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he current state of wireless sensing technologies possesses a good reliability in terms
T of time response and sensing on movable parts or in embedded structures. Neverthe-
less, these technologies involve energy supply such as battery and suffer from low
resolution and bulky signal conditioning system for data processing. Thus, a RFID passive
wireless sensor is a good candidate to overcome these issues. The feasibility of implementing
microstrip patch antennas for sensing application were successfully investigated; however,
low sensitivity was always a big issue to be concerned. Sensors based on nanocomposites
attracted a lot of attention because of their excellent performance in term of light weight,
high sensitivity, good stability and high resistance to corrosion but it lacks the capability of
high conductivity, which limit their implication into RFID applications. This work introduces
a novel high sensitive passive wireless strain and temperature sensors based on nanocompos-
ites as sensing layer. To accomplish this, intrinsically conductive polymer based on carbon
nanofillers nanocomposites are deeply studied and characterized. Then it’s performance
is evaluated. Among them a novel tertiary nanocomposite is introduced, which opens
the gate to new nanocomposite applications and thus broadens the application spectrum.
Understanding the transport mechanism to improve the conductivity of the nanocomposite
and extracting individually different models based on physical explanation of their piezore-
sistivity, and behavior under temperature and humidity have been developed. Afterwards,
selected nanocomposites based on their high sensitivity to either strain or temperature are
chosen to be used as sensing layer for patch antenna. The fabricated patch antenna has
only one fundamental frequency, by determining the shift in its resonance frequency as
function of the desired property to be measured; the wireless sensor characteristics are then
examined. For strain sensing, the effect of strain is tested experimentally with the help of
end-loaded beam measurement setup. For temperature sensing, the sensors are loaded in a
controlled temperature/humid chamber and with the help of a vector network analyzer, the
sensitivity of the antennas are extracted by acquiring the shift in the resonance frequency.
The fabricated wireless sensors based on patch antenna are fabricated on very low lossy
material to improve their gain and radiation pattern. This approach could be expanded also
to include different type of substrates such as stretchable substrates i.e. elastomer polymet,
very thing substrates such as Kapton, paper-based substrates or liquid crystal polymer.

Keywords: intrinsic conductive polymer, carbon nanotubes, graphene oxide, nanocom-
posite and wireless sensors
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erzeitige drahtlose Sensortechnologien besitzten eine gute Zuverlassigkeit in Bezug
D auf Zeitverhalten und Erfassung auf beweglichen Teilen oder in eingebetteten
Strukturen. Dennoch beinhalten diese Technologien die Energieversorgung wie
die z.B. mit Batterie und und weisen eine niedrige Auflosung, sowie eine schwierige Sig-
nalkonditionierung und Datenverarbeitung auf. RFID Sensoren sind in der Lage diese
Probleme zu iiberwinden. Die Machbarkeit von Patch-Antennen fiir Sensoranwendun-
gen wurde gezeigt. Herausforderung bleibt die geringe Empfindlichkeit und die begren-
zte elektrische Leitfahigkeit, welches den Anwendungsbereich einschréankt. Andererseits
sind die Sensoren auf der Basis von Nanokompositen empfindlicher als konventionelle
Sensoren und zeichnen sich durch geringes Gewicht, Korrosionsbestdandigkeit und mech-
anische Stabilitit aus. Diese Arbeit beschéftigt sich mit neue hochempfindliche, passive
drahtlose Dehnungs- und Temperaturssensoren, die auf Nanokompositen als Sensorschicht
basieren. Um dies zu erreichen, werden intrinsisch leitfahige Polymer-basierte Kohlenstoff-
Nanofiller-Nanokomposite hergestellt, charakterisiert und ihre Eingenschaften diskutiert.
Darunter wird eine neuartige tertidre Nanokomposit-Klasse eingefiihrt, die Potential fiir
diverse Nanokompositen-Anwendungen hat und damit das Anwendungsspektrum erweit-
ert. Die Transportmechanismen jedes Nanokomposits, die maf3geblich bestimmend fiir die
Piezoresitivitat, sowie das Temperatur- und Feuchtigkeitsverhalten sind, wurden mit Hilfe
von unterschiedlichen physikalischen Modellen diskutiert. Danach wurden ausgewéhlte
Nanokomposite auf der Basis ihrer hohen Empfindlichkeit gegeniiber Belastung, Temper-
atur oder Feuchtigkeit ausgewéhlt, um als Sensorschicht der Patchantenne verwendet zu
werden. Die gefertigte Patch-Antenne hat eine Grundfrequenz, die sich in Abhéngigkeit
der gewiinschten Messgrol3e verschiebt. die drahtlosen Sensorcharakteristiken wurden
dann geschatzt. Fiir die Dehnungsmessung wird der Effekt der Belastung experimentell mit
Hilfe des Biegebalken getestet. Fiir die Temperaturmessung wurden die Sensoren in eine
kontrollierte Temperatur/ Feuchtekammer positioniert und mit Hilfe eines Vektor-Netzwerk-
Analysators wurde die Empfindlichkeit der Patch-Antennen durch Erfassen der Verschiebung
der Resonanzfrequenz extrahiert. Die gefertigte drahtlosen Patch-Antennen wurden auf
Materialien mit geringem Verlustfaktor hergestellt, um ihre Abstrahlcharakteristiken zu
verbessern. Dieser Ansatz wurde auch gewéhlt, ist auf verschiedene Arten von Substraten
anwendbarwie z.B. Elastomere, Kapton, Papier und Fliissigkristallpolymere.

Schlagworter: Intrinsisch leitfahige Polymere, Kohlenstoffnanoréhren, Graphenoxid, Nanokom-
posite und drahtlose Sensoren
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Introduction

broad interest is shown in both research and practical of electrically conductive

polymers (ECPs) and their related applications in a wide range of industrial sectors,

which range from electronics and automotive to biomedical and aerospace, to name
a few. This is clearly reflected, by the award of the Nobel prize in 2000 in Chemistry that
went to Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa for the discovery and
development of conductive polymers. These demands are projected to go up with steady
emergence of new applications and advances in material synthesis and manufacturing tech-
niques. ECPs have many advantages in comparison with the conventional metals for different
applications, including low weight and ease of processing, among others.

Another edge of ECPs is their broad and tunable conductivity spectrum (Figure 1.1), which
can be exploited for a sort of applications such as: Antistatic, static dissipation, electromag-
netic interference shielding (EMI). To further improve their properties, carbon nanofillers
(CNF) can offer better conductive performance with minimal effects to the intrinsic properties
of the hosting polymers. Thanks to the excellent electrical, mechanical, thermal and optical
properties, CNF-based nanocomposites also possess a range of additional properties suitable
for multi-functional and high-performance applications such as wireless sensing. On one
side, as it is shown in Figure 1.1, composites have limited conductivity compared to metals,
which limits their applicability in the wireless communication. On the other side, increasing
the conductivity alters the sensing properties such as strain, pressure etc. As these physical
phenomena are based on the change in the internal bandgap of the material, and high
conductive materials have very small or even no bandgap, therefore they possess very low
sensitivity when they are used in this type of applications. Apparently, using nanocomposites
can overcome this problem, due to the exceptional properties, tunable conductivity and high
sensitivity.

Conducting Polymers

<— Uncharged (undoped) Charged (doped) —>

Electroactive Polymeric
Composites/Blends

Conductivity | I 1 } 1 : !

Scm! 1013 1014 1010 i 10 102 @ 102 10
Insulators ESemiconductorsé Metallic

: Conductors

Figure 1.1: Electrical conductivity spectrum of polymers and composites. Reproduced from RSC
Advances ©2015 published in [1].



1.1 Objectives

One of the most important intrinsic conducting polymers is poly(3,4-ethylene dioxythio-
phene) polystyrene sulfonate (PEDOT:PSS), which has the highest conductivity available
in the market. Thus, many studies reported a wide application areas of the PEDOT:PSS
in organic solar cells, flexible electrodes, gas sensors, and other chemi-sensing systems.
Nanocomposites using intrinsic conductive polymers as a matrix and carbon nanotubes
(CNTs) and/or graphene oxide (GO) as nanofillers have up to now limited focus, and
less importance is engaged on the fundamental understanding of CNT and/or GO-ECPs
piezoresistive, hygroscopic properties and the nature of their transport mechanism. By better
understanding the piezoresistive and hygroscopic characteristics, an enhancement in the
application response and even new application areas such a wireless sensing can be explored.
Besides, a very few research has been done on using nanocomposites for wireless passive
sensing of strain and temperature.

Figure 1.2 depicts an overview of the approach used in this dissertation, and the aims of this

Nanomaterial
Selection

Surface tension
Contact angle
UV-vis

research are summarized as follows:

Colloidal Preparation

Physical Liquid | Deposition

Simulation of MPA

:. Ay
1 Piezoresistivity
= Ohmic DC-resistance "€ === === Film Fabrication
% Surface sheet resistance =

Fabrication of CNF/
polymer based MPA
\ High Linearity
Low resistivity selection Rules Stability i.e.
High electrical homogeneity (Environmental, Mechanical
and Electrical)

Figure 1.2: Methodology overview of this work

* Selection and development of nanocomposites with high conductivity and adequate
sensing properties.

* Design of an appropriate experiment methodology to optimize the nanocomposite disper-
sion quality.

* Fabrication of different types of CNF/intrinsic polymer nanocomposites and characterize
their morphological, optical and electromechanical properties to understand the effect of
integration of CNF in the polymer matrix experimentally.

* Understanding the nature of the transport mechanism occurring within this type of
nanocomposites.

¢ Introduction of a novel tertiary nanocomposite based on hybrid CNF/intrinsic conductive
polymer, which includes two different types of conductive nanofillers to produce high



conductive, high strain sensitive nanocomposite and characterize their electrical and
mechanical properties in terms of its transport conduction.

* Definition of selection rules for nanocomposites, which are suitable for wireless sensing
and prove the feasibility of using them as sensing layer upon a microstrip patch antennas
(MPAs) for passive wireless sensing.

* Multiphysics modeling of passive wireless sensors based on patch antenna for strain sens-
ing, and temperature measurements and prediction of their behavior in real applications.

1.2 Thesis Outline

This dissertation is organized as follows. Chapter 2 is devoted to a literature review on
wireless sensing with the main focus on MPAs as passive sensing elements for strain and
temperature sensing, to recognize the existing gaps in this field. After that an essay of using
nanomaterials such as functionalized CNTs, pristine PEDOT:PSS and nanowires for sensing
application is illustrated.

In chapter 3, a review is given on conjugated polymers with emphasis on PEDOT:PSS,
carbon nanotube and graphene oxide and their nanocomposites. Afterwards, the basic
understanding of the electrical characteristics of the CNF/intrinsic conductive polymer and
the parameters influencing its conductivity is pointed out.

Chapter 4 details the preparation steps of different nanocomposites namely, MWCNT:
SDBS/PEDOT:PSS, GO:MWCNT and GO:MWCNT/PEDOT:PSS. Additionally, for the GO-
nanocomposites, chemical reduction is described. Next, the films fabrication is explained.
Then, a detailed explanation of all the characterization techniques used in this work is given.
Chapter 5 aims to discuss the experimental results of the MWCNT:SDBS/PEDOT:PSS
nanocomposite. Here the physiochemical properties in terms of contact angle and sur-
face tension are explained, tuning the optical bandgap of the nanocomposite using different
MWCNT contents is studied using the UV-Vis spectroscopy. The DC-ohmic resistance and
the surface conductivity of the films based on MWCNT:SDBS/ PEDOT:PSS is investigated
and the electronic transport occurring is explained. Next the piezoresistive property of the
films are studied using a universal test machine and the model describing its piezoresistivity
is derived. The effect of temperature and humidity is studied and the resulting behavior is
described.

Chapter 6 is devoted to discuss the experimental results of GO:MWCNT nanocomposites.
The surface tension and the contact angle are studied to understand the physiochemical
characteristics of the aqueous colloids. Using Tauc plot, the change in the optical bandgap is
demonstrated and explained. The piezoresistivity of the films based GO:MWCNT is investi-
gated using a universal test machine and the effect of the temperature and the humidity is
also characterized and the resulting behaviors are explained.

In chapter 7, a novel tertiary nanocomposite GO:MWCNT/PEDOT:PSS is proposed to pro-
duce nanocomposite with synergetic properties of PEDTO:PSS and GO:MWCNT. The surface
wettability in terms of contact angle and surface tension are studied to determine how good
is the intermolecular interaction between this nanocomposite and the flexible polymer sub-
strate. The DC-ohmic resistance and surface conductivity is deeply investigated before and
after the chemical reduction and the improvement in the electronic transport is explained.
The piezoresistive property of the films are studied before and after the chemical reduction
and the model describing its piezoresistivity behavior is introduced. The impact of the
environmental effect is described.



Chapter 8 is devoted to test the feasibility of using the obove-mentioned nanocomposites for
wireless sensing based on MPA. Multiphysics and electromagnetic simulation of the patch
antenna for strain sensing is illustrated, and the experimental results of using the MPA for
strain and temperature measurements are explored. Research summary and future work are
outlined in Chapter 9. Outline of the thesis is depicted in Figure 1.3.

Intrinsic Conductive Polymer based Carbon
Nanofiller for Sensing Application
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Figure 1.3: Outline of the main topics covered in this dissertation



State-of-the-Art of Passive
Wireless Sensors

n structural health monitoring (SHM), medical and aerospace applications; strain gauges,
temperature sensors and humidity sensors are extensively needed. Hence, the sensors
determine any change in the desired physical phenomena such as force, temperature or

humidity, the signal is transferred to the data acquisition system (DAS) for signal processing
and analysis. The DAS is located sometimes far away from where the sensor is installed.
This whole setup makes the sensing system complex and makes it difficult to maintain robust
and limits its lifetime, accordingly arises the maintenance cost if the sensors or the wires
are damaged or degraded. The difficulty to be implemented in the movable, rotational and
vibrational parts, is another problem that limits its application. Besides, an extra weight is
introduced if the sensor array is implemented on a wide area such as aircraft wing (Figure
2.1). Another related problem is the deviation caused by the change in the resistance of the
wires due to changes of the temperature. Its low sensitivity, low resolution, and sensitivity to
EMI attribute to the difficulty too.

Figure 2.1: Strain sensor array installed on NASA aircraft [2] Credits: NASA / Tom Tschida

2.1 Classification of Wireless Sensors

In order to overcome the limitations of the conventional sensors, researchers started to
explore and seek other solutions and technologies to achieve more advancement and relia-
bility to the current state-of-art available system. Particularly, implementing wireless sensors
initially eliminate the wires and thus reduce the installation and the maintenance costs.
An extensive review of the wireless strain sensors in SHM in both academic and industry
is deep explained in [3]. The development of wireless sensors could be divided into four
generations, as illustrated in Figure 2.21.

1Reference of the pictures from left to right: [4], [5], [6] and [7], respectively.
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Figure 2.2: Classification of wireless sensors

2.2 Active Wireless Sensors

In the 1% generation, active wireless sensors have been developed, where sensors such as
strain gauge, temperature sensor, humidity sensor, accelerometer, among others is connected
to an autonomous active data acquisition system (ADAS). The sensor measures the desired
physical phenomena and the signal is then transferred to the ADAS, which includes a sensor
interface, computing core, actuation interface and wireless radio transmission [3]. Beside
that the 1%¢ generation eradicates the cable connections, still these types of sensors suffer
from some limitations of the traditional sensors, such as low sensitivity and low resolution,
because they acquire the sensing data based on conventional sensors. The wireless unit
contains of a complex acquisition system that consists of an analog-to-digital converter
and a microprocessor for data sampling and data processing, and a wireless transceiver
to communicate with the main reader station. Thus, these devices are active devices i.e.
a power supply (battery) is always required, which limits its lifetime and increases the
power consumption. Therefore, the system is more complex, bigger, expensive and it limits
its application areas (Figure 2.2). Therefore, developing batteryless sensors (passive) are
explored.

2.3 Passive Wireless Sensors Coupled Traditional
Sensors

The 2"¢ generation of the wireless sensors applies the principles of the radio frequency
identification (RFID) technology in sensors. An RFID sensor system consists of a reader
station and a passive tag, as it is shown in Figure 2.3. The reader consists of a power
source, acquisition system and an antenna. The generated signal is sent by the reader
antenna to the Tag (sensor), which is passively activated and the backscattered signals
are received wirelessly by the reader antenna. The RFID sensor and the tag design can
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Figure 2.3: Components of RFID wireless sensing system

use different working frequency bands, such as low frequency (LF), high frequency (HF),
ultrahigh frequency (UHF), super high frequency (SHF) and microwave. The UHF, SHF and
microwave frequencies are more favorable than the low frequency range, as the reading
distance in this frequency range is longer and can reach up to 30m. The antenna in this
frequency range is comparable in size to the wavelength of the frequency, therefore it uses
usually radiative coupling to communicate between the reader and the tag rather than
coupling principle used in the LF and HF tags. Also, since the tag is resizeable, it can be
easily implemented and embedded in structures [8-9]. Likewise, this generation of RFID
sensor kept the same sensing principle as in the 15! generation, i.e. using a traditional sensor
as sensing element and implements a passive wireless system. Therefore, if the lifetime
problem is solved, other issues such as the low sensitivity and the low resolution are still
existing.

2.4 Patch Antenna as Wireless Sensor Element

RFID tags in the SHF frequency range are relatively size compact and costly effective;
however, efforts are done to simply eliminate the circuitry located on the tag which converts
the measured physical quantity into frequency, also to make the tag flexible. Antennas are
thereby the most important component in RFID tag sensor. Different frequency-tunable
antennas have been reported for use as strain, temperature and humidity sensors, such
as variable capacitors [10], metamaterials [11-13], piezoelectric resonators [14-15], RCL-
antenna winding [16], dipole antennas [17] and Meander-line antenna [18-20]. Among
different types of antennas, microstrip patch antenna (MPA) have decisive advantages due
to its simple design, easy fabrication and low profile. This represents the 3"¢ generation of
the wireless sensor, where the antenna is used for communication and as sensing element.
In the following, two applications of the MPA is discussed, mainly strain and temperature
sensing.

2.4.1 Patch Antenna as Wireless Strain Sensor

The first design of the MPA for strain/vibration sensing is introduced by Das et al. The
proposed design consists of a piezoelectric-dielectric-strip grating based a multilayer antenna,
that works on modulation mode, where any introduced strain changes the voltage of
the piezoelectric layer located on the patch antenna [21]. This change is added up to
the voltage generated due to the received electromagnetic waves from the reader, the
resulting modulated signal is transmitted back to the reader. To separate the sensing and



actuating functionalities, a grating technique is added to the system. However, these two
different functionalities are activated separately using orthogonal polarization. Although, the
proposed patch antenna can work at different frequencies by stacking different patches on
each other, the sensor can be interrogated only at very small distances about few millimeters.
The first real MPA strain sensor is proposed by Tata et al., which is basically a single
frequency MPA with feedline inset operating at 20GHz [22]. Tata et al. used a conventional
micromachining technique to fabricate a patch antenna on 50um flexible polyimide Kapton
substrate. The MPA is mounted on a cantilever beam, and the effect of beam deflection on
the change of its resonance frequency is tested and evaluated. The physical dimension of
the proposed microstrip feedline antenna and the fabricated MPA is illustrated in Figure 2.4.
Although the relationship between the strain and the change in the resonance frequency of
the antenna is derived, the Poisson’s ratio of the material is not taken into consideration and
it is assumed that it is the same for the patch and the substrate material. The strain range is
from 0- 0.55% and due to the mismatch effect, a shift in the resonance frequency is measured
to be about 1.55GHz. Good agreement between the simulation and the experimental results
are obtained, and a strain sensitivity along its length direction is about -22.8kHz/ e and
almost no change along the width direction is obtained.

Microstrip | |-— 5.33 —-I
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Figure 2.4: (a) Physical dimensions of the microstrip feedline patch antenna, (b) Fabricated antenna
on flexible Kapton substrate. Reproduced from IOP Publishing ©2008 published in [23]

To sense the strain in different directions, Tata et al. proposed a double resonance metallic
rectangular microstrip flexible patch antenna working in the X-Ku band, i.e. 15.8GHz
and 20.5GHz [23]. As illustrated in Figure 2.5, if the strain is along the patch’s length,
a shift of the resonance frequency is toward a lower band and it shifts to a higher band
if the strain is along the patch’s width. The strain sensitivity along the antenna’s length
and width is monitored to be -15.5kHz/ue and 9.2kHz/ e, respectively. Even if the strain
sensitivity is low, Tata et al. showed the ability of the patch antenna to be used for strain
direction determination. Furthermore, Mohammad et al. [24] and Deshmukh et al. [25]
have demonstrated that the patch antenna can be used also to detect and measure the
crack orientation on metallic structures, as these structures can act as ground plane for
the patch antenna. Thus, if any crack occurs in the structure, an increase in the current
path length through the patch antenna occurs, which results in a down-shift of the initial
resonance frequency of the patch antenna, and by measuring the change in the antenna
resonance frequencies, the crack growth can be detected and quantified. The crack detector
sensor based dual-frequency MPA is able to maintain cyclic loadings up to 97000 cycles
[24, 26]. Instead of a rectangular patch antenna, which can determine the strain only in
one direction if it is resonating at single frequency, a circular microstrip patch antenna



(CMPA) is proposed by Daliri et al. for strain sensing regardless of its direction for SHM
[27]. A mathematical analytical model is derived to determine the relationship between the
change in the resonance frequency of the CMPA as a function of the strain. The antenna is
designed to resonate at 1.5GHz on FR4 substrate having thickness of 1.5mm. The CMPA is
excited by a linearly polarized double horn antenna and the strain validation experiment
is done using a 3-points bend test with 25u¢ as maximum strain generated through the
bending. Good agreement between the simulation and the experimental results reached
only till measurement range of 15u¢, while the authors did not explain about the reasons.
Although the sensor behavior is linear, but the strain sensitivity is only 10kHz/pe and the
interrogation distance is limited to only 5cm. To further improve the strain sensitivity, Daliri
introduced a rectangular slot in the middle of the CMPA strain sensor. The slotted CMPA
improves the strain sensitivity three times higher than the non-slotted CMPA [28]. Also,
Daliri et al. enhanced the interrogation distance by using a substrate with low losses and
high permittivity that results in high CMPA quality factor, consequently the interrogation
distance is increased up to 20cm [29]. Yi et al. proposed a folded rectangular MPA working
at 921.637MHz. Here, an integrated IC-chip for wireless interrogation is used instead of the
light-activated switch proposed by Dashmukh [30] (Figure 2.6). This MPA strain sensor can
detect small strains lower than 20ue and goes up till 10.000..¢ with an interrogation distance
up to 2.1m. The working principle of this sensor is based on the impedance mismatch of
the antenna and the IC-chip; whilst for any strain, a change in the impedance is introduced
and measured. However, the transmitted signal from the RFID tag is not sharp enough to
determine the exact resonance frequency, this results in low strain sensitivity of -727Hz/ ue.
Thus, the shift in the resonance frequency is extracted using a curve fitting technique.
The effect of the antenna substrate thickness on the reading distance and strain transfer
compared to a conventional strain gauge is also investigated. The sensor was used to monitor
uni-directional crack growth, and as a sensor array to determine the strain simultaneously
in different locations [30-31]. By introducing slots on the patch antenna, the interrogation
distance increases to 2.1m, and slightly increases the strain sensitivity of about -790Hz/ ie
[31].

Moreover, Ahbe et al. proposed a dual-frequency MPA with one and two feed-insets operating
at 2.9GHz and 5.8GHz for multidirectional strain measurements [6]. The strain effect is
studied as a function of the change in the return loss and radiation characteristic of the
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Figure 2.5: Shift in the resonance frequency along (a) Patch’s length, (b) Patch’s width. Reproduced
from IOP Publishing ©2008 published in [23].
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Figure 2.6: Wireless strain sensing using copper patch antenna (a) Fabricated strain sensor based
folded patch antenna mounted on cantilever beam, (b) Measurement setup for the tensile
tests. Copyright ©Taylor and Francis Group, LLC 2011 published in [30]

antenna. The MPA is fabricated on Rogers RT/Duroid 5880 substrate having a thickness of
1.575mm, the proposed antennas and their optimized physical dimensions are depicted in
Figure 2.7. The main reason for the proposed one-feed inset design (Figure 2.7 (a)) is to
miniaturize the sensor. However, to use the sensor in a doubler-based system, a multiplexer
or a power divider has to be adapted to deliver and extract the signals from the two-feed
antenna (Figure 2.7 (b)). The cantilever beam setup is used to evaluate the MPA functionality
and the antenna is connected to a vector network analyzer (VNA), then the strain is varied
between Opue to 2500u¢, subsequently the change in the return losses are recorded. For
comparison reasons, strain gauges are mounted on the top side of the cantilever to register
the exact level of the strain.

42.08mm)|

Figure 2.7: Passive wireless strain sensor based dual-frequency MPA (a) One inset antenna, (b) Two
inset antenna. Copyright ©IEEE, 2012 published in [6]

Table 2.1 shows the strain sensitivity results for both antennas along the length and width
directions. It is shown from Table 2.1 that, the one-feed inset MPA has higher strain
sensitivity along the MPA's length compared to the double-feed inset MPA, this is referred to
its miniaturization. As the previously proposed MPA strain sensors showed a low sensitivity
along its length and its width, Salmani et al. proposed a multiband antenna that resonates at
multiple frequencies for determination of a multidirectional strain and to improve the strain
sensitivity [32]. The multiband MPA has an array of slots along its length, thus any applied
force changes the dimensions of these slots beside the change in the patch dimension itself.
Consequently, if the strain is along the length or the width, a shift in its initial resonance
frequency to a higher or a lower value occurs. The MPA is designed to have a first resonance
frequency at 5.07GHz and it is fabricated on Rogers RT/Duroid substrate with a thickness



of 0.254mm. A schematic of the proposed multiband slotted MPA is shown in Figure 2.8.
The simulation results in Figure 2.9 show an improvement in the strain sensitivity compared
to the structures proposed in [23] and [6], which are -57.3kHz/ue and 13.8kHz/ e for the
strain along the length and width, respectively.

Table 2.1: Comparison of strain sensitivity using one and two-feed inset MPA [6]

Type of Antenna  Resonance Frequency (GHz)  Sensitivity (kHz/ u€)

X-direction  Y-direction

One-feed inset 2.9 -2.2 0.06
5.8 -3.1 0.62

Two-feed inset 2.9 -0.6 -0.73
5.8 -0.6 0.59

Figure 2.8: Slotted patch microstrip antenna for wireless strain sensing. Copyright ©IEEE, 2011
published in [32]

To further improve the strain sensitivity, Thai et al. loaded the end-node of the MPA with an
open loop circuit [33]. A cantilever at the gap of the open loop is introduced, the proposed
design is illustrated in Figure 2.10. The fabrication process of the structure is relatively
complicate. The antenna is designed to operate at 3GHz on 100um Kapton substrate with a
dielectric constant of 3.4. First, the cantilever is fabricated on Kapton substrate with 50pm
thick, then the cantilever is manually assembled onto the open loop circuit. The cantilever is
bended in one direction along the antenna’s length and it gives a strain from 0 to 0.7%. The
authors claimed that the proposed prototype achieved a sensitivity of 1.26% frequency shift
per 1% strain. However, and due to the limited fabrication capability and the manual rapid
assembling, the results are not reproducible.
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Figure 2.9: Shift of resonance frequency as function of strain for slotted MPA along (a) Patch’s length
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Figure 2.10: Cross section of the cantilever implemented on the modified loop loaded working as
wireless strain sensor. Copyright ©IEEE, 2013 published in [33]

As demonstrated in [26], the single resonance MPA is highly sensitive to crack propagation
in the ground plane than the double resonance MPA. In SHM, cracks might cover structures
with large areas, therefore Xu et al. proposed a sensor array from four MPAs connected to
a frequency divider multiplexer [34]. Thus, the crack propagation that occurs on specific
locations of the structure affects only one antenna from the set, if two of the antennas are
designed to work at two different frequencies. The crack sensor array based MPA can be
activated using an impedance-switching circuit for spatial division multiplexing; hence, by
focusing a beam of light on that photocell sensor, the antenna sensors can be selectively
interrogated, the full sensor design is illustrated in Figure 2.11 [35]. It is concluded that
the proposed crack determination sensor can detect the crack growth with sub-millimeter
resolution and non-linear trend. The frequency shift increases as the crack grows toward the
center of the patch antenna, i.e. the crack detection sensitivity increases as the crack grows
deep into the patch antenna as shown in Figure 2.12. In addition, the authors stated that
the smaller antennas exhibited higher crack sensitivities.

