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ABSTRACT

In the face of environmental issues and aiming at electronic devices of
rapid production at low cost, this doctoral thesis proposed two new and
innovative approaches to obtain substrates, dielectrics, and electrodes from a
single biopolymer: cellulose. In a first moment, a simple approach to produce
low-cost flexible ionic conductive cellulose mats (ICCMs) using solution blow
spinning (SB-Spinning) is reported. The electrochemical properties of the
ICCMs were adjusted through infiltration with alkali hydroxides (LiIOH, NaOH, or
KOH), which enabled of ICCMs application as dielectric and substrate in oxide-
based field effect transistors (FETs) and pencil-drawn resistor-loaded inverters.
The FETs showed good electrical performance under operating voltage <2.5 V,
which was strictly associated with the type of alkali ion incorporated, presenting
satisfactory performance for the ICCM infiltrated with K* ion. The inverters with
K* ions also presented good dynamic performance, with a gain close to 2.
Regarding the cellulose-based electrodes, a second innovative approach is
reported to synthetize laser-induced graphene (LIG) structures from
carboxymethyl cellulose (CMC)-based ink containing LIG obtained from
cellulose nanocrystals (CNCs) extracted from pineapple leaf fibers (PALFS). To
prove this concept, zinc oxide ultraviolet (ZnO UV) sensors were designed
varying the amount of LIG from CNCs. Sensor obtained from LIG written directly
on paper substrate were also performed. The ZnO UV sensors designed with
CMC-based ink showed responsivity 40-fold higher than that of paper direct-
written LIG, as well as excellent electrical performance under flexion. These
findings may open new promising possibilities for low-consumption wearable
electronics, allowing the use of concepts such as the "Internet of Things" and
opening the possibility of generating 100% organic cellulose-produced

electronic devices.

Keywords: solution blow spinning; electrolyte-gated circuitry; pineapple

cellulose nanocrystals; laser-induced graphene; UV sensor; flexible electronics.
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RESUMO
DESENVOLVIMENTO DE MANTA CONDUTORA IONICA VIA FIACAO POR
SOPRO EM SOLUCAO E GRAFENO VIA LASER, AMBOS A PARTIR DE
CELULOSE, PARA TRANSISTORES, INVERSORES E SENSORES
FLEXIVEIS

Frente as questdes ambientais e visando dispositivos eletronicos de
rapida producéo e baixo custo, este projeto de pesquisa de doutorado propds
duas abordagens inovadoras para a obtencdo de substratos, materiais
dielétricos e eletrodos a partir de um Unico biopolimero: a celulose. Em um
primeiro momento relata-se uma abordagem simples para produzir mantas
condutoras idénicas de celulose (ICCM) flexiveis aplicando fiacdo por sopro em
solucdo (SB-Spinning) seguido da infiltracdo com hidréxidos alcalinos (LiOH,
NaOH ou KOH), permitindo sua aplicacdo como dielétrico e substrato em
transistores e inversores com resistor desenhado a lapis. Os transistores
exibiram um bom desempenho sob tensdo de operacdo abaixo de 2,5 V,
apresentando desempenho satisfatério para as mantas infiltradas com K*, além
do inversor apresentar um ganho proximo de dois. Visando também eletrodos
oriundos da celulose, este projeto relatou uma abordagem inovadora para
sintetizar grafeno induzido por laser (LIG) a partir de tinta a base de
carboximetilcelulose (CMC) contendo LIG obtido de nanocristais de celulose
(CNCs) do abacaxi. Como prova de conceito, sensores de ZnO UV foram
projetados variando a quantidade de LIG dos CNCs na tinta a base de CMC,
assim como sensores obtidos por escrita direta de LIG em substrato de papel.
Os sensores de ZnO UV flexiveis formulados com tinta apresentaram
responsividade 40 vezes maior que os sensores contendo LIG direto do papel.
Essas descobertas podem inaugurar uma nova Era na geracéo de eletrdnicos
vestiveis de baixo consumo, permitindo conceitos como "Internet das Coisas",
e abrindo a possibilidade de dispositivos 100% organicos oriundos da celulose.

PALAVRAS-CHAVE: fiacdo por sopro em solucao; circuitos eletroliticos;
nanocristais de celulose de abacaxi; grafeno induzido por laser; sensor de UV;

eletronica flexivel.
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1 INTRODUCTION

In recent years, there has been great interest in the research and
development of polysaccharide-based materials because they originate from
renewable sources, are biodegradable and abundantly present in nature, and
have low extraction costs. In addition, polysaccharides show properties of
scientific and technological interest and can be easily functionalized for different
applications [1,2]. Cellulose, starch and chitin are main examples of
polysaccharides. Cellulose stands out among all polysaccharides because it is
the most abundant biopolymer in the Earth's crust and the cheapest substrate
used in the daily life of humans [3].

In the past few decades, cellulose has been applied in several products
through the use of nanotechnology [4-6], and more recently it has been used to
manufacture low-cost, biocompatible, flexible and environment-friendly
electronic devices and systems, thus opening an unprecedented New Era in
organic electronics [7]. Paper electronic (paper-e) development is driven by the
environmental problems cause by electronic waste (e-waste) [8]. However, the
high performance of cellulose-based electronic devices has a demand for
smoother and defect-free surfaces, which can be achieved with the use of
nanostructures such as cellulose nanocrystals (CNCs) [9-11]. CNCs are
extracted from lignocellulosic fibers through time-consuming chemical routes
using acids and bases as reagents, which can make the process long and not
cost-effective [12]. In addition, formation of nanopaper substrates also
contributes to increase the process duration [13].

It is worth mentioning that, even though cellulose is used in several
areas, ranging from simple to highly technological applications, many sources of
cellulose are still little explored commercially, such as pineapple leaf fibers
(PALFs), which exhibit unique characteristics [14]. PALFs originate from the
sixth largest fruit production in the world and are composed mostly of cellulose
[15]. Cellulose nanostructures can be easily extracted from PALFs using
smaller amounts of chemical reagents compared with other vegetable fibers
[15-17]. In addition, PALFs present several application potentials, such as in

the medical field [18]. However, this rich cellulosic source is still a by-product or



even a residue in certain locations, with PALFs being discarded or even burned
after pineapple harvesting [19].

Aiming at electronic devices that are nearly totally organic, sustainable,
and of rapid production at low cost in the face of the issues presented, this
doctoral thesis proposed two new and innovative approaches to obtain
substrates, dielectric, and electrodes from a single biopolymer: cellulose. In a
first approach, cellulose acetate fibers were obtained using the solution blow
spinning (SB-Spinning) technique, which is a simple and inexpensive approach
for producing polymeric micro- and nanofibers. The acetate fibers were
deacetylated, forming a submicro-structured ionic conductive cellulose mat
(ICCM) used as a substrate and dielectric in transistors and inverters. In the
second approach, laser-induced graphene (LIG) structures were obtained from
CNCs extracted from PALFs and in carboxymethyl cellulose (CMC) inks, which
were used as electrodes in zinc oxide ultraviolet (ZnO UV) sensors. Therefore,
this doctoral thesis advocates two innovative hypotheses to reduce the cost
production of substrates, dielectric and electrodes. In addition to revolutionizing
the production of graphene from by-products/residues from agricultural

pineapple production.



2 LITERATURE REVIEW

2.1 Fundamental concepts

2.1.1 Lignocellulosic fibers, cellulose nanostructures, cellulose molecule,
and cellulose derivatives

Lignocellulosic fibers compose the cell walls of tree stems as well as the
leaf structure of several plants, such as pineapple leaf fibers (PALFs) [20,21].
Lignocellulosic fibers are a rich source of cellulose, hemicelluloses and lignin, in
addition to presenting a small amount of grease and fat, in which cellulose
represents between 40 and 50% of plant dry mass and can reach 90% in the
case of cotton [22,23]. Lignocellulosic fibers are used as raw material to
produce various types of paper with numerous applications, and these
substrates have been the most widely used by humans for thousands of years
[7,24].

Figure 2.1 shows the structure of lignocellulosic fibers and how cellulose
fibers are arranged in their structures, as well as the mechanical and chemical
routes for obtaining cellulose nanostructures, together with the chemical

structure of the polymeric cellulose chain.
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Physically, lignocellulosic fibers are composed of a primary wall, an
external secondary wall (S1), an internal secondary wall (S2), a tertiary wall
(S3), and a lumen [1,22]. The S1, S2 and S3 walls are differentiated by the
orientation of the cellulose microfibrils (CMFs) in relation to the fiber axis. This
orientation is known as microfibrillar angle, which is directly related to the
mechanical properties of the lignocellulosic fibers [22,28]. Cellulose
nanostructures are obtained through two main routes from CMFs [29,30]: (1)
mechanical shear of the CMFs, generating cellulose nanofibrils (CNFs) that
present both amorphous and crystalline regions along their structure and a
spaghetti-shaped arrangement of nanofibrils with a diameter ranging from 5 to
60 nm and length reach over 100 um; (2) acid hydrolysis of the amorphous
region of the CMFs, generating cellulose nanocrystals (CNCs) that can reach
over 90% crystallinity and present a whisker-like shape with diameter and
length ranging from 5 to 70 nm and 100 to 300 nm, respectively, as illustrated in
Figure 2.1a.

Lignin is one of the main components of lignocellulosic fibers, and is
distributed in greater amounts on the secondary wall of plant cells. Lignin
functions mainly as an agent, which can be fungicidal, hydrophobic, binder for
cellulose fibers, and strengthener of cell walls [21,31]. Its chemical structure
consists of an amorphous macromolecule composed of three basic units: p-
hydroxyphenyl, guaiacyl, and syringyl [23,31]. The higher levels of syringyl
compared with those of guaiacyl present in lignin indicate the readiness degree
by which lignin can be from lignocellulosic fibers, known as delignification
process [32,33].

Hemicelluloses are also considered extremely important in the structure
of lignocellulosic fibers, as they are closely associated with cellulose, forming
holocellulose, which presents hydrophilicity and provide plant fibers with
elasticity [21,22,34]. Hemicelluloses are composed of distinct groups of
carbohydrates (pentoses, hexoses, hexuronic acids and deoxyhexoses) of low

molecular weight with no long-standing crystalline structure [33,22].



Finally, cellulose (CeH1005)n is considered the most important component
of lignocellulosic fibers. It is a polysaccharide formed by the repetition of 3-D-
glucopyranose units grouped by glycosidic linkage [35]. The second unit of the
monomer is twisted 180° in relation to its first unit, forming a monomer
consisting of two B-D-glucopyranose units called cellobiose [29,36], as shown in
Figure 2.1b.

The presence of hydroxyl groups (OH) along the cellulose chain allows
the solid state of this material to present large regions of ordered chains
(crystalline region) and small regions of low molecular order (amorphous
region). Six polymorphs of crystalline cellulose are known: cellulose 1, II, lli1, lll2,
IV1, and V2 [37]. Cellulose | is the natural form synthesized by plants, algae,
bacteria, and fungi. It presents two polymorphs, a triclinic (la) and a monoclinic
(Ig) structure, and the ld/lg ratio varies according to the plant/animal origin in
which the cellulose is synthesized [38]. Cellulose 1l is obtained through
mercerization (alkaline treatment of cellulose 1) or regeneration (solubilization of
cellulose I in solvent followed by precipitation in water). Cellulose Ill1 and Ill2 can
be produced by processing cellulose | or Il with amine or ammonia,
respectively. Cellulose IV1 and V2 can be obtained by adding cellulose 1111 and
lll2to glycerol at 206 °C, respectively [38—40].

Cellulose is a polymer that presents no melt-state processability, and its
solubility is restricted to a few solvents, such as: N-methyl-morpholine N-
oxide/water (nNMMO/H20), lithium chloride/dimethyl acetamide (LiCl/ DMACc),
ionic liquids, and ethylene diamine/salt [36]. In contrast, cellulose is easily
functionalized with several chemical groups from the hydroxyls present in the
most diverse carbons of the B-D-glucopyranose unit, thus providing
processability and solubility to the most diverse organic solvents [41]. The
hydroxyl linked to the carbon six of cellulose is the most reactive and can be
functionalized with the most diverse chemical groups, such as esters and
carboxy groups, forming different cellulose derivatives. The main cellulose
derivatives are cellulose acetate (CA) and carboxymethyl cellulose (CMC) [42],

as illustrated in Figure 2.2.



Cellulose acetate is obtained from the acetylation process with acetic
anhydride in the presence of sulfuric acid (Figure 2.2a). CA presents
characteristics of a thermoplastic polymer with a high degree of solubility in
organic solvents such as acetone, in addition to having its commercial use
consolidated in several products such as cigarette filters [43,44].

Carboxymethyl cellulose can be obtained from the cellulose oxidation
process using reagents such as sodium hypochlorite (NaClO) and sodium
bromide (NaBr) in the presence of the 2,2,6,6-tetramethylpiperidine-1-oxyl
radical (TEMPO) catalyst (Figure 2.2b), generating a water-soluble cellulose
derivative with functional properties for several applications, such as flocculating

agent and emulsifier [45,46].
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2.1.2 Pineapple leaf fibers (PALFs)

Pineapple is the sixth most economically exploited tropical fruit in the
world, with a production of 28 million tons in 2018. This fruit is grown mainly in
Brazil, the Philippines, Costa Rica, Thailand, China, Indonesia, and India.
According to the Food and Agriculture Organization of the United Nations
(FAO), pineapple production in Brazil was the third largest in the world in 2018,
reaching 2.6 million tons [48].

Pineapple is a tropical plant of Amazonian origin belonging to order
Bromeliales, family Bromeliaceae, subfamily Bromelioideae, genus Ananas,
divided into two main species: Ananas comosus and Ananas macromondes
[20,49]. Ananas comosus is the best known species and its production is the
most widespread, with emphasis on the curaua variety (Ananas comosus var.
erectifolius), a wild pineapple species widely used in ornamentation [50,51].

Curaua PALFs are lignocellulosic fibers and present great pulping
potential because of their high concentration of cellulose (=60% m/m) and the
1:4 syringyl to guaiacyl (S:G) ratio observed in their lignin, which are factors that
assist with the delignification process [15,33]. Delignified curaua PALFs can be
easily fibrillated through mechanical route, with no need for chemical agents to
obtain CNFs, or easily hydrolyzed through chemical route to extract CNCs with
over 90% crystallinity [15-17]. Thus, PALFs present greater potential for pulping
and extracting cellulose nanostructures compared with other vegetable fibers
such as eucalyptus fibers, allowing the use of smaller amounts of chemical
reagents in the extraction process [15-17,52].

