite is directly proportional to filler concentration

when the content is lower than the percolation threshold 35,

Example of a micropatterned dielectric layer for improved sensitivity is given in
Figure 4.8 (a). A bioinspired pattern made from lotus leaf mold creates unique
micropatterned PDMS dielectrics. Interestingly, the micropatterned PDMS is used
outside of the tactile sensor; while microspheres of PS are used as the dielectric layer.
Using microspheres also added the feature of having a micropatterned dielectric
layer. The utilization of micropatterned PDMS-based electrodes enables the PS
microspheres to effectively occupy the cavities within the electrodes, thereby
enhancing sensitivity (Figure 4.8 (b)).*5 Foam-based capacitive sensors also offer
increased sensitivity. Researchers fabricated a conductive porous nanocomposite;
while taking advantage of both foam-type dielectrics and having a composite
structure. An Ecoflex-CNT foam composite is achieved and CNT amount is
controlled to achieve better sensitivity. Figure 4.8 (c) shows the device schematics,
SEM image of the final structure and optical images of the dielectric layer in different
states. It was seen that having a partially conducting Ecoflex-CNT foam results in
much better sensitivities, with an ability to detect even small water droplets. [¥52

Another aspect of having foam type structure with increased dielectrics is shown by
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Chhetry et al. ¥531PU foams are coated with calcium copper titanate (CaCusTisO12 —
CCTO) to improve the dielectric permittivity (Figure 4.8 (e)). Incorporating a
controlled amount of CCTO onto pristine PU resulted in a minimum three-fold
increase in capacitance change, attributed to the additional dielectric permittivity
introduced by CCTO. [

In recent years, the use of ionic dielectric layers for capacitive sensors have been
extensively studied. These are known as interfacial supercapacitive sensing or
iontronic sensing, which utilize electrochemical double layer (EDL) provided by
electrolytic-electrode interface 4. ‘Iontronics’ is used to name the mechanism,
which involves variety of devices that are using ions as charge carriers (as a
counterpart of the term electronics). The use of ionic layers immediately increased
unit area capacitance (UAC), which is order of several puF, which are at least 1000
times higher than conventional parallel-plate capacitors which offers capacitance in
pF range. Increased UAC also eliminates the parasitic effect since the capacitance is

on micro-farad levels, on top of increasing sensitivities even more.

The drastic effect of iontronics on capacitance can be explained by Gouy-Chapman-
Stern model. Here, excess ionic charge carriers which are at the surface of ionic layer
led to strong electrostatic interaction. Due to this interaction, counter-ions are
attracted to the electrode surface, which gives rise to a region at electrode-electrolyte
interface. This interface layer, which is also named as Helmholtz layer, is assumed
to have a thickness of the 1-2 solvated ions [343%] Next adjacent layer to the
Helmholtz is called diffuse layer, and controlled via Poisson-Boltzmann relationship.
The electrical behavior of this diffuse layer also affects the overall capacitance since
it has an effect on dielectric property of the ionic layer. This is related to the Debye
length of the electrolyte and thus, the effect of screening just outside the Stern layer
[35%1 Thus, these two components effecting the capacitance of the iontronic layer can
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be deduced as Cy and Cp, respectively, for Helmholtz and diffuse layer. Depending

on this mechanism, below equation can be written for EDLE34:;

1 1\7?
CepL = <—+—) = n4.0(d,&C,¢,T).A=UAC.A (4.6)
Cy  Cp

\where ¢(d, ¢, C, ¢, T) is a parameter which is influenced by;

Dielectric constant
Thickness of Helmholtz layer
Concentration and type of ionic species

Surface potential (both related to electrode and electrolyte)

A A

Temperature.

Also, n, is defined as the roughness ratio, which also has an effect on the contacting

surfaces.