In order to improve the stress transfer between the cantilever beam and the MPA, Wang et al.
designed four sets of different dual-frequency MPA on very thin polyimide flexible substrates,
having a thickness of 50um and dielectric constant ¢, of 3.4, and MPAs are working between
2.5GHz and 20.5GHz (Figure 2.13) [36]. Although a good sensor flexibility is reached, the
sensitivity is comparable to what was reached by previous researchers. The strain sensitivity
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Figure 2.11: MPA array for crack orientation with photocell sensor. Copyright ©IEEE, 2013 published
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Figure 2.12: Shift in the antenna’s resonant frequencies with crack propagation. Copyright ©IEEE,
2013 published in [35]

is between 20.5kHz/ e and 46.8kHz/ u¢ for the strain along the length direction. The authors
concluded that the MPA with a larger dimension or a higher resonance frequency have a
better resolution for strain sensing. To determine the influence of the substrate dielectric
constant on the strain characteristics, Sharma et al. designed a slotted rectangular MPA on
three different substrates, namely FR4, Polyimide and RT/Duroid 5880 [37]. The simulation
results show that independent on the substrate type, a good linearity is obtained in the
resonance frequency as function of the strain. However, the MPA based on Polyimide and
RT/Duroid 5880 substrate shows better sensitivity compared to the MPA based FR4 substrate.

2.4.2 Patch Antenna as Temperature Sensor

Beside strain and crack orientation, the effect of the temperature on the MPA made by
different substrates is reported by Maurya et al. The temperature compensation technique is
presented, and the effect of temperature is simulated from 27°C to 117°C for FR4, Quartz,
Polyimide and Teflon substrates [38]. From Table 2.2, it can be concluded that the lower the
dielectric constant of the substrate is, the higher the sensitivity is. The shift in the resonance
frequency of the patch antenna is mainly due to the change of the dielectric constant of the
substrate material. However, this sensitivity is still too low to be used in real temperature
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Figure 2.13: Prototype of wireless strain sensor on Kapton substrate. Copyright ©IEEE, 2015 pub-
lished in [36]

applications. Based on that principle, Cheng et al, fabricated a novel wireless passive

Table 2.2: Temperature sensitivity of MPA for different substrate materials

Substrate e, Fres@27°C (GHz)  F0rm (%)

FR4 4.4 294 -0.76
Quartz 3.7 3.13 -0.85
Polyimide 3.5 3.25 -0.84
Teflon 2.1 4.08 -1.47

temperature sensor based on a reflective patch antenna for harsh environmental temperature
applications, as shown in Figure 2.14 [39]. The patch antenna resonates at 5.07GHz with a
platinum as patch material and alumina as substrate material having a dielectric constant of
9.7 and a thickness of 0.635mm. A monotonic decrease in the resonance frequency of the
patch resonator occurs due to the increase in the dielectric constant of the alumina substrate
as a function of the temperature. As the temperature changes from 50°C to 1050°C, the
resonance frequency reduces from 5.07GHz to 4.58GHz, this corresponds to a change in the
dielectric constant of the alumina substrate from 9.7 to 11.4; therefore, the temperature
sensitivity is calculated to be 0.58MHz/°C. Although, only one resonance frequency is really
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Figure 2.14: (a) Sensor measurement using an open-ended waveguide and (b) Schematic showing
the wave reflections due to the alumina board cover with a thickness d = 0.635mm.
Copyright ©Flsevier, 2015 published in [39]

needed for the temperature measurement, Sanders et al. fabricated temperature sensors
based on dual-frequency MPA bonded on different metal bases (copper, aluminum and steel)
on a selected commercial ceramic-filled polytetrafluoroethylene (PTFE) known as substrate
R0O3006, which has bi-linear temperature-dielectric constant relationship in the temperature



range from -100°C to 250°C [40]. The designed patch resonates at 5GHz and 6GHz, the
temperature is varied from 40°C to 110°C. The antenna and its scattering parameters are
illustrated in Figure 2.15. The results show the feasibility of using the MPA for wireless
temperature sensing. However, a calibration of the thermal coefficient of dielectric constant
of the substrate (TCD,), and the mismatch between thermal strains of the substrate and
the patch material must be taken into consideration. The temperature sensitivity of the
proposed wireless temperature sensor bonded on different materials is summarized in Table
2.3. Similar work is done by Yao et al.; hence instead of using dual-frequency, a single
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Figure 2.15: (a) Prototype temperature sensor bonded to a copper base, and (b) Return loss at
different temperature increments. Copyright ©IEEE, 2015 published in [40]

Table 2.3: Measured temperature sensitivity and values of the T’C Dy, calculated from the experimental
data redraw based on [40]

Base Material Theoritical T Myio Mode T Moy Mode
kr (ppm/°C) kr (ppm/°C) TCDy (ppm/°C)  kr (ppm/°C) TCDy (ppm/°C)
Aluminuim 56.4 152.87 -352.94 145.41 -338.02
Copper 63.0 133.05 -300.10 142.60 -319.19
Steel 68.3 118.72 -260.85 116.24 -256.48

frequency MPA working at 2.45GHz on Rogers RO3210 substrate is used [41]. The proposed
wireless temperature sensor is tested from 20°C to 280°C and the temperature sensitivity
is 195.13ppm/°C, which is slightly higher than the one proposed by Sanders et al. in [40].
Tan et al. investigated a wireless passive temperature sensor based on a resonator antenna
integrated MPA for harsh environmental applications [42].

The proposed model is based on a low-temperature co-fired ceramic (LTCC) substrate,
because it has a permittivity that varies monotonously with the temperature. The proposed
antenna and the measurement setup is demonstrated in Figure 2.16. Similarly, a linear
decrease in the resonance frequency with an increase in temperature to within 400°C
at a 30mm reading distance is recorded, with a sensitivity of 0.24MHz/°C. The antenna
polarity influences the readout signal significantly; thus to extract the sweep of the frequency,
a time-domain grating method for filtering a background signal is presented. Although
the above-mentioned MPAs show a good feasibility as a battery-less wireless strain and
temperature sensors, its low sensitivity, complex MEMS based fabrication method and
sensing application area are very limited. This is referred to the metallic layer, mostly copper,
which is used as sensing layer for the desired application. Therefore, it is often used for
strain determination and crack orientation, also the linear change in the permittivity of
the substrate due to the temperature is limited. Although, some methods are introduced
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Figure 2.16: Wireless temperature MPA sensor proposed by Tan et al. (a) Measurement setup, (b)
Fitting of the change in the frequency versus temperature. Copyright ©FElsevier, 2015
published in [42]

to improve the sensitivity, such as slotted MPA, no big improvement in the sensitivity is
remarked. Whilst for temperature a broad range of isolating materials can be used as
substrates, only a very limited number of materials has a linear change in the permittivity as
function of temperature, so the sensitivity remains always low.

2.5 Nanomaterials for Sensitivity Improvement

In order to widen the range of applications, it is necessary to fabricate sensitive MPAs to
either strain and/or temperature, in a way that the shift in the resonance frequency is better
detectable. Once these issues are addressed, these new sensors could be implemented either
as stand-alone or in an array for wireless sensing. Also, conventional MPA wireless sensors
operating in harsh or in gas environments may suffer from corrosion or oxidation, thus it
is important to implement new corrosion-resistive materials. Recently, nanomaterials are
proposed as effective sensing materials for strain, temperature, humidity and to detect other
physical phenomenon. Among many nanomaterials, intrinsic conductive polymer, carbon
nanotubes and graphene oxide have been investigated for the development of sensors,
transistors, solar cells, flexible displays and so forth. However, the studies on antenna
conductive polymer are very limited and there is no review on using nanomaterials as passive
UHF RFID sensors. Available inks i.e. silver nanoparticles suffer from low conductivity to
replace the copper patch used in the MPA. Also, high post-processing temperature (about
400°C) has to be adopted to improve their conductivity after the deposition, while most
used RFID substrates have a glass temperature below 200°C. Beside the low conductivity,
the used inks are not sensitive to strain and temperature, thus it is not possible to use them
for wireless sensing. Nanocomposites which have an adjustable conductivity, can provide a
good impedance matching and high gain antenna and they are also sensitive to the required
physical phenomena. Among others, intrinsically conductive polymers such as PEDOT:PSS,
and nanomaterials such as carbon nanotubes and reduced graphene oxide show excellent
electrical, mechanical, and chemical properties, which make them good candidates for the
new generation of passive wireless sensors. For UHF applications, and when a metallic
patch is deposited on the substrate, it is necessary to have a thickness of more than the skin
depth at the working frequency of the antenna. Using intrinsically conductive polymers,
a good antenna performance can be obtained even if the patch thickness is a fraction of



the skin depth [43]. Due to its high conductivity and commercial availability, PEDOT:PSS
is proposed to be used for antenna design as transparent flexible meandering and dipole
antenna [44-45], patch antenna [43], co-planar waveguide [46], ultra-wideband (UWB)
microstrip [47]. However, most of the proposed antennas exhibited a low efficiency due to
the low conductivity compared to the copper based on antennas. Lately, Manzari et al. used
a hygroscopic property of the PEDOT:PSS for humidity sensing, and accordingly proposed a
new family of polymer-doped wireless ambient humidity sensors; the PEDOT:PSS is used
as sensing H-shaped slot on 4mm Teflon substrate in a folded planar structure [48]. The
working principle of the proposed wireless sensor is based on the change of the polymer’s
dielectric properties due to the water adsorption/ absorption, this leads to the variation
of both input impedance and losses of the antenna, which leads to the modification of the
antenna resonance frequency. As shown in Figure 2.17, different layouts of the deposited
PEDOT:PSS are investigated and the resulting sensitivities are compared. The layouts (A, D
and F) show the best sensitivity to humidity and are summarized in Table 2.4.
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Figure 2.17: Different layouts of humidity PEDOT:PSS wireless sensor. Copyright ©IEEE, 2012
published in [48]

Table 2.4: Sensitivities of selected patterns in terms on the measured turn-on and the backscattered

power [48]
RHow-RHpign  Sensitivity (dB/RH)
Case A CaseD Case F
Turn-on 50-80 0.13 0.12 0.08
50-100 0.10 0.05 0.05
Backscattered power 50-80 0.18 0.20 0.12
80-100 0.13 0.05 0.05

Abbasi et al. proposed two models of wireless humidity sensors. The first model is based
on microstrip-feed rectangular slot antenna and the second model is based on two port
filter with a split ring of rectangular shape, both are either loaded with one or two blocks
of PEDOT:PSS layer as sensing layer [49]. The designed antenna resonates at 2.65GHz

on low permittivity Roger’s substrate (RT/Duroid 5880) of 2.3 and a thickness of 1.29mm.

A 2x2mm? PEDOT:PSS layer is deposited on two different positions as shown in Figure
2.18. When the humidity changes, water absorption leads to change the polymer’s dielectric
property and thus a mismatch in the input impedance of the antenna occurs; consequently, a
shift in the resonance frequency is registered. A shift from 880MHz to 995MHz is recorded
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for a change in humidity from 40% to 100%. The sensitivity is then 217kHz/%RH, which
is higher than the one recorded previously by Manzari in [48]. Chen et al. fabricated
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Figure 2.18: Wireless humidity MPA (case 1) one block, (case 2) two blocks of 2x2mm? PEDOT:PSS
layer. Copyright ©IEEE, 2015 published in [49]

a flexible slotted MPA based on PEDOT:PSS with an efficiency of about 82% and fully
reversible conformability [47]. The fabricated antenna (Figure 2.19) is made on highly
flexible Cuming Microwave C-Foam PF-4 foam with thickness of 1.6mm, the antenna is
designed to resonate at 5.8GHz. Compared to the copper antenna, the PEDOT:PSS antennas
have broader bandwidth due to the higher losses in the conductance at microwave range. It
also showed that bending the antenna did not cause any change or shift in the resonance
frequency, thus it cannot be used for strain sensing. Carbon nanomaterials, such as CNTs
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Figure 2.19: From left to right: the antenna configuration and the realized PEDOT:PSS antenna.
Copyright ©IEEE, 2015 published in [47]

have favorable electrical, mechanical and chemical properties, therefore it is investigated in
nano-electronics as channel material for VLSI interconnects [50-52], as transistors [53-54]
and in nano-antenna applications [55]. However, pristine CNT dipole antennas exhibit an AC
resistance of several kilo-ohm per micrometer (about 10kQ)/um), this is referred to the high
aspect ratio that causes high conduction losses and accordingly decreases its efficiency for
microwave applications [56-58]. Consequently, CNT arrays and nanocomposites based on
CNT are suggested to increase the efficiency [59]. However, as it will be explained in section
3.7, the conductivity of the CNT nanocomposites depends strongly on the polymer matrix,
orientation and alignment, aspect ratio, curvature and processing methods of the CNTs.
Above several MHz, the reactance of the CNT films depends strongly on the frequency, thus
the CNT based films are limited to be used only in dc or LF band. However, many efforts are
implemented to use the CNT nanocomposites for antenna applications, such as for conformal
load bearing antenna [60], inverted F-antenna [61], planar antenna [62] and UWB [59,



63]. It is generally remarked that, no degradation in the gain and/or far-field radiation
properties is observed. The first effort to use CNTs in the wireless sensing application is done
by Yang et al. in 2009 for gas sensing. Yang et al. used an inkjet printing to deposit a film
of SWCNTs functionalized dimethylformamide (SWCNT:DMF) on dipole antenna printed
on paper substrate to make a bio-friendly passive wireless ammonia gas (NO3) sensor [19].
Instead of dipole antenna, Occhiuzzi et al. used a buckypaper films on monopole antenna
for ammonia gas detection. Low sensitivity and long recovery time are observed [18, 65].
To improve the sensitivity, Lee et al. used inkjet printing to deposit a film of a commercial
dispersion of SWCNT functionalized with polyaminobenzene sulfonic acid (SWCNT:PABS)
on the MPA stub to fabricate high sensitive NO3 passive wireless gas sensor [19]. Keller et
al. simulated a meshed patch antenna based on metallic and semi-metallic CNT threads to
be used as N Hj passive wireless gas sensor [65]. The MPA exhibits a resonance frequency
at 27.85GHz with a bandwidth of 2.1GHz at -10dB. A shift to the left side of spectrum
(decrease) is observed in dependence on ammonia (N H3) concentration due to the change
of the permittivity (¢,.) and conductivity (o,.) of the CNT thread. A change of approximately
60MHz is recorded for concentration of 10.000rpm N H3. Other applications rather than
gas sensing are also proposed, such as E-textiles [66] and bio-application [67]. In [66],
the E-textile based MPA has a gain of 6dB at 2GHz, which is 2dB less than a copper made
MPA, this decrease in the gain is due to the loss within the E-textile conductor. As CNTs
based nanocomposites show an excellent feasibility as strain, pressure, temperature and
humidity sensors, it is possible to use them as sensing layer for wireless sensing applications.
The first real utilization of the CNT nanocomposite MPA for force/displacement sensing
application is proposed by Tang et al. They deposited a MWCNT film on PDMS substrate
to form a stretchable MPA for possible wireless pressure sensors application, the MWCNT
film is coated by a thin gold layer to improve the conductivity of the patch (Figure 2.20 (a))
[68]. The MWCNTSs are mixed with cellulose ester, then a vacuum filtration and transfer
method are used to fabricate the films with different thicknesses. As depicted in Figure
2.20 (b), the simulation results show that the conductivity of the patch affects significantly
the resonance frequency and the gain of the antenna. The minimum required conductivity
is found to be 10°S/m. The fabricated MPA resonates at 5.2GHz with S;; of -20dB and
radiation efficiency up to 61%, which is appropriate for RFID sensors. Under a displacement
of 2500um resulting from a stretch test, changes of only 0.5% in the gold layer is reached.
Using a frequency-tuning capability, the resonance frequency can be tuned by 6.5% with
a displacement of 1500um, which is higher than its counterpart MEMS antennas [68].
With the same principle, Feng et al. spray-coated functionalized MWCNTs (f-MWCNTSs)
on inkjet printed silver interdigital electrodes (IDEs) and loaded it to an UHF coplanar
waveguide antenna. Inside an environmental chamber and at constant temperature of 25°C,
the shift of the resonance frequency is determined when the humidity is varied from 20
to 95%RH [69]. Schematic of the working principle of the proposed humidity sensor and
the deposited MWCNTs layer on the IDEs is shown in Figure 2.21. Although this sensor
shows an acceptable sensitivity, the recovery time is very long about 2 hours because of the
strong hydrogen bonding between the water molecules and the f-MWCNTs. Therefore, it is
proposed to use a heater at the backside of the electrodes to shorten the recovery time, but
this arises the complexity of the sensor. Lately, Puchades et al. fabricated and characterized
a dipole antenna made with both bulk MWCNT sheets and SWCNT films for communication
proposes [70]. The fabrication of a dipole antenna resonating at 1.5-2GHz is successfully
established on soda-lime glass substrate and then covered with Kapton tape, the performance
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in terms of Sy; is investigated by varying the arm’s length of the MWCNT-sheet and the
doped SWCNT film dipole antenna (Figure 2.22). The experimental results indicate that, for
an adequate antenna resonance (-10dB) a minimum sheet resistance of 10€)/sq is required
if a mismatch exists between the antenna and the CNT film. For sheet resistance above
409)/sq, the antenna is not be able to reflect all the power delivered by the VNA. Beside
PEDOT:PSS and CNTs, graphene and graphene oxide also can bring significant benefits for
passive antennas sensing, as graphene has extraordinary electrical, chemical and mechanical
properties. Though the exceptional characteristics, relatively few applications have been
exploded for microwave application.
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Figure 2.20: (a) Snapshot picture of probe-fed antenna, (b) Simulation results of radiation perfor-
mance related to resistance of the MWCNT films. Copyright ©Elsevier, 2012 published
in [68]
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Figure 2.21: (a) Schematic of RFID humidity wireless sensor. (b) Snapshot of the spray-coated
MWCNTs on IDEs. (c) Photograph of the copling between the MWCNTSs resistor and
a coplanar waveguide for high frequency characterization. Copyright ©IEEE, 2012
published in [68]

The main reason is its high surface resistance compared to metals at micro and mm-waves
frequency, thus it has mostly a bad conductive surface at this frequency range. Gomez-Dias
et al. analyzed using monolayer graphene sheet as patch layer for a MPA when it is fed by
a metallic microstrip to completely eliminate the influence of its radiation [71- 72]. From
Figure 2.23 (a), it can be concluded that the resonance frequency can be tuned by changing
slightly the chemical potential (1) of the graphene sheet, this is due to the weak dependence
of the surface reactance on the chemical potential at the microwave band [72]. Also the
radiation efficiency is very low due to the high losses caused by the high surface resistance,
and therefore it dissipates a huge amount of the received input energy (Figure 2.23 (b)).

GO has an analogous structure of graphene decorated by oxygen functional groups, which
makes it hydrophilic but also highly insolating. However, adopting either chemical or thermal
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Figure 2.23: Return loss of monolayer graphene based MPA at different values of the chemical
potential. Reprinted with permission from IEICE, copyright ©2016 IEICE, permission
No.: 17SA0082 [72]

reduction, the electrical properties can be improved, as it will be described in section 3.4.6.
Thus, it becomes an alternative candidate, which can be used for patch antennas. GO has
shown to have a high sensitivity for humidity. Zhang et al. used it for wireless humidity
sensors; the shift in the resonance frequency of the sensor as a result of humidity is basically
due to the change in the capacitance of the inductor-capacitor (LC) tank circuit of the planar
spiral inductor, which is fixed on an FR4 substrate (Figure 2.24 (a)) [73]. The proposed
sensor is working in HF-band with an initial resonance frequency of 39.04MHz, and the
monitored humidity range is from 15 to 95%RH (Figure 2.24 (b)).

As an improvement of the exciting passive wireless strain sensor based antenna, Song et
al. fabricated a stretchable, mechanically tunable and reversibly deformable MPA using
polydimethylsiloxane (PDMS) as substrate material and screen-printed silver nanowires
(AgNW) as patch layer (Figure 2.25) [7]. Two patch antennas are designed, the first one is
with one element MPA working at 3GHz and the second is a 2-element patch array working
at 6GHz. Good agreement between the simulation and the experimental results of the
radiating pattern under tensile strain is concluded, due to the losses in the PDMS and the
AgNW, the radiation efficiency is about 41.53% which is about 15% less than its similar
counterpart copper MPA. For the strain tensile tests, the antenna is fixed on a home-made
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Figure 2.24: LC-type passive wireless humidity sensor (a) Optical inset, (b) Return loss change under
different values of humidity. Copyright ©IEEE, 2013 published in [73]

mechanical testing stage, where all the components are insulators, the strain is varied from
0% to 15% along the patch width direction. Figure 2.26 shows results of simulation and
experimental of the MPA under tensile strain from 0% to 15% for one loading and unloading
cycle. As demonstrated by [23] increasing the strain along the patch width increases linearly
the resonance frequency, and a small hysteresis is noted after the unloading cycle. The
authors claimed that the antenna has a good stability even after several bending, twisting
and rolling tests.

Figure 2.25: Photographs of a stretchable microstrip patch antenna composed of AgNW/PDMS flexible
conductor: (a) Relaxed, (b) Bent, (c) Twisted and (d) Rolled. Copyright ©ACS publishing,
2014 published in [7]

2.6 Evaluation of State of the Art Solutions

As stated previously, the MPA is successfully implemented for passive wireless sensors mainly
for strain, temperature and humidity. However, limited sensitivity is always a big issue. For
strain sensing, different approaches are proposed to improve the strain sensitivity, such as
different patch layouts, multiband antenna, slots on the patch, different working frequencies
and substrates with different dielectric materials. On one side, single frequency rectangular
patches have higher sensitivity than the multi resonating and the circular patches. On the
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Figure 2.26: Comparison of simulated and measured resonant frequency of the AgNW/ PDMS mi-
crostrip patch antenna under tensile strain. Copyright ©ACS publishing, 2014 published
in [7]

other side, the double and multi resonance rectangular patches and circular patches have
the ability of multidirectional strain sensing. The reading distance of the patch antenna is
improved either by introducing some slots on the patch or using folded patch; however, the
strain sensitivity is dramatically decreased. Beside that, the reading distance can be also
increased by using substrates with low loss and high permittivity. Also, complicate techniques
are used to fabricate these antennas. It is also noticeable that, the strain sensitivity along
the patch’s length is always higher than along its width. Using thin substrates to improve
the strain transfer between the object under test and the MPA did not really improve the
strain sensitivity. A comparison between different patch antennas used for wireless strain
sensing is in Table 2.5. For wireless temperature sensors, broad range of dielectric materials
can be used as substrates for MPAs, but only very limited number of these materials have
a linear change in the dielectric constant as function of temperature, so the temperature
sensitivity remains always low and limited. Nevertheless, for temperature sensing, low
permittivity substrate materials show higher temperature sensitivity than substrates with
high dielectric constant. Also, the type of the patch metal did not really influence the
temperature sensitivity. Using nanomaterials, such as PEDOT:PSS, CNTs and GO did not
improve the sensitivity as it is expected. This is referred to the low conductivity of the
fabricated nanocomposite which introduces high losses when it is used as load of the patch
antenna. PEDOT:PSS shows a broad bandwidth due to the high losses in the conductance
in the microwave range; also, no strain sensitivity is remarked. Due to its hygroscopic
property, it is mainly used for wireless humidity sensing. CNTs and GO are mainly used for
gas and humidity sensing and it is assumed that the minimum required conductivity for a
good gain patch antenna must be 10°S/m. To use them for strain sensing, the CNTs are
deposited on gold layer, and this improves the strain sensitivity to 6.5% for a displacement
of 1.5mm. Another proposed way to improve the conductivity is to use a mixture between
SWCNTs and MWCNTs to form a layer with 10Q.s¢~!. Although the resonance frequency
of MPA based graphene can be adjust by means of its chemical potential, depositing a
monolayer graphene on different substrate is still challenging; thus, it makes the fabrication
of graphene based on patch antenna complicate and too expensive. Generally, the high
losses introduced by CNT and graphene materials make them a good candidate in the DC-LF
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band application. To overcome these obstacles, an innovative and novel solution must be
implemented. Therefore, the development of novel nanocomposites to be used as patch layer
as well as keeping the sensing properties will improve dramatically the strain, temperature
or humidity characteristics. These nanocomposites should satisfy the requirements of an
RFID sensor such as high conductivity, and good linearity and high sensitivity. This is actually
very challenging, as property like conductivity and piezoresistivity are lying on two different
paths. Whereas increasing the conductivity decreases the piezoresistivity of the material and
therefore decreases the sensitivity and vice versa. For the metallic patch antenna as strain
sensor, the low strain sensitivity is caused by the change of geometry resulting from the
applied force which changes the resistance and consequently the resonance frequency shifts.
However, the piezoresistivity of metals is low, thus it is negligible. Besides this challenge, the

Table 2.5: Summary of MPA used for strain sensing

Ref. Substrate Thickness (um) Frequency (GHz) Strain Range (ue) Sensitivity (kHz/u€)
Tata et al. [22] 50 20 0-550x10% 22.8

Tata et al. [23]* 50 15.8 and 20.5 0-550x103 15.5 and 9.2

Daliri et al.[28] 1500 1.5 25 10

Yietal. [31] 790 0.921 0-500 -0.790

Ahbe et al.[6] 1500 2.9 and 5.8 0-2500 -2.2 and -3.1

Thai et al.[33] 100 3 0-7x103 1.26

Wang et al. [36] 50 2.5 to 20.5 0-363 20.5 and 46.8

Song et al. [7]** 1500 3and 6 0-150x103 53.7

* This is a circular shape instread of rectangular shape used in all other patches.
" Patch made with AgNw instead of copper used in all other patches.

fabrication and structuring of the nanocomposites are crucial, thus it requires processing
techniques to obtain the desired characteristics. To meet the minimum requirement for a
good antenna gain, the conductivity of the nanocomposite must be around 10°S/m. Using
CNT, PEDOT:PSS and GO, different nanocomposites are fabricated and used as sensing
layer to get a high sensitive wireless strain and temperature or humidity sensors. Three
different nanocomposites are studied, CNT and PEDOT:PSS, GO and CNTs and GO, CNT and
PEDOT:PSS. The fabrication method used to manufacture these nanocomposites is explained
in the next chapter and the experimental steps are described in Chapter 4.



Background on Nanocomposite

n this chapter a general overview about conjugated polymers, their synthesis, properties
I and applications are introduced. Besides, a brief introduction to carbon nanotubes
and graphene oxide is given. These include their properties, synthesis and major
applications. Afterwards, different techniques used to prepare the polymer nanocomposites
is covered. Then understanding the origin of the electrical properties of the polymer

nanocomposite and the parameters influencing its conductivity are explained.

3.1 Conjugated Polymers

Polymers consist of long chain-like repeated chemical units called monomers, joined end to
end to form a chain molecule. If the monomers have only one type of basic chemical unit,
the polymer is named homo-polymer; if there are more than one type of monomers, then
the polymer is named co-polymer. Generally, polymers can be classified into different groups
depending on the property of interests. Based on the chemical composition, polymers can
be organic, this means that carbon is the main element of its repeating units, or inorganic
polymers where chain-like structure that does not include carbon such as aluminum nitride
polymer and silicon polymer (glass) or hybrid polymers, that contains a mixture of inorganic
and organic components such as silicon rubber. Based on how the monomers are linked to
each other, the polymers can be categorized as: Thermoplastics, thermosetting and elas-
tomers polymers. The thermoplastics polymers can be molded and remolded by heating it
many times, as it does not suffer from any chemical changes if it’s treated with temperature.
They contain of a tangled mass of molecules in its molten state. If they are cooled down
below the glass transition temperature (Tg), they form a glass or they may crystallize. On
the other hand, the thermosetting polymers can be formed only once and therefore can be
molded only once. This is because the molecules within the polymer network are heavily
cross-linked to three-dimensional network. In contrary to thermoset, elastomers, known
also as rubbers, are lightly cross-linked, i.e. they cannot be melt in the conventional sense
by temperature. On cooling, they are partially crystalize or glassy. They have reversible
stretchable properties if they are under high stress forces. In terms of electrical conductivity,
the polymers are insulator due to their high bandgap, which blocks the electrons in the
valence band and therefore they get very high resistance values i.e. very low conductivity
around 107%-107'8S/cm as depicted previously in Figure 1.1.

