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ABSTRACT

In this work, we report novel flexible polyvinylidene fluoride (PVDF) hybrid
pressure sensors with good mechanical properties. Hybrid combinations of reduced
graphene oxide (rGO) with different nano metal oxides -titanium nanolayer (TNL), iron
oxide (FeO), and zinc oxide (ZnO)- in PVDF matrix were prepared by solution casting
method. In addition to the pressure sensing and vapor sensing properties, the thermal,
mechanical, electrical, and dielectric characteristics of the materials are studied.

PVDF/rGO (2.5 wt.%)-TNL (2.5 wt.%) hybrid composite showed 2 and 3.6 times
enhancement, respectively in tensile strength and Young’s modulus compared to the neat
PVDF. The dielectric constant for PVDF/rGO-TNL at 100 Hz was 3.6 times higher than
neat PVDF. In pressure sensing, the additives in the matrix increased the sensitivity by
333.46% at 5 kPa and 200.7% at 10.7 kPa and 246.7% at 17.6 kPa compared to
PVDF/TNL (5 wt.%). The hybrid composite also exhibited good sensing ability towards
the vapors of acetone, tetrahydrofuran (THF), and dimethylformamide (DMF)
respectively 1.8, 2.5 and 2 times higher than PVDF/TNL.

PVDF/rGO (2.5 wt.%)-FeO (2.5 wt.%) hybrid composite showed 1.3 and 13.8
times enhancement in tensile strength and Young’s modulus respectively, compared to
neat PVDF. The dielectric constant at 100 Hz was 1.87 times higher than the pure
polymer. In pressure sensing, the sensitivity increased by 41% at 5 kPa, 24.8% at 10.7
kPa and 30.3% at 17.6 kPa compared to PVDF/FeO (5 wt.%). PVDF/rGO-FeO also
exhibited good vapor sensing towards acetone, THF, and DMF respectively 1.2, 1.24 and

1.4 times higher than the PVDF/FeO.
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For PVDF/rGO (2.5 wt.%)-ZnO (2.5 wt.%) hybrid composite, the enhancement in
tensile strength and Young’s modulus was 1.98 and 14 times respectively higher than the
PVDF. Its dielectric constant at 100 Hz was 1.6 times higher compared to PVDF. In
pressure sensing, the sensitivity increased by 167.6% at 5 kPa, 657% at 10.7 kPa and
1066.6% at 17.6 kPa compared to PVDF/ZnO (5 wt.%). PVDF/rGO-ZnO also exhibited
good vapor sensing towards acetone, THF, and DMF respectively 1.76, 2.6 and 1.89
times higher than PVDF/ZnO.

It was found that PVDF/rGO-FeO possesses the best performance to detect
Acetone asn PVDF/rGO-ZnO to detect THF. PVDF/rGO-ZnO and PVDF/rGO-FeO
showed the same performance to detect DMF, thus suggesting the future fabrication of
electronic nose or e-nose to distinguish polar and non-polar solvents with these polymer

nanocomposites.
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CHAPTER 1 - INTRODUCTION

Polymer nanocomposites (PNC) have drawn increased attention due to their unique
properties such as electrical conductivity, chemical resistance, mechanical strength, thermal
stability, and solvent resistance [1]. These properties make this class of materials a favorable
choice for various applications such as electronics, industrial [1], biomedical [2], and food
packaging [3]. In order to improve the properties of polymers, nanomaterials are incorporated
within the polymer matrix so that new physical properties with novel behavior different from
that of the original material is obtained. Based on the dimensions of the nanomaterials (nano
scale =10 * m), they can be of three types: nanotubes, nanoparticles and nanolayers [4], [5].
Examples of these nanomaterials include metal oxides (e.g. Fe,O3;, AL,Os, FeO, ZnO, etc.),
carbon black, quantum dots (eg. CdS, PbS) (as nanoparticles), carbon nanotubes, halloysite
nanotubes (as nanotubes), layered silicates (e. g. Montmorillonite), graphite and graphene (as

nanolayers), etc.

Out of the various classes of polymers, polyvinylidene fluoride (PVDF) stands as one
of the best polymers for electronics [6], [7]. It is a semi crystalline thermoplastic polymer
which possesses excellent physical, piezoelectric, pyroelectric, ferroelectric and dielectric
properties. Several fabrication routes were developed based on this particular polymer for
devices such as piezoelectric sensors, capacitors, and pyroelectric detectors [8], [9]. The most
common crystalline structures observed in PVDF are a-phase (non-polar) and B-phase
(polar). The presence of B phase is responsible to make the PVDF a good piezoelectric and
ferroelectric polymer that can convert the mechanical energy into electrical energy. The
reason behind this effect, is that the hydrogen and fluorine atoms produce a dipole moment

while compressing the polymer backbone [10]. However,  phase cannot form naturally in



PVDF and moreover the dielectric constant of PVDF is 12 and needs to be improved for
selected applications. Large number of PVDF composites were developed due to their
electrical, dielectric and thermal properties. This is usually done by reinforcing the insulating
PVDF with conducting nanoparticles.

In this thesis we report the significance of few nanofillers and their hybrid
combinations in developing PVDF nanocomposite sensors. The reduced graphene oxide
(rGO of 1.5 nm thickness) and metal oxide nanoparticles (titanium nanolayers (TNL of 20-30
nm thickness)), zinc oxide (ZnO of 100 nm diameter) and iron oxide (FeO of 30 nm
diameter) were used as nanofillers. The composites were fabricated by simple solution
casting.

The fabrication of free standing graphene based hybrid composites with functional
features and high flexibility is still a challenge [11]. Graphene is important due to its
excellent electrical conductivity, specific surface area, mobility of charge carriers, and high
mechanical properties. Graphene is added to PVDF matrix as a filler to enhance thermal,
electrical, and mechanical properties [12]. TNL (TiO; in the form of nanolayer), is of low
cost, low toxicity, and have good antibacterial property and structural stability [13], [14]
which make it attractive in designing electronic devices [15], [16]. In recent reports, a variety
of metal oxides can act as reliable sensing materials even at room temperature with high

sensitivity and faster response [17], [18], [19].

In order to get sensing property, it is important to synthesize a conducting polymer
nanocomposite (CPC) which can exhibit good electrical resistance variation [20], [21]. For
this, the conducting filler concentration should be at or above percolation level. The
percolation threshold is the minimum concentration of the filler that causes fast change in the
electrical properties of the composite. A concentration of 2.5 wt.% was selected as the

individual concentration of the metal nanoparticles as well as rGO [22], [23]. We expected



that this concentration of nanomaterials is enough to get good resistance response, and higher
dielectric properties for the hybrid composites better than individual filler concentration of 5
wt.% that can show higher aggregation and less dielectric properties. This is explained by
Justin and Chen et al. [24] by adding different weight of graphene oxide (GO) content to
chitosan (CS) matrix and they observed that mechanical properties of the composite
decreased at 5 wt.% due to aggregation of particles.

We have successfully produced rGO through improved graphene oxide synthesis and
the hybrid graphene-metal oxide combinations are made by simple solvent mixing
(ultrasonication). Solution mixing was adopted for the fabrication of PVDF nanocomposites.
The produced material exhibited good compatibility between metal oxides and rGO which
enhanced the mechanical strength, dielectric properties, and sensing responses by decreasing
the aggregation of individual nanoparticles within the PVDF matrix. Thus we report various
promising hybrid graphene-metal nanocomposite combinations that have not been reported
before. The new tailored nanocomposites exhibited variation in relative resistance upon
applied pressure. Moreover, they were found to be capable of detecting the presence of
solvent vapors, and enable distinguishing the non-polar solvents from polar ones; thereby
making them viable candidates for application in pressure and electronic nose (e-nose)

SENSors.



CHAPTER 2 - LITERATURE REVIEW

2.1. Polymers and Polymer Nanocomposites

Polymers are macromolecules that contain repeating subunits known as monomers.
Polymers can be natural such as protein and DNA or synthetic such as PVDF and
polystyrene. Polymers are the choice among materials due to their useful properties such as
corrosion resistivity, good mechanical properties, light weight, low cost, and possibility of
production with many colors and easy fabrication [25], [26]. Pure polymers have relatively
poor thermal, electrical and mechanical properties. To further enhance their properties and
expand their applications, various nano fillers are added to polymers to obtain superior
polymer nanocomposites (PNCs). These fillers can be particles, fibers, platelets or whiskers
of various dimensions. Usually the size of the nano fillers vary from 1 to 100 nm [27]. The
combination of the polymer matrix, filler and how they mutually interact determine the
properties of the resulting nanocomposites [28]. By using this concept, the thermal
conductivity [29], mechanical strength [30], electrical conductivity, impact strength [31], and
flame retardancy [32] properties of polymers can be improved while maintaining their
ductility and light weight. PNCs are widely used in different applications including
construction, pipelines, aerospace, biology, offshore, and electronics [33], [34].

Various PNCs have been synthesized and studied to analyze the effects of filler addition.
For example, carbon black/ nylon-12 nanocomposite was prepared for electronics; the
electrical conductivity of the composite was five times higher than that of pure nylon [35].
Graphene oxide/Poly(vinyl alcohol) nanocomposites showed an enhancement in ductility and
improvement in tensile strength compared to pure Poly(vinyl alcohol) [36]. Another
example, the nanocomposite of Polythiophene and nickel (Ni) nanoparticles which was
prepared using electrochemical oxidative polymerization showed good electrical conductivity

response and the electrical conductivity increased as the amount of Ni nanoparticles



increased [37]. Table 2.1 shows examples of recent publications of PNCs and their
applications.

Recently the researchers are focusing on manufacturing electronic gadgets based on
polymeric materials to meet customer demands [38], [39]. Conducting Polymer
nanocomposites (CPC) were used for sensing applications mainly as signal transducers.
CPCs have been widely used to build various sensing devices due to their unique physical
properties, high surface area, and small dimensions [40], [41]. Piezoelectric polymer matrix
such as PVDF and its copolymers are mostly used for energy harvesting, touch sensing, and

artificial skin applications [42].



Table 2. 1. Examples of recent publications of PNCs and their applications.

Matrix/Reinforcement

Polyamide 6/clay

Dopamine/Ag

Polystyrene/MMT

PDMS/titania

Unsaturated

Polyester/Organoclay

Preparation method

Solution blending

Simple immersion

and coating

In-situ

polymerization

Sol-gel PNCs

Melt intercalation

method

Improved

Properties

Higher meting
(40%) and
crystallinity index
(75%) than PA 6.
Good
microorganism
inhibition and

antifouling potency

Superior
anticorrosion and
good thermal
stability
Higher interfacial

fraction

Enhanced tensile
modulus, tensile
strength, elongation
at break flexural
strength by order of

2.4,2.6,2.4 and 2.

Application

Selective laser
sintering (SLS) 3D

printing.

Antimicrobial

platform

Corrosion resistance
coating material for

aluminum

Design of materials

and devices

Industrial

Applications

Ref.

[43]

[44]

[45]

[46]

[47]




2.2. Polyvinylidene Fluoride (PVDF)
2.2.1. PVDF Background

PVDF is a fluoropolymer and is semi-crystalline in nature (50% crystallinity). It is
also known as poly(1,1-difluoroethylene). It is a thermoplastic, tough and hard material. It is
prepared by polymerization process initiated by free radicals. The starting material is
vinylidene fluoride monomer (VDF). Currently the price of PVDF is around 6.5$ per pound
[48]. The description of general properties of PVDF is shown in Table 2.2 [48].

In 1960’s, PVDF was successfully commercialized due to its excellent properties: long
stability, chemical resistance, and high temperature that can be used in various applications
such as plenum wire and architectural coatings. In 1969, Kawai discovered the piezoelectric
properties in poled and stretched films of PVDF [49]. Then, Bergman et al. followed this

discovery by finding the pyroelectricity and non-linear optical behavior [50].

Table 2. 2. Description of PVDF properties.

Property Note

Thermal Has lower melting point among fluropolymers M,= 150 °C
Mechanical Has toughness along with resistance to creep, and fatigue.
Optical It does not absorb visible light

Environmental Has excellent resistance to harsh environments

It is widely used in industries such as manufacturing wires, pipelines, tanks, and
valves, because of its inert nature to chemical reactions and high mechanical strength.
Furthermore, it has high dielectric constant and dielectric loss in the range for electrical

applications [48]. It is used as a base resin for coating on steel, aluminum, plastics and wood.



