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Streszczenie w jezyku polskim

Nanotechnologia jest powszechnie uwazana za jedna 2z najbardziej
przyszto$ciowych dziedzin nauki, otwierajaca nowe mozliwosci dla badaczy na catym
$wiecie 1 bezposrednio poprawiajaca jakos¢ zycia ludzkiego. Ta szybko rozwijajaca si¢
dyscyplina polega na tworzeniu funkcjonalnych systeméw w nanometrycznej skali na
poziomie molekularnym, posiadajacych specyficzne wilasciwosci i zastosowania. W
zwigzku z tym, dwuwymiarowe materialy (2DM) sa przedmiotem znacznego
zainteresowania w §rodowisku naukowym ze wzgledu na ich niezwykle wiasciwosci. W
ciggu ostatniej dekady, materialy 2D znaczaco przyspieszyly rozwoj
interdyscyplinarnych dziedzin nanonauki i nauki o materiatach, znajdujac liczne
zastosowania w takich obszarach jak magazynowanie energii, urzadzenia optyczne i
czujniki. Ogoélnie rzecz biorac, 2DM to materialy, ktére maja tylko kilka nanometrow
grubosci lub sg nawet zredukowane do pojedynczej warstwy atomow. Ta cecha nadaje
2DM wyjatkowo wysoka powierzchni¢ wlasciwa i ultra-wysoka czuto§¢ powierzchniowa
na czynniki $rodowiskowe, takie jak wilgotno$¢ 1 ci$nienie, co czyni je wysoce
pozadanymi w zastosowaniach czujnikowych. Sposrod licznych 2DM, grafen wyr6znia
si¢ ze wzgledu na swoje niezwykte wlasciwosci. Grafen definiuje si¢ jako pojedyncza
warstwe atomow wegla hybrydyzowanych sp?, $cisle potaczonych w sze$ciokatng sie¢
krystaliczng, przypominajaca wzor plastra miodu. Grafen wyraznie wyrdznia si¢ sposrod
innych materiatow, charakteryzujac si¢ wyjatkowo wysoka powierzchnig wtasciwg (do
2630 m?/g), modutem Younga wynoszacym 1 TPa i podstawowg wytrzymatos$cig na
rozcigganie wynoszaca 130 GPa. Pomimo swoich licznych wyjatkowych wlasciwosci,
grafen nie ma przerwy energetycznej i wykazuje staba rozpuszczalno$¢ w wodzie, co
Znaczaco ogranicza jego zastosowania w niektorych dziedzinach. Skuteczng strategia
przezwycigzenia tych ograniczen i poszerzenia zastosowan grafenu jest synteza jego
pochodnych, takich jak tlenek grafenu (GO) i zredukowany tlenek grafenu (rGO).
Sposrod wielu metod otrzymywania GO, najpopularniejszg metoda pozostaje utlenienie
grafenu metoda Hummersa. rGO mozna otrzymaé licznymi metodami, jednakze
najbardziej wydajnymi pozostajg termiczne wyprazanie i chemiczna redukcja GO. Kazda
technika redukcji GO ma inng efektywno$¢, co przyczynia si¢ do zrdznicowania
wlasciwosci produktow koncowych. Okreslenie wiasciwosci otrzymanego rGO ma
kluczowe znaczenie dla efektywnos$ci sensorow opartych na rGO, w tym czujnikow

ci$nienia, odksztatcen i wilgotnosci.






Summary in English

Nanotechnology is widely regarded as one of the most forward-thinking fields of
science, opening new possibilities for researchers globally and directly enhancing human
quality of life. This rapidly evolving discipline involves creating functional systems at
the nanometric scale on a molecular level with specific properties and applications.
Consequently, two-dimensional materials (2DMs) are of considerable interest within the
scientific community due to their extraordinary properties. Over the past decade, 2D
materials have significantly propelled the interdisciplinary fields of nanoscience and
materials science, finding numerous applications in areas such as energy storage, optical
devices, and sensors. Generally, 2DMs are materials that are only a few nanometers thick
or even reduced to a single layer of atoms. This characteristic endows 2DMs with an
extremely high surface area-to-volume ratio and ultra-high surface sensitivity to
environmental factors such as humidity and pressure, making them highly desirable for
sensor applications. Among the numerous 2DMs, graphene distinguishes itself due to its
extraordinary properties. Graphene is defined as a single layer of sp? hybridized carbon
atoms that are tightly bonded together in a hexagonal crystal lattice, resembling a
honeycomb pattern. Graphene distinctly stands out among others, characterized by its
exceptionally high specific surface area (up to 2630 m?/g), a Young’s modulus of 1 TPa,
and essential tensile strength of 130 GPa. Despite its numerous exceptional properties,
graphene lacks a bandgap and exhibits poor water solubility, which significantly limits
its applications in certain domains. A viable strategy to overcome these constraints and
broaden the applicability of graphene is by synthesizing graphene derivatives such as
graphene oxide (GO) and reduced graphene oxide (rGO). Among the various methods for
synthesizing GO, the most popular remains the oxidation of graphene using the
Hummer’s method. rGO can be obtained through various methods. However, the most
efficient techniques remain thermal annealing and chemical reduction of GO. Each
technique for reducing GO has different levels of efficiency, which contributes to the
variation in the properties of the final products. Determining the properties of the obtained
rGO is crucial for the effectiveness of rGO-based sensors, including sensors for pressure,

strain, and humidity.
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Chapter 1 - Introduction

Nanotechnology is considered one of the most forward-looking fields of science,
opening new possibilities for scientists around the world and directly impacting the
quality of human life. This rapidly developing field involves creating functional systems
at the nanometric scale and give rise to specific properties on a molecular level often with
a clear application-oriented vision. Among various materials explored within the filed,
two-dimensional materials (2DMs) gained significant interest within the scientific
community mostly due to their extraordinary properties. In the last decade, 2DMs have
significantly advanced the interdisciplinary fields of nanoscience and materials science
and have found numerous applications including energy storage[l, 2], opto-electronic
devices[3] and sensors[4-6]. In general, 2DMs are only a few nanometers thick or even
thinner, down to a single layer of atoms. Because of that, 2DMs are characterized by
extremely high surface area-to-volume ratio and ultra-high surface sensitivity to the
environment such as humidity, and factors as changes in pressure, which constitutes a
highly desirable attribute in sensory applications. Moreover, 2DMs are distinguished by
their exceptional electrical and optical properties, along with their mechanical strength
and robustness, rendering them ideally suited as potential active materials for next-

generation chemiresistor-based sensors.

One to the most promising 2DMs is graphene and its derivatives. The beginnings
of graphene start from the one of allotropic structure of carbon which is graphite. Graphite
itself has accompanied humanity since ancient times, when early humans used it to
decorate caves and pottery[7]. Whereas the scientific community’s awareness of
graphene dates back to 1840 when the German scientist Schathaeutl performed the first
exfoliation of graphite using nitric and sulfuric acids[8]. Eleven years later, in 1859,
Brodie obtained and described the structure of graphite oxide[9]. Brodie highlighted
properties of synthesized material such as: insoluble in water containing acids but slightly
soluble in pure water, the acidic nature of graphite oxide and reactivity with alkalies and
proposed to name this new material as “Graphon”. Moreover, in his article, Brodie
described crystals of the graphite oxide examined with the microscope as “perfectly
transparent” and “exhibiting beautiful colors” under polarized light. However, better
insight into structure comes with times and development of more advanced techniques of
characterization. The next step in the development of knowledge about graphite

derivatives was the reduction of graphite oxide which was achieved in 1962 by Boehm
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and co-workers. These scientists synthesized reduced graphene oxide (GO) by thermal
and chemical reduction of graphite oxide[10]. Furthermore, Boehm is one of the three
scientists (Boehm, Setton and Stumpp) who designated a single layer of graphite as
“graphene” which continues to be utilized to the present day. Following the identification
of a single layer of graphite as an individual carbon material between 1969 and 1970,
scientific studies emerged showcasing the production of a single layer of graphite on
metallic substrates like Pt and Ni[11-13]. Moreover, in 1975 van Bommel et al. obtained
monolayer of graphite by silicon sublimation[14]. Subsequently, in 1999 Ruoff et al. used
highly oriented pyrolytic graphite to create single sheets of graphite[15, 16]. However,
the most ground-breaking experiment was conducted by Geim and Novoselov in 2004
where single layer of graphene was isolated via micromechanical exfoliation of graphite
and its outstanding physical properties were studied[17]. This discovery holds immense
significance for the scientific community, as evidenced by the Nobel Prize in Physics
awarded to the authors in 2010. The method of micromechanical exfoliation introduced
by Geim and Novoselov allows for larger-scale production, significantly increasing the
number of studies and applications of graphene. Graphene, with its single-atom thickness,
is arguably the most esteemed material of the past decade. Its captivating
physicochemical properties have not only permeated the academic community but also
captured the interest of leading chemical and materials-oriented companies, as well as

public institutions.

Graphene is characterized as a single layer of sp? hybridized carbon atoms tightly
bonded together arranged in hexagonal crystal lattice resembling a honeycomb pattern.
Single layer of graphene is referred to as single-layer graphene, while two or three layers
are identified as bilayer or trilayer graphene sheets, respectively. Moreover, atomic
structure of graphene can serve as a fundamental building block for various other carbon-
based materials of all other dimensionalities, such as 0D fullerenes, 1D nanotubes, or
stacked into 3D graphite[5]. The properties of these materials are determined by chemical
bonds, shape, and dimensionality. In its ground state, carbon possesses four valence
electrons, with two in the 2s and two in the 2p subshells. Upon the migration of one of
the 2s electrons to an unoccupied 2p orbital, carbon establishes bonds with other carbon
atoms through sp hybrid orbitals. These hybrid orbitals, including sp, sp? and sp?,
facilitate the formation of bonds between adjacent carbon atoms. Among the reported 2D

carbon materials such as: graphyne[ 18], graphdiyne[19] and graphenylene[20], graphene
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stands out as it consists of sp? hybridized carbon atoms organized into planar hexagonal
units within two dimensions. For many years, graphene was viewed as merely a
theoretical material, since earlier theories suggested that perfect two-dimensional
graphene would be unstable in reality due to thermal fluctuations, which would inhibit
long-range crystalline order at finite temperatures[21]. For this reason, it was assumed
that 2D materials could not exist without a 3D substrate. However, in 2004, graphene and
other free-standing 2D atomic crystals were experimentally discovered[17, 22]. Since
these discoveries, significant research efforts have been dedicated to understanding
graphene’s properties. Numerous fascinating characteristics of graphene have been
revealed, including an unusual half-integer quantum Hall effect, a non-zero Berry phase,
and a strong ambipolar electric field[6, 23]. Inspired by the potential applications of
graphene’s unique characteristics, considerable research has been undertaken to
investigate a wide array of new graphene-based devices. This phenomenon, referred to as
the “graphene rush”, has catalyzed the exploration of atomically thin sheets of other
layered materials, including semiconducting transition metals dichalcogenides
(TMDCs)[4], MXenes[24-26] and hexagonal boron nitride[27, 28] and black
phosphorous or phosphorene. In general, 2DMs are categorized into various groups,

including elements, metallic compounds, nonmetallic compounds, organics, and salts.

2DMs demonstrate advantageous characteristics, including mechanical
properties, which dictate the requisite strength for targeted applications and integration.
For example, examining the mechanical properties of monolayer MoS: using the Young’s
modulus, values were obtained of 280 GPa and a stiffness of =183 Nm™!. Following a
maximum deflection lower than the critical threshold, it was observed that upon loading,
the MoS: reverted to its original state, illustrating its elasticity. However, beyond the
critical deflection, the MoS> failed to return to its initial state, thus demonstrating its
plasticity[29]. This feature constitutes a serious limitation in the use of MoS; as a potential
material in strain and pressure sensors. On the other hand, in the case of a monolayer of
h-BN exhibited nonlinear elastic deformation followed by strain softening anisotropic
deformation and failure[30]. When considering 2D materials, graphene distinctly stands
out among others, characterized by its exceptionally high specific surface area (up to 2630
m?/g), a Young’s modulus of 1 TPa, and essential tensile strength of 130 GPa[31]. These
distinctive properties of graphene unequivocally indicate its potential utilization in

pressure and strain sensors. Moreover, in graphene, three electrons occupy the 2s, 2px,
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and 2py states, forming hybridized sp? electron states. These planar orbitals establish
energetically stable and localized o-bonds with the three nearest carbon atoms. The
remaining electron, in the 2p, orbital perpendicular to the graphene sheet, participates in
n bonding. The interaction of the 2p, orbital states between neighboring atoms profoundly
affects the electronic properties of graphene. This attribute leads to graphene resembles a
semi-metal with a distinctive zero band gap[32]. Furthermore, graphene exhibits
numerous exceptional properties, such as outstanding thermal conductivity (exceeding
3000 W/mK) and electrical conductivity (approximately 6000 S/m)[33]. Moreover, a
single layer of two-dimensional graphene demonstrates electron mobility of
approximately 10,000 cm? V-! s71[17], whereas theoretical calculations suggest that in a
defect-free single layer, it can potentially reach up to 200,000 cm? V- s[34].
Additionally, the electrical conductivity properties of graphene can be enhanced through
nitrogen doping, where the annealed nitrogen-doped graphene exhibited reduced
electrical resistance in comparison to GO and reduced graphene oxide (rGO)[35]. For this
reason, graphene holds significant promise for sensing applications due to its
exceptionally high conductivity and extensive surface area. Moreover, graphene
combined with other 2DM which possesses an atomically smooth surface, lattice constant
akin to that of graphene, sizable optical phonon modes, and a substantial electrical band
gap like hexagonal boron nitride (A-BN) can be used to obtain high quality 4#-BN
nanosheets for high-performance large-area graphene electronics[36]. Because of the
outstanding conductivity properties of graphene, attempts are being made to modify other
two-dimensional materials. For example, similar to graphene WS, electrical properties
can be enhanced by nitrogen doping[37]. Moreover, the electrical conductivity of
monolayer MoS; can be adjusted, directly achieved through substitutive doping and other
TDMCs like MoSe;, MoTe; can be altered by doping with nonmetal elements such as H,
B, C, N, O[38, 39]. Despite efforts to enhance the properties of other two-dimensional
materials, graphene remains at the forefront of significant interest and is the subject of
numerous research endeavors and applications. Thus, graphene has been extremely
investigated in energy storage devices as cathode-anode material for batteries[40] and an
electrochemical double-layer supercapacitors[2, 41]. Additionally, graphene has found
numerous applications in sensors due to its optoelectronic properties. In general,
atomically thin structured 2DMs possess effective optoelectronic properties, rendering
them suitable for both electronic and optoelectronic applications. Specifically, their

optical transparency and rapid response to external stimuli are pivotal features essential

13



for optoelectronic and other sensing applications[42]. Two-dimensional materials owe
these properties by quantum confinement effect significantly alters the electronic
behavior of these materials. Due to this phenomenon 2DMs are ideal for both fundamental
research and innovative electronic applications. In case of graphene absorbance results in
a universal optical conductivity, equal to 60 = e*/4h at zero chemical potential. This is a
direct consequence of the charge carriers behaving as massless Dirac fermions[43].
Moreover, even though graphene is only one atom thick, it possesses the greatest tensile
strength and elastic modulus of any natural material and remains impermeable in its
pristine form. Additionally graphene’s impermeability has spurred extensive research into
its use as a barrier for liquid and gas permeation[44, 45]. Simultaneously, a graphene
layer is capable of complete permeability to water molecules[46]. This specific
characteristic indicate further presents G as an ideal candidate for potential applications
in humidity sensors. An overview of mass production methods and applications of 2DMs

is presented on Figure 1.
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Fig. 1 An overview of mass production methods and applications of 2DMs[47].

Graphene’s remarkable electrical characteristics make it highly appealing for
future electronics applications. These include use in ballistic transistors, transparent
conductive electrodes, integrated circuits, field emitters, transparent conductive
electrodes, and sensors[48]. With the growing interest in graphene, the demand for this

2D material is also increasing, necessitating the advancement of efficient graphene
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production techniques. To date, several techniques for producing graphene have been
developed. Additionally, this is worth to mention that using various methods to produce
2DMs obtained material can exhibit varying characteristics owing to the presence of
defects. These defects result in distinct behaviors, thereby impacting the performance of
the final sensing device. In general, all synthesis processes associated with 2D materials
are categorized into either “top-down” or “bottom-up” approaches. In top-down
approach, a 2D material is obtained by selectively removing material from larger or bulk
solid materials through controlled processes. In case of bottom-up techniques the
production of a 2DMs involves the utilization of atomic or molecular precursors. These
precursors have the capacity to react and grow, forming the desired 2D material or self-
assembling into complex structured 2DMs. In comparison of top-down and bottom-up
methods bottom-up is more efficient in mass production of desired 2DMs. The top-down
approach employs various methods such as: liquid-phase, ultrasonic, electrochemical,
mechanical and lithium-intercalated exfoliation or chemical reduction, whereas the
bottom-up technique engages, chemical vapor deposition (CVD), epitaxial growth, wet
chemical methods, pulsed laser deposition. However, the most used methods include
mechanical cleavage, chemical exfoliation, chemical synthesis, chemical vapor
deposition, and epitaxial growth on a silicon carbide (SiC) substrate. In 2DMs production
by mechanical exfoliation, the 3D material is transformed into a single layer or a few
layers of 2D material through a process of layer-by-layer peeling or interlayer tearing. To
obtain high quality of 2DMs by this method two factors correlated with Van der Waals
interactions the lateral and normal forces must be considered. Where the normal force is
used to overcome the Van der Waals attraction during peeling process and lateral force is
to overcome interaction between the layers of starting material[49, 50]. In case of
graphene a commercially available highly oriented pyrolytic graphite (HOPG) is used as
starting material. Since, Geim and Novoselov[17] mechanically exfoliated thin flakes
consisting of single layer or a few layers of graphene from graphite it has resulted in
numerous exciting discoveries regarding the electronic and mechanical properties of
graphene. Regrettably, while this method produces high-quality flakes, their lateral size
is quite limited. The small-scale production associated with mechanical exfoliation can
be compensated for using liquid exfoliation and chemical exfoliation techniques.
Unfortunately, the use of these methods allows for an increase in production scale but the
obtained 2DMs exhibit diminished quality. Besides these approaches of synthesis of

2DMs several promising methods have been reported, such as mentioned epitaxial growth
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from silicon carbide (SiC) and chemical vapor deposition on metal surfaces. Among
them, the CVD technique is the most promising for the large-scale production of 2DMs
with high quality and controlled sizes. CVD entails the high-temperature synthesis of
2DMs which involves decomposing decomposition of hydrocarbons on metal surfaces in
vacuum condition[51]. The initial successful synthesis of graphene by CVD method was
achieved on Ni surface[52]. Since then, substantial progress has been made in the
production of graphene layers on a variety of metal substrates, with precise control over
their thickness[51, 53]. In the end of CVD process the metal substrate undergoes chemical
etching and the graphene layers are released which can be transferred to a different
substrate. Another method of graphene production is thermal decomposition on SiC. This
technique takes advantage of differences in sublimation of elements (silicon and carbon).
The substrate made of SiC is heated at temperature around 1200°C. When the temperature
is achieved silicon atoms starts to sublimate. The elimination of Si atoms results in the
reorganization of surface carbon atoms into graphene layers[54, 55]. Even though the
method of thermal decomposition on SiC allows to obtain graphene, controlling the
thickness of graphene layers in the routine fabrication presents a considerable challenge.
Moreover, the quality of produced graphene strictly depends on the standard of the SiC
substrate. For this reason there are also reported other subtrates based on metals to
fabricate graphene such as Co, Pt, Ni and Ru[56-58]. In last few years numerous
techniques have been investigated for the production of 2DMs. However, one of the most
promising methods is the electrochemical exfoliation of graphite. In general, the
conventional experimental configuration comprises a working electrode and a counter
electrode submerged in an electrolyte. Concurrently, the applied electrical potential and
the composition of ions are integral factors in adjusting both the thickness and surface
characteristics of the exfoliated materials[59, 60]. For example, tetraheptylammonium
bromide molecules were used as electrolyte which intercalated MoS; crystal[61]. The
MoS: crystal and the intercalated compound underwent rapid exfoliation, yielding thin
MoS:> nanosheets characterized by high quality and phase purity, rendering them
conducive for applications in large-area electronics. In case of graphene to the
electrochemical process graphite is used as working electrodes in liquid electrolytes
which are aqueous solutions of inorganic salts such as: ((NH4)2SO4, Na;SO4, K2SO4)[62].
Contingent upon the power supply applied to graphite electrodes, exfoliation methods can

be delineated as anodic (utilizing a positive bias) or cathodic (employing a negative bias).

16



Diagrammatic representation elucidating the mechanism of electrochemical exfoliation

of graphite is presented on Figure 2.
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Fig. 2 Schematic illustration of the mechanism of electrochemical exfoliation of graphite[62].

The electrochemical exfoliation of graphite has attracted escalating attention in recent
years as a method with promising scalability. Unlike other exfoliation methods this
technique demands minimal equipment and is typically executed under ambient
conditions. Moreover, it is environmentally friendly compared to alternative chemical or

sonication-based routes which often entail the use of hazardous reagents or solvents.

Over the past few years, a multitude of techniques have been explored for the
synthesis of two-dimensional materials. The development of knowledge about large-scale
high-quality production of 2DMs have contributed to the increased utilization of these
materials in electronics. However, beyond other 2DMs graphene still plays significant
role in both everyday life and the scientific community. Furthermore, the chemical
conversion of graphite which was studied due to the increased interest in methods of
obtaining graphene has proven to be a feasible method for producing significant quantities
of graphene-based single sheets and it has opened the advancement of research on
derivatives of graphene materials such as graphene oxide and reduced graphene oxide.
Moreover, another element that distinguishes graphene from other 2DM materials is its
applications. Graphene has been primarily used as transistors in biomolecular
applications. Additionally, graphene-based electrical sensors are utilized for temperature
measurement, as photodetectors, and in radio frequency (RF) applications[63-67].

Moreover, the long history of designing and developing strain sensors from various
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materials, graphene-based sensors have demonstrated exceptional suitability for strain-
sensing applications. The benefit of using graphene instead of other conductive materials
for strain sensing is attributed to the creation of a pseudo-magnetic field, which arises
from the shift in the Dirac cones and the decrease in Fermi velocity. The utility of this
pseudo-magnetic field is found in its application for detecting changes in the electronic
structure under strain. Apart from their role as pressure sensors, strain sensors have been
utilized for various applications, notably within healthcare devices. These sensors are
often integrated into gloves, applied to skin surfaces, and affixed to organs to monitor
various physiological parameters. Furthermore, the scope of potential applications for
graphene sensors can be expanded by transforming more of these graphene-based sensors
into comprehensive sensing systems. These sensors can be incorporated to develop
wearable sensing systems for pervasive monitoring of physiological parameters and
chronic diseases. Moreover, by enhancing the selectivity and specificity of graphene
sensors, numerous everyday applications can enable the resolution of a multitude of

everyday applications.

1.1 Chemical derivatives of graphene

It is widely acknowledged that materials play a pivotal role in the advancement of
science and technology, with the development of new technologies often depending on
the availability of innovative materials. Therefore, the study of materials exhibiting
exceptional properties has always been a significant focus in scientific research. Over the
past two decades, graphene has garnered significant attention as one of the most
extensively studied materials. However, besides its numerous exceptional properties,
graphene lacks a bandgap and exhibits poor water solubility, thereby significantly
limiting its application in certain domains[5]. A viable strategy to overcome these
constraints and broaden the applicability of graphene is by synthesizing graphene
derivatives. As an illustration, the treatment of graphite to potent oxidizing agents
introduces epoxy, hydroxyl, and carboxyl groups onto the basal plane of graphite layers
ultimately leading to the formation of graphene oxide (GO). The oxidation of graphene
is typically conducted by strong oxidants such as concentrated sulfuric acid, nitric acid,
and potassium permanganate, following the Hummers method[68]. In Hummers method
the graphite powder is treated by NaNOs; and KMnOg4 dissolved in concentrated HoSO4.
Presently, the Hummers method stands as the predominant approach for synthesizing

graphene oxide. However, for specific application the oxidation level of GO obtained by
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Hummers method can by insufficient. Moreover, during oxidation process toxic gases
like NO; and N>Og, are released. For this reason, the modifications of Hummers method
were studied. For example it has been proven that replacement of nitric acid by H3POs in
mixture with H2SOy4 in ratio 9:1 allows for production higher oxidized GO with more
hydrophilic nature without toxic gases release[69]. Moreover, recently has been reported
synthesis single-layer GO at room temperature by using K2FeO4 instead of KMnO4[70].
The GO is the oxide form of graphene, where oxygen is introduced to graphene through
chemical oxidation by the Hummers or Marcano methods. Furthermore, GO is
characterized by extensive oxygenation, with numerous oxygen-containing functional
groups such as epoxide, hydroxyl, carbonyl, and carboxyl groups present on its basal
plane. Thus, the presence of these functional groups renders GO hydrophilic, enhancing
its interfacial interaction with for example polar polymer matrices. That feature can
improve the mechanical and electrical properties for various applications. Moreover, The
functional groups introduced by the oxidation of graphene facilitate the dispersion and
stabilization of GO in water[7]. Although GO is recognized as an infinitely thin sheet
(with atomic-scale thickness) of oxidized graphene, an accurate model of its chemical
structure has yet to be developed. The structure of GO is actively debated, with various
structural models having been proposed, such as the models of: Dekany[71],
Hoffman[72], Ruess[73], Scholz-Boehm[74], Nakajima Matsuo[75], Lerf-
Klinowski[76]. The graphical presentation of GO models is presented on Figure 3.
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Fig. 3 Structural models of graphite oxide (and hence GO) proposed[77].

Regular lattices consist of discrete repeating units, and currently, the Lerf-Klinowski

model is the most widely accepted configuration. The introduction of oxygen moieties to

19



the graphene structure has significant impact on the properties of obtained material. The
oxygen functional groups (OFGs) in GO can be used for chemical modifications through
established chemical methods. This makes GO potentially useful for applications in
chemical sensing[78], solar cells[79], drug delivery[80], water desalination[81], and as
an active material in energy storage systems (ESSs)[82]. Moreover, the present of the
numerous hydrophilic functional groups on its surface provides efficiency interaction
with water molecules from the environment. That feature is especially required in case of
humidity sensing devices. Furthermore, the pristine graphite sheet exhibits atomic
flatness, with a van der Waals thickness of 0.34 nm. Conversely, graphene oxide sheets
are thicker due to the displacement of sp® hybridized carbon atoms positioned slightly
above and below the original graphene plane, in addition to the presence of covalently
bound oxygen atoms. Consequently, the lack of interconnected pathways between sp?
carbon clusters necessary for classical carrier transport result in, newly synthesized GO
sheets or films are typically insulating, exhibiting a sheet resistance of approximately 10!
Q/sq or higher[83, 84]. Furthermore, the presence of oxygen functional groups renders
GO thermally unstable, leading to its pyrolysis at elevated temperatures. Moreover,
oxidation process causes massive amounts of defects in structure of graphene. Thus, GO
exhibits electrical insulation properties due to the disruption of its sp? bonding networks.
As electrical conductivity can be restored by re-establishing the n-network, one of the
crucial reactions of graphene oxide involves its reduction. The reduction of graphene
oxide leads to obtaining another graphene derivative which is rGO. The structure of

graphene, GO and rGO are presented on Figure 4.
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Fig. 4 Schematic illustration of structure graphene, graphene oxide and reduced graphene oxide.