The effect of the addition of ionic species are extensively explored by Cicek et al.
[3%1 Textured cellulose based supramolecular bio-polymer gels (SBPG) were
fabricated with different concentrations of NaCl added, and assembled as a
capacitive sensor with carbon-cellulose composite electrodes (Figure 4.8 (g)). Here,
several strategies were combined; a textured dielectric layer, addition of ionic species
to the dielectric layer, and choosing appropriate carbon-based electrode (which will
be explained in next section.). The ionic conductivity was greatly enhanced with the
addition of NaCl species (Figure 4.8 (h)), which directly increased the areal
capacitance values (Figure 4.8 (k)). The SBPG layers exhibiting the highest ionic
conductivity demonstrated the most significant changes in capacitance, making them
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excellent candidates for pressure sensing applications. An ultra-high sensitivity of 1
475 000 kPa™ was obtained. 571 This is an excellent indication that combining
several strategies for sensitivity can significantly influence the output of the sensing

devices.
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Figure 4.8 a-b) Micropatterned PDMS/Au electrodes with PS microspheres as
dielectric layer for capacitive sensors. a) Device structure and working mechanism
b) Change in sensitivity with respect to micropatterning.t®*! c-d) A conductive foam
as dielectric layer for capacitive sensors. ¢) Schematic structure, SEM image of the
conductive foam, and its step-by-step fabrication steps. d) Capacitance change with
respect to applied pressure. 1352 e-f) PU sponge-CCTO composite for enhanced
sensitivity. e) Fabrication steps and respective SEM images. f) Capacitance
measurements and resulting sensitivity with the composite foam. 3531 g-1) lontronic
SPBG layer for ultra-high sensitivity. g) Schematic structure of the capacitive
pressure sensor. h) lonic conductivities and k) areal capacitance values of SPBG
layers with different ionic concentrations. 1) Relative capacitance changes. 7]
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4.2.4.2.2 Electrodes for Capacitive Pressure Sensors

As mentioned in the previous section, electrode design and selection are very
important. Especially the interaction between the dielectric layer and the electrode
material, due to the formation of EDL, affects the initial capacitance levels, hence
the sensitivities. One of the clearest examples is given in the thesis work of Cicek!326],
with the work related with SBPGs % with the details given in Section 1.2.4.2.1 and
in Figure 4.8. Figure 4.9 (a) shows the sensitivity of the best performing SBPG layer
with cellulose-carbon composite electrodes. When the identical SBPG layer was
employed in conjunction with aluminum electrodes, the change in capacitance levels
decreased by as much as a factor of 1000. This is due to the synergy between Na*
and CI" ions with carbon particles in the composite electrode, which enhanced the
EDL behavior and thus, the sensitivity of the capacitive sensor. 21

Microstructuring the electrodes as well as the dielectric layer can help in enhancing
the sensitivity. This is again similar with the effective dielectrics — the microstructure
on the electrode creates air gaps inside the system, effectively reducing the
capacitance. With increased pressures, the gap decreases, resulting in the sharp
increase of the effective dielectricity. One such research done by Li et al.[®%€l
explored the effect of the microstructure distribution. Figure 4.9 (b) shows the
pyramid structures with different spacings through the Figure 4.9 (b)-i to Figure 4.9
(b)-iv. The pyramids are then Ti/Au coated (Figure 4.9 (b)-v and 4.9 (b)-vi), which
are able to be flexed (Figure 4.9 (b)-viii). Researchers found the microstructuring of
the electrode increases the sensitivity especially in the low-pressure region, mostly
due to the effective dielectric change. Furthermore, a sparser distribution of the micro

pyramids was observed to significantly enhance the sensitivity. 5
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Figure 4.9 a) The effect of electrode material on sensitivity with an ionic dielectric
layer. 326:3%61 -c) Effect of microstructured electrodes on sensitivity of the capacitive
pressure sensor. b) SEM images of i-iv) Micro pyramid structures with different
spacings v,vi) Ti/Au coated pyramids as electrodes. vii) Photo of the electrodes on
PET substrate. viii) Photo of the wrinkled structure after deposition if PET substrate
is not used. ¢) Relative capacitance changes of microstructured electrodes and their
comparison. 5]
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4.3  Transient Capacitive Pressure Sensors