In addition, the piezoelectric properties of PVDF has opened a lot of new applications with
high significance [51]-[55].

The piezoelectricity of PVDF is related to its B phase, a type of chain conformation in
PVDF. The presence of this phase can impart a strong piezoelectricity and it can be improved
by different methods such as blending with nanofillers, stretching, polarizing in high electric
field, etc. [56], [57]. The use of certain fillers can increase the piezoelectricity of a polymer.
Jaitanong et al. [58] prepared a piezoelectric nanocomposite material of cement/PVDF/lead
zirconate titanate (PZT) for actuator application. It was shown that the addition of PVDF at
5% volume enhances piezoelectric properties by increasing piezoelectric voltage coefficient
(g33) and piezoelectric charge coefficient (ds3) to 25.7x10° Vm/N and 24 Pc/N respectively.

Pi et al. [59] synthesized a flexible piezoelectric nanogenerator thin film of
(polyvinylidene fluoride -co-tri fluoroethylene) by spin coating. The flexible film was able to
convert the mechanical force to electrical energy. The electrical output was obtained by
applying a mechanical load and it was demonstrated to fabricate a high performance
generator. The fabricated nanogenerator exhibited a short circuit current of 58 nA and open
circuit voltage up to 7 V with the current density of 0.56 pA/cm?.

Duan et al. [60] designed and fabricated a sound absorber based on flexible
piezoelectric PVDF film that used in noise control field. It was found that PVDF-micro
perforated panel (MPP) has a good absorption performance at low frequencies compared with
rigid MPP absorber. Another study, by Huang et al. [61] prepared a novel PVDF/
Perfluorooctyltriethoxysilane (PFOES)-rGO piezoelectric film by solution mixing to be used
as a modifying agent. It showed that the PVDF/PFOES-rGO composite has better properties
compared to neat PVDF. The piezoelectric and dielectric constants of the composite were
improved by 80.9% and 379% compared to neat PVDF. Furthermore, a highly piezoelectric

porous PVDF membrane was prepared for self-charging power cell (SCPC) by Kim et al.



[62]. This membrane was fabricated using a B form PVDF with addition of ZnO particles.
The results confirmed that the charge/discharge performance of the SCPC was improved
compared to less porous or highly stretched PVDF membrane.

2.2.2. Structure of PVDF

PVDEF is a translucent solid polymer with linear hydrocarbon consisting of repeating units of
CH,-CF; as shown in figure 2.1 (molecular weight > 10,000). All crystal phases have same
crystalline structure- non-centrosymmetric and base centered orthorhombic [63]. Its polarity
is associated with negative charge of fluorine and positive charge of hydrogen atoms that
form a dipole along the polymer chain [63]. The vander Waals radius of fluorine is (1.35 A)
higher than that of hydrogen (1.2 A), which can form highly polar bond with carbon (dipole
moment (1) = 6.4 x 107" C.m) [64]. The most common configuration for polymer chain is
head to tail, but when a defect occurs, the configuration changes to tail to tail or head to head.
The presence of these defects reduces the internal stress of polymer matrix [65]. These

defects also can reduce the average dipole moment to 6-10% [64].
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Figure 2. 1. Chemical structure of PVDF



2.2.3. Phase /Conformations of PVDF

The packaging and conformation of molecules control the orientation of dipoles and
the dipoles are related to carbon chain orientation. Thus the conformation is related to the
geometric arrangement of the chains. The conformation with a minimum potential energy
during crystallization is the most desirable structure for the polymer. The organization of the
bonds occurs when substituents at + 60 gives G + (gauche) and when substituents at + 180
gives T + (trans). The different phases of PVDF structure are alpha (TGTG'), beta (TTTT)
and gamma (TTTGTTTG') conformations [66]. Alpha and beta are the most common phases
that occur in PVDF. The most stable phase is alpha phase that has trans-gauche conformation
(TGTG'), because within PVDF film the anti-parallel arrangement of chains leads the
cancellation of the dipole moment [64], [67]. So this phase is not a piezoelectric phase
because the alignment of the dipoles are opposite to each other in the unit cell. Beta (TTTT)
conformation is the most polar one responsible for the high piezoelectric property. This is
because the dipoles are oriented in the same direction and perpendicular to the molecular
chain as shown in Figure 2.2 [68]. Gamma phase (TTTGTTTG') conformation has
piezoelectric properties and formed from solution crystallization and can be changed to beta
phase by mechanical distortion. The beta phase is desired because it enhances the
piezoelectric and ferroelectric properties which makes the material better for sensing

applications as well.
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Figure 2. 2. Schematic representation of the PVDF phases: a, B and y phase

There are many techniques to increase the  phase in PVDF, one of them is the
addition of nanofillers. This can lead to increase in the piezoelectric property. In previous
works, GO was prepared as a filler for PVDF, and it was found that the addition of 0.1 wt.%
to PVDF matrix results in purely  formation [69]. In another study, multiwalled carbon
nanotubes (MWCNTs) were added to PVDF. It was found that the  phase content was
increased which lead to the improvement in the piezoelectric property [70]. The reason
behind that is the attachment of the filler to a group from PVDF (such as epoxy, hydroxyl and
carbonyl), the 3 phase formed. An example is if the nanofiller possesses a carbonyl group, the
hydrogen atom in PVDF can react with this carbonyl group. This can result in a chemical
bond that causes the molecular chain of PVDF to align along the nanofiller surface and
restrict fluorine atoms distributed outward. The whole process results in the transformation

from o phase to 3 phase [67].



2.3. PVDF nanocomposites

2.3.1. Preparation/ Synthesis

The different preparation techniques of PVDF nanocomposites depend on the type of
nanofillers and the required properties of nanocomposite. It can be prepared by using in-situ
polymerization, solution blending, or melt intercalation method. The blending can be done in
solution with an appropriate solvent or by melting above melting temperature. In order to
make homogenous PNC, a good compatibility between the ingredients is mandatory. The
compatibility can be improved by choosing a suitable blending condition such as chemical

treatment of the polymer or the filler, mixing speed or by adjusting the temperature [71].

In in-situ polymerization method, the polymer formation occurs when nanofillers are
swollen within the liquid monomer solution. This process can be initiated by the initiator,
incorporation of curing agent or by increasing the temperature. The solution blending method
depends on the solvent system in which polymer is soluble and nanofillers are swellable.
When the polymer and nanofiller are mixed together, intercalation of polymer chain occurs
which displaces the solvent within the interlayers of the nanofiller. Then the solvent is
removed to produce the nanocomposite with the remaining intercalated structure. In melt
intercalation method, the modified nanofiller and polymer mixture are blended under shear

[71].

Solution blending is the mostly preferred and commonly used method. This type of
manufacturing is prevalent because it is simple and doesn’t need conventional injection or
extrusion. The important notable advantage of this manufacturing technique is that its cost is
less than conventional technologies. Researchers faced some difficulties in nanocomposites
preparation mainly during dispersion. Dispersion can be done by several physical methods

such as ball milling, ultrasonication, high speed shearing, and grinding. The dispersion of the



filler within the polymer matrix can be achieved by: complete removal of water and air
bubbles, and by using mechanical and chemical forces to make de-agglomeration. The
optimal performance of polymer composite can be achieved when the nanofillers are

uniformly dispersed.

2.3.2. Nanofillers

Different fillers can be added to PVDF matrix to tailor new nanocomposite materials.
Nanofillers have at least one nanometer scale dimension and can exist in tube, spherical, and
platelets shapes [72]. For instance, the carbon nanotubes (CNTs) addition even in small

weight percentage can enhance the mechanical strength of the polymer [73].

Layered silicates include natural and synthetic clays such as magadite, mica,
bentonite, etc. It is a two dimensional nanofiller with around 1 nm thickness. The addition of
clay improves mechanical properties such as strength, stiffness and barrier properties [74]—
[76]. The spherical particles include metal oxides (ZnO, TiO,, CaCOs, ZnFe,O4) which are

inorganic nanofillers [71].

In general, the purpose of dispersion of these fillers is to enhance the properties and
create new functionalities of composites such as surface modification, mechanical properties,
electrical conductivity, low cost, and high performance. Graphene oxide (GO), titanium
nanolayer (TNL), Zinc oxide (ZnO), and iron oxide (FeO) are examples of fillers that will be

explained.

GO fillers have stimulated much research interest as filler in PVDF composites due to
their excellent mechanical properties, high surface area, and oxygen-containing functional
groups such as carboxyl, carbonyl, epoxide and hydroxyl groups. Incorporation of GO in

polymer matrix improves the characteristics of material, especially the mechanical strength



[12]. Furthermore, it has superior electrical and thermal properties. GO and rGO have a
potential for modification of polymer matrices and widely used for sensor fabrication [77],
[78]. Graphene can serve as a nucleating agent for generating polar § phase in PVDF. This is
due to the specific interaction between 7 bonds in the graphene and higher electron dense
fluorine in PVDF. Moreover, the incorporation of graphene in PVDF increases the dielectric
constant of neat PVDF. Usually the graphene is difficult to disperse in polymer matrix and it
forms agglomeration, this is due to the strong vander Waals bonds between its individual
sheets [61].

Recently TiO, emerged as another attracting polymer additive that is used for
manufacturing electronic devices due to its low cost, abundance, environmentally benign
nature, and stability [13]. ZnO is another inorganic filler that can be used to improve the
properties of polymer system. In a previous study, ZnO was used as a filler in PVDF matrix
for capacitor applications of ZnO/PVDF composites. ZnO/PVDF composite has a higher
dielectric constant with 8.6 wt.% of filler addition [79]. Nano FeO also has an impact on the
matrix when it is added to it. FeO/polyester nanocomposite was prepared, the results
indicated that the addition of FeO filler changes the phase of the material from brittle to
ductile. FeO nanoparticle composites can be used for high-density information storage,
tissue- specific releasing of therapeutic agents, magnetic resonance imaging (MRI) and
biomechanical applications. The inorganic filler addition plays a role in improving curing

thermal stability characteristics [80].

2.4. Hybrid PVDF nanocomposites
Hybrid nanocomposites consist of two fillers in nanometer dimensions. Usually, one filler
is organic and the other one is inorganic in nature. The combination of different

reinforcements can produce new composite materials with novel properties by combining



excellent properties of these fillers [81]—[83]. Here in this project we fabricated novel hybrid
composites: PVDF/rGO-TNL, PVDF/rGO-ZnO, and PVDF/rGO-FeO. It consists of PVDF
polymer matrix to maintain flexibility, rGO to improve the strength and dielectric properties,
and the inorganic nanoparticles enhances the dispersion of rGO within polymer matrix as
well as the sensing ability.

we believe that the TiO, in the form of nanolayers will make a network together with
rGO layers and will disperse well within the matrix. In order to compare the combination of
various metal oxide with rGO, we have selected ZnO and FeO in the form of particles.
Transition metal oxides and rGO layers have free electrons, which facilitate charge

transportation and makes them good candidates for sensing applications.

2.5. Sensing Application

Sensing is a property that provides detection of any change in environment by a specific
response. Sensors can be found in nature such as biological sensors in living organisms and
artificial ones used in cars, automobiles, and biotechnology. Sensor technology is one of the
widely used technologies for many applications from oil and gas to medicine. It is used to
measure the pressure, temperature, quality, amount of energy, and monitor health care.
Sensing mechanism depends on the relative resistance change (resistive sensing) or relative
capacitance change (capacitive sensing). The resistive sensing is related to the change in
electrical resistance of the composites and is practiced in the current work. The variation in

the electrical resistance upon introducing the stimulus can be given by equation (2.1)[84]:

R - RO
Ag = ————x 100 (2.1)
0

where (Ay) is the relative resistance, (R) is the final resistance and (R,) the initial resistance.
The capacitive sensing can be detected by the change in capacitance due to the influence of

external stimulus. In this case the material need not to be conducting or to be a dielectric



material. High performance -electrochemical devices such as sensors require good
semiconductor properties, light weight, and enhanced energy storing capabilities. Various
types of sensors have been fabricated from polymer matrices such as pressure [84],
thermal/infrared [85], vapor [55], humidity [55], gas [86], [87], electrical [88], and
temperature/thermal sensor [89], [90]. The most important parameters in sensor technology

are response time, and sensitivity [91].