When GO is dispersed colloidally, various chemical methods can be utilized to reduce
graphene oxide. The chemical reduction is currently the most efficient approach for
reducing GO, approaching the electrical characteristics of graphene (8.5 x 10*S m™! is
the highest electrical conductivity reported for chemically reduced graphene oxide

(CrGO)[85]. Undoubtedly, one of the most prevalent and earliest reported approaches
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involved the application of hydrazine monohydrate[86]. While many potent reductants
exhibit varying degrees of reactivity with water, hydrazine monohydrate does not, thus
rendering it an appealing choice for reducing aqueous dispersions of graphene oxide.
Moreover, reduction conducted by hydrazine hydrate causes contamination with nitrogen
atoms which has significant impact on conductivity of synthesized material[87]. This
result can be explained by CrGO contamination with nitrogen and pyrazole formation,
where the nitrogen atoms behave as electron donors and supply p-type holes.
Consistently, other reducing agents have been investigated over the last few years. Thus,
CrGO can be synthesized by dimethylhydrazine, p-phenylene diamine, ethylenediamine,
hydroxylamine[88, 89], sodium borohydride (NaBH4)[90], L-ascorbic acid (AA)[91-93],
or sodium dithionite (Na2S204)[87]. Chemical reduction is presently the most prevalent
and efficient method for reducing graphene oxide. From an industrial perspective,
chemical reduction is attractive due to its suitability for large-scale commercial
production and its low energy requirements, typically operating at temperatures below
100°C. However, the expense of the chemicals, coupled with the substantial quantities of
chemical waste generated, makes this approach less favorable for industrial use[94].
Chemical reagents can be circumvented by employing the electrochemical method. In
this approach, the reduction process depends on electron exchange between the GO and
the electrode and can be performed within an electrochemical cell in the presence of an
aqueous buffer solution. Nevertheless, in electrochemical reduction, the deposition and
reduction of GO are confined to substrates capable of serving as electrodes. Despite being
one of the most efficient and commonly employed solution-processed protocols, chemical
reduction is deemed inconvenient due to the generation of a stoichiometric quantity of
chemical waste. Hence, thermal reduction emerges as one of the most appealing methods
for reduction due to its low environmental impact. Thermal reduction entails the
controlled annealing of GO within a specific atmosphere, leading to the desorption of
H>0, CO, and CO as desorption byproducts. It is well-documented that, under vacuum
conditions and within an annealing temperature range of 100 to 185 °C, interlamellar H.O
molecules are desorbed. Additionally, between 185-300 °C and 500—700 °C, epoxide and
carbonyl groups are eliminated, respectively. Subsequently, in the temperature ranges of
700-900 °C and 900-1200 °C, ether and hydroxyl groups are eliminated, resulting in a
material characterized by a heightened carbon to oxygen (C/O) ratio[95, 96]. However,
such elevated temperatures pose significant energy demands and are incompatible with

the thermal reduction of graphene oxide on plastic substrates, particularly in the context
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of flexible electronics which is huge limitation for strain and pressure sensor application.
There are also different methods of reduction of GO such as: radiation-induced
reduction[97], solar mediated reduction[98], the multi-step combined methods assisted
reduction[99], photo-assisted[100] and microwave[101]. However, the chemical and
thermal reduction techniques still remain the most common use in scientific community.
The selection of the reduction method for GO has a significant impact on the electrical
properties of the resultant material. This is particularly evident when considering
efficiency of reduction in terms of C/O ratio. Comparing graphene and GO, oxygen from
OFGs atoms substantially modify the electronic properties of the graphene layer, as
observed from the band structure and density of states (DOS). Moreover, the opening of
the energy gap is also associated with an increase in the effective masses of both electrons
and holes. Therefore, even a minimally effective reduction of the insulating GO
profoundly influences the conductive properties of the synthesized rGO. The reduction
process of GO entails the elimination of OFGs, inducing the rehybridization of carbon
atoms into the sp? configuration within regions devoid of oxygen. This process also
facilitates the localized restoration of the planar honeycomb lattice structure. The
segments comprising pristine graphene within GO layers manifest as graphene quantum
dots (GQDs). Therefore, rGO can be characterized as a two-dimensional structure
comprising GQDs of varying dimensions, dispersed randomly across the surface of the
rGO substrate. The most diminutive GQDs arises from the extraction of a solitary oxygen
atom from GO. Due to the complex structure of GO, it is exceedingly challenging to
precisely estimate the impact of removal of single oxygen atom on the band gap.
However, in the simple quantum models the relationship of oxygen removal can be

described as follow Equation 1:
Eq(ny) = E4(0) exp(—0.25n,) Eq. 1

where Eq4(n,) is the band gap of obtained rGO, Eg(0) is the band gap of fully oxidized
graphene and 7, is the number of oxygen eliminated from structure[102]. On the Figure
5 is presented the evolution of the electronic structure change and in the energy gap with
the increase of number of oxygen atoms vacancies, (n,). However, according to
experimental results obtained for free GQDs, it is observed that their energy gap varies
inversely with their diameter[103]. Nevertheless, still monitoring the impact of oxygen
atoms form OFGs elimination on the energy gap and density of states provides a solid

foundation for elucidating the disparities in the electrical and optical properties of rGO

22



with different C/O ratios. That correlation holds particular significance in the utilization
of graphene derivatives for devices relying on their electrical properties, such as

supercapacitors, batteries, and sensors.
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Fig. 5 Evolution of the electronic structure change and energy gap with the increase of number of O

vacancies[102].

Finding a balance between the conductivity of rtGO and the amount of oxygen in the
structure by C/O is a crucial factor in designing new electrical devices, particularly
chemical sensors. Therefore, further expansion and enrichment of knowledge concerning

the reduction of GO are imperative.

1.2 2DMs based pressure sensing

Graphene and other 2DMs continue to be a prominent focus of research in science
and engineering, even after more than 15 years since the first isolation of graphene. The
extensive data available on the impressive performance of device prototypes clearly
demonstrate the potential of 2DMs for their use in applications ranging from electronics
and photonics to sensing. Among numerous applications. Recently, there has been
considerable interest in both capacitive and transistor-based pressure sensors constructed
by making use of 2DMs as active elements. In general, pressure sensors are devices
designed to generate electrical signals in response to variations in external pressure[104,
105]. Pressure, defined as the ratio of force to the area over which it is applied, is a
fundamental aspect of both natural phenomena and human activities. Pressure sensors
that convert applied force into an electrical signal are increasingly in demand across
numerous established and emerging applications, including human—machine
interfaces[106], robotic technologies[107], wearable healthcare monitors[108-111] and
microelectromechanical systems (MEMS)[112, 113] contributing to the development of
Internet of Medical Things (IoMT). These applications necessitate sensors with high
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sensitivity, particularly in the low-pressure range (<100Pa for detecting slight vibrations;
<10kPa for gentle touch). Additionally, these sensors must exhibit rapid response times
(in milliseconds), low power consumption (0.1 V — 5 V), adjustable pressure-sensing
capabilities, and long-term stability and robustness. Due to these rigorous requirements
2DMs are once again classified as the most promising materials. Generally, pressure
sensing devices can be categorized based on their pressure operating range such as: ultra-
low pressure (<1 Pa), subtle-pressure (1 Pa — 1 kPa), low pressure (1 — 10 kPa) and
medium-pressure (10 — 100 kPa) and high pressure (>100kPa). The range below 1 Pa is
defined as the ultra-low pressure regime. Although such ultra-low pressures are
infrequently encountered in everyday situations. However, the advancement ultra-
sensitive pressure sensors is crucial in developing MEMS, microphones and others[114].
In case of other ranges numerous pressures resulting from minor interactions and small-
scale objects fall within the subtle-pressure regime (1 Pa—1 kPa). Moreover, sensors
designed to detect subtle pressures also underpin the development of highly responsive
touch screen devices prevalent in mobile phones and artificial skin[115]. The pressures
in low and medium pressure regime are more common in daily life and recently,
considerable attention has been devoted to the development of pressure sensors for
various applications in these pressure ranges like for example pulse monitor devices and
medical diagnosis systems[116-118]. To advance understanding of sensor device
performance across all possible pressure ranges, a variety of electroactive materials,
including graphene[119, 120], nanoparticles[121], conductive elastomers[122] and single
walled carbon nanotubes (SWCNT)[123, 124] have been employed as active components.
Regardless of the type of active materials employed as sensory component, pressure
sensors operate through one of three main transduction mechanisms, i.e., capacitance,
piezoelectricity and piezoresistivity. The schematic representation of transduction

mechanisms of pressure sensors is presented on Figure 6.
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Fig. 6 Schematic of transduction methods of pressure sensors: a) capacitance, b) piezoresistivity, and c)

piezoelectricity[125].

Capacitance transduction mechanism is based on the ability to store electrical charge
and transfer this charge along the device system. Capacitive pressure sensors utilize the
principle of altering the capacitance of a capacitor in response to applied pressure. A
capacitor consists of two conductive plates separated by a dielectric material. When
pressure is applied to the sensor, it causes a deformation of the plates and the dielectric,
leading to a change in the distance between the plates and the permittivity of the dielectric.
This change in capacitance can be measured using an electrical circuit, and the magnitude
of the capacitance change is proportional to the applied pressure. The capacitance C of a

parallel plate capacitor can be described by follow Equation 2:
C=¢eed/d Eq. 2

where ¢y is the free space permittivity (usually electric constant), & is the relative
permittivity of material between the plates, A is the area of overlap of the two plates in
square meters and d is the distance between electrodes in meters[ 105]. From the equation
is clear to see that causing defects into the plates surface and distance between these plates
by applied pressure provide significant change into capacitance. However, this change
can be not linear which is serious disadvantage towards recyclability of working senor
device. Capacitive pressure sensors offer high accuracy, stability, and a wide operating
range. They are less sensitive to temperature fluctuations compared to resistive sensors.
Moreover, capacitive tactile pressure sensing is considered as one of the most sensitive

techniques for detecting small deflections of structures[126]. Moreover, one the most
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promising application of capacitance transduction mechanism is the Organic Field-Effect
Transistor (OFET). The OFET sensor device is constructed by active material with semi-
conductor properties, a gate dielectric layer and three electrodes which are source, gate
and drain[127-129]. In the OFETs system the transistor acts like a switch that controls
the flow of electricity whereas applying a voltage (gate voltage) to a special electrode
(gate) allows triggering a control signal for the switch. To establish a conducting pathway,
a brief pulse of voltage is applied to the gate electrode when charge carriers aggregate at
the interface between two layers within the transistor: the dielectric and organic layers.
This process generates a temporary conductive channel. Once formed, this channel
facilitates the flow of electricity from one electrode (the source) to another (the drain),
akin to current flow in a closed circuit. By modulating the gate voltage through pulsing,
it becomes feasible to regulate the timing and magnitude of the electric current flowing
through the OFET, presenting a significant advantage for low-voltage applications in
sensor devices. Within the operational framework of the device, the dielectric layer
functions as a capacitor. The gate voltage modulates the charge state accumulated within
this capacitor. This approach enables OFETs to exhibit low power consumption and high
sensitivity. In case of 2Ms capacitive pressure sensors graphene and graphene-polymer
composite materials have been extensively utilized in the design of electrodes for
capacitive pressure sensors. However, certain researchers have introduced flexible
capacitive pressure sensors employing graphene-polymer composites and graphene-
based materials as the dielectric[130-134]. Nonetheless, OFETs and capacitive sensors,
in general, entail higher costs and complexity due to the requisite precision in fabrication

and signal conditioning circuitry.

Piezoelectricity transduction mechanism is based on generation of variations in
electric charge within specific crystalline or ceramic materials subjected to mechanical
stress[135]. Where the presence of electric dipole moments within a solid material is a
fundamental factor underlying the piezoelectric effect. When mechanical stress (force or
pressure) is applied to the piezoelectric material, the crystal structure deforms. This
deformation disrupts the arrangement of the electric dipoles, causing them to no longer
cancel each other out. As a result, a net positive or negative charge accumulates on
opposite surfaces of the material, creating a voltage potential. To form electrical signal
electrodes are attached to the piezoelectric material’s surfaces and the voltage potential

generated due to the stress difference creates an electric field across the electrodes. This
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electric field can be measured by an external circuit, converting the mechanical stress into
a measurable electrical signal. In general, piezoelectric materials are classified as smart
materials due to their inherent ability to function as both sensors and actuators. This
versatility stems from their remarkable sensitivity, generating a significant voltage output
in response to applied mechanical force[136, 137]. Piezoelectric materials exhibit the
property of becoming electrically polarized when subjected to external strain and,
conversely, can undergo deformation in response to an applied voltage[138, 139].
Piezoelectricity can only occur in materials that exhibit non-centrosymmetric structures
and possess a bandgap, thus excluding metallic substances. Notably, several materials
that are centrosymmetric and thus not piezoelectric in their bulk form lose their inversion
center when reduced to a monolayer, resulting in the emergence of piezoelectricity.
Consequently, 2DMs like MoS2[140, 141], BN[139], graphene[138] and GaS[142] are

ideally suited for devices employing piezoelectric transduction methods.

Piezoresistivity transduction mechanism converting the change in resistance of a
device into a measurable electrical signal. The intensive research focus on these sensors
stems from their advantageous characteristics: simple device structures, straightforward
readout mechanisms, and the potential for achieving high pixel densities, where each pixel
is for example an organic thin film transistor[122]. Moreover, piezoresistive sensors
exhibit compatibility with a broad spectrum of pressure ranges. This attribute translates
to the reliable measurement of significant strain levels also. In general, piezoresistive
sensors operate based on the principle of piezoresistivity. This principle describes the
alteration in electrical resistance exhibited by a material when subjected to mechanical

deformation. The resistance of a piezoresistor can be calculated by follow Equation 3:
R=2 Eq. 3

Where where p, [, t, and w denote the resistivity, length, thickness of the piezoresistor,
and the width of the contact, respectively[143]. The confluence of advantageous features
in piezoresistive technology, including low cost, high sensitivity, straightforward
construction, exceptional long-term stability with minimal noise, and demonstrably high
accuracy and reliability, underscores its maturity. While the favorable characteristics of
piezoresistive materials facilitate straightforward fabrication and integration with
electronic circuits, it is important to note that these sensors are typically limited to single-

point contact measurements and require an external power source for operation. Resistive
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sensors based on the first type, are either made of two-dimensional grid of sensing
elements or the design employs two flexible sheets coated with a resistive material
(typically possessing a finite resistivity of around 100 ohms per square). Piezoresistivity
transduction mechanism is one of the most common appealing from others three main
methods in working sensing pressure device. Simplicity and ease in creating devices
based on piezoresistive materials is a key factor in popularity in scientific community,
especially in devices based on chemiresistor structure. The pressure sensors based on
piezoresistivity are precise, reliable, and their work is resistance for many various

conditions.

Regardless of transduction methods the development of highly sensitive pressure
sensors is critical to the realization of electronic skin and the integration of health
monitoring capabilities into novel wearable devices. Moreover, pressure sensors with
various structures will improve the intelligence and convenience of our professional and
daily activities across various domains. Significant research efforts are currently directed
towards enhancing sensor sensitivity, often through the implementation of
microstructured electrodes or the incorporation of specialized active materials. However,
these methods can be quite complex. Wherefore, 2DMs have significant impact in
advanced sensor development. On Table 1 are presented few examples from literature of

2DMs based pressure sensors and their performance.

Tab. 1 Examples of 2DMs based materials as pressure sensors.
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For example, MXenes are currently employed as strain and pressure sensors
because of their electronic responses to strain induced by external forces. MXene pressure
sensors demonstrate piezoresistive behavior, wherein external pressure induces a change
in resistance. Rationally, the conductance of MXenes rises (falls) as the interlayer space
contracts (expands). The 2D nature of MXenes facilitates their interaction with other 2D
materials via van der Waals heterostructures, leading to intriguing electronic properties.
In particular, MXene like ML-Ti3CoTx was implemented into working pressure sensor
device[157]. The conductance of MXenes exhibited a monotonically increasing trend
with rising pressure, accompanied by a notably high gauge factor (GF). Moreover, the
sensitivity and stability of MXenes as active material in pressure sensors can be enhanced
by addition other 2DMs like rGO[158] and CNT[159]. Due to this modification after 10
000 cycles, the MXene/rGO aerogel still shows a sensitivity of 22.56 kPa™! to external
force. Pressure sensors utilizing MXenes have attracted considerable attention owing to
their exceptional performance and straightforward fabrication processes. To further
enhance the sensing capabilities of MXene-based pressure sensors, meticulous material
selection and meticulous design of the composite/foam structure are imperative. Similar
to the case of composites comprising MXenes and graphene-based materials, employing
two different two-dimensional materials may yield a beneficial effect on the device’s
efficiency. For example the sandwich structure composed of a BN/graphene/BN nanofilm
results in the sensor’s pressure detection range extends from 130 to 180 kilopascals, while
boasting a maximum sensitivity of 24.85 microvolts per volt per millimeter of
mercury[160]. The sandwich structure in this case is beneficial because of the lower BN
layer is employed as a substrate for graphene, while the upper BN layer serves the purpose
of a protective coating. Moreover, it has been empirically validated that the utilization of
a boron nitride protective layer substantially enhances the performance stability of the
graphene pressure sensor. In recent years, the continuous progress in mechanical
materials research has led to the increasing exploration of potential applications for
graphene and its derivatives especially graphene oxide, reduced graphene oxide, and

carbon nanotubes. The linear piezoresistive effect of graphene has been employed in
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creating various chamber pressure sensors, where strain-induced alterations in the
bandgap width led to a notable decrease in carrier mobility. For the first time, a closed
pressure cavity type suspended graphene pressure sensor was fabricated by suspending a
monolayer of graphene over a cavity in the SiO; layer[161]. The maximum pressure
detection limit reached 0.1 MPa, and the sensitivity (2.96 x 10~ kPa™") was approximately
20 to 100 times greater than that of conventional silicon piezoresistive pressure sensors.
Nevertheless, this sensor type encounters a substantial linearity issue, which could be
addressed through the development of a field effect transistor-based circuitry[162].
Moreover, a suspended graphene sensor utilizing a cylindrical cavity structure, where
pressure is exerted on the graphene film via the conduction of cylindrical contacts, has
been devised. This configuration notably enhances sensor sensitivity[163]. Nonetheless,
the manufacturing process is complex, and the sensor is prone to mechanical failure. Over
recent years, the scientific community has introduced numerous adaptations to graphene-
based pressure sensor configurations to fully exploit its potential[120, 164-170]. Despite
the significant advancements in graphene-based technologies and numerous research
endeavors conducted the potential of graphene remains an open question due to its
inherent properties, which the full utilization of graphene’s potential remains an ongoing
inquiry. Hence, graphene derivatives have also been explored for their potential in
piezoresistive pressure sensor applications. Graphene derivatives display a varied array
of properties in contrast to pure graphene, owing to differences in their structure and
chemical composition. For example, graphene oxide features a unique honeycomb carbon
structure decorated with oxygen-containing functional groups on its surfaces which
significantly affects its conductive properties, resulting in an electron mobility of
approximately 10 000 cm? V™' s, while its mechanical properties remain largely
unaffected. Moreover, rGO obtained from GO demonstrates an augmented electrical
conductivity and mechanical resilience. Its room temperature mobility attains a notable
value of up to 15 000 cm? V! s7! and remains unaltered by fluctuations in temperature.
Furthermore, doping and chemical modifications are strategies utilized to enhance
graphene derivatives. Through manipulation of the bandgap value and the development
of novel solutions and composite materials, GO and rGO have been employed in
piezoresistive pressure sensors. Additionally, the utilization of graphene and its
derivatives enables the development of sensors spanning different pressure ranges, where
they can mutually complement one another. For example graphene based pressure sensor

operating in 100-200 kPa whih sensitivity 24.85 nV/V/mmHg has been reported[160],
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whereas sensor based on rGO is working in 100 — 200 Pa pressure range with sensitivity
178 kPa'[171] and according to GO 0-30 kPa with 0.13 kPa’' sensitivity[172].
Notwithstanding significant strides in this arena, multiple impediments persist in the
widespread utilization of flexible sensors derived from graphene. Complex and costly
manufacturing procedures represent a substantial hurdle. Therefore, there is a pressing
need to devise cost-effective and streamlined manufacturing techniques to facilitate their
practical deployment. Moreover, the presence of other 2DMs and oxygen containing
functional groups can substantially undermine the material’s properties, especially in the
case of graphene. In broad terms, graphene and its derivative materials maintain a wide-
ranging application outlook and considerable market potential, thus warranting robust

research endeavors and proactive promotion in the field of pressure sensor applications.

1.3 2DMs based strain sensing

A strain sensors generally consist of active sensing elements adhered to a flexible,
elastic support substrate. These flexible and oftentimes stretchable sensors are capable of
detecting both low and high stress levels. The choice of stretchable materials is crucial in
the fabrication of flexible strain sensors. 2DMs possess substantial potential in the
domains of flexible electronics devices, owing to their unique properties arising from
their specialized structures. The examination of the mechanical properties of 2DMs is
pivotal for the advancement of next-generation flexible strain electronic device
applications. Due to the vast array of potential configurations, strain sensors lack a unified
classification system. Most reported flexible strain sensors are single-functional and
incapable of measuring mechanical deformations resulting from complex
multidirectional impacts, such as detecting intricate movements involving tensile stress,
twisting, or bending. Sensors with specific characteristics are typically tailored for
particular application. For example, a sensor designed to measure small strain with high
sensitivity is suitable for detecting heartbeats. Sensors with high stretchability and low
sensitivity are ideal for detecting high-amplitude joint movements. Additionally, the
strain sensor must conform to the surface of the human body and ensure a certain level of
comfort. Beyond their application as pressure sensors, strain sensors have been utilized
in various fields, including healthcare devices[173-175], human—machine
interaction[176, 177], in motion detection[159, 178, 179]. Moreover, the intelligent
wearable electronic devices demonstrate excellent interaction with the human body,

providing significant advantages for personalized medicine, rehabilitation and disease

31



diagnosis[180, 181]. When wearable sensors are incorporated into clothing and affixed
to human skin, they seamlessly adapt to the skin’s contours, enabling precise real-time
measurement of various signals[182, 183]. In recent years, flexible strain sensors have
been extensively reported and have garnered significant attention as a crucial element of

intelligent wearable sensors.

Due to the demands for flexibility, the critical issue lies in selecting an appropriate
substrate for the active material in the sensor. For conventional rigid pressure sensors,
substrates such as silicon (Si), silicon dioxide (Si0O»), or glass are typically employed, and
they are not deemed pivotal in determining device characteristics. However, the selection
of the substrate material becomes a critical factor in the efficiency of flexible strain
sensors. Both substantial mechanical flexibility and minimal roughness are highly sought-
after attributes. Numerous commercially available polymers and elastomers such as:
polyethylene  terephthalate = (PET), polyimide (PI), polyurethane (PU)
polydimethylsiloxane (PDMS), polyethylene (PEN) are suitable substrates for strain
sensors. Each of these substrates possesses its own set of merits and drawbacks. The
choice of substrate may hinge not only on its elastic characteristics but also on its polarity,
affinity, and interactions with the deposited active material. For example, PDMS boasts
several additional advantages, such as high transparency and exceptional stability over a
broad temperature range. Moreover, the intrinsic flexibility and extensibility of PDMS
allow devices made from it to easily respond to torsional, tensile, and compressive
strains[ 184]. However, due to its polarity, it is challenging to deposit non-polar materials
on PDMS which is huge limitation in the development of devices based on PDMS. PEN
and PET are also regarded as promising substrates. For example, an ultra-lightweight
plastic electronic device (3 g/cm?) has been fabricated using an ultra-thin PEN foil, | mm
thick, capable of enduring repeated bending to a 5 mm radius and paper-like crumpling.
By integrating pressure-sensitive rubbers with organic field-effect transistors on a PEN
substrate, strain-sensing matrices have been developed, demonstrating their promising
potential in electronic skin applications[185]. PI exhibits exceptional stability, insulating
properties, and mechanical characteristics. Additionally, PI is resistant to corrosion from
various chemical solvents, which is crucial in subsequent device processing steps.
Moreover, even ultra-thin PI films remain undamaged by high mechanical forces, and its
outstanding bending stability renders it as an appropriate option for compliant devices.

However, these synthetic materials mentioned above serve effectively as sensor
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substrates, yet their limited biodegradability raises environmental concerns with
extensive device deployment. Hence, research endeavors are focused on exploring and
developing natural materials for sensor substrates. Cellulose paper possesses inherent
flexibility, porosity, cost-effectiveness, recyclability, biodegradability, and
biocompatibility. Moreover, it has been employed in test strips for medical diagnostics as
strain sensor[186, 187]. In general, in practical sensing applications, it is essential to
consider the thermal resistance, chemical resistance, transparency, and flexibility of a
material[ 188]. The creation of flexible sensors necessitates innovative materials design
approaches, encompassing active materials and conductors, along with the selection or
synthesis of flexible substrates. Rigid bulk materials can be rendered deformable by
reducing their thickness and organizing them into nanostructures. For active materials,
cost-effective, print-compatible, solution process able, and lightweight n-conjugated
organic semiconductors have been employed. Non-transition metal oxides that
demonstrate high sensitivity and favorable conductivity, such as ZnO, In,O3, SnO,, and
Gax0;3, have also been utilized as active materials[189, 190]. Among the new potential
active materials for flexible sensors, 2DMs involving transition-metal
dichalcogenides[191], black phosphorus[192], MXene[159], MXene/rGO[158] and
graphene[193] because of their great electrical performance. Moreover, conductive
materials, which enable interconnection between different components of electronic
devices, are indispensable for the functionality of said devices. Nanoparticles, nanotubes,
nanowires, and thin films can serve as core materials for specific processing
conditions[ 194, 195]. The characteristics of strain sensors are typically determined by the
materials and substrate used and their structure. The main physical properties of foams,
films, or textile materials present inherent challenges and advantages in their application
for strain measurement. Due to their structure and properties, strain sensors can be
categorized into several subtypes, including yarns, fiber, fabrics, films, foams and
gel[196]. Regardless of the subtypes, the operating principle of strain sensors functions
similarly. As the bending radius decreases and the level of deformation increases, the
relative change in sensor resistance alters both externally and internally. The sensing

mechanism of the flexible strain sensor is illustrated on Figure 7.
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Fig. 7 Sensing mechanism of the flexible strain sensor[197].

Regardless of the application, strain sensors can utilize various types of
transduction mechanism, including capacitive[198], piezoelectric[199, 200] and
piezoresistive[201, 202], where the most prevalent still remains piezoresistive
transduction method. Piezoresistive sensing, which converts mechanical displacement
into an electrical signal, is advantageous for monitoring minor structural deformations in
flexible support layers over time. In this scenario, variations in conductance or resistance
can be measured from a specific active matrix, either with or without an on/off switchable
transistor. Furthermore, the majority of traditional strain sensors are constructed using
metal foil and semiconductor materials. However, gauge factor of metal strain sensors’
sensitivity does not exceed 5, which is inadequate for detecting signals pertinent to human
health[203]. Wearable strain sensors necessitate a sensing range of 55% strain,
representing the upper limit of deformation within the human skin[204]. Moreover, strain
sensors integrated into health monitoring systems must demonstrate the capacity to
stretch in accordance with diverse human movements, including breathing, joint
articulation, and muscle contractions. In the other hand, semiconductor strain sensors
exhibit higher sensitivity compared to metal strain sensors, attributable to their distinctive
piezoresistive effect. However, their limitations, including low flexibility, narrow
detection range, and high fabrication costs, constrain their widespread applications.
Recently, researchers have made significant efforts and conducted extensive experiments
to investigate novel strain sensors composed of various functional sensing materials,
owing to their superior performance. Moreover, the main characteristics of strain sensors
are typically determined by the implemented materials and their structure. The inherent

physical properties of foams, films, or textile materials pose natural challenges and
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advantages in their application for strain sensing. The 2DMs and their heterostructures
have garnered considerable attention due to the many fascinating material properties that

emerge from their layered structure. On Table 2 are presented few examples from

literature of 2DMs based strain sensors and their performance.

Tab. 2 Examples of 2DMs based materials as strain sensors.

Material Detection Sensitivity Response time | Reference
range

a-BizSes - GF ~ 237 - [205]

GaSe GF ~-43 - [206]

rGO 0.1%—-400% GF~25 60 ms [207]

- GF ~2.6 [208]

Graphene ~80% GF =0.97 - [209]

0-0.3% GF =389 [210]

MoS2 <=5.23% GF ~72.5 - [211]

Graphene/PDMS 70% GF ~ 24 - [212]

MXene/CNT 0-30% GF ~ 64.6 - [213]
MXene

nanoparticle— 0-53% GF>178.4 130 ms [214]

nanosheet hybrid

MXene/PVA 0.5-3.0% GF~25 - [215]
MXene

nanocomposite <350% GF =44.85 - [216]
hydrogel

InSe +0.25 % GF =36 - [217]

In2Ses -0.39% - 0.39% GF =237 - [205]

SnS» 0-1.4% GF = 3933 - [218]

The benefit of utilizing graphene over other conductive materials for strain
sensing is the creation of a pseudo-magnetic field caused by the shift in the Dirac cones
and the reduction in Fermi velocity. The utility of this magnetic field lies in its utilization
to ascertain the alteration in electronic structure under strain. Moreover, graphene-based
sensors incorporate various materials amalgamated during fabrication. The change in unit
resistance relative to the change in unit length induced by the strain determines the extent
of strain to be considered for the material. Furthermore, the relative amount of strain is
greater when applied parallel to the C-C bonds compared to its application perpendicular
to the C-C bonds, primarily due to a more significant increase in the band gap. To these
days numerous research groups developed many graphene films on polymer substrates,
including for example PDMS, PET, and PI[219-221]. In terms of the performance of
flexible pressure sensors, researchers propose various innovative designs primarily
focused on structural and material enhancements. For example, incorporating micro- and

nanostructures into traditional thin-film pressure sensors can significantly enhance their
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sensitivity and stability. As an illustration, the integration of micro- and nanostructures
into conventional thin-film pressure sensors can markedly enhance their sensitivity and
stability. Moreover, the utilization of a multilevel structure can enhance their ability to
adapt to various environmental conditions. Enhancements in material selection also play
a pivotal role in this context. At present, frequently employed materials for flexible
pressure sensors encompass polymers and metal films. However, these materials may
demonstrate limitations such as inadequate durability and other issues. Consequently,
capitalizing on the exceptional mechanical properties and other advantages provided by

graphene and its derivatives proves highly beneficial in addressing these challenges.

