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ABSTRACT

Interactive Packaging, a subsection of Smart Packaging, relates to packages that interact
with the consumer through functional and amusing elements that can be printed labels,
wireless communication chips, quick response codes, light or sound systems. These elements
frequently require an energy source, with energy harvester devices (EHDs) being a favorable
choice.

In the past few years there has been a tendency towards the selection of sustainable,
low-cost, widespread, and environmentally friendly materials for smart, self-sustainable, and
multifunctional EHDs, while keeping the desired energy harvesting potential. Furthermore, the
production method of said EHDs is desirable to be easily scalable and low-cost, allowing mass
production.

This work aimed at producing a multifunctional EHD based on paper, to be integrated
into interactive packaging. To replace materials commonly used in piezoelectric and
triboelectric EHDs, namely the polyethylene terephthalate (PET) substrate with indium tin oxide
(ITO) and the polydimethylsiloxane (PDMS) matrix, Navigator and Whatman papers were
studied, as well as ethyl cellulose (EC) and carboxymethyl cellulose (CMC). These papers and
cellulose matrixes represent more sustainable alternatives that can still offer suitable properties
for the development of robust harvesters.

Based on previous works, zinc oxide (ZnO) rods were considered for the EHDs assembly,
due to the piezoelectric property allied with the sustainability and wide availability of raw
materials.

The ZnO rods were obtained by hydrothermal synthesis assisted by microwave
irradiation. Pure ZnO structures were obtained through an easily reproducible, low-cost, and
well-controlled synthesis. Various combinations between the two substrates, the three
matrices, and the ZnO rods were exploited to maximize the performance of the EHDs.

The best output voltage obtained during this work was from the EHD with ZnO rods
mixed in EC deposited in the substrate Whatman between PET/ITO electrodes, which reached

an average peak-to-peak voltage of 3.5V, with a 9 N pushing force.

Keywords: smart packaging, energy harvesting, piezoelectric, triboelectric, ZnO, paper,

cellulose.
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RESUMO

Embalagens Interativas, uma subse¢do das Embalagens Inteligentes, referem-se a
embalagens que interagem com o consumidor através de elementos funcionais e engragados
que podem ser rotulos impressos, chips de comunicagdo sem fios, codigos de resposta rapida,
sistemas de luz ou som. Estes elementos frequentemente requerem uma fonte de energia,
sendo os dispositivos coletores de energia (DCEs) uma escolha favoravel.

Nos ultimos anos tem havido uma tendéncia, em relacdo a selecdo de materiais
sustentaveis, de baixo custo, globalmente difundidos e ecoldgicos para a producao de DCEs
inteligentes, autossustentaveis e multifuncionais, mantendo o potencial de captagdo de
energia desejado. Além disso, é desejavel que o método de producdo dos referidos DCEs seja
facilmente escalavel e de baixo custo, permitindo a produg¢do em massa.

Este trabalho teve como objetivo a producdo de um DCE multifuncional baseado em
papel, para ser integrado em embalagens interativas. Para substituir materiais ja usados em
DCEs piezoelétricos e triboelétricos como o substrato de politereftalato de etileno (PET) com
oxido de indio estanho (ITO) e a matriz de polidimetilsiloxano (PDMS), os papéis Navigator e
Whatman foram estudados, bem como etilcelulose (EC) e carboximetilcelulose (CMC), como
alternativas mais sustentaveis mantendo ainda as propriedades adequadas para a producao
de DCEs robustos.

Com base em trabalhos anteriores, os bastonetes de Oxido de zinco (ZnO) foram
considerados para a integracdo em DCEs, devido a propriedade piezoelétrica aliada a
sustentabilidade e ampla disponibilidade das matérias-primas.

Os bastonetes de ZnO foram obtidos por sintese hidrotérmica assistida por irradiacao
de micro-ondas. As estruturas de ZnO puro foram obtidas através de uma sintese facilmente
reprodutivel, de baixo custo e bem controlada. Varias combinagdes entre os dois substratos,
as trés matrizes e os bastonetes de ZnO foram exploradas para maximizar o desempenho dos
DCEs.

A melhor tensédo de saida obtida durante este trabalho foi do DCE com bastonetes de
ZnO misturados em EC depositados no papel Whatman entre elétrodos de PET/ITO, que

atingiu uma tensdo média pico-a-pico de 3.5V, com uma forca de 9 N.

Palavras-chave: embalagens inteligentes/interativas, colheita de energia, piezoelétrico,

triboelétrico, ZnO, papel, celulose.
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MOTIVATION AND CONTEXT

The main purpose of this dissertation was the production of an energy harvester device
(EHD) based on a composite of zinc oxide (ZnO) structures embedded in paper. The output
voltage of the EHD was optimized varying the composition of the composite and the desgin
of the EHD. A simple circuit involving a EHD connected to a capacitor and a printed
electrochromic element, represents a potential application in smart and interactive packaging.
The smart and interactive packaging field has experienced significant advances in recent years,
enabling in this way the research of several electrical components that can be easily integrated
into packaging, such as EHD.

Since paper itself is not a piezoelectric material, there is the need to deposit another
material that has this property to provide the EHD's potential energy generation. Additionally,
in this type of electrical devices, it is of a huge importance to use materials that are sustainable,
abundant, and low-cost such as ZnO, which draws its attention due to its piezoelectric
properties, responsible for the energy generation. An automatic film applicator was utilized as
the printing method, applying piezoelectric structures such as ZnO rods, mixed within a
cellulose-based matrix to ensure the production of robust EHDs, while maintaining the concern
for the use of environmentally friendly and recyclable materials.

The ZnO rods were produced by hydrothermal synthesis assisted by microwave
irradiation. Subsequently, these structures were mixed in the matrix, and applied afterwards to
the paper to functionalize it. The ZnO rods were morphologically and structurally characterised
with scanning electron microscopy (SEM) and X-ray diffraction (XRD) techniques, and the EHD
was characterised with the SEM technique. The performance of the functionalized paper for

energy harvesting was optimized by varying the EHD's structure and its composition.

Outputs

The work performed in this dissertation project resulted in an oral and poster
presentation in the following international conference, RSC Chemical Nanoscience and
Nanotechnology Early Career Researcher Virtual Poster Meeting, on the 20th of June 2022,
inserted in the area of Energy. In this conference a brief introduction of the context and the
methods was presented summarizing the work done. This participation on the international
conference brought numerous great aspects, such as the divulgation of this innovational
scientific work, receiving feed-back from colleagues and fellow scientists, and a chance to

practise the exposure of this work.
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Posters:
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Smart Packaging, RSC Chemical Nanoscience and Nanotechnology Early Career Researcher

Virtual Poster Meeting, 20th June 2022.

Additionally, the work presented in this thesis is being prepared in the format of a

manuscript to be submitted to a scientific journal.
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1
INTRODUCTION
1.1 Smart Packaging

Over the years, the importance of packaging all kind of products has been increasing,
whether because the product is fragile, food-related, or for the protection of its integrity, so
that the product can be safely distributed from the place of production to the consumer, thus
avoiding product waste, deterioration, and damage [1]. In most cases, the consumer buys the
product and not the packaging itself, except in cases where the purchase is motivated, for
example, by advertising or its aesthetic aspect [1]. The packaging, after being used by the
consumer, can easily become a frustration, for example in the way that it can be difficult to
open, to reseal, fail to clearly show the written information on the label, and even problematic
to empty completely [1]. The term “smart packaging” was defined as packaging that serves a
purpose that goes beyond the traditional functions of storage, protection, and product
information [2]. This term covers several aspects, from the design to the use of smart materials
and the incorporation of mechanical and/or electronic sensors, incorporated into the
packaging or its surface [1].

To satisfy consumers looking for more information, better quality of goods, and
appealing packages, Smart Packaging solutions were developed. These can be divided into two
distinct branches: Active, which act directly on the products in order to delay their
deterioration, for example the films that absorb oxygen, such as sponges inside meat packages
[3], [4]; and Intelligent, which monitor the quality of the product [1], for example packages that
have sensors to monitor the levels of gases or pH, and communicate this information with the
user, either by colorimetric indicators or by quick response codes (QR) [1], radio frequency
identification (RFID) [2], or others.

Interactive Packaging, which is a subsection of Intelligent Packaging, relates to packages
whose goal is not to monitor the package product but to interact with the consumer through
functional and amusing elements, as a marketing strategy or creating a link to benefit the
product sales [1]. These elements can be: printed labels, wireless communication chips (RFID)
[2], quick response codes (QR), light [5] or sound systems. These elements frequently require a
power source, whether using batteries, wireless power, light or heat to power electrical devices
or sensors [6]. However, the use of batteries [1], [5] should be avoided, so that these packages

do not become a problem at the time of disposal. An EHD made of eco-friendly materials can



be used to tackle this issue, allowing, for instance, the packaging to be recycled and reused
rather than being thrown away after only one use or after a brief time life.
It is common for EHDs to have both a piezoelectric effect and a triboelectric effect in a

single device in order to maximize the energy output of the device [7]-[13][9].