Pineapple leaf fibers of curaua and other species are by-products used in
the manufacturing of handicraft and fabric [53] and in the interior lining of
automobiles [54], and in the worst scenarios they end up being incinerated as
residue [55]. In the past few decades, PALFs have been employed to reinforce
polymer [54,56,57], produce nanopaper from CNC/CNF mixture [16,17], and
develop medical implants [18].

Figure 2.3 illustrates the curaua cultivar with highlight for the fruit and

crown involved in PALFs.



Figure 2.3 - lllustrative image of the pineapple curaua cultivar with emphasis on
the fruit and crown involved in PALFs. Reprinted from Correio da Amazonia
[25].

2.1.3 Solution blow spinning (SB-Spinning)

Recently, method to produce polymeric fibers from a solution, known as
solution blow spinning (SB-Spinning), was developed using concepts similar to
those of electrospinning, but with application of a turbulent air jet directed to the
polymeric solution instead of electrical voltage for fiber spinning. SB-Spinning
has been established as a simple and inexpensive technique for spinning
polymeric fibers, being capable of spinning ~0.5 g/h of fibers per nozzle [58].

Figure 2.4 illustrates the SB-Spinning method with its main components.
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Figure 2.4 - lllustration of the solution blow spinning (SB-Spinning) system.
Reprinted with permission from Oliveira et al. [58] and Medeiros et al. [59].



The SB-Spinning system comprises a metal cone into which the polymer
solution is fed through an inner nozzle (0.5 mm) and the air is fed through an
outer nozzle (1.5 mm), with nozzle tip of 2 mm and inner gap between nozzles
of 0.5 mm. The polymeric solution feed rate is controlled by a commercial
injection pump, in which a 10 ml glass syringe containing the polymeric solution
is coupled and connected to the inner nozzle, controlling the solution flow. The
air pressure is also controlled by a pressure gauge connected to the outer metal
nozzle. Both the control of the flow solution rate and air pressure are essential
for obtaining and controlling the spinning dimension of the polymeric fibers. The
distance between the cone and the collector, working distance — (WD), is also
evaluated in the process. It is worth mentioning that the fibers are collected by a
collector in both rotational and fixed modes [58-60].

The viscosity of the polymeric solution, polymer concentration, solvent
evaporation rate, and environmental humidity and temperature should also be
assessed in the process to obtain the fibers and dimensionally control them
using the SB-Spinning method [58,59]

2.1.4 Field effect transistor (FET) and inverters

The term transistor comes from transfer resistor, as it was known by its
inventors. In analog circuits, the resistance transfer process means that the
characteristic impedance of the component varies above or below the pre-
established voltage bias. From this characteristic, the basic operation principle
of a transistor can be defined: use of voltage between two terminals to control
the current flow in a third terminal [61].

In this way, a transistor can be used as a controlled source, which is the
basis for the design of amplifiers. In the extreme case, the control voltage can
be used to make the current in the third terminal vary from zero to a significant
value, causing this device to implement an analog switch, which is the basic
element of digital circuits. Because of these applications, it is possible to

conclude that a transistor is the most important electronic component ever
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created, having enabled the revolution of computers and electronic equipment
[61].

There are two main types of three-terminal devices: the bipolar junction
transistor (BJT), which operates with electrons and holes as charge carriers,
and the field effect transistor (FET), whose current control is performed by
means of an electric field induced in the conductive region. Both types are
equally important, with each presenting distinct advantages and applications.
There are basically two types of FET: junction field effect transistor (JFET) and
metal-oxide semiconductor field effect transistor (MOSFET) [62].

A MOSFET can be of the N type (NMOS), in which the electric current
occurs through electrons in the substrate, or of the P type (PMOS), in which the
electric current occurs through holes in the substrate. This study is based on the
NMOS, which hereafter will be designated simply as FET. The combination of
NMOS and PMOS creates CMOS (complementary metal-oxide semiconductor),
in such a way that one complements the other in the need to produce logical
functions [62].

Figure 2.5 shows a schematic representation of the different types of

transistors presented.
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Figure 2.5 - Schematic representation of the different types of transistors.

With respect to the history of transistors, the first FETs were developed
by Julius Edgar Lilienfeld in 1926 and Oskar Heil in 1934 [63], whereas the first
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BJTs were developed by Shockley, Bardeen and Brattain in late 1947, and
would replace the large vacuum valves. In 1956, the three last inventors were
awarded the Nobel Prize in Physics for their researches on semiconductors and
their discovery of the transistor effect [61].

Figure 2.6 shows the NMOS system.
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Figure 2.6 - (a) Schematic representation of a NMOS FET,; (b) Symbolic

representation of a NMOS in a circuit. Adapted from Ferreira [64].

The NMOS transistor is composed of a gate (G), a drain (D), a source
(S), a semiconductor substrate material (e.g., silicon), a dielectric material (e.qg.,
silicon dioxide (SiO2)), and a B body terminal. In simple circuits, there are
usually only three accessible terminals, and the B terminal is connected to the
source. The source, drain and terminal are made of metallic materials such as
aluminum (Figure 2.6a). Figure 2.6b shows the NMOS symbol in a circuit with
the drain current (Io) and the voltage created between the gate and the source
(Ves) [62].

The NMOS operates in three regions, as outlined in Figure 2.7.
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Figure 2.7 - Representation of the three operating regions of a FET in relation to
(a) drain current variation (Io) as a function of drain and source voltage (Vbs)
and in relation to (b) drain current variation (Io) as a function of gate and source

voltage (Ves). Adapted from Ferreira [64].

The first operating region of a NMOS is the cutoff region. This region
occurs when Ves<Vi, where Vi is the voltage threshold, which is the minimum
Ves value to induce the conducting channel. The transistor remains off and
there is no conduction between the drain and source. While Ip should ideally be
zero because the switch is off, there is a weak inverted current [62,64,65], as
shown in Figure 2.7a and b.

The second operating region of a NMOS is the triode region. This region
occurs when Ves>V: and Vbs<Ves—Vi, where Vps is the current between the
drain and the source. The transistor remains on and the conducting channel is
induced, allowing current flow between the drain and source, thus Ip varies as a
function of Vps and Ves, as shown in Figure 2.7a and b. In this case, a depletion
region occurs in the Si substrate as a result of the migration of electrons to the
conducting channel. The FET operates as a resistor controlled by the gate
voltage [62,64,65]. Figure 2.8 shows a FET model in the triode mode.
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Figure 2.8 - Schematic representation of a FET model in the triode mode.
Adapted from Ferreira [64].

Where Ip is obtained by Equation 2.1:
Ip = K[2(Vgs = Ve)Vps = Vi), where K = 2 pCox - (Eq. 2.1)

where the K factor is dependent on surface mobility (un), Cox is the oxide
capacitance, W is the conducting channel thickness, and L is the channel length
[62,64,65].

The third operating region of a NMOS is the saturation region. This
region occurs when Ves>V: and Vbs>Ves-Vi. The transistor remains on with the
channel still induced, allowing current to flow between the drain and the source.
As the drain voltage is greater than the gate voltage, part of the channel is
turned off. This region is called pinch-off. In this case, the source current is
equal to the drain current (Ip) and the gate current (Ig) is null. The Ip is now
relatively independent on the drain voltage in relation to the source voltage, and
is controlled only by the gate voltage (Figure 2.7 a and b), as described in

Equation 2.2:
w
Ip = K(Vgs — V;)%, where K =~ 1, Cox (Eq. 2.2)

Figure 2.9 shows a FET model in the saturation mode.
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Figure 2.9 - Schematic representation of a FET model in the saturation mode.

Adapted from Ferreira [64].

The same equations can be used for the PMOS transistor, but V: is
negative and the inequalities are reversed [62].

The saturation mode of FET is of interest if the transistor is used to
operate as an amplifier. For the FET to behave as a switch, the transistor must
operate in the cutoff and triode regions, and this operating mode of a FET is
widely used in digital circuits [62,66].

In 2008, the research group led by Professor Elvira Fortunato developed
a pioneer study addressing the use of cellulose as substrate and dielectric in
oxide semiconductor field effect transistors. The first FETs with cellulose fibers
as active material opened an unprecedented New Era in the research on paper
electronic (paper-e) [67]. This is due to the characteristics of cellulose, which is
as the most abundant polymer in the Earth's crust, in addition to being
biodegradable, light, and flexible; also, transparent nanopapers can also be
produced from cellulose. Furthermore, the average global paper production is
100 million tons/year, and the paper industry can currently produce 30 m of
paper per second using the roll-to-roll method, which have made cellulose the
substrate most produced and consumed by humans for hundreds of years.
From these numerous advantages, paper and other cellulose-based substrates
become attractive in view of the high demand for inexpensive and recyclable

electronic devices, together with the concept of the Internet-of-Things (loT)
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[11,67-71]. Figure 2.10 shows the schematic representation of a FET with

paper as substrate and gate dielectric.
(a) Source Drain

Semicondutor

——=Celllose_

== (dielettric

Figure 2.10 - (a) Schematic representation of a FET with paper as substrate
and gate dielectric; (b) the first paper FET using oxide as semiconducting
material; (c) CMOS on paper. Adapted with permission from Gaspar et al. [72],
Fortunato et al. [74] and Martins et al. [77].

The paper used in transistors as dielectric presents a solid-state
electrolyte behavior, in which its capacitance is usually generated under low-
voltage operation with formation of electrical double layer (EDL) from the
voltage applied at the gate. The cations present in the cellulose fibers tend to
remain at the edge next to the semiconductor material and the anions tend to
remain close to the gate, according to the principle of electrochemistry. The
cations at the interface cellulose fiber/semiconductor induce the formation of
channel in the semiconductor, and thus the transistor operation. Therefore, the
interface between paper and semiconductor becomes extremely important to
the transistor operation, with paper roughness being a parameter to be
considered in the performance of these electronic devices. Moreover, the fibers
hydration level and the type of metallic ion are other parameters to be
considered in the operation of paper-based transistors, since they govern the
ionic conduction and, consequently, the EDL formation. Figure 2.11 presents a
schematic representation of EDL formation on cellulose fibers and a graph of
capacitance and phase angle as a function of frequency, indicating the phases
of dipole relaxation, ionic relaxation, and EDL formation on paper according to

the frequency variation.
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Figure 2.11 - (a) Schematic representation of EDL formation on cellulose fibers;

(b) capacitance and phase angle as a function of the frequency applied on
paper and the respective polarization regimes that occur on cellulose fibers.

Reprinted with permission from Gaspar et al. [73].

It is known that EDL formation on paper (Figure 2.11a) generally occurs
at low frequencies related to increased capacitance with angle phase <-45°
(Figure 2.11b), thereby indicating the operating conditions of transistors.

It is worth mentioning that there are several works in the literature
addressing cellulose as active material that go far beyond FETs [11,72,74],
such as for memory transistors [75], solid-state batteries [76], CMOS logic
inverters [77], and universal logic gates [73].

Considering the idea of inverters as the basis for logic circuits, those are
electronic devices including rectifier, dc bus and inverter stages, responsible for
changing the output voltage frequency and magnitude in order to change
speed, power of a connected induction motor [77,78]. Figure 2.12 illustrates the
two types of inverter structures: an CMOS inverter and a resistor-loaded
inverter consisting of a FET coupled to a resistor, in addition to the

characteristic voltage curves of an inverter.



17

PEDOT:PSS

[ M’-‘E&mw

Carbon
-

= p-t-);be‘FéT )

| 1kHz

-V

Output voltage (V)

0

-03
-0.6
-0.9
-1.2
-1.5

B}

|

|
|
|

Forward

.
At
'

e

'

-t

Vyp=-15V

+| Reverse
N

Voltage (V)

-2 -1 0 1 2
Input voltage (V)

v,
r 2 20kQ

0 1 2 39 4 § 8 7T 8
Time (ms)

Vo

n-typ-e FET |

Figure 2.12 - Inverter models. (a) Image of a CMOS on paper with a schematic
representation of the inverter circuit. (b) Resistor-loaded inverter using a
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) gate
transistor with a schematic representation of the inverter circuit highlighted Vour
vs. Vin curve and Vour and Vin as a function of time at 1 kHz. Reprinted with
permission from Martins et al. [77] and Cho et al. [78].

The operation of a CMOS inverter consists basically in applying a
constant supply voltage (Vop) to the P-type FET source and an input voltage
(Vin) to both the N and P type FET gates (Figura 2.12a), thus generating an
output voltage (Vour) inverted to the Vin at the N and P type FET drains (Figura
2.12b). For the case of a FET coupled to a resistance, the operation principle is
the same with small differences, Vob is applied to the resistance, Vin is applied
to the gate, and Vour occurs between the drain and resistance (Figure 2.12b).
An inverter is characterized by the Vour vs. Vin curves, as well as by the Vour

and VN variations as a function of frequency and time (Figure 2.12b) [77,78].

2.1.5 Laser-assisted processing and laser-induced graphene (LIG)

Laser is the acronym for "light amplification by stimulated emission of
radiation”, that is, it is a device that emits light through an optical amplification
process based on the coherent emission of electromagnetic radiation [79]. The

first laser device dates from 1960. It was developed by Theodore H. Maiman
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based on the theoretical works by Charles Hard Townes and Arthur Leonard
Schawlow [80,81]. Laser has numerous applications, from simple to complex
ones, namely, barcode and compact disc (CD) readers, information
transmission through optical fibers, medical applications in surgery and skin
treatment, devices for weapons, complex processing of electronic devices
through lithography, and characterization using atomic force microscopy (AFM)
by laser beam position variation in relation to angular displacement of the
cantilever [82,83].

The literature reports on several types and principles of laser operation,
with emphasis on laser using gas, solid-state [84], fiber [85], photonic crystal
[86], semiconductor [87], dye [88], free-electron [89] and exotic media [90]. This
doctoral thesis focuses on gas laser, more precisely on carbon dioxide (CO2)

laser [91], as shown in Figure 2.13.

rear mirror
excitation

active medium

output mirror

laser beam

Figure 2.13 - Schematic representation of a CO2 laser with highly coherent
infrared generation and specific wavelength. Reprinted from Photonics
Marketplace [92].