1. 4 2DMs based humidity sensing

A gas sensor is a device capable of identifying the presence and measuring the
concentration of specific gases in the atmosphere, such as water vapor (humidity), organic
vapors, and hazardous gases[222]. Gas sensing is increasingly important in our society
due to the necessity for rapid detection of toxic gases and organic vapors. This is crucial
for environmental and human safety, the industrial sector, emission control and medical
diagnosis. In general, chemiresistors and chemi-capacitors are other prevalent gas sensing
devices, wherein the sensing material is positioned between two electrodes. The presence
of gas molecules adsorbed on the material’s surface prompts a modification in its
resistance or capacitance, which can be precisely measured. Gas sensor performance is
typically evaluated using various metrics, with sensitivity, selectivity, stability, response
and recovery times, cost, dimensions, and flexibility being among the most significant
factors. The response R(%) of a particular device is calculated as the ratio between the
change in resistance (or another output) observed when the device is exposed to the

sensed gas (R(;)) and when it is not, divided by the resistance observed in the absence of

the sensed gas (R,). The response can de descried by follow Equation 4:
Riy—Ro
R(%) = —— x100% Egq.4
0

At present, several materials, including metal oxides such as SnO,, In,O3 and
CuO[223], conducting polymer[224] and for example CNT[225], are employed as active
materials for gas detection, including humidity sensing. In particular, metal oxides have
exhibited superior properties regarding response and sensitivity among other materials.

Moreover, their low cost and ease of production render them widely utilized in
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commercially available gas detection devices. However, resistive metal oxide-based gas
sensors generally function at high temperatures (exceeding 100°C), leading to significant
power consumption. Furthermore, the elevated operating temperatures cause fluctuations
in gas sensing responses due to the growth of metal oxide grains. Moreover, another
limitation of metal oxide-based gas sensors is their insufficient selectivity[226, 227].
Hence, the gas sensing research community is focused on developing new materials
capable of detecting gases at room temperature, under standard environmental conditions,
with high selectivity and sensitivity. Because of these requirements, two-dimensional
materials have attracted significant attention from researchers. Due to their exceptional
features, 2D materials emerge as promising candidates for gas sensors, boasting an
intrinsically high surface-to-volume ratio. Moreover, the 2DMs such as for example
phosphorene[228], black phosphorus[229] TMDs like M0S2[230-233], MoSe>[234] and
WS»[235-237] featuring either a direct or indirect bandgap, which can be adjusted
according to the number of layers. On Table 3 are presented few examples from literature

of 2DMs based humidity sensors and their performance.

Tab 3 Examples of 2DMs based materials as humidity sensors.

Material Detection Sensitivity Response time | Reference
range

10 - 98 RH% 79.3 (AV/RH%) 19s [238]
GO 15-95 RH% 37757 (AC/C) 10.5s [239]
40 — 88 RH% 120000 (AI/T) 65 [240]
MoS2 0 — 60 RH% 150 (AR/R) 95 [241]
WS, 40 — 80 RH% 3750 (AR/R) 13s [242]
rGO 30-90 RH% - 28's [243]
Graphene 1-96 RH% 0.31 (AR/R) 0.6s [244]
VS, 0-100 RH% 30 (AR/R) 30s [245]
TiSix 0- 100 RH% 63 (kQ/RH%) 8s [246]
GO/MWNTs 10 - 90 RH% 1000% (AZ/Z) 10.7 s [247]
MoS: Ink 10 - 95 RH% - 8s [248]
ZrSes 15— 80 RH% 68 (kQ/RH%) 1s [249]
TisC2/TiO2 7-33 RH% 280 (pF/RH%) - [250]
MXene/GO 3-90 RH% - 1.07 s [251]

Despite numerous examples of various two-dimensional materials applications in
the literature, graphene and its derivatives remain at the forefront of interest. Graphene
has garnered considerable attention for gas sensing applications due to its morphological
characteristics, notably its high surface-to-volume ratio. However, its zero or quasi-zero

bandgap may pose a challenge when employing it as an active material in sensing devices.
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Hence, graphene derivatives such as GO and rGO are being contemplated. Which
demonstrated that graphene and its derivatives could function as efficient sensing
materials for next-generation humidity sensing systems. Graphene-based gas sensors
operate on the principle that the introduction of gas molecules alters the local charge
carrier concentration in graphene, either increasing or decreasing the concentration of
electrons depending on the nature of the gas species (electron donor or acceptor) whether
they are oxidizing or reducing. Oxidizing gases function as electron acceptors, while
reducing gases serve as electron donors., resulting in a corresponding decrease or increase
in electrical conductivity[252, 253]. In case of H,O molecule acts like as an acceptor on
the graphene surface[254]. If the oxygen atom is oriented towards the graphene surface,
there is a slight charge transfer to the graphene, whereas if the hydrogen atoms are
oriented towards the surface, there is a minor charge transfer to the water molecule. This
arises from the configuration of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of H2O and their respective positioning
relative to the Dirac point[253]. The calculated density of states of orbital meanwhile the

water molecule is adsorbed on graphene surface is presented on Figure 8.
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Fig. 8 Density of states during the adsorbed H>O molecule. Color online H>20 on graphene.
Inset: a) representation of the HOMO and b) the LUMO of H>0. The H atoms are depicted in white, the
oxygen atom in red; green and yellow denote different signs of the orbital wave function. The blue dotted

lines indicate the positions of the molecular orbitals of H20[253].

The adsorption energy is primarily determined by the orientation of the water
molecule (upright (1), downward (d), normal (r), and vertical (v)) relative to the graphene
surface. When the highest occupied molecular orbital (151) is entirely situated on the
oxygen atom, while the lowest unoccupied molecular orbital (4ai) is predominantly
located on the hydrogen atoms. In the « orientation, the HOMO predominantly influences

the interaction, and by slightly mingling with the graphene orbitals above the Fermi level,
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it transfers some charge to the graphene. Similarly, there’s a more pronounced mingling
with the orbitals below the Dirac point due to their closer energy levels, although this
does not result in any charge transfer as all these orbitals are occupied. In the d and v
orientations, the LUMO of H>O engages more prominently with the surface and can, via
a slight overlap with the graphene orbitals beneath the Dirac point, acquire some charge
from graphene. Additionally, there is a more significant interaction with the orbitals
above the Dirac point; however, this does not result in any charge transfer since all these
orbitals are vacant. In the » orientation, once again, the HOMO will exhibit stronger
interaction, but there will also be some interaction with the LUMO. This will result in a
transfer of charge from the molecule to graphene, although the interaction with the
LUMO will diminish this transfer to some extent. The presented interactions and effects
of water molecules on changes in the DOS of graphene orbitals provide the basis for
understanding the operation of humidity sensors based on graphene. However, pristine
graphene has a significant limitation, especially in applications in devices employing a
chemiresistor configuration. This limitation arises from its semimetallic, rather than
semiconducting, properties, which prevent the formation of a Schottky barrier with
metals. In the chemiresistive configuration of humidity sensors, changes in resistance
occur due to electron exchange when gas molecules interact with the semiconductor
sensing layer or metal electrodes. In a semiconductor sensing layer interfacing with a
metal electrode, the alignment of Fermi levels (Er) between the two materials is
imperative for equilibrium. The Fermi level characterizes the thermodynamic energy
needed to add an electron to a solid-state material, without considering the energy needed
to remove the electron from its source. In a semiconductor, the Fermi level typically
resides within the bandgap. The minimum energy needed to extract an electron from a
specific point within a solid-state material is denoted as the work function ®, which
equals the energy disparity between the Fermi level and the vacuum level. If the work
function of the metal electrode surpasses that of the semiconductor (Ov > @sc), electrons
with high energy from the semiconductor’s conduction band (Ec) migrate from its bulk
to the metal surface, creating an electron depletion layer (EDL) at the interface. In n-type
materials, where the Fermi level (EF) is close to the conduction band (Ec) and electrons
are the dominant charge carriers, the resulting depleted junction is termed a Schottky
barrier. If ®sc > v, a Schottky barrier is also established for p-type materials, where the
Fermi level (EF) is near the valence band (Ev) and electron holes (h+) predominate as the

charge carriers. In this scenario, electrons transition from the metal surface to the
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unoccupied states within the valence band of the semiconductor bulk, resulting in the
formation of an electron-accumulation layer/hole-depletion layer. Conversely, ohmic
contacts may be established. Nonetheless, these appear to be of lesser significance for
implementation in chemiresistive gas sensors. For this reason, the semimetallic nature of
graphene precludes the formation of a Schottky barrier with metals. Consequently, there
arises a necessity to establish a Schottky junction, either by interfacing pristine graphene
with various semiconductor materials or by employing oxygen-functionalized graphene
derivatives. On Figure 9 are presented examples of the effects of the interaction for the
Schottky barrier between gold and n-type semiconductor MoO>, as well as reduced

graphene oxide of p-type.
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Fig. 9 Gas sensing mechanisms on a semiconducting material, such as a graphene derivative, involve two
main processes: (a) electron exchange between gas molecules and the receptor material, and (b) the shift

of the band structure at the semiconductor-electrode contact[255].

The utilization of graphene derivatives such as graphene oxide and reduced
graphene oxide in humidity sensors offers a substantial advantage over pristine graphene
owing to the presence of oxygen containing functional groups. The physisorption of
molecules onto a surface is contingent upon the attributes of both the analyte and the
surface itself. For instance, graphene exhibits an extended lattice structure composed of
sp? hybridized carbon atoms, characterized by extensive m-conjugation. Therefore, the
involvement of noncovalent intermolecular interactions within m-systems is crucial in
recognition phenomena, as even subtle changes in the electronic properties of these
systems can induce alterations in both structure and properties[256, 257]. However,
water, being polar in nature, will be attracted only by interactions of a similar character,

which implies that pristine graphene lacking polar functional groups will be an inefficient
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humidity sensor. GO and rGO, in particular, are receiving significant attention due to their
scalable industrial production, low cost of raw materials, straightforward preparation
process, processability in environmentally friendly solvents, and high chemical stability.
These attributes make them even more suitable for humidity sensing applications[258-
261]. The exceptional humidity-sensing ability of GO arises from the abundance of
hydrophilic functional groups on its surface, such as epoxide rings, hydroxyl, and
carboxyl groups, which effectively interact with water molecules in the surrounding
environment. Nevertheless, due to the strong interactions between water molecules and
the mentioned functional groups of GO, humidity sensors based on GO experience
significant hysteresis and inconsistent behavior over time[262]. Furthermore, their
sensing capabilities often exhibit slow response and recovery times[263]. Moreover, due
to the low conductivity of GO (often below 1 x 10™* S m™!) substantial electrical potentials
are necessary to generate measurable currents, consequently resulting in heightened
power consumption. Alternatively, rGO exhibits conductivity levels that are 6 to 7 orders
of magnitude higher than those of GO thus enabling the production of energy-efficient
devices[264]. However, a notable drawback of rGO is its hydrophobic characteristic. As
a result of the removal of oxygen-containing functional groups during the reduction
process of GO, its surface becomes hydrophobic, resulting in decreased interaction with
water molecules and hence reducing its responsiveness to humidity. To overcome these
limitation the functionalization of rGO surface can be provided. Moreover, devices based
on rGO typically comprise numerous rGO flakes with varying shapes, thicknesses (few
layers of graphene sheets), sizes, and degrees of reduction. This leads to variations in
electrical properties among these sheets, and the formation of random junctions between
these flakes further exacerbates this variability. Consequently, there are differences in

properties between any two devices made of rGO.

Chemiresistive sensors composed solely of graphene exhibit low selectivity and
are highly sensitive to humidity when operated in ambient conditions. However,
incorporating graphene with other semiconducting materials, can enhance the sensing
characteristics, particularly in terms of selectivity, through synergistic effects. Although,
attaining genuine selectivity with a high degree of sensitivity, particularly in ambient
conditions, continues to pose a significant challenge and is frequently regarded as a
fortuitous occurrence. The development of materials tailored for specific gas sensing

applications remains a significant challenge, primarily due to the lack of comprehensive
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understanding regarding the intricate mechanisms and underlying reasons for certain

interactions between sensors and target gases.

1. 5 Key parameters for sensors

Despite extensive and ongoing research on graphene-based sensors and their
various forms, creating an effective sensor remains a challenge. To evaluate the
performance and effectiveness of a sensing device, it is essential to gather detailed
information on the key parameters related to sensors. The performance of sensors can be
characterized by several key parameters: sensor response and recovery time, limit of
detection (LOD), operating temperature window, selectivity for specific analytes, as well
as chemical and physical stability. Ongoing advancements in enhancing and integrating
these parameters have further encouraged the development of sensors for an even broader

range of applications.

The sensitivity is a critical parameter for sensors, as it determines the
measurement accuracy and the overall effectiveness of the device. Sensitivity of a sensor
can be defined as the gradient of the output characteristic curve or, more broadly, as the
smallest change in physical parameters that produces a detectable change in output. In
some sensors, sensitivity is also defined as the magnitude of the input parameter change
needed to generate a standardized output signal. In case of pressure sensors, sensitivity

presented on Equation 5 is defined as:
S=dX/dP  Egq.5

where S represents the sensitivity, X denotes the quantitative output signal, and P
represents the applied pressure. Measurement sensitivity can be influenced by the
functional material used, the sensing mechanism employed, and the structural
configuration of the sensor. Thus, materials with significant piezoresistive or
piezoelectric coefficients are highly desirable. However, utilizing individual elements of
nanostructured materials may not be the most favorable approach. In this context,
enhancement approaches at the macroscopic scale are more feasible. The tunneling effect
and crack/gap structures have been demonstrated to effectively enhance sensitivity in
piezoresistive sensors. Additionally, foamed or pyramidal elastomer dielectrics exhibit
strong performance in capacitive sensors. Moreover, it is important to note that many

highly sensitive sensors exhibit optimal performance within a constrained range of strain.
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Therefore, sensors capable of both high stretchability (€ > 100%) and high sensitivity (GF
> 50) remain a focal point of research. In case of gas sensors, the site-binding hypothesis
posits that atoms present on the surface of sensing materials can function as binding sites
for analyte adsorption. Consequently, the change in conductance of the device would
correlate with the extent to which analyte molecules occupy these binding sites on the
sensing materials. Moreover, the heightened sensitivity of electrically transduced sensors
utilizing 2D materials can be attributed to their expansive surface area and abundant

active sites that facilitate interactions with analytes.

The limit of detection (LOD) is another critical parameter; nevertheless, its
definition rigorously depends on the specific type of sensor employed. In case of humidity
sensing the LOD is defined as the lowest concentration of an analyte that can be reliably
differentiated from its absence in a sample (blank) with a specified level of precision and
reproducibility, typically within a 99% confidence interval. A widely employed
experimental method for determining the LOD involves exposing a sensing device to
known concentrations of the analyte of interest to produce a calibration curve. The
detection limit can be determined by comparing the sensor’s resolution to its sensitivity.
Various analytical criteria, depending on the techniques used (e.g., the concentration at
which the signal is three times the noise level), are utilized to ensure that the recorded
analytical signal is meaningful and distinguishable from the baseline. Since the LOD is
determined by the sensitivity and resolution of the sensor, it can be enhanced by
improving material-analyte interactions, increasing available surface area, implementing
surface functionalization, and employing signal amplification techniques. The extensive
coverage of functional groups on 2DMs facilitates effective and robust interactions with
targeted analytes, thereby achieving high sensitivity. Simultaneously, the intrinsic high
conductivities of these materials and the superior quality of their interfaces contribute to
reduced signal noise. This combination has made 2DMs highly appealing for the
development of gas sensors with low LODs. In case of pressure sensing, the LOD is the
lowest pressure that can produce a signal change. Enhancing LOD in pressure sensors is

crucial for the advancement of effective ultra-low and subtle-pressure sensors.

Linearity describes the proportional relationship between output signals and input
stimuli, and excellent linearity can streamline the calibration and data processing
procedures. Linearity is often measured by the extent of deviation from a straight

regression line, expressed as a percentage. Nevertheless, achieving both high sensitivity

43



and excellent linearity simultaneously poses a significant challenge. For instance,
piezoresistive sensors frequently demonstrate varying gauge factors across different
strain ranges due to nonlinear and heterogeneous deformation. Meanwhile, capacitive
sensors employing microstructured dielectrics also encounter similar challenges. For
practical applications, it is highly advantageous to develop sensitive pressure sensors that
exhibit wide linear operating ranges, as their responses are more accurate and reliable

within these ranges.

Response time is a critical factor in assessing the dynamic performance of sensors.
For pressure sensing, the response time of a pressure sensor refers to the duration it takes
for the sensor to complete its response process, from the application of pressure to the
generation of a stable signal output. Both advancements in instant-response displays and
real-time healthcare monitoring systems necessitate reducing response times.
Consequently, numerous devices capable of quick responses (response time <100 ms)
have been developed. In the other hand for gas sensing, response time is defined as the
interval during which the analytical signal reaches a specified percentage (e.g., 90-95%)
of its ultimate value following an abrupt change in the input signal. In general, the
response time heavily relies on the device’s design, the components responsible for

recognition, and the analytical techniques employed to produce the signal.

Reproducibility refers to the capability of an analytical device to generate
consistent signal outputs when experimental conditions are modified. Reproducibility can
be evaluated by examining how consistent the calibration data is when obtained from
different devices under the same test protocols and using identical equipment. In sensors
incorporating 2DMs, the reproducibility between devices depends largely on the
precision of nanomaterial synthesis and its effective integration into functional devices.
For example, CVD has proven effective for large-scale production of graphene or MoS,,
providing precise control over the structure of the synthesized materials. Advancements
in synthetic methods enabling direct deposition of 2DMs onto sensing devices can

enhance and ensure signal reproducibility in analytical measurements.

Selectivity is another crucial parameter especially for gas sensing. Selectivity
refers to the ability of an analytical method to differentiate and quantify specific analytes
of interest in complex mixtures, without being affected by interference from other

components. The selectivity of analytical devices is typically achieved through the
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incorporation of recognition elements that can selectively interact with a specific analyte
of interest. Depending on the sensor type, selectivity can be enhanced by adjusting
experimental parameters such as temperature or pressure, or by employing alternative
materials that, for instance, can exclude interferents based on their size or binding affinity.
Achieving selectivity in complex mixtures of interferents is a fundamental objective of
sensor research and a motivating factor in the exploration of new materials that offer

novel selective host-guest surface chemistries.

In summary, the specific parameters required for the sensing system are mainly
determined by its intended application. For example, sensors designed for continuous
sample or pressure monitoring must demonstrate excellent sensitivity, respond time LOD

and linearity over extended periods.

1. 6 Functionalization of two-dimensional materials

The physicochemical properties of 2DMs can be systematically tailored to fully
exploit or broaden their applications across various disciplines. It is widely recognized
that surface modification of a material can be employed to alter its properties. This is
particularly true for 2DMs due to their exceptionally high surface to volume ratio. The
ubiquitous surface nature of 2DMs, particularly MXenes, renders them highly sensitive
to environment and external stimuli. This sensitivity creates opportunities to modify,
control, and fine-tune their physical and chemical properties. In general, functionalization
involves imparting new functions or capabilities to a material that were originally absent.
In this context, functionalization is understood as the process of enhancing a material’s
properties or introducing new functionalities in response to external stimuli. Many
researchers suggest hybrid materials as a solution for addressing gas sensing requirements
under conditions of low power and ambient temperatures. Combining the strengths of
both domains is expected to yield a synergistic effect, leveraging the exceptional
conductivity of 2D carbon materials along with the selectivity of nanomaterials derived
from metals, semiconductors, or organic compounds. All these materials exhibit varying
adsorption behaviors towards specific gases. A common requirement is that changes in

their electrical properties must alter the conductivity of the composite material.

Spatial positioning is a crucial factor in the functionalization of 2DMs, as it
dictates the specific reaction mechanisms between functional groups and the material’s

surface sites. The enhancement of edge sites on 2DMs has been extensively
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investigated[265, 266]. In particular, in the case of chemically stable 2DMs such as
graphene and /-BN, the edges have a tendency to spontaneously bond with other
molecules or atoms[267, 268]. For instance, techniques such as sonication in water or ball
milling in NaOH solution are employed to introduce hydroxyl groups (—OH) for the
functionalization of 2-BN[269]. Same method can be used for functionalization with i.e.
NHo> group and halogens[270, 271]. Moreover, even in 2DMs with high crystallinity, the
presence of vacancy defects is unavoidable. Thus, molecules containing thiol groups (-
SH) are a prominent example of functional groups that can bond effectively with sulfur
vacancies in MoS;, provided that the geometry of the molecule allows for favorable
chemical interactions without disrupting bonding[272-274]. Moreover, healing or
passivation of defects can also be achieved through vacancy functionalization. For
instance, thiol functionalization can repair sulfur vacancies on the MoS; surface by
forming bonds between the sulfur atoms of the thiol groups and the vacancies,

subsequently breaking the sulfur-carbon bonds[275].

In general, hybrid materials typically comprise two or more components: one that
offers good conductivity and others that exhibit selective interactions with specific gases.
On a graphene surface, the adsorbed nanomaterial acts as a mediator, gathering
information about gas composition through specific interactions with its components.
This can amplify the signal due to the high surface-to-mass ratio, which creates more
binding sites. Specifically for carbon materials like graphene derivatives, these
functionalities can be covalently attached to the crystalline structure through nucleophilic
or electrophilic substitution, condensation, or addition reactions[276]. Despite its
significant potential for applications, it is important to note that graphene itself lacks a
band gap and is inert to reactions, thereby limiting its competitiveness in the fields of
semiconductors and sensors. This is one of the primary reasons for the substantial increase
in research projects focused on functionalizing graphene. These projects involve reactions
of graphene (and its derivatives) with organic and inorganic molecules, chemical
modification of the extensive graphene surface, and comprehensive exploration of
various covalent and noncovalent interactions with graphene[277-280]. The
functionalization of pristine graphene sheets with organic functional groups has been
developed for various purposes. The primary objective is to improve the dispersibility of
graphene in common organic solvents, which is generally achieved by attaching specific

organic groups. Dispersing graphene sheets in organic solvents is a critical step towards
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creating nanocomposite materials incorporating graphene. Moreover, organic functional
groups like chromophores introduce new properties that can be integrated with
graphene’s existing properties, such as conductivity. Typically, when organic molecules
are covalently bonded to the graphene surface, the disruption of its extended aromatic
structure allows for the modification of its electronic properties. Furthermore, creating a
band gap through chemical doping is an effective approach for enabling the use of
graphene in nanoelectronic devices[281]. The organic covalent functionalization of
graphene can be achieved through two primary methods such as: forming covalent bonds
between free radicals or dienophiles and the C=C bonds of pristine graphene and forming
covalent bonds between OFGs and the oxygen groups present in GO. The covalent
functionalization of graphene materials can be classified according to reaction type,
including single-atom reactions (such as oxidation, hydrogenation, and halogenation),
radical reactions, and cycloaddition reactions[282]. Furthermore, polymers are
commonly used materials that are often covalently bonded to graphene. Oxidation of
graphene leads to the formation of graphene oxide, a process that has been described in
the Hummers method and its modifications. The most basic atom that can be attached to
a carbon compound is hydrogen, making hydrogenation a fundamental example of
covalent functionalization. The hydrogen atom that is covalently bonded modifies the
hybridization of the attached carbon atom from sp? to sp’, transforming zero-bandgap
graphene into hydrogenated graphene with a bandgap of 3.5 eV[283]. Similar to
hydrogenation, halogenated graphene exhibits a wider bandgap and lower charge mobility
and conductivity compared to pristine graphene. During the halogenation process,
halogen atoms are covalently attached to graphene using methods such as halogen-plasma
treatment, photochemical reactions, or reagents containing halogens (like XeF»)[284].
Furthermore, notwithstanding covalent halogenation, chlorination resulted in an increase
in charge carrier density and a decrease in the resistance of the graphene sheets[285].
Cycloaddition is primarily conducted through the Diels-Alder reaction, where the
hybridization of a pair of carbon atoms shifts from sp? to sp’, forming a new ring by
combining with an electron-rich organic diene. This process results in an increased band-
gap of the graphene[286, 287]. Moreover, aryl radicals generated through the reduction
of diazonium salts can engage in addition reactions on the surface of the graphene
structure. Aryl diazonium cations accept electrons from the graphene and release nitrogen
gas, resulting in the formation of an aryl radical that subsequently reacts with the aromatic

rings in graphene. This method of modification can achieve a high degree of
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functionalization, and the resulting products are stable under various conditions[288,
289]. Despite numerous methods for covalent functionalizing graphene, the absence of
functional groups in its structure remains a significant limitation in terms of modification.
However, graphene can be modified in a non-covalent manner. Non-covalent attachment
of various molecules to graphene has been extensively studied. The m-m stacking
interaction is the most common and effective method for non-covalent modification.
Alternative methods of non-covalent modification of graphene include Van der Waals
forces, as well as hydrogen and ionic bonds, along with coordination bonds. However,
due to its chemical composition, GO and rGO have significant advantages over graphene

in terms of functionalization.

GO can be produced on a large scale and its surface is exposed to various oxygen
containing functional groups (e.g., epoxide, hydroxide, and carbonyl). These groups can
bind metal ions through chelation mechanisms and electrostatic interactions, serving as
anchoring points for additional chemical functionalizations[290-293]. An optimal
strategy for chemically modifying graphene oxide would employ orthogonal reactions
that selectively target specific functional groups, enabling the modification of one site
while preserving others. However, demonstrating the selectivity of these chemical
transformations remains challenging. The epoxy groups can undergo modification via
ring-opening reactions under diverse conditions. A probable mechanism for this reaction
entails nucleophilic attack at the a-carbon, i.e., by the amine. However, amine groups can
undergo reaction with carboxylic acid groups of graphene oxide through the amidation
process. Additionally, besides the carboxylic acids decorating the edges of graphene
oxide, the platelets also contain chemically reactive epoxy groups on their basal planes.
This draws inspiration from numerous examples of cross-linking reactions observed in
synthetic polymer chemistry. For example, poly(allylamine), a main-chain aliphatic
polymer with pendant amine groups, was utilized to cross-link graphene oxide platelets
by stitching together the epoxy groups of two or more platelets[294]. In the other hand, a
diverse set of reactions utilizing carboxylic acids has been developed in the field of small
molecule organic chemistry, and many of these methodologies have been successfully
adapted for use with GO. The coupling reactions often necessitate the activation of the
acid group using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)[295], thionyl
chloride SOCI>[296] and N,N’-dicyclohexylcarbodiimide (DCC)[297]. After activating

the acid group, subsequent addition of nucleophilic species such as amines or hydroxyls
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results in the formation of covalently attached functional groups on GO platelets through
the formation of amides or esters. Besides activating and amidating/esterifying the
carboxyl groups on GO, it is also feasible to convert them into other reactive groups. For
example, to generate amide and carbamate ester groups from the carboxylic acid and
hydroxyl groups, respectively, of graphene oxide platelets, one can achieve this through
the addition of isocyanate derivatives bearing various aliphatic and aromatic groups[298].
Moreover, various material composites incorporate both a p-type semiconductor (e.g.,
rGO) and an n-type semiconductor. When these composites interface, they create p—n
junctions, which are highly responsive to the adsorption of gas molecules and
significantly influence the overall electrical resistance of the sensor substrate[299, 300].
Furthermore, GO can also engage in non-covalent interactions such as m—m stacking,
cation-t interactions or van der Waals forces with the sp? networks that remain
unoxidized or are not involved in hydrogen bonding[301]. In case of rGO,
functionalization proceeds similarly to that of GO due to the similar chemical
composition of the remaining OFGs. In the literature, there are numerous examples of
hybrids based on GO and rGO with various molecules employed, i.e., tin dioxide[302,
303], Cu, Pt and Au nanoparticles[304-306], zinc oxide[307, 308], polypyrrole[309],
poly(methyl methacrylate)[310], poly(3,4-ethylenedioxy-thiophene)[311],
polyaniline[312], MoS;[313] and MXene[314] which found their application in sensing

device.