1.2 Energy Harvesters Devices

A device known as an energy harvester transforms a certain form of energy into electrical
energy for storage or to be used in a circuit, being important to note that a generator does
not produce any energy, it just transforms it [14]. This transformation can have as input various
types of energy, for example mechanical, the most widely distributed resource, which can take
several forms, such as steam, combustion gases, wind, water, or even physical impacts [14].
Amongst other types of energy, one can highlight the solar, wind and magnetic ones [14]. Every
generator, and the energy input associated, presents advantages and disadvantages. For
instance, on the one hand, solar and wind generators, have an energy source that is renewable
and non-polluting, but on the other hand, its installation is costly and the technology is highly
dependent on meteorological conditions, as well as the area where the generators are installed
[15]. Between other several types of mechanical generators, coal burning, for example, has
several problems associated with cost, maintenance, complexity and the size of infrastructures
needed, or even worse, it is not environmentally friendly at all, despite the substantial amounts
of energy produced [16]. Micro and nano-scale mechanical generators draw attention due to
their dimensions, low-cost, and ability to transform various types of energy into electrical
energy, being capable of powering a device or store the energy for later use [11].

In 2001, Glynne-Jones et al. [17] proposed a micro piezoelectric generator powered by
vibrations. Two years later, in 2003, fibre-based piezoelectric materials for energy use were
investigated by Churchill's group [18]. The results showed that, although being small, these
piezoelectric structures could produce enough energy for wireless transmission [18]. In 2006 a
new piezoelectric nanogenerator (PENG) of ZnO was suggested by Prof. Zhong Lin Wang and
colleagues [12], [19]. Following the 2006 demonstration of the first nanogenerators (NG) [19],
a number of projects emerged that added variation to nanostructures and architectures while
efficiently converting mechanical energy into electrical energy, primarily using the piezoelectric
[13] and triboelectric effects [12], [20]-[22]. Recently, NGs with an added mechanical flexibility
function have been developed, and they were promising in offering power generation solutions
for compliant and flexible electronic devices [12], [13], [23]-[26]. An exponential increase in the
number of publications related to triboelectric nanogenerators (TENG) was observed from just
8in 2012 to 400 in 2017 [27].



1.3 Piezoelectricity

Piezoelectricity occurs from the electromechanical linear interaction between the
mechanical state and the electrical state of crystals without a centre of symmetry [28]. This
phenomenon is present when a mechanical deformation of the piezoelectric material produces
a proportional change in its polarization, inducing the appearance of electrical charges on
opposite faces of the material [28]. This process can also happen in the opposite direction, by
applying voltage to the material to induce its deformation [28]. The dimensions of piezoelectric
materials can be reduced in a way that they can be processed into nanoscale devices while
maintaining their functional properties. A PENG converts mechanical energy into electrical
energy and has the potential to operate in a wide frequency and motion range [12]. The
working mechanism of PENGs can be described as a transient flow of electrons guided by a

piezoelectric potential [29], [30]. Figure 1.1 illustrates the working mechanism of a PENG.

(a)

(b)

(i) Initial state

Figure 1.1 - Working mechanism of the piezoelectric devices under external forces, compression, and
decompression, in (a) a device without surface structures and in (b) a device with pyramidal shapes on its surface.

Image of supplementary reference material [31].

When piezoelectric structures are distorted under mechanical action, (direct impact or
flexing), wind, human movement, rolling tires, sound waves or even vibrations, from machines,
the charge separation process develops a piezoelectric potential capable of inducing an electric
current that can power devices with low energy consumption [11], [12], [32]. One of the main
applications of NGs are self-powered systems, which capture energy from the environment

and convert it into electricity to achieve maintenance-free and autonomous operation [12].

1.4 Triboelectricity

The triboelectric effect is omnipresent in our daily lives and results from the contact of
two different materials [27]. It is usually seen as a negative aspect in the industry as it can
induce electrostatic charges that can lead to ignition, dust explosions, dielectric breakdown,

and even electronic damage [25]. From an energy point of view, these electrostatic charges



represent a device with energy capacity when the two triboelectric surfaces are separated.
Associating this triboelectric effect with electrostatic induction, the TENG was first invented by
the group of Zhong Lin Wang in 2012 to efficiently capture the ambient mechanical energy
that, despite being omnipresent per system, is not usually used [27]. More specifically,
triboelectrification provides static polarized charges on the surfaces of materials in contact,
while electrostatic induction leads to the transformation of mechanical energy into electricity
through the electrical potential change induced by mechanically agitated separation [27]. In
the last 6 years, the concept of TENG has expanded into different working modes to allow
applications in different scenarios [22], [33]-[36], such as mechanical vibrations, human
movement, wind, and ocean waves (blue energy) [22], [27], [37].

The four operating modes of TENG, illustrated in Figure 1.2, were proposed in 2012,
depending on the change in polarization direction and electronic configuration, being the
following: vertical contact-separation mode, lateral-sliding mode, single-electrode mode, and

freestanding triboelectric-layer mode [27].
(a) Vertical Contact-Separation Mode (b) Lateral-Sliding Mode
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Figure 1.2 - The four different modes of operation of the TENG. In a) the vertical contact-separation
mode; b) lateral-sliding mode; c) single-electrode mode; and in d) freestanding triboelectric-layer mode.

Image adapted from [27].

1.5 Cellulose

Cellulose is the most abundant natural polymer resource on earth, which has sustainable
qualities such as being environmentally friendly, renewable, biodegradable, inexpensive, and
having excellent biocompatibility [11]. Recently, among the immense applications of cellulose,
applications focused on energy use have been studied [11], [38]. The high crystallinity and
abundance of polar hydroxyl groups, accompanied by the arrangement of asymmetric
monoclinic and triclinic crystals, endows cellulose with numerous asymmetric dipoles with
piezoelectric activity and a strong electron donation capacity, being a promising potential for

piezoelectric and triboelectric effects [11]. Additionally, cellulose can be used as a substrate for



devices with the purpose of energy harvesting [39], or as a matrix for a composite with

piezoelectric structures for the functionalization of other substrates [40].

1.6 Piezoelectric Materials

The choice of piezoelectric materials for an energy-harvesting application has a major
impact on device functionality and performance. These generators are currently made at the
micro and nanoscale from a variety of materials. Some examples of materials with piezoelectric
effects are piezoelectric ceramics, such as barium titanate (BaTiOs) [41], [42] and lead zirconate
titanate (PZT) [32], [43], being the latter the most used. There are also piezoelectric polymers
such as polyvinylidene difluoride (PVDF) [32], [44]-[46] and polyamide (PA) [11], [47], [48], or
even metallic oxides such as ZnO [7], [11], [32], and ZnSnO3 [8]. Each of these materials has the
ability to convert mechanical energy into electrical energy and the other way around [12]. PZT
has been widely used since the start of the twenty-first century, but due to its brittleness, the
maximum stress that may be applied without causing fracture is constrained [12]. ZnO
nanostructures have attracted attention as functional elements for NGs due to their advantages
such as high transparency, lead-free chemical composition, the ease of obtaining different
nanostructures, chemical stability, the potential to combine their semiconductor and
piezoelectric properties [10], [18], [49], [50], and being free of critical raw materials, unlike PZT
and BaTiOz[51]. A cellulose-based PENG normally consists of three parts: a piezoelectric active
intermediate layer, a pair of conductive electrodes and an outer insulating layer [11]. This outer

layer gives the PENG sufficient mechanical strength and recoverability [11].

1.7 Triboelectric Materials

Practically all known materials have this triboelectric effect, from metals to silk, wood,
among others [28]. However, a material's ability to gain or lose electrons depends on its
polarity, and the greater the difference in polarity of the materials that make up to TENG, the
more charges will be induced on the surface of each material [52], [53]. Usually, one material
with a tendency to gain electrons is combined with another that tends to lose them. Adding to
this choice of materials for the TENG, it is also necessary to take into account the morphology
of their contact surface, which can be altered by physical techniques, for example through the
creation of micro or nano patterns of pyramids [52], in order to obtain better output voltages.
The most used materials with triboelectric effect are polydimethylsiloxane (PDMS), which is
low-cost [32], [48], [54], [55], PVDF [56]-[58], polytetrafluoroethylene (PTFE) [59], PA [60], etc.
Even raindrops can be used to harvest electrical energy [61]. There are countless ways to

combine two materials with various triboelectric polarities to create a triboelectric device [40].






2
MATERIALS AND METHODS

This chapter reviews the materials and the experimental techniques explored throughout
this thesis. Firstly, the materials needed to produce the piezoelectric and triboelectric EHD are
described, followed by the methods necessary to produce these EHD and how to characterize

them electrically.

2.1 Materials

First, the synthesis of ZnO and of the three composite matrices, PDMS, CMC and EC, are

described here, along with the two substrates (papers) used: Navigator and Whatman.

