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Abstract

Nanofillers based on carbon, such as graphene, carbon black, and carbon fibres,
are used for composite production. Nowadays, multiwall carbon nanotubes
(MWCNTSs) are a widely applicable material, mainly in the fields of polymer
electronics and sensors. The utilization of carbonaceous nanofillers in various
sensors like pressure, deformation, motion, or sensors to detect organic compound
vapours is broadly reported. Although their sensitivity is high, most applications
for sensing organic vapours suffer from low selectivity. Entangled MWCNTSs
buckypaper structures may serve as a reference of its kind.

The study presents a new method for preparing nanocomposite-based
chemiresistive sensors for volatile organic compounds (VOCs). Ethanol, acetone,
toluene, and heptane were selected as representative VOCs differing in polarity
and hydrophobicity. The transducing layer of the sensors is made from an
elastomeric matrix and carbonaceous nanofillers and deposited on substrates
patterned by interdigitated electrodes. Carbon nanotubes were found to be the
most suitable of the fillers considered in the first stage of the research. Three
nanocomposite materials with comparable resistivity were prepared from
elastomeric copolymers with MWCNTs filler. Styrene-isoprene-styrene
copolymer, ethylene-octene copolymer, and thermoplastic polyurethane were
chosen as the polymer matrices. These samples manifested comparable sensitivity
and better selectivity than the previously studied buckypaper. Examples of
potential applications such as an integrated electronic device, “electronic nose,”
and a sensing microstrip antenna were demonstrated. In the next step of the
research, various strategies have been adopted and employed to enhance the
performance of the sensors. Spin coating was found to be the best thin film
preparation technology, whereas surface plasma treatment did not yield any
improvement. The introduction of graphene nanoplatelets (GNPs) as a next filler
and styrene-butadiene-styrene copolymer as the next matrix allowed the
preparation of VOC sensors with giant response and selectivity. The superior
sensor properties were explained using Hansen solubility parameters (HSP). The
main advantages of the HSP approach, i.e. simplicity, explanatory and predictive
power, were proven also in this study. Moreover, it enables a rational design of
new sensors based on solvent—polymer—filler interactions, thus announcing a new
class of HSP-based sensors.



Abstrakt

Nanoplniva na bazi uhliku, jako jsou grafen, saze a uhlikova vlékna, jsou stale
vice pouzivana pii vyrob¢é kompoziti. V dnesni dob& jsou mnohosténné uhlikové
nanotrubice (MWCNT) Siroce Vyuzivanym materidlem piedev§im v oblasti
polymerni elektroniky a senzorti. Uvadi se mnoho ptikladl pouziti uhlikatych
nanoplniv v riznych senzorech velicin, jako jsou tlak, deformace, pohyb nebo
senzory k detekci par organickych sloucenin. Piestoze jejich citlivost byva
vysoka, vétSina aplikaci pro snimani koncentrace par organickych latek trpi
nizkou selektivitou. Zapletené struktury MWCNTS ve form¢ buckypaperu mohou
poslouzit jako svého druhu reference.

Predlozend studie ptedstavuje novou metodu piipravy chemirezistivnich senzort
na bazi nanokompozitii pro tékaveé organické slouceniny (VOC). Ethanol, aceton,
toluen a heptan byly vybrany jako reprezentativni VOC liSici se polaritou
a hydrofobicitou. Pfevodni vrstva senzorti je vyrobena z elastomerni matrice
a uhlikovych nanoplniv a nanesena na substratech opatfenych interdigitalnimi
elektrodami. Jako nejvhodnéjsi z plniv uvazovanych v prvni fazi vyzkumu byly
shledany uhlikové nanotrubice. Z elastomernich kopolymerd a MWCNTS jako
plniva byly pfipraveny tii nanokompozitni materialy se srovnatelnym odporem.
Jako polymerni matrice byly zvoleny styren-isopren-styrenovy kopolymer,
ethylen-oktenovy kopolymer a termoplasticky polyuretan. Tyto vzorky
vykazovaly srovnatelnou citlivost a lepSi selektivitu nez diive studovany
buckypaper. Jako ptiklad mozné aplikace bylo demonstrovano integrované
elektronicke zatizeni, ,.elektronicky nos* a snimaci mikropaskovéa anténa. V
dalsim kroku vyzkumu byly pfijaty a pouzity rizné strategie pro zlepseni vykonu
senzorll. Bylo zjisténo, Ze rotani potahovani je nejlepsi technologii ptipravy
tenkého filmu, zatimco plazmové opracovani povrchu nepfineslo zadné zlepSeni.
Zavedeni grafenovych nanodesti¢ek (GNP) jako dalsiho plniva a styren-butadien-
styrenového kopolymeru jako dal$i matrice umoznilo ptipravu VOC senzorti s
obrovskou odezvou a selektivitou. Vynikajici vlastnosti senzoru byly vysvétleny
pomoci Hansenovych parametrii rozpustnosti (HSP). Hlavni vyhody pftistupu
HSP, tedy jednoduchost, vypovidaci schopnost a prediktivni schopnost, se
osveédcily 1 v této studii. Navic tento pfistup umozituje racionalni navrh novych
senzort zalozenych na interakcich rozpoustédlo—polymer—plnivo, ¢imz
ptedstavuje novou tfidu senzorti na bazi HSP.
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1. INTRODUCTION

1.1 Nanotechnology

Nanotechnology is a science, engineering, and technology and was first
introduced in 1974 by Norio Taniguchi and defined as “processing of separation,
consolidation of materials by one atom/molecule”. As a consequence, this term
could be called the “processing of materials conducted in nanoscale, one billionth
of a meter (10° m) in size [1]. Nanoscale materials are utilized for the application
of extremely small things across many fields. Accordingly, carbon allotropes,
especially carbon nanotubes, is nanotechnology useful for polymer composites,
electromagnetic shielding, electron field emitters, capacitors, batteries, and
structural composites [1, 2].

1.2 Polymer nanomaterials

For many years, we have known that better materials are composites such as filled
polymers, where polymer fillers have a length scale in micrometres, and their
interface of fillers is close to the bulk polymer matrix. The use of inorganic fillers
in industry to modify polymers into products has experienced a revolutionary
change from reducing the product/component cost to producing composites. As a
consequence of the presence of nano-sized fillers, a large window of choices and
opportunity is opened because nano-scaled fillers have a higher aspect ratio and
fewer structure defects than their counterparts with micrometre-sized [2]. Polymer
nanomaterials are classified into nanostructured materials with a wide range of
nanometer size, from 1 nm to as large as 100 to 200 nm. Introducing nanoparticles
as additives/fillers into polymer systems has claimed in polymer nanocomposites
(PNs) like high-performance products. Based on these previous experiences, PNs
are excellent modern materials where the length scale of nanoparticles is in
nanometers. Nanostructured materials have a shorter distance between the
polymer and the filler (nanofiller) and have a large representation per volume in
the given polymer.