In summary, graphene materials and their composites provide a promising
approach for creating sensor devices capable of detecting various gases and pressure.
These sensors based on graphene demonstrated superior performance relative to all other
sensors in aspects such as sensitivity, detection limit, and reversibility. Moreover, these
sensors outperform others due to their low energy consumption and capability to function
at room temperature. Graphene’s distinctive properties, including its high surface area,
mechanical strength, and superior electrical and thermal tolerance, make it an ideal
candidate for developing gas sensors that can function in harsh environments.
Furthermore, functionalization of graphene and its derivatives open new possibilities for
manipulation of band gap and detection limit. Despite numerous advantages, several
challenges must be overcome to commercially fabricate graphene sensors. Thus,
utilization of GO and rGO presents a viable solution to this issue in sensor device

application.

49



1. 7 Active film formation - techniques of deposition of materials for
application in sensing

With the advancement of smart and digital healthcare, wearable sensors are
gaining significant interest for their portability and ability to provide real-time
monitoring. Notably, gas sensors, capable of detecting gas markers from the human body
as well as hazardous gases from the environment, are attracting significant attention.
However, conventional fabrication techniques such as lithography and CVD are often
incompatible with flexible substrates because these substrates cannot withstand the harsh
conditions required during fabrication, such as high temperatures. Therefore, there is a
critical need for summarizing the available fabrication techniques for wearable pressure
and gas sensors, given the limitations posed by conventional methods. There are few
fabrication techniques with promising outcomes such as: coating, printing, spinning, dry
transferring and Layer-by-Layer (LbL) deposition. The schematic diagram illustrating

representative fabrication techniques for sensors is presented on Figure 10.
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Fig. 10 The schematic diagram illustrating representative fabrication techniques for sensors[315].

Lithography is a physical top-down approach that employs photons, electrons, and
ions to produce nanostructures[316]. It has been a preferred method for creating patterned

nanostructures by transferring a mask pattern onto a substrate. The most prevalent
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technique is optical lithography, which utilizes ultraviolet light to transfer a specified
pattern from a mask onto a light-sensitive material called photoresist, applied to the
semiconductor substrate. The substrate undergoes chemical changes when exposed to a
particular wavelength of light through the mask, resulting in the creation of a pattern. This
pattern is then typically transferred to the substrate through etching[317]. However, this

method is not sufficient for large-scale production of advanced sensors.

A coating technique is a straightforward, convenient, and highly efficient method
used to apply soluble sensitive materials onto the surface of a substrate in the form of thin
films[318, 319]. However, the process of preparation using this technique does not
require expensive equipment or harsh fabrication conditions, making it suitable for most
flexible substrates particularly when there are no strict requirements on the boundary
range of the sensitive material film. Therefore, this method is widely employed in the
fabrication of sensors device. There are also few types of coating such as: spray, spin,
soak, drop, dip coating and others. Spray coating method is an economical and effective
approach to prepare uniform sensitive films from both hydrophobic and hydrophilic
sensing materials. This method offers the flexibility to adjust parameters for depositing
various types of material dispersions[320-322]. Although, masking procedures are
essential to ensure precise control over the deposition process, thereby safeguarding
specific regions from unintended coating and ensuring the integrity of the final film’s
structural characteristics. Despite this limitation the spray coating method can utilize to
produce pressure and humidity sensor based on GO[323]. In the other hand, spin coating
entails depositing materials onto a rotating surface, where centrifugal force spreads them
evenly, ensuring consistent film thickness and quality upon drying. In this process, only
a portion of the soluble material remains on the substrate to form a film, while the majority
is ejected off due to centrifugal force[324]. However, this method requires solubility or
dispersibility of active material in solvent which is huge limitation in case of 2DMs. Dip
coating is a method used to prepare thin films by immersing substrates in a solution
containing the coating material. The substrate is then withdrawn from the solution at a
controlled rate, facilitating the evaporation of the solvent and resulting in the deposition
of a uniform film on the substrate surface. This technique is valued for its versatility and
cost-effectiveness in thin film fabrication processes[325, 326]. By this technique it is
possible to produce, i.e., humidity sensor which exhibits the most significant sensing

response to humidity within the range of 30% to 90% relative humidity (RH) based on
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GO[327]. In comparison with the coating methods mentioned above, this technique has a
broader range of application fields, including both regular and irregularly shaped
substrates. Drop coating is one of the simplest methods for preparing sensors based on
soluble sensitive materials. In this technique the sensitive active material is deposited onto
a substrate by dripping and then dried either at room temperature or under controlled
heating conditions. This procedure ultimately affixes the sensitive material onto the
substrate in the form of a film. However, it is challenging to precisely control the
thickness and the boundaries of sensitive material films prepared using the drop coating
method. Despite many disadvantages, coating methods are still widely utilized in the

production of both pressure and humidity sensors.

Transfer techniques are of significant importance in the manufacturing of sensors,
as they enable the application of traditional manufacturing processes, which are typically
restricted to rigid substrates. The transfer method can be divided by dry and wet transfer.
The dry transfer exploits the varying adhesion properties between the film layer and
substrate to move the film from the original substrate to the desired target substrate.
Successful transfer requires that the adhesion strength at the recipient substrate and device
interface exceeds that at the donor substrate and device interface, which can be
accomplished through surface chemical modification or hydrophilic treatment. Because
this method does not involve etching agents or solvents during the transfer process, it is
gaining popularity in the industrial fabrication of flexible devices based on 2DMs.
Unfortunately, this method has significant limitations due to differences in polarity
between the deposited material and certain substrates, rendering it inefficient for sensor
production. In the other hand, wet transfer involves transferring individual sensitive
layers onto various substrates using solution-based media. During the wet transfer
process, the sensitive film initially deposited on the donor substrate is immersed in a
solvent, facilitating its removal and subsequent deposition onto the receiving substrate.
However, due to the low solubility and limited interaction with solvents of 2DMs, the wet

transfer method is not as popular as dry transfer in sensing device applications.

An alternative approach for fabricating efficient miniaturized electrochemical
devices involves leveraging the versatility and modularity of the LbL method to construct
hierarchical nanomaterials[328, 329]. The LbL method was first introduced by Decher et
al. in the early 1990s as a technique for fabricating nanostructured materials[329]. After

first utilization of LbL, it has undergone rapid development, and in its current state, it
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enables the fabrication of nanomaterials by combining various mutually interacting
species. These species can be assembled using a wide range of interactions, such as
electrostatics, charge transfer interactions, coordination interactions, host-guest
interactions, m-m interactions, hydrogen bonding and others[330]. In general, LbL
technique is a straightforward and economical approach for producing nanostructured
layered materials. The method employed for this purpose involves sequentially dipping a
substrate into solutions containing materials with complementary functionalities.
Therefore, it is feasible to produce layered materials under gentle conditions on substrates
of various types. Thus, the LbL represents a precise solution-based deposition technique
for creating thin films, membranes, and 2DMs based sensors. However, the widespread
use of dip coating deposition, particularly on an industrial scale, is hindered by the lengthy
time needed to achieve films of optimal quality and the large amount of material
necessary for assembling each individual layer, leading to significant waste during the
fabrication process. Despite these drawbacks, the versatility and simplicity of dip coating
deposition have driven its evolution as a critical method for assembling LbL materials.
Currently, various automated dipping devices facilitate the fabrication of LbL materials,
significantly reducing the time required for the assembly process. The LbL method has
proven to be highly efficient for electrochemical devices based on 2DMs, as evidenced

by numerous examples in the literature[331-335].
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Chapter 2 Characterization methods

This chapter will discuss the various characterization techniques employed in this
study to structurally analyze graphene and GO-based hybrid materials. Due to its atomic
thinness and typically microscopic size, graphene is challenging to detect. The capacity
to identify and characterize graphene-based materials is crucial for its discovery and
ongoing success. For practical uses and quality assurance, it is essential to determine the
number of layers, structure, and electronic quality. Thankfully, a variety of methods,
ranging from subjective observation to precise spectroscopic analysis, each provide
unique benefits. Often, multiple complementary techniques are employed simultaneously

to achieve thorough and reliable characterization.

2.1 Morphological characterization
2.1.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) has been utilized by numerous researchers
as the approach for morphologically characterizing graphene-based materials due to the
simplicity in specimen preparation. In this method a tungsten filament (cathode) releases
thermionic electrons that are accelerated across a potential difference of 1.0 to 30.0 kV
towards the anode. Under a vacuum of less than 107 Pa, the electron beam is directed
towards the sample using condenser and objective electromagnetic lenses. During the
scan, secondary and back-scattered electrons, along with Auger electrons and X-rays, are
emitted. These emissions interact with detectors, which send signals to the software that
converts them into grayscale images. Secondary electrons are primarily outer shell
electrons generated through inelastic scattering, whereas backscattered electrons arise
from significant-angle elastic scattering interactions between the incident electrons and
the sample. Usually, Energy Dispersive X-ray Spectroscopy (EDS) complements SEM
by providing qualitative and semi-quantitative results. Because of, detectors for
secondary and backscattered electrons produce visual images of the specimen, whereas
the X-ray spectrometer reveals details about its chemical composition. Together, these
techniques offer fundamental insights into the material composition of scanned
specimens. In general, similarly to how an electron beam scans line by line in a cathode
ray tube, in a vacuumed microscope column, the focused electron beam scans across the

specimen’s surface. During this process, interactions between the beam and the sample
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generate signals that are electronically detected and amplified using appropriate

equipment. The schematic illustration of SEM is presented on Figure 11.

Electron b
source I =
‘.

AN YWY

2

Anode ﬂ — . _° - =

Scan generator
S
Amplifier
—.;-% P 1 ==
I 1 X, ¥ scancoils

Condensor
lenses

Objective
lens

Back-scattered

electron detector \.

X-ray -~ )

detecto
o ~ * ' Secondary
S electron detector

>4

‘ ; “!K.‘———“ - Sample

Fig. 11 Schematic illustration of SEM[336].

Typically, the resolution of the SEM image depends on both the size of the electron probe
focused onto the sample surface and the interaction of the primary electrons with the
sample. The maximum resolution achievable in SEM is influenced by several factors,
primarily the size of the electron beam spot and the interaction volume of the beam with
the sample. Some advanced SEMs can resolve features below 1 nanometer in size. These
capabilities make SEMs valuable tools for imaging and analyzing the surface morphology
and composition of materials at very high magnifications and resolutions, albeit not at the
atomic scale. Furthermore, samples that are not conductive need to undergo surface
pretreatment. Typically, a specimen is coated with a thin layer of gold or carbon using a
process called sputter coating. This involves placing the specimen in a chamber with

Argon gas at ultra-high vacuum and a target made of gold or carbon. A high voltage
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potential difference ionizes the Argon gas, and the resulting ions are accelerated towards
the target. As they strike the target, atoms are ejected and travel to coat the specimen
surface, enhancing its visibility under detailed visualization. Typical graphene flakes
exhibit a shiny, layered structure, whereas GO shows wrinkles resulting from the
oxidation process[337, 338]. SEM is extensively employed to study the surface structure
of graphene and GO samples synthesized using various methods display distinct
morphologies when observed under SEM imaging. In general, SEM images of GO
typically show a layered or lamellar structure with diverse surface formations[339]. On

Figure 12 are shown examples of SEM images for graphene and GO.

Fig. 12 SEM imagines of a) graphene and b) GO[340, 341].

Alternatively, GO often forms densely packed nanoplatelets with OFGs that contribute to
high surface roughness. However, studies employing SEM techniques must be conducted
cautiously because mishandling can lead to inaccurate data and misinterpretation of the

results obtained.

In this thesis, SEM was employed to observe morphological changes following

functionalization reactions in hybrid materials and to track the progress of GO reduction.
2.2 Qualitative characterization

2.2.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a widely utilized quantitative
spectroscopic surface analysis technique that is instrumental in determining the elemental
composition of a material and providing information about chemical bonding. In general,
XPS is a surface-sensitive analytical technique where X-rays are directed onto the surface

of a material, and the kinetic energy of the emitted electrons is measured. Two key
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attributes of XPS that enhance its analytical prowess are its surface sensitivity and its
capability to provide chemical state information about elements within the sample. XPS
can detect all elements except hydrogen and helium, and it has been employed extensively
to analyze the surfaces of a wide range of materials, including plastics, textiles, soils, and
semiconductors. XPS is rooted in the photoelectric effect, initially discovered by Heinrich
Hertz in 1887. Hertz observed that electrons were ejected from surfaces when illuminated
with light. Albert Einstein provided a formal explanation of this phenomenon in 1905,
earning the Nobel Prize in Physics in 1921 for his work. The application of photoemission
with x-ray irradiation was first observed by Robinson and Rawlinson in 1914. Steinhardt
and Serfass presented the first practical use of photoemission as an analytical technique
in 1951[342]. However, the significant advancements that transformed X-ray
photoelectron spectroscopy into the technique we recognize today were primarily
accomplished by Kai Siegbahn during the 1950s and 1960s. Siegbahn’s pioneering work
laid the foundation for high-resolution electron spectroscopy, originally known as
electron spectroscopy for chemical analysis (ESCA). His contributions were so profound

that he was awarded the Nobel Prize in Physics in 1981 for his achievements in this field.

In XPS, the sample is exposed to soft X-rays (typically energies below
approximately 6 keV), and then the kinetic energy of the emitted electrons is analyzed.
The emitted photoelectron results from the complete transfer of the X-ray energy to a core

level electron. This phenomenon can be described by follow Equation 6:
hv=BE + KE + (Dspec Eq 6

where, hv is energy of X-ray, BE is the binding energy of the electron, KE is the kinetic
energy of the electron that is emitted and ®gpec is constant which represents spectrometer
work function. To find the binding energy of an electron, Equation 6 can be rearranged

as follows (Equation 7):
BE = hv - KE - Ogpec Eq. 7

It’s important to note that the binding energy of the photoelectron is measured relative to
the sample’s Fermi level, not the vacuum level. This is why O is taken into account.
In XPS peaks are labeled according to the element and orbital from which the electrons
were ejected. For instance, O 1s refers to electrons emitted from the 1s orbital of an
oxygen atom. Any electron with a binding energy lower than the energy of the X-ray

source can be emitted from the sample and detected using the XPS technique. The binding
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energy of an electron is an intrinsic property of the material and remains constant
regardless of the x-ray source used to eject it. However, when experiments are conducted
using different x-ray sources, the kinetic energy of the emitted photoelectrons may vary,
as described in the earlier equations. The schematic representation of an XPS system is

illustrated on Figure 13.
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Fig. 13 Schematic representation of an XPS system[343].

In general, the BE of an electron is dependent on the element from which it is emitted,
particularly the specific orbital, as well as the chemical environment of the atom. By
measuring the KE of the electrons that reach the detector, the BE of the electrons can be
calculated. This allows for the identification of the various elements present on the surface
of the sample and their chemical states. Consequently, a comprehensive analysis of the
surface composition of the examined area will be achieved. Moreover, XPS can also be
employed to detect contaminants in the sample. While X-rays can penetrate the material
to several hundred nanometers, the emitted photoelectrons originate from only a few
nanometers of the surface layer. This makes the technique particularly relevant for

analyzing nanometer thin 2DMs and functionalized 2DMs.

XPS is widely recognized and highly effective techniques for analyzing the
chemical surface composition of graphene and its derivatives, particularly in terms of
carbon content and oxygen, and the binding energy (eV) of functional groups[344].
Determining the carbon and oxygen content through elemental analysis is a meticulous

process, particularly challenging due to the difficulty in completely removing moisture
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from a GO sample. The C 1s spectrum of GO is typically analyzed by fitting it with five

components: aromatic rings and hydrogenated carbons (C=C/C-C, C-H, 284.6-284.9
eV), hydroxyl groups (C—OH, 285.9 eV), epoxy groups (C—O-C, 286.9 eV), carbonyl
groups (C=0, 288.2 V), and carboxyl groups (C=O(OH), 289.3 V). The hump observed
at 290.6 eV is attributed to a m—n* shake-up satellite[345, 346]. On Figure 14 is presented

example of XPS survey spectrum obtained for GO and rGO and its hybrid by various

amines. On Figure 15 is illustrated example of C 1s XPS spectra for the same set of

samples.
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Fig. 15 Cls XPS spectra of (a) GO; (b), (d), (f), GO-RI-3; (c), (e), (g), rGO-RI1-3[117].

In this dissertation, XPS analysis was employed to assess the chemical
composition of the graphene-based materials and to monitor post-reaction changes and

evaluate the degree of reduction in graphene oxide samples.

2.2.2 Raman spectroscopy

Raman spectroscopy (RS) is a non-destructive chemical analysis method that
offers comprehensive information about chemical structure, phase and polymorphism,
crystallinity, and molecular interactions. It relies on the interaction of light with the
chemical bonds present within a material. RS is a method based on the phenomenon of
light scattering, where molecules scatter incident light from a high-intensity laser source.
Most of the scattered light retains the same wavelength (or color) as the laser source and
does not convey significant information which is referred to as Rayleigh scattering.

However, a minute fraction of the incident light (typically 0.0000001%) is scattered at
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wavelengths (or colors) different from the laser source, and these wavelengths are
characteristic of the chemical structure of the analyte. This phenomenon is known as
Raman scattering. A Raman spectrum displays several peaks that indicate the intensity
and wavelength position of the Raman scattered light. Each peak corresponds to specific
molecular bond vibrations, encompassing individual bonds such as C-C, C=C, N-O, C-
H, and collective vibrations like benzene ring breathing modes, polymer chain vibrations,
lattice modes, and others. Moreover, RS investigates the chemical structure of a material
and provides insights into chemical structure, phase and polymorphism, contamination
and impurity. A Raman spectrum typically serves as a unique chemical fingerprint for a
specific molecule or material, allowing for rapid identification of the material or
differentiation from others. Raman spectral libraries are frequently utilized to identify
materials based on their Raman spectra. These libraries contain thousands of spectra that
are quickly searched to find a match with the spectrum of the sample being analyzed.
Moreover, when combined with mapping (or imaging) Raman systems, it becomes
feasible to produce images that are based on the Raman spectrum of the sample. These
images illustrate the distribution of individual chemical components, polymorphs, and
phases, as well as variations in crystallinity. This technique is typically employed for the
analysis of molecules. However, since 2006, when Ferrari et al. first utilized Raman
characterization for graphene, it has been extensively used to evaluate the quality and
structural integrity of exfoliated 2DMs, including determining the number of layers in
nanosheets. Thus, RS has been widely employed to investigate the extent of disorder in

graphite-like materials.

In general, RS is extensively utilized for characterizing carbon-based materials
due to the presence of conjugated and double carbon-carbon bonds, which result in high
Raman intensities[347]. In the case of the graphene, RS provides valuable information
such as the number of graphene layers and the presence of defects in the sheets.
Furthermore, RS is a promising tool for characterizing the reduction of GO to rGO[348].
The notable structural changes that occur during the oxidation of pristine graphite to GO
and subsequently the reduction of GO to rGO are evident in the Raman spectra[86]. In
the Raman spectrum of pristine graphite exhibits a prominent G peak at 1581 cm™!, which
corresponds to the first-order scattering of the Eo; mode[349]. In the other hand, in GO,
the G band exhibits broadening and shifts to 1594 cm!, accompanied by the appearance

of a D band at 1363 cm!. These changes are attributed to the reduction in size of the in
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plane sp? domains. The Raman spectrum of rGO shows both G and D bands (at 1584 and
1352 em!, respectively), but with a higher D/G intensity ratio in comparison with GO.
This indicates a decrease in the average size of the sp> domains following the reduction
of GO. Moreover, this phenomenon can be attributed to the formation of numerous
smaller graphitic domains during reduction, compared to the larger domains present in
GO before reduction. On Figure 16 is presented of Raman spectra obtained for graphene,

GO and rGO form literature.
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Fig. 16 Raman spectra of graphite, GO and rGO[350)].

In this dissertation RS was utilized to follow influence of reducing agents on GO
samples during the reduction process. Moreover, RS was employed to determine number

of defects in structure and assess quality of obtained materials.

2.2.3 X-ray diffraction

X-ray diffraction (XRD) is a versatile non-destructive analytical method used to
examine physical properties such as phase composition, crystal structure, and orientation
of powdered materials. It is a widely used technique for determining the composition or
crystalline structure of a sample. For larger crystals, such as macromolecules and
inorganic compounds, it can be employed to determine the arrangement of atoms within
the sample. X-rays, which are highly energetic ionizing radiation, are produced when
electrons are scattered and interact with matter. XRD serves as a method for investigating

the atomic structure of the specimen[351]. Moreover, XRD analysis utilizes
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monochromatic radiation. This specific wavelength of intense X-radiation is generated
when electrons from a source (such as a tube filament) eject inner-shell electrons from
atoms in a metal target. The immediate filling of the vacancy left by the dislodged electron
with another electron from a specific lower energy shell leads to the emission of energy
in the form of X-rays at a distinct wavelength. This phenomenon is referred to as
characteristic radiation. In XRD, the characteristic radiation known as Ka is generated
when K shell electrons are replaced by L shell electrons. The Ka wavelength (L) is
specific to each element and is determined by the atomic number of the target element in
the X-ray tube. The most frequently used target is copper, producing Cu Ka radiation
with a wavelength of A = 1.54A. Other metallic targets and their corresponding radiations
include Cr Ka with A = 2.28A, Fe Ko with A = 1.94A, and Mo Ka with A = 0.71A. The
atoms act as scattering centers, re-emitting X-rays at the same wavelength as the incident
radiation in all directions through coherent scattering. The regular arrangement of atoms
causes the scattered X-rays within the crystal to be in first, in phase in specific directions
determined by symmetry and atomic spacings, and in second, out of phase in all other
directions. The in-phase X-rays constructively interfere, emerging from the crystal as
intense, diffracted beams, while the out-of-phase X-rays destructively interfere, resulting
in minimal emergence. This systematic interplay of constructive and destructive
interference, due to the periodic arrangement of atoms in the crystal, constitutes X-ray
diffraction. Moreover, XRD takes place when the radiation is scattered by the atoms in
the specimen, which then reemit X-rays at the same wavelength as the incident
radiation[352]. A simplified way to intuitively understand the relatively complex
phenomenon of XRD is to envision regularly spaced planes of atoms within mineral
structures. The distance between a specific set of planes is referred to as d-spacing.
Despite being on the scale of Angstroms, d-spacing can be determined with high accuracy
using XRD. The principles behind this determination are elegantly articulated by the
Bragg Equation 8:

nA = 2d sin 0 Eq. 8

where n is an integer, A is the wavelength of the radiation, d is the d-spacing, and 0 is the
angle between the planes and the incident X-ray beam. The schematic representation of

Bragg law equation is presented on Figure 17.
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Fig. 17 Schematic representation of Bragg’s law conditions[353].

Therefore, for a given radiation wavelength and a constant interlayer distance, diffraction

will occur at a specific angle.

The powder XRD can provide useful information form solid state materials. In
the powder XRD two types of instruments have been employed to carry out diffraction
analysis: the XRD powder camera and the X-ray diffractometer. In the powder camera
method, diffraction maxima or cones are recorded on cylindrical photographic film placed
around the specimen. In contrast, the diffractometer electronically records the intensity
of the diffracted beam at precise angles as the specimen is scanned over an angular range.
The powder XRD is particularly useful for identifying the structure of two-dimensional
materials, especially graphene derivatives that are insoluble. Moreover, this method can
be utilized for investigation oxidation level of GO and rGO. For instance, a partially
oxidized GO where the peak at 20 = 12° corresponds to the (001) plane of GO, while the
additional peak at 26 = 26° corresponds to the (002) plane of graphite. Furthermore, the
peak at 20 around 42° corresponds to the (111) plane of GO[338, 354]. Moreover, the
functionalization and oxidation level can be examined by the changes in interlayer
distance (d form Bragg law). For example, the interlayer distance of graphite is typically
around 0.335 nm. In the case of GO, due to the introduction of covalently attached oxygen
functional groups, this distance can vary from 0.6 to 1.1 nm. Importantly, this variation

is proportional to the degree of oxidation[355-358].

In this dissertation the XRD method was used to investigate the structure changes

and number of defects obtained during the reduction process of GO. Moreover, the
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interlayer calculations were performed to show post reactions modification in the

graphene hybrids structures.

2.2.4 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a technique used for
qualitative characterization. In general, in this method the infrared radiation is employed
to cause vibration in molecule. Vibrations can be either symmetric or asymmetric and are
classified as stretching (v) and bending (9). Stretching vibrations involve a continuous
change in distance along the bond axis, whereas bending vibrations involve changes in
the angle between two bonds. The four types of bending vibrations are scissoring,
rocking, wagging, and twisting. The deformation of the first two occurs “in-plane”, while
the deformation of the latter two occurs “out-of-plane”. The types of vibrations are

illustrated on Figure 18.

Stretching Vibrations

Symmetrical Asymmetrical

Bending Vibrations

Scissoring Rocking Twisting Wagging

In plane Out of plane

Fig. 18 Major stretching and bending vibrational modes[359].

A molecule with more than two atoms can exhibit all the aforementioned types of
vibrations. When a molecule absorbs infrared radiation, its dipole moment changes. The
intensity of the peaks in the spectrum depends on these changes. The energy difference
between the two vibrational states matches the energy of the absorbed radiation’s
wavelength. It is the infrared region of the electromagnetic spectrum that contains
frequencies corresponding to the vibrational frequencies of organic bonds. However, a
particular vibration frequency might be shared by more than one molecule, and vibrations

with very small differences (less than 1 cm™) can overlap.
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In the FTIR method of analysis, the reflection technique involves the reflection of
the IR beam after it interacts with the sample. That technique is given specific names
based on the reflection process, such as attenuated total reflectance (ATR). Moreover,
that reflectance method function with different optical properties and has the advantage
of not requiring the traditional sample preparation needed for transmission FTIR
spectroscopy. J. Fahrenfort was the pioneer in demonstrating the effectiveness of the ATR
method[360]. In this method of reflection, an infrared beam is directed at an optically
dense crystal (like ZnSe, ZnS, Ge, or diamond) with a high refractive index, at a precise
angle[361]. The internal reflection produces an evanescent wave that reaches beyond the
crystal’s surface into the sample placed in contact with it. In regions of the IR spectrum
where the sample absorbs energy, the evanescent wave is weakened. The detector
registers this attenuated IR beam as an interferogram signal, which is then used to
generate an IR spectrum[362]. The primary advantage of ATR sampling stems from its
extremely shallow sampling path length and depth of IR beam penetration into the
sample, typically ranging from 0.1 to 5 micrometers. Moreover, this allows for sampling
of aqueous solutions and solid-state samples with minimal or no need for sample
preparation. Thus, ATR is currently the most widely used FTIR sampling technique,

especially for graphene-based materials.

The GO comprises graphitic sp>-hybridized domains surrounded by disordered
oxidized domains (sp® C-C), whereas the characteristic peak of graphite is typically found
ataround 1557 cm™! (C=C). After oxidation, hydroxyl groups (O-H) in GO appear around
3400 cm™!, carbonyl groups (C=0) are located at approximately 1730 cm™!, carboxyl
groups (C-OH or O=C-OH) are observed at about 1400 c¢cm™', and the band at
approximately 1044 ¢cm™! corresponds to alkoxy groups (C-O)[363-365]. Furthermore,
the rGO spectrum exhibited a decreased peak intensity at 3430 cm™ and the absence of

peaks at 1785, 1707, and 1105 cm™!, indicating the reduction of GO[346].

In this dissertation FTIR was used to investigate the chemical composition

changes during the reduction and functionalization of GO process.

2.3 Instrumental techniques used for characterizations of experimental
section

In the Chapter 3,4,5 and 6 the structural data were obtained by XRD with the use
of Bruker AXS D8 Advance diffractometer in Bragg-Brentano geometry with CuKal
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radiation (A = 1.5406 A). XPS analyses were performed with a Thermo Scientific Ko X-
ray Photoelectron Spectrometer system equipped with an Al Ka X-Ray source (photon
energy Eph = 1486.6 eV, beam spot size ~100 um. SEM was performed on an FEI Quanta
250 FEG Scanning Electron Microscope operating at an accelerating voltage of 5 keV
incident beam energy. Raman spectra were performed using a Renishaw InVia Reflex
system. The spectrograph used a high-resolution grating (2400 grooves cm™!) with
additional bandpass filter optics, a confocal microscope, and a 2D-CCD camera. The
excitation was carried out using a 532 nm laser excitation beam, with a 100 objective,
0.2 mW maximum power and 1| s acquisition time. FTIR spectra were recorded within
the mid-IR range (500-4000 cm™!) using a PerkinElmer spectrometer (spectrum two)
equipped with ATR Diamond. The UV-Vis absorption spectra were recorded using a
Jasco V-670 UV-Vis spectrophotometer. Thicknesses of the obtained layers were
determined by means of an Alpha-step KLATencor Alpha-Step 1Q Profilometer.
Elemental Analysis (EA) was performed on an Elementar Analyser Vario EL III.