However, in 1977 a tremendous discovery of new class of polymers took place, by doping
organic conjugate hydrocarbon such as polyacetylene (PA) with Halogens, the conductivity
of the polymer enhanced dramatically, this is referred to the presence of alternating carbon-
carbon double bonds along the backbone structures of PA, which enables the overlapping
of w-orbital along the molecule chain-like structure [74-75]. Due to the electron-transport
characteristics, this new class of polymers is regarded as semiconductors or even sometimes
as conductors. This class is called conjugated polymers also known as synthetic metals or
intrinsically conductive polymers [74]. Although, the first studies focused on the improve-
ment of the electrical properties of PA, further developments found a way to realize other
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types of conducting polymers such as polyphenylene (PPh), polypyrole (PPy), polythiophene
(PTs), polyaniline (PANI) and their derivatives and Figure 3.1 illustrates the chemical com-
position of the most important synthetic metals. These conjugated polymers have good
conductivity, which can reach 10°S/cm as well as a good stability in air. Beside their good
conductivity, the ICPs suffer from lack of solubility in organic solvents, which restricts their
implementation in the realtime application. Different efforts have been enrolled to make
them soluble in solvents. In 1993, PANI was successfully dispersed in organic solvent called
m-cresol, although a low conductivity was recorded around 10S/cm, a new epoch of soluble
conductive polymers is released [76]. Among others, the polythiophene derivative, poly (3,4-
ethylenedioxythiophene) (PEDOT) has been intensively studied because of its remarkable
electrical, chemical and mechanical properties [77-79]. However, the poor solubility of this
polymer in water and organic solvents limits its application in the field of flexible electronics
[80]. Bayer AG company prepared the first commercial water-soluble polyelectrolyte ICP
based on poly(3,4-ethylene dioxythiophene) (PEDOT) doped with poly-(styrene sulfonic
acid) (PSS) known shortly as PEDOT:PSS. The doping process makes the PEDOT:PSS to be
a hole conductive colloidal suspension, which makes it widely used in solar cells as hole
injection layer instead of the brittle indium tin oxide (ITO), also the electronic properties
of the intrinsically polymer can be tuned by controlling the chemical structure, doping
condition and the alignment of the polymer chain [81]. Accordingly, PEDOT:PSS has found
applications in flexible electronics, radio-frequency identification tags (RFID) [82], field
effect transistors (FET) [83-84], transparent electrodes [85], solar cells [86-88] and sensors

[89-90].
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Figure 3.1: Chemical structures of the most commonly used ICPs

3.2 Synthesis of PEDOT:PSS

The availability of PEDOT:PSS as an aqueous dispersion with variant conductivity, made it
one of the most successful intrinsic conductive polymer in the market. The PSS is used as
counter anion for the PEDOT by chemical oxidation to form a stable polyelectrolyte complex,



therefore the PEDOT:PSS can be dispersed in water. This dispersion is then deposited onto
different substrates using different techniques such as drop casting, inkjet printing and
layer-by-layer deposition. The 3D-chemical structure of the PEDOT and the PSS monomers
is depicted in Figure 3.2. PSS has outstanding properties such as its solubility in water, high
transparency as films within the visible light spectrum, its commercial availability in different
large range of molecular weights, made it a suitable candidate for use as counterion for
PEDOT, therefore, the PEDOT:PSS dispersion is stabilized by the excess PSS. The PEDOT
on the other side is a derivative of polythiophene and is commonly prepared by oxidative
polymerization or self-oxidation of ethylenedioxythiophene (EDOT) monomer. The oxidized
PEDOT is not stable and may decompose if the used oxidant is highly concentrated [81].
Thus, the counterions of PEDOT through the electrochemical polymerization is necessary for
charge balancing and the Coulomic interaction forces keep the PEDOT chains attached to the
PSS chains [81]. It is assumed that the degree of polymerization is limited to PEDOT segment,
which has molecular weight between 1000 and 2500 with collection of oligomers having
up to 20 repeating units, and as the PSS has much higher molecular weight about 500.000,
it will keep the PEDOT chain dispersed in water [91]. The structure of the PEDOT:PSS is

PEDOT PSS

Figure 3.2: 3D molecular structure of PEDOT and PSS polymer

outlined into different structures as it is shown in Figure 3.3. In the primary structure named
also as the chemical structure (Figure 3.3 a), each styrene ring of PSS monomer is bounded
to one acidic sulfonate (SO3H) group of the PEDOT. Because of acid doping, the PEDOT
acts as proton acceptor rather than electron donor. Thus, the positive charge on the PEDOT
segment attracts the negative charge on the SOsH group. Since this process happens along
the polymer chain, PEDOT and PSS becomes closely linked. However, the high conductivity
is due to the unpaired-electron that remains on the PEDOT chain highly mobile along the
conjugated backbone [92, 93]. In the secondary structure (Figure 3.3), the PEDOT and PSS
chains are bonded by the Coulombic attraction, these attraction forces introduce a stress
in the polymer chains due to the mismatch between the PEDOT oligomers and PSS chains,
therefore the PEDOT:PSS chains adopt a coiled structure and thus introduce a localization of
the positive charges [94]. Whereas in the tertiary structure (Figure 3.3 c), the PEDOT:PSS
form core/shell structure known also as gel structure in the aqueous solution due to the
hydrophilic PSS and hydrophobic PEDOT chains, with particles consisting of around 90-95%
water, with the conductive PEDOT segment is core-rich and it is surrounded by the insulating
PSS is shell-rich of the grain [95]. Depending on the desired application, such as printed
electronics, organic field effect transistors (OFET), polymer capacitors, hole injection layers
in the OLEDs displays and as hole transport layer in organic solar cells, different commercial
aqueous dispersions of PEDOT:PSS are proposed. Depending on additives type, particle
size, conductivity, doping concentration and solid content, wide variety of PEDOT:PSS are
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available in the market, the most important dispersions mainly the Clevios P from Company
Hereaus (known before as Bayer AG) version are summarized in Table 3.1.

(a) (b)

PEDOT segment

PSS chain

PEDOT

> Tangle of PEDOT:PSS

Gel particle (35% Water, 5% Polymer)

25 —50nm

Figure 3.3: Building structure of PEDOT:PSS (a) Primary, (b) Secondary and (c) Tertiary. Reworked
based on [95]

Table 3.1: Properties of the Clevios commercial PEDOT:PSS dispersion

Product Name | Solid Content (%) | PEDOT:PSS Ratio | Viscosity (mPas) | Additives (ppm) Resistivity
Sodium | Sulfate

PVP AI 4083 1.3-1.7 1:6 5-12 400 40 500-5000

PVP CH 8000 2.4-3.0 1:20 2- 20 400 60 1x10%-3x10°
P 1.2-1.4 —_— 60-100 500 80
P T2 1.05-1.3 —_— 150 —_— —_— 750
PH 1.2-1.4 —_— 15-30 500 80 10x10°
PH500 1.0-1.3 1:2.5 8-25 —_— —_— 3.33x1073
PH 1000 1.0-1.3 1:2.5 15-50 —_— —_— 1.17x1073

* all the dispersions have a dark blue color and are odorless.
* due to the PSS content, it has an acidic property with PH value between 1.0-2.5 at room temperature
" boiling point at 100 and density around 1g/cm? at 20°C.

3.3 Electronic Transport in the Intrinsic Conductive
Polymer

The alternating single and double carbon-carbon bond in the conjugated polymer makes
its conjugated mw-orbitals chain-like structure unique in terms of its electronic conduction,
which differs from that of metals and inorganic semiconductors. For each two neighboring
atoms, an overlapping of the pz-orbitals forms a bonding orbital (7-bonds) and an anti-
bonding orbital (7*-bonds) above and below the plane of the molecule respectively [96]. The
interaction of these two orbitals form a continuous two bands, the valence and conduction
band which are named chemically as the Lowest Unoccupied Molecular Orbital (LUMO), the
Highest Occupied Molecular Orbital (HOMO), respectively. Therefore, the charge carries
available in the valence band i.e. electrons are mobile and delocalize, as it is shown in
Figure 3.4 [97]. The low conductivity with a small bandgap about meV arises from the
inequality of the bond length distribution along the polymer chain backbone, where the C-C



bonds are longer then the C=C bonds. Depending on the symmetry of the polymer chain
(high symmetry or low symmetry), the solitons or polarons and bipolarons are the charge
carries, respectively. For low symmetry polymer, few solitons with their discrete bandgaps
are available in the Fermi level. After doping, the concentration of the solitons increases.
The solitons can be either positively charged if the doping process is an oxidation process,
or negatively charged if the doping process is a reduction process. The energy bandgap of
these solitons interacts and overlaps on each other if the concentration of the solitons is high
due to the increase of the doping rate. These overlapping forms a solitons band instead of
the discrete bands between the LUMO and the HOMO levels. As the doping degree increases
more, the solitons-band broaden to overcome the LUMO and HOMO levels and thus the
polymer shows a conductive behavior [97]. In the non-doped state of the low symmetric
polymer chain, the polymer behaves as an insulator, with a bandgap between the LUMO and
HOMO. After oxidation process, the polymer is positively charged by removing the electrons
from its conjugated w-system, and therefore keep the pz-orbital unfilled. The interaction
of conjugated w-system of two neighboring pz orbitals forms two discrete energy levels,
0.5eV above the LUMO and 0.5eV below the HOMO in the Fermi level called as polaron
level. Increasing the doping degree leads to the coupling between the polarons together
and consequently the formation of the bipolaron with two positive charges and no unpaired
electrons [97]. Dissimilar to the solitons, the bipolarons have continues band structure
located 0.75eV from LUMO and HOMO within the Fermi level. Increasing the doping, the
bipolarons overlap and form a continues band along the bandgap from valence band to
the conduction band, and thus the polymer behaves as metallic-like behavior. However,
doping and oxidation introduce a disorder to the conjugated m-system and consequently
the appearance of kinks, cross-links and impurities disrupts the 7-system. Thus, hopping
between the polymer parts dominates the electronic transport and therefore the polymer
resembles to a three-dimensional semiconductor [98]. The occurrence of the disorder in the
Fermi level of the ICPs induces localization of the charge carriers and subsequently hopping
conductance mechanism occurs. Therefore, the Fermi Liquid theory is often used to describe
the electronic transport of the standard 3D-conductors [98]. The conductivity as function of
temperature within the disordered organic polymer is reported to follow the Mott’s variable
range hopping [91, 99-100]:

o=0, X exp(%%)% 3.1
where, o, is the characteristic conductance at characteristic temperature Ty, S is the dimen-
sionality of the system which varies between 0 and 2. T, can be calculated as follow:

To=(16/k‘b) X N(Ef) X LL X LH (32)

where Fk; is the Boltzmann’s constant, N (Ey) is the density of the states at the Fermi level,
L, and L is the localization length in the perpendicular and parallel direction, respectively
[97].

3.4 Carbon Nanomaterials

Carbon in its different allotropes was the corner stone of the human kind revolution,
from burning wood to metallurgic processes to selling boats, to pushing steam engines
to nanotechnology. Different allotropes are due to the special and different atomic and
bonding arrangement to the nearest neighbor atoms, which is known as the hybridization
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mbonds

m-bonds

Figure 3.4: Building structure of PEDOT:PSS with double bonds at the backbone

state. The first well-known carbon allotropes are amorphous carbon, graphite and diamond,
after the discovery of the buckminsterfullerene Cgy known also as fullerene buckyballs in
1985 [101], carbon nanotubes (CNTs) in 1991 [102] and graphene in 2004 [103] new
carbon allotropes are recognized. Therefore, a new classification of the carbon allotropes
based on their hybridization type and dimensionality raised, as shown in Figure 3.5. The
different allotropes provide us with broad range of materials with properties that changes
dramatically from one form to another, whereas the diamond is an insulating carbon form
due to its sp® hybridization states that blocks the free movement the charge carrier; Cg,
CNT and graphene show very high conductivity due to its sp? hybridization state, where
the charge carrier can move even without scattering (ballistic transport). Thus, carbon
nanomaterials have a broad research and application areas starting from reinforcement
fillers, energy storage, drug delivery to devices and transistors in nanoscale !.

3.4.1 Carbon Nanotubes

The first indication of the synthesis of the carbon nanotubes was in 1952 in the Russian
Journal of Physical Chemistry by Radushkevich and Lukyanovich published in Russian
language, however, due to the low resolution of the transmission electron microscopy (TEM)
available that time, they have described their finding as long carbon filaments with inner
cavity i.e. tubular nature [108]. Beside that the original work was published in Russian,
so the western scientists had difficulties to access to the Russian publications, nevertheless
further works were conducted to further investigate the properties of the carbon filament
from the thermal decomposition of gaseous hydrocarbon, more details is found in [109].
lijima in 1991 could identify concentric carbon microtubules in the nanometer size made
by arc discharge using a high resolution transmission electron microscopy (HRTEM), he
called these structures multi-walled carbon nanotubes (MWCNTSs) [102]. Two years later,
single carbon microtubules were achieved and therefore they were named single-walled
carbon nanotubes (SWCNTs) [110-111]. Carbon nanotubes can be conceptually labeled
as cylindrically shaped molecules formed from rolling-up single (SWCNT) or multilayer
(MWCNT) of graphene sheets of sp? bonded carbon atoms that are densely packed in a
honeycomb crystal lattice with hexagonal unit cell consisting of two double bonded C atoms
that repeat and make a complete sheet of graphene, as it displayed in Figure 3.6. In case
of the MWCNT, two models are usually used to describe its structure, the Russian Doll
model and the Parchment model [112]. In the Russian Doll model, the graphene sheets are

Iphoto credit of Fig. 3.5: * [104], ** [105], *** [106] Reproduced with permission from Luca Ortolani, ***
[107]



arranged in concentric cylinders, but in the Parchment model, the graphene sheet is rolled
around itself, resembling a scroll of parchment. The interlayer constant separation between
the internal tubes is 3.4A, which is slightly greater than the distance between graphene
layers in graphite, which is approximately 3.35A [112]. The structure of the CNT and
therefore its properties are determined by the way in which the graphene sheet is rolled into
tubes, and it is usually described as the tube chirality, known also as helicity or wrapping,
and it is represented by a pair of indices (n, m). These indicate the number of unit vectors
along two directions in the honeycomb crystal lattice of graphene (Figure 3.6), it is also
expressed by the circumferential vector, Cj, = nT + m? [112-113].

Thus, three types of chirality are specified as armchair (n,n), zigzag (n = 0, or m = 0), or
chiral (all others) (Figure 3.6). Chirality has significant impact on the electronic properties
of the CNTs. All armchair tubes with n=m have a metallic conductive behavior with
zero bandgap. Whilst, the tubes with n — m=3i (i being an integer and m # 0) are
semiconductor with a bandgap on the order of a few meV, whereas tubes with n — m# 3i
are semiconductors with a bandgap of ca. 0.5-1eV, therefore it is worth mentioning that 2/3
CNTs are semiconducting and other 1/3 are metallic [113]. As the MWCNTSs contains tubes
arranged in a concentric manner containing a different diversity of tube chirality, thus it is
more complex to predict their electronic properties.

3.4.2 Properties of Carbon Nanotubes

CNTs are 1D systems with tube diameter in the nanometer range, this arises the effects
of the quantum properties on the CNT characteristics. CNTs can have either metallic or
semiconducting behavior depending on their chirality, number of walls, aspect ratio and
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synthesis method [114]. For a defect free tube and perfect contacts with electrodes, a
metallic CNTs can transport the electrons ballistically and without striking with the crystal
structure, therefore no loss in energy is caused and theoretically no resistance can be
measured. While the MWCNTs show metallic behavior properties due to the interaction
between the multiple walls of the MWCNTSs, only transport through scattering is taking place,
whereas the semiconducting CNTs show also scattering of the electrons, therefore increasing
the length of a CNT increases the resistance [115-116]. For the SWCNT, the energy bandgap
(Egqp) depends strongly on the tube diameter, which is given by following equation [115]:

E _ 2700’0—0

gap d (33)

Where ~ is the C-C tight binding overlap energy (2.45€V), the nearest neighbor C-C distance
about 1.42A, and d is the nanotube diameter.

However, for the MWCNTs and due to the confinement effects that arise due to the tube
circumferences, the MWCNT behave like quantum wires with a high degree of graphitization
and conductivity around 103S/cm along the tube axis with very high current density around
107A/cm? [117]. The MWCNTs are assumed to be metallic tubes, thus the density of states
near the Fermi level are almost constant and its conductance () is given by [118],
2¢?

G=Gjp x M=(T) x M 3.4
Where, G is the quantum conductance (12.9kQ2)~1, M is an apparent number of conducting
channels including coupling and intertube coupling effects in addition to intrinsic channels
and e is the electron charge, h is the Planck’s constant.

In terms of mechanical properties, CNTs show outstanding mechanical characteristics, for
instance the Young’s modulus of SWCNTs was measured to be 2.8- 3.6TPa, while for the

Figure 3.6: Honeycomb crystal lattice of graphene with chiral vectors for determining the structure of
the CNT



MWCNTs was found to be around 1.7- 2.4TPa, and tensile strength around 50- 200GPa,
which is several hundred times higher than of the steel, this excellent mechanical properties
are attributed to the strong sigma bonds between the carbon atoms [119]. CNTs possess
also excellent thermal stability up to 2800°C in vacuum and 750°C in air; with low lateral
thermal conductivity and high axial thermal conductivity up to 10.000W/mK depending on
the tube diameter [120], which is almost five times higher than the best available commercial
synthetic diamond (1.000-2200W/mK) [121]. The CNTs tend also to form agglomerates due
to the strong van der Waals (vdW) attraction forces between them which is considered to be
around 0.5eV/nm [122], this limit the entire use of its properties and thus its applicability
in the realtime application. Besides that, CNTs suffer from the low solubility in water and
organic solvents; which makes the side functionalization of the CNTs crucial to overcome
this issue and extract their maximum functionality. Doping using different functional groups,
DNA chains and decoration with specific organic and inorganic molecules were attached to
the sidewall of the CNT for the specific chemical or biological application [123].

3.4.3 Synthesis of Carbon Nanotubes

To bring the CNTs to the industrial applications, a development of large-scale production
techniques of nanotubes is required. Thus, in 1992, Ebbesen and Ajayan introduced a method
for the large scale synthesis of nanotubes [124], since then wide witnessed significant
research efforts in efficient and high-yield nanotube growth methods were conducted,
mainly, arc-discharge, laser ablation, thermal synthesis and Plasma Enhanced Chemical
Vapor Deposition (PECVD) were introduced. Next arc-discharge, laser ablation, and thermal
synthesis is very briefly explained; more details are found in [125-128] for broader overview
and deeper understanding of those synthesis methods and other issues.

Arc Discharge

It is the first method that was successfully used to synthesize CNTs in small quantities. It
consists of circular graphite electrodes with diameters between 5 to 20mm and gap of 1mm.
The electrodes are placed in inert air, typically Helium (He) or Argon (Ar) at a pressure of
13 to 130kPa [126], as it is shown in Figure 3.7. A low voltage and high current typically
around (12 to 25V) and (50 to 120A) is applied between the cathode and the anode, this
generates an arc-induced plasma that evaporates the carbon atoms from the graphite, and
CNTs are formed on the anode. Whereas the MWCNT can be formed without a catalyst, the
SWCNT can only be formed by adding metal catalyst to the anode such as iron or cobalt
[126]. In this method, the diameter of the SWCNT can be controlled by tailoring the Ar:He
gas ratio, with high Ar ratio leads to smaller SWCNT diameter [129]. Beside that the amount
of the produced CNTs in this method is very small (few grams only), it needs extensive
purification steps to remove the amorphous carbon, small fullerenes and metal catalyst
particles that are naturally produced in the process.

Laser Ablation

The arc discharge and laser ablation have analogous working principle, when pure graphite
is used as anode, it produced MWCNT and fullerenes, whilst using a metal-impregnated
graphite anode to produce SWCNTs [125, 127]. As it is shown in Figure 3.8 (a), a graphite
composite target (anode) that is placed in a quartz tube furnace at around 1200°C under an
inert atmosphere of about 60KPa of Ar or He, then a laser beam is focused on the anode and
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Figure 3.7: Schematics of CNT synthesis using arc discharge method

swept uniformly across the graphite target surface. The carbon atoms are evaporated from
the surface of the target and then CNTs are collected on a cooled substrate at the end of the
chamber [125, 127].

Thermal Synthesis

The thermal synthesis covers numerous different synthesis methods, including chemical
vapor deposition (CVD), high-pressure carbon monoxide synthesis and flame synthesis.
Among them, CVD has the highest potential for mass production of carbon nanotubes
(Figure 3.8 (b)). Here, an alumina/quartz substrate with material catalyst (e.g. iron, nickel)
deposited onto its surface is placed into a tubular furnace between 500°C-1200°C and a
hydrocarbon gas such as ethanol or carbon monoxide is slowly pumped into the furnace, the
CNTs produced have a yield that can exceed 99% (weight percent of final material) [127].

(@)

Figure 3.8: Schematics of CNT synthesis using (a) Laser ablation and (b) CVD method

3.4.4 Graphene Oxide

Graphene oxide (GO) is a non-stoichiometric macromolecule regarded as a wrinkled one
atomic layer of the two-dimensional graphene sheet decorated with various oxygenated
functional groups on its basal plane and peripheries, with lateral dimension between few



nanometers to several microns, and thickness of 1nm. Depending on the preparation method
and therefore the type of the acids and oxidants used, different functional groups were
proposed. To name few, carboxyl, hydroxyl, epoxy, lactones, which determine the acid
behavior of the colloidal [130]. The ketone, pyrones, chromenes, ester and carbonyls
functional structures, which determine the basic behavior of the colloidal [130]. Those
functional groups give the polar properties to the GO [131, 134]. Extensive studies have
been done to clarify the chemical composition of the GO, and how the functional groups are
distributed on its plane, these differences are referred mainly to the nonstoichiometric nature
and the strong hygroscopicity of the dehydrated graphite oxide [135, 138]. However, it is
still controversial and unclear which model is the most accurate. The electronic, mechanical,
optical and electrochemical properties of the GO are strongly depending on those functional
groups. Figure 3.9 illustrates a model proposed by Lerf, which is assumed to be the most
accurate one [131].

@ @

@ Hydroxyi (oH) @ Carbonyl (=0) () Garboxyl (-COOH ) @ Carbon atom

Figure 3.9: Illustration of the chemical structure of graphene oxide, reworked based on [131]

3.4.5 Synthesis of Graphene Oxide

Synthesis of graphite oxide was to the first time in the mid-1800s by Brodie [139] and later
by Staudenmaier [140]. But these methods are time consuming and use very hazardous
oxidants. Hummers proposed a new way to overcome the pre-mentioned drawbacks [141],
lately other methods were also proposed based on the variation of Brodie, Staudenmaier and
mainly Hummers methods [142]. Basically, preparation of the GO implicates the chemical
oxidation of the natural graphite flakes in the existence of strong acids and oxidants.
Whereas Brodie and Staudenmaier used a mixture of potassium chlorate (KCl1O3) with
nitric acid (H NOs) to intercalate the graphite flakes to graphene oxide, Hummers on the
other side treated the graphite flakes with potassium permanganate (K MnO,) and sulfuric
acid (H2S50,) to oxidize the graphene flakes. The degree of oxidation can be controlled by
varying the synthesis conditions, strong acid mixtures and the precursors of the graphite.

35



36

3.4.6 Exfoliation and Reduction of Graphite Oxide

Upon oxidation, the polar oxygen functional groups decorate the basal plane of the GO,
making it hydrophilic. Thus, GO can be dispersed easily in water and exfoliated in other
solvents [143]. The generated sp® hybridized due to the covalent bonds between the carbon
atom and the functionalization group disrupts the extended sp? conjugated network of the
graphene-like lattice structured, therefore the ratio between the sp? and sp® determine
the degree of functionalization [138, 142]. The dispersion of the GO can be achieved by
stirring and/or mild ultrasonication of GO sheets in solvents, this process weakens the van
der Waals attraction forces between the graphite platelets, and consequently simplifies the
exfoliation of GO in aqueous solutions [144], the exfoliation of the graphite to graphene
oxide is depicted in Figure 3.10. The existence of the functional groups in basal plane of
the GO assists the possibility to use them as sites to attract numerous electro-active species
such as CNTs through covalent or non-covalent bonds to form defined sensitive systems
[145, 147]. Though the GO sheets are considered to be an insulator due to their large

Graphene oxide
Graphite oxide

Graphite

@ carbon
@ oxygen

Figure 3.10: Schematic of oxidation and exfoliation of the graphite to graphene oxide. Reproduced
with permission from InTech’s Publishing ©2016 published in [148] under CC BY 3.0
license

bandgap between o-states of its sp®-bonded carbons but using thermal annealing or chemical
reducing agents the graphene-like aromatic (sp?-bonded carbons) structure can be largely
restored. In the former case, the reduction of the GO is obtained by heating up the GO sheets
in vacuum or an inert atmosphere (e.g., argon) [149, 150]. In the later reduction method,
different reducing agents are used to chemically reduce the colloidal dispersion such as
hydrazine, hydroquinone, sodium borohydride (NaBH,) [151], glucose, fructose, vitamin
C (ascorbic acid) [152-153], Hydroiodic acids [154-155] and strongly alkaline solutions
[146]. Using hydrazine involves great attention because it is hazardous, highly toxic and
potentially explosive. Different reduction methods have been used to produce reduced
GO with considerable grain size and improved electrical conductivity then the pristine GO,
nevertheless additional enhancements are required in order to totally remove the oxygen
surrounding defects in the graphene-like lattice. The reduction of GO reduces the bandgap
and therefore tune the ratio of the sp? and sp? fractions, consequently transforms the GO
from an insulator state to a semiconductor [156-158]. Though the reduction of GO can
be partially used to restore the graphene-like aromatic properties of the GO, it introduces
some residual defects to its basal plane such as remaining oxygen atoms [159], Stone-Wales
defects (pentagon-heptagon pairs) [159-160] and holes [160] due to loss of carbon atoms



in the form of CO or CO5 from the basal plane and therefore the conductivity will be limited
[158].

3.4.7 Properties of Graphene Oxide

GO exhibits various excellent mechanical, optical, chemical reactivity and thermal properties;
this is referred to its specific 2D structure and the presence of numerous oxygen functional
groups at its peripheries. Because it is atomically thin the GO/rGO has a high transparency
in the visible spectrum, thus it has been widely investigated to replace indium tin oxide
(ITO) in organic solar cells [156, 161], organic light-emitting diodes (OLEDs) [162-163].
The GO sheets demonstrate an improved chemical activity compared with pristine graphene
due to the existence of the oxygen functional groups in its plane and edges structure.
The conductivity of the GO and rGO sheets depends strongly on their chemical and atomic
structures and therefore it varies based on the synthesis and reduction methods. As previously
mentioned, the GO films exhibit insulating properties with large bandgap due to the presence
of sp® bonds in the graphene-like plane of the GO. However, chemical or thermal reduction
of the GO improves drastically its conductivity. Depending on the reduction level, the
conductivity of the rGO film can reach about 3000S/cm [138]. In addition to these interesting
features, GO exhibits photoluminescence (PL) at the near-infrared (NIR), visible (vis) and
ultraviolet wavelength range, as a result of recombination of sp? hybridized electron-hole
pairs located in the carbon plane cluster which is embedded within an sp® matrix, for this
reason the GO has a high potential in bio-sensing and optoelectronics applications [156,
164]. The 2D structure of the GO makes it also a good candidate to be used as electrodes for
the batteries, as it has a high specific surface area and good electron mobility. For this reason,
a determined active species could be attached to its surface and further activates the electron
transfer at electrode surface. Furthermore, rGO shows a good potential for ultracapacitors
application even more than CNTs, due to its very high electrochemical capacitance and
excellent cycle performance. Whereas the specific capacitance was found to be 165 and
86F/g for rGO and CNTs, respectively. Besides the pre-mentioned properties, the GO has
also a very interesting mechanical properties with Young’s modulus of 0.7nm monolayer
around 207.64-23.4GPa [156], and about 0.25+0.15TPa for the monolayer chemically rGO
[166]. Due to the presence of a large number of oxygen-containing functional groups and
structural defects, GO exhibits an enhanced chemical activity compared to the other carbon
nano-allotropes such as pristine graphene, this gives the possibility for selectively chemical
functionalization with DNA, polymer chains, CNTs and/ or nanoparticles [143].