Research and development of nanomaterials provide us with unique opportunities
to develop many revolutionary materials. For instance, the interaction between
CNTs and polymer matrix has a limited enhancement. For electrical properties,
a high amount of CNTs are added to a polymer, but the improvement of these
electrical properties in composites is still limited due to random distribution and
poor dispersion of CNTs. Their sizes, interparticle interactions, surface, purity,
and resistivity determine many exceptional properties and performance. They are
very attractive and have a great deal of attention because of their potential use in
areas such as electronics, optics, healthcare, magnetic data storage, chemical
industry, etc. These materials can be widely used for chemical and biological
sensors, cell electrodes, and super-capacitors [3].



2. POLYMERS

Polymers form the main part of the composite material, which is imagined as the
domain role in this work. Several polymers were tested, such as thermoplastic
materials like styrene or acrylate polymers, but the results have shown no
suitability for this purpose. Otherwise, due to their chemical impropriety,
polyolefin materials were not a good candidate for experiments. Elastomers, with
their elastic properties, seemed better choices for direct contact with organic
vapours. Elastomeric matrices were the right way as an important part of future
polymer nanocomposite. Thus, elastomeric polymers such as thermoplastic
polyurethane, styrene-isoprene-styrene copolymer, and ethylene-octene
copolymer appeared to be proven.

2.1  Styrene-isoprene-styrene copolymer (SIS)

The first and most used polymer for the preparation of the polymer composite was
SIS — Kraton D 1165 PT. SIS is produced by ionic copolymerization, gradually
introducing styrene, 2-methyl-1,3-butadiene (isoprene), and styrene in one
reactor. Styrene content varies typically between 15 — 40 percent. The styrene has
a function of domains of crosslinks, which provide mechanical properties like
strength, hardness, and abrasion resistance, while the isoprene, the rubber matrix,
provides flexibility, toughness, and abrasion resistance. SIS, with a low styrene
content, has similar mechanical properties to those of vulcanized rubber.
However, SIS elastomers can be processed with techniques used for thermoplastic
polymers [4].

SIS has a unique molecular structure and properties compared to other plastics or
rubbers. Each block has its own glass transition temperature, where the styrene
block has Tg =95 °C and the isoprene block has Tg =— 60 °C. This double-phase
structure also gives “Kraton” high elasticity, low viscosity, easy thermoplastic
processing, and dissolving in organic solvents. The rubbery isoprene blocks make
this copolymer soft, with low viscosity and cohesiveness. On the contrary, styrene
blocks provide high strength, hardness, and rigidity. Exposure to temperatures
above 100 °C is SIS transfer to melt the polymer and can be processed by plastic
technologies such as extrusion or moulding. SIS block copolymers are blended
with tackifier resins, oils, and fillers in many cases.

2.2 Thermoplastic polyurethane (TPU)

Polyurethane (PU) is a polymer that belongs to the group of amorphous
thermoplastics, specifically polyesteramides. The beginning of history of
polyurethanes dates back to 1937, when the research was conducted in Germany
under the leadership of Dr. Otto Bayer, and after that, in 1941, linear polyurethane
was developed for serial production.



The second polymer used to prepare the polymer composite was TPU —
Desmopan 385 S. Its linear polymer chain consists of alternating flexible, elastic
segments with a low Tg, and rigid, crystalline segments with a high melting point.
It is therefore a modification of these segments that create unigque properties, such
as strength, hardness, stiffness, flexibility, always depending on the required
applications. It also has high wear resistance, flexibility over a wide range of
temperatures, high elasticity, excellent resistance to oils, greases and solvents,
resistance to weathering and high-energy radiation [10, 11, 12].

2.3 Ethylene-octene-copolymer (EOC)

EOC copolymer consists of polyethylene (PE) and 45% octene, where octene has
a major effect on the improved properties of this copolymer. The presence of
octene causes a lower degree of crystallinity and higher flexibility of the
copolymer. It has a very low density and not very good mechanical properties. It
also has excellent "slip" and flow properties during processing. It is mostly used
by injection moulding technology for automotive exterior or interior parts. EOC
exhibits easy handling and mixing and is well soluble in toluene. In some
applications, it is used as a substitute for ethylene-propylene rubbers [8].

The third polymer for the preparation of the polymer composite was EOC —
ENGAGE 8842 Polyolefin elastomer. ,,Engage* is the most used in automotive
industry, for example in airbag systems, body panels, bumpers, exterior trims
panels and the other industrial or consumer durable goods. It is also recyclable for
In-process scrap re-use. It can be processed using extrusion, compounding, and
thermoforming, too. Suitable for making tough and resilient yet flexible products
[9, 10].

2.4  Styrene-butadiene-styrene co-polymer (SBS)

SBS is accessible thermoplastic elastomer which is produced by ionic
copolymerization of styrene and butadiene. It has high tensile strength but is
vulnerable to thermal and oxidative degradation. This type of SBS was 30 wt. %
of styrene content.

Styrenic block copolymers are often used to enhance the performance of many
products. They are widely used as direct moulded or extruded auto parts, sporting
goods, and films, and also in sealants, gasket materials, hotmelt adhesives, rubber
bands, toy products, shoe soles and others [11, 12].

For this research, it was selected as an alternative polymer for SIS due to its
similarity in properties, styrene content and description and due to its availability
as a standard chemical.

10



3. CARBON ALLOTROPES

Carbon and its miscellaneous forms have been in technology since prehistoric
times. Charcoal, graphite, and carbon black have been used as writing, drawing,
and printing materials. Charcoal has been used as fuel and played an important
role in humankind’s first technology. In 1896, Edward Acheson, an American,
made the first synthetic graphite. In the twentieth century, the relevance of
activated carbon provided engineers with the 1950s invention of carbon fibres - a
new lightweight and ultrastrong material. The development of synthetic methods
opened the way for industrial use, and carbon science was widely broadened [13].
Carbon has many forms that exist with nanoscale dimensions. This material
occurs in multiple forms with different atomic structures [14]. Carbon nanotubes,
graphene, and superconductive carbon black are used for this research.

3.1 Carbon nanotubes

Carbon nanotubes (CNTSs) are a form of carbon and represent structured carbon
atoms that look like beehives. CNTs are one of the modern forms of carbon. Their
unusually tubular shape with hexagon-structured carbon atoms is one of the most
promising materials for current research in polymer electronics. In 1991, carbon
nanotubes were discovered by a Japanese researcher, Sumia limijima, who
described their composition [15]. Carbon nanotubes have high mechanical
strength, stiffness, high specific surface, and unique electrical conductivity. These
properties are interesting in developing new composite materials, sensors,
electronic devices, separation membranes or filters, microstrip antennas, smart
shoes, and other wireless devices.

The nanotubes can be produced either in the single-wall form or in the form of
multiwall carbon nanotubes (MWCNTSs). The production of MWCNTSs is
relatively simple, and they are available in a large variety of commercial brands.
Moreover, they have a large specific surface area and good electrical conductivity
[16].