In Chapter 3 for the nuclear magnetic resonance (NMR) spectroscopy 'H and *C
spectra were recorded on a Bruker Avance I1I HD spectrometer coupled to an 11.7 T wide
bore superconducting magnet operating at 500 MHz 'H Larmor frequency and 125.76
MHz B3C Larmor frequency. All spectra were recorded at 298 K stabilized temperature
using the magic-angle spinning technique for high-resolution NMR spectroscopy in solid-
state using 4 mm zirconia rotors. The spinning frequency was equal to 12 kHz for 'H and
BBC nuclei. A speed synchronized spin-echo was included inside the experimental pulse
sequences for the 'H and '*C spectra, recoded with direct polarization to get undistorted
line shapes and filter out background probe signals. The echo time was kept identical for
all 'H and 3C spectra and equal one rotation period. The total echo time was 83 s, the
recycle delay was 5 s, and the number of scans was 512 for proton spectra. Due to the
very high conductivity of studied samples, no cross-polarization experiment was possible,
owning to non-effective energy transfer. Therefore, the 1*C spectra were recorded using
the direct polarization method with recycle delay equal to 10 s and 8192 scans, leading to
almost 23 hours of data accumulation per spectrum. Pore-size distribution and specific
surface area of CrGO samples were investigated by the nitrogen adsorption—desorption
isotherm (Autosorb 1Q, Quantachrome) using Barrett-Joyner-Halenda (BJH) and

Bruanauer-Emmett-Teller (BET) techniques, respectively.

67



The electrical conductivity measurements were conducted on pelletized samples:
50 mg of GO or CrGO were pressed under 10 tons with a Specac press machine. Films
electrical resistivity were measured with Jandel, Model RM3000, limit of detection 107

Q sq’l. The resistivity (p) was obtained by follow Equation 9:
p=Rs-1 Eq. 9
Where Rs is the sheet resistance and / is thickness of the film.
The calculation of the average defect distance (Lp) were obtained by utilizing
follow Equation 10:

-1
12 = (1.8 £ 0.5) x 1079 A% (j—‘;) Eq. 10

Where, 4; is the laser wavelength (nm). Calculation of defect density (np) were perfumed

using descried Equation 11:

_ (1.840.5)x10%2 Ip
np = SR ((2) Eq. 11

From the XRD diffractograms the peak position has been calculated using the Bragg’s

law (Equation 8) presented above.

The crystallite dimension has been derived from the Scherrer formula presented on

Equations 12 and 13:

KA

LC = B, cos0y Eq 12
and
1.84 A
L, = B, cos 6, Eq. 13

Where Lc is the crystallite thickness (A), La is the crystallite size (A), K is the shape
factor equal to 0.89, B is the FWHM of the (100) and (002) peaks 6, and 85 are the

corresponding scattering angles.

The SkinEthic™ Reconstructed Human Epidermis (reconstructed human
epidermis (RhE), provided by EpiSkin; Lyon, France), was used for evaluating skin
irritation potential of rGOs, following the OECD Test Guideline (TG) No. 439.
According to the TG, before being used for the experiments, RhE tissues were checked

for quality control criteria (mean optical density, O.D., of 3 negative controls = 1.15 +
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0.05; mean viability of 3 positive controls, 5% SDS = 1.3 + 0.1%; exposure time inducing
50% viability using Triton X-100 1%, ET50 = 8.7 + 0.3 h), that were all within the
acceptance range. Technical proficiency was assessed testing the ten proficiency
substances listed in Annex 3 of the OECD TG 439, as previously reported[366]. In
addition, unspecific interaction of rGOs with the MTT readout was preliminary evaluated
on “killed” RhE, obtained by freezing treatment at - 80°C for 48 h and none of the
materials significantly increased MTT conversion, suggesting no unspecific interactions

for rGOs

The assessment of irritation potential of rGOs on SkinEthic™ RhE model was
performed following the skin Irritation Test-*?* | in compliance with the OECD TG 439,
as previously reported for other graphene-related materials (Fusco et al., 2020). Briefly,
after being wetted with 10 uL of distilled water, RhE tissues (dimensions of 0.5 cm?, at
day 17) were topically exposed to 16 mg of each rGO (concentration of 32 mg cm™?) in
triplicate for 42 min at room temperature (RT). As negative and positive controls, RhE
tissues were exposed to phosphate buffered saline (PBS) or 5% w/v sodium dodecyl
sulphate (SDS), respectively. After exposure, RhE tissues were washed 25 times with 1
mL PBS and transferred in a 6-well plate with 2 mL growth medium for 42 h at 37 °C
and 5% CO.. Tissue were then transferred in a 24-well plate containing 300 pL of MTT
solution (1 mg mL!) for 3 h at 37 °C and 5% CO; and the resulting formazan salts were
extracted with isopropanol (1.5 mL per well, for 2 h at RT) and measured at 570 nm using
the FLUOstar® Omega microplate reader (BMG LABTECH, Ortenberg, Germany).
Tissue viability is reported as % of negative controls and are the mean + standard error

(SD) of three independent experiments.

Moreover, after 42 minutes of exposure to rGO or positive control followed by 42
hours of post-incubation time, culture media were collected and stored at -80 °C.
Interleukin (IL)-1a was quantified using a specific sandwich ELISA kit from Diaclone
(Tema Ricerca, Milan, Italy) following the producer’s instructions. Results are expressed
as pg/mL of IL-1a released by the tissues in the growth medium and are the mean + SD

of three independent experiments.

Furthermore, for skin irritation (OECD TG 439), the results are expressed as % of
tissue viability with respect to negative controls and are the mean = SD of three

independent experiments. As a threshold given by OECD TG 439, viability < 50% defines
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an irritant material. Statistical analysis was performed by a one-way ANOVA followed
by Bonferroni’s post-test (GraphPad Prism version 8.00) and statistical significance was

considered for p < 0.05.

In Chapter 4 the specific surface area was measured using a Micromeritics ASAP
2050 surface area and porosity analyzer. Before the Brunauer—Emmett-Teller (BET)
measurements, the samples were outgassed for 12 hours at 95 °C. Adsorption isotherms
were calculated for nitrogen adsorption at 77 K and a pressure up to 1 bar. For ssNMR
All experiments were performed at room temperature on an AVANCE 500 MHz wide
bore spectrometer (Bruker™) operating at a frequency of 500.12 MHz for '"H NMR and
188.5 MHz for 3C NMR. As GO is generally barely protonated the classical cross-
polarization magic angle spinning (CP/MAS) proves ineffective in obtaining ’C
quantitatively. Then a direct polarization with magic angle spinning (DP/MAS) pulse
scheme was preferred by using a speed synchronized spin echo sequence with proton
decoupling during acquisition. The latter allows us to obtain undistorted line shapes and
filter out background probe signals, giving integrable spectra providing recycling delays
that fulfill quantitative rules, i.e. equal to ca. 3 to 5 times that of the longitudinal relaxation
time ("*C T1). Under our conditions (speed and fields) Tis were measured to be less than
300 ms (saturation/recovery method, data not shown). 1*C spectra were recorded using a
triple resonance MAS probe (Bruker™), allowing the samples to be spun at 22.5 kHz
after packing them inside 3.2 mm o.d. zirconia rotors (closed with Vespel caps). Recycle-
time delays were set to 1.5 seconds and 10 240 transients over 8192 time-domain points
separated by 2 ps dwell time were added, leading to a 61.035156 Hz pt!' spectral
resolution (spectral width = 250 kHz and total acquisition time per spectrum = 4 hours 30
min). 3C NMR and 'H NMR RF-fields were 60 kHz and 95 kHz, respectively. For the
300 °C thermally treated samples, the conductivity was such that it was very difficult to
tune the probe. The concern was fixed by dispersing these powders in silica. Raw data
were processed with a 150 Hz Lorentzian filter followed by Fourier transformation
without zero filling. Chemical shifts are referenced to TMS by the substitution method
using adamantane as an external reference. Spectral deconvolution was performed within

Topspin™ software suite from Bruker™ using a CSA (chemical shift anisotropy) model.

To perform electrical experiments the GO films were produced. The GO water
solution (0.4 mg mL!") was spray coated onto PET substrates at 90 °C (2.5 x 1.2 cm?).

Subsequently, the GO films were immersed in 30 mL aqueous solution of the reducing
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agent at the desired concentration (dilution 1:10 of the amount indicated in Table 4) for 2
hours. In case of thermal reduction for bending characterization GO water solution (0.4
mg mL™!) was spray coated onto PET substrates at 100 °C (2.5 x 1.2 cm?, 125 pm thick)
and annealed at 150 °C for 24 h in air. The reduced film of GO on PET was allowed to
contact electrically with conductive copper tape. The sheet resistance of the film was 40
kQ sq!. The stability test of the TrGO and CrGO conductive films to fatigue bending
was carried out by performing 2000 bending cycles with a bending radius of 6 mm using
a digital force gauge (Mark-10, M7-025E, ~25 N) equipped with a motorized test stand
(Mark-10, ESM-S-8 303E). All the above-mentioned tests were performed by applying a
bias voltage of 1 V by means of a Keithley 2635B.

2.4 Preparation of samples

2.4.1 Preparation of rGO samples

In Chapter 3 to synthetize rGO samples an aqueous dispersion containing 30 mL
of GO at a concentration of 10 mg mL™! was diluted with 270 mL of Milli Q water and
sonicated for 20 minutes in an ultrasonic bath cleaner (140 W). Subsequently, a reducing
agent was added without further purification and the pH adjusted to 9-10. The reaction
mixture was stirred for a specified time (refer to Table 4) at 95 °C. The CrGO was
collected by filtration and thoroughly washed with deionized water and ethanol. The

resulting black precipitate was then freeze-dried under vacuum for 72 hours.

Tab. 4 Synthetic conditions studied for the preparation of CrGO.

Reducing Concentration pH adjusting Reaction Reaction
agent (g/L) reagent time (h) temperature
O

NaBH4 8 5 wt% KoCO; 2 95
NaBH4 8 5 wt% KoCO; 12 95
Ascorbic Acid 8 25 wt% NH3 2 95
Ascorbic Acid 8 25 wt% NHs 12 95
N2H4 10 - 2 95
N2H4 10 - 12 95
Na2S204 7.5 25 wt% NH3 2 95
Na2S204 7.5 25 wt% NHs 12 95
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2.4.2 Preparation of TrGO samples

In Chapter 4 solid GO was obtained by lyophilization from the commercially
available GO solution using a freeze dryer (GO, 4 mg mL™!, monolayer content >95%,
Graphenea). To produce GO films the 4 mg mL ™! aqueous dispersion of GO was diluted
to a concentration of 0.4 mg mL"!, then drop-cast on glass slides, and finally dried under

air.

The thermal annealing of GO was performed by follow protocol. GO (solid) and
GO films were annealed at different temperatures for 4 or 24 h in a muffle oven (16 cm
% 16 cm) under air (1 bar) or in a tubular oven (100 cm x 7 cm) under argon (continuous
flow 1 bar) before the measurements. Moreover, GO powders were annealed from a mg

scale to a gram scale.

2.4.3 Preparation sensor devices by LbL method

In Chapter 5 all chemicals such as GO solution (4 mg mL!), 4-aminotiophenol,
sodium citrate, tetrachloroauric (III) acid trihydrate (HAuCls) were delivered by
commercially available sources. Preparation for production of sensor device was
preceded by dilution GO solution to 2 mg mL™! with Milli-Q water. Obtained solution
was vigorously shaken and sonicated in sonic bath for 15 min. Meanwhile, the solution 1
x 103 M of 4-aminotiophenol in ethanol was prepared. The gold nanoparticles (AuNPs)
were synthesized as follows: a solution of 2.2 mM sodium citrate in Milli-Q water (150
mL) was heated until boiling under vigorous stirring. After 15 min, 1 mL of HAuCl4 (25
mM) was injected while the solution was boiling. The color of the solution changed from

yellow to bluish grey and then to soft red in 10 min.

Fabrication pressure sensing device was proceeded by LbL method with specially

designed dipping machine presented on Figure 19.

72



Fig. 19 The photography of projected dipping machine.

The ITO-glass substrates 25 mm x 75 mm (slide thickness 1.1 mm) with ITO thickness
of 100 nm and roughness 1.8 nm with 20 Q m!, were purified by sonication in acetone
and isopropanol for 15 min. Each substrate was automatically dipped into the prepared
GO solution at a speed of 2500 mm per minute, then withdrawn and dried for an hour in
air. After drying the deposited GO layer, the dry substrate was dipped again at the same
speed for 10 minutes in the prepared ethanolic solution of 4-aminotiophenol. It was then
dried for 30 minutes and subsequently immersed at the same speed in the prepared
solution of AuNPs. This cycle was repeated six times. The processing is illustrated on

Figure 20.

/ Multiple dipping

Fig. 20 The schematic illustration of the fabrication of sensor device.
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For sensors, the top layer was retained on the GO layer GO(L1). To identify the quality
of material deposition, substrates with gold nanoparticles as the top layer were prepared
GO(L2). For fabrication of strain sensors similar protocol of dipping was utilized. Yet,
the base substrate was change to ITO-PET foil. The material prepared in this manner,
with a graphene top layer, underwent thermal reduction of GO to obtain reduced sample
rGO(L1). The thermal reduction process was conducted in a tube furnace under vacuum
at a temperature of 150 °C for 4 hours. Due to temperature necessary to effectively reduce
GO (see Chapter 4) it is difficult to investigate reduction of GO(L2) because of high

volatility of thiols, which without top layer of graphene vaporize in this temperature.

2.4.4 Preparation of water swellable material, rGO and sensor assembling

In Chapter 6 the water swellable material (WSM) was synthesized by radical
mechanism to create the cross-lined water swellable polymer. All chemicals used for
reaction were purchased from commercially available sources. The itaconic acid (IA) was
used as the monomer and the 1,4-diethenylbenzene (DVB) (stabilized with 4-tert-
butylpyrocatechol) was utilized as linker. To initiate the polymerization reaction the
benzoyl peroxide (with 25% H»O for stabilization) was used as catalyst. The 624.48 mg
of TA was dissolved in the 694.45 uL of DVB, then the 116.25 mg of benzyl peroxide
was added carefully under stirring. After dissolving of benzyl peroxide the heat was
initiated into the reaction under vigours stirring. Polymerization occurred within short
period of time. When the temperature reach 60 °C the gel starts forming, where under 70
°C the solid of itaconic-divinylbenzene polymer (poly(itaconic acid — divinylbenzene)
(IDP) participated. At the end of the reaction, the mixture was diluted with 150 mL of hot
ethanol, then filter and without further purification was dried in a hot air oven at 120 °C

for 48h.

The solid GO was obtained by lyophilization process from the commercially
available GO solution using a freeze dryer (GO, 4 mg mL™!, monolayer content >95%,
Graphenea). Then the GO was reduced by thermal annealing in 200 °C under vacuum in

24 h. (see Chapter 2.4.2.)

In the construction of the humidity sensor, the synthesized polymer was finely ground in
a mortar, similar to the obtained rGO. Then, 50 mg of rGO was evenly deposited onto a
polytetrafluoroethylene (PTFE) filter with a diameter of 47 mm and a pore size of 0.2

micrometers. The evenly deposited 50 mg of rGO on the filter was compressed using a
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hydraulic press with a force of 10 kPa and held at this pressure for 10 minutes. After
obtaining the compressed rGO, 50 mg of the previously ground polymer was sprayed
onto its surface using spray coating with air, without any solvent. Subsequently, the
material with the polymer top layer underwent the same compression process. Another
50 mg of rGO and polymer was then deposited using the same methodology. This cycle
was repeated four times to obtain the rGO(IDP) sensor. After constructing the layered
material, gold electrodes were applied using an evaporating process. In Chapter 6 the RH
was varied by changing the hydration of nitrogen flux inside the box. The flux rate was

fixed to maintain the pressure constant.
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Chapter 3 Chemical reduction of graphene oxide

3.1 Introduction

GO is extensively studied as a 2DM because of its cost-effective large-scale
production and straightforward processing capabilities[78, 367, 368]. The OFGs such as
hydroxyl, epoxy, carbonyl, and carboxylic groups, located on both the basal plane and
edges, confer unique physicochemical properties to GOs. These properties include
excellent dispersibility and colloidal stability in various solvents, including water.
Crucially, these OFGs can act as active sites for chemical modification with various
molecules, thereby rendering GO suitable for applications in chemical sensing[222, 255,
260], pressure sensing[171, 181], energy storage[2, 49, 100, 354] and healthcare[117,
369]. Although, the presence of OFGs in GO disrupts the continuous sp? network typical
of graphene, leading to an insulating material that is unsuitable for applications involving
electrical conductivity[370]. Fortunately, this limitation can largely be mitigated by
reducing the OFGs in GO, which increases the degree of conjugation in the carbon
network by forming sp? species, thereby significantly improving the material’s electrical
properties. To achieve the electroactive form of GO, i.e., rGO, various methods such as
thermal (TrGO) and chemical (CrGO) treatments can be employed. These methods are
still the most extensively utilized[371, 372].

Thermal reduction is an appealing method due to its low environmental impact,
but the high temperatures needed (over 1000°C) make it energy-intensive and unsuitable
for use with plastic substrates, which are often preferred for flexible sensing electronic
applications[373]. Conversely, chemical reduction is presently the most effective method
for reducing GO, achieving electrical properties close to those of graphene. Moreover,
the highest reported electrical conductivity for CrGO is 8.5 x 10* S m™![85]. Chemical
reduction is industrially attractive due to its compatibility with large-scale production and
low energy consumption, as the reduction temperature is typically below 100 °C. Various
reducing agents can be used to obtain CrGO, including hydrazine hydrate (N2H4),
dimethylhydrazine, p-phenylenediamine, ethylenediamine, and hydroxylamine, sodium
borohydride (NaBHas), ascorbic acid (AA), sodium dithionite (NaS»04) and others.
However, numerous reducing agents and protocols have been documented in the
literature, making it challenging to evaluate and compare these methods in terms of their

structure-performance relationships. For example, in electronic applications, it is crucial
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to maximize the removal of OFGs to achieve CrGO with the highest electrical
conductivity. Unfortunately, some reducing agents, or their oxidized forms, can introduce
doping or contamination in the CrGO. While CrGO synthesized with hydrazine hydrate
is generally regarded as closely resembling pristine graphene in terms of electronic and
structural properties, whereas films of CrGO produced using sodium borohydride have
been reported to exhibit significantly lower sheet resistance. This outcome can be
attributed to CrGO contamination with nitrogen and the formation of pyrazole, where
nitrogen atoms act as electron donors and create p-type holes[374, 375]. Ascorbic acid,
despite being one of the most extensively studied “green” reducing agents for producing
CrGO, also faces the same issue of contamination[91]. AA undergoes oxidation initially
to dehydroascorbic acid (DHA), and subsequently to oxalic and guluronic acids. These
compounds can then interact supramolecularly with the remaining carboxylic groups of
pristine GO[376-378]. Contrary to applications in electrical fields, the situation is more
intricate when addressing applications in sensing device. Alternative strategies, such as
heteroatom doping, have also been extensively utilized to enhance the conductivity of
pristine GO[379, 380]. Nonetheless, the electrical performance of rGO as an active
material in sensing is superior to that of pristine GO substrates because the removal of
OFGs is accompanied by other physicochemical and structural changes in rGO, such as
increased conductivity, surface area, and pore size. Therefore, the optimal reduction
conditions for electronics applications may vary. Moreover, a systematic study comparing
the physicochemical and structural properties of CrGO with its performance in electronics
using various reducing agents and reduction times has not been conducted. To address
this significant knowledge gap, the study investigates the optimization of GO reduction
by varying reduction conditions, particularly focusing on the choice of reducing agent
and reaction time (2 or 12 hours). Regarding reducing agents, the study focuses attention
on four of the most commonly employed agents, i.e., hydrazine hydrate, sodium
borohydride, AA, and a sulfur-containing compound such as sodium dithionite. This
study aims to systematically investigate how these factors influence the toxicity,
physicochemical and structural properties of CrGO, ultimately enhancing their

performance for electronic devices.
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3.2 Results

3.2.1 Chemical composition of chemically reduced graphene oxide

The successful chemical reduction of GO was then monitored using FTIR

spectroscopy. The FTIR spectrum of synthesized material is presented on Figure 21.

a) b)
W W

M rGO(NaBH,)_12h

__-fvw
W
rGO(N,H,)_2h rGO(N,H,)_12h
—_— T
5,0,)_2h T~ rGO(Na,$,0,)_12h
T T T T T T T 1 1 1 1 I 1 1
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
A -1
Wavenumber [cm ] Wavenumber [cm ]

Fig. 21 FTIR spectra of chemically reduced GO with different reducing agents at a) 2 hours and b) 12

hours reaction time.

The black curve displays the distinctive vibration bands of GO, including: 2500-3500
cm ! (OH stretching vibration), 1722 ¢m™! (C=O stretching vibration), 1620 c¢m™!
(aromatic C=C stretching vibration), 1400 cm™! (C-~OH bending vibration), 1220 ¢cm™!
and 1046 cm™! (breathing vibrations), and ~1000 cm™! (stretching vibrations from epoxy,
ether, or peroxide groups). After 2 hours of chemical reduction, the vibrations associated
with the various OFGs were significantly diminished in rGO(N>H4) and rGO(Na2S204).
However, achieving the same degree of reduction in rGO(AA) or rGO(NaBH4) required
12 hours of reduction. FTIR analysis provided initial insights into the reduction efficacy
of the four studied reducing agents, ranking NoH4 and Na»S,04 as the most potent,
followed by AA, and NaBHj as the least effective reducing agent.

The extent of GO reduction is typically quantified by the C/O ratio derived from
XPS analysis. However, as XPS is a surface-sensitive technique (i.e., the penetration
depth of the XPS beam ranges only between 1 and 10 nm). Thus, firstly was performed
elemental analyses of obtained CrGO. The results of elemental analyses are presented on

Table 5.
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Tab. 5 Elemental analysis of chemically reduced GO samples.

Sample %C %0 %N %S %H C/O

GO 46.10 46.60 0.03 2.00 5.27 0.99
rGO(NaBH4) 2h 65.00 31.94 0.17 1.17 1.73 2.04
rGO(NaBH4) 12h 66.72 30.29 0.58 1.11 1.30 2.20
rGO(AA) 2h 75.51 20.59 1.99 0.88 1.03 3.67
rGO(AA) 12h 70.74 26.32 0.97 0.92 1.05 2.69
rGO(Nz2H4) _2h 80.28 14.62 3.35 1.01 0.74 5.49
rGO(Nz2H4) _12h 83.50 11.60 3.63 0.74 0.54 7.20
rGO(Na23204)_2h 81.47 14.89 0.72 2.16 0.77 5.47
rGO(NazS:04)_12h 84.78 12.07 0.41 2.09 0.65 7.02

As can be seen in Table 5 the C/O ratio ranges from 0.99 for pristine GO to 7.20 for
rGO(N2H4) 12 h. Based on the C/O ratio, the reducing agents rank in strength as follows:
NazS204 = N2Hys > AA > NaBHa4, consistent with FTIR analyses. Notably, the nitrogen
content is slightly elevated in the samples reduced with N>Ha4, suggesting potential
contamination due to the reaction between GO and NoHy (e.g., pyrazole formation). From
the XPS survey spectra presented for GO on Figure 22 and for rGO samples on Figure
23, the C/O ratio was estimated ranging from 0.86 for pristine GO up to 11.21 for
rGO(Nax2S204) 12 h. The detail data obtained from XPS survey is presented on Table 6.
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Fig. 22 Survey spectra of GO.
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12 hours of reaction time.

In full agreement with FTIR and EA, the strength of the reducing agents followed the
same trend. Likewise, the nitrogen element was also present in the rGO(N2H4) samples,
and its amount was proportional to the reaction time (2.70% after 12 hours of reaction).
Traces of sodium element (~1%) were found in the rGO (NaBH4) samples, yet, their
levels were so low that they could not be detected in elemental analysis. No detectable
contamination of sodium or sulfur was observed in the rGO(Na;S»04) samples.

Concerning the reaction time, a minimal difference (i.e., maximum 5% increase) was

observed between 2 and 12 hours of reaction for all the reducing agents.
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Tab. 6 Elemental analysis of chemically reduced GO samples from XPS survey.

Sample %C %0 %N %Na C/O

GO 46.10 53.87 0.03 - 0.86
rGO(NaBHs) 2h 81.12 17.50 - 1.37 4.64
rGO(NaBHs)_12h 82.10 17.25 - 0.65 4.76
rGO(AA) 2h 87.37 12.63 - - 6.92
rGO(AA) 12h 87.80 12.20 - - 7.20
rGO(N2Hs) 2h 89.79 8.45 1.76 - 10.63
rGO(N2H4) 12h 88.50 8.60 2.90 - 10.29
rGO(Na28:04) 2h 91.39 8.61 - - 10.62
rGO(Na2S>04)_12h 91.81 8.19 - - 11.21

Although FTIR, EA and XPS survey spectra exhibited similar trends in the effectiveness
of the reducing agents, further analysis was required to understand the impact of reaction
time. To gain insight into the chemical aspects of the reduction process by each reducing
agent, high-resolution XPS spectra of C 1s and O Is were deconvoluted. The

deconvoluted spectra for GO sample of C 1s and O 1s is presented on Figure 24.
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Fig. 24 Fitted XPS of GO for a) C Is and b) O Is.

The high-resolution C s spectra were analyzed by fitting them with 5 Gaussian—
Lorentzian curves corresponding to different chemical environments: 284.5 eV for C-C
(Csp>~Csp?), 285.15 eV for C-O (encompassing Csp>~O—Csp?, Csp’~OH, and Csp>—
OH), 286.5 eV for C-O—C (Csp>*~0O-Csp?), 287.40 eV for C=0, and 288.50 eV for COOR
(including COOH and lactone). The C 1s deconvoluted spectra obtained from XPS is
illustrated on Figure 25. Likewise, the high-resolution O 1s spectra were fitted with 3
Gaussian—Lorentzian curves: 531.08 eV C=0, 532.03 eV Csp*-O (including Csp*~O—
Csp?, and Csp*~OH), and 533.43 ¢V Csp?>~O (including Csp>~O—-Csp? and Csp>~OH),
(see Figure 26).
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Fig. 25 High-resolution XPS spectra of Cls for the CrGO with different reducing agents and a), c), e), g)
2 hours and b), d), f) h) 12 hours of reaction time.
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Fig. 26 High-resolution XPS spectra of O Is for the CrGO with different reducing agents and a), c), e), g)
2 hours and b), d), ) h) 12 hours of reaction time.

Moreover, to demonstrate the reactivity between GO and N>Hs, the high-
resolution N 1s XPS spectra were obtained (see Figure 27) at 2 and 12 hours of reaction.
Figure 27 shows the formation of a pyridine ring, C-N—C and a pyrrole or diazine ring
(N-C=0)[381, 382]. Moreover, carbonyl groups, whether in the form of C=0 or COOR,
constituted the lowest percentage among the various OFGs present in GO. The results
indicate that N>H4 is particularly effective in reducing COOR groups, whereas all
reducing agents resulted in similar amounts of C=0O moieties. The changes in the area

corresponding to the four distinct C—O species present in GO were observed throughout
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the reduction process. Furthermore, the area corresponding to C—O species, including
both Csp*~O-Csp? and Csp’>~OH peaks, decreased uniformly after chemical reduction,
with no significant variations observed among the different reducing agents or reaction
times. However, Na>S>04 showed a higher decrease (nearly 30% compared to GO).
Finally, the most intriguing findings pertained to the Csp?>~O species, encompassing both

Csp>~O—Csp? and Csp>~OH.
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Fig. 27 XPS analysis of INs spectra of CrGO with hydrazine at a) 2 and b) 12 hours of reduction.

To complete analyses the solid-state NMR magic angle spinning (ssNMR-MAS)
was performed and also deconvoluted. The ssNMR-MAS spectra were deconvoluted in
eight curves: 60.4 ppm (1*Csp’>~O-'3Csp?), 70.6 ppm ("*Csp>*~OH), 78.9 ppm (!3*Csp3—
OH, close to defects), 100.2 ppm (1*C-OOR), 126.7 ppm (!3Csp>~'*Csp?), 134.7 ppm
(13Csp>-13Csp? close to defects), 162.4 ppm (Csp*~O (including Csp>~O—Csp? and Csp>—
OH)) and 187.9 ppm (1*C=0). The obtained NMR spectra are presented on Figure 28 for
GO and on Figure 29 for synthesized rGO samples.
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Fig. 28 Solid-state MAS-NMR of GO sample.
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Fig. 29 Solid-state MAS-NMR of CrGO samples for a), c), e), g) 2 hours and b), d), f) h) 12 hours of

reaction time.