A piezoelectric material such as PVDF is important for developing pressure sensors
because it can transfer the mechanical loads into electrical signals. The crystalline phase of
PVDF [92] can be effectively utilized for pressure sensing applications due to the presence of
B phase responsible for piezoelectric property [68]. In recent studies, Buchberger et al.
prepared a PVDF sensor, which was highly flexible and used for light point localization with
low cost and light weight [93]. Another work by Spanu et al. [94] prepared a high sensitivity
tracile sensor based on piezoelectric PVDF. The sensor has the ability to detect pressure as
low as 300 Pa with good reliability. In another study, z- directional strength measured on
paper in hand sheet industries using PVDF microforce film sensor was fabricated to read the
measurments, up to 10 mN [95]. Kuna et al. fabricated a PVDF sensor to measure the stress
during mechanical fatigue [96]. The experiment was performed on a tensile specimen made
of Al alloy and a PVDF sensor was attached with 49 electrodes. When the mechanical
loading was applied, a strain and deformation to attached PVDF piezoelectric film was
observed, the charges are generated on the surface and measured using the electrodes. Shin et
al. prepared a hybrid composite from TiO, with GO in PVDF matrix. It was used as a
wireless pressure sensor for heart rate monitoring. The results demostrated that it can receive

the signal without time delay within a distance of 8 m [97].



CHAPTER 3 - EXPERIMENTAL WORK

3.1. Materials

PVDF with molecular weight (Mw) of 180,000 was purchased from Sigma Aldrich
(USA). The chemicals used for the preparation of GO and TNL: H,SO4, H3POy4, graphite,
KMnO4, H,0O,, NaOH, and HCI were also obtained from Sigma Aldrich. The solvents used
were acetone, Dimethylformamide, ethanol and ether purchased from BDH chemicals (USA).
The TiO; (anatase) nanopowder with a particle size of 15 nm was supplied by Nanostructured
& Amorphous Materials, Inc (USA). Iron oxide (II, IIT) magnetic nanopowder, FeO of 30 nm
diameter, and zinc oxide nano powder <100 nm particle size were purchased from Sigma

Aldrich (USA). All chemicals were utilized without any further purification.
3.2. Synthesis of nanofillers and polymer nanocomposites

3.2.1. Preparation of nanofillers

The nanofillers, rGO and Titanium Nanolayers were synthesized in the laboratory by

the following procedures:

3.2.1.1. Preparation of reduced Graphene Oxide

GO was prepared from the graphite precursor following the method of improved
graphene oxide synthesis [98]. In this process, we mixed H,SO4 and H3;PO, the following
ratio of 9: 1 with a graphite (3.0 g, 1 wt equiv.)/KMnOy (6 wt equiv.) mixture. After that we
stir the mixture for 12 h and heat it to 50 °C. 400 mL of ice was then added to reduce the
temperature. 30% H»O, (3 mL) was added after that. Filtration was arranged to remove
remaining graphite. The final solid material was washed with water, followed by 30%
hydrogen chloride, ethanol and ether. The prepared GO was thermally treated in oven at 50
°C for 5 h to get rGO. The dried rGO powder was analyzed for its sheet like morphology as

shown by the respective SEM and TEM images in Figure 3.1a and b. The thickness of rGO



was around 1.5 nm.

3.2.1.2. Preparation of Titanium Nanolayers (TNL)

TNL was synthesized from TiO; precursor by hydrothermal method [99]. About 1.2 g
of TiO; nanopowder was treated with 20 ml of NaOH solution in a Teflon beaker and stirred
vigorously for 15 min. The mixture was then transferred to a Teflon lined autoclave and
heated in a preheated oven at 130 °C for 10 h. The obtained precipitate was washed with
deionized water. The washed precipitate was dipped in 0.1M HCI for 30 min and washed
again with HCI and distilled water until the pH of the solution became neutral (pH = 7).
Finally, the synthesized powder was dried in the oven and morphology was tested. The sheet
like structure obtained for the nanomaterial is shown in the SEM and TEM images in Figure

3.1c and 1d respectively. The size of the TNL was around 2 nm.

Figure 3. 1. rGO images by a) SEM, b) TEM. TNL images by ¢) SEM, d) TEM



3.2.2. Preparation of PVDF and Nanocomposites

3.2.2.1. Preparation of PVDF solution
About 3 g of PVDF was dissolved in a 1:1 mixture of DMF and acetone (30 ml) to
obtain 10% by weight of PVDF solution. The mixture was magnetically stirred at 70 °C for 3

h (500 rpm) to obtain a clear solution.

3.2.2.2. Preparation of PVDF nanocomposites

PVDF was dissolved in a DMF/Acetone mixture to make the 10 wt.% solution. rGO,
TNL, ZnO and FeO fillers in different percentages were also mixed in the DMF/acetone
mixture separately by bath sonication for 2 h followed by magnetic stirring for 12 h at 500
rpm. This ensured maximum level of filler dispersion in the solvent mixture. After that the
filler dispersions at 5 wt. % concentrations were mixed with the PVDF solution and the
whole mixture was magnetically stirred 12 h at 500 rpm. The compositions for all PVDF
composites prepared are given in Table 3.1. After the required mixing, the solutions were
casted on glass plates and kept in the oven for 5 h at 70° C to make uniform composite
sheets. The films were made homogeneous by hot pressing at 170°C for 4 minutes as shown

in Figure 3.2.

Table 3. 1. PVDF composites with 5wt.% filler loading

Samples Concentration of Filler (wt. %)
PVDF -
PVDF/rGO 5
PVDF/TNL 5
PVDF/ZnO 5

PVDEF/FeO 5




3.2.2.3. Preparation of hybrid nanocomposites by solvent casting

The fillers were combined together in 2.5 wt. % so that the final filler composition in
the PVDF will become 5 wt.%. Composites were fabricated with the same procedure

explained in section 3.2.2.2. The hybrid combinations of the prepared composites are given in

Table 3.2.

Table 3. 2. Hybrid PVDF composites.

Samples

PVDF/rGO-FeO

PVDF/rGO-ZnO

PVDF/rGO-TNL

Concentration of Filler (wt. %)

rGO (2.5 wt.%)-FeO (2.5 wt.%)

rGO (2.5 wt.%)-ZnO (2.5 wt.%)

rGO (2.5 wt.%)-TNL (2.5 wt.%)

Figure 3. 2. Flexible hybrid PVDF/rGO-TNL film



3.3. Characterization Methods:

3.3.1. Morphology and structure

3.3.1.1. Scanning Electron Microscopy (SEM)

The morphology of the PVDF and its nanocomposites was analyzed using SEM. The
samples were cooled by liquid nitrogen and cut after cooling. The SEM images (NOVA
NANOSEM 450, FEI) shown in Figure 3.3, was used to analyze the cross-sectional area of
cryocut samples. The study of mechanical fracture surface after applied tensile test was
carried using SEM (JCM 6000, JEOL) shown in Figure 3.4.

SEM equipment consists of lens system, electron collector, electron gum, visual and
recording cathode ray tubes. In this technique, the beam of electrons is focused on the
sample. The atoms in the sample interact with electron beam and produce signals that provide

details about sample composition and surface topography [100].
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Figure 3. 3. Scanning Electron Microscopy.
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Figure 3. 4. Scanning Electron Microscopy.

3.3.1.2. Transmission Electron Microscope (TEM)

The study of sample morphology was carried out using TEM (TECNALI, FEI) shown
in Figure 3.5. Sample preparation was started with dissolving sample in DMF solvent.
Sonication was applied for 30 min using L&R Quantrex 140 Ultrasonic Cleaning System to
make the solution homogeneous. A drop of sample was placed on coated fonmvar/carbon 200
mech Cu (50) grid. TEM is a microscopy technique that is capable of imaging with high
resolution around 0.2 nm.

TEM consists of different parts: electron source, electromagnetic lens system, sample
holder, and imaging system. First the ultrathin specimen is introduced. The filament heats up
and starts to release electrons. The electrons pass from electron beam through vacuum tubes
that contain magnetic lenses. Due to opposite charges between electron (-) and lens (+), the
magnetic field generated helps electrons to achieve high speed in vacuum and hits the sample

specimen. So the beam of electrons that partially transmits through the ultrathin specimen



carries information about the structure of the sample. The signal passes through the

projection lens to see the image of structure in output screen [101].

Figure 3. 5.Transmission Electron Microscope

3.3.1.3. Atomic Force Microscopy (AFM)

AFM study was carried out using MFP-3D AFM, Asylum Research. It is used to obtain
information about surface roughness and surface topography. The principle is that AFM
image is comprised of signals representing Z distance of cantilever motion per x, y point on
the scan raster. These signals collected to form many measurement points and are typically

read as voltage in the MFP-3D system.



3.3.1.4. Fourier Transformation Infrared Spectroscopy (FTIR)

Figure 3.6 shows PerkinElmer Spectrum 400 spectrophotometer which was used to
record the Fourier transformation infrared spectra (FTIR) of the samples in the range 400-
4000 cm™ with a resolution of 2 cm™.
It consists of a source of infrared energy, interferometer where spectral encoding takes place,
detector to measure the interferogram signal and computer for final outputs.

The idea of this techniques is that the infrared radiation passes through the sample.
The sample absorbs some of the radiation and transmits the rest. The output gives the
molecular finger print of the sample. FTIR can provide different information about the
sample such as the amount of components in a mixture, identify unknown materials, detect

the chemical bonds, and can determine the quality or consistency of a sample.

Figure 3. 6. Fourier Transform Infrared Spectroscope (FTIR)

3.3.1.5. X-ray Diffraction (XRD)
X-ray test was performed using X-ray Diffractometer (Empyrean, Panalytical, UK)

shown in Figure 3.7. The test for all samples was carried from the range 10° to 90°. It is a



new standard for a multipurpose diffractometer. It can be used for analysis of thin films,

nanomaterials, powder and solid objects.

Figure 3. 7. X-ray Diffractometer (XRD)

3.3.1.6. Contact Angle Measurements

The water contact angles were checked with optical contact angle (OCA 35,
dataphysics, Germany) goniometer following the sessile drop principle shown in Figure 3.8.
The instrument was connected with automatic image acquisition and computation software to
calculate the corresponding contact angles. The contact angles were measured at five
different positions on each sample.

This technique is often used to evaluate liquid and solid surface cleanliness and
surface modification. In addition, it is useful to evaluate surface macroscopic properties such

as wettability [102] and surface energy [103]. When drop of pure liquid is placed on the solid



surface, two types of forces can act: adhesive forces and cohesive forces. Adhesive forces
forming between the solid surface and liquid that favor spreading whereas the cohesive force
within the liquid that counteract the spreading [104]. The contact angle O is the balance
between these forces and it is determined using Young's equation [105]:

SYSL LV eos A1)

Equation (3.1) describes the contact angle related to surface free energies of a system

containing liquid (L), solid (S), and vapor (V) phases, where YLV indicates liquid surface

SL indicates

free energy or surface tension, YSV indicates solid surface free energy, and vy
solid/liquid interfacial free energy. When the surface energy of solid surface is higher than

surface energy of liquid, the drop will spread with contact angle is 0. This can occur with

the addition of water drop on solid surface that has higher surface energy compared to water,

surface energy of water is > 72.8 mNm™!

. When the material has high surface energy but
lower than the liquid's surface tension, the liquid will wet the solid sample so that contact

angle is 0° < 0 < 90°. When the surface energy of the solid surface is lower than that of the

liquid, it will result in large contact angle >90° so it is considered as hydrophobic [104].



Figure 3. 8. Optical Contact Angle

3.3.2. Mechanical Properties

3.3.2.1. Tensile Test

The mechanical test was carried out using universal testing machine (LF PLUS,
LLOYD, UK) as shown in Figure 3.9 with speed rate of 5 mm/min. The dimensions of
specimen were prepared according to standard test method for tensile properties of thin
plastic sheets (ASTM D882-10) [106]. Three specimen were prepared for each sample to
calculate the average.

The sample was clamped using its upper and lower sides. In this test the specimen
was subjected to tensile force and the resulting extension was determined using extensometer.
Stress — strain curves were resulted by using equations 3.2 for strain and 3.3 for tensile stress

[107].

(3.2)



Where € is the strain, /ois the initial length, and / is the length after the application of force.

Tensile stress T is defined as:

T—F 3.3
_Ao (')

Where F is tensile force and Ay is cross sectional area of the unstressed specimen. The
properties that are measured by tensile test are maximum elongation, ultimate tensile
strength, strain hardening, Young’s modulus, yield strength and Poisson’s ratio. The results
of this test are used to predict how a material will react under other types of forces and for

quality control.