One of the most fascinating applications of transient capacitive pressure sensors is
their use in physiological monitoring, both in vivo and in vitro. Two excellent
examples are already provided in Figure 1.9, where transient bioresorbable arterial-
pulse sensorf®l and transient closed-loop system for tracking cardiac pacing and
physiological events. [ In a similar vision, Boutry et al. 5 fabricated a bimodal
sensor for strain and pressure sensing with only biodegradable materials. Figure 4.10
(a) shows this bimodal sensor, its potential areas of use and its structure. This sensor
was bioresorbable, which eliminates the need for a second surgery to extract the
implant from the body. Two biodegradable polymers, which are poly(glycerol
sebacate) (PGS) and poly(octamethylene maleate (anhydride) citrate) (POMaC)
were used to fabricate the stretchable sensor, while Mg electrodes were used as the
transient metal conductors. Pressure signals were recorded from the sensor implanted
on the back of a Sprague—Dawley rat. From in vivo tests, the pressure sensor acted
perfectly up to 2 weeks, and was even usable after 3.5 weeks (Figure 4.10 (b)). 59
Novel electrode materials are also usable for transient systems. In a specific case,
researchers used room-temperature liquid metal (RTLM), GalnSn, on micro
channeled PVA to fabricate transient electronics. The simple structure of the
electronic circuits can be used as transient antennas and capacitive touch sensors.
Photos of the fabricated flexible sensors are given in Figure 4.10 (c). The structure
of the capacitive touch sensor and its response to a touch is shown in Figure 4.10 (d).
The PVA micro channeled substrate can be dissolved in water, where the liquid metal
can be collected. %% This research shows how transient capacitive sensors can be
used in different applications and how transient electronics can be different in terms

of their transiency mechanism.
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Figure 4.10 a-b) Bimodal transient pressure and strain sensor. a) Schematic structure
of the sensor with its possible usage areas. b) Pressure sensing done in-vivo, after 2
weeks and 3.5 weeks of implanting. 2 c-e) RTLM based transient electronics. c)
Photos of the transient RTLM based sensors. i-iii) Photos of the different structures
and iv-vi) their mechanical stability under stretching, squeezing and folding,
respectively. d) Shows the structure for capacitive touch sensor. e) Controlled
transiency of the sensor in water. (36%

154



44  Experimental Procedure

44.1 Fabrication of the Transient PVA/PSG Based Capacitive Sensors
(T-CAPS)

Same PCA/PSG layers utilized in T-TENG explained in Section 3.6.1 was used here.
The contacts for PCA/PSG electrodes were taken simply by using a stapler and
connecting it with a copper wire to reduce the possible noise and additional
capacitance change from sensor-metallic foil interface. Fabricated electrodes were
divided by an additional PSG film, and again covered with PSG film to obtain a

parallel plate capacitive pressure sensor.

4.4.2 Characterization of the T-CAPS

Capacitive measurements of the fabricated sensor with different loads were made by
a hand-made apparatus and Twintex LCR-7200 precision LCR meter. Same
apparatus was used to determine the sensitivity. Physiological signals and joint
movements were detected by Arduino Leonardo with a simple RC circuit code.
Sensitivity of the T-CAPS is defined as S and calculated as below,

AC
o)

— (4.7)
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,where C, is the initial capacitance, AC is the capacitance change, and AP is the

change in applied pressure (kPa).

45 Results and Discussion

Substitution of bulky and rigid materials with flexible and transient counterparts is
very important in achieving “green” sensors that can be easily utilized in wearable
and biomedical technologies. Furthermore, these devices can be easily recycled at
the end of their life cycle. 613621, Herein, we encapsulated two PCA/PSG layers used
for TENG devices shown in Figure 3.13 with an additional PSG layer to obtain T-
CAPS for the real time physiological monitoring and joint movement detection. The
final structure is given in Figure 4.11. For the assembly, double sided very high bond
(VHB) bands are used to close down the structure as well as introducing a gap

between the electrodes in their relaxed state.