By combing the evolution of the area of each component in XSP and ssNMR

spectra to function of reducing agents and reaction time significant dependencies can be
observed. On Figure 30 are presented relatives contributions of C 1s and O 1s peaks and
NMR spectra components estimated by dividing the area under each component by whole
areas of these peaks as a function of the reducing agents and reaction time. Thus, as
expected, the area of the C=C and Csp>~Csp? peaks increased in all the cases as the

reduction process restored the m-conjugation of the carbon sheets. While the largest C=C
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and Csp>-Csp? peak areas were obtained for rGO (Na»S,04) 2 h, the smallest C=C and
Csp?~Csp? peak areas were observed for rtGO(NaBH4) 2 h. The reaction time only played
a major role when NaBH4 was used as a reducing agent. The area of Csp>~Csp? close to
the defects (Csp?>~Csp?*) increased with the reduction process. Interestingly, we observed
a decrease of the Csp>~Csp?* peak area after 12 hours of reaction, when NaBH4 and N>Hs4
were used. This can be directly correlated with the contamination with the sodium and

nitrogen elements, respectively, which reacted with the defects present in the GO sheets.
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Fig. 30 Comparison of the relative contribution of a) C 1s XPS b) O Is and c) NMR spectra components
as a function of the reducing agents and reaction time estimated by dividing the area under each

component by the whole peak area.

In case of hydrazine, as previously demonstrated, the reduction process induced a
structural reorganization from Csp’~O to Csp?-O, resulting in an initial increase in the
peak area of the Csp?>~O species. However, with continued reduction, the OFGs were
progressively eliminated, leading to a subsequent decrease in the peak area of the Csp?—
O species. However, when the reduction continued, the OFGs were eliminated, leading
to a decrease in the peak area of the Csp?~O species. This phenomenon can be clearly
observed by ssNMR. For the mildest reducing agent rtGO(NaBH4) 2 h, there was a sharp
increase of the Csp?~O peak area compared to that of pristine GO, which then decreased
when the reduction was performed for 12 hours. The same trend was observed when
rGO(AA) 2 h, the following reducing agent by strength, was used. However, the peak
area increase was lower than that in rGO(NaBH4) 2 h and when the reduction was
performed for 12 hours the peak area of Csp?>~O was comparable to that of pristine GO.
Interestingly, when NoH4 was used, no increase in the peak area of Csp>~O was observed,
independent of the reaction time. Finally, rtGO(Na2S204) 2 h followed the same trend as
rGO(AA) but with a lower peak area increase. Therefore, ssNMR unequivocally proves

that the strength of the reducing agents varies as follows: Na;S>04 =~ N2H4 > AA > NaBHa.
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Besides, the reaction time plays a role for three of the reducing agents, Na;S>04, AA and

NaBHa.

3.2.2 Structure and morphology of chemically reduced graphene oxide

Raman spectroscopy confirmed not only the chemical composition of CrGO but
also that the different Raman features (e.g., band position, intensity ratio and width) were
related to structural parameters such as crystallinity, reduction degree of GO and oxygen
content[383]. The Raman spectra of GO and CrGO were deconvoluted by using five
Lorentzian curves, which consist of the first-order Raman modes, namely: D, D", D', D*

and G (Raman results are presented on Figure 31 and on Figure 32 deconvoluted spectra

for CrGO samples).
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Fig. 31 Overlapped Raman spectra of GO and CrGO with different reducing agents at a) 2 and b) 12

hours of reaction time.

While the D band (~1350 cm™!) is associated with the breathing modes of photons of A,
symmetry, the G band (~1585 cm ™) is related to the first-order scattering of Ex phonons
of the sp? carbon structure[384]. Commonly, the relative intensity of the D band with
respect to the G band (/p/lG ratio) is an insightful parameter to estimate the degree of
defects in GO derivatives and it has been correlated with the inverse of the crystallite size
on basal planes (1/La) by Tuinstra and Koenig[349]. Investigating the Ip/Ig ratio for
synthesized samples allows for identification for all used reducing, grow of the ratio. The

comparison of Ip//g ratio is illustrated on Figure 33 (a).
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1.80

Fig. 33 Ratio of the band intensities a) Ip/Ic b) Ip*/c c) Ip/Ic d) Ip+/Ic of CrGO with different reducing

agents and different reaction times.

Investigating the Ip/Ig ratio for synthesized samples allows for identification for all used
reducing, grow of the ratio. The comparison of /p//[g ratio is illustrated on Figure 33. That
feature clearly indicate the restoration of sp? conjugation due to the removal of the oxygen
functional groups from GO[385, 386]. The increase in the Ip/Ig ratio is proportional to
the strength of the reducing agent, in full agreement with previous characterization
results. In addition, the /p//G ratio decreases after 12 hours of reaction when AA and NoHa
are employed, which is related to undesired contamination. The additional bands (D", D*
and D’) arise from the defects present in the graphitic structure of the carbon material[383,
387, 388]. The Ip"/Ig, Ip+/Ig, and Ip/lG ratios are shown in Figure 33 (b), (c¢) and (d)
respectively. Ideally, all these ratios should decrease with the reduction degree. However,
the Ip/Ig and Ip+/IG ratios increased slightly in all the cases; therefore, it can be concluded
that the chemical reduction process creates defects in the graphitic structure of the carbon
material. In contrast, the Ip+/Ig ratio decreases in all the cases and the decrease is

proportional to the strength of the reducing agent.

Moreover, the Raman spectrum was utilized to unravel the number of defects

present in the pristine GO and CrGO. First, the average defect distance (Lp) was
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calculated. The obtained values for GO and CrGO are illustrated on Figure 34 (a). From
the results it is indicated that, the Lp of pristine GO amounts to 9.64 + 1.11, which upon
reduction only decreases slightly to 8.27 = 0.95 for the strongest reducing conditions
(rGO(Na2S204) 12 h). Furthermore, the number of defects was also calculated from
Raman analysis. The results are presented on Figure 34 (b). As Lp = 10, the estimated

number of defects in each case in GO and CrGO is between 7.8 x 10'? and 10.6 x 101,

Fig. 34 a) Average defect distance and b) defect density of CrGO with different reducing agents and

different reaction times.

The effect of the different reducing agents on the crystallinity of CrGO was
investigated using powder X ray diffraction. The XRD spectra and obtained calculated
values are presented on Figure 35. The pristine GO diffraction pattern displays one
characteristic peak at 20 = ~10° (peak I) with a Full-Width at Half Maximum (FWHM)
of 0.81 related to the (002) family of planes. After the chemical reduction, the CrGO
exhibits one characteristic peak at 20 = ~25° (peak II), with a larger FWHM of 4.4-5.81°,
related to the smaller crystallite sizes and a second at about 42.8° related to the (100)
family of planes. After two hours of the reaction, peak I completely disappears when
NaxS>04, NoHa, and AA reducing agents are used. However, peak I remains present even
after 12 hours of reaction when NaBHj is used. This observation is consistent with the
results obtained by Shin et al.[90]. From the scattering angle (26) of each peak we can
quantify the d-spacing, average crystalline size (La), crystalline thickness (Lc), and
graphene layer number (n) for GO and all CrGO using the Debye—Scherrer equation. On
Table 7 are presented all calculated values form XRD spectrum. The d-spacing of pristine
GO amounts to 8.79 A and after its chemical reduction, it decreased to ~3.76 A [389,
390]. The significant reduction in the interlayer distance is associated with the partial
removal of OFGs from the GO sheets. Although the d-spacing slightly decreases with

reaction time, there are no substantial differences observed between the different reducing
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agents used. The crystal thickness (L¢) notably decreases from 97.32 A for pristine GO
to approximately 15.5 A after chemical reduction. Interestingly, no significant differences

are observed between the various reducing agents used and reaction time for both Lc and

La (see Fig. 35 ¢)).
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Fig. 35 XRD patterns of rGO reduced for (a) 2 hours and (b) 12 hours, and (c) dependence on crystal

size (La) and d -spacing in correlation with the reducing agent.
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Tab. 7 The XRD peak position, d-spacing, crystallite size (La), crystalline thickness (Lc) and average

graphene layer number (n¢) calculated for the (002) and (100) planes for all measured samples.

Number
002) | (100) d-
Reactan | Reaction i » ) Le of
Sample ] position | position | spacing | La [A]
t time [h] [A] layers
[°] [°] [A]
nc
8.79
GO - - 10.05 - 226.59 | 97.32 | 11,07
+0.01 | +2.68 | £3.05
373
rGO(NaBH4) 2h 2 24.02 | 42.94 130.19 1 17.53 | 474
+0.01 | £2.91 | £0.92
NaBH4 370
rGO(NaBH4)_12h 12 23.82 | 943.08 ' 117.93 1 1475 | 3 95
+0.01 | +1.59 | +0.49
3.77
rGO(AA) 2h 2 2355 | 43.01 104.49 1 13.81 | 3 66
+0.01 | +1.88 | £0.67
AA
3.67
rGO(AA)_12h 12 2424 | 4285 92.28 | 1524 | 416
+0.01 | +£1.46 | £0.70
3.85
rGO(N2Hs) 2h 2 23.08 | 42.97 93.30 | 12521 375
+0.01 | £2.99 | £0.77
N2H4 I8
rGO(N:Hs)_12h 12 2334 | 4274 ' 100.77°] 14.19 | 373
+0.01 | +2.33 | £0.71
3.78
rGO(Na>S:04) 2h 2 2351 | 4279 107.64 | 1823 | 48>
+0.01 | £3.32 | £0.79
GO(Nax$:04) 12 NazS20¢ 3.74
I a2d204 .
- 12 2377 | 4285 99.66 | 17.95 | 4380
h +0.01 +1.71 | £0.69

Notably, the theoretical number of layers (n.) indicates that few-layer thick CrGO
sheets (3—5 layers) can be produced even with mild reducing agents such as AA.
Therefore, we can conclude that the choice of reducing agent and the reaction time do not

significantly affect the crystallinity of the resulting CrGO.

The scanning electron microscopy was utilized for investigation of morphological
changes upon the chemical reduction of GO. The obtained SEM images are presented on
Figure 36. The SEM investigation clearly indicate the absence of morphological changes
upon the chemical reduction of GO for all the reducing agents and reaction times

employed.
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Fig. 36 SEM images of GO and CrGO with different reducing agents and different reaction times.

The specific surface area and average pore size of CrGO were evaluated by
recording N» adsorption—desorption isotherms at 77 K. The adsorption isotherms of the

CrGO exhibited type-1I sorption isotherms, with steep rises appearing at low relative
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pressure and type-IV sorption features with adsorption/desorption hysteresis at higher
pressure. The obtained isotherms are presented on Figure 37 for GO and 38 for CrGO.
The calculated Brunauer—-Emmett-Teller (BET) surface area of CrGO revealed
significant differences between the reducing agents used (presented on Figure 39 (a)). In
all cases, the surface area increased with reaction time, showing an increase between 25%
and 97%. Interestingly, the two reducing agents that produced CrGO with the highest
carbon-to-oxygen (C/O) ratio, Na>S>04 and N2H4, resulted in the lowest surface areas,
measuring 140.91 m?/g and 96.41 m?/g, respectively, after 2 hours of reaction. In contrast,
when the mildest reducing agents AA and NaBH4 were used, CrGO exhibited the highest
surface areas (394.90 and 555.63 m?/g, respectively, after 12 hours of reaction) compared
to pristine GO (12.61 m?/g). he same trends were observed for the average pore size of
CrGO (see Figure 39 (b)) ranging from 1.40 nm when Na»S>04 was used for 2 hours of

reaction time, to 13.70 nm when AA was used for 12 hours of reaction time.
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Fig. 37 BET surface area for GO.
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Fig. 39 a) Specific surface area and b) average pore diameter obtained from BET isotherms of CrGO

samples.
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3.2.3 Conductivity properties of chemically reduced graphene oxide

To gain a greater insight into the electrical performance of CrGO, thin film
conductivity measurements were performed. Pellets of different materials were prepared,
and the film resistivity was measured with a four-point probe (FPP). Due to its insulating
character, the film resistivity of the pristine GO material was above our instrument’s
detection limit. The film conductivity of CrGO, ranging from 2.7 x 101 S m!
(rGO(NaBH4) 2h)to 4.3 x 103 Sm™! (rGO(Na2S204) 2 h), gradually increased with the
strength of the employed reducing agent, following a trend in full agreement with the
previous characterization results. Therefore, for electrical applications, rGO(AA) 12 h,
rGO(NaxS;0) and rGO (N2H4) represent the best choices, as their performance is

comparable. The obtained values for all CrGO samples are presented on Figure 40.
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Fig. 40 Film conductivity of CrGO with different reducing agents and different reaction times. Inset,

lateral and frontal side of a representative pellet.

Moreover, to explore the compatibility of our reduction process with substrates
employed in flexible electronics such as flexible strain sensor device, the reduction of a
film GO deposited on PET is performed using the four reducing agents. As can be seen
in Figure 41 only the CrGO films reduced with AA and Na»S>04 are stable and
homogeneous. Furthermore, the mechanical stability of the films was tested by
performing 2000 bending cycles. The resistance of the film was constant for the 2000

bending cycles performed with subtle variations below 1% presented on Figure 42.
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Fig. 41 Optical images of the films of GO and CrGO with different reducing agents.
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Fig. 42 Resistance of the CrGO film obtained with a) Na2S:04 and c) AA, as a function of time during the
application of 2000 bending cycles. Magnification of the film resistance of CrGO obtained with b)
Na:xS:04 and d) AA, as a function of time.

Moreover, surface area, porosity and oxygen content have been identified as the
key properties that strongly influence the conductivity of synthesized rGO samples.
Figure 43 presents correlation between all aforementioned factors and conductivity of
CrGO. The increase in surface area is directly proportional to the electrical conductivity.
Moreover, surface area and conductivity follow nearly the same trend for the different
reducing agents and reaction times. As in the case of surface pore size and conductivity
follow the same trend. The presence of electrochemically active groups (e.g., OFGs) is
advantageous, as they can provide a large additional interaction with the analyte in case
of gas sensors device. During the reduction process, OFGs are eliminated and therefore
this is detrimental to the electrical conductivity. Thus, the two reducing agents that
produce CrGO with lower oxygen content (i.e., NoH4 and Na»S>04) also show the highest
conductivity values. In contrast, AA and NaBH4 produce CrGO with higher oxygen
content, but only after 12 hours is the electrical conductivity boosted. Pristine GO, despite
having the highest amount of OFG, exhibits the lowest conductivity which was under

detection limit of the utilized instrument.
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Fig. 43 Conductivity of CrGO with different reducing agents and reactions times compared with their

corresponding a) surface area, b) pore size and c) oxygen content.

3.2.4 Toxicology of chemically reduced graphene

Considering the importance of reduced rGO in wearable devices, which inevitably
come into contact with human skin, the toxicology tests were conducted specifically
focused on assessing its potential to cause skin irritation, a common concern at the
cutaneous level. The irritation potential of rGO was evaluated using the OECD TG 439
standard, employing the SkinEthic™ Skin Irritation Test (42 minutes exposure + 42 hours
post-incubation), which is already fruitfully adopted for graphene-related materials[366].
RhE tissues were exposed to 16 mg of each material in powder form at the air-liquid
interface for 42 minutes. After exposure, the tissues were incubated for 42 hours without
the materials. The irritation potential was evaluated based on tissue viability, with values
<50% indicating potential irritation. The MTT reduction assay was used to measure the

reduction in tissue viability caused by rGOs, as depicted in Figure 44.
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Fig. 44 Assessment of skin irritation properties of chemically reduced GOs (a) using the SkinEthic™ Skin
Irritation Test **"s (OCED TG 439). Results represent tissue viability reductions induced by rGOs
evaluated using the MTT reduction assay with respect to negative controls (RhE exposed to PBS); 5%
SDS was used as the positive control. Results are the mean £ SE of three independent experiments.
Statistical differences vs. negative controls: *p < 0.05; ****p < 0.0001 (one-way ANOVA and
Bonferroni’s post-test) and (b) the release of IL-10. from RhE exposed to chemically reduced GOs. IL-1a
was measured using a specific sandwich ELISA in growth media collected from RhE after exposure to
each material; 5% SDS was used as the positive control. The data, reported as pg mL—1 of IL-1a.
released in the media, are the mean + SE of three independent experiments. Statistical differences vs.

negative controls (RhE exposed to PBS): ****p < 0.0001 (one-way ANOVA and Bonferroni’s post test).

In general, none of the material’s RhE viability was reduced to levels lower than
the threshold value given by the OECD TG 439 (tissue viability <50%) and, therefore,
they can be considered as non-irritant materials. Among the different samples, the
rGO(AA) 2 h (reduction of cell viability by 15%; p < 0.05), rtGO(N2Hs) 12 h (reduction
of cell viability by 20%; p < 0.05) and GO (reduction of cell viability by 17%; p < 0.05)
were able to slightly reduce RhE viability, even though at levels not predicting the irritant
potential. In contrast, the positive control (5% SDS) significantly reduced RhE viability
by 99% (p < 0.0001), resulting in an irritant compound. The absence of skin irritation was
confirmed by the analysis of IL-a release from treated RhE, as an additional biomarker
to classify skin irritants using 3D models of the epidermis[391]. Indeed, despite minor
variations, none of the materials significantly increased IL-a release from RhE in contrast
to the positive control (1440.1 pg mL™"), increasing by more than 30 fold its release with
respect to the negative control (45.7 pg mL™!). By and large, these results also suggest
that the different chemical reductions, possibly leading to chemical reagent residues
and/or changes in the material structure, do not appear to affect the good biocompatibility
of graphene-related materials previously reported by both in vitro[392-396] and in
vivo[397] studies.
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3.3 Conclusions

In summary, the study introduced, developed and optimized, scalable, easily
controllable, and energy-efficient method for producing chemically reduced CrGO with
customizable electrical properties. This research, corroborated by ssNMR, indicate that
the peak area corresponding to Csp>~O species serves as an excellent indicator of the
reduction strength of the employed reducing agents. Specifically, the following trend was
observed: Na>;S>04 = NoHs > AA > NaBHy, which aligns with the outcomes of FTIR
analysis, elemental analysis, and XPS analysis. Furthermore, the peak area of the Csp*—
O species revealed the influence of the reaction time on GO reduction for three of the

reducing agents, namely Na>S>04, AA, and NaBHa.

Moreover, that investigations using EA and XPS revealed that the utilization of
N2Hs during the GO reduction process resulted in nitrogen contamination and pyrazole
formation. Similarly, NaBHs; led to sodium contamination, while AA induced a
supramolecular interaction with DHA within the CrGO structure. Notably, these results
demonstrate that CrGO with excellent electrical conductivity (>1800 S m™!) can be
synthesized using AA (with a 12 hour reaction time), Na>S>04, or NoHy (regardless of
reaction time). CrGO produced with AA or N2Hs, exhibiting reduced hydrophilicity,
enabled the fabrication of films on flexible plastic substrates, maintaining resistance even
after enduring 2000 bending cycles. This feature, clearly indicate that CrGO can be

utilized for flexible pressure and humidity sensing electronics.

Furthermore, skin irritation tests demonstrated that all variants of CrGO could be
considered non-irritating materials, affirming that the reduction process does not
compromise their biocompatibility at the cutaneous level. These findings represent a
significant advancement in the application of rGO, particularly in wearable and flexible

electronics with skin-level interactions.
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Chapter 4 - Thermal reduction of graphene oxide

4.1 Introduction

Over the past fifteen years, extensive research has focused on converting
electrically insulating GO into its conductive form, rGO by removing OFGs and (partial)
restoring sp? conjugation. This scalable and low-cost method produces materials with
graphene-like properties. Among the various protocols, thermal annealing stands out as
an appealing, environmentally friendly approach compatible with industrial processes.
However, the high temperatures typically required to accomplish this process are
energetically demanding and are incompatible with the use of plastic substrates often
desired for flexible electronics applications such as pressure and strain sensors. Thus, a
systematic study on the low-temperature annealing of GO by optimizing different

annealing conditions, i.e., temperature, time, and reduction atmosphere is needed.

The GO is a distinctive multifunctional 2DM consisting of carbon, oxygen, and
hydrogen atoms in varying ratios. It was first synthesized nearly 150 years ago[398].
However, at present GO is primarily produced by treating natural graphite flakes with
strong oxidants, predominantly utilizing a modified version of the Hummers’ method[68].
The presence of various OFGs like epoxy, hydroxyl, and carbonyl on both the basal plane
and the edges gives GO a distinctive combination of mechanical and optical properties.
Additionally, these functional groups contribute to GO’s excellent dispersibility and
colloidal stability in many solvents, particularly in water[399-403]. Furthermore, utilizing
well established chemical strategies, these OFGs can be utilized as sites for chemical
modification, thereby enhancing GO potential applications in sensing application. Due to
the use of strong oxidants like potassium permanganate in most GO production methods,
GO typically contains a considerable number of defects in its crystalline structure. This
results in a reduction in electrical conductivity, which hinders the direct application of
GO in electronics[404, 405]. Significant efforts have been dedicated to removing OFGs
from GO through reduction processes. The aim is to enhance the degree of conjugation
in the carbon network by forming sp? species, thereby improving the material’s electrical
properties with the goal of approaching the characteristics of graphene[5]. GO reduction
yielding electroactive rGO can be achieved through a variety of chemical (CrGO) or
thermal (TrGO) methods. Chemical reduction is still the most common and efficient

approach for reducing GO using a plethora of reducing agents including hydrazine,
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sodium borohydride (NaBH4), hydrogen iodide, or AA[91, 92, 375, 376, 406, 407].
However, the cost of chemicals and the substantial amount of chemical waste generated
render this methodology industrially undesirable[94]. Chemical reagents can be avoided
by using the electrochemical method. In this approach, the reduction of GO depends on
the exchange of electrons between the GO and the electrode, which takes place inside an
electrochemical cell in the presence of an aqueous buffer solution. However,
electrochemical reduction is limited to substrates that can serve as electrodes. While
chemical reduction remains one of the most efficient and widely used solution-based
protocols, it is inconvenient due to the production of a stoichiometric amount of chemical
waste. Thus, thermal reduction stands out as one of the most appealing reduction methods
due to its minimal environmental impact. Thermal reduction involves annealing GO
under controlled atmospheric conditions, resulting in the desorption of products such as
H>O, CO, and CO. It is widely acknowledged that under vacuum and annealing
temperatures ranging from 100 to 185 °C, interlamellar H2O molecules are removed. At
temperatures between 185 and 300 °C, epoxide and carbonyl groups are eliminated,
followed by the removal of ether and hydroxyl groups at temperatures ranging from 700
to 1200 °C. This sequential process results in a material with a higher carbon to oxygen
ratio[95, 408]. However, these high temperatures are energetically demanding and
unsuitable for thermal reduction of GO on plastic substrates used in flexible electronics.
Typical substrates for flexible and wearable electronics include materials such as
polyethylene terephthalate and polyimide which retain their mechanical properties at
temperatures up to 175 °C for PET and 232 °C for PI. That feature is huge limitation
according to flexible sensing application. Thus, there is a strong demand for the thermal
reduction of GO at relatively low temperatures. In recent years, a few studies have
reported achieving the thermal reduction of GO at relatively low temperatures (<300
°C)[409-413]. For example, it has been discovered that the reduction temperature can be
lowered to 150 °C at atmospheric pressure when GO is dispersed in propylene carbonate
or in a mixture of water and organic solvents[412]. Grossman et al. measured the sheet
resistance of GO films annealed at 50 and 80 °C in air. After five days of annealing at 80
°C, the sheet resistance dropped from 1010 Q sq ! of pristine GO to 105 Q sq ! mainly
due to the interlamellar H,O desorption[414]. Chhowalla et al. reported that GO films
reduced under ultra-high vacuum (UHV) for 15 minutes at 150 and 200 °C have a
resistivity of about 10 and 1072 Q m, respectively, and when the reduction is performed

in Ar/H; for 15 minutes at 200 °C, a resistivity of 1072 Q m was obtained[410]. Nazarov
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et al. investigated thermal reduction in air at temperatures ranging from 130 to 200 °C
with an annealing time of 15 minutes. They observed a decrease in resistivity from 4 X
10°Q mto 4 x 1072 Q m. This reduction was attributed to an initial desorption of H>O,
followed by the desorption of oxygen-containing functional groups, releasing CO and
CO[415]. These examples emphasize that regardless of the reduction atmosphere,
annealing at 200 °C for 15 minutes consistently reduces resistivity to approximately 1072
Q m. Sun et al. investigated the kinetics and thermodynamics of GO deoxygenation under
argon using thermogravimetric analysis coupled with a mass detector. They observed a
dramatic increase in CO and CO; signals near 180 °C, with traces of CO» detected as
early as 130 °C[413]. While these examples demonstrate that thermal reduction of GO
can be achieved at relatively low temperatures, the relationship between changes in
conductivity and other parameters such as chemical composition, surface area, or
crystallinity of TrGO remains unclear. There is no systematic study has explored and
optimized the annealing conditions and correlated them with changes in GO’s structure
and functions. To address this significant gap the thermal reduction of GO at various low
temperatures (100, 130, 150, 200, 250, and 300 °C) under both air and inert atmospheres
has been studied. Moreover, the effect of annealing conditions on the chemical structure,
various physico-chemical parameters, and the conductivity has been investigated.
Furthermore, to demonstrate the full compatibility of the reduction strategy with the use
of plastic substrates, the proof-of-concept devices consisting of ca. 66 nm thick TrGO
films supported on flexible PET substrates were fabricated and monitored their resistance

during 2000 bending cycles.

4.2 Results

4.2.1 Chemical composition of thermally reduced graphene oxide

To gain insight into the chemical composition of TrGO, XPS analyses were
performed on the GO powders annealed for 4 hours. The XPS spectra obtained from
TrGO samples are presented on Figure 45. The with C/O ratio analysis in the function of
temperature utilized is illustrated on Figure 46. From the survey spectra, a C/O ratio of

2.5 is estimated for pristine GO.
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Fig. 45 High-resolution XPS C 1s peaks of thermally reduced GOs under (a) air and (b) Nz, temperature
dependence of the relative contribution of C Is peak components estimated by dividing the area under
each component by the whole C 1s peak area for (c) air and (d) Nz, temperature dependence of the
relative contribution of O 1s peak components estimated by dividing the area under each component by

the whole O Is peak area for (e) air and (f) N-.
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Fig. 46 C/O ratio obtained from the XPS analysis of the TrGO under N: (top) and air (bottom).

During the annealing, H,O, CO and CO: are released and, consequently, the C/O ratio
increases, indicating the reduction process. The C/O ratio increases between 130 and 200
°C for the samples annealed either under air or nitrogen; however, while the C/O ratio
increases gradually when the annealing is performed under N2, more rapid changes are
monitored when the annealing is performed in air. For example, at 150 °C, the C/O ratio
is 5.05 in air compared to 3.40 in a N> environment, indicating that the reduction process
at lower temperatures is more efficient in air. The high-resolution C 1s spectrum is fitted
with five Gaussian-Lorentzian curves representing five chemical environments such as:
at 284.4 eV C-C (Csp*~Csp?), 285.15 ¢V C-O (including Csp?>~O—-Csp?, Csp*~ OH and
Csp>-OH), 286.48 eV C-O—C (Csp>~O-Csp?), 287.38 eV C=0, and 288.50 eV COOR
(including COOH and lactone). On Figure 45 (c¢) and (d) is shown the evolution of the
area of each component as a function of annealing temperature. As expected, the area of
the C—C peak increases with annealing temperature in both atmospheres due to the
reduction of oxygen content in the sample. Conversely, the area of the C—-O—-C peak
sharply decreases at 150 °C when annealing in air and at 200 °C when annealing in N>.
However, the areas of the other three peaks remain relatively constant. To gain a greater
understanding of the nature of the OFGs, the high-resolution XPS of O 1s spectrum is
fitted with 3 Gaussian—Lorentzian curves: 531.08 eV C=0, 532.03 eV Csp*-O (including
Csp®>~O-Csp?, and Csp’*~OH), and 533.43 ¢V Csp>-O (including Csp>~O—Csp? and Csp*—
OH) which are presented on Figure 47.
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Fig. 47 Fitted XPS a) C Is and b) O Is spectrum of GO and their corresponding chemical groups. XPS
analysis of O Is for the TrGO under (c) air and (d) N>

Figure 45 (e) and (f) show how the relative area of each component varies with the
annealing temperature. The area of the Csp’~OH peak decreases starting from 150 °C
when the reduction is performed under air and from 200 °C under N2, following the same
trend as the C—O—C peak. In parallel, the relative area decrement of the Csp>~O peak is
accompanied by a drastic increase in the area of the Csp?~O peak, indicating the inclusion
of oxygen atoms in the conjugated carbon network. From XPS analysis, we can conclude
that the threshold temperatures for the thermal reduction of GO under air and N> amount

to 150 °C and 200 °C, respectively.