This type of laser operates basically on the excitation of CO2 electrons
with emission of photons in the infrared waveband, where they are reflected at
one end of the device by the rear mirror and exit coherently and with a specific
wavelength through a partially reflective mirror positioned at the other end
[91,93].

One of the recent applications of CO2 laser is the synthesis of laser-

induced graphene (LIG) in carbon-based materials - the same technique
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applied for the synthesis of graphene from its precursor graphene oxide [94].
LIG is a 3D porous material that presents high thermal stability (>900 °C),
electric conductivity (5-25 S cm), and surface area (=340 m?g?l). It is a
versatile material that can be easily engineered, structurally and
morphologically, speaking simply by changing the laser parameters [95,96].
Laser-assisted processing differs from other processing techniques because of
formation of the 3D graphene structure, since it is possible to design complex
LIG geometries with high resolution and without the use of a mask, in addition
to not requiring high process temperatures and chemical reagents, that raise
the synthesis cost [94,95].

This promising graphene is obtained through the photothermal transition
of carbon-based materials by pulsed laser irradiation, as illustrated for LIG
production in polyimide (PI) substrate (Figure 2.14).

Figure 2.14 - Schematic representation of LIG synthesis on Pl substrate.
Reproduced with permission [96]. Copyright 2014, Macmillan Publishers
Limited.

Production of LIG on carbon substrates that contain aromatic rings
occurs directly, and can be performed in an oxidative atmosphere, since the
aromatic rings present in these materials have a planar conjugated ring system
with delocalized 1 electron clouds that serves as a precursor of the graphitic
structure [95]. Among the main aromatic substrates for obtaining LIG, Pl [96—
100], polyetherimide (PEI) [96], polyethersulfone (PESU) [101,102], and even
lignin [103] are highlighted. For carbohydrates, which do not contain aromatic

rings in their chemical structure, such as cellulose and starch, LIG synthesis
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occurs in two steps, with intermediate formation of amorphous carbon
[104,105]. The LIG synthesis, in this case, must occur in an inert atmosphere
and with the use of a fire retardant (e.g., ammonium polyphosphate) [105] or
with the oxidation of these materials [104], where metallic ions create a
protective atmosphere against ash formation and the carboxyl or phosphate
groups assist with the process of forming the graphitic structure based on
aromatic rings with double bonds, as illustrated in Figure 2.15.
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Figure 2.15 - One of the possible formation mechanisms of the graphitic
aromatic chain from the cellulose molecule. Reprinted with permission from

[105]. Copyright 2018 American Chemical Society.

Production of LIG from cellulose, aided by the peculiar characteristics of
this type of raw material, opens new promising possibilities for the application of
cellulose not only as a solid-state electrolyte, but also as electrodes in electronic

devices.

2.1.6 Zinc oxide ultraviolet (ZnO UV) sensors

Ultraviolet (UV) radiation is, to a certain degree, beneficial to human
health due to the production of vitamin D (UVB); however, in most cases, it is
the main cause of skin cancer (UVA+UVB). Therefore, UV exposure becomes,
in a way, something that should be very well controlled, especially in regions
where its incidence is high all throughout the year and exposure to this type of

radiation ends up being something difficult to avoid. In this context, UV sensors
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become a powerful tool to detect this type of radiation in the environment and,
consequently, a tool that can be used to prevent skin cancer. Also aiming at the
issue of sustainability and low cost, there is an increasing demand for UV
sensors made up of non-toxic, inexpensive materials that guarantee the stability
of the device over time, and the ZnO sensors are excellent candidates, because
they meet these requirements and are already widely used in the field of UV
sensors [106,107].

Zinc oxide is abundant in nature, has a low extraction cost, and presents
numerous applications, such as in cosmetics, paint formulation, and as
antifungal agent, in addition to being widely used in piezoelectric and
photocatalytic devices, transparent conductive electrodes for solar cells, and
environmental gas sensors [106,108-113]. This oxide is an N-type
semiconductor with a band gap of 3.3 eV and excitation energy of 60 eV, and it
has a wide range of electrical conductivity (10°-10* Q.cm™) [114-117]. A ZnO
UV sensor functions basically from the interaction between ZnO and UV
radiation [108], as illustrated in Figure 2.16.
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Figure 2.16 - Schematic representation of the photodetection process of ZnO

under UV radiation. Reprinted with permission from Jacobs et al. [108].

The basic principle of interaction between ZnO and UV photons and their

variation in electrical conductivity is based on the creation of the electron-hole
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pair in the conduction band. In the absence of UV incidence, there is no
creation of the electron-hole pair, and the material becomes an electrical
insulator. Under the incidence of photons at a UV frequency above the ZnO
band gap, a photoelectric effect occurs. The electron-hole pair is created, and
the holes are quickly swept to the material surface recombining the ionized
oxygen through the electron contained in ZnO. Thereby, the probability of
carrier recombination decreases inside the material and the electrical
photoconductivity increases with the electrons present in the band gap. When
the UV radiation on the sample ceases, the electrons are reabsorbed, causing
the photocurrent to decay again [108,118-121].

A ZnO sensor is usually composed of interdigital electrodes, which can
be made of copper, carbon or graphene. ZnO is deposited between these
interdigital electrodes by aqueous suspension or in the composition of inks
[97,114]. Figure 2.17 shows the carbon interdigital electrodes deposited on
paper substrate, followed by ZnO nanostructures deposited by drop casting.
The responsivity curves of ZnO UV sensors under UV on/off radiation are also
shown.

It is worth mentioning that the design of the interdigital electrodes, such
as the number and width of the contacts as well as the gap between them,
influences the sensor performance due to the greater surface area interdigital

and the shorter path for the electric current to pass through the interdigital [107].
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Figure 2.17 — (a) Schematic representation of a ZnO UV sensor production. (b)
ZnO UV sensor on paper under UV radiation. (c) ZnO UV sensor responsivity
under UV on/off radiation by ZnO nanostructures obtained from microwave and

oven. Reprinted with permission from Pimentel et al. [114]. Copyright 2014.
American Chemical Society

2.2 State-of-the-art in cellulose as substrate and dielectric for flexible

transistors and inverters

The high demand for electronic devices has strongly affected the
availability of natural resources, in addition to requiring a good relocation of the
waste generated by the disposal of these devices [122,123]. The use of
cellulose with dual functionality, as substrate and dielectric, in many types of
electronic devices has opened an unprecedented New Era as a solution for this
apocalyptic scenario of natural resources depletion along with environmental

devastation [124]. As the most abundant renewable biopolymer in the Earth's
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crust, cellulose could easily meet this high demand for raw material to produce
electronic devices, in line with the search for cheap raw materials that are easy
to manufacture and present exceptional properties, such as flexibility and
recyclability [7]. However, it is worth highlighting the challenges faced by
cellulose as a dielectric in view of the main requirements of a good electrolyte,
such as good interface with the semiconductor material and low roughness
[125]. It should also be emphasized that formation of EDL in cellulose fibers is
strongly dependent on the substrate texture and the humidity conditions of the
environment because of the hydrophilic characteristics of these fibers
[8,11,126].

In the face of technological advances, an increasing number of group has
been searching for portable electronic devices that operate at low voltage (<2
V), in line with the I0T concept of conveying information between humans and
things and between things [127,128]. Cellulose-based transistors and inverters
operate at low voltage and with high performance using micro- and nano-
structured cellulose because of the reduced porosity and roughness (RMS =
0.6 nm — 6 um) and functionalization of the fibers with certain metallic ions (Li*,
Na* and K*) [10,73,129]. In the literature addressing GIZO FETs fabricated on
office paper (lonorr=103-10% Ss=0.8 V dec™) [74] and nanopaper with superior
performance (lonorr=10%-10% Ss=2 V dec?) [72]. However, the process
employed to obtain micro- and nano-structured cellulose may involve chemical
routes with high residue generation, mechanical routes with energy expenditure,
and even enzymatic routes that demand time and complex equipment
infrastructure [130-132].

Solution blow spinning (SB-Spinning) appears as an alternative to these
problems in the extraction of micro- and nano-structured cellulose, and it has
been established as a simple technique to produce fibers with no need for high
temperatures, large amounts of chemical reagents and long dialysis and
filtration time [59,133]. Moreover, SB-Spinning is established as a powerful tool
for the dimensional control and functionalization of polymeric fibers [58—60].

Several studies have addressed the production of micro- and nano-

structured polymeric fibers using SB-Spinning, with highlight for poly(lactic acid)
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(PLA) [59], polycaprolactone (PCL) [134], poly(ethylene oxide) (PEO) [58].
These fibers have been extensively investigated for use in scaffolding
biomaterials [135], composite reinforcement [136], filtration [137], microchip-
based 3D-cell culture [138], and biomedical engineering [139]. In addition, there
is a recent study about cellulose-derived fibers blended to polyacrylonitrile
(PAN) obtained by SB-Spinning [140] and CA mats obtained by electrospinning
applied to electronics [141]. However, to the best of our knowledge, cellulose
mat obtained by SB-Spinning applied as electrolyte-gated transistor (EGT) have
not yet been reported.

Therefore, this study proposes to develop ICCMs by means of the SB-
Spinning approach applied simultaneously as substrate and dielectric for low-
voltage operating electronic devices. The ICCMs were prepared from a
cellulose acetate (CA) solution suitable for the SB-Spinning process, followed
by a deacetylation process using three alkaline hydroxides: lithium hydroxide
(LiIOH), sodium hydroxide (NaOH), or potassium hydroxide (KOH). CA was
chosen as a precursor material for cellulose due to its solubility in several
organic solvents [142], compatibility with the processes of spinning [143-146],
dry spinning [147] and electrostatic-induction-assisted solution blow spinning
[148], as well as to its deacetylation facility [149]. PEO was used as an additive

for spinning, as reported for CA spinning systems [150,151].

2.3 State-of-the-art of cellulose as a precursor of LIG electrode for
flexible sensors

In view of the environmental issues regarding waste generation and
energy consumption presented by several electronic components, from
production to final disposal, there is an increased search for materials from
renewable sources with low manufacturing cost that can be easily disposed
and/or recycled with no further environmental impact [122-124,152]. LIG meets
these requirements and is a promising material for electronic and energy
storage devices [103,153,154]. It can be applied as a rapidly obtained electrode

with industrial scale synthesis capacity without causing major impacts on the
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environment or depending on traditional multi-step production processes
associated with cleanroom techniques [94,95].

Among the numerous applications of LIG, the literature highlights its use
in supercapacitors [96,155-158], sustainable energy conversions [159,160],
microfluidics [161-163], antimicrobial electrodes [97,101,102], sensors and
biosensors [100,107,164-174]. In the area of ZnO UV sensors using LIG as
electrode, studies addressing LIG obtained from PI/PEI substrates presenting
responsivity of 2 and 92 nA/W, respectively, for 1V bias stand out in the
literature [107,170]. In addition, a study reported the potential for obtaining LIG
from cork lignocellulosic material for use in ZnO UV sensors with responsivity of
approximately 4.4 yA/W for 5 V bias [175].
Although there are several studies reporting the synthesis of LIG from cellulose
in the literature, to the best of our knowledge, the only research addressing this
synthesis was aimed at developing ammonia (NH3) sensors. This type of sensor
presented a detection limit of 0.33% NHs concentrated in the atmosphere - a
performance considered low compared with that of other gas sensors [173].
Among the possible causes for this low performance of the LIG obtained from
cellulose, high porosity and problems with the interface with other materials can
be listed [176,177]. Therefore, the second stage of this doctoral thesis aims to
investigate the production of laser-induced graphene electrodes (LIGE) from the
formulation of CMC-based inks containing LIG synthetized from CNCs extracted
from PALFs, thus addressing possible porosity and interface problems caused
by electrodes directly obtained from LIG. The justification for using CNCs
extracted from PALFs is associated, first, with the production availability of
these fibers, which in most of cases end up being incinerated, and second with
the fact that CNCs present a high crystallinity index that can favor the formation
of LIG, in addition to the facility of extracting lignocellulosic fibers using a
moderate amount of chemical reagents [15-17,52], as discussed in subitem
2.1.2. According to our analysis, the cellulose crystallinity promotes
photothermal resistance to laser, assisting on LIG formation [105]. ZnO UV
sensors were produced to validate the proposed methodology for obtaining

LIGE. In this context, it is intended to establish cellulose as a LIGE precursor for
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UV sensors, opening new promising possibilities for organic electronics,
considering that the use of cellulose as substrate and dielectric in several
electronic devices IS already consolidated [10,11,72,74-77].
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3 MATERIALS AND METHODS

3.1 ICCMs obtained by SB-Spinning as substrate and dielectric for
flexible electronics

3.1.1 Materials

Cellulose acetate (CA) (p=1.3 g/cm?, Mn=52,000 and 39.20-40.20 %wt
acetyl) (Sigma-Aldrich, USA); poly(ethylene oxide) (PEO) (Mv=400,000 Da)
(Sigma-Aldrich, USA); formic acid 98-100% v/v (Sigma-Aldrich, USA); acetic
acid (99.7%, Exodo, Brazil); ethanol absolute, anhydrous (CARLO ERBA), LiOH
298% (Sigma-Aldrich, USA); NaOH 296% (LABKEM); KOH 290% (Sigma-
Aldrich, USA).

3.1.2 Preparation of CA-based mats by SB-Spinning

Cellulose acetate polymeric solutions at a concentration of 8 w/v % were
obtained in a formic acid (FA)/acetic acid (AA) 2:1 (v:v) ratio solution with PEO
molecular weight values of 0, 0.04, 0.08, 0.24 and 0.40 w/v % in relation to
solvent. This solvent was chosen according to the boiling point, vapor pressure,
and Hansen solubility parameters for solvents and CA weight concentration
reported by Ghorani et al. [178], as described in Table 3.1.

The boiling point and vapor pressure of acids ensured that the material
was apparently dried when it reached to the collector, and maintained the
solution stabe in the nozzle jet. The Hansen solubility parameters (Ds-p)) of the
acids are lower than the solubility radius (R) of CA, which guarantees CA
solubility in the 2:1 (v:v) (FA)/(AA) mixture [178], as illustrated in Figure 3.1.