2.1.1 Zinc Oxide Rods Synthesis

The ZnO rods were obtained by hydrothermal synthesis assisted by microwave
irradiation, as described in [7]. The synthesis started with 3.3 g of zinc acetate dihydrate, CAS:
5970-45-6, (ACS, 98-101%, Fisher Scientific) dissolved in 30 mL of deionized water, with the
help of a magnetic stirrer. Afterwards 9.6 g of sodium hydroxide, CAS: 1310-73-2, (98.0-100.5%,
Honeywell FlukaTM) were added to the preceding solution. In order to create the surfactant
solution, 0.045 g of sodium lauryl sulfate, CAS:151-21-3, (SLS, 95%, extra pure, Scharlau) were
combined with 150 mL of deionized water. Upon complete dissolution of both solutions, 6 mL
from the first solution, 15 mL from the surfactant solution, and 30 mL of 2-ethoxyethanol, CAS:
110-80-5, (reagent grade 99%, Honeywell) were mixed and stirred. The resulting solution was
poured into three Teflon® vessels, each one holding 17 mL of the final solution. These vessels
were placed in a microwave digestion system (CEM-MarsOne, CEM) to be heated at 110 °C for
40 min, under a power of 600 W. After that, the vessels were cooled down to room temperature
and the ZnO rods were then cleaned through repeated centrifugation at 3000 rpm for 3 min
with 2-propanol, CAS: 67-63-0, (Labchem Laborspirit) and deionized water, intercalating for 3
times each. Finally, the rods were dried inside a desiccator (VACUO-TEMP, J. P. Selecta) at 85

°C for 5 h in a vacuum atmospheric pressure.

2.1.2 PDMS

PDMS was obtained by a simple process, as described in previous works [7], [8], to create
the piezoelectric and triboelectric EHDs. It was obtained by mixing an elastomer (CAS: 63148-

62-9, Dow Corning) with a corresponding curing agent (Sylgard 184, Dow Corning) in a weight



ratio of 10:1, respectively. The mixture was manually stirred, creating bubbles that were

removed afterwards in a desiccator for 30 min, before being ready to be used.

2.1.3 CMC and EC

For the production of the EHDs with CMC as matrix, a solution was made with a 3 wt.%
ratio of sodium CMC, CAS: 9004-32-4, (Sigma-Aldrich Chemistry) to deionized water, with a
magnetic stirring for 24 h.

On the other hand, to produce EHDs with EC as matrix, a solution was made with a 5
wt.% ratio of EC, CAS: 9004-57-3, (Sigma-Aldrich Chemistry) to ethanol, CAS: 64-17-5, (96%,
Labchem Laborspirit) and diacetone alcohol (DAA), CAS: 123-42-2, (Sigma-Aldrich Chemistry)

in equal parts, with a magnetic stirring for 24 h.

2.1.4 ZnO coatings

To produce the EHDs, ZnO rods were mixed with the PDMS elastomer, CMC, or EC in a
ratio of 25 %, in weight, which was already optimized in [1], and ethyl acetate, CAS: 141-78-5,
(Fluka Chemika, Sigma-Aldrich Chemistry GmbH) at a volume that promoted the mixing of the
elastomer and rods, staying at least 24 h mixing with a magnetic stirrer. Only after most of the
solvent volume had been evaporated, the curing agent was added in a weight ratio to

elastomer of 1:10, and thoroughly mixed and desiccated before use.

2.1.5 Substrates

2.1.5.1 Polyethylene terephthalate (PET) and an indium tin oxide (ITO) - PET/ITO

Commercial substrates of polyethylene terephthalate (PET) with an indium tin oxide (ITO)
thin film deposited on top, PET/ITO (Kintec Company), were used with the purpose of
compressing the composite on both sides, and also as a result of ITO's conductivity, as an

electrode in both sides.

2.1.5.2 Papers: Navigator & Whatman
Standard paper Navigator (120 g/m? The Navigator Company) and Whatman™ (grade

1, Cytiva) were used to replace the PDMS matrix, used in [7], [8], the first being a less porous

paper with a whitening treatment, and the second being a more porous paper.
2.2 Methods

2.2.1 Screen Printing

The process through which the electrodes were applied to the substrates was screen

printing and the illustrative scheme of this custom-made system is in Figure A.1.



The screen (120T) with the pattern that was most appropriate to the application of the
silver (Ag) electrode was selected from, a 1.7 cm square or a 2 cm by 4 cm rectangle, depending
on the geometry of the cut substrate, considering the limitation of the slot for the EHD on the
bending machine that is 3.5 cm. With the help of the squeegee in an approximately 45° angle
to the screen and pressing with a constant down force relatively to the screen, conductive
silver, (Coates Screen Inks GmbH) was applied to several different EHDs' structures, with drying
times of 5 min at 120 °C in a hot plate onto both sides of the substrate, one at a time. The

electrodes on both sides needed to be off-centred to avoid a short circuit.

2.2.2 Automatic Film Applicator or Coater

The coatings for the EHDs were made with a coater (K Control Coater, RK Print Coat
Instruments) using a wound metal bar (K101 Bar No. 8 Blue/100 Micron) that produced films
with 100 pm thickness with the set speed of 2 (approximately 0.6 m/min). The setup was
straight forward and involved taping the substrate's corners with duct tape, from the side that
the bar was moving and on the lateral sides, while applying the substrate coating, only on one

side of the substrate.

2.2.3 Electrical Characterization

A home-made bending machine with a linear motor, Figure A.2, was used to deliver a
mechanical stimulus with a frequency of 1 push per second, with an impact area of 0.3 cm?® on
the EHD. Using a commercial force sensing resistor (Ref. SENO5003, Interlink Electronics) the
estimated force applied on the produced EHDs was of 9 N. The final output voltage of the
EHDs was collected by a digital oscilloscope (TBS1000C, Tektronix), providing sufficiently high
resolution for registering the exact peak levels of the generated waveform. Electric probes (10x
voltage probe, TPPO100, Tektronix) were used to connect the oscilloscope to the device's

electrodes.

2.2.4 Morphological and Structural Characterization

The morphological and structural characteristics of the ZnO structures and the EHDs were
studied by a scanning electron microscope (SEM Hitachi TM3030Plus). Additionally,
diffractograms of the ZnO rods were collected by X-ray diffraction, XRD, (using a PANalytical's
X'Pert PRO MRD), to determine the purity and crystallinity of the ZnO rods. More information

and specifications of the experiments made are in appendix A.3 and A4.






3
RESULTS AND DISCUSSION

This chapter describes the characterization of the ZnO rods synthesised, meticulously
studies of the characterization of the EHDs produced in this work, and presents, explains, and

thoroughly analyses the global results collected during this thesis.

3.1 Characterization of the zinc oxide rods

Several syntheses of ZnO rods were made during the period of this work and both XRD
and SEM analyse were conducted to thoroughly characterize the ZnO rods, namely the

crystallinity, morphology, and the average size of the rods.

3.1.1 Scanning electron microscopy (SEM) of the ZnO rods

The observation of the morphology of the rods was performed using a SEM. Figure 3.1
presents two neat images obtained of the ZnO rods synthesised, only varying the magnification
utilized. When observing the high magnification image, it is possible to see that the ZnO rods
are well separated, and that the length and diameter sizes of the rods have low dispersion.

Observing the low magnification image, it is noticeable that besides the expected separated

rods, some of them are aggregated in a flower shape ZnO structure [62], [63].

T YR

Figure 3.1 - SEM images of the ZnO rods synthesised, with different magnifications: a) x2500 and b) x5000.

Over time, these newly created rods deposit on the surfaces of previously formed
crystalline rods, resulting in an ordered array that looks like a flower shaped ZnO structure [63].
This development occurs naturally and is thermodynamical motivated, leaving up to a large
flower shape ZnO structure, because this shape is more energetically stable when compared
to the loose rods, proving that the surface molecules of the particles are not as energetically

stable as the rods in the core [63].
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3.1.2 Rods Dimensions

Size regularity is an important index to assess the quality of nanomaterials. High
uniformity dimensions can greatly improve the reliability and reproducibility of EHDs made
with such nanomaterials. Therefore, the size uniformity of the synthesised rods of ZnO was
investigated by studying the distribution of both their length and diameter. Using the software
Image) (more details in Appendix A.3) the measurements for the length and diameter of the
ZnO rods were made. Figure 3.2 a) and b) shows the distributions of the length and the
diameter, respectively, of the ZnO rods made with a frequency of 150, n = 150, including three
different syntheses, 50 measurements from each, between several SEM images, of the process
done and explained in the subsection 2.1.1.

a) Lenght histogram of ZnO b) Diameter histogram of ZnO
60 40

30F

Count

2 4 6 8 0.0
ZnO rods lenght (um) ZnO rods diameter (tm)

Figure 3.2 - Histograms, with a frequency of n = 150, showing a) the length distribution and b) the diameter
distribution of the ZnO rods produced in different syntheses (second, eighth and ninth syntheses), for effects of
repeatability of the synthesis.