3.5 Composites of Conducting Polymer with
Carbon Nanomaterials

Basically, the idea to add nanofillers in polymer aims to bring novel functionalities to the
polymer without altering its inherent properties and/or improving an exciting polymer
inherent characteristic. Carbon nanomaterials among others have been widely integrated,
in particular CNTs and GO, this is referred as mentioned in sections 3.4.2 and 3.4.7 to
its exceptional properties such as electronic, thermal, electrical, mechanical and optical
properties. Their nano-sized unique structure facilitates its interaction with the polymer
chain to achieve synergetic properties of the new nanostructured nanocomposites.
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3.5.1 Carbon Nanotube based Nanocomposites

Although CNTs have excellent properties, the use of CNTs in realtime applications is limited
due to the low processability and insolubility. Therefore, the functionalization of the CNT
using polymers (nanocomposites) is a key to use CNTs in different applications. Nanocompos-
ites based on CNTs and polymer can achieve improved physical and mechanical properties
compared to the pure polymer. On one hand, CNTs based insulating polymers such as Epoxy
[167], PDMS [168], PVA [169], PA-6 and PC and PE [170], PEEK [171- 172], PSS [125]
were deeply investigated for strain, pressure, optical, chemical and biological sensors. On
the other hand, nanocomposites fabricated based on ICPs, such as PA [173], P3AT [174],
PANI [175- 176], PEDOT [79, 177] were also profoundly explored for different application
areas such as layer injection in solar cells, photovoltaic cells, field emitters, electrode for
batteries, sensors and electro-catalysis. Among others ICPs, PEDOT:PSS has been inten-
sively studied because of their remarkable electronic, chemical and mechanical properties
as previously mentioned. Additionally, it has a very high conductivity compared with other
commercially available polymers. Therefore, it has been widely used in sensing application
such as humidity and strain, and as hole injection layer in solar cells.

3.5.2 Nanocomposites of Graphene Oxide

Revelations of the electronic, electrical, optical and mechanical properties of the GO have put
emphasis on the development of nanocomposites based on GO and broaden its application
field and make it industrially available. The existence of functional groups in the plane and
the edges of the GO, give the possibility to interact with organic and inorganic materials
to form functional hybrid nanocomposites with tailored unusual properties [143, 156,
178-180]. Thus, functionalization with polymers is an effective route for improving the
GO dispersion. Thus it is possible to integrate GO into an excellent compatible polymer
material in the absence of any aggregation [180]. Different types of polymers are used to
produce conducting nanocomposites with improved physicochemical, mechanical and optical
properties. Among them, polypropylene [182-183], PVA [184], epoxy [185], Poly(methyl
methacrylate) PMMA [186], polyaniline PANI [187-188], Nafion [189-190], high-density
polyethylene HDPE [191], PEDOT:PSS [157], and silicone rubber [192-193].

3.6 Fabrication of Polymer Nanocomposites

The properties of polymer matrix based on nanocomposites depend strongly on the chemistry
of polymer matrices, type of nanofillers and the processing method. Recently, different
preparation techniques were acquired to improve the properties of the nanocomposites.
Essentially, the interaction and the bonding between the CNF and the polymer matrix at
the surface has a major impact on the final property of the nanocomposite. The processing
methods can be divided into covalent and non-covalent approaches, depending on the type
of the interaction between the CNF and the polymer.

3.6.1 Non-Covalent Dispersion Methods

In the non-covalent interaction, either a solution-based or melt mixing method is involved.
In the solution method, CNFs are dispersed in either water or solvents via an enthalpy-driven
interaction, such as w7, CH-7, NH-7, etc, between the CNT surface and the dispersants



and/or entropy-driven interaction; i.e. hydrophobic interaction using surfactants (Figure
3.11) to fabricate the aqueous colloids and then mix it with polymer [194]. The preparation
of the aqueous CNF suspensions is typically done with the help of sonication, which is a
mechanical method that is frequently employed in combination with surfactants to exfoliate,
disperse or de-bundle CNF during the mixing process. Hence, this technique is more suitable
for the water-soluble polymers such as PEDOT:PSS, poly vinyl pyrrolidone (PVP), PVA,
PDMS, poly(methyl methacrylate) (PMMA). Sonication time and sonication energy are main
parameters that determine the degree of extra dispersibility or the degree of exfoliation
[195-196]. Whilst, the longer the sonication time, the better the aqueous suspension is,
but the more defects on the CNF surface are, the insufficient sonication energy leads to
insufficient dispersion of CNFs. So, the processing parameters must be optimized to reach
an equilibrium state and consequently to lower the percolation threshold of the nanocom-
posite. To promote CNF surfactant dispersions, the employment of different surfactants
such as sodium dodecyl sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS), sodium
cholate (SC), cethyltrimethylammonium bromide (CTAB), Tween and Triton X [194, 197]
and organic solvents such as 1,2 dichlorobenzene (DCB), Methan, acetone, chloroform,
N-methyl-pyrrolidone (NMP), dimethylformamide (DMF) was reported in literature [198,
200]. Typically, the exfoliation of the CNF in the solution is achieved by adsorption of the
surfactant on the surface of the CNF. A possible adsorption mechanism on the surface of
the CNTs is shown in Figure 3.12. CNTs can be encapsulated within cylindrical micelles, or
covered with either hemispherical micelles, or randomly adsorbed molecules [201]. The
adsorption on the CNF surface lowers the surface tension of the aqueous solution and thus
prevents the re-aggregation of the carbon fillers, due to the strong van der Waals attractions
between them.

In the melt mixing method, a polymer melt and powder filler are mixed under high shear
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Figure 3.11: Dispersant-CNT interactions. Copyright ©IOP Publishing, 2015 published in [194]

forces of the material between screw and barrel, as it is shown in Figure 3.13. It is widely
applied for the industrial application with thermoplastic polymers due to its low cost and
large production scalability. Lately, it was reported that such method does not provide the
same level of dispersion of the filler and does not effectively break the agglomeration of
the CNF as in solvent mixing or as in situ polymerization methods [142, 202-203]. Melt
mixing/blending is revealed to fabricate various types of CNT/polymer nanocomposites, such
as polycarbonate (PC), poly(ethylene terephthalate) (PET), polyurethane (PU), polystyrene
(PS), polypropylene (PP) and acryloni-trile-butadiene-styrene (ABS) [205-207]. For the
GO-derived fillers, it was successfully used in the exfoliation of rGO in various thermoplastic
polymer matrices, for example styrene-ethylene/butylene-styrene (SEBS) [208], polypropy-
lene (PP) [209], Poly(vinylidene fluoride) (PVDF) [210-211]. However, it is notable that,
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Figure 3.12: Different adsorption mechanism on the surface of the CNTs. Copyright ©IOP Publishing,
2008 published in [201]
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Figure 3.13: Hot melt extrusion process of CNT/ Polymer [204]

due to the high temperature used in melt mixing, the GO platelets can be reduced thermally
with very low bulk density [212-213]. The high shear forces and high temperature used in
the melt-mixing technique, can lead to the fragmentation of the CNF and/ or polymer chain
scission, i.e. deterioration of nanocomposites. Therefore, optimization of these parameters
is highly recommended to achieve nanocomposites with high sensing properties and slow
aging rate.

3.6.2 Non-Covalent In-Situ Polymerization

For some polymers which are insoluble and thermally unstable, it is not possible to process
them by solution mixing and melts processing, then in-situ polymerization is the appropriate
method. In this method as it is shown in Figure 3.14, the CNF is mixed with a monomer
or multiple monomers, in the presence or absence of solvent followed by polymerization.
Therefore, this technique enables the grafting of polymer molecules on the surface of the
CNF i.e. CNT or GO and accordingly leads to better dispersion and stronger binding between
CNF and polymeric host matrix. Many reports reveal the use of in situ polymerization
methods to produce nanocomposites based on CNT or GO with a variety of polymers, such
as MWCNT/PS and PMMA/MWCNT [214], MWCNT/PEDOT:PSS [84], MWCNT/PPy [215],



etc. In the GO-derived polymer nanocomposites, the monomer intercalates between the
layers of the GO and then it follows the polymerization separating the layers. Therefore, it
is named sometimes as intercalation polymerization. Examples of typically used polymers
are, poly(vinyl acetate) [142, 216] and poly(aniline) (PANI) [217-218]. To improve further
the GO dispersion quality and its linkage to the polymer the use of a macro-initiator was
proposed [219].
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Figure 3.14: Schematic of the in-situ polymerization of the CNT and or GO/ polymer nanocomposites

3.6.3 CNF-based Composites with Covalent Bonds

To achieve the advantages of CNFs and to enhance the properties of CNF/polymer nanocom-
posites, a covalent functionalization is proposed. In case of the CNT, the functionalization
is taking place at defects on its walls and/or at the end caps [220]. Despite the CNTs,
GO platelets contain already on its surface a reactive functional groups and thus different
approaches for introducing covalent bonds between GO platelets and polymers have been
verified. Generally, grafting-from and grafting-to approaches have been used for the attach-
ment of a broad range of polymers with CNF [221]. Figure 3.15 and Figure 3.16 show the
most used strategies for covalent functionalization of GO and CNTs, respectively.

3.7 Electrical Properties of CNFs and
Nanocomposites

3.7.1 Percolation Threshold of Nanocomposites

Adding nanofiller to the insulating polymer improves its properties, either electrical conduc-
tivity and/or storage modulus. However, at certain filler concentration, rapid increase in
these properties occurs, this point is called percolation threshold which is either electrical or
rheological. It was shown that the rheological percolation can be either lower [223-225],
similar [226-228] or higher [229-230] than the electrical percolation threshold. Therefore,
in order to make the insulating polymer matrix to be electrically conductive nanocomposite,
the concentration of the conducting filler either CNT or GO must be above the electrical per-
colation threshold. Generally, the increase in conductivity as a function of filler loading once
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Figure 3.16: Grafting reactions to functionalize CNTs surface via covalent bonds. Reproduced with
permission from Wiley-VCH Verlag GmbH & Co. KGaA published in [222]

electrical percolation has been achieved can be modeled by a simple power-law expression
(equation 3.5) [231], as displayed in Figure 3.17,

U=00<¢-¢C)t7 f0r¢>¢c (3.5)



Where o,is the initial electrical conductivity of the polymer, ¢ is the conductive filler volume
fraction, ¢, is the percolation threshold, and ¢ is a scaling exponent.

Thus, the randomly filler/polymer network can be regarded as complex network consisting of
parallel and series resistors. So, the total network resistance is an accumulation of different
resistance phenomena: intrinsic resistance and tunneling resistance.
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Figure 3.17: Description of the percolation threshold

Intrinsic Resistance

As shown in section 3.4.2, for CNTs free of defects and with perfect ohmic contacts, an
electron can be moved freely without scattering through the tube i.e. ballistic electronic
transport can take place, and thus no resistance can be measured. This is valid for only
metallic CNTs, whereas for semiconducting CNTs scattering effects are taking place [232].
The maximum length at which an electron can move ballistically and therefore can pass
through a CNT without scattering is called the mean free path. Experimentally, it was proved
that the CNT has a momentum mean free path of more than 30um [232]. Although, the
transport in CNTs is ballistic, an internal resistance exists always, and depending on the
tube length and the type of contacts, its value might change from few to several k) per unit
length [232]. The intrinsic resistance of the CNTs (R;,;) is given by [233],

_(PL

Rmt—(@) (3.6)

where p is the nanotube resistivity, L and R are the length and the radius of the tube,
respectively.

Typically, metallic CNT has a resistivity as low as 10-5Qm, given this resistivity, from
previously, it is calculated using equation 3.6 that the intrinsic tube resistance of the CNTs
used in this work is around 6.5 x 1032, which has an average length of 1ym and an average
diameter of 7nm.
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Tunneling Resistance

In the nanocomposite, if the embedded filler particles within the polymer get close enough to
each other, typically 1-2nm [234], the electrons can jump from one filler to another through
the polymer medium, this is a typical quantum phenomenon called tunneling. The van der
Wales distance depends typically on the polymer type and the potential barrier difference
between the filler and the polymer matrix. The value of the tunneling resistance can be
estimated using Simon’s formula [235]:

2
T T e (GO G
where V is the potential difference, J is the tunneling density, A is the cross-sectional area
of the filler, # is Planck’s constant, d is the distance between filers, e is the electron charge,
m is the electron mass and h is the height of the electrical barrier of the polymer.

Rtunneling =

As it is very difficult to measure the tunneling resistance, many calculations were conducted
to estimate this resistance. For instance, the tunneling resistance of two CNT separated by
1nm embedded in epoxy matrix, the values range from around 2nm to 3nm for CNT tube di-
ameter of 8nm [233]. Different parameters affect the change in the tunneling resistance such
as contact area, contact gap, junction type (metallic/metallic or metallic/semiconducting)
polymer molecule size and degree of dispersibility. However, the intrinsic tube resistance is
significantly smaller compared to the tunneling resistance hence negligible. Consequently,
the main conduction mechanism in any nanocomposites containing conducting fillers takes
place mainly via tunneling between the filler particles through the thin polymer layers
between them.

3.7.2 Influence Effects on Nanocomposites Conductivity

Beside the types of nanofillers, nature of polymer, fabrication process and the tunneling
distance between the nanofillers, other issues such as orientation and alignment, aspect ratio,
curvature, processing methods, wrinkles and folds etc. may also affect the total conductivity
of nanocomposites. These are briefly discussed in the next section.

Orientation and Alignment

The sensing properties of the nanocomposites vary drastically based on how the nanofiller are
oriented within the polymer matrix. As result, the electrical and the mechanical characteristic
depends strongly on the orientation of the CNTs [172, 236-237]. The electrical conductivity
of the randomly distributed network based on CNT changes depending on the orientation
of CNTs. The networks with a complete random distribution show an isotropic behavior,
whereas the aligned networks show orthotropic behavior [238]. The alignment of CNTs is the
pre-determination of the CNTs orientation either during the growth (vertically alignment) or
by the post-processing (in-plane) in the polymer matrix using controllable technical methods
such as mechanical forces either stretching forces [170, 239-241], or uniaxial compressive
pressure [242], or using electrical fields [238, 243] or magnetic fields [244-246]. Other
methods are also described in [207, 247-248]. The mechanical properties are also altered
by the orientation, for instance, the aligned CNT network has an improved effective axial
elastic modulus (F33) compared to the random CNT network, while the shear modulus (G)



of the random network was better compared to the aligned network, as it is shown in Figure
3.18.
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Figure 3.18: Effect of CNT orientation on bulk elastic moduli of CNT/epoxy composites (a) Alignment
along the axes with (E) is the effective Young’s modulus, (Fs3) is the effective axial and
(En1) is the transverse Young’s, (b) Alignment along the shear with (G) is the effective
shear, and (G12) is the in-plane shear modulus. Reprinted from Elsevier published in
[249]

Aspect Ratio

One big difference between the conventional fillers such as carbon black, carbon fiber and the
nanofillers such as CNTs, graphene and graphene oxide is the aspect ratio. For the CNTs, the
aspect ratio is the ratio between its diameter and its length, with diameter ranging between
1nm and 100nm and length up too few millimeters, the longest CNTs grown up to date
achieve 550mm [250]. The high aspect ratio lowers the nanofiller content used to reinforce
the polymer i.e. the percolation threshold can be reached with less number of fillers and
therefore higher conductive nanocomposites can be fabricated with less CNTs [251]. Thus,
nanocomposites with very low CNT filler were realized [234, 252], the lowest percolation
threshold reported up to date is 0.0025wt.% [253]. For the CNTs, the relationship between
the aspect ratio and the percolation threshold (®,) is presented below:

d

(PPZE (3.8)

where d is the CNT diameter, and L is the CNT length.

Using Eq. 3.8, the percolation threshold using the CNTs used in this work can be reached
by 0.0035wt.% CNT, if the preparation parameters are well optimized. The aspect ratio of
GO is extremely high compared to the CNT, this is referred to the monoatomic thickness
of the grain size of the graphene platelets to its lateral size (lateral size on the order of
10um and thickness in the order of 1nm). Thus, GO shows network formation in both
polymeric systems at very low content, much lower than that of CNT needed to realize
same characteristics. Assuming that the GO have disc-shape nanosize which is randomly
distributed in the matrix and the aspect ratio of the nano-filler ({) is [254]:

(=3 x = (3.9)
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where @, is the volume fraction at the onset of percolation of interpenetrating of the ran-
domly packed spheres.

Curvature

The embedded CNTs in the polymer matrix exhibit significant curvature known also as
waviness. The curvature of the CNTs is simply defined as the angle by which two neighbor
CNTs are deviating from each other, it is considered in [249-255] as key factor in controlling
the functionality of the nanocomposite. The experimental study of the curvature and its effect
on the related sensing properties is very difficult, therefore up to now, only numerical studies
based on molecular dynamics simulations or micromechanical modeling are conducted to
investigate this effect [249]. The simulation results based on the micromechanical model
is depicted in Figure 3.19, it shows the effect of the waviness on the Young’s modulus (E)
of the CNT-epoxy nanocomposites. The waviness parameter («) is 0, if the CNT is perfectly
aligned. The Young’s modulus of the perfectly aligned network shows an enhancement over
the randomly oriented network especially for high CNT volume fraction. Thus, it is well
noticeable that increasing the waviness between the CNT segments increases the percolation
threshold. However, the waviness i.e. curved CNTs have limited effect on the percolation
threshold compared to the aspect ratio or aggregation [255].
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Figure 3.19: Effect of CNT waviness on the Young’s moduli of CNT-epoxy nanocomposites. Reprinted
from [249]. Reproduced with permission from Elsevier



3.8 Nanocomposites Fabrication Methodology

In section 2.5, CNTs, GO and PEDOT:PSS showed a good feasability to be used for wireless
sensors but their low conductivity prevent them to reach a good antenna characteristics
and thus gave a low sensitivity. Consequently, fabricating nanocomposites based on these
nanomaterials can improve the conductivity and thus it can be used for wireless sensors.
Using these nanomaterials, three nanocomposites are proposed, CNTs and PEDOT:PSS, GO
and MWCNTs and a novel tertiary GO, MWCNT and PEDOT:PSS. In section 3.6, the way in
which the CNF filled nanocomposites are prepared, influence how these fillers are distributed
in the polymer matrix and thus influences the electrical conductivity. It is proven from
experiments that, at the same filler volume fraction, the electrical conductivity is higher
for in situ polymerized and solvent blended samples than melt blended [207, 255]. In
the CNTs and PEDOT:PSS nanocomposites and as the CNTs possess low processability and
insolubility due to the high Van der Waals forces between them, CNTs are first dispersed
non-covalently in a surfactant to fabricate the aqueous suspension and then mixed with
PEDOT:PSS via a solution mixing method. Using surfactants to disperse CNTs might influence
the sensitivity of the nanocomposite to the environmental conditions [255]. Thus, beside
using surfactant to disperse the CNTs, GO arises as a good candidate to disperse the
CNTs due to the presence of functional groups in the edges of the GO. Therefore, GO
can be principally used as a dispersant to suspend the agglomerated CNTs and develop a
solution processing process for producing GO:CNT hybrid nanocomposites. The synthesize
of the hybrid nanomaterial GO:MWCNTs employs the self-assembly of GO and MWCNTs.
Compared to the pristine MWCNTSs, this nanocomposite can be well dispersed in GO aqueous
solution via the 7-7 interaction, which stabilizes the hydrophobic property of the nanotubes,
and gives the MWCNTs with a negative charge [146-147]. MWCNTs dispersed in GO
dispersion are expected to have interesting thermal and mechanical properties, due to the
exceptional thermal and mechanical properties of both GO and CNTs. To improve the
electrical characteristics of the GO:MWCNTs hybrid nanocomposites, PEDOT:PSS is added to
it. The reason for that is the inherent electrical properties of each of the nanomaterial. These
three nanomaterials are conductive, consequently, it is expected to reach a nanocomposites
with a very high conductivity and improved characteristics of the GO:MWCNTs hybrid
nanocomposites. As the PEDOT:PSS is water-soluble polymer and the GO:MWCNTSs is
an aqueous suspension, the most suitable technique used to fabricate this novel tertiary
nanocomposite is the solution mixing method. Beside that, there is an analogy in the
structure of these nanomaterials i.e. the benzene ring, which arises the 7-7 interaction
between the GO, MWCNTs and PEDOT:PSS. The experimental steps used to prepare each of
this nanocomposite is explained in the next chapter.
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Materials and Experimental
Methods

in this thesis, the second section addresses the fabrication methods of the aqueous
dispersion as well as the deposition method used to fabricate the films, and the
third section reviews the experimental techniques used for the characterization of both the

This chapter contains three main sections, the first one discusses the materials used

aqueous dispersion and the films based nanocomposites.

4.1 Nanocomposites Preparation Methods

Solution processing is a mutual technique used for preparing the polymer/CNF nanocompos-
ites. Prior nanocomposite fabrication, a surface modification of the CNFs (either covalent or
non-covalent) is required via energetic agitation (magnetic or mechanic stirring, reflux or
sonication). Next, the aqueous dispersion is added to the polymer so the polymer chains
intercalate between the conductive nanofillers. Afterwards, the solvent is removed by ther-
mal evaporation either during the aqueous state or after the film deposition. A schematic
displaying the different steps used in the solution processing technique is depicted in Fig-
ure 4.1. The CVD grown MWCNTs are purchased from Southwest Nano Technology and
they are used without further purification, functionalization or chemical treatments. As
mentioned by the supplier, the MWCNTs have a degree of purity greater than 95%, outer
diameter between 6nm to 9nm and lengths less than 1um [256]. The GO is purchased from
Graphene laboratories Inc. and it is used as supplied without any further purification or
functionalization. The GO has a concentration of 0.5wt.%, it consists of 79% carbon and
20% oxygen with flake size ranging from 0.5um to 5um with at least 60% of the aqueous
dispersion has a thickness of one atomic layer [257]. The PEDOT:PSS is purchased from
the company Heraeus Precious Metals GmbH & Co. KG., having a commercial name of
Clevios PH 1000. The PEDOT:PSS is in form of aqueous dispersion (1.3wt.% in H»O) and
has 0.5wt.% of PEDOT and 0.8wt.% PSS content. The PEDOT to PSS ratio is 1:2.5 by weight,
the aqueous dispersion has a dark blue color and is odorless. Different combinations of
MWCNT, with/without GO in PEDOT:PSS matrix are formulated. The preparation process
of each prepared nanocomposite is explained in the following.

4.1.1 MWCNT.:SDBS/PEDOT:PSS

In this nanocomposite, MWCNTs are non-covalently functionalized using surfactant then
mixed with PEDOT:PSS. Because of its high dispersibility, sodium dodecyl benzene sulfonate
(SDBS) is selected. This dispersibility is coming from its negative charge and benzene ring
[205, 258- 260]. Different MWCNTs contents are dispersed in 0.2wt.% of SDBS, which is
around its critical micelle concentration (CMC) value. The aqueous suspension is sonicated
for 30min at 15% of the maximum power of a horn sonicator (Bandelin GM 3200) at 0.5s
cycling time. The sonication process is done in an ice-bath to avoid overheating. After the
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Figure 4.1: Schematic of typical steps of nanocomposites preparation using solution processing

stable saturated CNT dispersion is achieved, the CNT suspension is centrifuged at 5000rpm
for 40min aiming to separate large agglomerated CNTs, amorphous carbon and residual
catalytic material. Only 80% of the upper part of the prepared CNT suspension is removed.
Afterwards, the aqueous dispersion is then mixed with 1:1 volume ratio of PEDOT:PSS,
this aqueous suspension is stirred magnetically at 1600rpm for 15min to improve the
intercalation between the polymer and the MWCNT dispersion. Figure 4.2 shows schematic
of the preparation process of MWCNT:SDBS/PEDOT:PSS nanocomposite.
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Figure 4.2: MWCNT:SDBS/PEDOT:PSS nanocomposite preparation process
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4.1.2 GO:MWCNT

As explained in section 3.4.4, the GO is visualized as graphene sheet with its basal plane
decorated by oxygen-containing groups. Therefore, GO aqueous colloid is used as surfactant
to disperse the MWCNTs. In this nanocomposite, MWCNTs are dispersed in GO using



sonication cavity. Different MWCNT contents are directly suspended in the GO aqueous
colloids. This mixture is sonicated and centrifugated using the same parameters as in 4.1.1.
To guarantee that the prepared films have high homogeneity, only the upper 80% of the
prepared solution is removed after centrifugation. Figure 4.3 depicts a schematic description
of this preparation method.
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Figure 4.3: GO:MWCNT nanocomposite preparation process

41.3 GO:MWCNT/PEDOT:PSS

This nanocomposite is introduced as novel nanocomposite class that includes two different
nanofillers instead of one. Therefore, it is called a tertiary nanocomposite. The GO:MWCNT
nanocomposite as described in section 4.1.2 is mixed with different volume ratios (1:1, 1:1.3
and 1:3) of PEDOT:PSS using a magnetic stirrer at 1600rpm for 15min. The Figure 4.4 illus-
trates schematically the preparation procedure of GO:MWCNT/PEDOT:PSS nanocomposite.
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Figure 4.4: GO:MWCNT/PEDOT:PSS nanocomposite preparation process
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4.2 Fabrication of Films Based on
Nanocomposites

This section explains the substrate pre-treatment method, the deposition method used for
the film fabrication, and the chemical reduction used to reduce the films based on GO.

4.2.1 Substrate Treatment

Prior deposition, the polymer substrates namely Kapton HN500 are cleaned in order to
remove contaminations from the surface. First, the substrates are sonicated in bath of
isopropanol for 10min, then rinsed in bath filled with Di-H5O for another 10min. Afterwards,
they are dried under N, and finally baked in an oven at 110°C for 1 hour to dry all the water
molecules from the substrate surface.
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4.2.2 Deposition Method

For deposition, a mask covering the Kapton HN500 substrate is patterned as rectangular
shape (2.5x0.5cm). Using physical liquid deposition, a volume of 62.5uL is used in order to
achieve high reproducibility. After the deposition, the films are kept drying in the air for 24
hours, then the mask is removed and the electrodes are made using silver paste to improve
the contacts on both sides of the films. The metallic wires are connected with the help of
silicone epoxy on the films (Figure 4.5). Finally, the prepared films are baked in the oven for
30min at 80°C. Three films or more from each dispersion are taken into account to ensure
good reproducibility and dispersion quality.
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Kapton HN, 120um Mask Deposition Pattern Dicing

Pattern Removing
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Electrode Mask Removing Dispersion
Deposition Deposition

Figure 4.5: Film deposition and electrode pattern

4.2.3 Chemical Reduction Method

Before chemical reduction, the films based GO have an insulating behavior because of the
non-stoichiometric chemical composition of the host GO matrix and the presence of the
oxidant in the GO that prevents the formation of percolation paths among the sp? carbon
clusters. Therefore, the resistances of the films are larger than 1G(). Among others, the
hydroiodic acid is well investigated for GO reduction and thus it is chosen as reducent agent
in this work [213]. After the chemical reduction, it is well observed that the electrical
conductivity of the films increases. The reduction time is 3min, because longer time leads to
affect the adhesion between the nanocomposite and the substrate, while no big change in
the conductivity is observed. After chemical reduction and in order to remove the residuals,
cleaning the surface with isopropanol then Di-H>O followed by drying with N, is carried
out. Figure 4.6 shows the steps of the chemical reduction.

4.3 Characterization of Raw and Nanocomposite
Materials

The chemico-physical, optical, structural, electrical, mechanical and environmental proper-
ties of the carbon nanocomposites are characterized utilizing various experimental techniques
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Figure 4.6: Chemical reduction of the films based GO

including tests of the surface tension, contact angle, optical spectroscopy, electron/atomic
microscopes, electrical source meters, tensile tests and tests under controlled temperature
and humidity. The details of each measurement setup, conditions and the parameters of
each experiment are described in the following sections.