Solutions of PEO at the concentrations of 0.24 and 0.40 m/v % without
CA were prepared to verify only the effect of PEO on the formation of spun
fibers. First, the solutions were stirred at 180 rpm for 12 h using a Jeio Tech
stirrer and then mechanically stirred in a magnetic stirrer for extra 3 h. Table 3.2
shows all the CA, PEO and CA-PEO formulations, SB-Spinning flow rates, and

types of collector investigated to obtain the best CA fibers.
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Table 3.1 - Boiling point and vapor pressure of solvents and Hansen solubility parameters of solvents and CA

Solvents and Boiling point Hansen solubility parameters
Vapor pressure (kPa)
CA °O Ds-p) for CA R for CA
Acetic acid 118 1.33 (17 °C) 2.68
Formic acid 101 4.4 (20 °C) 7.39
CA 12.4

Table 3.2 - Detailed information of the prepared samples, and respective nomenclature depending of CA and PEO

composition as well as SB-Spinning parameters

Sample A PEO Flow rate Type of collector
(m/v %) (m/v %) (ml/h)

Neat CA 3.5 8 0 3.5 aluminum film

Neat CA 7.0 8 0 7.0 aluminum film

Neat CA_10.0 8 0 10.0 aluminum film
CA PEO0.04 35 8 0.04 3.5 aluminum film
CA PEO0.04 7.0 8 0.04 7.0 aluminum film
CA PEO 0.04 _10.0 8 0.04 10.0 aluminum film
CA _PEO 0.08_3.5 8 0.08 3.5 grating
CA _PEO 0.08_7.0 8 0.08 7.0 grating



CA_PEO 0.08_10.0
CA_PEO 0.24 3.5
CA_PEO0.24 7.0
CA_PEO 0.24_10.0
CA_PEO 0.40_3.5
CA_PEO 0.40_7.0
CA_PEO 0.40_10.0
PEO 0.24 3.5
PEO 0.24_7.0
PEO 0.24_10.0
PEO 0.40 3.5
PEO 0.40 7.0
PEO 0.40_10.0

O O O O O O 0 00 00 O 0 0 oo

0.08
0.24
0.24
0.24
0.40
0.40
0.40
0.24
0.24
0.24
0.40
0.40
0.40

10.0
3.5
7.0

10.0
3.5
7.0

10.0
3.5
7.0

10.0
3.5
7.0

10.0

grating
grating
grating
grating
grating
grating
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Figure 3.1 - Hansen parameters describing the CA solubility range in formic and

acetic acids.

The polymer solutions were poured into a 25 mL glass syringe (Arti
Glass, Italy) coupled to a syringe pump (New Era Pump Systems Inc., USA). A
rotational speed of 180 rpm was applied to the collectors, which used a grating
to collect the fibers and form the mat without sticking to the collector. On the
other hand, an aluminum film was used when there were no fibers formation to
collect the residual polymer solution. The spinning process occurred at a
pressure of 30 psi, keeping the tip and the collector at a fixed distance of 20 cm

under a controlled atmosphere: T ~25 °C and relative humidity (RH) of 45-50%.

3.1.3 Characterization of CA-based mats

Formation of CA films or CA fibers was characterized by scanning
electron microscopy (SEM) using a JMS 6510 (JEOL®) microscope operated at
accelerating voltage of 15 kV. All samples were sputter-coated with gold using a
Leica EM SCDO050 device and attached to SEM copper stubs using carbon
strips. The diameter of the CA-PEO fibers was measured using the ImageJ 2.0

software (available at http://rsb.info.nih.gov/ij; by Wayne Rasband, National

Institutes of Health, Bethesda, MD, USA). Regression analysis was conducted
to assess the effects of PEO concentration, flow rate, and their interaction on
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the diameter of the CA-PEO fibers. Data were processed using the R 3.5.0
software. A significance level of 5% (p<0.05) was adopted for all statistical
analyses.

Interaction between CA and PEO was investigated using Fourier
transform infrared spectroscopy (FTIR). The spectra were obtained by means of
68 scans per sample using a Bruker Vertex 50 spectrometer with attenuated
total reflectance (ATR) operating between 4000-400 cm™ at 2 cm™ resolution.
Infrared (IR) spectra were normalized to the highest intensity peak using the
OriginPro® 8.0 software, considering the humidity control (50% H. R.).

A rheological test was performed to assess possible molecular
interactions between PEO-CA, CA-CA, and PEO-PEO in solution. The CA and
CA-PEO solutions were analyzed under oscillatory regime using an Anton-
Paar® Physica MCR 301 modular rheometer in a concentric-cylinder cup
system at 25 °C, 1-500 rad/s angular frequency, 1% constant deformation
(linear viscoelastic region). The PEO and acid solutions were analyzed under
the same conditions but using a Couette flow system because of their low

viscosity.

3.1.4 Preparation of ICCMs

First, deacetylation was carried out by swelling the CA-PEO fibers in
water for 24 h, followed by immersion of 100 mg of the CA-PEO mats in 50 ml
of alkaline hydroxides (LIOH, NaOH, or KOH): ethanol solution (0.5 N) for 4 h in
a Jeio® Tech stirrer at 180 rpm. The deacetylated ICCMs were removed from

the alkaline solution and dried at room temperature for 48 h.

3.1.5 Characterization of ICCMs

X-ray diffraction (XRD) analysis of the CA-PEO and ionic conductive
cellulose mats were performed on a Shimadzu® XRD 600 diffractometer using
CuKa radiation at 30 kV and 40 mA. Scattering radiation was detected in the 5—
45° 20 range at a scan rate of 1°/min. The specimens were prepared on glass

supports with the least rough sample to minimize the noise effect in the XRD
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analyses. The crystallinity index (CI) of the ICCMs was calculated following the

empirical method proposed by Segal et al. [177], according to Equation 3.1:

CI = (Ie-1a)/1x 100 Eqg. 3.1

where: Cl is the crystalline index; It is the total intensity of the crystalline
peak (020) for cellulose Il at 26=21.7°, and la is the amorphous intensity at
26=16°.

FTIR analyses of the CA-PEO and ICCMs were conducted to verify the
effectiveness of the deacetylation process using alkaline hydroxide solutions.
The same FTIR equipment and conditions employed to characterize the
cellulose acetate-based mats were used in these analyses.

Thermal stability investigation of CA-PEO and ICCMs was carried out
using a TGA-DSC-STA 449 F3 Jupiter® thermal analyzer under synthetic air
atmosphere (40 ml/min) up to 550 °C with a heating rate of 10 °C/min.

Roughness of the ICCMs was estimated by 3D profilometry using an
Ambios XP-Plus 200 Stylus profiler.

Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy
(SEM-EDS) analyses were performed to analyze the cellulose fibers and
estimate the Na* and K* ions content absorbed in the ICCMs using a Zeiss
Auriga Crossbeam microscope with carbon-coated samples. The diameter of
the cellulose fibers was also calculated using the ImageJ 2.0 software (available
at http://rsb.info.nih.gov/ij, by Wayne Rasband, National Institutes of Health,
Bethesda, MD, USA).

X-ray photoelectron spectroscopy (XPS) was performed to quantify the
Li* ions absorbed on the ICCMs on an AXIS Supra™ Kratos Analytical device.

Electrochemical characterization of the ICCMs was carried out at room
temperature (23 £2 °C and RH =40%) using a Gamry Instruments Reference

600 potentiostat coupled to a probe and gold plate configuration.
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3.1.6 Fabrication of FETs and inverters

A 35 nm-thick amorphous indium-gallium-zinc oxide (a-GIZO)
semiconducting layer (1:2:2 % mol-Ga203:1n203:Zn0O) was deposited by radio
frequency (RF) magnetron sputtering (AJA ORION system) on one side of the
ICCM. A degenerate semiconducting 200 nm-thick indium-zinc oxide (1ZO) film
(In203-Zn0O; 89.3: 10.7 wt%) was deposited by RF sputtering as part of the
bottom gate on the other side of the ICCM. Next, source/drain (S/D) aluminum
electrodes were deposited in the channel region by electron-beam evaporation
with aluminum film thickness of 200 nm using shadow masks, as illustrated in
Figure 3.2. A resistive load inverter was manufactured by drawing graphical
lines using an HB-2 pencil (Black’Peps, Maped) to define the load resistances.
The electrical connection between the drain electrode and the load resistance
were established using a rollerball silver conductive ink pen (Circuit Scribe).

GIZO
(channel)

Figure 3.2 — Schematic illustration about fabrication of FETs on ICCMs.

3.1.7 Characterization of the dielectric FETs and inverters

Field effect transistors in the flat (top) and folded (bottom) modes were
characterized at room temperature (23 +2 °C and RH =40%) in a dark box using
a micro-probing station (Cascade Microtech M150) connected to a

semiconductor parameter analyzer (Keysight B1500A) using the EasyEXPERT
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software. The bending tests were conducted under flexural inward and outward
deformation along the channel axis while varying the curvature radius from 45
to 15 mm. Between each inward and outward deformation cycle, the FETs were
characterized in the flat mode to investigate the effects after each bend radius
test. The dynamic electrical characterization of inverters at different frequencies
(0.1-3 Hz) was carried out using a Keysight B1500A analyzer coupled to a
Microtech M150 probing station and an oscilloscope (ISO-TECH IDS 8062).
The transistors were analyzed by optical microscopy (Olympus BX51).

3.2 LIGE from pineapple CNCs and CMC-based ink for ZnO UV sensors

3.2.1 Materials

Sodium carboxymethyl cellulose (CMC) (Mw=90,000) (Sigma-Aldrich,
USA); pineapple leaf fibers (PALFs) obtained from curaua (Ananas erectifolius)
supplied by the Brazilian Agricultural Research Corporation (Embrapa),
Embrapa Eastern Amazon; zinc oxide nanopowder <100 nm (Sigma-Aldrich,
USA), ethanol absolute, anhydrous (CARLO ERBA), sulfuric acid 98-100% v/v,
(Dindmica), hydrochloric acid 36-38% (Synth), hydrogen peroxide 34-36% v/v,
(Synth), NaOH 296% (Vetec™); tracing paper.

3.2.2 Delignification pretreatment of PALFs and CNCs extraction from
PALFs

In natura PALFs extracted from curaua were mercerized with NaOH 5
wt% at 60 °C and then bleached in a solution (1:1 v/v) containing NaOH 4 wt%
and hydrogen peroxide (H202) 24% (v/v) at 60 °C, as described by Claro et al.
[16,17].

The CNCs were extracted from bleached PALFs by acid hydrolysis in a
solution (2:1 v/v) containing sulfuric acid (H2SO4) 60% (v/v) and hydrochloric
acid (HCI) (36.5 wt%) at 45 °C, thus maintaining the thermal stability of the
sample due to the absence of sulfate on the fiber surface, as proposed by
Corréa et al. [15]. The CNCs were neutralized by dialysis tubing on cellulose
membranes (D9402, Sigma-Aldrich®) for 96 h.
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3.2.3 Fabrication of ZnO UV sensors with interdigital LIGE

Figure 3.3 shows an overview of the new approach proposed to obtain
interdigital LIGE for ZnO UV sensors using an Universal Laser System (ULS):
10.6 ym COz2, VLS 3.50 laser, 2.0" lens kit, 50.8 mm focal length, and 0.127 mm
beam diameter. The LIGE are composed of LIG obtained from CNCs and CMC-
based ink containing sodium (Na*) ions by varying the laser focus, laser power
and tip speed parameters. First, the CNCs were functionalized using
commercial spray-on fire retardant (BanFire) as reported in the literature for LIG
on cellulose fibers [105]. Next, the CNCs were compressed to 5 ton/min using a
manual hydraulic press (Specac), forming a 5 mm-thick CNC tablet. The laser
parameters used for obtaining LIG from the CNC tablet were investigated to
produce LIG with greater electrical conductivity. Aiming at the best parameters,
a laser beam with +1.1 mm (xF) defocus including the focal plane (OF) was
applied as a function of tip speed at 5.5, 5.8 and 6.0 cm/s using a 4 W laser
power, followed by varying the laser power between 3.5 and 4.5 W in relation to
the best focus condition as a function of tip speed. It is worth noting that
+1.1 mm (+F) defocus is the equipment limit so that the sample does not touch
the laser tip.

The LIG with the lowest sheet electrical resistance formed on the CNC
tablet was used to formulate the CMC-based ink dissolved in 50/50 v/v
water/ethanol mixture in the following CMC/LIG mass percent concentrations in
solution: 3/0 (LIG_0); 3/0.6 (LIG_0.6); 3/1.2 (LIG_1.2). CMC-based ink
interdigital electrodes with different LIG concentrations were drawn using a
brush and adhesive tape as a mask on a high-purity tracing paper as substrate.
The interdigital LIGE were designed with a 0.5 mm gap between 15 contacts
with 0.5 mm thickness and interconnection by main contacts of 30x10 mm
(length x width). When the ink is dry, the laser is passed on the ink electrodes to
produce more LIG from CMC. Also aiming at a greater conductivity of the CMC
graphene, the laser parameters for the CMC-based ink were investigated
following the same methodology applied for the CNC tablet. Aiming at the best
parameters for the CMC-based ink, a laser beam with +1.1 mm (£F) defocus

including the focal plane (OF) was applied as a function of tip speed at 7.6, 8.2
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and 8.9 cm/s using a 2.4 W laser power, followed by varying the laser power
between 2.3 and 2.5 W in relation to the best focus condition as a function of tip

speed.

Figure 3.3 - Overview of the new approach proposed to obtain interdigital LIGE
from pineapple CNCs and CMC-based ink by varying the laser focus, laser

power and tip speed parameters.

In addition, the tracing paper was oxidized to produce direct-written laser-
induced graphene electrodes (DLIGE) on paper substrate and compare them
with the LIGE obtained from CMC-based ink. Paper oxidation consisted in
converting primary cellulose hydroxyls into carboxyl acids using the TEMPO
catalyst [179]. An amount of 6.85 g of paper was submerged in 400 ml of
deionized water, followed by addition of 85.7 mg TEMPO and 0.857 g sodium
bromide (NaBr) in 12 ml of deionized water each. After that, the solution was
vigorously stirred for 1 h with addition of 36.46 g of sodium hypochlorite
(NaClO). Subsequently, the solution pH was adjusted to 10 during oxidation by
adding 1M NaOH solution, as reported in the literature [104,179]. Finally, after
1h, the paper was removed from the solution and left to dry at room

temperature.
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The oxidized paper underwent the same laser process in the same
equipment used for CNC and CMC, with 2.4 W laser power, 8.2 cm/s tip speed,
and +1.1 mm defocus in relation to the focal plane, varying only the number of
passes: one laser pass (Paper_P1) and two laser passes (Paper_P2) on the
paper surface, as proposed by Chyan et al. [105]. The same interdigital LIGE
dimensions applied to CMC-based ink were directly laser written on the paper
without a shadow mask.