It can be seen in Figure 3.2 a) that the length of the ZnO rods ranges from 1 ym to 9 pm.
The black solid line is the corresponding Gaussian line-fitting, and it follows a reasonable
normal distribution. It shows that the average length of the ZnO analysed is of 3.97 ym with a
standard deviation of 1.59 um.

Alike the previous length histogram, the diameter distribution histogram is shown in
Figure 3.2 b), where the diameter of most of the produced ZnO rods is located between 100
nm and 1000 nm. The black solid line corresponds again to the Gaussian line-fitting, and it
follows a reasonable normal distribution. It is shown that the average diameter of the ZnO rods
studied is 440 nm with a standard deviation of 168 nm. Overall, the ZnO rods follow a good
normal distribution and are rather uniform in dimension. The fact that the rods dimensions are

kept uniform, synthesis after synthesis, proves the reproducibility of the method.
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The aspect ratio of the ZnO rods synthesised was calculated with the aspect ratio formula,

diving the average length of the ZnO rods by the average diameter of the ZnO rods, resulting

on an aspect ratio of 9.

3.1.3 X-ray diffraction (XRD) studies of ZnO rods

Figure 3.3 shows the XRD diffractogram of the ZnO rods synthesised. The observed peaks
match the ones specified on the identification card of ZnO (ICDD card #36-1451). The peaks
are observed at 26 values of 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.8°, 66.4°, 68.0°, 69.1°, 72.6°,
76.9° corresponding to the following lattice planes (100), (002), (101), (102), (110), (103), (200),

(112), (201), (004), (202).
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Figure 3.3 - XRD diffractogram of ZnO rods. The identification of ZnO was made following ICDD card #36-1451.

With such an exceptional matching of the peaks of the diffractogram to the specified
ones on the identification card, it can be concluded that the ZnO synthesised shows an elevated

level of purity and phase structure of the powder, without any impurities being observed.

3.2 Energy Harvester EHDs
3.2.1 Topographical Characterization of Embedded Substrates

Figure 3.4 contains several SEM images from a top viewpoint, in order to analyse the
surface topography of the possible combinations between two substrates, Whatman (left) and

Navigator (right), and a control (only paper) substrate plus three matrices, CMC, EC and PDMS,
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from top to bottom. The same composite matrix in two distinct substrates is shown in side-by-

side images, always with the same magnification (x200) for comparison purposes.

~“Navigator.

/

Navigator CMC

Whatman EC < . Navigator EC-

- WhatmanPDMS - Navigator PDMS

Figure 3.4 - SEM images from a top viewpoint of several embedded substrates produced. Vertically, the substrates
are Whatman (on the left) and Navigator (on the right). Horizontally there is a control (only paper) followed by 3
matrices, CMC, EC and PDMS. Substrates: a) Whatman, b) Navigator, ¢) Whatman with CMC, d) Navigator with
CMC, e) Whatman with EC, f) Navigator with EC, g) Whatman with PDMS, and h) Navigator with PDMS.

As a starting point, acting as control samples for the remaining embedded substrates,

two substrates were studied, Whatman in Figure 3.4 a) and Navigator in Figure 3.4 b). Being
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Whatman the most porous paper between the two, the figure shows entangled fibers that have
more space between them, being slightly looser and, as a consequence, more permeable.

A perception of depth can be visible, and the fibers themselves are more fibrous that the
ones visible in Navigator substrate, Figure 3.4 b), where some evenly spread dots can be seen
across the surface of the fibers. In fact, during production this paper receives a specific
treatment, where calcium carbonate is added, working as a filler covering the pores, whitening
the paper, and also smoothing the surface [64]. Consequently, the fibers are more compacted,
leaving less space between them, which reflects on the paper being less porous and, as a result
of its porosity, it is a less permeable paper when compared to Whatman. In Figure 3.4 c) and
Figure 3.4 d), only the matrix CMC was applied to both substrates with an automatic film
applicator. After deposition, the CMC started straight way to be embedded in the paper,
followed by drying 24 h at room temperature with duct tape in all sides to avoid wrinkling, in
order for the embedded substrates to be practically flat and facilitate the remaining EHD
production steps. The fibers on the surface were reasonably identical to the control ones, with
more connections between the fibers due to the dried CMC. Similarly to the previous two
images, in Figure 3.4 €) and Figure 3.4 f), only EC was applied to both substrates using the same
method and drying procedure. Visually the difference between the fibers embedded with CMC
or with EC is narrow, but it can be noticed that both substrates got more compacted when
embedded in EC when compared to the CMC in the same conditions. Taking into account the
significant difference in porosity of both papers, the celluloses were embedded slightly
differently, they were well embedded in Whatman and lightly less so in Navigator. Finally,
concerning the last two SEM images, Figure 3.4 g) and Figure 3.4 h), the PDMS matrix had more
viscosity than the previous matrices, and was also applied with the same method, but dried in
the oven at 75°C during 1 h for the polymer to cure. PDMS was significantly less embedded on
both substrates compared to the celluloses. Both SEM images were taken from the side where
PDMS had been applied, because while holding them in hand, one side had clearly a shinier
aspect. Visually almost no differences can be seen between both surfaces of the different
substrates, but some imperfections, such as dust that got caught in some part of the process

and perhaps loose fibers or tips of them, resulting from the drying process, can be observed.

3.2.2 Dimensional Characterization of Embedded Substrates

Figure 3.5 shows the cross-section SEM images of several embedded substrates, to
examine and respectively determine their thickness for comparison purposes. Similar to Figure
3.4, all the possible combinations are shown starting with the two substrates, Whatman (left)

and Navigator (right), and a control substrate plus three matrices, CMC, EC and PDMS, from
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top to bottom. The same composite matrix in two distinct substrates is shown in side-by-side

images, always with the same magnification (x300) for comparison purposes.

Whatman CMC

o N L , o < 5
o (N 2 i i p . v

Whatman PDMS Navigator PDMS

Figure 3.5 - SEM images from a cross section point of view of several embedded substrates produced. Vertically,
the substrates are Whatman (on the left) and Navigator (on the right). Horizontally there is a control followed by 3
matrices, CMC, EC and PDMS. Substrates: a) Whatman, b) Navigator, ¢) Whatman with CMC, d) Navigator with
CMC, e) Whatman with EC, f) Navigator with EC, g) Whatman with PDMS, and h) Navigator with PDMS.

Firstly, looking at the control samples for the remaining embedded substrates, both

substrates, Whatman in Figure 3.5 a) and Navigator in Figure 3.5 b), were studied.
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Observing Figure 3.5 a) the substrate has more loose fibers or fibers tips, coming out of
the substrates surface, and also more pores, when compared to the substrate in Figure 3.5 b)
where the substrate is more compacted and less porous. In images c) and e) in Figure 3.5,
where respectively CMC and EC were added to the substrate Whatman, this issue of loose
fibers is absent, because of the embedding and drying of the celluloses on the substrate, where
the fibers seems to be more compacted and there is significantly less loose fibers on the
surfaces. The same effect of the fibers being more compacted is less visible in image d) and f)
in Figure 3.5, with CMC and EC on Navigator substrate. Between both celluloses visually there
is no difference on the look of the cross section in both substrates. On the last two images in
Figure 3.5, g) and h), where the matrix added was PDMS on both substrates, the side where
the film was applied is quite easy to tell apart, on top. Although a consistent PDMS thick layer
can be seen on the top of both substrates, the matrix is not very deeply embedded in the
substrate. As a consequence to this, these two types of embedded substrates produced,
Whatman with PDMS and Navigator with PDMS, have the most heterogeneity between the
embedded substrates surfaces, when compared to the previous embedded substrates

analysed. Keeping in mind that both embedded substrates sides are meant to have a silver

electrode.
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Figure 3.6 - Column chart showing the thickness of various embedded substrates produced. The substrates are
separated by colours, in blue Whatman and in red Navigator. The paired columns have the control sample
followed by 3 matrices, CMC, EC and PDMS (from left to right).

Figure 3.6 consists of a bar chart that displays the average thickness value and respective

standard deviation, for each embedded substrates produced, obtained by making 10
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measurements in each image. The substrates are separated by colours, Whatman in blue and
Navigator in red, and on the x-axis are the paired columns with the control sample followed
by the 3 matrices: CMC, EC and PDMS, from left to right.

By examining the columns in Figure 3.6, a substantial difference can be seen between the
values of the standard deviations for the average thickness of the Navigator embedded
substrates compared to the Whatman ones, with Navigator having an average error value of 2
%, against the 6 % seen in the Whatman embedded substrates presented. This indicates that
the Navigator's thickness is considerably more constant than the thickness of the Whatman, in
all produced substrates (control and three matrices). Therefore, the Navigator paper has a
higher finished quality then the Whatman paper. A subtle decrease on the thickness from the
control substrate and the substrates with embedded cellulose can be seen. In opposite, a
higher increase of the thickness is seen from the control substrate to the ones that have PDMS
as matrix.