@ TransientPVA/CB/ACElectrode

Transient PVA Based Encapsulant

Transient PVA Based Encapsulant
AP TransientPVA/CB/ACElectrode

Figure 4.11 Schematic representation of the T-CAPS. Reprinted with permission
from ref 111 Copyright 2021, Wiley
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All results with relevant locations on human body and representative inset photos are
provided in Figure 4.12. The same sensor was used throughout the data collection
process to demonstrate the flexibility and functionality of the sensor. Sensitivity of
the transient capacitive sensor was measured through monitoring the capacitance
change under a variety of pressures up to 44.1 kPa (Figures 4.12 (a) and Figure 4.13
(). Sensitivity of the PCA/PSG films were found to be 0.69 kPa " up to 22 kPa,
and 0.48 kPa! from 24.5 kPa up to 44 kPa, offering a solid performance with a long
linear sensitivity range. Response and recovery times of the fabricated sensors were
measured as 22 and 49 ms, respectively. These values are highly ideal for such a
sensors utilized in a wide variety of applications as demonstrated herein (Figure 4.13
(b)). In order to demonstrate their stability, T-CAPS were subjected to cyclic
loading/releasing test for 1000 cycles, results of which are provided in Figure 4.13
(c). No obvious change was observed in the relative capacitance, indicating excellent

mechanical robustness for T-CAPS.
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Figure 4.13 a) Relative capacitance changes under different loads. b) Response and
recovery times of the sensor under a load of 1.2 kPa. c¢) Stability of the T-CAPS
under constant load-release cycles. Reprinted with permission from ref [
Copyright 2021, Wiley

Capacitance change occurs when the electrodes are pressed onto each other or flexed
so that compressive stresses are formed on the dielectric/dielectric interface. This
results in a change in dielectric layer geometry and thickness [l Here, PSG
overcoat layers offer high sensitivity due to electrical double-layer formation
between the layers. When the electrodes are compressed, the first thing to happen is
the full contact of the dielectric layer surfaces, which eliminates the empty spaces
and reduces the distance between the electrodes. Effective dielectric constant of the

system increases under compression due to the elimination of the air gap between
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two adjacent electrodes, resulting in an increase in the overall capacitance of the
pressure sensor. At the same time, the decreased distance between the PCA
electrodes further improves the overall capacitance. Due to both of these mechanisms
in the first stage, electrical double-layer formation is enhanced, resulting in very high
sensitivity. Secondly, after obtaining full contact between dielectric layers, further
applied compressive stresses cause a reduction in the thickness of the dielectric layer.
In this second stage, the behavior of the capacitance change is altered. With the
increased pressure, the distance between the electrode decreases even further. This
decrease in the distance is dominated by the elastic deformation of the dielectric PSG
layers. This results in a more efficient ionic conduction, which further increases the
overall capacitance of the pressure sensor. Overall structure of the capacitive
pressure sensor and ionically conductive dielectric layers enabled sensors to show

favorable sensitivity in a long linear range.

T-CAPS was used in different locations on the human body to demonstrate their
potential for the transient wearable electronics. During the joint movements, the
PCA/PSG layers were compressed onto each other in different geometries and angles
leading to a change in capacitance. On small muscle movements, T-CAPS was either
flexed or relaxed, which again resulted in a capacitance change. Figures 4.12 (b) and
(c) demonstrate how the T-CAPS behave when it was attached to the inner side of
the wrist. Clenching of the fist created a muscle contraction around the wrist, causing
the bending of the capacitive device. This resulted in an increase in capacitance,
which is clearly shown in Figure 4.12 (b). In Figure 4.12 (c), the wrist was moved at
different angles to demonstrate the sensitivity of the transient capacitive sensor.
Fabricated sensors can also be used to monitor walking frequency and intensity by
observing the extent of the capacitance change and repetitions. This is demonstrated
by placing the T-CAPS on the foam clogs and walking both slowly and fast. The
intensity and frequency of the walking can be easily observed from the magnitude of