The CMC-based ink with ZnO was prepared by completely dissolving 3
wt% CMC in water and adding 40 wt% ZnO nanoparticles under slow stirring.
The CMC-based ink with ZnO was deposited on all interdigital LIGE using the
screen-printing technique.

Aiming to calculate the sheet resistance for all formulations, 5x5 mm
squares were drawn and silver contacts were deposited at the opposite edges
of the square using a rollerball pen (Circuit Scribe) for electrical characterization

by needle contact.

3.2.4 Characterization of ZnO UV sensors

The structure of CNCs was analyzed by transmission electron
microscopy (TEM) using a FEI Magellan 400 L microscope. The LIG of CNCs
and LIGE of all formulations were characterized by scanning electron
microscopy (SEM) using a Carl Zeiss AURIGA® Cross Beam® to analyze their
profile and interface with the tracing paper substrate.

The physical properties of LIG obtained from CNC, CMC, and tracing
paper were characterized using a Renishaw Qontor Raman microscope with a
laser beam of 633 nm at 16 mW during 10s exposure time with five
accumulations to obtain the Raman spectra. Through characteristic Raman
spectra of graphene, the intensity ratio of the D and G bands (lo/lc) can be
determined to estimate the number of defects in LIG materials, where the D
band represents the graphene defects/folded graphene layers and the G band
represents the quality of graphitization induced by the carbon atom order
degree [180,181]. The l2p/lG ratio can also be measured by Raman spectra, and

indicates the number of graphene layers, where l2p corresponds to the 2D band
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that is related to phonons with opposite moment in the graphitic material and
suggests the formation of conductive crystalline graphene [182,183].

Sheet resistance (Rs) of all formulations was measured from the LIG
square (10x10 mm) with layer thickness (~1 mm) and the resistivity calculated
from the IV curves (from -1 to 1 V) obtained at room temperature (23 +2 °C, RH
=40%) in a dark box using a micro-probing station (Cascade Microtech M150)
connected to a semiconductor parameter analyzer (Keysight B1500A) using the
EasyEXPERT software.

Electrochemical characterization of the ZnO UV sensors was carried out
at room temperature (23 +2 °C, RH =40%) using a Gamry Instruments
Reference 600 potentiostat applying a 10 V constant voltage bias. Current vs
time curves were obtained by cyclically exposing the sensors, in a dark box, to
ultraviolet light (UV lamp, UVL-28 EL series) at 8 W power wavelength and
365 nm wavelength between 30-120 s periods. The responsivity (Rres) of the
ZnO UV sensors was estimated according to the Equation 3.2 [184]:

R,ps = ph-ldark Eq. 3.2

Pyv

where: lpnh and l¢ark are the magnitudes of the photocurrent and dark
current, respectively, and Puv is the power of the UV source.

Aiming to obtain flexible electronic devices, bending tests were
conducted under flexural inward (IN) and outward (OUT) deformation along the
channel axis while varying the curvature radius from 45 to 15 mm using metal
supports on the same potentiostat equipment.

It is important to note that all characterizations reported in the section 3

were performed after the samples conditioned to RH = 50%.
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4 RESULTS AND DISCUSSIONS

4.1 ICCM by SB-Spinning as substrate and dielectric “interstrate” layer
for flexible electronics

4.1.1 Design and engineering of CA-based mats by SB-Spinning

This first stage aims to demonstrate the results for ICCMs obtained by
SB-Spinning with subsequent deacetylation process applied as substrate and
dielectric “interstrate” layer for FETs and inverters.

Cellulose acetate and poly(ethylene oxide) defect-free fibers were
obtained by varying solution PEO concentration and flow rate in SB-Spinning,

as shown in the SEM micrographs in Figure 4.1.

Decrease PEO concentration (m /v %)
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Figure 4.1 - SEM micrographs evaluating the effect of PEO on CA fiber formation and
flow rate during the SB-Spinning process: (a) Neat CA_3.5; (b) Neat CA_7.0; (c) Neat
CA _10.0; (d) CA_PEO 0.04_3.5; () CA_PEO 0.04_7.0; (f) CA_PEO 0.04_10.0; (9)
CA_PEO 0.08_3.5; (h) CA_PEO 0.08_7.0; () CA_PEO 0.08_10.0; (j) CA_PEO
0.24 3.5; (k) CA_PEO 0.24_7.0; (I) CA_PEO 0.24_10.0; (m) CA_PEO 0.40_3.5; (n)
CA_PEO 0.40_7.0; and (0) CA_PEO 0.40_10.0.

The neat CA solution only formed films with particles in the aluminum
collector, as it can be observed in Figures 4.1a-c. Fiber formation began when
0.04 m/v% of PEO was added to the solution, but mostly film and particles
continued to be formed, as shown in Figures 4.1d-f. Increased PEO
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concentration assisted with formation of defect-free CA fibers (Figs. 4.1g-0),
and the minimum amount of 0.24 m/v% of PEO was needed to obtain well-
defined, defect-free CA-PEO fibers. In addition, it was not possible to observe
the effect of flow rate on the formation of CA-PEO fibers in the SEM
micrographs.

Furthermore, the type of sample formed (film or fiber) and the
differentiation in fiber diameter were evaluated by varying the flow rate and PEO
mass concentration (3 and 5 wt%) according to Table 4.1.

Table 4.1 - Type of CA-based sample formed after SB-Spinning and the respective
CA-PEO fiber diameter with PEO mass variation

Samples Type of sample Fiber diameter (nm)
Neat CA_3.5 Film -
Neat CA_7.0 Film -

Neat CA_10.0 Film -
CA_PEO 0.04_35 Film and low fiber production -
CA PEO0.04 7.0 Film and low fiber production -
CA_PEO 0.04_10.0 Film and low fiber production -
CA PEO 0.08 3.5 Defective fibers -
CA_PEO 0.08_7.0 Defective fibers -
CA PEO 0.08 10.0 Defective fibers -
CA_PEO 0.24_3.5 Defect-free fibers 385 +100
CA PEO0.24 7.0 Defect-free fibers 339173
CA_PEO 0.24_10.0 Defect-free fibers 314 +68
CA PEO 0.40_3.5 Defect-free fibers 615 £124
CA PEO 0.40_7.0 Defect-free fibers 645 £115
CA PEO 0.40_10.0 Defect-free fibers 667 £127

Statistical analyses showed that only PEO mass concentration had a
significant effect on the CA fiber diameter (p<0.001), as demonstrated by the
mean and standard deviation values described in Table 4.1. Therefore, in this
study, there was no significant effect on CA fiber diameter caused by flow rate
(p=0.450), or by the interaction between flow rate and PEO mass concentration
(p=0.182). Thus, a new regression model was adjusted considering only the
effect of PEO mass concentration and assuming a linear relationship. According

to the adjusted model, for each unit increase in PEO concentration, there is an
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increase of 113.3 nm in fiber diameter, considering R?2=0.77 and a model mean
error of 63.4 nm.

From the data obtained, physicochemical hypotheses were raised to
obtain CA-PEO fibers using the SB-Spinning method, as illustrated in Figure
4.2.

(@) Solution blow spinning (SB-Spinning)
Cone of polymer
Internal nozzle  solution |

Air

CA solution with il —(\
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Figure 4.2 - a) Schematic representation of the SB-Spinning technique. b) SEM image
of CA-PEO fibers. c¢) Possible interactions between CA and PEO during fiber formation,

whose strength may vary according to spin hypotheses.

Figure 4.2a shows a schematic representation of the SB-Spinning
method with formation of the polymeric solution cone and subsequent spinning
of the CA-PEO fibers with the aid of turbulent air flow between the nozzles with
mat deposition on the collector, and Fig. 4.2b highlights a microphotograph of
the CA-PEO fibers. From the fibers obtained, two hypotheses were raised for

spinning the solution containing CA-PEO, as shown in Figure 4.2c:
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1) PEO-PEO molecular interaction due to the size of PEO chains
(Mv=400 kDa) compared with that of CA chains (Mn=52 kDa),
according to the molecular entanglement theory;

2) the possible stronger chemical interactions between the PEO
oxygen and the oxygen contained in the acetate group, and the
possible weaker chemical interactions between the PEO oxygen
and the oxygen contained in the D-glucopyranose ring and in the
glycosidic bond.

In order to test the hypotheses raised, first, the CA-PEO chemical
interaction was investigated through the FTIR spectra for both the CA films and
the CA-PEO mats compared to PEO spectra, as illustrated in Figure 4.3.

A shift in the bands assigned to the acetate groups was observed with
varying PEO in the fiber composition, as also reported for the chitosan-collagen
system [183]. The greatest displacements induced by PEO were verified in the
C-O-C (12 cm-1) and C=0 (7 cm-1) stretching bands of the CA acetate groups
(Figs. 4.3c, d and e). In contrast, PEO interaction with the D-glucopyranose ring
and the glycosidic bond was less significant, since the shift in the corresponding
C-O-C vibration bands were only of 5 and 2 cm-1, respectively (see Figs. 4.3a,
b and e). The C-O-C group characteristic of PEO appears next to the glycosidic
group of CA, presenting a slight approximation between these bands with PEO

addition, as shown in Figure 4.3b.
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Figure 4.3 - FTIR spectra for PEO groups and CA groups that interact with
PEO: (a) C-O-C from D-glucopyranose ring; (b) C-O-C from glycosidic bond; (c)
C-O-C from acetate group; (d) C=0 from acetate group; (e) arrangement of the

groups in the cellobiose monomer.
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In order to prove the two interaction hypotheses (PEO-PEO and CA-
PEO), Figure 4.4 shows the rheological data for neat CA, CA-PEO and neat

PEO solutions.
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Figure 4.4 - Rheological diagrams of CA and CA_PEO solutions: (a) storage
modulus (G')/loss modulus (G"); (b) complex viscosity (n*). Rheological
diagrams of PEO and solvents: (c) G'/G"; (d) n*.

The increase in PEO concentration caused a decrease in the angular
frequency at which the cross-over point of storage modulus (G') and loss
modulus (G") occurs for both CA-PEO system and PEO, as shown in Figures

4.4a and 4.4c, respectively. In addition, an increase in complex viscosity (n*)
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occurs for both CA-PEO system and PEO, as illustrated in Figures 4.4b and
4.4d, respectively. These observations indicate the CA-PEO and PEO-PEO
molecular interactions [185], which would allow stretching of the chains to
maintain adhesion and form defect-free fibers through the SB-Spinning process
[186,187]. An empirical relationship has been established between the
rheological properties and electrospinning process for fibers of linear and
branched poly(ethylene terephthalate-co-ethylene isophthalate) (PET-co-PEl),
where the polymer concentration required for electrospinning decreases with
increasing the entanglement concentration (Ce) [188,189].

Aiming at a better understanding of the PEO chains in the formation of
defect-free CA fibers, the PEO solutions without CA were spun using the same
parameters as the samples of defect-free CA fibers. Morphology of the neat
PEO spun is shown in Figure 4.5.

Decrease PEO concentration ( m / v %)
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Figure 4.5 - Micrographs of pure PEO spun: (a) PEO 0.24_3.4; (b) PEO 0.24_7.0; (c)
PEO 0.24_10.0; (d) PEO 0.40_3.5; | PEO 0.40_7.0; and (f) PEO 0.40_10.0.

The results revealed that no fibers were formed at the PEO_0.24
concentration, as shown in Figures 4.5a, 4.5b and 4.5c. In contrast, by

increasing the PEO concentration, the PEO_0.4 samples presented formation
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of PEO fibers without CA, indicating that PEO molecules with size Mv=400 kDa
interact with each other in the absence of CA molecules and form fibers (Figs.
4.5d, 4.5e and 4.5f).

From the CA-PEO fibers formed, the CA_PEO_0.24 sample obtained at
a flow rate of 10 ml/h was chosen for further studies because it produced a
freestanding flexible mat with a larger number of fibers during 1 h, and this mat
was well-defined, with smaller fiber diameter, and larger surface area for

deacetylation reaction compared with the other mats.

4.1.2 Characterization of ICCMs

The optimized CA-PEO mat was deacetylated in alkali hydroxide solution
in ethanol. Different alkali hydroxides were used to allow incorporation of
alkaline ionic species (Li*, Na*, and K*) that assist with the water retention
process inside the cellulose mats (LIOH_mat, NaOH_mat, and KOH_mat,
respectively) and are responsible for their improved electrochemical behavior
[10].

Complete deacetylation of the CA-PEO fibers was confirmed by FTIR

measurements, as shown in Figure 4.6.
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Figure 4.6 - FTIR spectra of CA-PEO mat before and after deacetylation using
LiOH, KOH, and NaOH.
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Disappearance of the bands related to the C=0 (1735 cm) and C-O-C
(1226 cm) groups, which are characteristic of acetate group, and the
increased intensity (3360 cm) of the bands characteristic to the OH group
indicate the effective deacetylation of the mat using the three types of alkaline
solutions, as previously reported for regenerated cellulose mats obtained by
electrospinning [149,190]. The KOH_mat presented the highest band intensity
related to the OH group, whereas the NaOH_mat spectrum showed the lowest
band intensity, indicating the hypothetical effects of the alkali hydroxides on the
degree of deacetylation and/or the amount of water adsorbed on the ICCMs
[191].

Thermal stability of the CA-PEO mat before and after deacetylation was
assessed by TGA, as illustrated in Figure 4.7.
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Figure 4.7 - TGA and derivative thermal gravimetry (DTG) of the CA-PEO mat
before the deacetylation process and of the ICCMs after deacetylation using
LiOH, KOH, and NaOH.

Regardless of the alkali hydroxides used in deacetylation, the different
ICCMs showed very similar thermal behavior. The ICCMs presented an initial
weight loss of nearly 5% up to 100 °C, which was associated with water vapor

desorption. The KOH_mat showed the largest amount of desorbed water (5.73
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wt%), followed by the LIOH_mat (5.25 wt%), and the NaOH_mat (4.58 wt%),
with values compatible with the FTIR spectra. The ICCMs were thermally stable
up to =270 °C, presenting the following onset temperature of thermal
degradation (Tonset): LIOH_mat (277 °C), NaOH_mat (273 °C) and KOH_mat
(262 °C), and variation of =15 °C at the cellulose Tonset in relation to the ionic
salts used in the deacetylation process. In addition, the deacetylation process
reduced the thermal stability of the ICCMs by =35 °C compared with the Tonset Of
the CA-PEO mat (315 °C), and produced cellulose fibers that were more
hydrophilic than the CA-PEO fibers (1.12 wt% of desorbed water). The
characteristic thermal degradation peak for PEO at -210 °C [192] appeared only
in the CA-PEO mat curve, indicating a possible removal of this additive during
the deacetylation process. A marked weight loss occurs at higher temperatures
due to the decomposition of cellulose [69] and CA [193].