Further insight into the chemistry of the reduction process was obtained by solid-
state NMR magic angle spinning (ssNMR-MAS) analyses, which is presented on Figure
48.

106



A I A AV ¥
300 250 200 150 100 250 200 150 100

3 (ppm) 3 (ppm)

c) d)

30
~—20 <204
© ©
Q Q
< <

10 4

04 :
"GO 150 300 "Go 150 300
Temperature (°C) Temperature (°C)

Fig. 48 Solid-state MAS-NMR C Is spectra of thermally rGO under (a) air and (b) argon, temperature
dependence of the relative contribution of NMR spectral components estimated by dividing the area

under each component by the whole peak area for (c) air and (d) argon.

As previously reported, the ssNMR spectrum of GO is deconvoluted in eight
curves corresponding to 60.4 ppm (1*Csp*~O-"*Csp?), 70.6 ppm (}*Csp*~OH), 78.9 ppm
(1*Csp*~OH, close to defects), 100.2 ppm (13C-OOR), 126.7 ppm ( 13Csp?>~'3Csp?), 134.7
ppm (B3Csp>-13Csp? close to defects), 162.4 ppm (Csp>-O (including Csp>~O—Csp? and
Csp>~OH)) and 187.9 ppm (}3C=0)[416-419]. The deconvoluted GO NMR spectra is
illustrated on Figure 49.
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Fig. 49 Fitted ssNMR spectrum of GO and their corresponding chemical groups.

Consistent with the XPS analysis, the intensity of peaks related to sp® carbons decreases
as the annealing temperature increases, while the intensity of sp? carbon peaks increases.
At 150 °C under argon, there is a slight decrease in the area of the Csp>~O-Csp® and
Csp’-~O peaks compared to the pristine GO spectra. However, at 150 °C under air, these
peaks are almost completely suppressed, and the Csp?>~Csp? peak increases significantly.
At 300 °C, the spectra of TrGO under both atmospheres are similar, with the Csp?>~Csp?
peaks being predominant. As seen in the XPS analysis, the only OFG formed during
annealing is Csp?~O. A quantitative evaluation is performed by plotting the relative areas
of the fitted solid-state NMR spectra as a function of the reduction temperature (see
Figure 48 (¢) and (d)). The '*Csp>~O peak increases drastically from 4.7% to 31.2% after
the reduction under air at 150 °C and is kept almost constant at 300 °C (27%). However,
when the reduction is performed under argon, only at 300 °C the '*Csp>~O peak increases
sharply to 37%. Moreover, in full agreement with the high-resolution XPS, the ssNMR
experiments confirm that the reduction of GO can occur at a lower temperature under air

when compared to the inert atmosphere.

As previously documented, the characteristics observed in the Raman spectra of
GO and rGO, including band position, intensity ratio, and width can be correlated with
structural properties such as oxygen content, crystallinity, and the degree of reduction of
GO[383, 384, 419-421]. The Raman spectra of GO and TrGO were deconvoluted using
four Lorentzian curves, which consist of the first-order Raman modes, namely: D, G, D",

and D’ bands and are presented on Figure 50 and Figure 51 respectively.
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Fig. 50 Fitted Raman spectra of GO.
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Fig. 51 Fitted Raman spectra of GO and TrGO under (a) air and (b) under N at different temperatures.

The D band, situated between 1330 and 1355 cm™!, originates from the Aig
breathing modes of six-membered rings. These modes are activated by defects like
vacancies, grain boundaries, and disorder in the carbon lattice, along with double-
resonant processes near the K point of the Brillouin zone boundary[383]. The G band,
occurring at 1580-1600 c¢cm™!, corresponds to the first-order allowed Raman mode
E2,[384]. Additional bands (D' and D") arise due to defects in the graphitic structure of

the carbon material. The physical origin of the D’ band at 1610-1620 cm™! remains not
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fully understood. Some authors have attributed the D’ band to disorder-induced phonon
modes caused by crystal defects, while others associate this band with double vacancies
that result in pentagonal and octagonal rings, often known as 5-8-5 defects[384]. The D"
band, located at 1500-1550 cm!, is associated with the amorphous phase, and its
intensity decreases as crystallinity increases[422]. The relative intensity of the D band
compared to the G band (/p/Ig ratio) is a well-established parameter for assessing the
degree of defects in graphene oxide (GO) derivatives. It has been correlated with the
inverse of the crystallite size on basal planes (1/La) using the Tuinstra—Koenig model.
Upon GO thermal reduction, the intensity of the G peak increases and hence the In/lg

ratio decreases with the annealing temperature. The results are presented on Figure 52.
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Fig. 52 Evolution of the Ip/Ic ratio values and the oxygen atomic percentage of TrGO as a function of the

annealing temperature under (a) air and (b) under No.

Moreover, the oxygen atomic percentage obtained by XPS is also included on
Figure 52 for a better understanding of the degree of GO reduction. This Figure shows
that upon thermal reduction under air, an abrupt decrease of both the Ip/lc ratio and
oxygen atomic percentage at temperatures >150 °C is observed, with both parameters
becoming stable (/Ip/lc = ~1.42 and ~15% oxygen atoms). However, when thermal
reduction is conducted under N>, a slower decrease in both parameters is observed,
reaching similar minimum values as reduction under air above 250 °C. The intensities of
the D' and D” bands also decrease as the degree of reduction progresses, reflecting a
reduction in the number of defects on the basal plane of GO. Figure 53 demonstrates that
the In/Ig ratio and the Ip"/IG ratio decrease with increasing annealing temperature under

both air and N, atmospheres.
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Fig. 53 Evolution of the (a) Ip/Ic and (b) Ip'/Ic ratio values of TrGO as a function of the annealing

temperature under air (black curves) and under N: (red curves).

It is also important to note that while the /p//g ratio decreased to ~20% of its initial value,
the Ip-/Ig ratio decreased ~45% (under air) and ~35% (under N») of their respective initial
values. From this result two conclusions can be drawn. At first, thermal annealing reduces
mainly the defects related to the D” band. Secondly, this process is more pronounced for
annealing under air, leading to a more crystalline structure. Moreover, the effect of
temperature on the crystallinity of TrGO is investigated by PXRD presented on Figure
54. Pristine GO diffraction pattern displays one characteristic peak at 20 = ~11° (peak I)
with a full-width half maximum (FWHM) of ~ 1.2° related to the (002) family of planes
(see Figure 54 (a) and (b)).
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Fig. 54 (a and b) Diffraction patterns of TrGO under (a) air and (b) argon at different temperatures, (c
and d) calculated d-spacing for peak I (full squares) and peak II (empty circles) for the samples annealed
under (c) air and (d) argon.

On the other hand, rGO exhibits one characteristic peak at 20 = ~25° (peak II)
with a larger FWHM of ~5°, five times larger compared to peak I, which indicates a
smaller crystallite size. Figure 54 (a) and (b) show a gradual disappearance of peak I and
a gradual increase of peak II upon increasing the annealing temperature. In agreement
with previous characterization studies, such as XPS and Raman spectroscopy, when the
annealing is performed under air, peak II appears at a lower temperature (i.e., 150 °C)
compared to annealing performed under argon (i.e., 200 °C), and the full reduction is
achieved at 200 °C under both atmospheres. From the PXRD patterns different
parameters can be determined (e.g., interlayer distance and the number of GO layers).
First, from the scattering angle (26) of each peak (see Figure 55), the d-spacing parameter
was quantified. At 150 °C in air and 200 °C in argon, there is the coexistence of peaks I
and II, hence two d-values are determined. The estimated d-spacing of GO is ~0.8 nm, in
agreement with the reported values[423]. When GO is annealed under air from 100 to
150 °C, peak I shifts toward higher scattering angles, indicating a contraction of the
interlayer spacing. This effect can be attributed to the evaporation of the entrapped H>O.
Conversely, when GO is annealed under argon from 100 to 150 °C, only a slight shift of
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peak I from 11° to 12° is recorded. Above 150 °C (under air) and 200 °C (under argon),
peak I intensity drops significantly and peak II becomes the major feature in the
diffractogram with a calculated d-spacing of TrGO of ~0.3 nm. The further shrinking of
the interlayer distance is related to the partial removal of the OFGs from the GO sheets.
Furthermore, considering the crystallite size (Lc) (see Fig. 55) and the interlayer spacing
d (002), and the interlayer spacing d (002) was estimated. This results clearly indicate
that for GO annealed in air few layer-thick rGO sheets (4—6 layers) can be produced
already at 150 °C. Remarkably, the low-temperature annealing under both atmospheres
(i.e., air and argon) allows us to produce high-quality few-layer rGO, starting from
commercially available GO with a high percentage of monolayers (>95%) with promising
characteristics for integration into electronic devices.
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Fig. 55 a) Main peak position for GO and TrGO under air (black curves) and under argon (red curves),
b) crystallite size calculated for GO and TrGO under air (black curves) and under argon (red curves)

and c) number of GO layers for GO and TrGO under air (black curves) and under argon (red curves)

4.2.2 Structure of thermally reduced graphene oxide

The porosity of TrGO annealed at different temperatures under air or argon is
evaluated by recording N> adsorption—desorption isotherms at 77 K. The results are
presented on Figure 56 (a), (b). The adsorption isotherms of TrGO exhibited type-I
sorption isotherms, with steep rises appearing at a low relative pressure and type-IV
sorption features with adsorption/desorption hysteresis at higher pressure. The calculated
BET surface area of TrGO increases gradually with the rising annealing temperature up
to 300 °C, from 12.61 m? g~! for the as-prepared GO to 480.44 m? ¢!, when the annealing
is performed under air. In contrast, when the annealing is performed under argon the
surface area abruptly increases at 200 °C to 439.92 m? g !, and then remains roughly
constant. The average pore size increases gradually with thermal treatment temperature,

following the same tendency as the specific surface area. The Figure 56 (¢), (d) shows the
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differential distribution of pore volumes vs pore sizes for TrGO under air and argon. It
reveals that all materials have a predominant mesopore distribution with sizes in the range

between 10 and 100 nm.
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Fig. 56 BET surface area of GO and TrGO under (a) air and (b) argon. Pore size distribution of
thermally reduced GO under (c) air and (d) argon.

4.2.3 Conductivity properties of thermally reduced graphene oxide

To gain greater insight into the reduction process, the electrical resistivity is used
as an internal gauge by performing thin film conductivity measurements. The films of
GO (thickness of 66 + 11 nm) were annealed at 150 and 200 °C under air and under argon,
and the film resistivity was measured at different annealing times with a FPP) to follow

the kinetics of the reduction process. The results are presented on Figure 57.
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Fig. 57 a) Kinetic resistivity measurements for the annealing of GO in air at 150 °C and 200 °C for 24
hours and b) for the annealing of GO under argon at 150 °C and 200 °C.

Importantly, N> and argon are tested as inert atmospheres and no substantial differences
in the electrical characteristics are observed on the resulting TrGO. Under air and inert
atmospheres (Ar and N»), the film resistivity gradually decreases upon annealing at 200
°C with the lowest resistivity being achieved after 4 hours (~3 x 10-3 Q m). At 150 °C
under air, the onset of conductivity in TrGO is observed after 4 hours of reduction with
the resistivity continuously decreasing even after 24 hours (~3 % 10—2 Q m). Conversely,
when the annealing is performed under argon, the onset of TrGO’s conductivity (~2 x
10—1 Q m) is observed only after 24 hours. To demonstrate the full compatibility of
reduction process with substrates employed in flexible electronics, the annealing of a GO
film deposited on PET was performed at 150 °C for 24 h. Then, the mechanical stability
of the films was tested by performing 2000 bending cycles. The results for mechanical

stability of films are presented on Figure 58.
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Fig. 58 a) Resistance of the film as a function of time during the application of 2000 bending

cycles with a bending radius of 6 mm, b) magnification of the film resistance as a function of time.

The resistance of the film is constant for the 2000 bending cycles performed with a subtle
increase below 1%. Although 24 hours are needed to produce conductive TrGO when the
annealing is executed at 150 °C, the reduction time can be reduced to 4 hours when the

annealing is performed at temperatures > 200 °C.

Moreover, on Figure 59 is shown the room-temperature resistivity of 66 nm thick
films of TrGO prepared under air and argon at different annealing temperatures. The
resistivity measured for TrGO is above the detection limit of the employed instrument
(i.e. 107 Q sq ") for temperatures below 150 °C under argon and below 100 °C under air.
Under an argon atmosphere, from 200 °C to 300 °C, the resistivity of TrGO decreases
from 3 x 107 to 4 x 10™* Q m, thereby approaching the resistivity of graphite (107> Q
m)[424] and two orders of magnitude lower than that of rGO annealed at 200 °C in Ar/H»
or UHV (1072 Q m)[410]. In contrast, the thermal reduction of GO under air shows a
constant decrease in film resistivity from 1 Q m at 130 °C to 102 Q m at 250 °C.
Conversely, at 300 °C, an increase in the resistivity of TrGO is observed, which could be
ascribed to the partial oxidation of the GO layers since its ignition temperature is 317
°C[425]. Moreover, the differences in the kinetics obtained from the film resistivity
measurements may suggest structural reorganization of Csp’~O to Csp?~O taking place,

it determines a transition of the electrical nature of GO from insulating to conductive.
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Fig. 59 Resistivity measurements for TrGO in air (black dots) and argon (red dots) for 4 hours.

Lastly the surface area, pore size and oxygen content play a key role in the
electrical conductivity performance. On the Figure 60 are presented correlations between

aforementioned factors toward electrical conductivity.
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Fig. 60 Film conductivity (a, c, e) under air and (b, d, f) under argon compared with their corresponding

(a, b) surface area, (c, d) pore size and (e, f) oxygen content.
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In the present case, during removal of OFGs, the mechanism is governed by the decrease
in the oxygen content of the GO and the increase in film conductivity in both cases under
air and argon conditions. That dependence is attributed to restoration of sp? network
which is presented in pristine graphene. Moreover, an increase in the interface electrical
resistance arises from the overlap of graphene sheets. When the reduction is performed
under argon, the increase in film conductivity with the annealing temperature is followed
by the increase of surface area. Same trend is observed under air condition. Differently,
when the reduction is carried out under air the same trend in case of pore size (increase
in pore size is accompanied by the increase in the conductivity). However, this tendency
is not observed for argon condition, where the trend is revered. That feature clearly
indicate that in case of thermal reduction there is no significant correlation between pore
size and the performance of conductivity in the material. Moreover, it can be concluded
that the increase of pore size has a higher effect on the electrical conductivity performance
of TrGO under air, while under argon the effect of pore size and film conductivity cannot

be distinguished.

4.3 Conclusions

In summary, it is presented an optimized, scalable, easily controllable, and low-
temperature (<300 °C) annealing procedure without chemical treatments for the
production of reduced graphene oxide with electrical properties at will. The use of
multiple techniques made it possible to gain an unprecedented insight and control over
the compositional, structural and electrical characteristics of the materials. The oxygen
atoms’ reorganization on the GO surface to promote H>O and CO; release is favoured in
a range of temperatures between 130 and 200 °C as shown from the XPS and ssNMR
analyses. Therefore, it is possible to achieve the elimination of OFGs without promoting
the ignition of the carbon framework when the reduction is performed in air. The main
OFG formed during the annealing is Csp?>~O, which does not result in any mass loss, yet
it determines a variation of the electrical nature of GO from insulating to conductive.
Moreover, it has been demonstrated that film resistivities of ~102-10"* Q m can be
achieved by annealing under air between 150 and 200 °C for 24 and 4 hours, respectively,
and under an inert atmosphere from 200 °C for 4 hours. Such results indicate the viability
of GO reduction upon annealing at temperatures as low as 150 °C, compatible with the
use of plastic substrates. Interestingly, films supported on plastic substrates showed

unaltered resistance when subjected to 2000 bending cycles. This represents an important
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step forward for application in wearable and flexible electronics. Moreover, the loss of
OFGs is detrimental to the electrical conductivity performance, it is compensated with a
high gain in the surface area and general oxygen content yielding material with ~450 m?
g 'and 103 S m™!'. Moreover, this presented protocol of reduction of GO is suitable for

both laboratory and industrial application.
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Chapter 5 Graphene-based hybrid as active material for strain
and pressure sensor device

5.1 Introduction

In general pressure sensors are devices that can produce electrical signals when
there is a change in pressure[104, 105]. These devices have significant technological
potential, as they can serve as crucial components for wearable bioelectronics
applications, such as monitoring the health of the wearer and their environment[106, 108,
111, 426-428]. A variety of electroactive materials have been utilized as active
components, including graphene[107, 323], conductive elastomers[122], and
nanoparticles[121]. Among these materials, graphene has been the most extensively
researched because of its outstanding electrical and mechanical properties. Moreover, it
is worth mentioning that graphene can be safely used in devices that come into direct
contact with human skin, allowing for applications such as tattoo sensors[429]. Pressure
sensors with high sensitivities can detect extremely small pressure changes and can be
used to convert muscle movements and subtle sound vibrations into electrical signals[430,
431]. In case of strain sensors, these are devices that detect small mechanical
deformations and convert them into electrical signals. Over the past few years, these
sensors have been incorporated into flexible and wearable electronic devices, adapting
them for use in health monitoring applications[211], motion detection[432] and soft
robotic[433]. Compared to complex fabrication methods like microelectromechanical
systems and microfluidic techniques, designing the structure of the active material is the
simplest and most straightforward approach for creating pressure sensors. In those
method, a small applied pressure can cause subtle structural changes in the electroactive
material. Moreover, the application of pressure can induce the formation of cracks and
structural defects, which in turn modify the percolation pathways for charge transport.
Consequently, this can cause substantial variations in the electrical output[112, 434].
Thus, the LbL method of pressure sensing preparation seems the most suitable technique

for active material preparation for pressure sensing device.

Pressure and strain sensors based 2D materials typically exhibit minimal
hysteresis, good linearity in response, and high sensitivity[435]. For instance, an ultrafast
dynamic pressure sensor based on a hybrid graphene structure has been reported[153]. In

this case, a GO/graphene composite film is created by vacuum filtration of a solution
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containing graphene oxide and graphene. Here, the 2D graphene layers serve as the
conductive component, while GO acts as a surfactant to prevent graphene from restacking
and aggregating in the aqueous solution. The pressure sensor utilizes a lateral structure,
where the planar GO/graphene film is placed on the surface of the electrodes. Moreover,
this pressure sensor has shown excellent sensitivity (0.032 kPa™!) in the low-pressure
range (<1 kPa) and a very low detection limit (approximately 0.15 g). Additionally, it
demonstrated outstanding cycling stability (>8000 cycles) and impressive response time,
capable of detecting dynamic pressure signals as high as 10 kHz. In another notable
example, a novel graphene-based strain and pressure sensor was fabricated by dip-coating
a polyimide foam template, followed by chemical reduction and thermal reduction
processes[111]. This graphene-based strain and pressure sensor exhibits high sensitivity
and excellent linearity, making it suitable for applications in health monitoring and human
motion detection. The advancement of sensors based on graphene, offering high
performance with facile and inexpensive fabrication, is crucial for building smart sensing
systems for the [oMT. However, low-dimensional materials such as nanoparticles and
nanowires[203, 432, 436-438] and CNT[107, 439] also have been utilized for fabrication
high performance sensors. Among these materials, AuNPs have been utilized as the active
sensing material in strain sensors due to the ease of controlling their composition, shape,
and size[440, 441]. Additionally, their properties can be tailored through molecular
functionalization, and their simple and cost-effective fabrication makes them highly
attractive for technological applications. The mechanism of these AuNPs-based strain
sensors relies on the relationship between strain and electron tunneling among
neighboring nanoparticles within the films or networks. While some efforts have been
made to enhance the sensing capabilities of AuNPs-based strain sensors by employing
various organic ligands such as 8-mercaptooctanoic acid[442], 1,9-nonadithiol[443], and
mercaptopropionic acid[444], the complete potential of the inherent mechanical

properties of the organic linker has yet to be fully realized.

Combining two excellent materials such as graphene and gold nanoparticles into
a single active material could be the beginning of a new generation of high-performance
strain and pressure sensors. In this Chapter I will discuss novel graphene-based material
doped with gold nanoparticles and evaluated for performance as strain and pressure

SENSOrs.
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5.2 Results

5.2.1 Characterization of gold nanoparticles

The AuNPs were synthesized by protocol described in section 5.2. To determine
the size of the AuNPs the UV-Vis spectroscopy was utilized. The obtained UV-Vis
spectrum of synthesized nanoparticles is presented on Figure 61. As shown in Figure 61
the wavelength at 520.5 nm of the sample corresponds well with the value found in the
literature[445]. Because of Amax = 520.5 nm this value is attributed to 17.6 + 1.2 nm of
diameter of AuNPs and 1.9 102 NPs mL!. As the rGO produce by thermal annealing in
150 °C and above (see Chapter 4) does not reach pore size higher than average 20 nm,

this diameter is suitable to penetrate the defects in the rGO structure.
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Fig. 61 The UV-Vis spectrum of synthesized AuNPs.

Moreover, the crystallinity of synthesized AuNPs was investigated by XRD
technique, and corresponding XRD patterns are shown on Figure 62. The gold
nanocrystals exhibited four distinct peaks at 20 = 38.1 and 44.3, which is value found in
the literature [446]. Furthermore, these peaks corresponded to standard Bragg reflections
(111) and (200) respectively. The intense diffraction at 38.1 peak shows that the preferred
growth orientation of zero valent gold was fixed in (111) direction. This refers to
molecular-sized solids formed with a repeating 3D pattern of atoms or molecules with an
equal distance between each part. This XRD pattern is typical of pure Au
nanocrystals[446, 447].
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Fig. 62 The XRD spectrum of synthesized AuNPs.

5.2.2 Characterization of prepared layer material

The multiscale characterization of various physicochemical properties of the GO-
based hybrid structures was conducted using different experimental techniques. By
precisely identifying the layers of the obtained materials, it is possible to track changes
in the chemical composition of individual layers and estimate the quality of the applied
reduction process. XPS offered quantitative insights into the chemical composition of the
layered material. Specifically, the notable differences between the carbon, oxygen,
nitrogen and sulfur peaks indicated the formation of a chemical bond between the OFGs
on the surface of GO and the amine and thiol groups from the other component. On Figure

63 is presented obtained survey spectra for GO(L1), GO(L2) and rGO(L1).
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Fig. 63 Survey spectra of obtained a) GO(L1) b) GO(L2) and c) rGO(L1) layers.

As it is illustrated on Figure 63 (a) and (c) the thermal reduction process occurred with

expected from Chapter 4 efficiency. From Figure 63 (b) the appearing of S 2p and Au 4f
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peaks attributed to 164.08 eV and 84.08 eV respectively, clearly indicate presence of 4-
aminotiophenol (corresponds to sulfur peak presence) and AuNPs (attributed to Au 4f
peak). That feature is not observed in GO(L1) layer as well as in rGO(L1). The absence
of these peaks in rGO(L1) layer can explained by the thickness of the deposited top layer,
which XPS beam is not able to penetrate. The data obtained from profilometer indicate
that the thickness of layer deposited from GO solution is ~300 nm, where the ability of
penetration of material by XPS beam is limited to from 10 to 100 nm. In the other hand,
from XPS survey data the atomic percentage of all element present in the sample. On
Table 8 is shown of atomic percentage obtained from XPS spectra. From the atomic
percentage from XPS data, it can be inferred that the nitrogen content in the sample
increased by approximately 0.6%, which corresponds to the presence of 4-
aminotiophenol in the material. Moreover, to have better insight into the changes during
LbL deposition the C 1s XPS spectra was deconvoluted. The deconvoluted spectra are

presented on Figure 64.

Tab. 8 The atomic percentage obtained from XPS survey spectra.

Sample %C %0 %N %S %Au
GO(L1) 67.59 30.97 1.44 - -
GO(L2) 66.88 28.99 1.97 1.67 0.99
rGO(L1) 86.41 12.49 1.11 - -
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Fig. 64 Fitted XPS C Is spectra for a) GO(L1) b) GO(L2) and c) rGO(LI).

As it is shown on Figure 64 the high-resolution C 1s spectrum is fitted with five Gaussian-
Lorentzian curves representing five chemical environments such as: at 284.4 eV C-C
(Csp>-Csp?), 285.15 eV C-O (including Csp>~O-Csp?, Csp>~ OH and Csp>~OH), 286.48
eV C-O-C (Csp’~O-Csp?), 287.38 eV C=0, and 288.50 eV COOR (including COOH
and lactone). However, there is no significant difference observed between the samples

GO(L1) and GO(L2), which can be explained by dominance the GO in the layer structure.
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Because of, the XPS spectrometer collected average data form surface area of these
layers, where the atomic percentage that content of sulfur form 4-aminotiophenol is
1.67% and the pristine GO layer contain some trace amount of nitrogen in the sample it
is difficult to track the functionalization of the GO layer by this method. Same problem
was observed in case of deconvolution of N 1s spectra, where due to presence of nitrogen
bond in GO layer is hard to estimate the influence of amine group from 4-aminotiophenol
on GO surface modification. However, the lack of significant changes in binding energy
data obtained from GO(L2) layer may suggest that AuNPs and 4-aminotiophenol are
attracted to GO layer by the supramolecular interactions. In the other hand the difference
in C 1s spectra on Figure 64 between (a), (b) and (c) clearly indicate that reduction of GO

layer was conducted efficiently.

Moreover, to have better insight into the chemical composition and crystallinity
of prepared layer the Raman experiment was conducted. The obtained Raman spectrum

for all samples is presented on Figure 65.
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Fig. 65 Raman spectra of GO(L1), GO(L2) and rGO(LI).

Through the analysis of the D and G peaks characteristics around 1350 cm™! and 1600 cm-
I, it provides information on the defect associated to vacancies and grain boundaries of
the material. while the latter gives insight into the chemical state of the carbon through
the scattering of the E»g phonon of the sp? carbon bond. Considering the G-peak of the
GO(L1) measured at 1603 cm™!, its value shifts to a lower wavenumber, reaching 1590
cm! for the GO(L2), which is consistent with the observed effect of the functionalization

of graphitic materials[448, 449]. Moreover, the intensity ratio Ip/lg is commonly used to
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quantify the disorder level in GO based materials. After a certain degree of disorder,
which is much lower than the defect density found in GO(L1), adding more defects causes
peak attenuation and a subsequent decrease in the /p//G ratio[406]. Thus, this value does
not significantly change from In/Ic = 1.52 for GO(L1) to deposited layer of GO(L2) In/lg
= 1.65, as the anchoring groups for this functionalization are already present on GO and
are counted as defects. However, during the reduction step of deposited layer on substrate,
the elimination of defects that did not react in the previous step leads to an increase in the
Ip/lc to 1.73 for rGO(L1) ratio is observed, which states in agreement with Chapter 4

results.

Moreover, to validate the changes in crystallinity of deposited layers the XRD
measurement were provided. However, due to weak interactions between deposited 4-
aminotiophenol with AuNPs and GO layers, the changes in XRD spectrum for GO(L1)
and GO(L2) where not observed. For this reason, to compere the deposited layer on
Figure 66 are presented XRD spectra for GO(L1), pure rGO layer without any organic
and AuNPs deposition and rGO(L1).
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Fig. 66 The XRD spectrum of layers GO(L1) (top), pure rGO (middle) and rGO(LI) bottom.
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As it shown of Figure 66 the characteristic peak of GO on 20 = 10.68 is disappearing and
not observed in both case of post reduction layers rGO and rGO(L1). Moreover, the
characteristic peak for rGO based materials 20 = (25-27) is appearing after reduction
process in both causes, which is another indicator efficiency of thermal reduction of these
layers. Furthermore, in comparison pure rGO and rGO(L1) it is observed the increase of
20 value from 20 = 25.75 for pure rGO to 20 = 26.08 for rGO(L1) (the better illustration

of this phenomena is shown on Figure 67).
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Fig. 67 The XRD spectra of pure rGO layer (top) and rGO(L1) (bottom).

This feature indicates that implementation of organic molecules and AuNPs increased
interlayer distance between GO sheets and they are stacked during the reduction process

in the built by LbL method structure of active material.

Moreover, to investigate the deposition quality the SEM imagines of prepared
layer were performed, which are presented on Figure 68. From SEM imagines it is clear
that deposited AuNPs on the top layer of GO create irregular aggregates on the whole
plane of GO layer surface. Moreover, the reduction process has significant impact on the
top layer of GO. From the morphology it is shown that the GO layer under thermal

annealing has changed its flat layer into irregular plane.
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Fig. 68 The SEM imagines of a), b) GO(L2), ¢) GO(L1) and d) rGO(LI1) layers.