3.2 Graphene

The history of graphene began in 1947 during a theoretical study of the electrical
behaviour of graphite by physicist P. R. Wallace. In 2004, it was discovered with
a mechanical exfoliation method called "scotch-tape" by researchers A. Geim and
K. Novoselovm, where the layers from graphite are removed with used adhesive
tape. Graphene is described as a two-dimensional (2D) graphite sheet and can be
described as self-assembled vertical sheet nanostructures called graphene
nanowalls (GNWs). Graphene is electrically conducting, strong, and flexible, and
it is a very promising material for many applications, such as transistors (up to a
frequency of 1 THz), microprocessors, and memories [17].

11



4.  COMPOSITE / NANOCOMPOSITE

A composite is a material which is made from two or more different materials
with significantly distinct properties. Composites are symbolized heterogeneous
systems made with a combination of materials to form an overall structure. They
are produced in multiphases with different mechanical and physical properties.
The main phase is the polymer matrix and the second phase is a filler. The
resulting composite should be homogeneous and have the same properties in all
parts, i.e., be synergetic. The filler/reinforcement has better properties than its
own polymer matrix [18].

A filler usually represents particles in various forms (spheres, plates, fibres).
When the size of the particle is 10® m and bigger, it is a composite. Another
innovative group are nanocomposites, where the filler particle size is 10° m.
Nanocomposites have one from their phases in nanometers or structure have in
nano-scale [18].

4.1 Electrical percolation threshold

The percolation theory determines the conductivity of composite/nanocomposite
materials. The main factor is the concentration of electrical conductivity filler. A
process of charge transfer is between two particles, and the distance between them
is important. In low concentrations, conductive particles are separated by a non-
conductive polymer matrix, and charge transfer occurs using the principle of
hopping or tunnelling. The principle of hopping or tunnelling can occur if the
particle distance is less than 10 nm. If the distance is greater, the process cannot
occur, and the conductivity of the self-polymer matrix gives the conductivity.
Increasing particle distance decreases the transfer of electric charge between the
two conductive filler particles.

The most fundamental term is the percolation threshold. It is a minimum
concentration of conductive filler or point where a conductive chain of
macroscopic length is created. If the concentration is increased in the polymer
matrix, it leads to building a macroscopic network of conduct paths (percolation
area), and electrical conductivity increases [19].

Polymer composite materials show electrical conductivity due to their conductive
fillers, where the nanoparticles are closely bound to each other and contained in
the entire volume of the matrix. The low filling content of the conductive particles
shows a low conductivity of the composite. Large amounts of filler particles cause
lower values of electrical resistance. The electrical conductivity of composites is
sensitive to the number of conductive pathways and occurs in highly filled
matrices or matrices with an uneven distribution of nanofillers [20].

12



4.2 Advantages of nanocomposites

In view of nanotubes or other carbon allotropes, their possession of electrical
conductivities is subject to many researchers. CNTs can impart electrical
conductivity to polymers with a minimum amount of CNTs (with a continuous
network of CNTSs) or a minimum percolation threshold. Very important for this
parameter are factors: CNTs type (SWCNTs or MWCNTS), its aspect ratio,
synthesis technique, degree of dispersion, alignment, and essentially polymer
matrix.

Percolation thresholds have been found to be much lower than other fillers like
metal particles or carbon black. A recent review concluded that the type of
polymer and dispersion method play the biggest role in defining the minimum
percolation threshold than the type of CNTs [21].

4.3 Preparation of carbon nanotube/polymer composites

In scientific literature, three types of preparation CNTs/polymer composites are
mentioned. The first one, the simplest method, is solution mixing. It involves
mixing nanotube dispersions with solutions of the stated polymer and then
evaporating the solvents in this controlled way. Solution mixing has been used
with a range of polymers; the nanotubes are often functionalized prior to adding
to the polymer solution. Sometimes can be a problem with the compatibility of
functional groups with the polymer matrix, but to avoid this, the nanotubes can be
functionalized with polymers that are structurally similar to matrix polymers.
Another procedural method is using a high-energy ultrasonic probe to disperse the
current carbon filler (e.g., MWCNTSs in toluene) and then mixing the dispersed
suspension with a dilute solution of polymer (e.g., styrene-isoprene-styrene or
other elastomeric or thermoplastic polymers) and again with ultrasonic agitation
[22].

5. SENSOR

A sensor is a device that detects and responds to electrical or optical signals. These
electrical guantities can ensure good sensitivity, focus, and signal transmission
accuracy. Sensors are widely used because they are able to show detection and
scanned data precisely.

The essence of the sensor's function is in measuring external stimulus and its
behaviour or reaction. It means scanning of measuring physical, chemical, or
biochemical values (reactions) and consequent transport of the information about
results from measuring. The main parts include a data scanner, signal converter,
and evaluation system. Sensors can be produced in tiny dimensions, and they have
a high accuracy in measuring, sensitivity, secure transfer of signal, low noise real-
time analysis, etc. [23, 24].

13



5.1 VOC sensor

Volatile organic compounds (VOCs) are organic chemicals that are contained in
the gases from solids or liquids. They include many chemicals or compounds
emitted from a wide range of man-made or naturally occurring products.
Sources of VOCs can be found in many areas, like indoor or outdoor, and in
products such as solvents, paints, aerosols, stored fuels, adhesives, cleaners, and
many others. Concentrations of many VOCs are usually higher indoors (up to ten
times higher) than outdoors. Sensors are designed for monitoring common air
quality contaminants. The VOCs sensors can be used to directly measure ambient
concentrations of a broad range directly[24].

5.2 Nanocomposite sensors based on polymer/carbon nanotubes

Many of the outstanding properties of carbon nanotubes, graphene, and carbon
black were outlined. For the preparation of polymer composites with some
conductive fillers (e.g., CNTs), a method by mixing nanotube dispersion with
solutions of the polymer and then evaporating the given solvent is used.
A composite material base on polymer/CNTs has a largely very good electrical
and thermal conductivity. These types of sensors are mostly utilized as pressure
sensors or motion sensors that record changes of deformation in real-time or as
sensors for detecting volatile organic compounds, which work essentially on
changes of electrical resistance during absorption or desorption of these organic
solvents [25].

5.3 Influence of atmospheric plasma on the sensor

Plasma treatment can be considered as a technique for surface functional
modifications. Atmospheric plasma can help for systematic studies on the effect
of the plasma excitation method on the polymerization or practical impact of its
effect on the polymer’s layer surface [26, 27].

5.4 Nanocomposite sensors based on graphene

Graphene attracts most of the attention in contemporary literature due to its
nanoscale dimensions and conductivity applicable across many fields. Since the
discovery of graphene and its two-dimensional single-layer honeycomb
arrangement of sp? hybridised carbon atoms structure by A. Geim and K.
Novoselov in 2004 [28] the number of publications has grown explosively.
Nowadays, there are more than 300,000 papers listed in the Web of Science
database. The interest in graphene seems to find its saturation point in a number
of ca 40,000 publications per year in the last four years [29].
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6. AIM OF THE DOCTORAL THESIS

The broader scope of the thesis is to prepare novel enhanced sensors based on
polymer matrix nanocomposites with carbonaceous fillers. Although numerous
applications in sensors for volatile organic compounds (VOCs) have been
reported for these materials, they still mainly suffer from low selectivity and low
sensitivity. The general sensing mechanism is based on the interaction of adsorbed
analyte molecules (VOCs) with the nanocomposite, resulting in a change in the
quality of the contacts (charge transfer) between the individual filler particles,
which is macroscopically manifested as a change of the sensor’s resistance.