Figure 3. 9. Tensile Test Machine.



3.3.2.2. Dynamic Mechanical Analysis (DMA)

The dynamic mechanical behavior of the PVDF nanocomposites was studied using
the dynamic mechanical analyzer (RSA-G2, TA, US) as shown in Figure 3.10. The frequency
was varied from 1-100 Hz at room temperature. The samples were cut into small rectangular
pieces and mounted between grips to hold.

In this technique, a small deformation (vibration) is applied to the sample with
changing frequency. It measures the storage modulus, which is considered as the capability
of the sample to store energy. The advantages of using DMA are: small sample size, cost

competitive, and availability [108].

Figure 3. 10. Dynamic Mechanical Analysis (DMA)



3.3.3. Thermal Properties

3.3.3.1. Differential Scanning Calorimetry (DSC)

The differential scanning calorimetric measurements were done using Differential
scanning calorimeter (DSC 8500, PerkinElmer, US) shown in Figure 3.12 in the range of 20-
200 °C at a rate of 10 °C/min. The samples were hold for 5 minutes at 200 °C before
commencing the cooling test. The DSC results were calculated using longitudinal method
from the machine.

DSC measures the heat flow and temperature associated with transition in materials as
a function of temperature and time in controlled atmosphere. The major components of DSC
are furnace, temperature controller, gas control device, differential detector, signal amplifier,
and data acquisition device. DSC can measure glass transition, purity, percentage

crystallinity, reaction kinetics, and melting and boiling point.

Differential
Scanning
Calorimeter
(DSC)

Figure 3. 11. Differential Scanning Calorimeter (DSC)



3.3.4. Dielectric Relaxation Spectroscopy

Dielectric testing was carried out by Novocontrol GmbH Concept 40 Broadband
Dielectric Spectrometer (Novocontrol Technologies, Germany) shown in Figure 3.13 at room
temperature and over a broad range of frequency from 0.1 to 10° Hz. 2 cm diameter sample
was sandwiched between two copper electrodes of 2 cm diameter.

Dielectric spectroscopy is one of the methods that addresses electrical polarizability
and molecular dynamics in polymers and nanomaterials [109]. Under applied electric field,
the polarizable elements or material dipoles interact and oscillates at different frequencies (f)
and certain temperatures. The response of the material to the applied electric field is usually
expressed in terms of the complex dielectric permittivity [110] as shown in equation (3 .4):

e* (w)=¢' (w)-1&" (w) (3.4)
Where ¢’ is the real permittivity which shows the polarizability. Polarization can occur due to
different factors such as deformation of delocalized electron distributions, interfacial
polarization (internal or sample/electrode) or dipole reorientation. £” is loss permittivity and

is related to the energy dissipated per cycle during any of the above mentioned processes. @

is the angular frequency = 2ntf and 1 = v-1. Broadband dielectric spectroscopy is considered
to be a powerful tool to understand dynamics of polymer chains as important information
regarding these processes can be deduced over wide frequency (milli to mega) Hertz and

temperature regions [109].
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Figure 3. 12. Broadband Dielectric Spectrometer.

3.4. Sensing Experiments

The sensing experiments were done by measuring the electrical resistance variation of
the composites using a Keithley 2400 Series Source Meter (Tektronix, USA). The
measurements were performed at room temperature 25-27 °C and under 40-60% RH. Each
sample was coated on the electrode (20.4 pl) in two layers. The sample layer was dried using
a dryer. The electrode was connected with the equipment in a closed area as shown in Figure
3.14.

Pressure sensing experiment was done by applying different pressures (5 kPa, 10.7
kPa and 17.6 kPa) on samples at every 10 seconds under constant conditions. The current was
measured at constant voltage. Vapor sensing experiment was performed for samples using
different organic volatile liquids (DMF, Toluene, Benzene, THF, Acetone, and Xylene). The

samples were exposed to vapor inside the flask at every 300 sec under constant conditions.



Figure 3. 13. Sensing experimental set up: a) sample dispersed on electrode. b) vapor sensing

(c) the electrode under control conditions



CHAPTER 4 - RESULTS AND DISCUSSION

4.1. Results and Discussion for PVDF/rGO-TNL Composite System

4.1.1. Structure & Morphology

4.1.1.1. Scanning Electron Microscopy

Figure 4.1 shows the morphology of the PVDF and its nanocomposites as observed by the
SEM. The cryocut samples in liquid nitrogen were used for this analysis and the cross-
sectional area is observed through the microscope. Neat PVDF shows a plain type
morphology (absence of fillers) as shown in Figure 4.1a. The rGO and TNL are visible as
nanolayers in the cross sectional area of the samples as shown in Figure 4.1b and 4.1c
respectively. For the hybrid PVDF/rGO-TNL, the nanolayers are homogeneously distributed
due to the functional group interaction between both nanomaterials (Figure 4.1d) as will be
confirmed by other techniques later on. The oxygen content in the functional groups that
present on the surface of rGO can interact with the TNL by hydrogen bonding as well as
Vander Waals interactions and this result in good dispersion of the fillers inside the PVDF
medium. Similar interaction was reported by Xu et al. [111] for GO nanosheets with starch
granules. In their work starch surfaces were covered by the large surface of the GO
nanosheets which have high surface energy. The additives in this case with enhanced

interfacial interactions had uniform dispersion in the polymer matrix.



Figure 4. 1. SEM images of a) PVDF b) PVDF/rGO c¢) PVDF/TNL and d) PVDF/rGO-TNL

4.1.1.2. Transmission Electron Microscopy

Figure 4.2 shows the TEM images of the surface of PVDF, PVDF/TNL, PVDF/rGO, and
PVDF/tGO-TNL. These images display a homogenous surface of hybrid composite (Figure
4.2d), compared with PVDF/TNL (Figure 4.2b) and PVDF/rGO (Figure 4.2¢) showing some
agglomeration and clusters. Agglomeration occurring in PVDF/rGO and PVDF/TNL are
represented as focused high resolution images as well. Such homogenous image in

PVDF/rGO-TNL indicates that GO sheets and TNL were fully dispersed in PVDF matrix.



The good dispersion is due to the vander Waals interaction between rGO and TNL sheets

[111].

Figure 4. 2. TEM images of surface of a) PVDF b) PVDF/TNL c) PVDF/rGO and d)
PVDF/rGO-TNL

4.1.1.3. Atomic Force Microscopy

Figure 4.3 illustrates the AFM images of PVDF, PVDF/TNL, PVDF/rGO and PVDF/rGO-
TNL. The average roughness of PVDF is 5.773 nm. With the addition of rGO and TNL the
average roughness increased to 6.185 nm (Figure 4.3b) and 6.405 nm (Figure 4.3c)
respectively. The average roughness decreased to 3.45 nm in the hybrid composite which

indicate smoother surface as seen from Figure 4.3d. This smooth surface reflects the



homogeneous distribution of the fillers. This could be also due to the fusion of TNL on rGO.
Similar improvement of the smoothness was reported by Dai et al. [112] for the ALLOs with
polyurethane and PVDF. One important advantage of such reduction in roughness is its
critical applicability in improving the anti-fouling properties of this composite. The smother

the surface, the less ability to form fouling [113].
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Figure 4. 3. AFM images of surface of a) PVDF b) PVDF/rGO c¢) PVDF/TNL and d)
PVDF/rGO-TNL

Based on different microscopic investigation, it is clear that the nanolayers of rGO and TNL
creates a well distributed path within the PVDF in the hybrid PVDF/rGO-TNL composite.
Moreover, the individual nanomaterials at 5 wt.% cause agglomeration in the PVDF/rGO and

PVDF/TNL composites. This mode of dispersion is represented in Figure 4.4.



PVDF

Figure 4. 4. Schematic representation of the dispersion of nanoparticles in (a) PVDF/TNL,
(b) PVDF/rGO, and (c) PVDF/rGO-TNL.

4.1.1.4. Fourier Transformation Infrared Spectroscopy

In order to check the structural properties especially the functional groups presented in the
material and the chemical modifications, FTIR spectroscopy of the samples were used.
Figure 4.5 shows the FTIR spectra for the neat PVDF and PVDF composites.

All the peaks observed in the graph come from the C=C stretching, bending and C-H bending
vibrations. The dipole-dipole interaction in PVDF/rGO-TNL is also possible according to the
FTIR spectrum. This indicates that there is no chemical bond formation between the filler and
polymer, but just physical interaction exists. An interesting factor in the FTIR spectrum is the
absence of the characteristic peaks for the C=0, -OH, -COOH etc. functional groups usually
associated with the rGO. Following solution mixing, the samples were made homogeneous
by hot pressing at 170°C and this might have again reduced the functional groups presented
in rGO. All samples show peaks related to PVDF at around 1000 cm™ representing -CH,
rocking and at 800 cm™ representing -CF, asymmetric stretching [114] vibrations. The FTIR

data indicated peak for B phase at 840 cm™ and alpha phase at 764 cm™ [115]. FTIR is



commonly used to identify the B crystalline phases in a polymer by the following equation
[92]:
Ag

- K
f Y+ 45

X
F(B) = —F

4.1
Xg + Xg (1)

4
where K, and Kjp are the absorption coefficients at the particular wave number. K, is 6.1 x 10

4 2
cm*/mol and Kp is 7.7 x 10 c¢m /mol. X, and X; are mass fraction of o and B crystalline

-1
phases. 4, and A4 are the area of absorption bands at 764 and 840 cm . The relative fraction

for B phase using the equation (4.1) are 70.37%, 72.73%, 73.5% and 75.68% for PVDF,
PVDF/rGO, PVDF/TNL, and PVDF/rGO-TNL respectively. The results indicate that B phase
increased with hybrid PVDF/rGO-TNL additives compared to neat PVDF. The improvement
in the  phase (more chains are rearranged at the same side of the fluorine atoms), is due to
the good interaction of the hybrid additives with the fluorines in the polymer matrix. Similar
improvement was reported for rod like cellulose in a PVDF matrix due to the presence of -

OH groups [116].
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Figure 4. 5. FTIR spectra of PVDF, PVDF/rGO, PVDF/TNL, and PVDF/rGO-TNL.

4.1.1.5. X-Ray Diffraction Studies

X-ray diffractograms for all the composites PVDF, PVDF/rGO, PVDF/TNL and PVDF/rGO-
TNL are shown in Figure 4.6. When an X-ray is allowed to fall on a crystalline material, the
incident beam interacts with the aligned atoms and thus diffraction occurs. Intensity of
diffracted radiations change due to the coherent interference of the individual atoms. The
diffraction data in terms of peak position and intensity yields the information on the overall
chemistry of the samples. Here all samples show similar peak appearances due to the
presence of semi crystalline PVDF in all of them. Eggedi et al. reported that the peaks
associated with o phase of PVDF are at 20, 18.6°, 20.3° and 27°, whereas 3 phase found as

sharp peak at 20.6° [117]. In our results it can be observed that o peaks are at 18.4°, 19.9°



and 26.6° and the B phase being hidden inside the a peak at 19.9°. It has been observed that
the areas of all a peaks were reduced or vanished in the hybrid composite as shown in Table
4.1. The influence of nanoparticles on the XRD patterns depend on the nature of the particles
[118], the hybrid additives approximately erased the a peaks, and caused the B peak to be
broadened. This indicates that the nanoadditives may interrupt the packing, which will be

seen also in DSC results.
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Figure 4. 6. X-ray diffraction pattern of PVDF, PVDF/tGO, PVDF/TNL, and PVDF/rGO-
TNL.



Table 4. 1. Details of XRD peaks and areas.

PVDF
PVDF/TNL
PVDF/rGO
PVDF/rGO-
TNL

o (deg.)
18.4
18.3
19.34
18.8

Area
3276
1290
2426
917

o (deg.)
19.9
19.94
19.92
19.88

Area
3144
2944
2676.3
2470

o (deg.)
26.6
26.5
26.5
26.3

Area
2756.5
621.8
1660
626.2

4.1.1.6. Contact Angle Measurements

The dependence of the water contact angle on the surface of the nanocomposite is calculated
and tabulated in Table 4.2. For the neat PVDF, the contact angle is 99.7°, which is also
reported elsewhere [119]. The water contact angle decreased for PVDF/rGO to 95.5° due to
the partial hydrophilicity of the rGO platelets because of the presence of -OH group on its
surface. For the PVDF/TNL, the contact angle has the approximate same value of the neat
PVDF. For the PVDF/rGO-TNL, an increase in the contact angle to 114.5° is observed. This
can be attributed to the synergistic effect of the fillers producing a network like structure
within the composite and the surface as confirmed by TEM and AFM results, and such
concentrated filler networks can make the surface more hydrophobic. The contact angle is

also related to the interaction parameter; the higher the interaction occurring within the

system, the more resistant it will be towards the liquid contacting the surface [120].