Moreover, deacetylation induced recrystallization of the cellulose fibers,

as observed in the XRD diagrams presented in Figure 4.8.
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Figure 4.8 - XRD diagrams of CA-PEO mat before and after deacetylation using
LiOH, KOH, and NaOH in ethanol solution.

Because the CA-PEO mat is totally amorphous, the deacetylation

process resulted in regenerated crystalline cellulose fibers that showed
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characteristic peaks at 26=12.5° (110), 26=20° (110) and 26=22° (020),
corroborating the results reported by French [194]. The ICCMs presented the
following Segal crystallinity indexes [195]: LIOH_mat (30%), NaOH_mat (23%),
and KOH_mat (21%), indicating a direct relationship between the crystallinity
index and cation radius, and an almost inverse relationship between the
crystallinity index and the water adsorption proposed in the TGA and FTIR
results. Nevertheless, the greater thermal stability of the amorphous CA related
to the regenerated crystalline cellulose fibers may be associated with the effect
of the chemical deacetylation process on cellulose degradation, which the
residual cation affects the thermal stability of polysaccharides [196].

The hypothesis raised in the TGA for the possible removal of PEO during
deacetylation was confirmed by the morphological changes observed on the
surface of the CA-PEO fibers immersed only in water for 4 h, as reported in the

literature on PEO solubility in water [197], and shown in Figure 4.9.

\

Figure 4.9 - SEM micrographs of CA-PEO fibers before and after water
immersion: (&) CA_PEO 0.24_before; (b) CA_PEO 0.24_after; (c) CA_PEO
0.40_before; (d) CA_PEO 0.40_after.

Alkali hydroxides in aqueous medium had an even greater influence on
the diameter and morphology of the ICCM fibers compared with those of the

fibers immersed only in water, possibly removing the surface PEO from these
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fibers, as illustrated in Figure 4.10. Figure 4.10 also shows the XPS and EDS
results for verification of the salt ions infiltrated in the fibers and the profile

analysis for assessment of roughness and specific surface defects.
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Figure 4.10 - Influence of the alkali hydroxides on the surface properties of the
ICCMs: (a) SEM images of (a) LIOH_mat, (d) NaOH_mat, and (g) KOH_mat. (b)
XPS of LIOH_mat. EDS mapping, where purple is carbon, blue is oxygen, and
yellow is the metallic ions of () NaOH_mat and (h) KOH_mat. 3D profile for (c)
LIOH_mat, (f) NaOH_mat, and (i) KOH_mat with color scale bar roughness
intensity.

The NaOH_mat exhibited the largest diameter of cellulose fibers,
reaching 524 +103 nm, compared with those of the LIOH_mat (314 41 nm)
and KOH_mat (345 £53 nm), which maintained the diameter of the cellulose
fibers similar to that of the CA-PEO fibers before the deacetylation process
(Figs. 4.10a, d and g). In addition, the LiOH_mat showed a partial rupture of the
fibers, indicating a possible dissolution of cellulose due to the alkali hydroxide
[198], as shown by the narrow straight lines in Figure 4.10a. XPS and EDS
analyses confirmed an uniform incorporation of alkaline ionic species along the
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fibers (Figs. 4.10b, e and h). The NaOH_mat presented the smallest root mean
square (RMS) surface roughness (7.7 pm) with uniform 3D profile topography,
followed by KOH_mat (16.9 um) and LIOH_mat (19.6 um). The roughness and
homogeneity of the NaOH_mat surface may be associated with the larger
diameter of the cellulose fibers, making the ICCM more compact, whereas the
roughness and heterogeneity of the LIOH_mat surface may be associated with
the partial rupture of the cellulose fibers.

Electrochemical response of the ICCMs was assessed by
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV)

using a typical capacitor structure (Al/ICCM/AI), as shown in Figure 4.11.
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Figure 4.11 - (a) Schematic representation of the electrochemical cell with the
ICCM. (b) Capacitance and phase angle vs. frequency for the LiOH, NaOH and
KOH cellulose mats and their respective (c) Nyquist plots (inset: ionic
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conductivity for each ICCM). (d) Cyclic voltammetry (CV) measurements of the
LiOH, NaOH and KOH cellulose mats from -3 to 3 V at 400 mV/s.

The capacitance-frequency measurements and their respective Nyquist
plots are presented in Figures 4.11b-c. The capacitance of the ICCMs
increased for low frequencies due to formation of EDLs in the dielectric-metal
interfaces formed by mobile ionic species within the cellulose matrix. The
ICCMs show a capacitive regime varying between 60 Hz (KOH_mat) and 0.3
Hz (NaOH_mat) for phase angle <45 °, which is consistent with the literature
[73,199,200]. The ICCM deacetylated with KOH exhibited capacitive behavior
over a wider frequency range (60-0.2 Hz) than those deacetylated with LiOH
and NaOH, reaching a capacitance value of 82 nF cm? at the minimum phase
angle located at 5 Hz. LIOH_mat and NaOH_mat showed capacitance values of
32 and 300 nF cm?, respectively, at the minimum phase angle, evidencing the
effect of the alkaline cations on EDL formation and capacitance values.

lonic conductivity (o) of the ICCMs was determined according to

Equation 4.1:

o= — Eq. 4.1

A(R=R,)

in where | is the thickness of the ICCMs; A is the surface area of each
aluminum electrode deposited on the cellulose mat, which corresponds to
1 mm? (Fig. 4.11a); R is the mass electrical resistance and Ro is the electrode
resistance, both determined through the Cole—Cole plot [11,200,201] shown in
Fig. 4.11c, with values presented in Table 4.2.

Table 4.2 - Detailed information on the thickness, R and R, of each ICCM

ICCM Thickness (um) R (MQ) Ro (MQ)
LIOH_mat 83 +11 5.014 +0.032 0.005 +0.001
NaOH_mat 106 +23 2.819 +0.410 0.004 +0.001

KOH_mat 717 0.035 +0.005 0.004 +0.001
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The KOH_mat showed the highest ionic conductivity, reaching
21.60+0.39 uS cm?, followed by NaOH_mat (oi=0.26+0.01 puS cm?) and
LiOH_mat (oi = 0.13+£0.03 uS cm™). In Figure 4.11d, stronger hysteresis can be
observed for the KOH_mat, with polarity reversal in the charge current.
Compared with the LIOH and NaOH mats, the KOH infiltrate exhibited a more
complete charging of the aluminum electrodes [202].

The higher values of ionic conductivity and CV behavior of the KOH_mat
may be associated with the greater amount of water infiltrating its structure,
forming a hydrolyzed shell, as indicated in by FTIR and TGA. The presence of
water assists with ionic conductivity [10], favoring the formation of EDLs as a
result of water dissociation, providing the fibrillar structure with H* and OH" ions
[203]. In addition, the roughness, structure homogeneity and fiber diameter of
the ICCMs proposed in the 3D profile can also affect the ionic conductivity and
formation of EDLs on NaOH_mat and LIOH_mat, as previously reported for
smooth and compact micro- and nano-fibrillated cellulose paper [11]. In other
words, the previously listed results suggest that water and type of alkaline ions
are main factors that determine the electrochemical properties of the ICCMs.

Thus, the ICCMs exhibit suitable electrochemical properties to be applied

simultaneously as solid-state electrolyte and substrate for flexible electronics.

4.1.3 Electrical performance of ICCMs as dielectric and substrate in
oxide-based FETs

Figure 4.12 shows the FETs on the ICCMs and the results obtained from

the transistors according to the types of ions infiltrated in the fibers.

Figure 4.12 - (a) Optical photomicrograph of a transistor. ICCM as "interstrate"
layer in a FET: (b) photograph and (c) schematic illustration. (d) Influence of salt
ions on cyclic transfer characteristic curves of the FETs, where solid and
dashed lines correspond to drain (Ios) and leakage (Ics) currents, respectively.
The output curves with purple arrows represent the sweep direction for each
ionic salt: (e) LiOH; (f) NaOH, and (g) KOH.
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Figures 4.12a-c shows a schematic representation and optical images of
the GIZO FETs fabricated on ICCM as ‘"interstrate” layer. The GIZO
semiconducting channel and the Al electrodes were designed using shadow
masks with channel width (W) of 1500 um and channel length (L) of 150 pum
(W/L=10). The cyclic transfer characteristic curves (Ips-Ves) and the respective
output voltage curves (Ibs-Vbs) are shown in Figures 4.12d-g. Electrical
parameters including ON/OFF current modulation (lon/orFr), activation voltage
(Von), transconductance (gm=dlps/dVes), subthreshold slope (Ss), and saturation

mobility (1sar) were determined in the forward scan direction in the saturation
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regime (Vbs=2V). The last two parameters were determined according to

Equations 4.2 and 4.3, respectively:

-1
SS = (% ) (Eq. 4.2)
Ves lmax
2
I 2L
MUsar = (—avgj) e (Eq. 4.3)

Where: Ips is the drain current, Ves is the gate voltage, C is the
capacitance of the ICCM, and W (~1500 pum) and L (~150 um) are the width
and length of the channel, respectively.

The FETs presented a typical n type behavior, low operating voltage (<2
V) in the ON state for Ves<0 V, high Ips of up to 30 pA for Ves=2 V, and gate
leakage current between 10° and 1078 A. The values extracted from the

characteristic curves of the FETs are described in the Table 4.3.

Table 4.3 - Electrical parameters of GIZO FETs fabricated on distinct ICCMs
applied as ‘“interstrate” layer. The values show the mean and respective
standard error of the mean obtained from ten devices.

ICCM Von (V)  lonorr (x103)  gm (US) Ss (V/dec) psat (cm?Vist)

LIOH_mat -0.2+0.2 0.84+0.06 9.0+0.1 0.37+0.03 22.8+2.8
NaOH_mat -1.4+0.3 0.22+0.15 2.6+0.1 0.64+0.12 3.9+0.8
KOH_mat -0.2+0.1 1.30#0.10 9.6+0.1 0.23+0.01 13.9+0.1

The electrical parameters described in Table 4.3 indicate that the LiOH
and KOH FETs showed useful characteristics, whereas the performance of the
NaOH FET presented a distinct characteristic. The KOH FETs showed slightly
better performance than the LIOH FETSs, with greater electrical modulation of
three orders of magnitude, higher gm that reached nearly 10 uS, Ss lower than
0.3V dec?, and intermediate psa (14 cm? V-1 s1). Performance of the KOH
FETs was similar to those of the GIZO FETs fabricated on office paper
(lonjorr=103-10%;, Ss=0.8 V dec?) [74] and considerably inferior to that on
nanopaper (lonorr=10%-10% Ss=2V dec?) [72]. In contrast, the NaOH_mat
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FETs showed a shift in cyclic transfer characteristics, with apparently higher Ss,
lower psat, and higher |les| current compared with the values of the LIOH_mat
and KOH_mat transistors (Fig. 4.12d and Table 4.3). In addition, the output
voltage curves of the NaOH_mat FETs presented higher Ips values compared
with those of transistors fabricated on LIOH_mat and KOH_mat, which showed
similar Ips values, as illustrated in Figures 4.12e-g. The performance of the
NaOH FETs may be associated with formation of EDL at lower frequencies,
even if the larger contact surface between the fibers promotes smaller defects
on the NaOH_mat (Figure 4.10).

According to our analysis of the NaOH_mat FET, the greater contact
between the fibers probably enables the occurrence of a high gate leakage
current. This event is dominated by the displacement in current, that is, a
current that flows to the electrode through the external circuit when the ions are
displaced to the mat interface to form the EDLs. Higher contact between the
fibers means that ionic displacement may occur not only in the fibers, but also
between them. This results in a greater ionic current flow within the mat when
EDLs are formed and, consequently, greater current flow through the external
circuit to compensate for it. Thus, the lorr current of the transistor is limited by
the lgs current, which is dominated by the ionic current. As a result, the Ss ends
up being affected by the higher lorr current. In addition, the higher intensity of
the Ibs current ends up being a result of the lower surface roughness of the
NaOH_mat, thus allowing better formation of the GIZO film on the fibers.

The KOH_mat transistors maintained their functionality in the bending
mode with up to 15 mm in-plane radius, and stopped functioning at 15 mm out-
plane radius and after 15 mm bending radius on the flat mode after bending, as

shown in Figure 4.13.
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Figure 4.13 - Influence of ICCM in- and out-plane bending radius on the cyclic

transfer characteristic curves of FETs, where solid and dashed lines correspond

to drain (Ios) and leakage (les) currents, respectively: (a) 45 mm, (b) 25 mm,
and (c) 15 mm.

Von, lon/orr and Ss values increased slightly in the bending radius of

45 mm and were maintained close to the initial values in the flat mode until the

bending radius of 15 mm, as described in Figure 4.14.
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In contrast, the psar and gm values reduced with bending radius and did
not recover in the flat mode until the FETs stopped functioning completely at the
bending radius of 15 mm, as illustrated in Figure 4.13. Different Von, lonorr and
gm Vvalues were observed in the flat mode after bending and the in- and out-
plane bending modes. Therefore, FET performance may be hindered by
modifying the structural network of cellulose fibers [204] and by cracks in the
FET components after bending [205], as observed for cracks on the 1ZO films
deposited on the ICCM fibers in Figure 4.15.

(a) Flat mode

Figure 4.15 - 1ZO-covered ICCM: (a) flat mode and (b) bending mat at 15 mm
radius with 1ZO cracks indicated by white circles.