The aim of the thesis is to prepare chemiresistive sensors with enhanced
sensitivity and selectivity to selected VOCs based on thermoplastic elastomer
copolymer matrix nanocomposites with multiwall carbon nanotubes (MWCNTYS)
and graphene nanoplatelets (GNPs) used as conductive fillers. Unlike in previous
works devoted to modification and functionalization of the filler particles, here,
the role of the polymer matrix is investigated, as it may also impart sensitivity and
selectivity to the sensor.

Therefore, the following goals and objectives had to be accomplished,
including the trial and error method, to attain the aim of the thesis.

1. Initial heuristic

a. Preliminary screening of the fillers, testing of carbon black, carbon fibres,
MWCNTSs as possible candidates, and selection of the most promising filler.

b. Preliminary screening of thermoplastic (polystyrene, PS, and polymethyl-
methacrylate, PMMA) and thermoplastic elastomer (thermoplastic
polyurethane, TPU, ethylene-octene copolymer, EOC, styrene-isoprene-
styrene copolymer, SIS) polymer matrices for their suitability to be used in
the proposed kind of sensors and selection of best candidates.

2. Preparation and study of sensors based on nanocomposite films combining the
best filler candidate with selected polymer matrices. Comparison with
state-of-the-art buckypaper sensor.

3. Exploration of further enhancements of the sensors:

a. Introduction of graphene filler.

b. Physical modification of the sensor’s nanocomposite layer by cold plasma.

c. Variation of preparation method: manual and automatic dip coating, spin
coating, alternation of SIS for styrene-butadiene-styrene (SBS) matrix.

4. Graphene filler SBS co-polymer nanocomposite-based sensor: preparation
and study of its response and selectivity mechanism.

Note: Points 3 and 4 were clarified after the completion of the first stage of the
research.
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7. EXPERIMENTAL SECTION

The experimental part of this thesis describes the creation of gas sensor samples
for the detection of VOCs in the air. Two classes of sensors were examined, the
first class is based on MWCNTSs and the other class is based on GNPs. The
characterization methods used throughout the work are also described, mainly the
testing of sensor properties.

7.1 Materials and chemicals

Polymers make up the main part of composite materials, which are the core of this
thesis. In the past were tested more polymers, thermoplastic polymers like
polystyrene and polymethylmethacrylate, but as proven polymers were
predominantly elastomeric polymers like styrene-isoprene-styrene, thermoplastic
polyurethane, and ethylene-octene copolymer.

MWOCNTSs were fabricated with CVD method from acetylene precursor and were
supplied by Sun Nanotech Co. Ltd., China. The diameter of the nanotubes used is
10 - 30 nm, length 1 - 10 pum, purity > 90 % and specific electrical resistance 0.12
S.cm. Graphene, precisely Graphene nanoplatelets xGnP M-5, are unique
nanoparticles consisting of short stacks of graphene sheets having a platelet shape
and were purchased in Sigma Aldrich. Particles have an average thickness of
approximately 6-8 nm and a typical surface area of 120 to 150 m?/g, density
0.03-0.1 g/cm?®, product number 900412,

Toluene is one of the tested VOC:s. It is a solvent and was used to form a polymer
solution of SIS and EOC. It also served for its own measurement when it was
detected by prepared sensors. Ethanol, acetone, and heptane were tested as well.

7.2 Preparation of substrates for percolation curve
investigations

Electrodes for measuring the percolation curve were prepared from Cuprexit FR-
4. 1t is the layered structure which is made of 1 mm thick epoxy/glass laminate
coated with a 35 um thick Cu foil (Bungard Elektronik GmbH & Co. KG,
Windeck, Germany) by using a 30% solution of FeCls (Sigma-Aldrich Inc., St.
Louis, MO, USA) in water at room temperature. Subsequently, the rectangular
electrodes (sized 50 x 20 mm) were dipped into each polymer dispersion. The
ensuing films were about 150 pm thick.

7.3 Electrical percolation: preparation of samples and
measurement

Determination of the weight fraction for the polymer solution:
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w = —F—*100 (%) (1)

mp.+ms.

where, w is the weight fraction (%), m p. is the polymer weight (g), m s. is the
solvent weight (g)

m s. is determined as:

ms.

p=— = ms=p*V (2)

where, p is the density of organic solvent (g/cm?), V is the volume of organic
solvent (ml)

Materials used for preparation: SIS in toluene: p = 0,867 g/cm®, TPU in
dimethylformamide: p = 0,944 g/cm? EOC in toluene: p = 0,867 g/cm?

The amount of carbon fillers (to the amount of polymers) was then calculated to
each concentration:

—— (@ 3)

where, w is the mass fraction of carbon filler concentration (%), m p. is polymer
weight (g), x is the calculated amount of carbon filler (g)

The electrical conductivity was estimated from resistance measurements
performed by utilising Keithley 6517B, (Tektronix, Inc., Beaverton, OR, USA)
instrument to obtain the percolation curve of the sample. Each sample was
connected with the use of the two-point method.

7.4 Patterning of substrates for sensors

Interdigitated electrodes (IDESs) are one of the most popular transducers. They are
widely utilized in technological applications, especially in chemical sensor, due
to their inexpensive manufacturing, ease of fabrication process, and sensitivity.
For the purpose of detection and analysis, the electrodes are able to obtain a signall
for practical measuring. The electrodes are usually fabricated in small sizes. The
electrode used for self-measurement is also made of Cuprextit material. The gaps
between the individual "ridges™ on the electrode are at a distance of 0.5 mm. The
electrode for the self-measurement was chosen because it has a large number of
contact points, which are very well suited for the preparation of electrodes for the
detection of organic vapours. The electrode is light, has small dimensions, its
production is cheap, and the evaluation of results is fast and efficient.

7.5 Preparation of (nano)composite layer

A polymer solution (in toluene) was prepared for the production of samples for
(nano)composite preparation. Prepared films were used for percolation
measurements and for the initial assessment of the sensors' performance in the
preliminary screenings. Initially, manual dipping was used for casting the
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nanocomposite films, then automatic dipping was tested, and finally, spincoating
was applied as the best method. The advanced methods and experiences gathered
in their further development are described in the respective parts of the results and
discussion of the Thesis.