Starting with the control samples, the substrate Whatman in Figure 3.5 a), has an average
thickness and respective standard deviation of (133 + 10) um, being lower when compared to
the substrate Navigator in Figure 3.5 b), which has an average thickness and respective
standard deviation of (141 + 2) uym. Putting this in comparison with the substrates embedded
with PDMS, Whatman with PDMS in Figure 3.5 g), has an average thickness and respective
standard deviation of (153 + 6) um, presenting again a lower thickness then the Navigator with
PDMS in Figure 3.5 h), which has an average thickness and respective deviation of (155 + 2) ym.

The major difference on the average thickness value was between control substrates and
the ones with PDMS as matrix. After the PDMS deposition, the substrate Whatman had an
additional 20 um on the average thickness, while the substrate Navigator had an added 14 pm.
A thicker EHD embedded substrate will have different impacts that will affect some properties,
for example the piezoelectric capability of the EHD.

The major decrease in thickness was seen in the substrate Whatman, decreasing 8 pm
when CMC was applied and 13 pm when EC was applied, based on both thickness averages,
comparing the measures with the control sample. In the other hand, when CMC was applied
to the substrate Navigator, the thickness decreased in 5 pm and when EC was applied, the
thickness decreased 6 um. This happens because the substrate Whatman is less compact than
the substrate Navigator by nature, and when either CMC or EC was applied on one side of the
substrate, it was embedded in a way that the fibers lightly contracted and got more packed
between them, decreasing the thickness of the embedded substrate. The embedded substrates
where the matrix is PDMS, are thicker because this matrix gets less embedded in the papers

when compared to the celluloses, creating an easily distinguishable layer.
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Given that the standard deviations of the measurements of the embedded substrates
thickness are all below 10 %, it can be concluded that the method used to deposit the films on

the substrate is highly reproducible after deposition of either of the three matrices.

3.2.3 Opacity and Flexibility of the EHDs

Figure 3.7 presents three different types of EHDs produced, being the following ones,
matrices between the PET/ITO electrodes, represented in Figure 3.7 a) and b), matrices with
ZnO rods mixed embedded in the substrates between PET/ITO electrodes showed in Figure 3.7
¢) and d), and lastly matrices with ZnO rods mixed embedded in the substrates with Ag
electrodes in Figure 3.7 €) and f). A batch of EHDs was produced within the same conditions to
the ones in previous works [8], shown in Figure 3.7 a), clearly transparent, opposing to the
basically opaques EHDs shown in Figure 3.7 ¢) and e), being e) a bit less opaque then c). All
EHDs produced in this work, except for the control ones with only PDMS, CMC or EC as the
matrix between the electrodes, were quite opaque. This happens firstly due to the fact that the
substrates used were paper, and paper alone is opaquer. Secondly, although the matrices here
employed, PDMS, CMC and EC, are transparent, when mixed with the ZnO rods, the matrices

gain a white colour, which turns them opaque.

Figure 3.7 - Six photographs, to contrast the transparency in a) and opaqueness, in ¢) and e), of the EHD
produced, and showing the flexibility associated with each one, in b), d) and f). Comparing the EHD constructed in
the previous work [8], with the ones in the present investigation. EHDs displayed: a) and b), PDMS between the
PET/ITO electrodes, ) and d), substrate Whatman, embedded with EC mixed with ZnO rods, between PET/ITO
electrodes and lastly, €) and f), substrate Whatman, embedded with PDMS mixed with ZnO rods,
with Ag electrodes.

Photographs b), d) and f) in Figure 3.7, show the high flexibility of the EHDs produced in

this dissertation, which is an indispensable factor for the main application in Interactive Smart
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Packaging. In Figure 3.7 f), a remarkably bendable EHD is displayed with printed Ag electrodes,
demonstrating higher flexibility, when compared to EHDs build with PET/ITO electrodes, in
Figure 3.7 b) and d).

3.3 Electrical Characterization of the EHDs

The major characterization method of this dissertation was the electrical one, which was
performed to all produced EHDs with the purpose of getting the best possible output voltage
of each sample, which is simply the peak-to-peak value. Taking this into consideration, all
conditions involved around the electrical characterization were required to be kept constant
throughout the measurements. The impact force was maintained constant during
characterizations tests done to all EHDs to have an even comparison, 9 N on each impact with
a frequency of one push per second. In EHDs with Ag electrodes the impact needed to occur
on the area of the electrode itself. The voltage generated from the EHD depends on the area
of contact of the bending machine impact, which was maintained constant at a value of 0.3 cm?.
Humidity values were kept around 40 % and the temperature was kept bellow 25 °C. Keeping
in mind that cellulose is sensitive to humidity, having a strong water absorption, because it has
many hydroxyl groups.

Figure 3.8 represents the working mechanism of the EHDs when they suffer the impact

from the head of the home-made bending machine. Schematic representation in Figure A.4.
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Figure 3.8 - A schematic representation of a regular EHDs' working mechanism. In a) before impact (normal state),
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in b) while being compressed, in ¢) totally compressed and in d) while being released. Based on [11].

When an external force is applied, compression and recovery will make a change in the

dipole moment and change the charge density at the two poles, and electrons are then



transferred through the external circuit to reach charge balance, which results in a piezoelectric
current output that can be used to harvest electricity from external forces [11].

Starting off in Figure 3.8 a) in its normal state, released, the EHDs has no induced charge.
In Figure 3.8 b), during the compressing phase, from the home-made bending machine, the
EHD starts to induce charge in the circuit. When the EHD is fully compressed, in Figure 3.8 c),
there is no induced charge in the circuit, because in this phase the EHD is being compressed
in a constant way, so there is no transference of electrons. Lastly in Figure 3.8 d) is when the
head of the home-made bending machine is retrieving, occurring a decompression which
induces again a charge in the circuit on the opposite direction to the previous one in Figure
3.8 b).

Several EHDs were created in two unique structures as shown in a) and b) in Figure 3.9,
illustrating the schematic representation, not to scale, of the two distinctive structures of the
EHD produced during this work. The major difference was the type of the electrode used on
both sides of the EHD. In Figure 3.9 a), the conductive electrode was ITO on PET and in Figure
3.9 b), the electrode used was Ag printed on paper. Having in mind that on both cases the
electrodes cannot have any contact between them, because if so the EHDs are in short circuit,
which is an unintended electrical connection that causes the current to flow immediately from
the electrode closest to the impact side to the electrode furthest, resulting in two identical
signals from both electrodes, meaning the difference between them is zero and a value for the
peak-to-peak voltage is absent.

a) PET b)

/ , ITO /

Ag

All combinations of substrates, matrices and ZnO

Figure 3.9 - Schematic structures of the two types of substrates of the EHD produced. In a) the EHDs build with
PET/ITO and in b) the EHDs build with Ag electrodes printed on each side of the substrate. Image not to scale.

Represented in green, in the middle of the electrodes, it can be either the control samples
(the substrates Navigator or Whatman), one of the three matrices used (PDMS, CMC and EC),
or even one of the matrices embedded in one substrate. The white dots represent the ZnO
rods mixed with one of the matrices in the situations where it was added, and they, could be
used in both structures.

Due to its assembly, the EHDs produced with the structure with PET/ITO electrodes has

two or three spaces, depending on the adhesion of the substrate or matrix to the electrodes,
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while the structure with Ag electrodes has just one space, between the impact from the home-
made bending machine and the force sensor, which is fixed.

The data that the oscilloscope provides comes from two channels, which are two distinct
signals coming from two different electrodes on each side of the EHD, and each one of them
has its voltage output. There is an option on the oscilloscope, called Math, which is set by hand
to simply do the subtraction between both signals, in order to obtain the required curve, the
output voltage of the EHD.

Figure 3.10 shows a representative curve of the output voltage of the impact from the
bending machine on the EHD. In this case the EHD in question is PET/ITO Whatman CMC ZnO.
Two close-ups from the impact area of the EHD are represented, in Figure 3.10 a) the stationary
state, where the output voltage is null, as no mechanical force is being applied on the EHD,

and in Figure 3.10 b) the compressing and releasing state.
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Figure 3.10 - Example of the output voltage coming from one single impact on the EHD. In a) A representative
output peak-to-peak voltage from the EHDs. With close-ups photographs of the impact area, in b) in the normal

state and in ¢) the compressing and releasing.

Normally in each curve there are two peaks, that have opposite signs and ideally are
equal in module, because the same amount of force in module should be applied during the
compressing phase and during the releasing phase. Conventionally the first peak is positive
and the second one is negative, as seen in Figure 3.10.

Each type of EHD had two to seven replicas, depending on the abundance of the
materials required and from the needed data, and from every single EHD produced, five curves

of the output voltage were obtained to be analysed and averaged.
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The peak-to-peak output voltage was the more important value to take from the
electrical characterization. The peak-to-peak of every EHD was calculated by subtracting the
minimum peak value from the maximum peak value.

In some cases, the output voltage from the EHD was null, and this can be justified due to
the fact that the EHD was in short circuit, due to some misstep on the production process,
some malfunction on a specific layer or even simply the EHD did not present any electrical

response.