4.1.4 Electrical performance of ICCMs as dielectric and substrate in
pencil-drawn resistor-loaded inverters

Considering the performance of the GIZO FETs fabricated on the
KOH_mat, these devices were integrated into resistor-loaded inverters as a
proof of concept for integration of microelectronic devices simply by drawing
graphitic tracks using a pencil that will define the load resistance (RL), as shown
in Figure 4.16.
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Figure 4.16 - (a) Photograph of ICCM as dielectric and substrate in pencil-
drawn resistor-loaded inverters. (b) Schematic representation and photograph
of KOH_mat as "interstrate" layer in an inverter. (c) Voltage transfer curve of the
inverter on KOH_mat with a schematic representation of the circuit. Dynamic
electrical characterization of the inverter on KOH_mat at 0.2 Hz using two
resistances: (d) 1.5 MQ and (e) 600 kQ.

The electrical connections between the FET and the pencil-drawn
resistors are standardized using a commercial rollerball silver conductive ink
pen (Circuit Scribe). Figure 4.16b shows the schematic representation of this
inverter.

Figures 4.16a-b show the schematic representation and photograph of
the device, where two electrical resistances (600 kQ and 1.5 MQ) were drawn

on the mat surface using an HB 2 pencil. These resistances were connected to
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the FET electrodes using a rollerball silver conductive ink pen. The resistive
load inverter showed the greatest gain of almost 2 at Vin=1.7 V and Vour=1.8 V
for a resistance of 1.5 MQ, indicating that the increase in RL causes a greater
inverter gain, as illustrated in Figure 4.16c. The dynamic electrical
characterization of the inverter indicated good dynamic performance of Vour in
response to the 0.2 Hz Vin pulses for both RL values, as shown in Figures
4.16d-e. The dynamic response showed a decrease in charge/discharge from 1
to 3 Hz associated with the mobility capacity of the ions to form the EDL [206],
as demonstrated in Appendix A. The increase in resistance also slightly
decreases the dynamic response of the inverter up to a maximum operating

frequency of 3 Hz.

4.2 LIGE from pineapple CNCs and CMC-based ink for flexible ZnO UV
sensors
4.2.1 LIG obtained from pineapple CNCs

Aiming not only at the application of cellulose as a substrate and
dielectric, this second approach shows the results obtained from LIG applied as
an electrode in ZnO UV sensors obtained from the CNCs of the PALFs with
subsequent formulation of CMC-based, obtaining more LIG from CMC.

Initially, a study on the laser parameters was carried out to obtain the
most conductive LIG from pineapple CNCs to formulate CMC-based inks to be
applied as electrode in UV ZnO sensors. Figure 4.17 shows images of different
colors on the CNC tablets before and after laser passing, as well as the
nanostructures of the CNCs before and after laser passing, indicating a possible
LIG formation on these materials by varying the laser focus, laser power and tip

speed parameters.
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Figure 4.17 - LIG obtained from pineapple CNC tablet. (a) Photograph of CNC
tablet before laser passing and photographs of several LIG on CNC tablet,
varying laser focus, laser power, and tip speed. (b) CNC “whiskers” before laser

passing and circular LIG nanoparticles after laser passing.

All CNC tablets darkened after laser passing, indicating possible LIG
formation on the surface of all samples, as shown in Figure 4.17a. The samples
obtained using a laser beam defocus of +1.1 mm became even darker than
those produced under other conditions, indicating the possible formation of a
greater amount of LIG for this condition. The CNCs extracted from the PALFs
presented a shape similar to "whiskers", with crystallinity index >90% [15],
34 +5 nm diameter, and 400 + 100 nm length [16,17]. After laser passing on the
CNC tablets, the laser beam modified the “whiskers” shape of the CNCs,
forming possible circular LIG nanopatrticles, as illustrated in Figure 4.17b.

Formation of LIG from CNC tablets under each laser condition is

confirmed by the respective Raman spectra, as shown in Figure 4.18.
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Figure 4.18 - Raman spectra of LIG synthesized from CNC tablet, varying laser

focus, tip speed (S), and laser power (P).

The Raman spectra confirmed the formation of LIG nanoparticles from
CNC under all laser parameter conditions, indicating by the D (=1318 cmt) and
G (=1574 cm™?) bands, characteristic of LIG,

Variation in the Io/lc and l2p/le ratios, and full width at half maximum
(FWHM) values in relation to the G band of each Raman spectrum laser

condition are represented in Figure 4.19.
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Figure 4.19 - (a) le/lo and l2o/lc ratios with laser focus (0O/0 +1.1 mm, A/A at
focus, O -1.1 mm) (5</% +1.1 mm), laser speed, and laser power. (b) FWHM
values for the G band in relation to with laser focus (O +1.1 mm, A at focus, O-

1.1 mm) (3¢ +1.1 mm), laser speed, and laser power.

Variations in the Ip/lc and I2o/lc ratios after appearance of the 2D (=2645
cml) band for some conditions indicate the effect of the laser parameters on
the physical characteristics of LIG synthesized from CNC tablets, as illustrated
in Figure 4.19a. FWHM values of the G band also varied with varying the laser
parameters, indicating the physical changes in the LIG obtained from CNC
[105], as it can be observed in Figure 4.19b.

Aiming to observe the electrical conduction of this formed LIG and
correlate it with the color and Raman spectra, the sheet resistance values of the
different structures formed using the laser parameters are described in Figure
4.20.
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Figure 4.20 - LIG obtained from pineapple CNC tablet. Sheet resistance of LIG
as a function of (a) tip speed and laser focus at constant laser power, and (b)

laser power at constant laser focus and tip speed.

All samples presented sheet resistance values smaller than those of the
no laser CNC tablets, which demonstrates that the formed LIG has different
electrical conductivities in relation to the laser parameters (Figs 4.20a,b).

After laser passing with beam defocus of +1.1 mm, the LIG layers formed
on the CNC tablets became darker and showed smaller sheet resistance
compared with the other samples. These samples also showed 2D and D+D’
(=2888 cm) bands, indicating formation of conductive crystalline LIG [96] and
showing the real disordered material that composes this LIG [207,208],
respectively. In addition, the LIG obtained using a laser beam defocus of
+1.1 mm presented l2p/lc <2 and Io/lc >1, indicating predominance of graphene
multilayers containing defects [159] and small crystallites [209]. Smaller FWHM
values for the G band as also observed to higher electrical conductivity LIG
obtained from CNF [104].

The samples subjected to laser passing using the -1.1 mm defocus point
and the focus point presented brownish (hazel) color and high sheet resistance.
In this case, only the D and G bands appeared, indicating the absence of
conductive crystalline graphene. Ip/lc <1 indicates the formation smaller defects
for these conditions [209]. Variation in laser power and tip speed had less
influence on sheet resistance, as well as on the appearance of the 2D and D+D'

bands. The Ip/lc ratios also showed no dependence on laser power and tip
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speed, indicating a greater effect of the laser focus on electrical conductivity
and type of LIG formed.

After laser passing with beam defocus of +1.1 mm, laser power of 4 W,
and tip speed of 5.8 cm/s, the CNC tablets showed lower sheet resistance
(=800 Q/sqg.) compared with the values of the other samples, suggesting that
these were the best conditions to obtain LIG from CNC extracted from PALF.
Therefore, these conditions were chosen to formulate the CMC-based ink.

4.2.2 LIGE obtained from CMC-based ink containing LIG from PALFs

Based on the LIG obtained from the CNC, two CMC-based ink
formulations were prepared (LIG 0.6 and LIG_1.2), as well as a sample
containing only CMC (LIG_0) in which the same parameters used for the CNC
tablets to synthesize more LIG from CMC were investigated. The best condition
for each ink composition containing LIG from CNC was chosen as the electrode
used to fabricate the UV ZnO sensors.

The LIGE formed from the CMC-based ink formulations containing
different concentrations of LIG from CNC were analyzed as a function of color
and morphology of the induced microstructure, as shown in Figure 4.21 and

Appendix B.
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Figure 4.21 - LIGE synthetized from CMC-based ink containing LIG from CNC.
(a) Photographs of LIG_0O, LIG_0.6 and LIG_1.2 before and after laser passing,
varying laser focus, tip speed, and laser power. (b) Photomicrographs of LIG_0,
LIG 0.6 and LIG_ 1.2 before and after laser passing (white scale bar of
100 pm).

Variations in the laser beam focus and amount of LIG added to CMC-
based ink formulation affected the final apparent color of the material after laser
passing, with darker color suggesting that more graphene was synthetized, as it
can be observed in Figure 4.21a. The more effective microstructural change
undergone by the material is another indication of LIGE formation, as shown in
Figure 4.21b and Appendix B.

The physical characteristics of the LIGE formed after laser passing on
the ink were also investigated by Raman spectroscopy, similarly to the LIG
obtained from the CNCs, as illustrated in Figure 4.22.
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Figure 4.22 - LIGE synthetized from CMC-based ink containing LIG from CNC.
Raman spectra of LIGE, varying laser focus, tip speed (S) and laser power (P),
from the following LIG compositions: (a) LIG_0, (b) LIG_0.6, and (c) LIG_1.2.

Raman spectroscopy confirmed the formation of LIGE from CMC-based

ink containing LIG in relation to color and microstructural changes with intensity
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variation of the D, G, 2D and D + D' bands, as illustrated in Figures 4.22a-c.
The respective Io/lc and lzp/l ratios, and FWHM values in relation to the G

band of each Raman spectrum laser condition are represented in Figure 4.23.
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Figure 4.23 — Ic/lb and l2o/lG ratios with laser focus (O/0 +1.1 mm, A/A
at focus, O/O -1.1 mm) (¥/5 +1.1 mm), laser speed, and laser power from the
following LIG compositions: (a) LIG_0; (b) LIG_0.6 and (c¢) LIG_1.2. FWHM
values for the G band in relation to laser focus (O +1.1 mm, A at focus, O-
1.1 mm) (5 +1.1 mm), laser speed, and laser power from the following LIG

composition: (d) LIG_O; (e) LIG_0.6 and (f) LIG_1.2.
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Intensity variation of the D, G and 2G bands also indicates a change in
the type of LIGE formed in relation to the amount of LIG added to the ink and
changes in laser parameters, as shown in Figures 4.23a-c. The same variations

were also found for the FWHM values of the G band, as it can be observed in

Figures 4.23d-f.
The laser parameter variations and the sheet resistance values of all

CMC-based inks obtained in the different LIG compositions were measured to
correlate the physical and morphological properties with the electrical properties

of the ink, as illustrated in Figure 4.24.

LIG_0

(a) 10" No laser -1,4 mm Atfocus (d)10‘5{ +1.1 mm
‘%‘1012 ﬁum!!!!!@:::::mm g‘ 107] g eeeeee S~ O
-1 +1.1mm 2 4
@ 10° @ 10°
= @ I
£ r
g 10° g 10°
o 10° o 10°
76 8.2 8.9 23 2.4 25
Speed (cm /s) @2.4 W Power (W) @8.2 cm / s
LIG_0.6
(b) 10" (e) 1o} ' ]
D10 °) !
e 1012 No laser @ 1012
% , (?1 .................... @) g i
=1. 9
» 10 mm At focus/A\ » 10 |
E 10° ) ’ E 10° +1.1 mm ]
gw 10° élllllsulm: .......... & gm B + SETTTTO o ceenes T 1
3 #1amm ] o 10 ]
7.6 8.2 8.9 2.3 2.4 2.5
Speed (cm /s) @2.4 W Power (W) @8.2¢cm /s
LIG_1.2
() 10" () 107 ' ' '
—_ F _
% 10"’} Nolaser 44 mm z 1012E
S IM cecececscf) srennccsces 3
g 107K ceeeeenen Q ........... g g 109: ;1 mm
E 6{At focus .3 E 5{ .....
= 10°F ettt £ 107} '-.*
<IN PRI a o I W,
— 107f@ 2 10° R
14 :+1.1 mm 4 ‘ J ‘
7.6 8.2 8.9 2.3 2.4 25
Speed (cm /s) @2.4 W Power (W) @8.2cm/s

Figure 4.24 - Sheet resistance of LIGE as a function of tip speed and laser
focus at constant laser power: (a) LIG_O, (b) LIG_0.6, and (c) LIG_1.2. Sheet
resistance as a function of laser power at constant laser focus and tip speed: (d)

LIG_O, (e) LIG_0.6, and (f) LIG_1.2.
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The final material presented a wide variation in sheet resistance with
modification of LIG composition in the ink and laser beam focus in relation to tip
speed, as evidenced in Figures 4.24a-c. In addition, sheet resistance showed a
slight variation in relation to laser power, as that observed for CNC (Figs. 4.24d-
f). It is worth mentioning that the samples containing LIG before laser passing
presented high sheet resistance (=102 Q/sq.) despite their darker color,
appearance of Raman D, G and 2G bands and lower FWHM values. The higher
sheet resistance values found for the no laser samples containing LIG are
possibly due to the dispersed graphene embedded in a non-conductive CMC
matrix, as it can be observed in the photomicrographs of the no laser samples
(Appendix B).

The LIG_0.6 formulation after laser passing with beam defocus of
+1.1 mm presented sheet resistance values lower than those of the other
formulations, suggesting that this was the ideal parameter condition for
obtaining LIGE (Figs 4.24b and e). The LIG_0.6 formulation showed lower LIGE
sheet resistance (=5.5 kQ /sq.) for the condition with laser beam defocus of
+1.1 mm, laser power of 2.4 W, and tip speed of 8.2cm/s. The greater
microstructural changes, lower values of FWHM for the G band and Io/lc = 1 are
physical characteristics similar to those reported for the lower resistive LIG
obtained from wood [159].

The LIG_1.2 sample exhibited low LIGE sheet resistance (=12 kQ / sq.)
for the condition with laser bean defocus of +1.1 mm, laser power of 2.5 W, and
tip speed of 8.2cm/s (Figs 4.24c and f). The Raman band intensities
characteristic of the LIG_1.2 graphene sample obtained from the optimized
laser parameters, as well as its microstructures, were quite similar to those of
the ideal LIG_0.6 sample.

The LIGE with lower sheet resistance values presented defects and
conductive crystalline graphene and more substantial microstructural changes
compared with those of samples before laser passing. Moreover, the LIG 0
formulation did not show expressive microstructural changes compared with the
no laser sample and relevant variation in sheet resistance with modification of

the laser parameters (Figs. 4.24a, d), which demonstrate the common
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dependence between the LIG from CNC and the LIG synthetized from CMC-
based ink to obtain the low sheet resistance LIGE.

Based on the data obtained, only two types of LIGE were chosen to
fabricate the ZnO UV sensors: LIGE_0.6 from LIG_0.6 and LIGE_1.2 from

LIG_1.2, both with the lowest sheet resistance values obtained from the

optimized laser parameters.