7.6 Procedure for the VOCs detection
This work aims to create a polymer composite that serves as a sensing unit for the
detection of selected VOCs. The electrode has a layer of polymer composite with
a conductive function. The electrical resistance was measured using a Multiplexed
Data Logger 34980A (Keysight Technologies, Canada) connected to a PC (),
where the measured resistivity data was read every 1 s. The electrode with the
active scanning layer was closed in an Erlenmeyer flask containing an organic
solvent. These organic vapours were either an aliphatic hydrocarbon (heptane),
aromatic hydrocarbon (toluene), ketone (acetone) or alcohol (ethanol). It took 6
min before the electrode with an active layer detected organic solvent vapours by
changing its electrical resistance. The nanocomposite electrical resistance was
quantified by the relative electrical resistance change defined as:
Ry
where: Ry is the stabilised electrical resistance of the composite before the
exposition to vapour (2) and R is the resistance during the exposition of the holder
with the coated interdigitated electrode by the nanocomposite (€2)

AR/R, =

Thermostatic box

25°C ;;; 3
Exid Datalogger
PC
o = |
H IDI
M" ‘ .
-
VOC
D coated

Figure 1: Experimental system for measuring resistance change [RS1]

After this time, the electrode was pulled out of the flask, and the desorption cycle
was started in the thermostatic box for 6 minutes at 25 °C. These cycles of
absorption/desorption were repeated five times. The measurement was made
under atmospheric pressure, at a temperature of 25 °C and relative humidity of
40 % in the thermostatic box.
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8. RESULTS AND DISCUSSIONS

8.1 Initial heuristics
8.1.1 Filler screening

The first task was to choose the right filler for the polymer matrix. Firstly, three
types of carbon-based fillers, namely Multiwall Carbon Nanotubes (MWCNTS5),
Carbon Fibers (CF) and Carbon Black (CB), were selected and tested. Graphene
nanoplatelets (GNPs) were added to the experimental design later.

8.1.2 Thermoplastic matrices and MWCNTSs nanocomposites

Brittle thermoplastic matrices have been chosen for volatile organic compound
detection due to comparison with elastomeric matrices. Specifically, polystyrene
(PS) and polymethylmethacrylate (PMMA) were tried for this purpose.

Polymer composites consisted of PS and PMMA with 11 % of MWCNTS, which
were tested for acetone vapours during 2 cycles of adsorption/desorption, a total
of 24 minutes (1440 seconds). Resistance was recorded to identify any response.
These tests demonstrate that PS and PMMA thermoplastic matrices are likely not
suitable for sensor application, at least in the intended way.

8.1.3 Elastomer matrices and MWCNTSs nanocomposites

Three thermoplastic matrices were initially examined for their suitability for the
fabrication of chemiresistive VOCs sensors.

All these three materials exhibit easy handling and mixing and are well soluble in
toluene. The composites were prepared by dispersing the corresponding amount
of the filler in the copolymer solution in toluene and manually dip-coating the pre-
patterned substrate, as described in experimental part. All tested filler
concentrations are summarised in Table 1 A). According to the method described
in the experimental part, the resistivity of each composite sample was evaluated.
Collected data are plotted in the Graph in Figure 2. The shape of percolation
curves is not very well developed. Nevertheless, the concentrations corresponding
to the resistivity ca 300 QQcm were selected as suitable for the fabrication of the
sensors’ samples. The resistance of any tested sensor specimen must be
measurable and small enough to provide range for the resistance increase when
the sensor is exposed to the saturated VOCs. These concentrations are indicated
in Table 1 B).
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Table 1: Compositions of tested samples for percolation threshold estimation A) for
MWCNTSs. Part B) shows the selected compositions for the preparation of testing
Sensor specimens

A) B)
Polymer | Content of MWCNTS (%) Polymer | Content of
MWCNTSs (%)
SIS 2,5,8,11, 14,17 SIS 11
TPU 8, 11, 14, 17, 20, 21, 23 TPU 23
EOC 21, 24, 27, 30, 33, 36 EOC 36
105 T T T T T T T
— g v
E 104 - \ .
e SIS\ TPU EOC \,
= | !
5 10} " ]
g - kfv
(%) -
@ 10 - -
10[ 1 1 1 1 | | 1

0 5 10 15 20 25 30 35 40
MWCNT concentration (wt.%)

Figure 2: Percolation curve - Dependence of the electrical resistivity of
MWCNT/copolymer composites on nanotube concentrations. The circles denote the
given composites, which had nearly identical resistivity of 300 Qcm and hence were

subsequently used for the comparison of the vapour effects.

8.1.4 Chemiresistive sensors MWCNTSs with elastomeric matrices

Three nanocomposite materials with comparable resistivity were prepared from
elastomeric copolymers with MWCNTSs filler. Styrene-isoprene-styrene (SIS),
thermoplastic polyurethane (TPU) and ethylene-octene copolymer (EOC) were
the elastomeric matrices. The nanocomposite films were used as transducers in
the sensors to detect ambient organic vapours of different polarities such as
ethanol, acetone, toluene, and heptane. Adsorption and desorption cycles were
measured in a 6-minute period. One measuring cycle was 12 minutes. The whole
measurement took place in 5 cycles, 60 minutes overall.

The responses of the sensors to each of the tested vapours are plotted in Figures
3,4, 5. The sensor response to the on/off cycle was recorded for five cycles. The
curves have a typical shape of adsorption/desorption response. The adsorption of
vapour molecules causes an increase in the electrical resistance, while desorption
of vapour molecules results in its decrease.
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The different sensitivity of the sensor towards the tested chemicals is manifested
in each response record in the figure below. The presence of ethanol vapours
produces only little change in the resistance. Acetone vapours have a small yet
pronounced impact on the resistance change. By far, the highest sensitivity was
observed for heptane. In other words, the selectivity of the sensor was clearly
confirmed by this experiment.
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Figure 3: Graph of the sensitivity of the SISSMWCNTSs sensor during the
absorption/desorption cyclic phase for vapours of all solvents [RS1]
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Figure 4: Graph of the sensitivity of the TPU/MWCNTSs sensor during the
absorption/desorption cyclic phase for vapours of all solvents [RS1]
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Figure 5: Graph of the sensitivity of the EOC/MWCNTSs sensor during the
absorption/desorption cyclic phase for vapours of all solvents [RS1]

Table 2 summarizes the maximum values AR/R, for each composite sensor with
the specific content of filler and for each solvent. The response of the sensor
correlates with the hydrophobicity of the vapour molecules. Especially for
SISIMWCNTSs sensor, ethanol is a polar compound that neither swells nor
permeates the hydrophobic copolymer matrix. According to its molecular
structure, acetone is slightly less polar than ethanol and is expected to permeate
the copolymer matrix slowly, which results in the observed relatively small
sensitivity among tested compounds. Toluene has a moderate influence on the
resistance change, which is in accordance with its ability to dissolve both the
styrene and isoprene blocks of the copolymer and moderate permeability through
the copolymer. The highest sensitivity of the sensor was observed for heptane. It
correlates with the structure of heptane, which is of aliphatic hydrocarbon
character that can be considered similar to the molecular structure of the major
polyisoprene block component of the elastomer.

Table 2: Results of max. values A Al A of composite materials (sensors) in a given
solvents [RS1]

SIS TPU EOC
Solvents AR/Ro max. AR/Ro max. AR/Ro max.