Table 4. 2. Contact Angle Measurements of PVDF/rGO-TNL

Samples Concentration of
rGO (wt. %)
PVDF -
PVDF/rGO 5
PVDF/TNL -
PVDF/rGO-TNL 2.5

Concentration Water Contact
of TNL (wt. %) Angles (°)
- 99.7+4.2
- 95.5+£3.2
5 98.1+3.1
2.5 114.5+3.5

4.1.2. Mechanical and Dynamic Mechanical Properties

4.1.2.1. Tensile Properties

The tensile test was performed to examine the mechanical properties of the samples. The

obtained values for tensile strength, Young’s modulus and elongation at break are shown in

Table 4.3.

Table 4. 3. Tensile Test Results of PVDF, PVD-rGO, PVDF-TNL and PVDF/rGO-TNL.

Samples Tensile strength
(MPa)
PVDF 21.825+1.93
PVDF/rGO 22.927+1.197
PVDF/TNL 41.53+1.58
PVDF/rGO-TNL 46.91+0.99

Young’s Modulus Elongation at

(MPa) Break (%)
1365.50+101.23 16.22+1.45
2969+380.6 7.352+0.66
3112.7£173.60 5.40+0.56
5010.65+243.35 4.01+£0.49

The nanoadditives increased the tensile strength and Young’s modulus. Among the

composites, tensile strength and Young’s modulus for the hybrid composite PVDF/rGO-TNL



was 2 and 3.6 times respectively higher than the neat PVDF. The elongation at break was
reduced with the addition of the filler and reached its minimum value of 4% for the hybrid
composite compared to 16% for the neat PVDF sample. This indicate the brittle behavior of
the hybrid composite. The improvement in the mechanical properties can be attributed to the
increase in the B crystallites in the matrix (confirmed by FTIR measurements). AlMaadeed et
al. [121] reported the effect of the increase in crystallinity on modification of the tensile
strength in a polyethylene polymer with addition of date palm wood flour/glass fiber. Also
Issa et al. [92] fabricated electrospun PVDF/cellulose nanocomposite and they mentioned
that the increase in crystallinity and crystal orientation can increase the tensile strength of the
PVDF.

The enhanced mechanical properties of PVDF/rGO-TNL hybrid nanocomposite can
be correlated with two factors; (1) the interfacial interactions existing between the rGO and
TNL as well as the fillers and the PVDF, (2) the synergistic effect of the fillers. It is well
established that the synergistic effect can enhance the mechanical properties of the sample
[22]. The filler content in the PVDF/TNL and PVDF/rGO (5 wt.%) is considered high and
possibility of agglomeration and clusters formation in the matrix lead to less interfacial
interactions and decreases the mechanical properties.

The images of the fractured surfaces after mechanical deformation by tensile test are
shown in Figure 4.7. It clearly shows a ductile fracture for PVDF as the fractured surfaces of
the tensile test specimens cut showed deep cavities (Figure 4.7a). The fractured surface of
PVDF/rGO shows a microcrack as indicated in Figure 4.7b. Figure 4.7c shows fewer cavities
in the fracture surface. The ductility is reduced in Figure 4.7d. These results are also

confirmed by the tensile test values from Table 4.2.



Figure 4. 7. SEM images of surface of tensile test specimen cut a) PVDF b) PVDF/rGO c)
PVDF/TNL and d) PVDF/rGO-TNL.

4.1.2.2. Dynamic Mechanical Analysis

Figure 4.8 shows the variation in storage modulus of the samples as a function of frequency.
The hybrid composite, PVDF/rGO-TNL has higher storage modulus compared to other
samples. This indicates that this composite has good property in storing energy for
piezoelectric applications [22]. The improvement in the storage modulus can be attributed to

the improvement in the [ crystal formation [122], or the better interaction between the matrix



and the filler. It is also important to note that the high rigidity of the additives contributes to

this improvement which was also reported elsewhere [92].
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Figure 4. 8. Variation of storage modulus with frequency for PVDF, PVDF/rGO,
PVDF/TNL, PVDF/rGO-TNL.



4.1.3. Thermal Properties

4.1.3.1. Differential Scanning Calorimetry

DSC was performed to study the changes in melting enthalpy (AH ), melting temperature
(T ), and degree of crystallinity (X ) as shown in Table 4.4. The degree of crystallinity (Xc )

of the polymer was calculated using the following equation (4.2):

Xc=AH,,;AH®, 4.2)
Where AH,, is the melting enthalpy of the polymer and AH®,, is melting enthalpy of pure
polymer. The melting enthalpy for pure PVDF is 105 Jg' [123]. Figure 4.9a shows the
melting peak of PVDF has two shoulders, indicating two types of crystallites [124] with two
different lamellae thicknesses [125]. This peak is shifted to a higher temperature with the
addition of the fillers. The melting point is increased from 167.3 °C for pure PVDF to 169.2
°C for PVDF/rGO. PVDF/TNL and PVDF/rGO-TNL have similar high melting point around

170 °C.

Table 4. 4. DSC data of PVDF/rGO-TNL, PVDF/rGO, PVDF/TNL, and PVDF.

Sample Crystallization =~ Melting AH,, Degree of
Temperature Temperature J/g) Crystallinity
O O (Xe)

PVDF 137.16 167.33 48.5392 46.227

PVDF/rGO 140.91 169.19 47.4923 45.23

PVDF/TNL 143.49 170.27 43.0843 41.03

PVDF/rGO-TNL 142.1 170.63 40.2879 38.36




The cooling peaks in figure 4.9b are also affected by the additives. The crystallization
temperature increased by 5 °C for rGO addition and around 7 °C for TNL addition. The
hybrid additives increased the crystallization temperature by 6 °C. This increase in
temperature indicates the easiness of the crystallization with the addition of these fillers.
These additives act as nucleating agents that encourage the formation and growth of the
crystallites in the polymer [126]. Table 4.4 shows the decrease in crystallinity for
PVDF/rGO-TNL compared to PVDF. The increase in the melting points indicates that the
increase in lamellae does not guarantee the increase in the crystallinity percentage in the
polymer. The crystallinity percentage depends on other factors such as length, distribution
and curvature as well [127]. According to XRD results, there is a reduction (erase) in the a
phase and change in the [ phase peak. Dai et al. [112] reported that additives that were

distributed uniformly in the matrix interrupted the packing of chains and decreased the

crystallinity.
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Figure 4. 9. DSC analysis for PVDF and its nanocomposites (a) Melting curve (b)
Crystallization curve.



4.1.4. Dielectric Properties

Figure 4.10 shows the frequency (f) dependence on the dielectric permittivity (¢”) and loss
(¢" ) of different nanocomposites. The dielectric permittivity storage (¢”) is slightly
unchanged for the PVDF and one type of additive but it decreases as f increases for the
PVDF/rGO-TNL sample. Decrease in ¢’ with increasing f is due to reduction in the ability
of the dynamics of polarization to be apprehended within shorter signal time scales, that is,
decreasing 1/2f [128]. Also, one would expect higher contribution from the sample/electrode
interfacial polarization at low f, which is not a bulk material phenomenon but caused by

blocking electrodes at the sample surfaces [129]. Drop in ¢’ at high f is due to the p-

relaxation dispersion, which is active within this temperature range [92]. The p-relaxation is
ascribed to the long-range motions of chain segments within the crystalline—amorphous
interphase [92], [130]. Also, some researchers link this relaxation to the micro-Brownian
motions of chain segments within the amorphous phase [131].

PVDF/rGO and PVDF/TNL samples have lower ¢’ values when compared to the
unfilled PVDF. This trend is perhaps due to the agglomeration of the relatively more
conductive fillers (rGO and TNL) which was confirmed by the TEM in Figure 4.2.
Agglomeration of the nanoparticles would cause trapping of charges at their interfaces due to
the Maxwell-Wagner—Sillars (MWS) interfacial polarization effect [132]. Whereas the
hybrid PVDF/rGO-TNL exhibits higher ¢’ due to the good dispersion of rGO and TNL within
the PVDF matrix. Well dispersed material reduces the traps of charges within interfaces and
form a good conductive composite [g]. The hybrid PVDF/rGO-TNL composite has the
highest polarizable components, which means higher ability to store electrical charges and
could be useful as a supercapacitor material [133], [134]. For example, the dielectric constant
of the hybrid composite at 100 Hz is 3.6 times higher than that of the unfilled PVDF.

These new tailored nanocomposites can be used as good candidates for energy storage



systems can be observed in Figure 4.10b, which illustrates the high &' relative to ¢” values for
all samples, in the BDS spectra at 25 °C. This indication is further supported by the samples
conductivity vs. f behavior shown in Figure 4.11. Both PVDF/rGO-TNL and PVDF/rGO
composites have higher conductivity compared to other samples as indicated by the vertical
upshifts and the presence of plateau regions at low f. The maximum electrical energy (Umax)

which can be stored in a linear dielectric material is given by:

Unax = €'Ep2/2 (4.4)
where Ey, is the dielectric breakdown strength (DBS). For efficient electric energy storage,

high DBS and ¢’ are required [133].
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Figure 4. 10. Dielectric permittivity storage (a), and loss (b) of PVDF control and its
composite samples with variable nanoparticle fillers.
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Figure 4. 11. Conductivity vs. f at 20 °C for the PVDF/rGO-TNL composite samples with
variable nanoparticle fillers.

4.1.5. Pressure Sensing Behavior

The relative resistance variation of flexible PVDF/rGO-TNL, PVDF/TNL, and PVDF/rGO
composites, for the first four cycles are illustrated in Figure 4.12. PVDF/rGO-TNL has the
highest relative resistance compared to other composites for all the three applied pressures.
For each composite, upon pressure, the relative resistance decreased immediately. Tunneling
is the common mechanism by which the electric current move between the electrodes in
pressure sensing [78]. The compression of the sample reduces the tunneling barriers and a
tunneling path can be formed which leads to reduction in the resistivity of the composite.
TNL effect is lower than rGO in improving the tunneling (for example the relative resistance
reduced by 334.7 % and 70.27 % respectively at pressure of 5 kPa). The agglomeration of
nanoparticles in the matrix (while using one type of additive) does not allow formation of

conducting paths. When pressure is applied to the sample, the agglomerated additives follow



the movement of the polymer chains and cause forming conducting networks of the sample
[h]. The largest improvement in the hybrid composite can be attributed to the less
agglomeration in the matrix and better dispersion. The sensitivity of hybrid composite

increased by 333.46% at 5 kPa, by 200.7% at 10.7 kPa and 246.7% at 17.6 kPa compared to

the PVDF/TNL.
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Figure 4. 12. Sensing responses of PVDF/rGO, PVDF/TNL and PVDF/rGO-TNL composites
to (a) 5 kPa (b) 10.7 kPa (c) 17.6 kPa.

For one type of additives: The morphology of the additives plays a major role in improving

the tunneling effect. The influence of pressure on the conducting networks present within the



composite is schematically represented by Figure 4.13a. With the application of pressure, the
distributed nanolayers come closer (more agglomeration) and thereby decreasing the
resistance of the sample. These conducting networks can be formed among the different
conducting particles like rGO and TNL.

For PVDF/rGO-TNL: This aspect is schematically demonstrated in Figure 4.13b. The
presence of sharp and nanostructured tips can also improve the tunneling [135] as shown in
the same figure. Thus the interaction between the TNL and rGO with “sharper” morphology
can increase the tunneling effect, thereby enhancing the magnitude of relative resistance

change and offers better pressure detection.
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Figure 4. 13. Schematic of (a) mechanical behavior of TNL under applied compress force
agglomeration additives that have higher distance after compression (b) conducting network

formation between TNL, rGO and TNL-rGO particles.