4.3.1 Surface Tension and Contact Angle

Surface tension and contact angle are conducted using pendant drop method by the contact
angle measurement system G2 from KRUSS. The DSA2 v2.1 tool used to analyze the surface
tension and contact angle data. For the surface tension, the nanocomposite is loaded in a
syringe having a needle with an inner diameter of 0.26mm. With the help of an internal
control system; a droplet of the sample with a volume of 251 is suspended at the tip of
the needle. A camera system captures and transmits a realtime image of the droplet to the
computer and the DSA2 tool software analyses the drop shape and computes the surface
tension of the droplet. For each nanocomposite and to consider the random deviation, 10
readings are taken and an average value is calculated. As it is shown in Figure 4.7, the
contact angle formed between solid to liquid and liquid to gas interface is measured. For
the contact angle, the droplet with a volume of 25ul is deposited on the treated polyimide
substrate (Kapton HN500). The image of the droplet on the substrate is transmitted to the
system and a DSA2 tool software is used to evaluate the contact angle using the Young’s
equation:

Vsg=Vis + Vg X cos 0 (4.1)

where v, is the surface tension at solid and gas interface, v, is the surface tension at liquid
and solid interface and v, is the surface tension at liquid and gas interface.

If the system has a contact angle of <90°, then the system is hydrophilic. Whereas if
the contact angle is >90°, then the system is hydrophobic.

The surface energy of the substrate is determined before and after the surface treatment, to
define whether the substrate treatment improves the adhesion or not. The Owens, Wendt,
Rabel and Kaelble model, known shortly as OWRK method is used to calculate the surface
energy of the substrate (equation 4.2)[261].

Vsi=Vs + 1 — 2 X (\/VsD xyP + \/VsP X VlP) (4.2)

53



54

Air (Gas)

f S

Nanocomposit (Liguid)

Ya

Polymer Substrate (Solid)

Figure 4.7: Schematic illustration of contact angle measurement

where v is the surface tension at solid and liquid interface, v; is the surface tension of the
solid, v, is the surface tension of the liquid, v is the disperse part of the solid, v is the
disperse part of the liquid, v is the polar part of the solid and v} is the polar part of the
liquid.

By determining the contact angle of three different reference liquids namely; Di-H,O,
ethylene glycol and diiodomethane using the Young’s equation 4.1, and by the substitution
in equation 4.2, the surface free energy is calculated and the polar part and the disperse part
are determined.

4.3.2 Optical Spectroscopy

Absorption measurements in the range of 400-1300nm are carried out to study the optical
properties of the prepared nanocomposites using a Lambda 900 UV-Vis/NIR spectrometer
from PerkinElmer. As the dispersion had a very dark color, a dilution process is necessary to
ensure good transparency of the dispersion. All the dispersions are diluted in Di-H,O with
volume ratio 50:1 H5O to dispersion. The measurements are performed in a quartz cuvette
with 10mm thickness. The bandgap of the nanocomposite is calculated from the Tauc plot
using the following equation:

(ahv)Y™=k(hv — E,) (4.3)

where « is the absorption coefficient, h is the Plank’s constant, v is the frequency, k is a
constant, E, is the optical bandgap and m is a constant equals to 1/2 for an allowed direct
energy gap, 2 for an allowed indirect energy gap and 3/2 for a forbidden direct energy

&ap.

The relationship between the change in the bandgap as function of the filler concentration is
then extracted.

4.3.3 Surface Morphology

Optical digital microscopy (ODM), scanning electron microscopy (SEM) and atomic force
microscopy (AFM) are carried out to determine the surface morphology and the microstruc-
ture of the nanocomposites.

A square of 5x5mm was patterned on Si-wafer and the suspension was drop casted onto
it. The ODM is carried out using Keyence digital microscope VHX-500 under different
magnifications to study the microscopic structure and the morphology of the deposited
materials.

SEM images are taken with a Nova NanoSEM 200 Scanning Electon Microscope, operating
at an acceleration voltage up to 20kV (spatial resolution: 1.7nm at 1kV, 1nm at 15kV) and a
working distance of 5mm, and a spot size of 2.5-5um.



AFM from Agilent 5420 SPM/Atomic Force Microscope is used to study the surface topogra-
phy of the deposited samples, operating in the tapping mode at a frequency around 200Hz.
The tip used in the AFM is made of Golden Silicon (NSGO1-A).

4.3.4 Surface Analysis

As some of the nanocomposite are treated chemically to improve their conductivity, it is nec-
essary to collect quantitative and qualitative information about the changes occurred on the
surface of the nanocomposite after the chemical reduction. X-ray Photoelectron Spectroscopy
(XPS) and Raman are both used for this issue. XPS measurements are performed with an
ESCALAB 250Xi XPS Microprobe (Thermo Scientific) equipped with a monochromatized
Al Ka X-ray source (hr = 1486.6€V). The survey and high-resolution spectra are acquired
at a bandpass energy of 200eV and 20eV, respectively and XPSpeak41 software is used to
perform curve fitting. Raman spectroscopy is performed with the 514.7nm line of diode
pumped solid state (DPSS) laser (Cobolt) at a spectral resolution of about 2cm~! using
LabRam HR800 micro-Raman system equipped with the liquid nitrogen cooled CCD detector
at room temperature. The incident laser power under the microscope objective (100x) is
0.1mW.

4.3.5 DC-Electrical Properties

Both the ohmic DC-resistance and sheet resistance are measured as follows. The DC-
resistance of the films are measured using a Keithley 2602 dual-channel source meters with
4-wires measurement setup. To collect the resistance measurements, a sweep voltage of 5V
is applied, then the film bulk conductivity () is calculated using the following equation:

os=1/(ps) 4.4

Where o, is the film conductivity and p; is the bulk resistivity.

The bulk resistivity p; is calculated as follow:

_RxWxt

Ps T (Q.cm) (4.5)

Where L is the active length between the electrodes of the sample, W is the sample width, ¢
is the sample thickness and R is the resistance of the sample.

For the sheet resistance (p), the nanocomposites are drop casted on square shaped substrate
1x1cm? with the same optimized volume used for the film fabrication (see section 4.2.2).
The distance between the pins is 1.4mm, and the head pin is connected to Keithley 2602
dual-channel source meters with 4-wires measurement setup to collect the resistance. The
sheet resistance is calculated as stated in equation 4.6. All the measurements are done
under Faraday’s cage to reduce the effect of surrounding noise. To check the electrical
homogeneity and the uniformity of the nanocomposites, all measurements are conducted on
three different positions on the substrate, as shown in Figure 4.8. On each position, three
measurements in raw are carried out and the results are averaged to reduce the random
deviations.
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Figure 4.8: Electrical characterization (a) Pin position on the substrate, (b) Schematic of the measured
position

TxV

P=W(Q/Sq71) (4.6

Where p is sheet resistance, V' is the applied voltage and I is the measured current.

4.3.6 Tensile Tests

The tensile test is used in order to examined the piezoresistivity of the films. The piezore-
sistive evaluation is carried out at room temperature using universal test machine Inspekt
10 table (Hegawald & Peschke, Meg- und Priiftechnik GmbH). Here, two Kapton HN500
substrates are used with different thicknesses 125um and 250um, respectively. The samples
are then loaded in the universal test machine and stretched in the axial direction (in-plane)
at a constant load speed of 1mm/min. For the 120um substrate, the applied force is varied
from ON to 60N, a step size of 5N for loading and unloading is applied. And for the 250m
substrate, the force is varied from ON to 120N, a step size of 10N for loading and unloading
is applied. By the help of extensometer, the change in the substrate’s length is measured and
consequently the strain (¢) at the maximum applied force is determined approximately using
equation 4.7 to be 0.5% and 1.2% for the 125ym and 250um, respectively. These ranges are
chosen to ensure that the applied force is in the elastic region of each polyamide films.

Al

€
where ¢ is the strain, [ is the initial substrate length before loading, and Al is the length’s
change.

The samples are then connected to host computer using Keithley 2602 dual-channel
sourcemeter (Keithley Instruments Inc., Cleveland, OH, USA) with 4-wires technique to
collect the change in the resistance under the applied force. The measurement setup of the
tensile test is shown in Figure 4.9. At each step force, the I-V characteristic is measured by
applying voltage from -0.5 to 0.5V and the resulting current is recorded by a Keithley 2602
sourcemeter connected to a host computer through GPIB/USB cable. Later the resistance
profile of the specimen is calculated. At least three independent samples of each particular
nanocomposite are investigated to ensure high reproducibility. The measurement process of
all specimen is accomplished in the same way. The piezoresistive sensitivity of the films is
evaluated by means of the gauge factor (k), defined as,

_AR/R,

€

k (4.8)



where Ry is the initial resistance before loading, AR is the change of the resistance, and ¢ is
the strain.
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Figure 4.9: Schematic representation for piezoresistivity evaluation

4.3.7 Environmental Study

Both temperature and humidity effects on the transport mechanisms of the films are inves-
tigated. For the temperature measurements, the samples are located in Votsch VT 4002
environmental chamber, the temperature range is set between 10°C and 80°C. The rate
of temperature change is 10°C/hour at both heating and cooling cycles. The samples are
connected to the Keithley 2602 dual-channel source meter with 4-wires technique to accu-
mulate the resistance data. For the humidity measurement, the samples are placed inside
the Votsch VC? 4018 humidity chamber. The measurement setup is shown in Figure 4.10.
The relative humidity is set between 10%RH to 90%RH, with rate change of 5%RH each
30min during the humidification and the dehumidification stages. The sample resistances
are measured each 5min with a 10-pulse voltage signal having 500mV amplitude, then the
values are averaged.

4.3.8 Wireless Testing

The validation of the wireless strain sensing of the fabricated MPA patch antenna is conducted
using an end-loaded cantilever beam. A cantilever beam made of Polycarbonate (PC) is
fixed on oneside and kept free on other side. The antenna is fixed in the middle of the PC
cantilever beam (L/2). Different loads are applied at the free end of the beam. Using a
network analyzer (Agilent PNA n5222a), the resonance frequency is monitored when a load
is applied at the end of the cantilever (deflection occurs), and thus the strain sensitivity of
the patch strain sensor is calculated, the measurement setup is shown in Figure 4.11. The
strain sensitivity is calculated as proportion of the relative change in the resonance frequency
and the resulting strain;

_Af/fo

Sstrain -
€

4.9

where Af is the change in resonance frequency, f; is the resonance frequency at no load
and e is the strain.
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Figure 4.10: Measurement setup for temperature/humidity sensing

Using the cantilever beam theory, the stress is calculated as function of the beam deflection
under applied weight. Thus, the strain (¢) equals to;

_ Mh

= Nl
€=5IF (4.10)

where M is the bending moment, h is the beam thickness, I is the bending moment of inertia
of the beam’s cross section area and F is the Young’s modulus of the beam material. For
M=F(L-x), where F' is the applied force, L is the length of the beam and z is the location on
which the antenna is located from the fixed end of the cantilever beam. For the rectangular
beam, I = wh?/12 where w is the beam width and h is the beam thickness. The dimensions
of the cantilever beam are (Lxwxh=200x20.22x4.11mm) and the E of polycarbonate is
about 2.3 GPa [262]. All the patch antennas are fixed at the middle of the beam and the
applied weight are changed from 80g to 480g with a step of 80g. The applied force (F) can
be estimated using the Newton’s second law as follows:

F=mxa 4.11)

where m is the mass in kg and a is the acceleration (9.81 m/s).

A schematic of the strain measurement setup is illustrated in Figure 4.12. Using the previous
information, the strain located at the MPA (e,) can be calculated as follows:

_6F(L —x)

€x= Tl (4.12)



Based on Hooks law, the stress (o) is linear relationship between the strain (e,) and the
Young’s modulus,

oc=FE x ¢, (4.13)

For the wireless temperature sensing, the MPA is connected the RF coaxial cable of the
network analyzer and kept inside the temperature chamber then the shift in the resonance
frequency in monitored as function of temperature.

Nanocomposite

Parsonal computer

EEELEETET \ with Labview
nnector 2 |

Agilent PNA n5222a
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Patch antenna 1 RF Coaxial Cable E *
Polycarbonat cantilever e
g \ Jotsch
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-
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End-loaded cantilever beam ! |
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Figure 4.11: Measurement setup for wireless (a) Strain, (b) Temperature

Applied mass (Force)

Oeelh l
= !h
w
Cross section of the beam

L

Figure 4.12: Illustration of the end-loaded cantilever beam setup for wireless strain sensing

The difference between the sensor input and output is known in the field of measurement
techniques as the hysteresis. The Figure 4.13 shows a typical graph of hysteresis. The middle
point (X,,) of first cycle is calculated using the equation 4.14. Afterwards, the hysteresis in
% is calculated using the equation 4.15 as follows,
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Non-Covalent Functionalized
MWCNTs Decorated PEDOT:PSS

studied. The chemico-physical properties include the effect of MWCNT content on the
surface tension and contact angle and tuning the bandgap of the nanocomposites are
investigated and discussed. The change in the microstructural morphology of the films based
MWCNT:SDBS/PEDOT:PSS using different microscopic techniques is explored. Besides, the
nature of the transport and charge mobility of the nanocomposite is explained when it is

In this chapter, MWCNTs dispersed in PEDOT:PSS are analytically and systematically

mechanically stressed and under temperature and humidity environment.

5.1 Chemico-Physical Characterization

In general, the contact angle is influenced by the chemical nature and surface roughness of
the substrate [263]. The surface energy of the untreated Kapton HN500 is 40.02mJ.m 2
whereas for the treated substrate is 44.41mJ.m~2. In which the contribution of the polar
part is 13.69mJ.m~2 and 19.95mJ.m~2 for untreated and treated substrates, respectively.
Therefore, the treated substrate has a higher wetting property than the untreated one, and it
is used for all further investigations. For the surface tension, the increase of the MWCNTs
content in the nanocomposites shows an ignorable effect, around 4mN/m from 40.7mN/m
to 40.3mN/m for 0.025wt.% and 0.1wt.% MWCNTSs, respectively. The surface tension of
the non-covalent MWCNT decorated PEDOT:PSS has shown a low value compared to the
pure PEDOT:PSS, which is 67.1mN/m. The decrease of the hydrophobicity is mainly due to
the presence of the SDBS surfactant, that lowers the surface tension of the nanocomposite
as it is shown in Table 5.1, whereas the CNT content has almost no influence. The contact
angle gives an information about the adhesion of the nanocomposite to the substrate. All
the MWCNT:SDBS/PEDOT:PSS nanocomposites show very good wettability properties with
contact angle between 24° and 38° (Figure 5.1), which is less than the pristine PEDOT:PSS
(78°). A slight increase in the contact angle is measured with increasing MWCNT loading, as
it is predicted in Figure 5.1. The reason for this increase could not be explained and needs
more investigations in further work.

Table 5.1: Surface tension of PEDOT:PSS and its nanocomposites

MWCNT Content (wt.%) Surface Tension (mN/m)
MWCNT : SDBS RawPEDOT : PSS MWCNT : SDBS/PEDOT : PSS

0.025 32.9 40.7
0.05 33.7 40.5
0.075 33.9 67.1 40.0
0.1 34.0 40.3
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Figure 5.1: Contact angle of the MWCNT:SDBS/PEDOT:PSS aqueous dispersion

5.2 Morphological Investigations

The morphology of the MWCNT:SDBS/PEDOT:PSS films is examined using the ODM, AFM
and SEM. As it is shown in Figure 5.2 (a-c), big agglomeration islands (spherical grain
structure) of PEDOT:PSS are formed due to the nature of this core-shell co-polymer, where
PEDOT is the core part and PSS is the shell part, as it is defined previously by Lang et
al. [264]. The PEDOT:PSS films consists of disconnected, conducting PEDOT-rich grains
with weak phase separation [264-266]. The van der Waals attraction forces are strong
between the CNTs, thus a high entangled and curled MWCNTSs is clearly revealed (Figure
5.2 d-f). Moreover, the surface morphology of the MWCNT:SDBS/PEDOT:PSS film shows
that MWCNTs are well-dispersed and well-connected with one another in the polymer
matrix (Figure 5.2 (g-1)), which is an indication of a good wrapping of the MWCNTSs by the
PEDOT:PSS chains. The MWCNTSs content in the nanocomposite, determines also the degree
of the films surface roughness, whereas for the pristine PEDOT:PSS a value of 3.68nm is
achieved, it increases from 6.49nm to 11.68nm when increasing the MWCNT content from
0.025wt.% to 0.1wt.%.

5.3 Tuning the Optical Bandgap

The optical properties of the MWCNT:SDBS/PEDOT:PSS are characterized by a discrete
excitonic transition from valence electronic bands to conduction bands using the UV-Vis spec-
troscopy. Bundled CNTs are not active in the optical spectrum from 350nm and 1200nm, due
to the tunneling coupling and the migration of photons from large bandgap to small bandgap
[87, 91, 264, 267-268]. Therefore, only the individual CNTs are able to absorb the photons
of the incident light and exhibit 1D van Hove singularities that appear at characteristic bands
[269-271]. Figure 5.3 shows the UV-Vis spectra of the MWCNT:SDBS/PEDOT:PSS colloids.
In the visible spectrum (400nm- 760nm), either for pristine PEDOT:PSS or the nanocompos-
ites, low absorption is observed with a modest monotonic increase of absorbance that occurs
with increasing the wavelength. Above 700nm, a broad peak is observed, which is referred to
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Figure 5.2: Morphology of (a-c) PEDOT:PSS, (d-f) MWCNT:SDBS, and (g-i) MWCNT:
SDBS/PEDOT:PSS films observed with ODM, AFM and SEM

the long molecule chain of the PEDOT:PSS as well as its better molecule alignment [272]. In
the near infrared region (NIR-region) and for high MWCNT content, three sharp absorption
peaks at 850, 970 and 1200nm are defined, indicating the occurrence of a new local states
in the Fermi level between the valence and the conduction band [272-273]. The peak at
850nm is attributed to the w-polaron charge transition, whereas the sharp peaks at 970nm
and 1200nm are attributed to the bipolaron transitions associated with benzoid/quinoid
structure [273]. The appearance of the sharp peaks in the NIR-region, confirms the good
wrapping and intercalation between the MWCNT and the PEDOT:PSS at 0.1wt.% MWCNT,
as confirmed in Figure 5.2. This promotes more electron transfer and leads to the formation
of a polaron and finally a bipolaron states. Above 1236nm (NIR-region), a free carrier tail is
observed, which is a characteristic for highly conducting state due to the high doping degree.
The Lambert-Beer law (equation 5.1) is applied to determine the absorption coefficient (o)
at wavelength of 500nm (Figure 5.4 (a)).

A=axtxC (5.1)
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where A is the absorbance, « is the absorption coefficient, ¢ is the cuvette thickness and C is
the concentration.

A linear relationship between the absorbance and the MWCNT concentration is extracted,

L em~1. From

by determining the slope of the curve, the absorption coefficient is 5.8 L.g~
Figure 5.4 (a), it can be seen that the absorbance at 500nm increases with increasing the
amount of MWCNT dispersed in PEDOT:PSS. The increase trend confirms the homogeneous
distribution of the MWCNTs within the PEDOT:PSS due to the presence of more individual
CNTs in the colloid. Considering an indirect bandgap of 3.07eV for PEDOT:PSS, the optical
bandgap of the hybrid nanocomposite is calculated from Tauc plot. It can be seen from
Figure 5.4 (b) that the increase of the MWCNTSs content in the PEDOT:PSS results in a
linear decrease of optical bandgap due to the partial recovery of the w-conjugation system,
which leads to the formation of the bipolaron states at high CNT content [274-275]. The
optical bandgap decreases to 2.7€V, 2.68¢€V, 2.61€eV and 2.46€V for 0.025wt.%, 0.05wt.%,

0.075wt.% and 0.1wt.% MWCNT, respectively.
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Figure 5.3: UV-Vis spectra of different concentration of MWCNT:SDBS dissolved in PEDOT:PSS

5.4 Transport and Charge Mobility

Figure 5.5 shows the film conductivity as a function of the MWCNTSs concentration with/without
PEDOT:PSS. The films without polymer and at low CNT content possess relatively high
resistance i.e. low conductivity. The conductivity of the randomly oriented MWCNT:SDBS
films is about 6.9+1.4S/m, 25.84+2.1S/m, 40.5+3.8S/m and 160.011.1S/m for 0.025wt.%,
0.05wt.%, 0.075wt.% and 0.1wt.%, respectively. While for the pristine PEDOT:PSS films
have an initial conductivity of 25.5+2.3S/m. Figure 5.5 shows also that with addition of
MWCNTs to the PEDOT:PSS matrix, the conductivity increases by several order of magnitude
from 149.1+11.9S/m to 836.6+1.5S/m for 0.025wt.% to 0.1wt.%, respectively. Not only
the conductivity of the nanocomposites is improved but also the corresponding standard
deviations are significantly reduced, which indicates a good reproducibility improvement.
The sheet resistance is measured at three different lines and the values are depicted in Table
5.2. The sheet resistance of the MWCNT:SDBS/PEDOT:PSS nanocomposite is about 20-450
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Figure 5.4: Tauc plot of different MWCNT content dissolved in PEDOT:PSS, (a) Absorption coefficient,
(b) Change in the optical bandgap

orders lower than the MWCNT:SDBS and the pristine PEDOT:PSS films. The average sheet
resistance of the films without PEDOT:PSS decreases from 321.1kQ2.sq~* to 12.9k{2.sq~! for
0.025wt.% and 0.1wt.% MWCNTSs, respectively. For the films with PEDOT:PSS, it decreases
from 5.5kQ.sq7! to 1.3k€2.sq~! for 0.025wt.% and 0.1wt.% MWCNT, respectively. The
electronic transport within MWCNT:SDBS/PEDOT:PSS films is explained using superposition
of the PEDOT:PSS and MWCNT individually. The influence of the SDBS in this case is
ignored as after deposition, all the films are baked in the oven at temperature of 80°C (this
temperature is enough to evaporate all the SDBS molecules from the films, as it is above it’s
glass temperature) and then washed with distilled water (as it is explained in section 4.2.2),
so all the residues of the SDBS are removed.

The presence of alternating C-C double bonds along the backbone structure of the PEDOT:PSS
leads to electron hopping from one PEDOT segment to the neighboring one which enables
the overlapping of 7-orbital along the molecule, and therefore the electronic transport is
governed by electron hopping between the conjugated PEDOT chain or the neighboring
chains, resembling a 3-D semiconductor system [276-277]. The PEDOT:PSS has anisotropic
conductivity, thus the high deviation in its conductivity is due to the influence of the mor-
phology on the m-conjugate system [265]. The strong interfacial coupling through the =
interaction between the MWCNT and the thiophene rings of PEDOT promotes the electronic
density transfer between them, so the mobility of the charge carrier is more delocalized in
the PEDOT chain and consequently, the conductivity is improved (Figure 5.5) [278]. The
formation of more conductive paths in the polymer matrix results in the construction of
a dense 3D physical contact network (Figure 5.2 (i)), consequently, the charge transport
is dominated by the CNT. Adding CNTs improves also the electrical homogeneity of the
nanocomposite, for this reason the electrical standard deviation sharply improves for high
CNT content.
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Figure 5.5: Electrical conductivity of the MWCNT:SDBS/PEDOT:PSS films

5.5 Piezoresistive Response of the
MWCNT:SDBS/PEDOT:PSS Films

The piezoresistive property of the MWCNT:SDBS/PEDOT:PSS films is investigated by mea-
suring in-situ the change in the electrical resistance under mechanical force (Figure 5.6
(a)). All the films show a good linear trend behavior with a correlation coefficient (R5)
between 0.977-0.994 for 0.0wt.% and 0.05wt.% MWCNT, respectively, which indicates a
high linearity of these films under strain as it is shown in Figure 5.6 (b). For the pristine
PEDOT:PSS films, a decrease of resistance is measured as the applied force increases, and the
gauge factor is -2.7. This negative piezoresistive behavior of the PEDOT:PSS is corresponding
mainly to its physical structure. Under strain, the PSS chain gets aligned in the direction
of the applied force, this reduces the hopping distance between the PEDOT segments, con-
sequently an increase in the number of the charge carriers that hopp from one PEDOT
segment to another neighbor segment occurs, which leads to improve the conductivity and
therefore reduce the film resistance [279-280], a model describing the piezoresistivity of the
PEDOT:PSS films is shown in Figure 5.7. For the specimens having MWCNTs, two different
behaviors can be clearly distinguished (Figure 5.6). At MWCNT content below 0.05wt.%, a
negative piezoresistive behavior is noticed, which is the same piezoresistive behavior as the
pristine PEDOT:PSS but with less sensitivity. At MWCNT content above 0.05wt.%, a positive
piezoresistive behavior occurs with relatively low gauge factor k=1.7 and 2 for 0.075wt.%
and 0.1wt.% MWCNT content, respectively. For the CNT/ polymer nanocomposite, the
piezoresistive behavior of this nanocomposite is explained as follow: the PEDOT:PSS has a
negative piezoresistive behavior, while the MWCNTs have a positive piezoresistive behavior,
thus the resulting piezoresistive behavior depends on the part that dominates the conduction
mechanism within the film.

The piezoresistivity of pristine MWCNT film is mainly due to the change in the tunneling
distance between the CNTs and the reorientation of the tubes when it is under an applied
force [255]. At MWCNT below 0.05wt.%, the PEDOT:PSS dominates the piezoresistive be-



Table 5.2: Sheet resistance of MWCNT:SDBS/PEDOT:PSS films

MWCNT Content (wt.%) Sheet Resistance (kf2.sq~!)
MWCNT : SDBS RawPEDOT : PSS MWCNT :SDBS/PEDOT : PSS

0.0 19.4
16.9
19.6
0.025 527.9 2.2
290.7 1.4
145.6 1.4
0.05 89.3 1.4
69.8 1.3
91.1 1.8
0.075 21.3 1.3
23.1 1.4
35.2 1.2
0.1 14.0 1.1
11.7 1.2
13.1 1.1
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Figure 5.6: (a) Piezoresistivity and (b) Linear fitting of films based MWCNT:SDBS/ PEDOT:PSS as
function of MWCNT contents
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havior because the electron hopping through the PEDOT segments dominates the conduction
(as it is proven in section 5.4). As the MWCNT is added to the polymer matrix, the strain
sensitivity decreases due to the different piezoresistive behavior of the PEDOT:PSS and the
MWCNTs. At a critical MWCNT value which stated at 0.05wt.%, the piezoresistivity of the
MWCNTs starts to dominate within the nanocomposite, which confirms also that the type
of the conduction is determined by the CNTs. At 0.1wt.% MWCNT, the current is passing
mainly through the CNTs, thus any change in the tunneling distance due to an applied
force, changes the resistance of the film. A piezoresistive model for high MWCNT content is
depicted in Figure 5.7 (b).