4.2.3 DLIGE on tracing paper surface

To compare the LIGEs, the DLIGE were synthesized on oxidized tracing
paper. Properties of the DLIGE were assessed according to their Raman
spectra and sheet resistance values by varying the number of laser passes on

the paper surface, as shown in Figure 4.25.
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Figure 4.25 - LIG on tracing paper surface: (a) paper sheet resistance before
laser passing and DLIGE sheet resistance as a function of the number of laser
passes at 2.4 W laser power, 5.8 cm/s tip speed, and +1.1 mm defocus. The
photographs highlight the DLIGE squares drawn from the first (Paper_P1) and
second (Paper_P2) laser passes; (b) Raman spectra of DLIGE from each laser

pass; and (c) le/lo and l2o/lc ratios and FWHM values of the G band in relation

to the laser passes.

The laser passes clearly decreased the DLIGE sheet resistance, which
reached values as low as =10 kQ/sq - quite similar to those found for the LIGE.
The color of the DLIGE squares slight changed according to laser passes,

which became darker after the second laser pass, as illustrated in Figure 4.25a.
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Upon the third laser pass, the paper was partially destroyed, as shown in Figure
4.26.

Figure 4.26 - Photograph of the DLIGE squares according to the number of
laser passes, showing the partial destruction of the paper substrate after the

third laser pass.

It should be noted that the tracing paper sheet resistance before the laser
passes (=1 GQ/sq.) is smaller than those of the other samples for the same
condition. This behavior may be associated with ionic conduction due to the
presence of Na* ions generated from the oxidation process that might still be
present in the oxidized paper [167]. It is worth emphasizing that the DLIGE
microstructures undergo changes throughout laser passing, presenting a more
porous structure in relation to the oxidized paper microstructure before laser

passing, as shown in Figure 4.27.

Laser passes

No laser

Fo

Figure 4.27 - Photomicrographs of oxidized tracing paper microstructure before
and after laser incidence, varying the number of laser passes (15 um white bar

scale).

The following information was obtained from the Raman spectra of the
DLIGE after two laser passes on tracing paper (Fig. 4.25b): after the first pass,
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it was possible to observe a D (1336 cm™) band, corresponding to the degree of
disorder of the formed graphene, and a G (1563 cm™) band, corresponding to
the graphite that constitutes the induced material [180,181], with predominance
of intensity of the graphite band over the disordered graphene band. Upon the
second pass, an inversion in band intensity was verified, indicating
predominance of defective graphene in the induced material. In addition, after
the second laser pass, there was explicit appearance of the 2D (=2670 cm™)
band, suggesting DLIGE containing conductive crystalline graphene [96], and of
the D+D' (=2933 cm™) and D+D" (2444 cm™) bands, indicating real graphene
disorder in the DLIGE [207,208].

Figure 4.25c (top) shows an analysis of the variation between the Io/lc
and I2o/lc ratios related to the DLIGE according to the number of direct laser
passes on tracing paper. The increased Ip/lg ratio with increasing the number of
laser passes indicates a higher degree of defects in the DLIGE resulting from
the greater reactivity to laser of aliphatic materials (e.g., coal and cellulose)
compared with aromatic materials (e.g., lignin) [159,210]. In addition, the
increased l2p/lc ratio indicates stacking of fewer graphene layers with increasing
the number of laser passes [211]. Moreover, the FWHM values related to the G
band reduced with increasing the number of laser passes, and showed FWHM
values upon the second pass similar to those of the LIG synthetized from CNC
and the LIGE obtained from CMC-based ink, as illustrated in Figure 4.25c
(bottom). These characteristics may be associated with a decrease in the
DLIGE sheet resistance after the second laser pass, as also observed for the
CNC. From these results, the DLIGE obtained from LIG after the second laser
pass on the oxidized tracing paper was chosen to fabricate the ZnO UV sensors

for comparison with the LIGE devices.

4.2.4 Electrical performance of ZnO UV sensors

Aiming at the best approach to produce graphene obtained from PALFs
for electronic devices, LIGE_0.6, LIGE_1.2, and DLIGE were used as
electrodes for the ZnO UV sensors, as shown in Figure 4.28.
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Figure 4.28 - Photographs of the ZnO UV sensors: (a) LIGE and (b) DLIGE
(2 cm white bar scale). Photocurrent curve responses during ON/OFF UV
radiation of the ZnO UV sensors: (c¢) LIGE_0.6, LIGE_1.2, and (d) DLIGE
highlighted in zoom on the curve.

There were no apparent visual differences between the UV sensors
obtained from LIGE and DLIGE after CMC-based ink ZnO screen-printing
deposition between the LIG interdigital contacts, as evidenced in Figures 4.28a
and b. However, from the electrical characterization curves of the ZnO UV
sensors, it was possible to observe the effect of forming LIG from CNC on LIGE
performance in the sensors, as well as a clear difference between the LIGE and
DLIGE sensors performance, as illustrated in Figures 4.28c and d, respectively.

The current value of the LIGE_0.6 sensor showed a sharp increase when
exposed to UV radiation compared with those of the LIGE_1.2 (almost 8-fold)
and DLIGE (nearly 40-fold) sensors. The LIGE_0.6 (0.925 £0.017 pA/W) device
was more responsive to UV radiation than the LIGE_1.2 (0.164 £0.014 pA/W)
and DLIGE (0.009 #0.001 pA/W) devices. The LIGE_0.6 sensor presented
responsivity values higher than those of UV sensors fabricated from PEI/PI
substrates [107,170] and ZnO UV sensors on paper [117], and a performance
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quite similar to that of ZnO UV sensors on cork [175], with the latter two studies
carried out with silkscreen deposition between the carbon interdigital contacts.

The difference in performance between the LIGE sensors may be
associated with the lower sheet resistance of LIGE_0.6 compared with that of
LIGE_1.2 due to the ideal LIG concentration in the CMC-based ink for lower
sheet resistance (Figure 4.24). According to our analysis, the CNC-LIG
increases the thermal resistance of CMC, helping in the formation of graphene,
as observed for the LIG_0.6. However, the excess of LIG can promote an
increase in the ink thermal conduction, promoting a possible thermal
degradation of CMC by laser, as observed for the LIG_1.2.

In addition, the clear difference observed between LIGE and DLIGE may
be associated with the LIG/paper substrate interface, LIG porosity, and short

circuit in the DLIGE gap electrodes, as shown in Figure 4.29.

Figure 4.29 — Cross-sectional photomicrography of LIG/tracing paper interface
of (a) LIGE and (b) DLIGE (20 um white bar scale). LIG gap of (c) LIGE and (d)
DLIGE (5 mm black bars scale).

The clear difference observed between LIGE and DLIGE may be
associated with the better LIGE/paper substrate interface compared with the

DLIGE/paper interface and, consequently, with the interface of other materials
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such as ZnO ink, as shown in the Figures 4.29a and b. Another factor that may
have influenced the difference in performance between LIGE and DLIGE is the
difference in graphene porosity between these two approaches, where the
graphene that formed the LIGE was apparently less porous than the one that
formed the DLIGE (Figs. 4.29a and b).

It is worth highlighting that the DLIGE sensor presented higher leakage
current between the electrodes without UV radiation incidence compared with
that of the LIGE sensor. This behavior may be associated with the paper ionic
conductivity, indicated by the lower sheet resistance value of the oxidized paper
compared with those of the other samples before laser passing (Figs. 4.24 and
4.25). This problem may also be associated with the dispersion of DLIGE
powder in the carbon interdigital contacts by the laser or with the screen-printing
technique. In addition, the low thermal resistance of cellulose may have
promoted a partial burning of its content between the gaps and generated a
slight physical change in conductivity between the carbon interdigital contacts.
These last two hypotheses can be confirmed by noting that the DLIGE gap
shows a brownish color compared with the LIGE gap, which still keeps whitish
color on the paper, as shown in Figures 4.29c and d. Comparison between
LIGE and DLIGE showed the effectiveness of fabricating the LIGE electrodes
using the ink technique, which presented superior performance for the LIG_0.6
device.

Aiming to produce flexible electronic devices, the bending tests of the
ZnO UV sensors to compose the LIGE were performed using a metal bending
support. Figure 4.30 shows the electrical bending curves for LIGE_0.6 and
LIGE_1.2.
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Figure 4.30 - Photographs of the CMC ZnO UV sensors with LIGE under (a)
outward (OUT) and (b) inward (IN) bending tests (2 cm black bar scale).

Influence of the in- and out-plane bending radii on the electrical performance of
ZnO UV sensors: (a) LIGE_0.6 and (b) LIGE_1.2.

The devices were assessed using the bending test varying the radius
from 45 to 15 ° in the outward (OUT) and inward (IN) modes, as illustrated in
Figures 4.30a and b, and subsequently characterized in the flat mode.

Figures 4.30c and d show the curves of the LIGE 0.6 and LIG_1.2
devices in the bending and flat modes. Both devices showed good performance
in all radii of curvature both in the IN and OUT modes, and very similar behavior
in the flat mode before and after the test, as previously reported for ZnS/SnO:
UV sensors [170] and capacitors [212] with LIG electrodes. However, a slight
reduction in responsivity was observed as the radius of curvature decreased.
This reduction in responsivity is associated with increased deformation in the
axial region of the carbon interdigital contacts where the ZnO ink was
deposited, as reported for UV ZnO sensors with LIG electrodes [107]. In
addition, the LIG_0.6 device exhibited a slight variation in responsivity at the

beginning of the test, stabilizing after 1600 s.
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With these results, the LIGE sensors were proved to be applicable as
flexible electronic devices, opening numerous application potentials in organic

and sustainable devices for real-time wearable UV-radiation monitoring [213].
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5 CONCLUSIONS
5.1 ICCM by SB-Spinning as substrate and dielectric “interstrate” layer
for flexible electronics

Flexible regenerated ICCM can be obtained by SB-spinning using PEO
as additive followed by a deacetylation process in alkaline hydroxides: ethanol
solution. The type of alkaline hydroxide used in the deacetylation process
affected the morphology and electrochemical properties of the cellulose mat,
thus influencing the electrical performance of the GIZO FETs. The solid-state
electrolyte mats were successfully applied as an "interstrate" layer on the oxide-
based FETs and integrated into an inverter. The KOH_mat proved to be the
best option for obtaining an ICCM with a capacity of ~80 nF cm? over a wider
frequency range. Significantly, the performance of the KOH_mat transistors was
similar to that of paper applied simultaneously as a gate dielectric and substrate
in FETs. In addition, using the KOH_mat, it was possible to handwrite a circuit
using a 2 HB pencil and design an inverter with a gain of 2 and adequate
dynamic performance up to 3 Hz. These characteristics are similar to those of
commercial paper surface, which indicates that the Ilow-cost and
environmentally friendly cellulose mat electronics obtained by SB-Spinning
competes with paper electronics. The dual function of the functional ICCM,
together with the simplicity and versatility of the SB-Spinning process, reduce
the fabricating complexity level while adjusting the structural, morphological,
and electrochemical properties. Altogether, the results presented herein confirm
that a new generation of ICCMs can be explored for wearable electronics,
paving the way for a New Era of the “Internet of things” revolution, with

portability and low energy consumption.

5.2 LIGE from pineapple CNCs and CMC-based ink for flexible ZnO UV
sensor

This study demonstrated that the developed LIGE can be applied to ZnO
UV sensors fabricated from CMC-based ink with LIG synthesized from CNC
extracted from PALFs. The LIGE_0.6 device proved to be ideal to form ZnO UV
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sensors, reaching a responsivity value close to 1 pA/W and performance
superior to that of some LIG sensors. In this context, the laser parameters (laser
focus) and the amount of LIG used in the ink proved to be variables
fundamental to develop the LIGE. In addition, the high crystallinity index of CNC
may be another factor positively influencing the LIGE performance, since the
LIG obtained from CNC presented sheet resistance values lower than those of
all other cellulose samples. Furthermore, LIGE proved to be a better approach
for ZnO UV sensors compared with DLIGE, with a performance gain almost 40-
fold greater. This difference may be associated with the decreased porosity and
better interface of the LIGE with other materials, as well as with the short-circuit
problems between the carbon interdigital contacts of the DLIGE. The short-
circuit problems were possibly caused by the ionic conductivity of the oxidized
paper, the partial induction of graphene in the interdigital contacts and/or
contamination by DLIGE powder dispersed in the electrode gap by the laser
inert gas jet, or by the screen-printing technique. Finally, the ZnO UV sensors
obtained from LIGE presented good performance in the bending test mode, with
a slight reduction in responsivity, and similar performance in flat mode before
and after the bending test.

Altogether, the results presented herein demonstrated the potential to
obtain LIGE from CMC-based ink from LIG obtained from CNC extracted from
PALFs for application in ZnO UV sensors. This approach opens new promising
possibilities that consolidates cellulose as a precursor to electrodes, targeting

electronic devices based on organic and sustainable materials.
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6 SUGGESTIONS FOR FUTURE STUDIES

The following suggestions for works complementary to this doctoral

project are presented:

1) Investigate the LIGE deposition and induction on ICCMs aimed at

UV sensors and/or LIG-gated transistors on mats;

2) Assess the possibility of inducing LIG on CMC mat fibers
introducing the CNCs functionalized,

3) Study the application of ICCMs for supercapacitors and storage

energy systems aiming wearable applications;

4) Study on oxide deposition in cellulose acetate fibers obtained by

SB-Spinning targeting electronic microdevices.
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APPENDIX A
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Figure A.1 - Dynamic response of the ICCM inverter, varying the frequency and
resistance: (a) f = 0.1 Hz /R = 1.5 MQ; (b) f = 0.1 Hz /R = 600 kQ; (c) f= 0.5 Hz
/IR =15MQ; (d) f=05Hz /R =600kQ; (¢) f=1.0Hz /R = 1.5MQ; (f) f =
1.0Hz /R =600 kQ; (g) f=2.0 Hz/R = 1.5 MQ; (h) f=2.0 Hz /R = 600 kQ; (i) f =
3.0Hz/R=1.5MQ and (j) f=3.0 Hz /R = 600 kQ.
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APPENDIX B

No laser

Figure B.1 - Photomicrographs of CMC-based ink microstructure formulated
with LIG from CNC (LIG_0.6 and LIG_1.2) before and after laser passing,
varying laser focus at 8.2 cm/s laser speed and 2.4 W laser power (white scale

bar of 15 um).