relative capacitance change and the onset of the capacitance changes given in Figure
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4.12 (d). Capacitive sensors can also be used to detect joint movements. For this
purpose, it was placed on the kneecap. When the stretched leg was changed into a
sitting position, bending at the kneecap change the geometry of the capacitive cell.
Thus, an increase in capacitance was observed allowing the detection of the motion.
T-CAPS was also attached to the forehead and neck to monitor physiological signals
and movement from smaller muscle groups. Figure 4.12 (f) shows how the
capacitance changes if a person frowns, evidencing the high sensitivity of the
fabricated T-CAPS. This could allow the monitoring of a person’s mood, which is
important for stress management and mental health monitoring. When the sensor was
attached to the side of the neck, it can also detect the head movement fairly easily.
Even the gulping action was detected, suggesting that the fabricated sensors can be
used to monitor eating habits (Figures 4.12 (g) and (h), respectively). Figures 4.12
(i) and (j) show that the T-CAPS can be used to detect both large and small
movements in the human body by placing the sensor on elbows and fingers,
respectively, indicating the applicability of the sensor for different cases. Lastly, the
transient sensor was demonstrated to detect talking through the movement of the
muscle groups on the cheeks. These results of real-time measurements are provided
in Figure 4.12 (k). “Middle East Technical University” and “Transient” words were
spoken several times, during which the change in the capacitance was monitored. An
increase in the relative capacitance was observed upon pronouncing “Middle East
Technical”, while a drop-in capacitance was observed upon pronouncing
“University”. This clearly demonstrated that the word detection or movement
detection of different muscle groups using the fabricated sensors is possible. As
another single word, “Transient” caused an increase in the relative capacitance. It
was also possible to monitor smiling of a person, which further proved that the
transient all PV A-based capacitive sensors can be used for mood tracking. All results
provided in Figure 4.12 clearly demonstrated the potential of the physically transient
PCA/PSG layers for future sensing applications with great flexibility and versatility.
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A comparison of T-CAPS with other, recently reported capacitive sensors is
provided in Table 4.2. Except for the iontronic capacitive sensors, our work showed
one of the best sensitivities with a long linear range, and excellent response time
when compared to articles utilizing similar materials. T-CAPS is mechanically
robust, and provide the most rapid physical transiency when compared to other

reported transient capacitive sensors.
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Table 4.2 Comparison of T-CAPS with those in recent literature on capacitive

pressure sensors including carbon-based, PVA-based and transient applications.

encapsulant

) Operating Response
Materials Transiency Pressure Sensitivity Time Stability | Ref.
Mode Range (ms)
(kPa)
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4.6  Transiency of the T-SUPC, T-TENG, and T-CAPS

The rapid advancements and increasing demand for wearable technologies and small
electronics have resulted in a significant rise in electronic waste (e-waste) like never
before 1103721 Thus, it is prudent to think about the future of the environment by
designing transient energy storage devices, energy harvesters, and electronics. In this
manner, fabricated PCA electrodes and PCA/PSG layers were tested for transiency,
and obtained results are provided in Figure 4.14. The photo in Figure 4.14 (a)
demonstrates the aforementioned flexibility and conductivity of PCA electrodes,
where an origami boat was used to complete the circuit to light up a LED. When the
boat was left on the water, gradual disintegration was observed in 4 minutes. At the
end of 4 hours, a carbon film was found to survive on the surface of the water,
suggesting the necessity for a mechanical disturbance. Instant structural
disintegration in the PCA electrode is observed in Figure 4.14 (b), upon pouring a
small amount of water. When it was rubbed with the other hand, the structure was
found to break down instantly. This proved the physical transiency of the PCA
electrodes and rapid disintegration with some mechanical action and water. A very
simple way to apply this mechanical action was by shaking. This was done with a
used-up T-SUPC, which included a PCA electrode and PN layers. The resulting
photos are provided in Figure 4.14 (c). The used supercapacitor cell was placed into
a vial and shaken up by 30 times. The disintegration can be observed in the provided
photographs. With only 5 shakes, the disintegration of the cell started, and after 30
shakes, total disintegration occurred and a homogeneous black solution was
obtained. This proved that the electrode materials can be easily recycled or collected
as a solution to be used again. The transiency of PCA/PSG layers used in T-TENG
and T-CAPS were also explored and associated photos are provided in Figure 4.14
(d). By dipping the electrode into the water and shaking it inside, it was possible to