(a) &%@%@g

No strain

Applied force %ﬁ) | | Appiied force
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(b)

Applied force

—

Applied force

P

Figure 5.7: Schematic description of the piezoresistivity behavior of (a) PEDOT:PSS and (b)
MWCNT:SDBS/PEDOT:PSS films at high MWCNT contents

5.6 Resistance Dependency on Temperature
Influence

The effect of the temperature is investigated as resistance-temperature dependency at
different CNT content. Figure 5.8 plots the change in the DC-resistance as a function of
the temperature between 20°C and 80°C for MWCNT:SDBS/PEDOT:PSS nanocomposites
having 0.025wt.%, 0.05wt.%, 0.075wt.% and 0.1wt.% MWCNTs. The resistance-temperature
dependency response of the films decreases nonlinearly as the temperature increases, thus
the resistance of pristine PEDOT:PSS decreases from 50k(2 to 16.5kQ2 at 20°C to 80°C,
respectively. This drop-in resistance is due to the partial removal of the water and solvent
molecules from the films (in the next section the effect of the humidity is studied, where it
shows the effect of the water molecules on the conduction of these films). With increasing
the temperature, more electrons get an activation energy to cross more PEDOT segments
and thus resulting in the decrease of the film resistance. The MWCNT:SDBS/PEDOT:PSS
films showed less sensitivity to temperature than the pure PEDOT: PSS and the temperature
influence decreases with increasing CNT content. The resistance of the films with 0.025wt.%,



0.05wt.%, 0.075wt.% and 0.1 wt.% at 20°C are 7.06Kk(2, 6.82k(2, 2.91k2 and 1.92k(2 and
decreases to 2.88Kk(2, 2.87k(), 1.74kQ2 and 1.24k(2 at 80°C (Figure 5.9). As mentioned
in section 5.4, the randomly distributed network of the MWCNT dominates largely the
conduction of the nanocomposite and thus the resistance-temperature response. Hence,
the major conductive mechanism results from the tunneling barriers between CNTs, which
dominates the overall film resistances especially at high CNT concentration [281-284]. While
increasing the temperature, more thermal energy activation is afforded to the motion of
electrons to overcome easily the potential barrier between MWCNTs, which results in the
decrease of the film resistance. But at high CNT concentration, a dense network is formed
(Figure 5.2 (g-i)), therefore many paths are already included in the conduction. Therfore,
the activation of few new paths due to temperature, is not affecting so much the conductivity,
thus the change in the conductivity is low.
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Figure 5.8: DC-resistance of PEDOT:PSS film as function of temperature

5.7 Resistance Dependency on Humidity
Influence

Because the PEDOT:PSS has a hygroscopic property, it is necessary to examine the influence
of the humidity on the electrical property of the films based PEDOT:PSS. The change in
electrical resistance of the pristine PEDOT:PSS films as a function of relative humidity at
different temperatures (50°C, 60°C and 70°C) is shown in Figure 5.10. The resistance
increases exponentially up to 70%RH then it starts to decrease sharply. This decrease is
referred to the formation of a water meniscus layer on the surface of the PEDOT:PSS film
adsorbed by the PSS part of the polymer [285]. As mentioned in section 5.4, the conduction
in the conjugated polymer PEDOT:PSS is mainly due to the electron hopping between
the PEDOT adjacent, whereas the PSS chains are responsible for water adsorption due to
its hydrophilic properties. As the humidity increases; the PSS chains adsorb more water
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Figure 5.9: DC-resistance of MWCNT:SDBS/PEDOT:PSS nanocomposite film as function of tempera-
ture

molecules (for relative humidity from 10% to 70%), and thus the hydrogen bonds between
the PSS are weakened [286], as shown in the following equation:

HQO+PSS(HSO3) —>H3O++PSS(503)7 (5.2)

Consequently, the distance between the adjacent PEDOT (conductive part of the polymer)

increases and therefore the hopping of charges (the movement of the electrons) between
the PEDOT parts become harder so the film resistance increases with increasing humidity.
A schematic describing the adsorption of water molecules on the PSS chain is illustrated
in Figure 5.11. The uptake peak in this case is at 70%RH, whereas other works showed
differernt uptake peaks, this shift in the uptake peak corresponds to the hygroscopic nature
of the PEDOT:PSS film, owing to the amount of the PSS available in the PEDOT:PSS [285-
286]. The effect of humidity cycling is studied at reference temperature of 70°C, as it is
depicted in Figure 5.12. Four cycles are applied to the pristine PEDOT:PSS films. The
sensitivity at the first cycle is the highest and more cycles reduce the sensitivity until it
remains constant after the third cycle, this is attributed to the annealing of samples, as it is
seen in Figure 5.10. Similar behavior is regarded for the MWCNT:SDBS/PEDOT:PSS films
with low sensitivity than the pristine PEDOT:PSS. However, increasing the CNT content and
the working temperature introduces a damping in the resistance tendency, as it is depicted
in Figure 5.13. Figure 5.14 (a) and (c) give a schematic view of the randomly distributed
CNT networks at low and high CNT contents, respectively. The film morphology and CNT
distribution at low and high MWCNT concentration are given in Figure 5.14 (b) and (d).
Generally, there are two current paths across the MWCNT and the PEDOT:PSS film:
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Figure 5.10: Humidity dependence of film resistance of pristine PEDOT:PSS at different temperatures
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Figure 5.11: Interaction of water molecules with the PSS chain

1. At 50°C and at low CNT content (Figure 5.14 (a)), the intertube distance between CNTs
is relatively large, and therefore the dominant current is passing through the PEDOT
segments in the PEDOT:PSS chain as result of the hopping process. Since the distance
between the electrodes is larger than the length of the CNTs, the CNT junction resistance
is more dominant than the internal resistance of the CNT film [287-288].
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Figure 5.12: Cycling test of the PEDOT:PSS films under humidity environment

2. At 60°C and 70°C, the hydrogen bonds between the water molecules and the PSS chain
becomes weaker [286, 289], so that the adsorption of H>O on the CNT walls becomes
lower. For this reason, the tunneling barriers between CNT junctions decrease and more
charge carriers can be transported through the barriers. Therefore, the sensitivity drops

dramatically.

As shown in Figure 5.10 and Figure 5.13, the behavior of the MWCNT:SDBS/PEDOT: PSS
films in dependence on the relative humidity are non-linear in the range 10%RH to 70%RH.
The linear regression model is adapted for all the samples to linearize the model, in case of
pristine PEDOT:PSS films, the correlation coefficient (R?) of 0.9699, which indicates a good
linearity, thus it is a good candidate for humidity sensing applications. The linearization
equation used for PEDOT:PSS films is the following,

R =828.28 x (%RH)3398.67 (5.3)
Based on that, the sensitivity (S}) is calculated using the following equation:
Sh = (AR/Ry)/(A%RH) 5.4

Where AR is the change of resistance of a pristine PEDOT:PSS film, Ry is the resistance
measured at RH=10%, and A%RH is the change of the relative humidity.

It can be concluded from Table 5.3 that the sensitivity of the pristine PEDOT:PSS films
at 50°C is the highest compared to the nanocomposites with CNT content and at other
investigated temperature i.e. 60°C and 70°C. Which enables the PEDOT:PSS films to be
used as humidity sensors up to 70%RH.
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Figure 5.14: CNT random distribution in PEDT:PSS: (a) Schematic illustration at 0.025wt.% MWCNT,
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and (d) SEM image at 0.1wt.% MWCNT (red: tunneling effect, green: CNT barrier,

yellow: single CNT)

Table 5.3: Sensitivity to humidity of MWCNT:SDBS/PEDOT:PSS films of different MWCNT content at
different working temperatures

Temperature (°C)  Sensitivity to humidity (103 /% RH)
0.0wt.% 0.025wt.%

0.05wt.% 0.075wt.%  0.1wt.%

50 45.4 14.4 12.2 8.4 6.0
60 45.3 5.2 1.3 1.1 -7.0
70 38.9 0.8 0.5 -3.4 -3.0




Film Based on rGO and MWCNTs

n this section, films based on rGO and MWCNTs are systematically investigated. rGO:MWCNT

I are prepared using the solution mixing as explained in 4.1.2. The contact angle and

surface tension are determined to investigate the wettability of the hybrid nanocom-
posites to the flexible polymer substrate, optical properties are studied using UV-Vis and
the morphology of the films are investigated using SEM. Because the GO is an insulator, a
reducing agent which is hydroiodic acid, is used to improve the electrical conductivity. The
piezoresistivity of the films is conducted by electromechanical measurement. Besides that,
the temperature and humidity influence on the charge mobility are investigated and the
related behavior is well explained.

6.1 Chemico-Physical Characterization

The pristine GO shows a good hydrophilic property i.e. adhesion, with contact angle
of 73.5°. Adding MWCNTs to the GO matrix improves slightly the adhesion between
the nanocomposite and the substrate, consequently the contact angle decreases to 66.5°,
65.3° and 64.1° for 0.01, 0.025 and 0.05 wt.% MWCNT content, respectively (Figure 6.1).
The hydrophilic property of the GO is mainly due to presence of the hydroxyl and epoxy
polar groups [290-291], the MWCNT is wrapped by those polar groups and therefore the
hydrophilicity is higher. The value recorded for the surface tension for the GO is 65.4mN/m
and for the GO:MWCNT is 63.1mN/m, 61.9mN/m and 56.7mN/m for 0.01wt.%, 0.025wt.%
and 0.05wt.% MWCNT content, respectively.

0.0 wt.% MWCNT 0.01 wt.% MWCNT
o * i o
0.025 wt.% MWCNT 0.05 wt.% MWCNT

o i i o

Figure 6.1: Contact angle of the GO:MWCNT colloids
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6.2 Structural Analysis using XPS and Raman
Spectroscopy

To understand deeply the effect of the chemical reduction on the structural surface of the
GO:MWCNT films, XPS and Raman measurements are conducted. Using XPS, the types of
functional groups can be qualitatively determined. By Raman spectroscopy, the degree of
defects caused by the chemical reduction can be extracted. To quantify the effectiveness
of the chemical reduction, the Cls XPS spectra for non-reduced and reduced GO and
GO:MWCNT are investigated and shown in Figure 6.2. Before evaluating the XPS spectrum,
a Shirley background correction is performed prior using the Guassian-Lorentzian function
for curve fitting. From the Cls spectrum in Figure 6.2 and Figure 6.3, the effect of the
reduction is clearly seen by the damping of hydroxyl groups (C-OH) peak at binding energy
of 285.9€V for the rGO and rGO:MWCNT compared to the GO and GO:MWCNT, this peak
is representative for the oxygen-containing functional groups. For the non-reduced GO in
Figure 6.2 (a) and GO:MWCNT in Figure 6.3 (a), a strong characteristic peak at binding
energy of 284.6eV are identified and assigned to aromatic and hydrogenated C (C=C/C-C).
Besides, other oxygen-containing functional groups appears after the deconvolution of the
C1s namely, carbonyl C (C=0) at 288.1€V and carboxylate C (O=C-OH) at 289.7¢V [133,
292-295]. After chemical reduction, a hump appears at 291.1eV which is assigned to the
7 — w* shake-up satellite, as it is depicted in Figure 6.2 (b) and Figure 6.3 (b) [292, 296].
For the rGO, rGO:MWCNT, the intensity of oxygen-containing functional groups peaks is
much lower than the GO (Figure 6.2 (a) and Figure 6.3 (a)), which is an indicator of
an effective chemical reduction process treatment. The removal of the oxygen-functional
groups is a sign of restoration of the sp?-hybridized structures from the sp3-hybridized rings
[293, 297]. Additionally, no carbon to nitrogen bounding is observed. Figure 6.4 shows

B C=C/ @ |r (b)
| C-C —
;.\ — B — C=C/ C-C
2 B —o©
g -_— C=0
’E - COOH
§ — —— Experimental
= L
— -
n-t* satellite
280 285 290 295 280 285 290 295

Binding energy (E_;/eV)

Figure 6.2: Cls XPS spectra of a) GO; b) rGO film

a Raman spectrum of GO:MWCNT and rGO:MWCNT at 0.05wt.% MWCNTSs, which is a
typical spectrum observed in GO and rGO sheets [158]. The presence of the G band at about
1601cm~! implies the C-C vibrations of carbon with an sp? orbital structure of the GO and
its derivatives, is referred to the graphitic nature of GO. The existence of the D band at about
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Figure 6.3: Cls XPS spectra of a) GO:MWCNT; b) rGO:MWCNT at 0.05wt.% MWCNT

1353cm~! indicates the disorder induced vibrations of the C-C bond. Raman analysis shows
considerable defects in the rGO:MWCNT films evidenced by the ratio I, /I, whereas for
non-reduced GO:MWCNT is 0.92 and for reduced Ip/Is is 1.38. Treating the films with
high concentrated acid such as Hydroiodic acid introduces some structural changes on the
surface of the samples. These distortions are appearing as wrinkles due to the removal of
the hydroxyl and epoxide functionalities from the GO as confirmed by XPS measurement
[145-146, 179]. The SEM morphological structure is shown in Figure 6.5, which shows also

m— GO:MWCNT
m— 1GO:MWCNT
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Figure 6.4: Raman spectra of GO:MWCNT before and after reduction at 0.05wt.% MWCNT
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that the graphene layers are coated over the whole area with CNTs and this confirms the
good dispersion quality of MWCNTs in GO aqueous colloids.

Figure 6.5: Morphology of films based on (a) 0.5wt.% rGO, (b) 0.01wt.% rGO:MWCNT, (c) 0.025wt.%
rGO:MWCNT and (d) 0.05wt.% rGO:MWCNT

6.3 Charge Mobility in rGO:MWCNT Films

As described in section 6.2, before the chemical reduction the films have an insulating
behavior due to the non-stoichiometric chemical composition of the host GO matrix and
the presence of the oxidant in the GO that prevents the formation of percolation paths
among the sp? carbon clusters. Therefore, the resistances of the films are greater than
1GQ). Treating the films with reactant agent such as hydroiodic acid helps to remove the
oxygen-functional groups from the GO layers as it is proved in the previous section, and thus
improves the charge carrier transport within the nanocomposite. Therefore and after the
chemical reduction, it is well observed that the electrical conductivity of the films increased
with the amount of MWCNTs content (Figure 6.6). The increase in conductivity of films
based on rGO:MWCNT hybrid nanomaterial is a result of the strong 7w — 7 interfacial coupling
between the MWCNT and the rGO, that promotes more mobile charge carrier delocalization
between the electronic density of both [298]. Also, at higher CNT content, more conductive
paths are participating in the conduction mechanism as well as the distance between the
matrix/filler junctions decreases i.e. CNT/CNT, CNT/GO junctions. However, the films
are not optically transparent. For the rGO, the films have an electrical conductivity of
4.8%x10%S/m. In case of rGO:MWCNT, the conductivities are 6.27x10%S/m, 8.2x102S/m
and 1.1x10%S/m for 0.01wt.%, 0.025wt.% and 0.05wt.% MWCNTs, respectively. Beside



the improvement in the conductivity by the MWCNTs (Figure 6.6), the film reproducibility
improved significantly.
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Figure 6.6: DC-ohmic resistance of the chemically reduced GO:MWCNT film as function of the MWCNT
content

6.4 Tuning the Bandgap of the GO:MWCNT

The UV-Vis spectrum of the rGO:MWCNT films (Figure 6.7) shows two peaks at 970nm
and 1200nm, which are attributed to the asymmetric stretch of S(OH), bonds and its first
overtone [299]. From Figure 6.7, it can be clearly seen that the absorbance increases with
the amount of MWCNT content dissolved in GO. The absorption coefficient («) at 600nm,
a linear relationship between the absorbance and the MWCNT concentration is extracted,
while the absorption coefficient is calculated to be approximately 8L.g~!.cm~!. Considering
an indirect bandgap of 2.76€V for reduced graphene oxide, the optical bandgap of the hybrid
nanocomposite is calculated from Tauc plot, as depicted in Figure 6.8. It can be seen that
the increase of the MWCNTs content in the GO results in a linear decrease of bandgap
due to the partial recovery of the 7-conjugation system [298, 300-301], this leads to the
improvement in the conductivity as it was shown in section 6.3. The bandgap decreases from
2.76eV, 2.74€V, 2.7€V to 2.63€V for Owt.%, 0.01wt.%, 0.025wt.% and 0.05wt.% MWCNT,
respectively.
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Figure 6.7: UV-Vis spectra of MWCNT dissolved in GO at different MWCNT content
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Figure 6.8: (a) Tauc plot of different MWCNT content dissolved in GO, (b) Optical bandgap energy of
the rGO:MWCNT nanocomposite. Blue: 0.0wt.%, red: 0.01wt.%, green: 0.025wt.% and
brown: 0.05wt.% MWCNT



6.5 Piezoresistive Response of the rGO:MWCNT
Films

The piezoresistive performances of the rGO:MWCNT films are shown in Figure 6.9 as
normalized change of resistance-strain relationships under an axial tension. The correlation
coefficient (Ry) is ranging between 0.982-0.965 for 0.01wt.% and 0.05wt.% MWCNT
content, respectively, which indicates a high linearity response of these films under strain. It
can be also concluded from Figure 6.9 that the strain sensitivity of the films decreases with
increasing the MWCNT content, with a gauge factor of 8.4 for 0.01wt.%, 1.1 for 0.025wt.%
and 0.6 for 0.05wt.% MWCNTs. The positive piezoresistivity behavior of the rGO:MWCNT
films is an accumulation of different aspects, that can be summarized in the following:
1. For rGO, an elongation of the bond length between the C atoms in the benzene ring that
might occur [165, 302]. As the strain in this case is low, it is not sufficient to alter the
C-C bonding, so this aspect is totally negligible.

2. Change in the rGO tunneling distance due to the change in GO interlayer sheet distances.

3. For the MWCNTs, the reorientation of the CNTs and the change in the tunneling distance
between the adjacent CNTs.

4. The change in the number of tunneling contacts formed between the rGO and MWCNT
within the conduction network significantly changes the total film resistance under strain.

The change of some or all of the previous aspects leads to the change of the films resistance
when it is strained. Figure 6.10 represents a schematic of the piezoresistive behavior of the
rGO:MWCNT films. The low strain sensitivity at high CNT content is referred to the dense
network formed by the CNTs and the GO. So, when the films undergo strain, some of the
conduction paths are altered due to the change in the tunneling distance. However, and
as there are already many available paths, this alteration is small thus the change in the
resistance is little, which causes a low strain sensitivity.

6.6 Resistance Dependency on Temperature
Influence

Here, the resistance-temperature response of the rGO:MWCNT films are investigated from
10°C to 80°C. For comparison reason, the relative resistivity (R/Ry) at 10°C is plotted as
function of the temperature. From Figure 6.11, the resistivity decreases linearly as the
temperature increases, accordingly the resistance of rGO decreases from 1.53k2 to 91.8Q
at 10°C to 80°C, respectively. The rGO:MWCNT films show less sensitivity to temperature
than the rGO film, and the sensitivity decreases by increasing the CNT content in the
nanocomposite. The resistance of the films with 0.01wt.%, 0.025wt.% and 0.05wt.%
MWCNT at 10°C are 1.2k€2, 1k and 914¢) and it decreases to 282(), 7702 and 823} at

80°C. Tunneling is the dominant transport conduction in the hybrid rGO:MWCNT films.

With increasing temperature more electrons get enough kinetic energy to overcome the
CNT/CNT, CNT/GO and/or GO/GO barrier junction, thus resulting in an increase in the
electrical conductivity. Increasing the CNT content in the hybrid nanocomposite introduces
more conduction paths in the system and thus shrink the CNTs and GO sheets (section
6.5), increasing the temperature only few paths are activated and participate effectively in
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Figure 6.9: Resistance-strain relationship of rGO:MWCNT films under applied force (a) 0.01wt.%
MWCNT, (b) 0.025wt.% MWCNT and 0.05wt.% MWCNT

the conduction mechanism, therefore the temperature sensitivity is altered and reduces at
high CNT content. Generally, films based on rGO show excellent temperature sensitivity
and high stability, especially for high CNT content, i.e. 0.05wt.% MWCNT. The heating
and cooling cycles of the rGO:MWCNT at Owt.%, 0.01wt.%, 0.025wt.% and 0.05wt.% is
depicted in Figure 6.12. It can be observed that the initial and the final resistivity at 10°C
is slightly different (electrical offset). The change in the resistance under temperature at
the first cycle for rGO and 0.01wt.% MWCNT film is 106% and 76.5%, respectively, and
it drops to 23% and 8.5% for 0.025wt.% and 0.05wt.% MWCNT, respectively. During the
cooling cycles and at 10°C resistance, a small decreases in the resistivity (i.e. increase
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Figure 6.10: Piezoresistive effect in rtGO:MWCNT films (a) no strain, (b) under strain (red: tunneling
contacts between the rGO and MWCNT, green: conduction path)
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Figure 6.11: Relative resistivity-temperature behavior of rGO and rGO:MWCNT films

in the conductivity) is always observed, which can be referred to the re-agglomeration
of the CNTs [303]. Additionally, the cycling test of the rGO and the rGO:MWCNT films
have reproducible behavior within four repeated temperature cycles. Figure 6.12 reveals a
hysteresis as the heating and cooling cycles do not follow the same trend. The change in the
electrical resistivity during the heating-cooling cycle is not completely reversible, which may
be due to the change in conducting paths network occurring during the heating cycle, but
not completely recoverable during the cooling [303]. Table 6.1 shows that the hysteresis
decreases for more cycles. During heating and cooling cycles, new formation and breakdown

83



84

of conductive paths is taking place, as the number of these cycles increases this process
become less prominent and thus decreases the hysteresis. The hybrid nanocomposites show
a negative temperature effect, this change with temperature is a typical behavior observed in
disordered semiconductors with negative temperature coefficient, as it was stated previously
in section 5.6.

Abs. (ARR,) (%)

Abs. (AR/R) (%)

Time (hour)

Figure 6.12: Temperature cycling tests of rtGO:MWCNT films at 0.0wt.% (blue line) and 0.01wt.%
(red line), 0.025wt.% (green line) and 0.05wt.% MWCNT content (brown line)



Table 6.1: Temperature hysteresis of rtGO:MWCNT films

MWCNT Content (wt.%) Hysteresis to temperature (%)

1% cycle 2"? cycle 37 cycle 4" cycle
0.0 9.5 9.0 5.7 2.9
0.01 14.2 9.8 8.3 5.6
0.025 6.9 5.3 5.3 4.9
0.05 9.8 7.6 7.1 5.7

The temperature coefficient of resistance (TCR) is a characteristic parameter and it is given

by;
AR/R,

AT
where Ry is the initial resistance at T =10°C (283.15K), AR is the change of the resistance,
and AT is the change in the temperature.

TCR=

(6.1)

Thus, TCRis 14.04 x1073,11.87x1072,3.95x1072 and 1.80x 1073 K~ for rGO, 0.01wt.%,
0.02wt.% and 0.05wt.% MWCNT, respectively. This calculated TCR for the rGO and its
derivative nanocomposite is 20 orders higher than the reported carbon nanotube (7x10~*
K=1) [304] and 3.5 orders larger than the standard commercial platinum temperature
sensors (39.2 x10~* K1) [305]. The logarithmic resistance temperature dependency of the
rGO and rGO:MWCNT films is depicted in Figure 6.13. The behavior shown is for typical
intermediate microstructure, which is a mixture of both highly ordered and disordered
materials [306]. As the temperature decreases, a transition from activated to variable-range
hopping (VRH) (equation 6.2) conduction is noticeable, this mixing transport behavior is
attributed to the variation in the degrees of heterogeneity of the rGO:MWCNT microstructure.
It is seen from Figure 6.13 that, two slopes at specific temperature regions, one at the lower
temperature range (10°C- 45°C) and the other at higher temperature range (45°C- 80°C)
which indicates that two activation energies are involved. The temperature at which the
transition from drift to hopping transport occurs is called the hopping temperature (T},,),
which is occurring at the intersection between the Arrhenius and VRH fitting curves. The
rGO:MWCNT hybrid nanocomposite is viewed as a 2D-VRH system. At high temperature,
the Mott’s model (equation 6.3) is used to describe the linear temperature dependency.

R(t)=Roeap(10)" 6.2)

where Tj is the characteristic temperature, T is the actual temperature and m is constant
whereas: m= 1/3 for 2D-VRH system.

Table 6.2: Temperature coefficient of resistance of rGO:MWCNT films

MWCNT Content (wt.%) TCR (x10~2 K1)

0.0 14.04
0.01 11.87
0.025 3.95
0.05 1.80
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To describe the band conduction mechanism, the Arrhenius conduction activation model is
commonly used:

E
R()=Rocap(; %)

where Ry is the initial resistance, E, is the activation energy, T is the actual temperature
and k; in the Boltzmann constant.

(6.3)

It is also noticed that the Arrhenius-like mode is not clearly observed for films with MWCNTs
within the studied temperature range. It tends to shift to lower temperature while increasing
the MWCNT content.

6.7 Influence of humidity on rGO:MWCNT Film
Resistance

In section 5.7, it is shown that increasing the working temperature reduces the humidity
effect, the change in the electrical resistance of rGO and rGO:MWCNT films as a function of
RH from 10-95%RH at 50°C is shown in Figure 6.14. For RH<60% the resistance increases
linearly, this increment is less than 2% for all the rGO:MWCNT films and about 3.1% for
rGO film. Beyond RH>60%, the rGO and rGO:MWCNT film resistances start to increase
dramatically and nonlinearly. The maximum change in the resistance is 15% for rGO film,
and it decreases as the CNT content increases. Partially, an appearance of an uptake peak
can be seen only for rGO and at low MWCNT content i.e. 0.01wt.%. The repeatability
characteristics is measured for four cycles in the range of 10-70% RH, as it is depicted in
Figure 6.15. The film characteristics under humid environment exhibit a good response-
recovery behavior and excellent repeatability within the measured range. The repeatable
error is determined as the ratio between the measurement at 10% RH of the first cycle
and the fourth cycle. It is found to be 0.8%, 2.75%, 0.8% and 1.5% for Owt.%, 0.01wt.%,
0.025wt.% and 0.05wt.% MWCNT, respectively. Although, the rGO:MWCNT films exhibit
low sensitivity to humidity compared to the MWCNT:SDBS/PEDOT:PSS films and also to the
films based GO, a good repeatability of the films is noticed caused by the multilayer structure
of the rGO, that facilitates the release of water molecules from the GO interlayer for reaching
dynamic equilibrium between the external humidity level and the internal water content
[307]. While the rGO and rGO:MWCNT show an adequate response to the humidity, this
hydrophilic property is mainly due to the presence of some epoxy and carboxyl functional
groups at the edges of the GO platelets and therefore it is investigated to possibly used as
humidity sensor [308-309]. As confirmed in section 6.2, the chemical reduction of the GO
removes partially the functional groups from it but still some of the functional groups remain
attached to the GO basal and edges. Due to its two-dimensional structure, the rGO films
have high surface-to-volume ratio and hence a large density of surface vacancies. This gives
rGO the ability to adsorb the water molecules from the outer environment. Independent
on the reduction method, chemical [145], thermal [309-310], micromechanical cleaving of
graphite [311], rGO film exhibits p-type semiconducting behavior; therefore, the positive
charge carriers (holes) dominate the electronic transport of the film. For the rGO films, two
mechanisms take place simultaneously under humid environment:

1. Adsorption of the water molecules on the surface of the rGO, therefore it behaves as

electron donor, and increases the protonation [307, 309, 312].
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Figure 6.14: Humidity dependence of film resistance of (a) rGO and rGO:MWCNT (0.01wt.%), (b)
rGO:MWCNT (0.025, and 0.05wt.%)

2. Swelling effect that leads to the absorption of the water molecules between the interlayer
of the rGO.

At low RH, the adsorption of H>O on the few remaining oxygen-functional groups in the
basal plane and edges of the rGO dominates and thus it reduces the hole concentration of
the p-type rGO films (Figure 6.16). Consequently, the film resistance increases slowly, so
two different conduction mechanisms are working against each other. As the RH increases,
the H>O molecules penetrate deeper into GO multi-layer film and lead to an interlayer
swelling effect [307]. The swelling effect increases the interlayer distance and therefore
increases the film resistance dramatically [313]. At high RH, it is possible that the ionization
of the adsorbed water molecule produces hydronium ions (H50) as charge carriers, thus
the proton-hopping mechanism leads to an ionic conductivity [314], consequently the film
resistance decreases. However, it is clearly observed that at high RH the swelling effect
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Figure 6.15: Cycling test of the films based rGO:MWCNT at 0.0wt.% MWCNT (blue line) and 0.01wt.%
MWCNT (red line), 0.025wt.% (green line) and 0.05wt.% MWCNT (brown line)

dominates the conduction mechanism of the rGO film. For the rGO:MWCNT films and as it
is concluded from the SEM images in Figure 6.5, the MWCNTs fill partially the gaps between
the GO layers ’good coating’ and thus at low RH%, no big change in the film resistance is
remarked, as the main mechanism in this range is the interaction between the H>O and the
rGO surface. However, at high RH%, the sensitivity to humidity decreases compared to the
pristine rGO film, because of the reduced in the swelling effect. The sensitivity to humidity
(Sy,) is calculated using Eq. 5.4, and the results are summarized in Table 6.3.

Table 6.3: Sensitivity of rGO:MWCNT films as a function of humidity at different MWCNT content

MWCNT Content (wt.%) Sensitivity to Humidity (1/%RH)
RH <60% RH > 60%

0.0 0.062 0.362
0.01 0.035 0.321
0.025 0.021 0.142
0.05 0.0112 0.053
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Figure 6.16: Transport mechanism of rGO films under humidity environment



Synergetic Properties of Novel
Tertiary Nanocomposite

rom previous chapter, it was highlighted that the nanocomposite with 0.01wt.% and
F 0.05wt.% MWCNT show promising strain and temperature characteristics. However,
0.01wt.% MWCNT has a high strain sensing property but low conductivity, which is
not suitable to be used as sensing layer in the wireless application. To improve its conductivity,
this nanocomposite is mixed with different volume ratio with the high intrinsic conductive
polymer PEDOT:PSS, to make them more suitable for wireless sensing. In this context, totally
a new tertiary nanocomposite is developed and investigated. Hence, in this section, films
based on PEDOT:PSS, GO and MWCNTs are analytically explored. The preparation method
is explained in section 4.1.3. The wettability properties in terms of contact angle and surface
tension are studied. As one of the three used components is GO, the reduction process
is necessary to improve the electrical properties of the novel nanocomposites. Electrical,
mechanical and thermal behavior are systematically studied before and after the chemical
reduction. Afterwards, the results of each technique are analyzed and the feasibility of the
films as strain sensor and temperature sensors are discussed.