(%0) (%) (%0)
Ethanol 8 62 2
Acetone 181 5198 56
Toluene 761 291 1025
Heptane 1388 11 8287

The observed changes most likely resulted from the penetration of the vapour
molecules into the polymer matrix, which subsequently swelled and increased the
distances between the carbon nanotubes. As a result, the charge transfer between
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conductive filler particles was impeded, and the percolating conducting paths
were disrupted, which is manifested as a significant increase in the measured
resistance of the sensor. The most remarkable change in gas sensor electrical
resistance (over 8200 %) was made from the carbon nanotube/ethylene-octene
copolymer and was elicited by the non-polar heptane.

Obtained results can be compared with a recent reference, a sensor based on the
matrix-less material, called buckypaper, prepared from pristine, yet modified,
bare MWCNTS via a vacuum filtration technique, which is reported elsewhere
https://doi.org/10.1016/j.mee.2020.111403. The backypaper sensor was exposed
to the saturated vapours of the same set of VOCs under the same conditions, and
the data are summarized and illustrated in Figure 6. It is clearly visible that the
buckypaper based sensor provides the lowest selectivity among the tested sensors.
Moreover, the polymer matrix sensors provide higher relative responses in
general. These observations make the proposed sensors good candidates for
further research and give the promise to overcome the MWCNTSs solely based
sensor. [RS2]

Heptane Toluene
104

103

102

101

Acetone Ethanol
102

Relative resistance change, [%]
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10°-
Q,OQ %\@/\ro}g\ Q/OQ %{o/\qo 0‘§
Figure 6: Maximal relative resistance changes (sensitivity) of the given
MWCNTSs/copolymer composite sensors and a pristine MWCNT network (buckypaper)
upon exposure to the indicated chemical vapours. Composites are denoted in the
figure as TPU, SIS and EOC, and pristine MWCNT networks as CNT. Data are
depicted as means £ SDs (n = 5). [RS2]
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8.2 Practical application of MWCNTs/elastomer sensors
8.2.1 Evaluation device for organic vapours

The preliminary results indicated that these composites are suitable materials for
easy manufacturing of inexpensive deformable vapour sensors, which can be
readily adjusted to limited space or an unconventional shape.

The evaluation device for organic vapours serves to identify samples of organic
compounds based on measurement changes of electrical resistance from two
particular devices fabricated from carbon nanotubes in different polymer matrices
SIS and TPU, which provided the best resolution between polar and non-polar
VOCs. This evaluation device recognizes the type of organic solvent based on
results of previous measurements characterizing differences in the two types of
particular sensors.

|

Figure 7: Device for evaluation of organic vapors, a primitive “electronic nose”. The
upper image shows the device in the off-stte, two particular sesnors are visible. The
lower pair of images show actual measurement 1) during self-evaluation, 2) display of
the evaluated solvent [RS1]

The results demonstrated that the sensors using developed composites are able to
detect ambient organic vapours, which selectively alter their electrical resistance.
In this simplest construction, the choice of polymer matrix imparts the selectivity
to the sensor and thus allows resolution between saturated vapours individual
VOCs within the tested set of the four selected VOCs (ethanol, acetone, toluene
and heptane). Moreover, the gas sensor demonstration prototype developed in our
research is small in size and production costs are low. It shows the way to devices
that could be practically used as a part of a universal device for the identification
of organic solvent vapours, the so-called "electronic nose".
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8.2.2 Microstrip antenna

Another demonstration of the practical application of the developed
nanocomposite sensing material is the fabrication of a microstrip antenna with
sensing properties.

A wireless microstrip antenna-based sensor samples were made from MWCNT
nanocomposite using the three matrtices TPU, SIS and EOC. The biggest sensing
responses of the microstrip antenna-based sensor were observed for the sample
made from MWCNT/EOC nanocomposite exposed to heptane saturated vapours.
Thus, this composition was selected for further studies. [RS2]

8.3 Graphene nanocomposite
8.3.1 Why graphene

With respect to the first and second goals, the effect of proper polymer matrix and
MWCNT filler choice on the sensitivity and selectivity of the sensors has already
been demonstrated. The materials performed better in comparison with the
buckypaper reference. Nevertheless, the work continued to attain even better
results, something that could fulfil the promises of nanotechnology. Therefore,
the research focused on the preparation of sensors with graphene filler.

8.3.2 GNPs/SIS nanocomposite

Graphene is one of the miscellaneous forms of carbon. Carbon is exceptional in
forming many allotropes due to its valency, which means structurally multiple
forms of the same element with different atomic structures. Graphene has a large
specific surface area and unique mechanical and electrical properties, especially
electrical conductivity, which play an important role in this research due to its
sensitivity to volatile organic compounds and gases. Namely, graphene is a perfect
nanomaterial for measuring and sensing volatile organic compounds by a simple
sensor made from copolymer composite, which is based on an elastomeric matrix
and graphene as the electrically conductive filler. The polymer matrix imparts
necessary selectivity to the sensors. Based on the previous results, SIS was
selected as a suitable material. Thus, the graphene/SIS nanocomposite serves to
these applications and make progress to the next steps. All tested filler
concentrations are summarised in Table 3 A). According to the method described
in the experimental part, the resistivity of each composite sample was evaluated.
The resistance of any tested sensor specimen must be measurable and small
enough to provide a range for the resistance increase when the sensor is exposed
to the saturated VOCs. Therefore, the concentration indicated in Table 3 B) was
selected.
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Table 3: Compositions of tested samples for percolation threshold estimation A) for
various concentrations of graphene. Part B) shows the selected compositions for the
preparation of testing Sensor specimens

A) B)

Polymer | Content of Graphene (%) Polymer | Content of
Graphene (%)

SIS 1;2.5; 3.75; 4.5; 5; 7.5; 10; 15; 20 SIS 7.5

8.4 Investigations of atmospheric pressure plasma jet (APPJ)
modification

With the help of manual dip coating method, the nanocomposite layers were
achieved. Another research activities were approach to knowledge to influence of
nanosensor's surface by atmospheric plasma treatment. The proper filler
concentration just above the percolation threshold is the primary key to the
maximum sensitivity of the sensor. Additional secondary treatment of the surface
of the sensor by atmospheric plasma can decrease the electrical resistance of the
thin film and further improve the sensitivity of the sensor. Thus, the properties of
the sensor may be tuned and further enhanced by atmospheric plasma.

8.5 Improvements in the sensing layer casting method
8.5.1 Automatic dip coating process

In my doctoral research, the dip coating was selected as a good candidate for the
fabrication technique. The manual dipping operation looked easy, quick, and non-
demanding, but it suffered from relatively poor reproducibility, repeatability, and
homogeneity of the prepared film thicknesses. The acquisition of an automatic
dipping machine led to efforts to improve this method.

Hence, this method was not successful for this purpose due to irregular layers on
the whole surface of the electrode. The process was based on dipping in polymer
solution SIS/GNPs with 7,5 wt. % of graphene in toluene. Regarding this
operation, it is hard to obtain the film with the same reproductive thickness of the
layer every time. It was tried to change the dipping time (less and more), distance
for immersion (with also gradual immersion), and time for drying, but any change
of procedure setting was not good for perfect performance and constant layer for
our purpose - with either same or similar layer thickness. This method was
selected as inappropriate for further research.