4.1.6. Vapor Sensing Behavior

Volatile organic compounds (VOCs) are non-polar and polar that can cause health effects
contribute to sick building syndrome and mostly can cause cancer. Indoor air quality
measurements control the effects of emission vapor to human. non-polar compounds are most
dangerous type of VOCs. Sensors are used to monitor air quality and to provide safe area for
humans, specially in labs, and industries. Some of metal-oxide sensors were fabricated for
gas pollutant detection: CNT film was used to detect NOx, and Tungsten trioxide (WO3)

sensor synthesized to detect level of ozone gas [136].

The sample responses to three different vapors of organic volatile liquids: Acetone, THF, and
DMF were recorded by means of their relative resistance change and represented in Figure
4.14. The composites were less detecting to non-polar solvent vapors, Toluene, xylene and
benzene, though tests are conducted using such vapors as well. Thus the samples can be used
as electronic nose (e-nose) to distinguish between polar and non-polar solvent vapors. This
can be due to the presence of benzene ring in the case of non-polar liquids which makes the
penetration of solvent molecules through the polymer chains difficult [137].
In the case of Acetone, the relative resistance of the hybrid composite is higher by 282 %
than TNL alone. In the case of THF, the relative resistance of the hybrid composite is higher
by 136 % than TNL alone. And in the case of DMF, the relative resistance of the hybrid
composite is higher by 94 % than the TNL individual composite. The relative resistance chart
as shown in figure 4.15 indicates that PVDF/rGO-TNL hybrid composite has higher relative
resistance 0.97, 0.84 and 0.69 for THF, DMF and Acetone respectively. Whereas the low
relative resistance for Benzene, Toluene and Xylene were 0.55, 0.2 and 0.1 respectively.

The mechanism of vapor sensing is different from that of the pressure sensing. In

pressure sensing, when the pressure was applied, new conducting networks were formed



between particles and thus relative resistance decreases. But in vapor sensing, when the
vapors come in contact with the material, the polymer chain swells allowing the solvent
molecules to get inside the polymer network, thereby reducing the inter particle distance and
resulting in an increase in the relative resistance. Hazra et al. discussed the mechanism of gas
sensing devices, it was mentioned that rGO and GO have ability to trap gas molecule and that

can changes the conducting properties [138].
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Figure 4. 14. Vapor sensing responses of PVDF/rGO-TNL nanocomposite with different
solvent (a) Acetone (b) THF and (¢) DMF
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Figure 4. 15. Comparison of different solvents on PVDF/rGO-TNL nanocomposite

4.2. Results and Discussion for PVDF/rGO-FeO Composite System

4.2.1. Structure & Morphology

4.2.1.1. Scanning Electron Microscopy

Figure 4.16 shows the morphology of PVDF, PVDF/rGO, PVDF/FeO and the hybrid
PVDF/rGO-FeO composite. All images show the cross-sectional area of cryocut samples.
Figure 4.16a and 4.16b show the morphology of PVDF and of PVDF/rGO respectively.
Figure 4.16¢ shows the FeO nanoparticles presented inside the PVDF matrix. Figure 4.16d

shows the uniform dispersion of rGO and FeO fillers within the PVDF matrix.



Figure 4. 16. SEM images of a) PVDF b) PVDF/rGO c) PVDF/FeO and d) PVDF/rGO-FeO

4.2.1.2. Transmission Electron Microscopy

Figure 4.17 display the TEM micrographs of PVDF, PVDF/rGO, PVDF/FeO, and
PVDF/tGO-FeO. As discussed in section 4.1.1.2., these images give detailed structural
information of the composites. The sheet like morphology of rGO and spherical nature of
FeO are clear from the images. The average particle size of FeO is 30 nm. In the hybrid
composite PVDF/rGO-FeO, the rGO nanolayers and FeO nanoparticles, mutually allow well

distribution of the fillers as observed in Figure 4.17d.



Figure 4. 17. TEM micrographs of PVDF, PVDF/rGO, PVDF/FeO, and PVDF/rGO-FeO.

4.2.1.3. Atomic Force Microscopy

AFM results are shown in Figure 4.18. The PVDF and PVDF/rGO films represented in
Figure 4.19a and b respectively gives a roughness of 5.773 nm for PVDF and of 6.185 nm for
PVDF/rGO. Whereas the addition of FeO particles to PVDF increase the roughness to 9 nm
(Figure 4.18c). This can be due to the agglomeration at a higher filler concentration of 5 wt.%
for the FeO composite. In the hybrid composite, PVDF/rGO-FeO, (Figure 4.18d) the
roughness is 1.7 nm. This can be attributed to the good dispersion of both one dimensional

and two dimensional fillers in PVDF matrix as confirmed by TEM and SEM studies.
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Figure 4. 18. AFM images of surface of a) PVDF b) PVDF/rGO c¢) PVDF/FeO and d)
PVDF/tGO-FeO

4.2.1.4. Fourier Transformation Infrared Spectroscopy

Figure 4.19 shows the FTIR spectra for the neat PVDF, PVDF/rGO, PVDF/FeO, and
PVDF/rGO-FeO composites. All the peaks observed for PVDF and PVDF/rGO samples in
Figure 4.20 were explained in part 4.1.1.4. In PVDF/rGO-FeO, the peaks corresponding to —
OH, -CO- and —COOH vibrations were not observed due to the well interaction between the
rGO and FeO with the PVDF polymer. Equation (4.1) was used to calculate the B crystalline
phases in all samples. As a result, the relative fraction for § phase were respectively found as
70.37%, 72.73%, 90.9% and 93.7% for PVDF, PVDF/tGO, PVDF/FeO, and PVDF/rGO-
FeO. The results indicate that B phase increased for hybrid PVDF/rGO-FeO additives
compared to the neat PVDF. The reason for the increase in the B phase fraction for

PVDF/FeO, and PVDF/rGO-FeO is the presence of FeO particles that has spherical shape.
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Figure 4. 19. FTIR spectra of PVDF, PVDF/rGO, PVDF/FeO, and PVDF/rGO-FeO.

4.2.1.5. X-Ray Diffraction Studies

The XRD spectra of pure PVDF, PVDF/rGO, PVDF/FeO and PVDF/rGO-FeO composites
are shown in Figure 4.20. Positions of a and [ phases were observed similar to section
(4.1.1.5). The figure indicates that the sharp o phases present in the neat PVDF and
individual filler composite is changed to broader peaks in hybrid polymer nanocomposite.

This indicate that the o phase is started to be erased.
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Figure 4. 20. X-ray diffraction pattern of PVDF, PVDF/rGO, PVDF/FeO, and PVDF/rGO-

FeO.

4.2.1.6. Contact Angle Measurements

Table 4.5 shows the measurements of water contact angle on the sample surfaces. The
hydrophilicity increases with addition of rGO to PVDF as reported before. With addition of
FeO particles the hydrophilicity of PVDF surface again increases to 92.62°. However, the
surface contact angle for PVDF/rGO-FeO is 106.98°. The increase in the hydrophobicity can
be attributed to the interaction of FeO particles with the rGO layers. This further substantiates
good inter particle interaction and well distribution and synergy between the hybrid nano

additives.



Table 4. 5. Contact Angle Measurements of PVDF/rGO-FeO

Samples Concentration of Concentration of Water Contact
rGO (wt. %) FeO (wt. %) Angles (°)
PVDF - - 99.7+4.2
PVDF/rGO 5 - 95.5+3.2
PVDF/FeO - 5 92.62+1.25
PVDF/rGO-FeO 2.5 2.5 106.98+4.82

4.2.2. Mechanical and Dynamic Mechanical Properties

4.2.2.1. Tensile Test

The mechanical properties obtained from the tensile tests are represented in Table 4.6. The
tensile strength for PVDF/rGO-FeO is 27 % higher than neat PVDF. The value for Young’s
modulus increased from 1365 MPa for neat PVDF to 18852 MPa for the PVDF/rGO-FeO
composite. The percentage of elongation was reduced from 16 % of neat PVDF to 2.18% of
PVDF/rGO-FeO composite. Compared to the PVDF/rGO and PVDF/FeO composite, the
enhancement in tensile properties for the hybrid PVDF/rGO-FeO is attributed to its filler
distribution and the synergistic structural combination. Both fillers made a good networking
within the PVDF, allowing effective stress transfer between the polymer and the additives.

Thus that the hybrid composite material became stronger and with reduced ductility.



Table 4. 6. Tensile test results of PVDF, PVDF/rGO, PVDF/FeO, PVDF/rGO-FeO

Samples sTt:'I(:lslll:h Young’s Modulus Elongation at
P (MPag) (MPa) Break (%)
PVDF 21.825+1.93 1365.50+101.23 16.22+1.45
PVDF/GO 22.927+1.197 2969+380.6 7.352+0.66
PVDF/FeO 25.738+5.3 2567.5+£170.5 5.577+0.627
PVDF/rtGO-FeO 27.81+7 18852+199.3 2.1861+0.428

Figure 4.21 shows the images of the fractured surfaces after mechanical deformation by
tensile test. These SEM images confirm the ductile nature of PVDF and its composites. The
fracture of PVDF is shown in Figure 4.21a, and the ductility reduced in the case of
PVDF/rGO and PVDF/FeO composites (Figure 4.21b and Figure 4.21¢) due to the presence
of nano fillers. It is clearly shown in Figure 4.21d that the hybrid PVDF/rGO-FeO composite
has more flat brittle fracture. These results are also in correlation with the tensile test values

in Table 4.6.
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Figure 4. 21. SEM images of surface of tensile test specimen cut a) PVDF b) PVDF/rGO c)

PVDEF/FeO and d) PVDF/rGO-FeO.

4.2.2.2. Dynamic Mechanical Analysis

Figure 4.22 shows the DMA results for PVDF and its composites containing rGO and FeO.
The frequency sweep experiments reveal some unusual behavior for the FeO and rGO
containing sample. This decrease in storage modulus with respect to frequency for the
PVDF/rGO and PVDF/FeO at 5 wt.% concentration can be attributed to the hindrance of
flow behavior by the agglomerated filler clusters. However, for the hybrid PVDF/rGO-FeO
composite, the modulus is higher than the others, which means its ability to store energy is

higher than the rest. The storage modulus of the hybrid composite increases with the increase



in the frequency as well. At 100 Hz, the storage modulus for the hybrid composite is 1.18 x

10° Pa.
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Figure 4. 22. Variation in storage modulus with frequency for PVDF, PVDF/rGO,

PVDEF/FeO, PVDF/rGO-FeO.

4.2.3. Thermal Properties

4.2.3.1. Differential Scanning Calorimetry
The DSC analysis of the samples were done by measuring the melting and crystallization

behavior of the samples. The first cooling and second heating were recorded and the results



are illustrated in Figure 4.23 and Table 4.7. The degree of crystallinity (X¢ ) of the polymer

was calculated using Equation (4.2).

Table 4. 7. DSC data of PVDF/rGO-FeO, PVDF/rGO, PVDF/FeO, and PVDF.

Sample Crystallization Melting AH,, Degree of
Temperature (°C) Temperature (°C) /g Crystallinity
(Xo)
PVDF 137.16 167.42 42.76 40.72
PVDF/rGO 140.91 169.19 43.66 41.58
PVDF/FeO 141 169.37 42.14 40.13
PVDF/rGO-FeO 140 168.75 41.35 39.38

Figure 4.23a indicates the melting curves of PVDF and its composites. The two shoulders
observed in the PVDF curve indicates the presence of two types of crystallites [124] with two
different lamellae thicknesses [125]. with the addition of the fillers, the melting point is
approximately constant which indicates that the lamellae thicknesses was not affected by the
fillers. The same is seen for the degree of crystallinity.

The cooling curves of composites in Figure 4.23b shows a shift towards higher temperature.
With the addition of nanofillers, the crystallization temperature increased by 4 °C for both
PVDF/rfGO and PVDF/FeO. Whereas the hybrid additives increased the crystallization

temperature by 3 °C.



’ T
+— PVDF

T M T

Figure 4. 23. DSC analysis for PVDF/rGO-FeO nanocomposite (a) Melting curve (b)

Crystallization curve.

™
—+— PVDFIGO e
« PVDFIFeO P
o PVDFIGOFeO| o |
e
2 R
3 3
; M««""“‘ 4
0
T f" '\'
- \
3 /‘ 1
% \.'—
t’”‘”"
_._._..-n-‘““/" "
*
Kbt
' T T v T *
120 140 160 180 200
Temprature (°C)

4.2.4. Dielectric Properties

Figure 4.24 shows the frequency (f) dependence of the dielectric permittivity (¢") and
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dielectric loss (¢”) of PVDF, PVDF-rGO, PVDF/FeO and PVDF/rGO-FeO composites.