7.1 Chemico-Physical Characterization

All the GO:MWCNT/PEDOT:PSS nanocomposites demonstrate a good hydrophilic properties
with contact angle between 64.85° and 69.06° for 1:1 and 1:3 mixing volume ratio (vol.),
respectively (Figure 7.1), which is less than of the pristine PEDOT:PSS (78°). Increasing
the polymer ratio within the nanocomposite increases the hydrophobicity. For the surface
tension, the increase in the PEDOT:PSS ratio increases slightly its surface tension value by
around 1mN/m from 67.5mN/m to 68.3mN/m for 1:1 and 1:3 volume ratio, respectively.

1:1 1:1.3 1:3

CA= 64.85° CA=67.24° CA= 69.06°

(b)

ST=67.59 ST=68.04 ST=68.32

Figure 7.1: Chemico-physical properties of GO:MWCNT/PEDOT:PSS aqueous dispersion with different
mixing ratio (a) Contact angle, (b) Surface tension
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7.2 Electron Mobility of the Tertiary Hybrid
Nanocomposite

The I-V characteristics of the GO:MWCNT/PEDOT:PSS based films are studied by applying a
voltage of +5V. Increasing the mixing ratio with the PEDOT:PSS, lowers the resistance of the
GO:MWCNT/PEDOT:PSS nanocomposites, as it is shown in Figure 7.2. For the randomly ori-
ented GO:MWCNT/PEDOT:PSS films, the DC-resistances are 32.71+0.81k(2, 62.314+0.99k(?,
56.36+£2.02k? and 24.964+1.92k(? at mixing ratio of 0:1, 1:1, 1:1.3 and 1:3, respectively.
The resistance values are shown in Table 7.1. The increment in the resistance after adding the
GO:MWCNT is due to the insulating properties of the GO as stated in section 6.2. This means
that the conduction occurs mainly through the PEDOT segments in the PSS chains, which is
acting as the host matrix material. After the chemical reduction, the conductivity increases
dramatically for all the films. For the reduced PEDOT:PSS films, the conductivity increases
radically from 0.11S/m to 6.57x10°S/m. Whereas for the reduced GO:MWCNT/PEDOT:PSS
films, small increase is remarked at different mixing ratio, the conductivity is 2.91x10°,
3.25x10% and 5.50x10°S/m at mixing ratio of 1:1, 1:1.3 and 1:3, respectively. Although, the
chemical reduction improved the conductivity of the GO:MWCNT/PEDOT:PSS films, but still
the conductivity of the reduced PEDOT:PSS is the highest. Therefore, it can be concluded
that the conductivity through the PEDOT:PSS chain is dominating the transport mechanism
in the films based tertiary hybrid nanocomposite before and after chemical reduction.

3
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Figure 7.2: DC-electrical resistance of the films based GO:MWCNT/PEDOT:PSS before and after
reduction

To ensure the film homogeneity, the sheet resistance of nanocomposites are measured at
three different lines (as explained in section 4.3.5) and the values are shown in Table
7.2. The sheet resistance of the reduced GO:MWCNT/PEDOT:PSS nanocomposite is about
2000 orders lower than those of the non-reduced GO:MWCNT/PEDOT:PSS. For instance,
the average sheet resistance of the PEDOT:PSS films reduces from 32.71+0.81kQ.s¢! to



Table 7.1: Resistance of the GO:MWCNT/PEDOT:PSS films

GO:MWCNT:PEDOT:PSS (vol.) DC-Resistance (£2)

Before reduction  After reduction

1:1 64.84x103 27.69
1:1.3 56.69x103 23.39
1:3 26.13x103 18.20
PEDOT:PSS 33.61x103 12.24

Table 7.2: Sheet resistance of GO:MWCNT/PEDOT:PSS films

Mixing ratio (vol.) Sheet resistance ({2.sq~ %)

Before reduction (x103) After reduction

1:1 64.84 27.69
61.12 27.3
60.98 27.37
1:1.3 56.69 23.39
58.21 22.9
54.19 23.1
1:3 26.13 18.20
25.65 17.96
23.10 18.01
PEDOT:PSS 33.61 12.24
31.97 11.97
32.55 12.32

12.1740.180.5¢ 1.
The electronic transport in the GO:MWCNT/PEDOT:PSS films before and after reduction
can be explained as follow:

1.

Before chemical treatment and as the GO:MWCNT is added to the PEDOT:PSS, which
has an insulation properties as shown in section 6.2, the electrons are trapped within
GO:MWCNT and are not participating in the electrical conduction, thus the conduction
through the PEDOT:PSS i.e. the hopping between conjugated parts of PEDOT segments
and its neighboring chains is dominating the conduction mechanism, as it is shown from
the electrical characterization in Figure 7.2 and as explained in section 5.4. At 1:3 mixing
ratio, the conductivity become more that the pristine PEDOT:PSS, this is attributed to
some free suspended CNTs in the GO:MWCNT supension, that are getting attached to
the PEDOT:PSS, which forms extra conductive paths, that participate significantly in the
conduction and consequently improves the conductivity.

Treating the films with hydriodic acid improves the conductivity dramatically, effect of
the chemical reduction of the GO:MWCNT is shown in section 6.2. Beside that XPS
measurement is conducted on specimen with PEDOT:PSS (Figure 7.3) and by combining
the previous knowledge (section 6.2), the nature of the conduction transport for this type
of hybrid nanocomposite can be clearly understood.

In section 5.3, it was shown that increasing in conductivity of the PEDOT:PSS nanocomposites
leads to the appearance of the new states between the valence and conduction bands due

to the formation of polarons and bipolarons. These charge carriers move freely through
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Figure 7.3: XPS spectrum of PEDOT:PSS before (continues line) and after (dashed line) HI treatment:
(a) S2p, (b)Cls, (c) Ols and (d) low intensity HI peaks after post cleaning

the material, thus improves the conductivity. Treating the PEDOT:POSS films with HI
agent leads to the increase in both the polarons and the uncoupled bipolarons transition.
XPS measurements indicate the appearance of three peaks at 168eV, 284eV and 532eV as
indicated in Figure 7.3. In Figure 7.3 (a), before reduction two XPS bands are appearing
at binding energy between 164eV and 167€V, these peaks are referred to the sulfur atoms
in PSS, unlikely in [313], these peaks appear at 166eV and 172eV. After treating the films
with HI-acid, a damping in the S2p peaks appears, this is because a fraction of the PSS is
removed from the PEDOT:PSS films during the HI treatment. The removal of the PSS from
the PEDOT:PSS after the chemical treatment introduces some morphological (structural)
distortion and it might also alter its crystallity as confirmed in [314]. Consequently, the
interchain interaction among the PEDOT chains arises due to the conformational changes
of the PEDOT chains, which change from a coil to linear or expanded-coil structure, thus
the benzoid resonant structure of the PEDOT chain transforms to a quinoid structure [313].
In the Cls spectrum in Figure 7.3 (b), the appearance of two peaks at 284eV represents
C-C bonds and C-O at 286eV. The HI treatment removes the C-O and thus leads to the
restoration of some C-C bonds. As revealed in [313], Hydroiodic acid is represented with
strong peaks at 630€V and 619¢eV. From Figure 7.3 (d), it is noticed the very low intensity of
these peaks, which is an indication that all the acid residues are removed by the post cleaning
steps mentioned in section 4.2.3. Beside the conductivity improvement, the chemical acid
treatment alters the film thickness [86, 276], it is noticed that the thickness of films after
the acid post-treatment decreases from 30 to 15nm, without affecting the film optical



transmittance. It is expected that the carrier concentration is higher in the pure PEDOT:PSS
than the GO:MWCNT/PEDOT:PSS. As it is discussed in section 6.2, after the chemical
reduction, the oxygen-functional groups of the GO are partially removed as well as the
partial recovery of the lattice defects (7-system), this leads to the improvement of the
electron transport in the GO:MWCNT. Consequently, an enhancement in the interfacial
coupling between the MWCNT, rGO and the quinoid structure of the PEDOT occurs, which
promoting more mobile charge carrier delocalization between the electronic density of this
particles.

7.3 Piezoresistive Response of the Nanocomposite
Films

The change in the electrical resistance of the films under mechanical uni-axial force is
investigated to understand the piezoresistive response of the tertiary hybrid nanocomposite.
Figure 7.4 depicts the change in the electrical resistance as a function of the strain (e). For
the non-reduced GO:MWCNT/PEDOT:PSS films, the piezoresistive behavior is the same
behavior for the PEDOT:PSS based films i.e. a negative piezoresistive, this is referred to the
dominating conduction current is passing through the PEDOT:PSS segments as explained in
section 7.2. Increasing the amount of the PEDOT:PSS in the nanocomposite leads to reduce
the linearity (R? correlation factor decreases) and alters the strain sensitivity. The gauge
factors for GO:MWCNT/PEDOT:PSS films are 2.2, 1.4 and 1.39 for 1:1, 1:1.3 and 1:3 mixing
volume, respectively. The characteristics of the reduced GO:MWCNT/PEDOT:PSS films
under strain is shown in Figure 7.5. Unlike the non-reduced films, the chemically treated
films show a positive piezoresistive behavior and two regions are clearly identified. The low
sensitive region (region I), which is the region located below 0.55% strain (critical strain
point) and the high strain sensitive region (region II), which is located at strain above 0.55%.
The mixing volume of 1:1.3 gives the highest sensitivity in both regions compared to the
other mixing volumes, with gauge factor of 11 and 97 in region I and region II, respectively.
This is mixing volume is referred as the optimal maxing ratio between the GO:MWCNT and
PEDOT:PSS. Nanocomposites with mixing volume of 1:1 and 1:3 show almost no strain
sensitivity below the critical strain point and an adequate strain sensitivity above that. Table
7.3 summarizes the gauge factors of the films before and after reduction.

Table 7.3: Strain sensitivity of GO:MWCNT/PEDOT:PSS tertiary hybrid nanocomposite (I is strain
region below 0.55% and II is strain region above 0.55%)

Strain Sensitivity
PEDOT:PSS 1:1 1:1.3 1:3
After reduction I I I I I I I I
0.03 5.09 0.04 398 10.96 97 0.06 4.6
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Figure 7.4: The piezoresistive behavior of non-reduced films based GO:MWCNT/ PEDOT:PSS
(GO:MWCNT/PEDOT:PSS at different mixing ratio, blue: 1:1, red: 1:1.3 and green:
1:3)

The piezoresistivity of the reduced nanocomposite can be understood in the context of
the percolation threshold. In this tertiary nanocomposites, each of PEDOT:PSS, MWCNTs
and GO is forming a conduction path either individually or as combination with others.

Therefore, the formed random network from this nanocomposite has a high conductivity and

lies in the saturation region of the percolation threshold (Figure 3.17). For this reason, if a

small force is applied, a small change in the tunneling and hopping distances between the

nanoparticles (PEDOT, MWCNTs and GO) does not really affect the piezoresistivity of the
nanocomposite, because sufficient paths for the currents to pass through are still available,
so the strain sensitivity is negligible. As the strain increases, more paths are affected and thus
more changes in the tunneling and hopping distances are introduced leading to an increase
of the strain sensitivity. After the chemical treatment, most of the PSS is removed from the

PEDOT:PSS, as it is shown in section 7.2. The high sensitivity is referred to a superposition

of the individual piezoresistivity of each nanofiller, which is summarized in the following:

1. reduced PEDOT:PSS: alignment of the PEDOT segments along the applied force direction,
which tend to increase the hopping distances between these segments and thus increases
in the film resistance.

2. rGO: the change in the tunneling distances between the GO nanoplatelets.
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Figure 7.5: DC-electrical resistance of the reduced films based MWCNT:GO/ PEDOT:PSS under strain
(a) PEDOT:PSS, 1:1 and 1:3 mixing ratio (b) 1:1.3 mixing ratio

3. MWCNTs: the reorientation and the change in the tunneling distances between the
adjacent CNTs.
4. Change in the number of contacts formed between the PEDOT:PSS, GO and MWCNT

within the network.

7.4 Temperature Sensitivity of the Tertiary Hybrid
Nanocomposite

The resistance-temperature dependency response of the films based on GO:MWCNT/ PE-
DOT:PSS is shown in Figure 7.6, and the temperature is varied from 10°C to 80°C. It reveals
that, the electrical resistivity decreases with an increase in the temperature and this trend is
independent on the mixing ratio. The resistance of the non-reduced GO:MWCNT/PEDOT:PSS
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Table 7.4: Hysteresis of the GO:MWCNT/ PEDOT:PSS tertiary hybrid nanocomposite under tempera-
ture cycling

Mixing Ratio (vol.) Temperature hysteresis (%)
1%tCycle  5*"Cycle

1:1 17.68 6.75
1:1.3 29.81 23.39
1:3 34.17 26.62

films decreases nonlinearly as the temperature increases, thus the resistance of the pristine
PEDOT:PSS decreases from 50k(2 to 16.5kQ) at 10°C to 80°C, respectively. It is clearly
seen that, the pristine PEDOT:PSS has the highest temperature change and it tends to
decrease when it is mixed with GO:MWCNT. This is referred to the insulation properties
of the GO:MWCNT (as shown in section 6.2), which reduce the hopping effect dominating
the conduction mechanism in the PEDOT:PSS based films in this temperature range. The
increase in the conductivity of the PEDOT:PSS under temperature is due to the thermal
activation of the hole-polaron carrier in the PEDOT:PSS. The PEDOT:PSS is a 3D-VRH system
therefore, the charge carrier under temperature is mainly due to the charging-energy limited
tunneling (CELT), which is controlled by the tunneling effect between the conductive PEDOT
segments separated by the PSS insulating grains [100, 315]. The cycling tests gives a good

(b) 1:1.3

0O 20 40 60 800 20 40 60 800 20 40 60 80

Temperature (°C)

Figure 7.6: Temperature-resistance dependency of non-reduced GO:MWCNT/
PEDOT:PSS films at different PEDOT:PSS mixing ratio

reproducibility of the measurement, especially for mixing ratio of 1:1. It is observed that
the hysteresis is higher in the first cycle than in the fifth cycle and the Table 7.4 shows the
hysteresis values for the first and fifth cycles under temperature environment. It can be
also concluded from the cycling tests that, the resistance-temperature dependency during
the heating-cooling cycle is not totally reversible, which is attributed to some changes in
conducting networks, this change in the conducting network takes place mainly during the
heating cycle, but they are not completely recoverable during the cooling cycle [301]. The
chemical treatments of the hybrid nanocomposite reduced the effect of the temperature



as it can be seen from Figure 7.7. However for rGO:MWCNT/PEDOT:PSS, the change in
the resistivity under temperature has a positive temperature coefficient, i.e. increase the
temperature increases the resistance. The mixing ratio of 1:3 has the lowest change in
resistance. In order to understand this behavior, more investigations should be carried out.
As discussed in section 5.6, the nature of the conduction mechanism can be extracted by
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Figure 7.7: Temperature-resistance dependency of reduced films based (a) rPEDOT:PSS, (b) and (c)
rGO:MWCNT/ PEDOT:PSS with different mixing ratio

fitting the conductivity to the general Mott’s model; this model is typically used to describe

the hopping mechanism:
o=0, X exp(%m)éw'l)

where, o, is the characteristic conductance at characteristic temperature Tj, S an exponent
related to the transport process.

The Figure 7.8 depicts a graph fitting of the nanocomposite of log conductivity versus
T—1/4. The results indicate nearly one activation energy for the hopping process for all
the temperature range however, increasing the mixing ratio leads to the appearance of a
second activation energy at temperature lower than 20°C. As mentioned previously, the
temperature range was between 10°C and 80°C which is actually not broad enough to
determine precisely the charge transport mechanism in this nanocomposite. Therefore, and
for much deeper prediction, it is necessary to conduct the measurements at low temperatures.
The conductivity in the VRH is attributed mainly to the disorder of lattice, which makes
a spatial fluctuation in the potential of electrons [316]. Massrani et al. and Guillen et
al. included that the VRH mechanism is estimated when | Ty /T | is greater than 1 [317-
318]. From the linear fitting in Figure 7.8, it can be concluded that the values of T} is equal
to 8.37 x10%K, 10.52x10°K, 21.64x10%K and 24.23x10*K for PEDOT:PSS, 1:1, 1:1.3
and 1:3, respectively, both of which give T,/T is greater that 1, thus confirming that in the
investigated temperature range, the conductivity mechanism is due to 3D-VRH.
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Patch Antenna as Wireless
Sensing Element

n this chapter, an overview of the patch antenna design especially rectangular microstrip

I patch antenna (MPA) with feed-inset is described and the analytical method used to
design the MPA is illustrated. The design proposed in this work is then simulated using

the electromagnetic simulation software CST studio suite, and the results are optimized to
satisfy the required performance. To implement the patch antenna as strain or temperature
sensor, the analytical formulas describing the relationship between the resonance frequency
and the strain or temperature of the antenna is described theoretically and a numerical
simulation is conducted to prove the feasibility of the proposed design as wireless strain
sensor. Beside that, the principles used to predict the behavior of the microstrip antenna

under temperature is explained.

8.1 Background about Patch Antenna

Passive wireless sensors have considerable advantages for measurement due to their simple
installation and compactness without additional energy source. The design of the antenna
is critical since any deformation or oxidation causes a change in its resonance frequency,
which can be interpreted as a change in the measured quantity. Typically, gold, silver and
copper are standard materials used for patch antenna. Among them, copper attracted more
attention due its high reactivity and good conductivity and low costs. Microstrip devices
are planar components for microwave and high frequency applications, which can replace
bulky waveguides [319]. Historically, the concept of the microstrip patch antennas was
first proposed in 1953 by Deschamps [320]. However, it was first practically realized in
1974 by Munson for space-borne application [321]. Lately, it became very popular due to
its low profile (¢t < Ag), light and limited weight, configurability to planar and non-planar
surfaces, adjustable polarization to get a linear and circular polarizations, and ability to
have single and multiple resonance frequency [319, 322]. Generally, the MPA consists of
dielectric substrate having a thickness (¢) and dielectric loss (g,.), with an arbitrary shape
patch layer on the topside and a metallic ground plane on the bottom side (Figure 8.1).
Due to high conductivity, the upper and bottom side of the microstrip patch are made from
copper. Different common shapes have been used as top layer of the patch such as square,
rectangular, elliptical, etc (Figure 8.2). For any dielectric substrate covered by two metallic
layers, an electromagnetic cavity is created with a specific resonance frequency that depend
of the physical dimension of the patch, mainly the physical length (L) and the width (W) of
the patch (Figure 8.1). Designing an antenna with good performance and high efficiency is
critical, and the design parameters such as the substrate material; dimension of antenna and
feeding technique, determine the performance of the MPA. The designed patterns are made
in a way that the maximum radiation is perpendicular to the patch radiator. Therefore, some
benchmarks must be considered in order to ensure this criterion [322]:
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Ground plane

Figure 8.1: Typical structure of microstrip patch antenna
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Figure 8.2: Different geometrical shapes of the patch antenna

1. The aspect ratio (W/L) must be less than 2, because a drop in the aperature efficiency
occurs as the W/ L increases beyond 2.

2. The patch antenna dimension should be in the range of 0.333)\<L<0.5),.

3. The thickness of the substrate must be in the range of 0.003\y < ¢ < .

4. The dielectric constant of the substrate lies in the range of 2.2 < ¢, < 12.

Practically for good antenna performance, thick substrates with low dielectric constant
are more desirable as they exhibit improved efficiency, larger bandwidth, better radiation,
but they suffer from the large element size [322]. However, and for microwave circuitry,
thin substrates with higher dielectric constants are more required as on one side, they
minimize the undesired radiation and coupling due to tightly bound fields, and have a
smaller element size. On the other side, they are less efficient, with high losses and narrower
bandwidths [322]. Generally, a compromise between the antenna characteristics and the
antenna geometry must be fulfilled for each individual application. Typically, the patch
antennas have high losses, which are described by the quality factor (Q). Some methods to
improve the radiation and the bandwidth and therefore reduce the Q factor were introduced
and studied [323]. For instance, increasing the substrate thickness is the most often way
used to reduce Q, but this will lead to an increase in the surface wave and therefore the total
delivered power to the antenna degrades its performance. By optimizing the antenna design
such as using some critical radius [324], hi-lo structures [325], photonic bandgap structures
[326- 327] and defected ground structures [328], the antenna efficiency can be improved.

8.2 Road-Map to Patch Antenna Design

MPAs become increasingly widespread as both feeds and array elements. The investigation of
the electromagnetic fields is necessary to analyze the MPA, however the inhomogeneity and
the complexity of these fields make this task very complicated. Therefore, different models
were developed to analysis the microstrip antenna, such as the cavity model [329], the
transmission line model [330] and full-wave model [331]. Among them, the transmission
line model is the simplest and it gives a good physical insight, thus it is adopted in this work.



Prior design, MPA specifications such as resonance frequency, substrate dielectric material
i.e. g, and the substrate thickness must be well defined, then the flow design of the MPA is
summarized as follows [322]:

1. To ensure a good radiation efficiency, the patch width is given by

Vo 2

W:
2f'res ert+1

8.1)

where W is the patch width, e,. is the dielectric constant of the substrate, v is the speed
of light in the free space, f,.s is the resonance frequency of the patch.

2. Part of the incident wave propagates in the substrate and other part is reflected in the
air. For W/t > 1, most of the electric field lines are concentrated in the substrate and the
dielectric constant of the substrate is slightly affected. The effective dielectric constant
(ecfy) is calculated using the following equation [322]:

+1 -1 t U2
seffza’“Q +5”"2 (1+12 x o) (8.2)

3. The resonance frequency of a rectangular microstrip antenna depends mainly on the
physical length (L) of the patch. The fringing fields at the two open ends of the patch add

an imaginary extension to the antenna, so it looks greater than its physical dimensions.
Therefore, an imaginary length extension (A L.,;) appears and influences the patch edges.

The AL.,; depends linearly on the substrate thickness and effective dielectric constant
and it is calculated as follow [322]:

(£-+0.33) (5 +0.264)

ALgy;=0.412¢ 8.3
t " (£,-0.258) (L +0.831) (8.3)
4. Thus, the physical length of the patch can be calculated using [322]:
Vo
L=—" AL, .
D resfr ®4

5. From equations 8.3 and 8.4, the effective length (L. ;) of the patch is estimated as follow
[322]:
LeffZL-i-QALeajt (8.5)

Depending on the current flow direction, a rectangular MPA can radiate at two fundamental
radiation modes: T'M;o and 7'My, . For the T'M;, mode, the current flows along the length
direction and for the T'Mj,; mode current flows along the width direction and therefore, f1
and fy; are the resonance frequencies for 7'M, and 7'My, respectively.

8.3 Antenna Feedline Design

Different methods have been introduced to feed the patch, among them microstrip line,
coaxial, coupled, buried and slot feeds are widely used [319, 322, 332]. In this work,
microstrip feedline is applied, as depicted in Figure 8.3, the microstrip conducting line
is attached directly to the edge of the microstrip patch. To match the impedance of the
patch with the impedance of the feed without any additional matching component, a proper
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selection of an inset is introduced to the feedline. Experimentally, an inset has no influence
on the resonance frequency of the microstrip antenna [319, 322]. The feed-inset point

ALey

Figure 8.3: 3D-view of the microstrip patch antenna with feed-inset

and its dimensions are calculated based on equations 8.6 to 8.8, a theoretical derivation is
out of the scope of this work [319, 322]. In order to minimize the high-order modes and
cross-poles, the feed-inset point along the patch width is usually centered i.e. yo= W/2,
therefore the feed point along the length can be calculated as follow [322],

(8.6)

L « 50
x frf—
0 ™ Rins

where R, is the input resistance for the feed-inset along the x-axis, and R;,. is calculated

as follow,
90 er X L
Rinz=
x ( e

er—1
And the width of the microstrip line (W) is derived as follow:

)? (8.7)

A
e if% <2,
eA _ 9 d
W 2 s —1
20 S Bo1-m@EB-1)+ ) (8.8)
d T 2e, .. Wo
0.61 1f7 >2
X (In(B ~1) +0.39 — =)
where;
ZO Er + 1 Er — 1 0.11
A== 2
oV 2 tozr OB+
377
B =
2Z0+/r

where 7, is the characteristic impedance. Also, the notch width (G,¢) is usually adjusted
based on trial and error method, however, some approaches were proposed to calculate it

[333],
Vo 4.65 x 10712

Gpr= X
P e Fres

(8.9)




8.4 Design and Physical Dimensions of the
Proposed Wireless MPA

It can be concluded from section 2.6 that, there is a trade-off between the antenna design
and the sensor sensitivity. Where the single resonance rectangular MPA has a higher strain
sensitivity than the multiple and the circular MPA, the strain sensitivity increases when the
MPA is designed to work at high frequency such as SHF and microwave (Table 2.5). However,
the circular and the multi-resonance MPA can determine the strain in different directions,
whereas the single rectangular MPA is able to sense the strain only in one direction. For
higher antenna gain, substrate with low loss and high dielectric constant is beneficial to
improve the reading distance of the sensor. Therefore, the design proposed in this work
is based on transmission line model with a feed-inset rectangular MPA resonating at IEEE
C-band (SHF) i.e. 5.8GHz because sensors at this frequency range have small compact size,
and adequate strain sensitivity compared to 2.4GHz (see Table 2.5) also at this frequency
band, large amounts of data can be transmitted [319, 322]. A flexible thin low loss substrate
named Isola IS680 having ¢ of 508um and e, of 3.38 and tangent loss of 0.035 is choosen.
On the topside, it has a rectangular patch layer with feed-inset and on the bottom side a
ground plane both made of copper with thickness of 18 um. By determining the resonance
frequency and the substrate material, the design steps mentioned in section 8.2 and 8.3 are
used to design the antenna, the values of the physical dimension of the microstrip patch
are shown the Table 8.1. The calculated values are based on equations 8.1 to 8.7, whereas
after inserting those values in the simulation software CST, some correction must be fulfilled
due to the meshing effect and the presence of the notch width, thus a shift in the resonance
frequency occurs as depicted in Figure 8.4 (a). The optimization is done keeping in mind
the following criteria:

1. Resonance deviation not higher than 100MHz.

2. Acceptable gain loss.

3. Narrow bandwidth.

Table 8.1: Design parameters of the 5.8GHz microstrip patch antenna

Antenna Parameter Calculated = Optimized

Units (mm)

Patch length 13.9 13.9
Patch width 17.5 18.5
Substrate length 24.8 27.8
Substrate width 31.8 37
Feed-inset point 5 5
Notch width 0.0 0.20
Feed-inset length 11.9 11.9
Microstrip line width 1 1

The simulated antenna based on the calculated values gives a resonance frequency at
5.67GHz, after patch width and notch width optimization the resonance frequency shifted
to 5.71GHZ, which is 90MHz less than the desired resonance value of the MPA, also a very
narrow bandwidth about 1.57% and gain loss below -10dB which is suitable for wireless
sensing. This narrow bandwidth is important, so any small change in the resonance can
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Figure 8.4: (a) and (b) Return loss of the 5.8GHz microstrip patch antenna at different G, values
and (c) Effect of the ground dimension on the return loss of the 5.8GHz MPA

be easily detected and thus improves the sensor sensitivity. The notch width seems to play
also an imprortant role to improve the bandwidth shape, as the width of 200um gives the
narrower bandwidth compared to other values as depicted in Figure 8.4 (b). Theoretically,
the transmission line model is applicable to an infinite ground plane only. However, the
size of the ground plane (W) affects the radiation pattern and the resonant frequency of a
patch antenna. Therefore, it is very necessary to optimize its size to ensure a good antenna
performance. The effect W, with respect to the patch width (W)) is illustrated in Figure
8.4. When the ground plane equals to the patch dimension, the patch resonates at higher
frequency, this is resulting from the fringing fields that lies in the free space which lowers
the dielectric constant of the substrate and thus increase the resonance frequency. As the
ground dimensions are increased an improvement in the antenna properties is reached. The
best performance is obtained when the ground dimension is twice the patch dimension,
which is considered as the critical ground plane size. The antenna properties at this critical
ground size in terms of far field gain and 3D radiation pattern are shown in Figure 8.5 and
Figure 8.6, respectively. As it is shown in Figure 8.7, an excellent agreement is obtained
between the resonance frequency of the simulated MPA and the fabricated MPA with 5.71
and 5.716GHz, respectively. The small deviation in the frequency is referred to the stray
capacitance introduced through the soldering of the SMA connector.
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Figure 8.5: Far field gain of the 5.8GHz MPA
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Figure 8.6: 3-D radiation pattern of the MPA at 5.8GHz

8.5 Wireless Sensing using Nanocomposite

To evaluate the use of the nanocomposites as sensing patch layer in the MPA, three different

patterns are proposed and evaluated. The pattern that gives the best antenna characteristics,

is used then as a wireless sensor.