disintegrate the electrodes and easy to recover the metallic contact for reuse. Overall,
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having a simplified structure with similar materials also make recycling easier for
the devices. Easy recollection of the device parts as a solution to collect the materials
again, and recollecting materials used for assembly and contacts by just dissolving
the attached devices make all PVVA-based devices promising for transient electronics.

] E‘g : B

d) '
L 2 i/
Used Supcap 5 Shakes 10 Shakes 30 Shakes Sensor 1 Dip 2 Dips 10 Dips

Figure 4.14 a) Photos demonstrating the flexibility and aqueous transiency of the
fabricated electrode by forming an origami boat with PCA and its disintegration in
DI water. b) A full physical transiency is achieved by a small amount of water and
mechanical action. ¢) Demonstration of the transiency of a T-SUPC cell in a water-
filled vial by simply shaking. d) Disintegration of a PCA/PSG electrode used in T-
TENG and T-CAPS through dipping into water and simply shaking. Reprinted with
permission from ref 111 Copyright 2021, Wiley

165



Physical transiency of the PCA/PSG layers was further explored using simple
solutions that can be prepared at home (hot water, vinegar, and drain clog remover)
to observe how easily these electrodes degrade in different aqueous conditions.
Related photos are provided in Figure 4.15. When the transient electrodes were
placed into hot water (boiled), the disintegration process gets significantly
accelerated compared to water at RT. The disintegration was achieved just in 5
minutes without the need of mechanical action (Figure 4.15 (a)). A home-grade
vinegar (3% acetic acid) was also used for disintegration. The breakdown of the
electrode was observed just in 10 minutes, photos of which are provided in Figure
4.15 (b). As another example, a teaspoon of drain clog opener (sodium hydroxide -
NaOH) was also used to create a basic environment. Very fast disintegration (under
3 minutes) of the electrode was observed that was comparable to that in hot water
(Figure 4.15 (c)). These results suggested that the disintegration of the fabricated
PCA/PSG electrodes is fairly easy, which clearly shows the promise of using the

fabricated electrodes in transient electronics applications.
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Figure 4.15 Demonstration of the transiency of PCA/PSG layer in home-based
solutions utilizing a) hot water, b) vinegar and c¢) drain clog remover. Reprinted
with permission from ref 11 Copyright 2021, Wiley
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CHAPTER 5

CONCLUSIONS AND FUTURE REMARKS

51 Conclusions

To conclude, all PVA-based (i.e. electrode, electrolyte, insulating layer, and
encapsulation layer) transient and multifunctional devices were prepared and
characterized in this thesis. Simple solution-based methods were used for their
fabrication. Devices of interest included supercapacitors, triboelectric
nanogenerators and capacitive sensors. Fabricated solid state T-SUPC showed
excellent EDLC behavior and was subjected to 10000 charge/discharge cycles
without significant loss in its performance. A large-sized supercapacitor
encapsulated with PSG layer was rolled 360° without any significant loss in its
performance. Fabricated TENG allowed lighting of 86 serially connected white
LEDs and produced a maximum power output of 2.2 mW.m>2. T-TENGs were also
assembled as a self-powered touchpad. Fabricated T-CAPS were used to monitor
physiological signals and joint movement with long linear sensing ranges. A
sensitivity of 0.69 kPa* was achieved up to 24 kPa followed by 0.49 kPa* for loads
up to 44 kPa. Other than walking, head movement and joint movements, very small
muscle group movements could as well be monitored using the fabricated T-CAPS,
suggesting that the fabricated T-CAPS can be used to detect even mood changes or
habits. Rapid physical transiency of the fabricated devices was also demonstrated in
simple home-based solutions. All of these results showed that all PVA-based
structures are highly promising for the replacement of several components in
electronic systems including T-SUPC as the energy storage, T-TENG as the
mechanical energy harvesting and self-powering, and T-CAPS as the sensing