3.3.1 Type of EHDs produced

3.3.1.1 Control EHDs

For comparison purposes, the initial tests were made with control EHDs, where only the
substrates alone were studied, Navigator and Whatman, and also the matrices, PDMS, CMC
and EC, were analysed with nothing else added. The substrates Navigator and Whatman were
assembled in between PET/ITO following the structure in Figure 3.9 a), and with Ag electrodes
on each side like in Figure 3.9 b). Two replicas were made of each one. The second type of
control EHDs were the ones with the matrices between the PET/ITO electrodes, following the

same structure like in Figure 3.9 a).

3.3.1.2 EHDs produced with ZnO

Figure 3.11 shows six photographs of the intermediate stage of the majority of the EHDs
produced with ZnO rods. With these embedded substrates ten different types of EHDs were
made, seen on Table A.1, on the ZnO classes. Vertically separating the matrices, on the left
CMC and on the right EC, and horizontally listing the substrates, from top to bottom, Whatman,
Navigator and PET/ITO. Once again, the matrices CMC and EC were better embedded in the
substrate Whatman against the substrate Navigator, due to the lower porosity of the second
one, leaving a proper layer, well seen in Figure 3.11 ¢) and d), resulting in a heterogenous
substrate. When contrasting both celluloses applied on paper, it is noticeable that after the
matrix CMC got embedded, both substrates, Whatman and Navigator, suffered more wrinkle
when compared to the matrix EC applied on the same papers. The photographs seen in Figure
3.11 ¢) and d), were taken at an angle so that the wrinkle effect could be more clearly seen,
and the remaining ones were taken from a top viewpoint. To obtain a matrix with evenly
dispersed ZnO rods, the mix was magnetically stirred for ten minutes for both cases before
drying. When mixed in the CMC matrix, the ZnO rods were better dispersed, getting indeed
more scattered and also less aggregated when compared with the same ZnO rods in the same
ratio in the EC matrix. This is quite evident in Figure 3.11 b), d) and f), leaving the CMC mixture

to be a more homogenous mixture. Only in Figure 3.11 €), is it possible to notice some small
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ZnO rods aggregations, because the mix was deposited on PET/ITO, which is super smooth
compared to the paper’s substrates. Another procedure to mix these ZnO rods on both

celluloses needs to be investigated.

Whatman CMC ZnO

Whatman EC ZnO

Navigator EC ZnO

PET/ITO CMC ZnO PET/ITO EC ZnO

Figure 3.11 - Six photographs of the EHDs after the deposition and drying phase, prior to assembly. On the left
side there is the matrix CMC mixed with ZnO and on the right the matrix EC mixed with ZnO, and in a) and b) both
were applied in the substrate Whatman, in c) and d), applied in the substrate Navigator and e) and
f) the substrate PET/ITO.

At the time of assembly, the embedded substrates with the mixture of celluloses and
ZnO rods shown in Figure 3.11 a), b), ¢) and d) were sandwiched between two PET/ITOs to
produce the EHD, being build up in a structure like the one shown in Figure 3.9, leaving
unavoidable gaps between layers. Analogous to these ones, the same happened to the e) and
f) in Figure 3.11, but in these ones the substrate was one PET/ITO, resulting in a superior
adherence to at least this first electrode, when compared with the previous four mentioned,
and having the second electrode just added on top, attached with Kapton duct tape. Other
four similar embedded substrates as in Figure 3.11 a), b), ¢) and d), made in the same

conditions, had Ag electrodes deposited through the screen-printing method.
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3.3.2 Results

3.3.2.1 EHDs produced with PET/ITO electrodes without ZnO

Figure 3.12 presents the output peak-to-peak voltage in V from the various combinations
of the EHDs produced, following the structure in Figure 3.9 a), consisting firstly of the two
substrates and the three matrices solely, and also the combinations of the matrices embedded

in the substrates, always between PET/ITO.
3

Output Pcak-to-Pcak Voltage (V)

PETATO PET/ITO PET/ITO PET/ITG PET/ATO PET/ITO PET/ITO PETATO PET/IITO PET/ATO PET/ITO
Navigator Whatman  PDMS CMC EC Navigator Whatman Navigator Whatman WNavigator Whatman
PDMS PDMS CMC CMC EC EC

Figure 3.12 - Output peak-to-peak voltage of the EHDs produced with the substrate PET/ITO, starting from the
control ones, the two papers and the three matrices solely, and presenting all combinations among them,
from left to right.

Firstly, starting with the control EHDs on the left side of the column chart, where the only
substrates between the PET/ITO electrodes were papers, the substrate Navigator shows a
slightly better average peak-to-peak voltage when compared to the substrate Whatman
between PET/ITO electrodes, being the best obtained output voltage of this category. Their
average peak-to-peak voltage is (1.88 + 0.05) V with 3 % error and (1.59 + 0.07) V with 4 %
error, respectively, having a low error associated. Not forgetting the way these EHDs were
assembled, with the paper just compacted between the electrodes and not bonded in any
manner to either electrode, the peak-to-peak voltage results solely from the triboelectric effect
since paper on its own is not a piezoelectric material. Still in the topic of the control EHDs, and
regarding the ones with PDMS between PET/ITO electrodes, here the PDMS was applied by an
automatic film applicator, unlike a previous work where the PDMS was deposited by spin-
coating [8]. The results obtained are the following: an average peak-to-peak voltage of
(0.49 + 0.07) V with 12 % associated error, demonstrating a slightly better result compared to
that mentioned work. The EHDs produced with either cellulose, CMC or EC, between the
electrodes do not show any peak-to-peak response, most probably because both electrodes

are in short-circuit, due to the thickness of the cellulose layer being insufficient for these

25



electrodes not to touch. Both EHDs with PDMS embedded in the substrates, Navigator or
Whatman, show slightly better results when compared to PDMS alone, and comparing both
substrates, Whatman has a superior output voltage, almost reaching 1 V of peak-to-peak
voltage. Both EHDs have a triboelectric effect contributing to the transference of electrons,
being the embedded paper responsible for it. At last, on this Figure 3.12, the combinations
between the embedded matrices on the substrates are shown, where the best result obtained
is a peak-to-peak voltage of (1.71 £ 1.17) V, from the EHD where the matrix CMC was
embedded in the Whatman substrate, also presenting the highest associated error, with 53 %.
The others three EHDs show values that are very similar between them and low values for the
error.

Looking at all the EHD here analysed it is notable that the control EHD build only with
paper showed better results that the majority of the EHDs produced with substrates with
embedded matrices. The substrates alone have a rougher surface because of their own fibers,
leading to a higher peak-to-peak voltage output. Due to the type of the contact being made

with the PET/ITO electrodes, there was a higher triboelectric contribution.

3.3.2.2 EHDs produced with PET/ITO electrodes with ZnO

Figure 3.13 shows the output peak-to-peak voltage in V from the several combinations
of the EHDs produced with PET/ITO electrodes and with ZnO rods, following the structure
presented in Figure 3.9 a), starting with the mixture of ZnO rods with the three matrices, PDMS,
CMC and EC, and two of these mixtures embedded in the substrates, from left to right, all of
them between PET/ITO electrodes.

Starting with the EHDs produced with the matrices, PDMS, CMC and EC, with ZnO rods
deposited between the electrodes, when first looking at the ones with PDMS there is an
increase in the average output peak-to-peak voltage of 74 % when compared to the EHD in
the same condition without ZnO rods, again with a low error associated. A value for the average
peak-to-peak voltage is obtained for the cellulose-based EHDs, that previously showed no
results whatsoever, when mixed with 25 % in weight of ZnO rods.

This value is quite weak for the CMC mixed with ZnO and comparatively very high for the
EC mixed with the rods reaching (2.0 £ 1.3) V, although having an error of 46 %. In the following
EHDs the impact from the head of the home-made bending machine was done from the side

of deposition of the matrix mixed with ZnO rods embedded in substrate.
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Figure 3.13 - Output peak-to-peak voltage of the EHDs produced with the substrate PET/ITO and with ZnO rods
mixed in the matrices, starting from just the matrices and presenting all combinations between the substrates and
these matrices with or without ZnO rods, from left to right.

Moving on to the EHDs produced with CMC embedded on both substrates, Navigator
and Whatman, practically no difference is seen on the peak-to-peak voltage, when the ZnO
rods were added to the matrix. Comparing the EHD produced with EC mixed without ZnO rods
and the ones with ZnO rods embedded in the substrates, there is an enormous increase in the
peak-to-peak output voltage on both papers, 380 % and 454 %, respectively when Navigator
or Whatman was used. This improvement of the peak-to-peak voltage obtained is due to the
piezoelectric properties of the ZnO rods mixed with EC. Being Whatman the best result
obtained during this dissertation with a peak-to-peak average value of (3.5 + 0.8) V with a 19
% associated error. Showing that the best result came from the EHD produced with ZnO rods
mixed with EC embedded in the substrate Whatman between PET/ITO electrodes.

While looking at the error bar in each EHD from Figure 3.13, it is noticeable that the
relatively high error is associated with the highest values obtained, showing that the type of
electrode chosen is very important to decide if the method is precise or not.