1. A copper patch covered by a layer of nanocomposite, and thus named as the coated
pattern (Figure 8.8 (b)).

2. Patch made only of nanocomposite, whereas the copper layer is etched out and is named
as the nanocomposite pattern (Figure 8.8 (c)).

3. Hybrid pattern, which is made of copper feedline and nanocomposite patch (Figure 8.8

(d).
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Figure 8.7: Si1 of simulated and fabricated MPA based copper patch
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Figure 8.8: Fabricated microstrip patch antenna (a) Copper patch, (b) Coated pattern, (c) Nanocom-
posite patten and (d) Hybrid pattern

As it was explained in section 2.5, different attempts were carried out to incorporate the
patch antenna as sensor beside using it for communication issues. For strain sensing, using
copper as sensing layer results in a very low k-factor, as the copper is a hard material
and the applied forces are small so that the resulting strain is in the microstrain range.
Although some techniques were applied to improve the strain sensitivity, such as slots on
the patch, circular patch and using thin substrates, but non-of-them improved really the
strain sensitivity (section 2.6). Using SNWs as alternative to copper improved slightly the
strain sensitivity. However, replacing the copper by more strain sensitive layer can reach
better performance. Being able to adjust the conductivity of the nanocomposites, makes
them a good candidate to replace a copper patches, however an appropriate nanocomposite



with conductivity in the range of 10*S/m is necessary. Increasing the conductivity decreases
the piezoresistivity of metals, because high conductive materials have no bandgap and its
piezoresistivty is mainly due to the change in the dimension of the bulk material, which
therefore changes its resistance (Ohm’s Law). However, this change is very low and thus
the strain sensitivity is low as well. In the previous chapters, different nanomaterials based
on PEDOT:PSS, CNT and GO are investigated. A selection of nanocomposites for use as
patch antenna is carried out, then the properties of the antenna are investigated for strain
and temperature sensing, the results are compared to the standard copper patch antenna.
From chapters 5, 6 and 7, different hybrid nanocomposites were investigated for sensing
application, mainly temperature, humidity and strain. The results in chapter 5, PEDOT:PSS
has shown excellent sensitivity to humidity. In chapter 6, it was seen that rGO:MWCNT with
0.05wt.% MWCNT has good temperature sensitivity with low effect of strain and humidity
and conductivity of 10*S/m. In chapter 7, the rGO:MWCNT/PEDOT:PSS with mixing ratio
of 1:1.3 showed an excellent strain sensitivity with k-factor up to 97, whereas the effect
of temperature is less than 3% and an electrical conductivity of 5x10°S/m. A summary
of the selected nanocomposites is shown in Table 8.2. The copper antenna is fabricated
using photograving and etching process. The coated pattern (model 1) is fabricated in
the following way: a mask is patterned on the antenna surface, the nanocomposite is then
deposited only on the copper patch, keeping only the feedline inset uncoated (Figure 8.8 (b)).
In the nanocomposite pattern (model 2), a plotter is used to pattern the patch dimension,
however, due to the restriction of the plotter resolution, it was not possible to reach a gap
inset of 200um, afterwards, the nanocomposite is directly deposited on the substrate (Figure
8.8 (). The hybrid pattern (model 3), a copper patch is completely etched and only the
copper feedline is not etched as shown in Figure 8.8 (d), then the nanocomposite is deposited
(Figure 8.8 (d)). After deposition, the antenna are kept in air-drying for 24 hours and then
dried in oven for 30min at 80°C to remove all the water molecules from the patch layer.

Table 8.2: Selected nanocomposite for different sensing application

Nanocomposite Sensing application

Strain Temperature Humidity

PEDOT:PSS - - v
rGO:MWCNT - v -
rGO:MWCNT/PEDOT:PSS v/ - -

8.5.1 Evaluation of the Proposed Sensor Elements

The prepared antennas are connected to the VNA using a RF-coaxial cable. Among all the
nanocomposite selected in Table 8.2, PEDOT:PSS shows a very bad adhesion to the substrate
although different treatment methods are used (Figure 8.9). In the coated pattern, it is
observed that the deposited nanocomposite layer on the copper patch layer introduced
slightly a shift in the initial resonance frequency of the copper MPA, as it is shown in Figure
8.10 (a), as the deposited layer acts as dielectric material that affects the performance of
the MPA. For the PEDOT:PSS and as the adhesion is very low, no effect is observed on the
resonance frequency. Also, no chemical reduction is carried out as the hydriodic acid will
also etch the copper patch beneath the nanocomposite layer. In the nanocomposite pattern,
the S;; had a damping and no signal is measured, as depicted in Figure 8.10 (b). This is
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resulting from the elimination of the antenna notch, that changes the characteristic of the
MPA, these results are confirmed by the simulation results obtained from optimizing the
notch gap as shown in Figure 8.4. From Figure 8.4, it is found that a gap of 200um has
the lowest return loss and thus all the MPAs are designed using this value. To avoid the
problem of the gap elimination introduced in the nanocomposite pattern, a hybrid pattern is
proposed. Here, all the copper patch layer is etched off and only the feedline inset is kept
afterwards, the nanomaterial then is deposited. The antenna characteristics of this pattern is
shown in Figure 8.11. Although, a shift in the resonance frequency is introduced, the return
loss of the antenna is comparable to its copper counterparts, thus this pattern is selected to
be used for wireless sensing.

To examine the reproducibility of the MPAs, three MPAs were deposited using rGO:MWCNT
and rGO:MWCNT/PEDOT:PSS and the results are shown in Figure 8.12 and 8.13, respec-
tively. It can be seen that, the samples show a reproducible characteristics especially for
rGO:MWCNT/PEDOT:PSS, which is referred the high conductivity of this hybrid materials
as explained in section 7.2.

Coated model Nanocomposite Hybrid model
model

Figure 8.9: Adhesion problems of PEDOT:PSS MPA with different proposed models
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Figure 8.10: Si; of (a) The coated pattern, (b) The nanocomposite pattern
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Figure 8.11: Sy of the hybrid pattern
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Figure 8.12: Sy; of different samples of hybrid model using rGO:MWCNT

8.5.2 Wireless Strain Sensing

1. Electromagnetic Simulation of Patch Antenna for Strain Sensing

In this section, a MPA is simulated using software CST studio suite to be used as passive
wireless strain sensor. The equations describing the change in the length, width and
thickness of the patch antenna after applying a force (equations from 8.10 to 8.12) are
builded-in in the software so the CST studio is used as multiphysics simulation tool beside
using it to simulate the electromagnetic properties of the antenna.

111



112

S,, (dB)

= Sample |

= Sample 2
a0k — Sample 3

5 5.5 6 6.5
Resonance frequency (GHz)

Figure 8.13: S1; of hybrid model using rGO:MWCNT/PEDOT:PSS

Under no strain, the antenna radiates at its initial resonance frequency. If a load is applied
along the patch length direction (e1) on the free end of the cantilever, a small change in
the patch’s length (L.) occurs, which can be calculated as follow:

Lo=(1+€1) x L (8.10)

Correspondingly, and due to the Poisson’s effect (v), a change in the patch width (W)
and substrate thickness (t.) of the antenna will also occur, which can be recalculated as
follow,

We=(1-er X vp) x W (8.11)

te=(1+ep x vs) X t (8.12)

where v, and v, are the Poisson ratios of the patch antenna and substrate, respectively.

The same case if the load is applied along the patch width direction (e,,), beside the
change in it’s width, a change in its patch length and its substrate thickness also occurs.
Thus, the previous Egs. 8.10 to 8.12 must be reformulated and the corresponding width,
and length under strain can be calculated as follow;

W.=(14€,) x W (8.13)
Le=(1-€4 xvp) x L (8.14)
te=(1-€4 X Vg) X t (8.15)

Previously in [22], it was assumed that the Poisson’s ratio of the metallic patch v, and
the substrate material v, are identical. However, for correctness a specific Poisson ratio of
each layer has to be considered. In the particular case values of 0.335 and 0.122 were
used for v, and v,, respectively. In the first case, where the applied force is along the



patch length and by substituting Eqs. 8.10 to 8.12 in Egs. from 8.1 to 8.5, the resonant
frequency under strain can be expressed as,

c 1
X
2 X \fEerf L AAL..

fres(e)z (816)
where e, is the effective dielectric constant of the substrate, L) is the patch antenna
length along the applied load in the direction of the radiation mode and AL, (.) is the
change in the extended length.

¢, is ranging from O to 0.6% with a step of 0.2%. The relative resonance frequency
change is used to calculate its shift,

_ Afres
norm fres (O)

(8.17)

where Af,cs = fres(€1) - fres(0), and fr.s(€;) and f,..s(0) are the resonance frequencies
at strained and initial state, respectively.

As illustrated in Figure 8.14 (a), a decrease of the resonance frequency to lower fre-
quencies occurs if the load is applied along the antenna’s physical length, and vice versa
if the load is applied along the antenna’s width (Figure 8.14 (b)). The strain sensitivity in
both directions can be calculated as,

Afies 1
S;= X — (8.18)

: fres(o) €]

_ Afres 1

0T 0 e (8.19)

where S;, S,, are the strain sensitivities along the length and width, respectively.

It is clearly seen from Figure 8.15 the linear relationship between the strain and the shift
in the resonance frequency of the antenna, also the shift is more sensitive to strain along
the length direction (-81.4kHz/u€) than these along the width direction (26.2kHz/ u€).
Independent on the used substrate material, the strain sensitivity remains always low,
therefore another concept such as using nanocomposite as sensing layer, must be inte-
grated in order to use the patch antenna for strain sensor. Table 8.3 shows a comparison
results of MPA having different substrate materials used as wireless strain sensor.

Table 8.3: Comparison between different substrate as strain sensor based MPA

Strain Sensitivity (kHz/ue) Rogers 5870 Isola 680 FR4
along the length -92.9 -86.8 -90.2
along the width 27.0 27.1 26.2
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Figure 8.14: Simulation results of the shift in the antenna resonance frequency under applied load

along the antenna’s (a) length and (b) width

2. Nanocomposite Patch Antenna for Strain Sensing

In this section, the feasibility of using the patch antenna for wireless strain sensing is
investigated. The copper patch antenna is used for comparison reason and the results are
compared to the patch antenna based on nanocomposite. The copper MPA is fixed on
cantilever beam and different load is applied at the end of the beam as it is depicted in
the measurement setup in Figure 4.12. Figure 8.16 depicts that there is no change in the
antenna characteristics when the cantilever beam is deflected under load, which is not
in agreement with simulation results in section 8.5.1. This is referred to the stiffness of
the copper patch layer as well as the small applied load. The maximum applied load is
480¢g which creates a strain of 0.36% in the beam. In order to improve the sensitivity, the
copper is replaced by GO:MWCNT/PEDOT:PSS layer using the hybrid pattern explained
in section 8.5.1. The MPA based rGO:MWCNT/PEDOT:PSS shows an improved sensitivity
to strain as it is shown in Figure 8.17. As the load is applied along the MPA length, the
shift in the resonance frequency is towards lower frequencies which is in total agreement
with the simulation results.
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Figure 8.16: Strain sensitivity along the antenna’s length

The relationship between the strain and change in the resonance frequency (Figure 8.18)
is nonlinear. By linearization, the strain sensitivity is extracted to be about -4MHz/ e

(the minus sign is because the resonance frequency decreases with increasing the load).

The obtained strain sensitivity in this work is 784 times higher than the patch antenna
working at same resonance frequency proposed by Ahbe et al. [7] (3rd generation) and
93 times higher than the wireless strain antenna proposed by Song et al. [7] made of
silver nanoparticles (4th generation). The results are compared in Table 8.4.

A hysteresis of 15.76% is measured in the first cycle, this tends to decrease to 11.39% in
the 10™ cycle. In Figure 8.19, the cycling test shows also a very stable response of the
MPA rGO:MWCNT/PEDOT:PSS with a decrease in the non loading resonance frequency
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Figure 8.17: Strain sensitivity of MPA with rtGO:MWCNT/PEDOT:PSS as patch layer

of about 110KHz after the 4™ cycle with represents a change of 0.1% from the initital
resonance frequency (f,..,=5.68GHz).
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Figure 8.18: Fitting of rGO:MWCNT/PEDOT:PSS MPA wireless strain sensor

8.5.3 Nanocomposite Patch Antenna for Temperature
Sensing

To use the MPA for temperature sensing, the copper patch material is replaced by rGO:MWCNT
with 0.05wt.% MWCNT. Here, the measurement principle is based on the change/deformation
of four parameters:
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Figure 8.19: Cycling test response of rGO:MWCNT/PEDOT:PSS MPA wireless strain sensor

Table 8.4: Summary of MPA used for strain sensing

Ref. Substrate Thinckness (um) Frequency (GHz) Strain Range (ue)  Sensitivity (kHz/u€)
Tata et al. [22] 50 20 0-550x103 22.8

Tata et al. [23]* 50 15.8 and 20.5 0-550x103 15.5 and 9.2

Daliri et al.[28] 1500 1.5 25 10

Yi et al. [31] 790 0.921 0-500 -0.790

Ahbe et al.[6] 1500 2.9 and 5.8 0-2500 -2.2 and -3.1

Thai et al.[33] 100 3 0-7x10° 1.26

Wang et al. [36] 50 2.5 to 20.5 0-363 20.5 and 46.8

Song et al. [7]** 1500 3and 6 0-150x 102 53.7

This work 500 5.8 0-3600x10° 4000

* This is a circular shape instread of rectangular shape used in all other patches.
* Patch made with AgNw instead of copper used in all other patches.

1. Antenna physical dimensions.

2. Dielectric constant of the substrate.
3. Conductivity of the patch material.

4. Dielectric loss of the patch material.

Here, instead of using ISOLA 680, the glass-reinforced epoxy laminate (FR-4) flexible
substrate having thickness of 500um and dielectric constant of 4.3 is used. The ISOLA 680
has a very stable dielectric constant up to 260°C and therefore the change to temperature is
negligible. The fabricated antenna for wireless temperature sensing is depicted in Figure
8.20, and for comparison reasons the copper MPA is used as reference. The copper MPA has
a resonance frequency at 6.04GHz at a temperature of 20°C. For any change in temperature,
a change in the dielectric loss of the substrate and the antenna’s dimension i.e. L, W and t
occurs. However, and as the thickness of the patch is very small about few micrometers and
the change of temperature is also relatively small, the change in the thickness is negligible.
Also, the MPA resonance frequency is as function of antenna length, as its dominant mode is
the 7'My, transmission mode and therefore, the change is the width due to temperature is
also neglected. Thus, the change in the dielectric constant of the substrate and the patch’s
length can be calculated as follow:
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Figure 8.20: MPA based temperature sensor (a) Copper MPA and (b) rGO:MWCNT nanocomposite
MPA

Aar=Bae 1 (8.20)
67‘6 are

ar=2L 1 (8.21)
L Qaj,

where «,.. and oy, are the thermal coefficient of the substrate dielectric loss and the patch’s
length, respectively.

The normalized frequency (f,.-m) as a change in temperature can be calculated by substi-
tuting equation 8.20 and equation 8.21 in equation 8.17,
Afref 1

=(—5 X e — 1) X AT (8.22)

fuorm TrefTa0)
Previously, Maurya et al. in [38] and Chen et al. in [39] showed that, the effect of
temperature from 10°C to 160°C on the dielectric constant of the FR4 substrate is very
small and therefore it is negligible. However, this is not the case for the substrate used here.
Therefore, a copper MPA is examined under temperature from 20°C to 80°C, and Figure
8.21 shows change in its resonance frequency as function of temperature.
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Figure 8.21: Shift in the resonance frequency under temperature of copper based MPA
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Figure 8.22: Linear fitting of copper MPA based temperature sensor

As it is shown in Figure 8.21, the increase in the temperature leads to a decrease in
the resonance frequency, as it is anticipated from Eq. 8.22. Figure 8.22 determines the
temperature sensitivity (Syemp%) which can be calculated as follow,

Afres L 00 (8.23)

Stem %=
: fTef(Tzo) AT

where A f,. is the change in the resonance frequency, frcy,, , is the resonance frequency
at 20°C and AT is the change in the temperature.

By replacing the copper patch by rGO:MWCNT nanocomposite, the same trend change
is noticed (Figure 8.23) but with higher sensitivity (Figure 8.24). From Figure 8.22 and
Figure 8.24, the temperature sensitivity is calculated to be 0.78 MHz/°C and 46.1MHz/°C
for copper and rGO:MWCNT, respectively. This indicates the high potential of using this
nanocomposite for wireless temperature sensing. This temperature sensitivity is 59 times
higher than the copper temperature MPA. Table 8.5 shows a comparison between the results
of using rtGO:MWCNT nanocomposites as patch layer and metal patch. The hysteresis of
the rGO:MWCNT was higher than its copper counterparts with about 2.36%, as shown in
Table 8.6. To determine the stability of the fabricated sensor, longterm measurements were
carried out for rGO:MWCNT MPA for duration of one week at two different temperatures
i.e. 20°C and 80°C. Relatively low change is noticed with about 0.1% at 80°C and 3.05% at
20°C as shown in Figure 8.26.
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Figure 8.24: Linear fitting of rGO:MWCNT MPA based temperature sensor
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Figure 8.25: Temperature hysteresis of the (a) Copper MPA and (b) rGO:MWCNT MPA

Table 8.5: Comparison of different MPA used for temperature sensing

Ref. Temperature range (°C) Substrate  Patch material Freqeuncy at T, Sensitivity (MHz/°C)
Maurya et al. [38] 27-117 FR4 Copper 2.94 -8.51x1073
Maurya et al. [38] 27 -117 Quartz Copper 3.13 -9.41x1073
Maurya et al. [38] 27 -117 Polyamide Copper 3.25 -9.37x1073
Maurya et al. [38] 27-117 Teflon Copper 4.08 -16.35x1073
Cheng et al. [39] 50- 1050 Alumina Platinium 5.07 -0.58
Sanders et al. [40] 40- 110 PTFE Copper 5-6 -0.764
Sanders et al. [40] 40- 110 PTFE Aluminium 5-6 -0.665
Sanders et al. [40] 40- 110 PTFE Steel 5-6 -0.593

Yoo et al. [41] 20- 280 RO3210 2.45 -0.47

Tan et al. [42] 25- 400 LTCC 2.29 -0.24

This work 20- 80 FR4 rGO:MWCNT 6.2 -46.1

Table 8.6: Comparison between copper and rGO:MWCNT temperature MPA sensor

Copper based MPA rGO:MWCNT based MPA

Hysteresis (%) 0.15 2.36
Sensitivity (MHz/°C) -0.78 -46.1
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Conclusion and Future Work

n this thesis, the synthesis, characterization of nanocomposites based on CNTs and
I GO and PEDOT:PSS is successfully investigated and their application as sensing layer
for passive strain and temperature wireless sensors is proved. A solution processing
approach is proposed to prepare a nanocomposite with high conductivity and appropriate
temperature and strain characteristics. The high film conductivity is required to be suitable

as sensing layer on microstrip patch antenna for passive wireless sensing.

9.1 Conclusion

In this work, the percolation threshold of the MWCNT:SDBS/PEDOT:PSS nanocomposite is
reached at very low CNTs content about 0.025wt.% MWCNT through non-covalently func-
tionalization of the CNTs with an anionic surfactant (SDBS). In its aqueous state, it is found
that the interfacial tension between the MWCNT:SDBS and PEDOT:PSS is lowered compared
to the pure PEDOT:PSS due to the use of SDBS surfactant. The morphological structure of the
MWCNT:SDBS/PEDOT:PSS nanocomposite forms a highly dense and excellent homogeneous
films when MWCNT is dissolved in it. The optical investigations reveal the tunability of the
optical bandgap of the nanocomposite using CNTs. The presence of sharp absorption peaks in
the NIR region, is an indication of an occurrence of new local states in the Fermi level. Due to
the good wrapping between the MWCNTs and the PEDOT:PSS, the prepared nanocomposites
showed a good conduction although low CNT contents are used. This is referred to the
strong 7-7 interaction interfacial coupling between the MWCNT and the thiophene rings of
PEDOT, which let the charge carrier mobility to be more delocalized in the PEDOT chain.
For pure PEDOT:PSS specimen, a decrease in the films resistance is observed when a tension
force is applied due to the reduce in the distance between the PEDOT segments in PSS
chains, adding MWCNT, the strain sensitivity is altered. For high MWCNT content, the
behavior changed to be positive piezoresistive instead of negative in the pristine PEDOT:PSS
and at low CNT content. This is referred to domination of the transport through the CNT
instead of the PEDOT segments. Under temperature influence, MWCNT:SDBS/PEDOT:PSS
nanocomposite shows a semiconducting behavior where increasing the temperature tends to
reduce the resistance. The PEDOT:PSS is a highly hygroscopic material, therefore it showed
an excellent sensitivity to humidity and it can be used for humidity sensing. However,
films with high CNT content show less sensitivity to temperature and humidity effects and
high electrical conductivity, thus it can be used in application such bulk hetero-junction in
an organic thin-film solar cells. Instead of dispersing the CNT using a surfactant, the GO
colloids are used as dispersant medium, and different MWCNT content are dispersed in
GO aqueous solution. No big influence of the MWCNT content on the interfacial tension of
the nanocomposite is remarked, but the GO:MWCNT hybrid nanocomposite shows a good
wetting properties as the contact angle is always less than <90. The optical bandgap is tuned
using different MWCNT content due to the partial recovery of the m-conjugation system.
The surface morphological in terms of SEM revealed that the MWCNTs are good coated by
the GO sheets, therefore high homogeneity are observed and a dense 3D network is formed.
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Due to the insolation properties of the GO, a chemical reduction is involved. Raman and
XPS measurement are used to quantitively determine the effect of the chemical reduction
of the GO and GO:MWCNTs. Adding MWCNTs to rGO improve the electrical conduction,
the improvement in the transport mechanism of the rGO:MWCNT films originates from the
strong m — m-interfacial coupling between benzene rings of the MWCNT and the rGO, that
promotes more mobile charge carrier delocalization between their electronic densities. Both
GO and MWCNT have individually good piezoresistive properties, making hybrids based on
GO and MWCNTs also a hybrid nanocomposite with a good piezoresistive characteristics,
especially at 0.01wt.% MWCNTs, the mechanism controlling this behavior is due to the
change of the tunneling distance either between the GO sheets or between the MWCNT.
In addition, the change in the number of contact points between the GO and MWCNT, an
increase in the resistance is noticed for an applied force and higher k-factor is obtained
than the films based on rGO:MWCNT. Under temperature effect, the hybrid nanocomposite
shows excellent sensitivity to temperature. Beside that, the rGO:MWCNT nanocomposite
with 0.05wt.% MWCNTs shows a high electrical conductivity about 10*S/m, which can
have a good potential to be used as wireless temperature sensor. Due to the presence of
the functional groups at the basal plane and the edges of the GO, the GO sheet shows an
adequate sensitivity to humidity, whereas, the films based rtGO:MWCNT shows less sensitivity
to humidity. The electrical transport occurs mainly due the altering of the hole concentration
within the GO sheet and the penetration of the water molecules between the GO sheet,
these two effects are reduced in the presence of the MWCNT. The reduced rGO:MWCNT
with 0.05wt.% MWCNT shows a high conductivity, low strain sensitivity as well as good
temperature sensitivity. To further improve its electrical properties, mixing it with different
volume of high conductive PEDOT:PSS polymer is introduced. The GO:MWCNT/PEDOT:PSS
shows a good wettability properties with a contact angle less than 64°. For non-reduced
films, a negative and low piezoresistivity is remarked, referred mainly to the PEDOT:PSS
which dominates the conduction mechanism. After treating the films with strong acid, the
electrical properties improved in the range of 10°S/m which makes them very suitable for
wireless sensing. Beside that, the piezoresistivity is dramatically improved and reached
k-factor of about 97. On the other side, the effect of temperature is reduced, which makes
the rtGO:MWCNT/PEDOT:PSS nanocomposites having a great potential for strain sensing.
In this work, we show that the nanocomposite as patch layer of microstrip antenna intro-
duces a new generation of wireless sensors, with high sensitivity and low cost as well as
easy to implement. By choosing the appropriate nanocomposite for a specific application
broad range of wireless sensors can be fabricated. Two wireless sensors are proposed and
discussed. Strain wireless sensor based on GO:MWCNT/PEDOT:PSS that gives a sensitivity
up to -4MHz/ue which up to date the highest strain sensitivity recorded for any wireless
sensors, previously the strain sensitivity was in the range of few kHz/ue only. For the
temperature wireless sensing, using GO:MWCNT as patch layer gave also a high temperature
sensitivity (-46.1MHz/°C) which is almost 60 times higher than its metallic counterpart.
Beside the high sensitivity of the patch antenna based nanocomposites, a low hysteresis is
observed with less than 3% and adequate repeatability. The results show a highly potential
of microstrip patch antenna based on nanocomposites as high robust, low cost and high
sensitive passive wireless strain and temperature sensors.



9.2 Future Work

The results obtained in this thesis are already good achievement, but further investigation
and development are of great benefits to be explored.

* Use of the dielectric relaxation spectroscopy to characterize the dielectric properties of
the nanocomposites, to understand their behavior in different frequencies.

* Use of other characterization techniques such as Fourier transform infrared spectroscopy
(FTIR) to analyze the bonding between the polymer matrix and carbon nanoparticles.

* The adhesion forces between the nanocomposites and the substrate can be investigated
using AFM and scratch test, to improve the strain transfer between the substrate and
the nanocomposite.

* Investigate the temperature dependency of the nanocomposites on broader temperature
range, so the conduction mechanism can be better understood. Also, it is very helpful
to investigate the a-transition in polymers and their nanocomposites, which is related
to the Brownian motion of the main chains, such as glass transition, melting point,
crystallization and curing using Differential Scanning Calorimetry (DSC). Also for the
strain sensing, it is for interests to investigated more mechanical characteristics such as
using Nanoindentation and three-point bending test.

* Optimization of the fabrication parameters of the nanocomposites and the deposition
technique to obtain high yield of the nanocomposites wireless sensor. This included
also the investigation of the rheological properties of the nanocomposites.

* Use of advanced deposition techniques such as inkjet, screen printing to deposit the
nanocomposites on the substrate with high precision. As well as, to improve the
scalability and reproducibility of the wireless sensor characteristics as well as reducing
the production costs.

* Investigation of a suitable coating materials for the strain wireless antennas to prevent
the effect of the environmental effects such as gases (water molecules) and temperature.

* Coupling the wireless sensor with an IC-chip, so antenna characteristic such as Q-factor,
and the interrogation distance between the antenna and the reader can be further
investigated.

* To measure the strain and temperature over broad area, and MPA array can be fabri-
cated. Also, a strain in multidirection can be measured by fabricating a nanocomposite
MPA with double resonance frequency.

* Use of different substrates, for instance for strain sensors, use of the low loss and high
dielectric constant thin substrate and very flexible substrate such as PDMS substrate to
fabricate a stretchable strain sensor. For temperature sensors, substrate with bi-linear
temperature dependency can improve the temperature sensitivity significantly.

* Investigation of multi-resonance frequency antenna for multi-directional strain mea-
surement and use of ceramic substrate for high temperature application.

* To avoid the hazardous effect of the chemical treatment, UV-light and thermal treatment,
or combination between them can be used for reduction of the graphene oxide and
carbon nanotubes hybrid nanocomposite and the tertiary nanocomposites.

* High sensitive wireless sensor based on patch antenna made of nanocomposite can be
implemented in structural health monitoring, aerospace and automotive application.
Also flexible substrates can be used for flexible electronics application. The high
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electrical conductivity obtained from the tertiary nanocomposites indicates the attractive
applications as electrical connectors in flexible electronics and organic solar cells.
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