Results show that PVDF/rGO and PVDF/FeO composites have lower ¢’ values compared to

neat PVDF. This can be explained due to the agglomeration of individual fillers as confirmed

by TEM. This agglomeration caused trapping charges at the interfaces due to the Maxwell—-

Wagner—Sillars (MWS) interfacial polarization effect, as explained in part 4.1.4. PVDF/rGO-

FeO hybrid exhibits higher ¢’ due to good dispersion of rGO and FeO within the PVDF

matrix. The dielectric constant of the hybrid composite at 100 Hz is 2 times higher than that

of the unfilled PVDF. Figure 4.24b shows variation of the dielectric loss with frequency of

PVDF, PVDF-rGO, PVDF/FeO and PVDF/tGO-FeO composites. ¢” values for all samples

200



are much lower than their ¢" This result emphasizes the potential of the PVDF/rGO-FeO

composites to be used as supercapacitors, as discussed in section 4.1.4.
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Figure 4. 24. Dielectric permittivity storage (a), and loss (b) of PVDF and its rGO/FeO filled

composite samples.

4.2.5. Pressure Sensing Behavior

The relative resistance variation of flexible PVDF/rGO, PVDF/FeO and PVDF/rGO-FeO
composites for the first four cycles of testing are illustrated in figure 4.25. PVDF/rGO-FeO
has the highest relative resistance compared to other composites for all the three applied
pressures (5 kPa, 10.7 kPa and 17.6 kPa). The behavior was similar for all the samples and all
the applied pressures. The reason is the formation of more conducting filler networks upon
compressive forces as discussed in the section 4.2.5.

The largest improvement in the relative resistance variation for the hybrid composite can be



attributed to the less agglomeration in the matrix and better dispersion. Under 5 kPa pressure
(Figure 4.25a), the sensitivity of PVDF/rGO-FeO hybrid composite increased by 36.4%
compared to PVDF/FeO and 82.8% compared to PVDF/rGO. Whereas at 10.7 kPa pressure,
the sensitivity of the hybrid composite increased by 25.5% compared to PVDF/FeO and 84%
compared to PVDF/rGO as shown in Figure 4.27b. With a pressure of 17.6 kPa, the
sensitivity of the hybrid composite increased by 31% compared to PVDF/FeO and 137.5%
compared to PVDF/rGO as shown in Figure 4.25c.

The resistance variation for the PVDF/FeO and PVDF/rGO have a little enhancement. This
can be due to the high concentration of the filler networks and the percolation threshold (5
wt.%). In the hybrid case, the fillers are in lower concentration (2.5 wt.% each) ensuring the
good filler-filler interaction, well distribution in the polymer medium and good conducting

networks. This is the reason for its enhanced pressure sensing behavior.
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Figure 4. 25. Pressure sensing responses of PVDF/rGO-FeO nanocomposite with different
pressures (a) 5 kPa (b) 10.7 kPa (c) 17.6 kPa



4.2.6. Vapor Sensing Behavior

Gas sensors are widely used in different places such as transportation, chemical industries,
and energy sources [139]. These electro conductive composite sensors can be prepared by
adding a conductive additive into matrix. Luo et al. fabricated a vapor detector by addition of
CNT into PVDF polymer and it showed good response to acetone [140]. They found that the
vapor reacts and interact with non-crystalline regions and do not interact with crystalline
region in the film. The change in the structure and aggregation in non-crystalline region
altered the interaction between polymer and solvent leading to change in polymer swelling

and affected vapor response.

The relative resistance changes for the PVDF/rGO, PVDF/FeO and PVDF/rGO-FeO towards
different vapors of organic volatile liquids, acetone, THF and DMF are shown in Figure 4.26.
It has less detecting sensitivity towards the non-polar solvent vapors: toluene, xylene and
benzene. This propose towards the applicability of metal oxide-graphene hybrid polymer
composite in manufacturing electronic noses (e-nose) as already mentioned in section 4.1.6.
For acetone, the relative resistance of the hybrid composite is higher by 100 % than
PVDF/rGO, and higher by 18.3 % than PVDF/FeO. For THF, the relative resistance of the
hybrid composite is higher by 187.8 % than PVDF/rGO, and higher by 23.3 % than
PVDEF/FeO. For DMF, the relative resistance of the hybrid composite is higher by 168.7%
than the PVDF/rGO individual composite, and higher by 32.3% than PVDF/FeO. This shows
the effectiveness of the synergistic PVDF-metal oxide-graphene composite in regulating the
resistance variation when exposed to solvent vapors. On exposure, the solvent vapors
penetrate the polymer medium, allowing it to swell and this can induce the separation of
conducting particles, by increasing the distance between them. This loose conducting

network is the reason for the increase in relative resistance.



The relative resistance chart provided in Figure 4.27 indicates that PVDF/rGO-FeO hybrid
composite has higher relative resistance of 1.2, 1 and 0.82 for THF, DMF and acetone
respectively. Whereas the values of relative resistance for Benzene, Toluene and Xylene were
0.3, 0.25 and 0.1 respectively. This can be due to the difference in penetration efficiency for
the various solvents since the polar oxygenated solvents contain an oxygen atom that interact

and provide easy penetration.
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Figure 4. 26. Vapor sensing responses of PVDF/rGO-FeO nanocomposite with different
solvent (a) Acetone (b) THF and (¢) DMF
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Figure 4. 27. Comparison of different solvents on PVDF/rGO-FeO nanocomposite



4.3. Results and Discussion for PVDF/rGO-ZnO Composite System

4.3.1. Structure & Morphology

4.3.1.1. Scanning Electron Microscopy

Figure 4.28 shows the SEM cross-sectional images of cryocut samples for the ZnO based
PVDF composite system. Figure 4.28a and 4.28b shows PVDF and PVDF/rGO images as
discussed in the previous sections. Figure 4.28c represents the PVDF/ZnO, fracture surface
with ZnO particles visible in the cross sectional area. Figure 4.30d shows PVDF/rGO-ZnO

containing rGO nanolayers and ZnO nanoparticles dispersed within the PVDF matrix.

Figure 4. 28. SEM images of a) PVDF b) PVDF/tGO ¢) PVDF/ZnO and d) PVDF/tGO-ZnO



4.3.1.2. Transmission Electron Microscopy

The TEM images provided in 4.29 confirm the results obtained by the SEM. Neat PVDF
shows a plain morphology in the absence of fillers. The nanolayers of rGO and the
nanoparticles of ZnO (about 100 nm size) were clearly seen in the images of PVDF/ZnO and
PVDF/rGO respectively given in Figure 4.29b and Figure 4.29c. The agglomerated particles
are also seen in these two images since the individual filler concentration is 5 wt.%.
However, the PVDF/rGO-ZnO shows a well distributed morphology with both nanofillers

well separated and well connected uniformly throughout the matrix.

Figure 4. 29.TEM images of surface of a) PVDF b) PVDF/ZnO ¢) PVDF/rGO and d)
PVDF/rGO-ZnO



4.2.1.3. Atomic Force Microscopy

Figure 4.30 shows the surface roughness by means of the 3D AFM images. The average
roughness for PVDF was 5.773 nm and became 6.185 nm with the addition of rGO in
PVDF/rGO as discussed in the previous sections. It was observed that the roughness value of
PVDF/ZnO was 1.944 nm as show in Figure 4.30c. Radwan et al. [141] synthesized
PVDF/ZnO composites by electrospinning method and the surface roughness was 40 nm
which is higher than the value reported here. But the lower value observed here might be due
to the hot pressing method adopted for fabricating the sample film. The roughness for the
PVDF/rGO-ZnO hybrid composite was 4.3 nm. This shows a little enhancement in roughness
with the addition of rGO layers. Moreover the roughness for the hybrid was lower than the
individual PVDF/rGO composite and the neat PVDF, which is a clear indication of well

distributed filler particles within the polymer matrix.
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Figure 4. 30. AFM images of surface of a) PVDF b) PVDF/rGO c) PVDF/ZnO and d)

PVDF/rGO-ZnO.



4.3.1.4. Fourier Transformation Infrared Spectroscopy

Figure 4.31 shows the FTIR spectra for the neat PVDF, PVDF/rGO, PVDF/ZnO, and
PVDF/rGO-ZnO composites. All the peaks observed in Figure 4.31 were explained in section
4.1.1.4. and Equation (4.1) was used to calculate the 3 crystalline phases within the polymer
composite system.

The relative fraction for § phase are 70.37%, 72.73%, 88% and 89% for PVDF, PVDF/rGO,
PVDF/ZnO, and PVDF/rGO-ZnO samples respectively. The results indicate that, compared
to neat PVDF, the P phase increased with increasing filler particles. For the hybrid
PVDF/rGO-ZnO composite, the highest B value is obtained. The improvement in the  phase,
is due to the good interaction of the hybrid additives with the fluorine atoms in the polymer
backbone. This also point towards the good interaction between the rGO layers and ZnO

particles contributing to the synergistic effect of fillers observed in PVDF/rGO-FeO.
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Figure 4. 31. FTIR spectra of PVDF, PVDF/rGO, PVDF/ZnO, and PVDF/rGO-ZnO.



4.3.1.5. X-Ray Diffraction Studies

The XRD spectrum of pure PVDF and its composites PVDF/rGO, PVDF/FeO and
PVDF/rGO-FeO are depicted in Figure 4.32. The peaks associated with o phase and p phase
are investigated according to the studies done by Eggedi et al. [117]. The area of the a peaks
were reduced in the PVDF/rGO-FeO hybrid composite indicating increase of B phase. This
substantiates the presence of filler particles causing disturbances in the stacked PVDF layers

and thus affecting the crystallinity of the composites.
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Figure 4. 32. X-ray diffraction pattern of PVDF, PVDF/rGO, PVDF/ZnO, and PVDF/rGO-

ZnO



4.3.1.6. Contact Angle Measurements

The surface wettability of PVDF composite was assessed by measuring the water contact
angle on various composite surfaces. Table 4.8 shows the angles of water droplet in contact
with PVDF, PVDF/tGO, PVDF/ZnO, and PVDF/rGO-ZnO samples. It was observed that the
contact angle of PVDF decreased to 95.5° with the addition of rGO and increased to 103°
with the addition of ZnO. For the PVDF/ZnO, the contact angle was 155° which was also
reported elsewhere [141]. In that case, the method of electrospinning was practiced to
fabricate super hydrophobic fibers for coating applications. It was mentioned that the
prepared PVDF/ZnO by spray coating shows a contact angle of 122° and this indicated that
contact angle changes with the change in the preparation technique. Here, the contact angle
observed for PVDF/rGO-ZnO is 110°. This indicate that PVDF/rGO-ZnO is a hydrophobic
material that can be used to prevent wettability and it can act as a self-cleaning material as
well. The reason behind the hydrophobicity imparted by the hybrid filler combination can be

due to the improved filler interaction and thus enhanced filler polymer interfacial stability.

Table 4. 8. Contact Angle Measurements of PVDF/rGO-ZnO

Samples Concentration of rGO Concentration Water Contact
(wt.%) of FeO (wt.%) Angles (°)
PVDF - - 99.7+4.2
PVDF/rGO 5 - 95.5+£3.2
PVDF/ZnO - 5 103£9.8

PVDF/rGO-ZnO 2.5 2.5 110£1.37




4.3.2. Mechanical and Dynamic Mechanical Properties

4.3.2.1. Tensile Test
The obtained values for tensile strength, Young’s modulus and elongation at break are shown

in Table 4.9.

Table 4. 9. Tensile test results of PVDF, PVDF/rGO, PVDF/ZnO, PVDF/rGO-ZnO

, .
Samples Tensile strength (MPa) Young’s  Modulus  Elongation  at

(MPa) Break
PVDF 21.825+1.93 1365.50+101.23 16.22+1.45
PVDF-GO 22.927+1.197 2969+380.6 7.352+0.66
PVDF-ZnO 36.546+0.331 2778.8+82.2 5.5899+0.023
PVDF-GO-ZnO 43.238+6.36 19243+306 2.26605+0.075

The addition of nanofillers effectively improves the Young’s modulus and tensile strength.
Tensile strength and Young’s modulus for the hybrid PVDF/rGO-ZnO composite was 2 and
14 times respectively higher than the neat PVDF. The reduction of the percentage of
elongation at break from 16% for the neat PVDF to 2% for the hybrid composite indicate the
brittle behavior of the hybrid composite. The improvement of mechanical properties can be

linked with the increase in crystallinity ( phase) as confirmed by FTIR.