In Figure 3.14, one of the best results obtain during this work is shown, being from the
substrate Whatman embedded with the matrix EC mixed with ZnO rods between PET/ITO

electrodes, reaching a peak-to-peak voltage of 7.4 V.
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Figure 3.14 - One of the greatest peak-to-peak voltage obtain during this dissertation, being from the substrate
Whatman embedded with the matrix EC mixed with ZnO rods, which reached the best output voltage.

3.3.2.3 EHDs produced with Ag electrodes with and without ZnO

Figure 3.15 displays the output voltage in V from the several combinations of the EHDs
produced with Ag electrodes, with and without ZnO rods, this time following the structure
showed in Figure 3.9 b). From left to right are shown the following types of EHDs: the control,
the matrices embedded on the substrates, and the same matrices with ZnO rods mixed in them

embedded again on the substrates.
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Figure 3.15 - Output peak-to-peak voltage of the EHDs produced with Ag electrodes. In green the EHDs with
solely the substrates, Navigator and Whatman, are presented, in red the EHDs with the substrates embedded with

a matrix are presented and lastly in blue the paper embedded with the matrix with ZnO rods are presented.

Starting from left to right, firstly there are the control EHDs, where only the papers alone

with the printed Ag electrode were analysed, obtaining low results for the output peak-to-peak
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voltage, being the substrate Whatman slightly higher when comparing to Navigator, only
reaching (0.16 + 0.02) V with a 14 % associated error. As paper alone is not a piezoelectric
material, this value must come directly from the triboelectric contribution, due to the gap
between the EHD and the force sensor. Proceeding to the EHDs with deposited PDMS on one
side, both substrates had similar results on their peak-to-peak performance, with the substrate
Navigator being the better one this time, with (0.82 + 0.03) V of output voltage and a low
associated error of 3 %. Moving to the EHDs produced with each cellulose, CMC or EC, the
CMC ones showed no output voltage while receiving mechanical load. This can be explained
by the fact that the electrodes might at some point, throughout either side of the EHD, be in
contact. With the decrease in the thickness of the EHDs from the embedded celluloses, already
discussed in 3.2.2, the Ag particles can enter the remaining pores with moderate ease, short

circuiting the EHD, example of this seen in Figure 3.16.

Figure 3.16 - A cross section SEM image of the EHD with the matrix CMC embedded in the substrate Whatman
with Ag electrodes applied by screen printing.

The outcome of EHDs using EC as the embedded matrix was the same for both
substrates, which was an extremely low output voltage. When the ZnO rods were added to the
matrix PDMS and embedded in the substrates, there was a decrease of 30 % and 27 % in the
average peak-to-peak value on the substrate Navigator and Whatman, respectively. Looking
at the EHDs build with either cellulose as a matrix mixed with ZnO rods, they showed low peak-
to-peak values. Firstly CMC, where previously no output voltage was seen, and with ZnO rods
incorporated a small peak-to-peak was obtained, being Navigator the better substrate with
(0.17 £ 0.06) V peak voltage with a 23 % of associated error. While with EC, the best result was
from the substrate Whatman, with also a small result, (0.29 + 0.01) V with a low error of 5 %.
SEM cross section images of the six EHDs with ZnO mixed in the embedded matrices can be

seen in Figure A.6.
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All of the EHDs produced with Ag electrodes present a relatively low error associated
with the output voltage measure, this is due to the fact that EHDs build like this only have one
gap when they are under electric characterization, between the EHD itself and the force sensor,
decreasing the triboelectric effect and per consequence decreasing the error involving the
manual attachment of the EHD to the force sensor, seen in Figure A.3.

At the time of deposition of the Ag electrode on the EHDs its adhesion with the substrate,
whether if it had a matrix embedded or not, is of highly importance. Looking at the control
samples, the Ag adhered quite well when compared with the same substrates, Navigator and
Whatman, with PDMS deposited on its surface. On these last EHDs the adhesion was mediocre
and on the substrate Navigator was worse comparing to the substrate Whatman, requiring the
application of a UV treatment in order to increase the Ag's adhesion to the EHDs. The following
equipment, Novascan PSD-UV, PSDP-UV and PSDP-UVT, UV/Ozone Systems, was employed
for said UV treatment. The UV method involved a simple illumination of ultraviolet for 5 min at
room temperature on the substrate Navigator with PDMS deposited. This procedure changes
the hydrophobicity of the EHD's surface. When applied on EHDs with the embedded matrices,
CMC and EC, the adhesion of the Ag electrodes was great.

In the case of the Ag electrodes that have a discontinuity of the material itself, a crack
for example, an electrical discontinuity will take place, possibly resulting in a null output voltage
from the EHD.

When looking at all column charts presented and comparing the respective standard
deviations from every EHDs, it was concluded that from the 28 different types of devices, that
showed results, 13 of them had an associated error under 10 %.

Putting side by side the average error value of all EHDs, a significant difference was seen.
Contraposing the ones with PET/ITO as the electrode and the ones with Ag electrodes,
respectively, having an average error of 24 % and 9 %. Potentially since the EHDs produced
with PET/ITO electrodes have more layers in them, which translates in gaps between them,
resulting in a higher corresponding triboelectric contribution and inconstancy, due to the way

that the EHD is attached to the support where it is tested, seen in Figure A.3.

30



4
CONCLUSIONS AND FUTURE PERSPECTIVES

This dissertation provides a new approach for the concept of sustainable energy harvesting
system devices, where flexible, low-cost, and environmentally friendly EHDs were produced,
with an accessible, easy, low-cost, and fast method of production. The devices made included
mainly paper-based features which supports all the sustainable goals targeted. These devices
are able to convert mechanical energy into electrical energy. In total, 116 EHDs were made,
making up 32 different types of EHDs. Two types of electrodes were investigated, PET/ITO and
Ag electrodes, as well as two substrates, Navigator and Whatman, both commercial papers.
Furthermore, three matrices were studied, PDMS, CMC and EC, and additionally, these matrices
were mixed with pure ZnO rods, as seen during this work. The method used herein for ZnO
production is low-cost, sustainable, and reproductible, with the measurements across different
synthesis showing a normal distribution pattern with coinciding averages values for length and
diameter, (3.97 + 1.59) ym and (440 + 168) nm, respectively. Furthermore, the fabrication
method only requires abundant and cheap materials, producing ZnO rods with piezoelectric
properties and with a high level of crystallinity, as supported by the XRD results.

Two types of EHDs designs were studied with the main difference being the electrode used,
one based on PET/ITO electrodes and one based on Ag electrodes screen-printed directly on
the substrate, aiming for a sustainable option, due to the materials involved. However, the
performance of the EHDs with Ag electrodes was lower than that of the EHDs with PET/ITO
electrodes, despite their higher flexibility. A justification for this low output value can be the
fact that the structure itself has less layers of materials, which means less gaps between them,
reducing the contribution of the triboelectric effect on the output value of the EHD. The best
output results obtained in the category of the Ag electrodes EHDs was from the ones with
PDMS, which reached a peak-to-peak voltage of (0.82 + 0.03) V. This can be due to the
individual layer that the PDMS itself created upon impregnation in the papers, preventing the
migration of silver particles between the printed electrodes. Contrarily, when CMC or EC were
impregnated in the papers, silver particles may have migrated from one electrode to the other,
contributing to paths for current leakage and, thus, a reduction of the output. The highest
peak-to-peak result obtained from all the EHDs produced was from the EHD based on
Whatman paper embedded with the matrix EC mixed with ZnO rods between PET/ITO
electrodes, reaching an average voltage of 3.5 V.

Both papers herein studied had distinct features, such as porosity and thickness, to investigate

the most suitable to maximize the peak-to-peak voltage. Before the electrical characterization,
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it was expectable that the best paper would be the less porous one, the Navigator, because
this one would have a better surface for the electrodes printing. Nonetheless, this supposition
was not confirmed, since the Whatman paper was slightly better in some of the EHDs
configurations. This observation may be explained by the higher porosity of Whatman paper,
which led to a better impregnation of the composites of matrix and ZnO rods, and consequent
accumulation of more ZnO rods throughout the thickness of the EHD. Adding to this, the
Whatman paper has a more irregular surface, a factor that contributes to the triboelectric
effect.

In this work, three matrices were analysed, the first one being PDMS, a matrix previously used
in the composition of EHDs, and two celluloses, EC and CMC. These 3 matrices showed different
levels of impregnation. The least impregnated one was PDMS, while the most impregnated
one was EC. EHDs with PDMS showed the higher final thickness, followed by the EHDs with
CMC, and the lowest thickness was verified with EC. The deposition of the PDMS matrix on the
substrate was very heterogenous, comparing to the deposition of both celluloses, which was
more homogeneous throughout the thickness of the substrate. In general, the best outputs

obtained were from the EHDs with the EC matrix.