Based on this experience, the new motivation was to find a better method for our
precise purpose of constant nanocomposite thin layers.

8.5.2 Spin coating process

As mentioned above, working with graphene was different from working with
CNTs. Although this is an empirical fact based on my experience and the reasons
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for this behaviour were not studied, it hypothesises that the 2D graphene has a
much larger surface, resulting in larger surface energy and better geometrical
features for reassembly than 1D CNTSs in a thick solution of the polymer.

Spin coating is a procedure used to apply thin films on flat substrates or surfaces.
It is one of the most widespread and simplest methods used to prepare polymer
films. A polymer solution is applied to the centre of the substrate, obviously with
a volume around several tenths of millilitres [30]. Reaching a symmetrical surface
is accomplished by convection and diffusion in flowing gas. Spin coater secures
control of the process and permits a better stable design of the product [31].

An average film thickness of 9.1 um with a standard deviation of 0.9 um was
achieved for a representative series of five consecutively deposited layers. The
standard deviation corresponds to the relative deviation of 10 %, implying the
spin coating method as the best fabrication procedure among tested methods.

8.6 Giant response and selectivity of SBS/GNPs room
temperature sensor to organic vapours

A chemiresistive VOC sensor with considerable sensitivity and selectivity was
prepared using styrene-butadiene-styrene co-polymer (SBS) matrix filled with
graphene nanoplatelets (GNPs) as the nanocomposite transducing layer deposited
by spin coating on a copper interdigitated electrode (IDE) patterned substrate.

8.6.1 Initial reconsiderations

In contrast to the intriguing chemistry of the gas-sensing graphene-based elements
described in the introductory chapter: Nanocomposite sensors based on graphene,
the mechanism of strain sensors and their design is much simpler. First, selectivity
is not an issue. Next, the response is based on the conductivity of graphene or any
other conductive filler network, which is dispersed in a polymer matrix and whose
conductivity depends on percolating pathways established by contacts of the filler
particles. Hopping and tunnelling are the two possible mechanisms of charge
transfer in and between otherwise electrically conductive filler particles separated
by a thin enough layer of the insulating polymer matrix. The overall conductivity
of such a network depends on the concentration and quality of contacts between
single filler particles, particle aggregates and agglomerates. Then, the response of
such strain sensors depends on changes in these conductive bridges induced due
to the geometrical deformation of the network induced by the strain. In other
words, the strain response of the graphene network mainly depends on the changes
in the contact resistance of adjacent graphene sheets [32]. If the interparticle
contact creates a narrow neck limiting the overall conductivity, the adsorption of
gaseous molecules will influence the resistance response of such material as much
as it changes the quality of these contacts. Our previous work on carbon nanotube
entanglements demonstrated this sensing mechanism [33, 34]. [RS3]
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8.6.2 Advanced experimental methodology

The preparation of the GNPs/SBS nanocomposite-based sensor required
modification of the previous experimental procedures and integration of the best
sensing film deposition method, i.e. spin coating. Following paragraphs restate
the procedure for clarity and to present the advances in sample preparation method
In a comprehensive way.

The electrical resistance response of the sensors is Sensitivity (AR/Rg, [%]). The

sensitivity was quantified as the relative electrical resistance change defined as:

AR/R, = ®.100% (5)

0

The maximum sensitivity (Rmax/Ro, [%0]) is the sensitivity of the sensor observed
at the partial pressure of saturated vapour of a given VOC at 25 °C.
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Figure 8: Experimental system for measuring the resistance change response to
saturated vapours of tested VOCs [RS3]

The selectivity (o1/2) is defined as the mutual property of a pair of gasses (vapours)
indexed by 1 and 2, comparing their maximum sensitivities normalised to

corresponding to the partial pressure of their saturated vapours (po).

. — Rmax,l/RO . pO,Z (6)
1/2 Rmax,z/RO pO,l

Cross sensitivity towards humidity was studied using mixtures of tested liquids
with water. As toluene and heptane are immiscible with water, the vapours in the
Erlenmeyer flask were composed of saturated vapours of the respective VOC and
water. In the case of acetone and ethanol, mixtures of water with the respective
VOC were used to generate the gas phase of equilibrium composition.

28



8.6.3 Electrical properties of SBS/GNPs nanocomposite films

The resistivity of SBS/GNPs films with various filler concentrations was
investigated to find a suitable concentration for preparing the active layer in the
proposed sensors. The percolation curve in Figure 9 displays the increase of
electrical conductivity with increasing concentration of the filler. The electrical
conductivity of the SBS/GNPs composite follows the percolation theory, stating
that conductivity increases by many orders above a critical filler fraction, which
is called the percolation threshold. Below this threshold, the material is insulating,
whereas it behaves like a conductor above the threshold [35]. The concentration
of the graphene nanofiller was varied as the factor determining the conductivity
of the resulting material, whereas the fabrication method was kept the same for
all samples. The mechanism governing the percolation behaviour of SBS/GNPs
IS expected to be similar to carbon nanotube-filled composites [36]. The
conductivity of the SBS/GNPs is very low at mass percent values below 5 % due
to the low amount of added GNPs. The biggest jump by eight orders in
conductivity is between 4.5 % and 10 %, indicating the threshold at 5 % when
large clusters begin to be formed and the tunnelling effect between GNPs is
manifested. Connections between smaller clusters create a conductivity path at
percolation. Further increase in GNPs concentration creates a network of filler
particles. Above 10 %, the GNPs network is formed, and a further increase in
concentration only densifies its structure, manifested in incremental conductivity
enhancement. At high filler concentrations, the conductivity is stabilised by a high
concentration of multiple connections between filler particle clusters penetrating
the whole volume of the material. [RS3]
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Figure 9: Percolation curve - Dependence of the electrical conductivity of SBS/GNPs
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29



8.6.4 Response and selectivity of the sensor

The sensors were prepared from the selected material with a filler mass
concentration of 7.5 % in the SBS/GNPs nanocomposite and tested against
vapours of ethanol, acetone, toluene, and heptane. Examples of sensor responses
to each of the tested vapours recorded for ten on/off cycles are plotted in Figure
10. Relative response to water was added too. [RS3]
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Figure 10 - Graphs of the sensor resistance (R) responses and relative responses of
the SBS/GNPs sensor during the absorption/desorption cyclic phase for saturated
vapours of all solvents, namely a) water, b) ethanol, c) acetone, d) heptane and e)
toluene. Note the y-scales of the graphs — the units are kQ2 for water, ethanol, and

acetone, whereas the graphs recorded for toluene and heptane use MQ, as the sensor
resistance changes are very large. The same scales apply for Relative response
(AR &) expressed in % starting from units 10°, hundreds 102 up to millions 108. [RS3]
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Figure 10 a) shows the reaction of the sensor to relative humidity change from
40 % in the thermostatic box to 100 % in the testing flask. There was no
significant response to the cycling, therefore we concluded that water has no or
negligible role in sensing at given conditions. Then, the other VOCs were tested.
The adsorption/desorption cycles yielded the typical shape of the response curves
illustrating the giant relative response of sensors to some of the tested VOCs
reaching up to millions of %, which in terms of electrical resistance represents a
change from several tens of kQ to several GQ. It must be noted on account of the
presented data that the testing apparatus and the method are elementary, and these
measurements represent a pioneering study which will be more elaborated in
further detailed research.