5.2.3 Pressure sensing application

The prepared by LbL method active material on the ITO-glass was tested
according to the application as pressure senor. The performance of pressure sensor was
evaluated using a force gauge with a movement-control stand, combined with a
sourcemeter to provide a steady bias voltage. A step force ranging from 0.005 to 1 N was
applied to the device (with a contact area of 1 cm?). Mechanical displacement was
converted into an electrical signal by measuring the current change under different
applied forces. The sensitivity of the pressure sensor was calculated using the Equation

15:
S = 3((R:- Ro)/Rp)/dP Eq. 15

where R; and Ry are the resistance with and without applied pressure (P), respectively and
it shows sensitivity of 0.613 kPa'!, which much higher than sensitivity of pure rGO which
reach 0.052 kPa!. On the Figure 69 the performance of pressure sensor device is

presented.
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Fig. 69 Respond of pressure sensor device for a) 0.4 kPa and b) coin 6.24 g (~0.061N).

As it is shown on Figure 69 (a) the obtained layers as active material stands out in the
performance with comparison of pure rGO prepared by similar protocol. The observed
differences in sensitivities can be attributed to the fact that the current passing through
the rGO-based vertical junction is highly influenced by extremely small changes in the
interlayer distance between the rGO sheets, which is, in turn, determined by the applied
pressure. Moreover, to present effectiveness of obtained sensor the fatigue experiment
was provided, which are illustrated on Figure 70. The test was conducted for 0.1 kPa with
0.2 V of bias voltage. The presented results clearly indicate the stability of the obtained
pressure sensor. Furthermore, the device exhibits a superior performance, in which the
working current is stable even after 2500 times of press-release circles. Both respond and
recovery time has been calculated. As it is shown on Figure 70 and all previously
presented figures attributed to performance of sensing device the signal has to stabilize.
Then, the respond time was calculated from minimal sensitivity to the highest peak and
reach 127 ms. Due to, 1 s off applied pressure and the stability of system in case of
individual peak, recovery time was calculated form the point of release pressure to

obtaining stable signal and is attributed to value of 496 ms.
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Fig. 70 a) the fatigue test of obtained pressure sensor and b) response and recovery time c) Relative

resistance as function of the pressure applied for sensor.

Finally, the linearity was calculated. From obtained results (see Figure 70 (c)) the
linearity of rGO(L1) as pressure sensors corresponds to R? = 0.995 which is much better
considering the rGO response with the value R? = 0.954. However, such linearity is
attributed to the low range of pressure for presented pressure senor. Which it can be
concluded that higher rate of applied pressure destroys the built structure of layer to that

level than it cannot be restored again.

5.2.4 Strain sensing application

The prepared by LbL method active material on the ITO-PET was also tested
according to the application as strain senor. To determine the gauge factor, the key
parameter for quantifying the sensitivity of a strain sensor, the relative resistance change
(R; - Rp) under different strains (¢) was measured. Here, Ry represents the baseline
resistance recorded when the strain sensor is under no stress. The strain ¢ is calculated by
the equation ¢ = h/2r, where h is the thickness of the ITO-PET sheet (125 um) and r is the
bending radius of the substrate. The radius was determined by follow in the changes of o

angle[197], which is created during the bending process as it illustrated on Figure 71.

Lo —dL = 2r sin «

Lo

Fig. 71 The graphical illustration of creation the a angle during bending.
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Subsequently, the angle a was substituted into the equation along with the difference in
substrate length before (Lo) and after (dL) bending. The relative resistance change ((R;-
Ry)/Ry) is determined by measuring the current change under different stresses, and the
GF is calculated by fitting the plot of ((R;- Rg)/Ro = €)[450]. To examine the effect of
bending direction on strain sensing performance, the configuration of vertical was tested
by aligning the electrodes on the PET substrate. The strain sensor’s response was
measured under a very low operating voltages, with a bias voltages of 0.1 and 0.2 V
applied. The whole data was collected towards inward bending performance. The sensor
was measured with the small strain form -0.5% to -0.08%. The GF for rGO(L1) was
calculated to 12.57 value which much higher than the 6.21 for pure rGO. The performance
of obtained rGO based sensor is presented on Figure 72. As it is presented on Figure 72
the resistance of sensor device depends on applied strain. With the increase of the strain
the resistance of sensor also is increasing, which puts the device into the positive manner.
Typically, for AuNPs based strain sensors it is observed the decreasing of resistance by
higher strains. That feature can be explained by compressive consequences, where the
AuNPs usually overlapped and arranged closer together, shortening the charge transfer
distance and increasing the charge percolation paths, which resulted in a decrease in the
strain sensor’s resistance[197, 451]. However, in tGO(L1) strain sensor are the rGO
layers. AuNPs, as metallic nanoparticles, typically exhibit high conductivity, acting as
effective conductors. In contrast, rGO obtained through the thermal reduction of GO
displays semiconductor properties, resulting in higher resistance than the AuNPs present
in the sample. In a resting state, the system remains undisturbed; however, during inward
bending, the rGO layers and functionalized AuNPs move closer together. Nevertheless,
due to the atomic content of gold in the sample being around 1%, the rGO layers dominate
and prevent the AuNPs from coming into proximity. Furthermore, the temporary bending
induces structural changes in the rGO layer, causing it to stretch and alter its

conductivity[323].
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Fig. 72 The performance of strain sensor a) the response of the strain sensor to ¢ = -0.3%, b) relative
resistance for respond of sensor at ¢ = -0.3%, c) respond of the strain sensor at different bending states
by applying different inward strains form ¢ = -0.3% to 0.1% , d) Fatigue test of strain sensor at € = -
0.3%.

On the Figure 72 (c) is presented the dynamic test, where the strain sensor response is
corresponding to various strain used. That test, clearly indicate the increasing of
resistance during the increasing of strain value. As it is shown, the sensor corresponds to
strain change with high, sharp signal on the beginning of peak. However, after the strain
the system must relax to back to based resistance. That feature significantly affect the
respond and recovery time which is calculated to 1.11 s for responded time and 2.79 s of
recovery time, as it presented on Figure 73. Moreover, on the Figure 72 (d) is presented
the fatigue test of strain sensor which indicate that the device stays stable after even 2000
cycles. Finally on the Figure 73 (b) is illustrated the obtained calibration curve for

rGO(L1) strain sensor and pure rGO layer.
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Fig. 73 Graphical presentation of calculation of a) respond and recovery time of strain sensor of

rGO(L1) and b) relative resistance change versus strain.

Taking into consideration linearity of strain sensor response the rGO(L1) sensor R? =
0.986 which is acceptable value of linearity in comparison with R? = 0.946 for rGO layer
without 4-aminothiphenol and AuNPs.

5.3 Conclusions

In summary, it has been described a novel method to tune and boost the sensitivity
of both pressure and strain sensors by LbL method with utilization of organic linker and
AuNPs. In particular, the sensitivity of pressure and strain sensor is significantly
increased by implementation of functionalized AuNPs between its sheets. The pressure
sensor based on graphene exhibits a sensitivity as high as 0.613 kPa’!, short response time
127 ms, high durability (over 2500 times). Whereas the strain sensor based on the same
material exhibits GF = 12.57, 1.11 s of time respond and high durability (over 2500
times). The high differences in the respond and recovery time for both pressure and strain
sensors can be explained by the nature of substrate. While ITO glass is a rigid material
and does not need to return to its original shape after contact and release, the respond and
recovery time are not affected by the substrate. In the case of ITO on PET, especially
considering higher strain values, the substrate behaves like a shape-memory material and
must return to its original position. This significantly affects the signal recovery time in
strain sensing applications. Moreover, in both cases the obtained signals turn into
positivity system in general, which means that during implementation of factors on the
sensors the resistance is increasing. That, feature clearly indicate that the whole sensing
is affected by the rGO sheet and not so much by functionalized AuNPs. This phenomenon

can be explained by semiconductor properties of obtained rGO layer, the abundance of
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AuNPs in the structure of sensor and the structure changes presented on XRD spectra,
where the interlayer distance of rGO sheet slightly changed (form 20 = 25.75 to 26.08),
which has significant consequences on the strain and pressure devices. Moreover, the
presence of functionalized by 4-aminotiophenol AuNPs increase the performance of both

strain and pressure devices.

In general, in this Chapter is presented the preparation of active material by LbL method
with utilization of rules of green chemistry (no toxic solvent was used, and the reduction
of GO was conducted by thermal annealing). Moreover, the presented active material

exhibits high potential properties as strain and pressure senor applications.
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Chapter 6 Graphene-based hybrid as active material for
humidity sensor

6.1 Introduction

The standards and legal norms governing the monitoring of the environment,
industry, and agriculture have a significant impact on the development of humidity sensor
technology[452, 453]. Commercially available sensors made from ceramics (such as
ADO3 and Si3Ny4), metal oxides like SnO> and GaN, polyelectrolytes, and conducting
polymers have significant drawbacks[454, 455]. The main reasons for the need to explore
alternative solutions include the low signal to noise ratio at low analyte concentrations,
degradation during prolonged exposure to operational conditions, and lengthy response
and recovery times. The ideal strategy for implementing new nanocomposites in humidity
sensor applications involves utilizing materials that possess high porosity, a high surface
to volume ratio, conductivity, and hydrophilicity. Consequently, carbon-based materials
such as CNT[456], GO[457, 458], and rGO[459, 460] have become highly relevant.
Sensor devices based on these graphene derivatives are promising due to their superior
mechanical and chemical stability, faster response times, and greater scalability compared
to traditional solutions. Additionally, the chemical composition of GO and rGO, which
includes oxygen in hydroxyl, ether, and carbonyl groups at the sheet edges, enables a
detection mechanism based on supramolecular interactions such as hydrogen bonding, -
7 stacking, and van der Waals forces. These properties make them ideal for ultra-sensitive
and selective sensing, as the reversible and repeatable processes meet the requirements
for rapid response and detection of low water concentrations. However, despite the
strength of these interactions, GO-based sensors suffer from significant hysteresis and
inconsistent performance over time[262]. Moreover, GO the conductivity of the GO-
based devices is quite low (1 x 10* and lower)[461] which is unfavorable feature. This
limitation is critical for humidity sensor applications, making rGO a more suitable choice
for electrochemical devices. However, both GO and rGO-based sensors have significant
drawbacks. GO sensors exhibit slow response and recovery times as well as poor stability.
Although rGO shows greater stability than GO, it remains insufficiently stable and
demonstrates low sensitivity to humidity due to its hydrophobic nature[462]. Thus, to
enhance stability and sensitivity the graphene-based materials are functionalized to new
hybrids components which perform higher sensitivity and better stability because of

functional moieties received from other compounds. Moreover, rGO electrical properties
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with combination of water swellable material is promising idea for enhance features of
humidity sensors as a result of functionalization of rGO via supramolecular interactions
with WSM. In last few years superabsorbent polymers (SAP) and hydrogels were
investigated towards improvement of properties of pristine graphene and graphene-based
devices. SAP represent a class of hydrophilic polymeric hydrogels that can swell, absorb
and retain a large volume of water or other biological fluids. Components such as
poly(vinyl alcohol), N-isopropylacrylamide, poly(acrylic acid) and
poly(vinylpyrrolidone) were used for fabrication of hydrogels with high swelling
ratio[463-466]. Another class of SAP are WSM. In contrast to hydrogels, the WSM are
specified in absorption of water molecules. Generally, WSM are made with two different
parts: hydrophobic rubber and hydrophilic polymer or SAP. Usually, the WSM are
prepared using two main methods: i) in blending method the two components are simply
mixed by means of mechanical agitation, rolls and mills; ii) the second method relies on
grafting - in this case two parts, i.e. hydrophilic and hydrophobic are covalently bonded
by chemical reaction. The type of chemical reaction depends on organic moieties
contained in parts. The most commonly used is polymerization via radical or irradiation
mechanism. The main advantage of grafting method is forming of covalent bonds on
hydrophobic surface of rubber. That means irreversible modification of surface which
cannot be washed or eliminated during material exposition. Despite the history of WSM
has about 25 years there is no reported correlation between structure, preparation method
and humidity senor response. The most common application of WSM are sealants.
Although, high volume change during being exploited on water molecules WSM are not

significantly studied in humidity sensors.

In this Chapter there is presentation of synthesis the WSM based on itaconic acid
and divinylbenzene and its implementation into the rGO based humidity sensors device.

The illustration of concept is presented on Figure 74.
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Processing Final product

Fig. 74 The illustration of the concept.

6.2 Results

6.2.1 Identification of synthesized material

The composition and the structure of synthesized IDP was investigated by various
methods. To identify the polymerization process the FT-IR spectrum was performed. On

the Figure 75 is presented FT-IR spectra for substrates and product.
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Fig 75 The FT-IR spectra of IDP, itaconic acid and divinylbenzene.
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The blue curve displays the distinctive vibration bands of IDP including: the stretching
absorption bands at 1717 cm™! (C=0), 1400-1500 cm ™! (C-0), and at 2850-2925 c¢cm™!
(C-H aliphatic). Moreover, the stretching absorption bands at 3000-3100 cm™! (C-H
aromatic) and 1510-1605 cm ™! (C=C aromatic) could be related to DVB, which confirms
the polymerization. Furthermore, the broad absorption peak observed at 2500-3500 cm™!
(OH stretching vibration) from itaconic is losing intensity. The absorption peak present
in DVB at 1650 cm™!, which corresponds to vinyl group is no longer observed in the IDP

spectrum.

Moreover, to have better insight into chemical composition the XPS spectra and
EA were performed. Figure 76 (a) depicts the obtained XPS spectra. The atomic
percentage obtained from XPS for IDP sample was 88.12% for C and 11.88% for O,
whereas the EA gives values of: 77.39% for C, 6.75% for H and 15.86% for O. That
oxygen content in the XPS and EA analysis suggests that divinylbenzene predominates
in the polymer composition. This allows to estimate the monomer composition, indicating
that for every 2 parts derived from IA, there are 4 parts from DVB. This ratio can be
simplified to 2:1. This relationship also explains the decrease in OH band intensity for
the polymer compared to IA in the IR spectrum. Furthermore, the presented ratio is
consistent with the masses obtained from MALDI-TOF High — Resolution Mass
Spectrometry (HRMS) analysis, as shown in Figure 77. Moreover, to have better insight
into the crystallinity of IDP polymer the XRD spectrum was performed. From XRD
spectra (see Figure 76 (b)) the broad peak in range 20 = 13.76 to 20 = 24.85 clearly

indicate the amorphous nature of synthesize polymer, which was expected for this type

of polymer.
——IDP Cls —IDP
- —
= 3
2 £
= S,
2 o1s >
= =
c 4]
2 I
E —
| SN
1200 1000 800 600 400 200 0 0 10 20 30 40 50 60
Binding energy [eV] 20

Fig. 76 The a) XPS spectra and b) XRD spectrum obtained from IDP sample.
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Fig. 77 The MALDI — TOF — HRMS obtained spectrum for IDP sample.

Furthermore, to gain deeper knowledge into the deposition quality and investigate
the changes into morphology of rGO the SEM imagines has been performed, which are
presented on Figure 78. As it is shown on Figure 78, the compression of rGO does not
affect drastically the original layer of deposited rGO. Furthermore, after deposition of
IDP into the rGO surface by spray-coating method the deposited particles are evenly
distributed.

10pm
>

Fig. 78 The SEM imagines of a) rGO before compress, b) rGO after compress, ¢) IDP and d) IDP

deposited and compressed on rGO.

6.2.2 Humidity sensor application

After assembling the senor (rGO(IDP)) performance of the humidity sensor was
evaluated by connecting the two electrical contacts to a Keithley 2636A Source Measure

Unit (SMU). To measure sensitivity, response time, and recovery time, a constant bias of
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0.1 V was applied to the device, and the current intensity was recorded for 120 seconds
with a sampling frequency of 80 Hz while a pulsed flow of humid air was directed onto
the sample. This was achieved by cyclically and manually opening a glass stopcock
connected to a balloon filled with humid air, positioned 10 cm from the sample. The initial
humidity values ranged between 36% and 42% RH. The RH values inside the chamber
were measured using two independent commercial hygrometers. The device’s response
was calibrated by recording the resistance and the corresponding RH values indicated by
the hygrometers, while the humidity level inside the chamber was varied from 10% to
90% RH and then back to 10% RH. On Figure 79 is presented the respond of sensor to
RH%.
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Fig. 79 a) [ to V curves for various RH% for rGO(IDP) an b) respond of rGO(IDP) for various humidity.

As depicted in the Figure 79 (b), from 40% to 65% RH, the response is proportional to
the increase in humidity. However, upon reaching 70% RH, there is a significant jump in
the response. The signal then becomes proportional again within the range of 70% to 85%
RH, followed by another abrupt increase at 90% RH. This behavior can be explained by
the volumetric expansion of the WSM. From 40% to 65% RH, the volume increases
gradually, but at 70% RH, the volumetric expansion of the WSM is rapid, causing a strong
compression of the graphene layers. A slow swelling is observed again up to 85% RH,
but at 90% RH, the volume reaches its peak, potentially to the extent of disrupting the
graphene layers. This is evidenced by the difficulty in regenerating the system after re-
drying the test chamber post 90% RH, unlike the lower RH values, where the volumetric
expansion of the WSM does not damage the structure, allowing easy regeneration of the
system. On Figure 80 is presented relative resistance in the function of RH%. To verify

the linearity of the sensor’s response, the relative resistance was plotted against RH%.
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From Figure XX (a), two distinct trends are evident, caused by the sharp increase in
conductivity between 65% and 70% RH. Consequently, the sensor responses were
divided into two groups: from 40% to 65% RH and from 70% to 85% RH. The value of
R? for 40% - 65% was 0.995 and for 70 - 85% R? = 0.932. This indicates that the highest

linearity is maintained before the volumetric expansion of the IDP.
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Fig. 80 Relative resistance in function of RH% applied for a) 40-90% b) 40-65% and c) 70 — 85%
rGO(IDP) humidity sensor.

Dynamic tests were conducted to calculate the response and recovery times, which are
presented on Fig. 81. The response time was measured at 0.4 seconds, while the recovery
time was 17.9 seconds. However, these high values may result from the stabilization of
humidity within the test chamber, making it challenging to accurately determine these
parameters in the experiment due to the difficulty in evenly distributing humidity
throughout the chamber’s volume. Furthermore, from Figure 81 (b), it can be observed
that in the range of 10% to 70% RH, the sensor’s response is fully dynamic, allowing for
real-time tracking of humidity changes in the measurement system. Additionally, it is
possible to return to the initial value of 20% RH even after exposure to 70% RH, where
a single abrupt increase in resistance occurs. This recovery is not observed at 90% RH,

where the second abrupt increase takes place.
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Fig. 81 Dynamic tests of obtained humidity sensor a) and b).
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6.3 Conclusions

In this chapter, a WSM material synthesized from the reaction of itaconic acid and
divinylbenzene was characterized. It was determined that the resulting polymer
predominantly contains divinylbenzene components in a molar ratio of 2:1 relative to
itaconic acid. The synthesized WSM was then implemented into rGO layers using a
hydraulic press, thereby creating an active material that was tested for humidity sensing.
The presented humidity sensor exhibits high linearity in sensor response within the 40%
to 65% RH range and a rapid response time of 0.4 seconds, allowing for dynamic

monitoring of humidity changes in the system
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Chapter 7 General conclusion and outlook

In summary, the presented thesis systematically investigates the properties of
obtaining rGO through chemical and thermal reduction methods. It outlines the
relationships and differences between the reduction conditions and the properties and
characteristics of the resulting materials, which are crucial for the potential application of
rGO in electronics. In case of chemical reduction of GO he study presented, developed,
and optimized a scalable, easily controllable, and energy-efficient method for producing
chemically reduced CrGO with tailored electrical properties. Moreover, this research,
supported by ssNMR, indicates that the peak area associated with Csp>~O species is an
excellent measure of the reduction strength of the employed reducing agents. Specifically,
the observed trend NaS>04 = N2H4 > AA > NaBHa, which corresponds with the findings
from FTIR analysis, elemental analysis, and XPS analysis. Moreover, the peak area of
the Csp?~O species demonstrated the impact of reaction time on GO reduction for three
of the reducing agents: Na>S>04, AA, and NaBH4. Additionally, investigations using EA
and XPS revealed that employing N>H4 in the GO reduction process led to nitrogen
contamination and pyrazole formation. Likewise, NaBH4 caused sodium contamination,
whereas AA induced a supramolecular interaction with DHA within the CrGO structure.
Significantly, these findings demonstrate that CrGO with exceptional electrical
conductivity (>1800 S m™!) can be synthesized using AA (with a 12-hour reaction time),
NaxS»>04, or NoHs (regardless of reaction time). CrGO produced with AA or N>Hy
exhibited reduced hydrophilicity, enabling the fabrication of films on flexible plastic
substrates that maintained resistance even after 2000 bending cycles. This characteristic
clearly indicates that CrGO can be utilized for flexible pressure and humidity sensing
electronics. Moreover, skin irritation tests showed that all forms of CrGO could be
classified as non-irritating materials, confirming that the reduction process does not
compromise their biocompatibility on the skin. These findings represent a notable
progress in the utilization of rGO, especially in wearable and flexible electronics designed

for direct interaction with the skin.

In case of thermal reduction GO, this study introduces an optimized, scalable,
easily controllable, and low-temperature (<300 °C) annealing process, devoid of chemical
treatments, for producing rGO with customizable electrical properties. The application of
various techniques enabled unprecedented insights into and control over the

compositional, structural, and electrical characteristics of the materials. The
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reorganization of oxygen atoms on the GO surface to facilitate the release of H.O and
CO: is favored within the temperature range of 130 to 200 °C, as indicated by XPS and
ssNMR analyses. Therefore, it is possible to remove OFGs without causing the carbon
framework to ignite when the reduction is carried out in air. The primary OFG formed
during annealing is Csp>~O, which does not lead to any mass loss but significantly alters
the electrical properties of GO from insulating to conductive. Furthermore, it has been
shown that film resistivities ranging from approximately 1072-~10"* Q m can be achieved
through annealing in air at temperatures between 150 and 200 °C for 24 and 4 hours,
respectively, and under an inert atmosphere at 200 °C for 4 hours. These results indicate
that reducing GO through annealing at temperatures as low as 150 °C is feasible, making
it compatible with the use of plastic substrates. Interestingly, films on plastic substrates
maintained unchanged resistance after undergoing 2000 bending cycles. This marks a
significant advancement for applications in wearable and flexible -electronics.
Furthermore, although the loss of OFGs adversely affects electrical conductivity, it is
offset by a substantial increase in surface area and overall oxygen content, resulting in a
material with approximately 450 m? ¢! and 103 S m™!. Furthermore, this proposed

reduction protocol for GO is suitable for both laboratory and industrial applications.

Moreover, the investigation of the efficiency of the reduction method allows to
construct highly sensitive pressure and strain sensors based on rGO. Furthermore, a novel
method has been described to adjust and enhance the sensitivity of both pressure and
strain sensors using the LbL technique, incorporating an organic linker and AuNPs.
Specifically, the sensitivity of the pressure and strain sensor is notably enhanced by
integrating functionalized AuNPs between its layers. The graphene-based pressure sensor
demonstrates a sensitivity as high as 0.613 kPa’!, with a short response time of 127 ms
and exceptional durability (over 2500 cycles). Similarly, the strain sensor based on
graphene exhibits a GF of 12.57, a response time of 1.11 seconds, and high durability
(over 2500 cycles). The significant differences in response and recovery times for both
pressure and strain sensors can be attributed to the substrate’s nature. Unlike ITO glass,
which is rigid and maintains its shape after contact and release, the response and recovery
times are independent of the substrate. The substantial variations in response and recovery
times between the pressure and strain sensors can be attributed to the characteristics of
the substrate. Unlike ITO glass, which remains rigid and retains its shape after contact

and release, the response and recovery times are unaffected by the substrate. Furthermore,
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in both cases, the signals obtained generally exhibit a positive response system, indicating
that the resistance increases with the application of external factors on the sensors. This
characteristic clearly indicates that the overall sensing is predominantly influenced by the
rGO sheet rather than the functionalized AuNPs. This phenomenon can be attributed to
the semiconductor properties of the resulting rGO layer, the incorporation of abundant
AuNPs within the sensor structure, and structural changes observed in XRD spectra,
where the interlayer distance of the rGO sheet has slightly shifted (from 26 = 25.75 to
26.08). These changes have significant implications for the performance of strain and
pressure devices. Furthermore, the presence of AuNPs functionalized with 4-
aminotiophenol enhances the performance of both strain and pressure sensors. In this
Chapter (Chapter 5), the preparation of the active material using the LbL method is
presented, adhering to the principles of green chemistry (no toxic solvents were used, and
GO reduction was achieved through thermal annealing). Furthermore, the active material

demonstrated promising properties for applications in strain and pressure sensors.

Furthermore, the knowledge gained from tracking the progress of GO reduction
was also utilized to develop a humidity sensor. In Chapter 6, a WSM synthesized from
the reaction of itaconic acid and divinylbenzene was characterized. It was found that the
resulting polymer predominantly consists of divinylbenzene components in a molar ratio
of 2:1 relative to itaconic acid. Subsequently, the synthesized WSM was incorporated into
rGO layers using a hydraulic press, creating an active material that was evaluated for
humidity sensing. The humidity sensor presented demonstrates high linearity in its
response within the 40% to 65% RH range and achieves a rapid response time of 0.4

seconds, enabling dynamic monitoring of humidity fluctuations within the system.
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List of abbreviations

in order of usage

0D zero-dimensional

1D one-dimensional

2D two-dimensional

3D three-dimensional

G — graphene

GO — graphene oxide

rGO — reduced graphene oxide

TMDC - transition metal dichalcogenides
h-BN — hexagonal boron nitride

2DMs — two-dimensional materials

CVD — chemical vapor deposition

HOPG - highly oriented pyrolytic graphite
RF —radio frequency

OFGs — oxygen functional groups

ESSs — energy storage systems ESSs
CrGO - chemically reduced graphene oxide
AA — L-ascorbic acid

DOS — density of states

GQDs — graphene quantum dots GQDs
MEMS — microelectromechanical systems
IoMT - Internet of Medical Things
SWCNT - single walled carbon nanotubes

OFET - organic field-effect transistor
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GF — gauge factor

PET — polyethylene terephthalate

PI — polyimide

PU — polyurethane

PDMS — polydimethylsiloxane

PEN — polyethylene

HOMO - highest occupied molecular orbital
LUMO - lowest unoccupied molecular orbital
EDL — electron depletion layer

LOD - the limit of detection

EDC — 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
DCC — N,N’-dicyclohexylcarbodiimide

LbL — Layer by Layer

RH — relative humidity

SEM - scanning electron microscopy

EDS — Energy Dispersive X-ray Spectroscopy
XPS — X-ray photoelectron spectroscopy

RS — Raman spectroscopy

XRD — X-ray diffraction

FTIR — Fourier Transform Infrared Spectroscopy
ATR — attenuated total reflectance

EA — Elemental Analysis

NMR — nuclear magnetic resonance

RhE — reconstructed human epidermis
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RT — room temperature

SD — standard error

CP/MAS — cross-polarization magic angle spinning
DP/MAS — direct polarization with magic angle spinning
TrGO — thermally reduced graphene oxide

CrGO - chemically reduced graphene oxide

AuNPs — gold nanoparticles

WSM — water swellable material

IA —itaconic acid

DVB — divinylbenzene

PTFE — polytetrafluoroethylene

FWHM - Full-Width at Half Maximum

DHA — dehydroascorbic acid

FPP — four-point probe

ssSNMR-MAS — solid-state NMR magic angle spinning
SAP — superabsorbent polymers

HRMS — High — Resolution Mass Spectrometry
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Conferences and Internships

A. Participation in scientific conferences:

PhD student is the author and co-author of several oral and poster presentations on
international conferences throughout his academic career. All conferences held
during PhD studies are presented below.

Nanotech France 2022 Int. Conference and Exhibition 15-17/06/2022 Paris, France.
(Poster)

Chem2DMat 2023 Int. Conference and Exhibition 15-18/05/2023 Bologna, Italy.
(Oral presentation)

Smart Materials and Surfaces 2023 Int. Conference and Exhibition 23-5/10/2023
Albuferia-Algavre, Portugal. (Oral presentation)
B. International internships:

e Country: France

Institution: Universit¢é de Strasbourg, Institut de Science et d’Ingenerie
Supramoleculaire (I.S.I.S.)

Duration time: 01.11.2021-30.11.2021 and 01.09.2023-30.11.2023
Description of activities:

During an internship at the Institut de science et d'ingénierie supramoléculaires in
Strasbourg, France, a library of hybrid materials based on graphene was obtained. The
synthesized materials were fully characterized using spectroscopic methods and
scanning electron microscopy. Additionally, the prepared components were
implemented into working devices such as humidity and pressure sensors. The
resulting chemiresistor devices were analyzed for their humidity detection properties
and piezoelectric properties.

Supervisor: Prof. Paolo Samori

Auxiliary supervisor: Dr. Artur Ciesielski (HDR)
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