Even if the results from the sustainable EHDs produced herein are optimistic, the
technology still has room for improvement. Keeping that in mind, significant progress has

already been done on this subject during the course of this thesis:

1. Characterization of the ZnO rods obtained by hydrothermal synthesis assisted by
microwave irradiation;

2. Dimensional and topographical characterization of the embedded substrates;

3. Using papers as the substrate;

4. Incorporating celluloses in energy harvesting devices, as a replacement for PDMS;

5. Mixing ZnO rods with the cellulose.

As future perspectives some procedures can be improved, such as the mixing of the ZnO
rods with both celluloses, which were only magnetically agitated for ten minutes. Maybe letting
this agitation for a longer period, for example 24 h, would improve the dispersing of the ZnO

rods.
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It is necessary to find better electrodes to enhance the maximum output voltage of the
EHDs, with a better transference of electrons, since the Ag electrodes turned out to reach lower
voltages when compared to the PET/ITO ones.

Also, for following up works, several parameters can be studied like varying the cellulose
concentration in weight. Herein, 3 % in weight of CMC and 5 % in weight of EC were studied,
but other concentrations can turn out to be more effective. Also, more than just one layer can
be applied, meaning multiple layers of these celluloses can be studied, and additionally,
depositing layers on both sides of the EHDs can enhance the maximum output voltage.

The EHDs on this work were unstructured, unlike others already made in the literature. In
fact, they were all closer to a flat substrate, except for the ones where the celluloses were
added, specially with CMC embedded in the substrates. In this case, the embedded substrates
presented a larger wrinkling effect. Perhaps creating a surface with some kind of pattern, wavy
for example, for the embedded paper to dry into such a shape, can later help to improve the
maximum output voltage, with a hybrid regime of both piezoelectricity and triboelectricity,

seen in more detail in A.7.
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‘ A
APPENDIX

A.1 Screen printing illustrative scheme

The equipment employed is custom-made and used for the deposition of films on
flexible substrates (such as paper, cloth, cork, glass, and plastic). Commercial pastes can be
used (such as carbon, silver, dielectric, thermochromic, etc.) and custom formulations are
available in a made-to-order, user-friendly, and portable screen-printing machine (e.g.
electrolytes, metal oxide nanostructures, conductive polymers). [65] Some specifications of the
equipment: controlled manually, squeegee head, screen adapters, max print area of:
10 cm x 29.7 cm, max substrate size of: A4 size, max screen size of: 46 cm x 66 cm, minimum
feature size of: =150 um (depending on the ink), alignment accuracy of: +150 pum, ink viscosity
from: 300 cp to 50000 cp [65].

Y
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Figure A.1 - lllustrative screen printing scheme of a homemade system [66].



A.2 Home-made bending machine

A home-made bending machine programmable with several impact heads and a free

moving support for the EHD to be tested is shown below.

Figure A.2 - Three photographs of the home-made bending machine.

The aluminium foil around the home-made bending machine was used to reduce the

electrical noise. The two copper strips were used as the ground in the electrical circuit.



The support on which the EHDs were placed to be tested, Figure A.3, is a glass piece with

the force sensor attached. The glass is then inserted in a specific slot in the home-made
bending machine, in order to be ready to receive impacts.

Figure A.3 - Three photographs of the support for the EHD to be place. In a) without an EHD, with the force sensor
in sight, in b) with an EHD with PET/ITO electrodes, and in ¢) with an EHD with Ag electrodes, both structures

made in this dissertation.

Oscilloscope

(N 6) peaH 10udur]

Combinations

Figure A4 - Schematic representation of the impact head hitting the EHD. Image not to scale.



A3 SEM

The ZnO rods here produced were observed with the help from the equipment, SEM
Hitachi TM3030Plus. The images were obtained on the mix mode with an acceleration electron

tension of 15 kV, with different magnifications.

Figure A.5 - SEM equipment used for morphological and structural analysis of the EHDs and ZnO rods. In a) the
outside of the equipment and in b) the inner drawer to insert the samples to be analysed.

Software for measurements:
Using the software ImageJ (version: 1.53k, available in https://imagej.nih.gov/ij/), the
measurements for the ZnO rods length and width, and the thickness of all substrates produced,

were made.

A4 Characterization Techniques Specifications: XRD

The structural characterization of the ZnO rods produced here was done using a
PANalytical X'Pert PRO MRD diffractometer with Cu Ka radiation. The XRD data was acquired
between the angles of diffraction of 20° to 80° 26 with a step size of 0.0334°.



A.5 Table with all data from all EHDs

In Table A.1, the global data is reunited to facilitate the comparison between certain type
of EHDs produced. Showing the EHD type, and respective quantity, average peak-to-peak
voltage in V and the average error in percentage associated. In total, 116 EHDs were created,

comprising 32 different types of EHDs with various structures and/or compositions.

Table A.1 - Global list of the EHD produced over the course of this thesis.

Average Peak-to-Peak = Average

ED type Quantity Voltage (V) Error

Control
Ag Navigator 2 0.072 13 %
Ag Whatman 2 0.160 14 %
PET/ITO Navigator 2 1.882 3%
PET/ITO Whatman 2 1.592 4 %
PET/ITO PDMS 5 0.486 12 %
PET/ITO CMC 3 = =
PET/ITO EC 3 - -

PET/ITO without ZnO
PET/ITO Navigator PDMS 4 0.715 23 %
PET/ITO Whatman PDMS 4 0.975 9%
PET/ITO Navigator CMC 4 0.623 16 %
PET/ITO Whatman CMC 4 1.713 53 %
PET/ITO Navigator EC 4 0.643 4 %
PET/ITO Whatman EC 4 0.626 15 %
PET/ITO with ZnO

PET/ITO PDMS ZnO 3 0.846 2%
PET/ITO CMC ZnO 3 0.247 9%
PET/ITO EC ZnO 3 2.001 46 %
PET/ITO Navigator CMC ZnO 3 0.571 20 %
PET/ITO Whatman CMC ZnO 3 1.419 43 %
PET/ITO Navigator EC ZnO 3 3.073 38 %
PET/ITO Whatman EC ZnO 3 3.493 19 %



EHD type

Ag without ZnO

Ag Navigator PDMS
Ag Whatman PDMS
Ag Navigator CMC
Ag Whatman CMC
Ag Navigator EC
Ag Whatman EC

Ag with ZnO
Ag Navigator PDMS ZnO
Ag Whatman PDMS ZnO
Ag Navigator CMC ZnO
Ag Whatman CMC ZnO
Ag Navigator EC ZnO
Ag Whatman EC ZnO

Quantity

R R R O BV

w w w w o

Average Peak-to-Peak
Voltage (V)

0.824
0.756

0.161
0.162

0.576
0.555
0.173
0.090
0.188
0.290

Average

Error

3%
10 %
11 %
10 %

4 %
11 %
23 %
8 %
5%
5%



A.6 EHDs

In Figure A.6, cross section SEM images from the EHDs built with all combinations
between the three matrices with ZnO rods and the two substrates are presented, all produced

with Ag electrodes.

PDMS CMC EC

Navigator

Whatman

Figure A.6 - Six cross section SEM images from the devices with ZnO rods embedded in the matrices. Horizontally
the two substrates, Navigator and Whatman, and vertically the three matrices, PDMS, CMC and EC.

In Figure A.7, four photographs of the EHDs produced with PDMS mixed with the ZnO
rods are shown. In a) and ¢) on the substrate Navigator and in b) and d) the substrate Whatman.
Two photographs from each EHD, one from the side where the mixture was applied and from
the opposite side. The EHD build with the substrate Navigator received a UV treatment to
enhance the adhesion of the Ag electrode. The photographs in a) and b) were from the side of
application of the mixture by the automatic film applicator, and it is visible in b) that the surface
is rugous, unlike the EHD with Navigator where the rugous side was the side opposite from

deposition.



Figure A.7 - Four photographs of the EHDs build with PDMS mixed with ZnO rods, from the side where the

mixture was applied and from the opposite side.

In Figure A.8, four photographs from the EHD with only PDMS deposited on the
substrates, Navigator in a) and c), and Whatman in b) and d), it is observed that the surface on
the substrate Navigator looks shiny, due to the lor porosity of the paper itself, against the

substrate Whatman where this aspect is less noticeable.



Figure A.8 - Four photographs of the EHDs build with PDMS deposited on the substrates, in a) and c) the
substrate Navigator and in b) and d) the substrates Whatman.

A.7 Future Perspectives

As seen in the literature, there are several cases of structured devices for energy
harvesting, therefore, a similar approach can be taken here with the celluloses embedded in
the substrates. After the deposition of the celluloses onto the substrates, they need to dry. If
the embedded substrate dries within a close wavy surface, maybe made with 3D printing, and

then sandwiched between the electrodes.

(a) (b) ) I

e s - N o
) ( Hybrid
(e) ttt N (d)
e N —— )

I S I - _- e £
Hybrid Piezoelectric
Bl PET-ITO PDMS W Kapton Cu P(VDF-TrFE)

Figure A.9 - Working principle of the hybrid NG, with the wavy substrates, being an example of how a EHDs can
be built in future works. Image from [32].
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