Figure 4.33 compares the fractured surfaces after mechanical deformation of the PVDF/rGO,
PVDF/ZnO, PVDF/rGO-ZnO composites along with neat PVDF. The neat PVDF has a
ductile fracture (Figure 4.33a). Then the ductility decreases with the addition of rGO
nanofillers (Figure 4.33b) and ZnO (Figure 4.33c) with less cavities. The flat fracture for the

hybrid PVDF/rGO-ZnO indicates decrease in ductility as shown in Figure 4.33d. This can



also be correlated with the well distribution of the filler particles within the matrix and

effective stress transfer between the hybrid fillers and PVDF.

Figure 4. 33. SEM images of surface of tensile test specimen cut a) PVDF b) PVDF/rGO c)
PVDF/ZnO and d) PVDF/rGO-ZnO.

4.3.2.2. Dynamic Mechanical Analysis

Figure 4.34 shows the variation in the storage modulus with frequency. The hybrid
PVDF/rGO-ZnO composite has higher storage modulus compared to PVDF, and PVDF/rGO,
and PVDF/ZnO. The storage modulus of PVDF/rGO-ZnO is 3.2 Pa at 100 Hz. PVDF/rGO
have a low storage modulus trend when compared to PVDF, while the other two composites
that contain ZnO have higher values. The nature of the filler, as well as its dimensions have a

great influence on the flow behavior as well as the storage modulus.
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Figure 4. 34. Variation of storage modulus with frequency for PVDF, PVDF/rGO,

PVDF/ZnO, PVDF/rGO-ZnO.

4.3.3. Thermal Properties

4.3.3.1. Differential Scanning Calorimetry

Table 4. 10 shows the DSC data for the PVDF and its composites, PVDF/rGO, PVDF/ZnO
and PVDF/rGO-ZnO composites. The degree of crystallinity (Xc) of the polymer was
calculated using the mentioned equation (4.2). The crystallinity was found to decrease as we
move from the PVDF/rGO to PVDF/rGO-ZnO composites. This is attributed to the well

distribution of filler particles in the hybrid composite capable of disturbing the polymer



crystallites, and the effect being higher compared to the individual composites of PVDF/rGO

and PVDF/ZnO containing filler agglomerates and clusters.

Table 4. 10. DSC data of PVDF/rGO-ZnO, PVDF/rGO, PVDF/ZnO, and PVDF.

Sample Crystallization =~ Melting AH,, Degree of
;l;ecr;lperature Temperature (°C) W/g) Crystallinity
(Xe)
PVDF 137.16 167.42 42.76 40.72
PVDF/rGO 140.91 169.19 43.66 41.58
PVDF/ZnO 139.38 168.97 41.77 39.78
PVDF/rGO-ZnO 140.11 168.25 39.04 37.18

Figure 4.35a shows the melting curves of PVDF and its composites. With the addition of the
fillers, the melting point increased and the peaks shifted from 167.4 °C for PVDF to higher
temperatures- 169.19 °C for PVDF/rGO, 168.97 °C PVDF/ZnO, and 168.25 °C for
PVDF/rGO-ZnO-- The cooling curves of composites in Figure 4.35b also show a shift in the
crystallization curve to higher temperature. With the addition of nanofillers, the
crystallization temperature increased by 4 °C for PVDF/rGO and by 2 °C with PVDF/ZnO.

The hybrid additives increased the crystallization temperature by 3 °C in PVDF/rGO-ZnO.
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Figure 4. 35. DSC analysis for PVDF/rGO-ZnO nanocomposite (a) Melting curve (b)

Crystallization curve.

4.3.4. Dielectric Properties

The frequency (f) dependence of the dielectric permittivity (¢’) and dielectric loss (¢"”) of
PVDF, PVDF-rGO, PVDF/ZnO and PVDF/rGO-ZnO are shown in Figure 4.36. Figure 4.36a
shows that PVDF/rGO and PVDF/ZnO composites have lower ¢’ values compared to neat
PVDF. This result again confirms the agglomeration of filler particles as supported by the
TEM images. The agglomeration is thought to cause trapped charges at the polymer/filler
interfaces due to the MWS interfacial polarization phenomena. Hybrid, PVDF/rGO-ZnO
exhibit higher ¢’ due to the good dispersion of rGO and ZnO within the PVDF matrix. At 100
Hz the ¢’ value reached 6 which is 1.6 times higher than that of the unfilled PVDF. Figure

4.36b shows the variation of dielectric loss with frequency of PVDF, PVDF-rGO,



PVDF/ZnO and PVDF/rGO-ZnO. The range of ¢” values is much lower than ¢, as indicated

for other types of fillers used in the previous sections.
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Figure 4. 36. Dielectric permittivity storage (a), and loss (b) of PVDF and its rGO/ZnO filled

composite samples.

4.3.5. Pressure Sensing Behavior

The relative resistance variation of flexible PVDF/rGO, PVDF/ZnO and PVDF/rGO-ZnO

composites, for the first four testing cycles are illustrated in figure 4.37. The hybrid

PVDF/rGO-ZnO has the highest relative resistance compared to other composites for all the

three applied pressures. For each composite, upon pressure, a decrease in the relative

resistance is noticed. This is due to the formation of more filler conducting networks within a

particular composite upon a compressive force. The largest improvement observed for the



hybrid composite can be attributed to the less agglomeration in the matrix and better
dispersion.

Under a pressure of 5 kPa, the sensitivity of hybrid PVDF/rGO-ZnO composite
increased by 172% compared to PVDF/ZnO and 40.6% compared to PVDF/rGO as shown in
Figure 4.37a. With pressure 10.7 kPa, the sensitivity of hybrid composite increased by
634.7% compared to PVDF/ZnO and 429% compared to PVDF/rGO as shown in Figure
4.37b. At 17.6 kPa pressure, the sensitivity of hybrid composite increased by 1066%
compared to PVDF/ZnO and 228% compared to PVDF/rGO as shown in Figure 4.37c. The
relative resistance variation was the highest for the ZnO-graphene hybrid combination with
the highest performance. Among the three different metal oxides, ZnO showed the best

conductance and stability and this can be the reason for its highest pressure detecting ability.
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pressures (a) 5 kPa (b) 10.7 kPa (c) 17.6 kPa.



4.3.6. Vapor Sensing Behavior

The relative resistance changes for the various composite samples, PVDF/rGO, PVDF/ZnO
and PVDF/rGO-ZnO towards different vapors of organic volatile liquids acetone, THF, and
DMF are represented in Figure 4.39. These composites were also checked for their ability to
detect polar solvent vapors -Toluene, Xylene and Benzene; however it is found to be less
sensitive towards them. This property can be applied in fabricating electronic noses (e-nose)
based on these composites to distinguish between polar and non-polar solvent vapors
(discussed in section 4.1.6).

In the case of acetone, the relative resistance of the hybrid composite was higher by 116%
than PVDF/rGO, and higher by 76% than PVDF/ZnO composites. In the case of THF, the
relative resistance of the hybrid composite was higher by 264 % than PVDF/rGO, and higher
by 166.6% than PVDF/ZnO. And in the case of DMF, the relative resistance of the hybrid
composite was higher by 170% than the PVDF/rGO and higher by 89% than PVDF/ZnO
composites.

The relative resistance variation is compared in Figure 4.40 which indicates that PVDF/rGO-
ZnO hybrid composite has higher relative resistance of 1.5, 1 and 0.78 towards the vapors of
THF, DMF and Acetone respectively. Whereas low values for relative resistance, 0.15, 0.1
and 0.05 were respectively observed for benzene, toluene and xylene vapors. It is also worthy
to note that the highest response for the solvent vapors are shown by the ZnO hybrid

composite when compared to the TNL and FeO hybrid composites.
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CONCLUSION

Three different sets of hybrid nanocomposite materials (PVDF/rGO-TNL, PVDF/rGO-
FeO and PVDF/rGO-ZnO) were fabricated by solution mixing process. The combination
of rGO and metal oxides enhanced the various properties of the composites in addition to
reducing the metal oxide content in the final composite. The flexible materials showed
excellent sensing performances towards various pressures and solvent vapors with high
response in short time. This performance was attributed to the metal oxide conducting
network while applying the pressure. Morphology and structural information confirmed
the presence of filler aggregates in composites containing individual filler materials at
concentration of 5 wt.%. Whereas the hybrid combinations with the same concentration
provided better filler distribution and enhanced properties of the materials.

For the first case of hybrid combination of rGO(2.5 wt.%)-TNL(2.5 wt.%), (sample
PVDF/rGO-TNL) the enhancement in tensile strength was 115 % whereas for the
rGO(2.5 wt.%)-FeO(2.5 wt.%) (sample PVDF/rGO-FeO) and rGO(2.5 wt.%)-ZnO(2.5
wt.%), (sample PVDF/rGO-ZnO) the enhancement was 27.4 and 98 % respectively.
When the dielectric properties were compared, PVDF/rGO-TNL showed the maximum
dielectric constant of 3.8 at 10" Hz. This was 41% higher than PVDF/rGO-FeO and
52.4% higher than PVDF/rGO-ZnO at 10* Hz. Good mechanical strength and storage
modulus values were observed for all hybrid composites which is linked to the presence
of B crystalline phase and reduction in a phase. In pressure sensing PVDF/rGO-ZnO
showed the best performance with relative resistance change of 38 % higher than that for

PVDF/rGO-FeO and 87.5 % higher than PVDF/rGO-TNL at 17.6 kPa.
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Figure 4. 40. Linear curves of PVDF/rGO-ZnO, PVDF/rGO-FeO and PVDF/rGO-TNL.

Figure 4.38 shows the linear curves of PVDF/rGO-ZnO, PVDF/rGO-FeO and
PVDF/rGO-TNL hybrid composite pressure sensors. PVDF/rGO-ZnO shows an ideal
sensor behavior compared to other composites. Table 4.11 is used to link between the
nanostructure of the composites and their sensing behavior. PVDF/rGO-ZnO has smaller
dielectric constant that can lead to more sensitivity. The presence of gas reduces the
surface concentration of charges and this lowers the potential barrier and increases the
flow of current. Table 4.11 shows that the higher sensitivity is achieved at lower
crystallinity percentage. It is well known that the additives can be distributed easily in

amorphous region and cannot be accommodated in crystalline region [142]. So the
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dispersion will be more homogenous in composite with less crystallinity percentage

[143].

Table 4. 11. Summary of relation between sensitivity, degree of crystallinity and
dielectric constant of three hybrid composite sensors.

PVDF/rGO-ZnO

PVDF/rGO-FeO

PVDF-rGO-TNL

Pressure Pressure Relative Pressure Relative
(Kpa) Relative Resistance (Kpa) Resistance (Kpa) Resistance
5 0.9 5 1.17 5 1.26
10.7 5.27 10.7 1.86 10.7 2.3
17.6 10.5 17.6 7.5 17.6 5.65

Degree of Crystallinity

Degree of Crystallinity

Degree of Crystallinity

37.18

39.38

41.66

Dielectric constant(at 10* Hz)

Dielectric constant (at 10* Hz)

Dielectric constant (at 10*

Hz)

3.7

3.9

5.6

Excellent vapor sensing and ability to distinguish different solvent vapors with different

rate of relative resistance change, suggest the application of these hybrid combinations in

fabricating electronic noses to detect polar oxygenated solvent vapors. PVDF/rGO-FeO

showed the best performance to detect acetone which was 6 % higher than PVDF/rGO-

ZnO and higher 14.5 % than PVDF/rGO-TNL. PVDF/rGO-ZnO and PVDF/rGO-FeO

showed the same performance to detect (DMF), which was 32 % higher than PVDF/rGO-

TNL. The PVDF/rGO-ZnO showed the best performance to detect THF since its relative

resistance was 25 % and 70 % higher than that for PVDF/rGO-FeO and PVDF/rGO-TNL

respectively. In all the cases, the individual PVDF/rGO and PVDF/metal oxide showed
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least improvement in properties. This is because of the agglomeration at the higher filler
concentration of 5 wt.%. The good dispersion in the case of synergistic composites,
improved the dielectric properties and increased the smoothness and wettability which

can reduce the bio-fouling which is highly needed in many sensing applications.
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