components.
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5.2 Future Recommendations,

This thesis showcases a practical way to fabricate transient electronics using similar
materials. The possibility of using the same PVA-based structures from energy
storage to energy harvesting and sensing provides a route for integrating transient
electronics without the complexity of several different fabrication routes. Already
abundant in the industry, PVA is an excellent choice for low-cost transient
electronics. Yet, transiency triggered in water always has an adverse side-effect —
susceptibility to moisture. Encapsulation of the devices and different triggering
mechanisms concerning the encapsulation should be explored. Moreover,
performance metrics were on-par with the transient electronics but mostly fell below
the conventional non-transient solutions. Thus, it is imperative to fabricate transient
electronics with performance levels competitive with conventional solutions to

transition to transient electronics.

In Chapter 2, transient supercapacitors, T-SUPCs, are fabricated with PCA-based
electrodes and PVA-based hydrogel electrolyte, PN. Although the behavior is very
close to ideal EDLC behavior, the specific capacitance levels can be improved.
Transient 2D materials such as MoS or MXenes can be involved with the composite
PCA layers to increase the capacitance levels. The inherent conductivity of these
materials would not hinder the conductivity of the PCA films and can even increase
their mechanical integrity. This improvement would increase the overall cost, yet the
devices would still be environmentally friendly, biodegradable, and biocompatible.
Moreover, PNs are prone to drying and should be encapsulated immediately — in this
thesis, a PVA layer without the addition of sucrose was used to encapsulate the
capacitors. Still, PVA can be affected by moisture and can even draw water
molecules from the PN layer, which would decrease the lifetime of the
supercapacitors. All in all, it is necessary to improve the capacitance levels to
improve the flexibility of the fabricated transient supercapacitors for different usage

areas and applications.
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In Chapter 3, transient triboelectric nanogenerators, T-TENGs, were fabricated, and
their performance was analyzed. The biggest issue in the TENG community, the
effect of moisture, could not be analyzed with the fabricated single-electrode
TENGSs. This issue should be explored to see the effect of moisture, in the long run,
to completely understand the stability of the T-TENGs. Moreover, the performance
could be increased by using the ionic PSG layer. Multilayered structures of TENGsS,
where each layer can be engineered to improve the overall charge collection
efficiency. For example, a thin PVA layer, followed by an ionic PVA layer with the
current collector at the bottom, could improve triboelectrification and charge
collection. Even more, the single-electrode could be converted into a complete
device by manipulating the triboelectric series of PVA layers by ionic additions.
Several experimentations were done with sulfuric acid and sodium chloride, but
changing the mechanical aspects of the PVA resulted in inconclusive results. A
parametric study to obtain such structures could be done to achieve a transient PVA-
based T-TENG device. Last, the electrode could be again modified with 2D materials
such as in T-SUPC to improve triboelectrification.

In Chapter 4, transient capacitive pressure sensors, T-CAPs, were fabricated and
used for physiological monitoring. Overall sensitivity levels and physiological
monitoring are quite good, compared to non-transient and conventional solutions.
Yet, it could be increased even more with the use of iontronics. An ionic PSG layer
could be doctor-bladed onto PCA electrodes to explore the ionic layer's effect on the
capacitive sensor's sensitivity performance. Moreover, the 2D material addition to
the PCA electrodes here and the other applications could change the sensitivity of

the devices.
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