The observed highest Rma/Ro and rounded average Rmax/Ro values are summarised
in Table 4. The highest maximum relative response was recorded for toluene and
heptane. In contrast, acetone vapours induced a small response, whereas ethanol
vapours generated only little changes in the resistance.

Table 4 also summarises the response time (tgo) necessary for the sensor to reach
90 % of the maximum signal in the on phase of the cycle and the recovery time
(t10) necessary for the sensor to reach 10 % of the preceding maximum response
in the off phase of the cycle. The values were read from the graphs in Figure 10
and are presented as average values with standard deviations. The values were
obtained for the tested VOCs while water has no significant response.

Table 5 summarises the selectivity (o12) of the sensor towards vapours of the
tested VOCs. [RS3]

Table 4: Results of max. values 4 4/ 4 of the sensor towards tested VOCs. The values of
saturated vapour partial pressure at 25 °C are taken from the following references: a)

37], b) [38], ) [39], and d) [40]. [RS3]
VOC Do Maximum Average 190 tio
Rmax/Ro Rmax/Ro (%) (S) (S)
(kPa) (%)
ethanol? 7.870 26.8 23 48 +13 110 £ 50
acetone®  30.868 2580 1600 52+9 24 +4
toluene® 3.8 11500 000 10000 000 31+4 22+2
heptaned 6.476 11600 000 9 000 000 245 20+2
Table 5: The selectivity (o12) of the sensor towards tested VOCs. [RS3]
Gas (VOC) 1 Gas (VOC) 2
ethanol acetone toluene heptane
ethanol 1 0.056 0.00000111 0.0000021
acetone 18 1 0.0000197  0.0000373
toluene 901 000 50 800 1 1.8
heptane 476 000 26 800 0.528 1
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8.6.5 Sensing mechanism

As presumed in the introductory part, the mechanism imparting the giant
sensitivity and selectivity to the SBS/GNPs sensors can be described in terms of
polymer swelling due to the adsorption of VOC molecules and their interaction
with the polymer matrix. Nevertheless, some other possible mechanisms need to
be reconsidered, including the interaction of the VOC molecules with the filler
particle network. [RS3]

Although empirical, the Hansen solubility parameter (HSP) pragmatic approach
fits well in the framework of classical polymer solution theories and earned its
recognition in the prediction of polymer solubility [41]. Similia similibus
solvuntur refers to an old general rule in chemistry, which says that similar
substances dissolve similar substances. Dissolution and swelling of polymers are
governed by the similarity of the solvent and the solute in three relevant
parameters describing the effect of the dispersion force (dp), the polar
intermolecular force (J,), and the hydrogen bond (Ju). These three HSP describe
the three major contributions to cohesion energy and create a three-dimensional
space where a point represents a solvent or solute. The common unit for these
parameters is MPa*2. The square of the Euclidean distance, (r,)?, between two
points in the HSP space describes the difference in cohesion energy per molar
volume between these two components, which is used to assess their mutual
ability to form a solution (miscibility, in other words). The empirical parameter is
the interaction radius (ro) which expresses the maximum energy difference
allowing solubility of the compound in question. This radius is indeed a Euclidean
distance and defines the best spherical approximation of the volume surrounding
the solute point in the HSP space embracing experimentally estimated solvents,
the so-called interaction sphere. It is also called a solubility sphere as it
encompasses good solvents for polymers. In contrast, points lying outside the
sphere shall not dissolve the solute. Some thermodynamically bad solvents or
even good solvents may fall out of the sphere as the estimation of its radius is
based on statistics. Nevertheless, points representing such solvents will not be far
from the sphere’s surface. The relative energy difference (RED) used to predict
the solubility of a polymer in a solvent is dimension less and defined as

T,
RED = 2 (7)
1o

(ra)z = 4(5D,p01 - 5D,sol)2 + (6p,pol - 6p,sol)2 + (6H,pol - 6H,sol)2 (8)

The lower indexes “pol” and “sol” stand for polymer and solvent, respectively.
Note that the lowercase symbol “r” is used here for the radius instead of the
commonly used symbol “R " to avoid confusion with the electrical resistance.

The biphasic SBS co-polymer matrix in the nanocomposite can be treated as a
combination of two model polymers PS and PB. Table 6 summarises the tabulated
HSP of tested VOCs and the model polymers, interaction radii of PS and PB and
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RED calculations. A RED value lower than 1 indicates the high miscibility of the
VOC in the polymer in question. Ethanol and acetone have values of RED higher
than 1, correlating to the observed small sensitivity response. Nevertheless, the
acetone/ethanol selectivity value is 25, ascribed to the differences in their RED
values calculated for both polymer phases. Indeed, neither PS nor PB dissolves in
ethanol, whereas acetone nearly approaches the limit of good solubility defined
by RED =1 for both polymers, thus providing limited solubility for SBS. A more
complicated pattern can be seen for toluene and heptane. Toluene is the best-
scoring solvent for both polymers and dissolves PS, PB, and the SBS co-polymer.
In contrast, heptane does not dissolve PS, whereas it is a good solvent for PB. The
relative response and selectivity of the sensor towards vapours of all tested VOCs
follow the order of the corresponding HSP values. Water is considered in Table 6
to complete the picture. Indeed, it causes no significant sensor response, which
correlates with its high RED and the fact that either PS or PB are insoluble in
water and do not swell. On the other hand, it must be emphasized that water is an
enfant terrible in the HSP approach. The parameters for a single water molecule
derived from the energy of vaporization of water at 25 °C [41], were used in this
table as this may correspond to the very low concentration of the molecules in the
polymer or to the gaseous phase at best. [RS3]

Table 6: The HSP and ro values [41], calculated ra values, and calculated RED values
between PS, PB, and tested VOCs and water. [RS3]

Polymers HSP values ro la RED
& 5o 5o OH (MPa'?)  (MPa'?) (-)
solvents | (MPa'?)  (MPa'?) (MPa'?)

PS 22.3 5.8 4.3 12.7 - -
water 15.5 16.0 42.3 - 41.63 3.28
ethanol 15.8 8.8 19.4 - 20.15 1.59
acetone 15.5 10.4 7.0 - 14.61 1.15
toluene 18.0 1.4 2.0 - 9.93 0.78
heptane 15.3 0 0 - 15.75 1.24
PB 17.5 2.3 3.4 6.5 - -
water 15.5 16.0 42.3 - 41.44 6.38
ethanol 15.8 8.8 194 - 17.6 2.71
acetone 15.5 10.4 7 - 9.72 1.5
toluene 18 1.4 2 - 1.94 0.3
heptane 15.3 0 0 - 6.02 0.93

The HSP plot in Figure 11 offers a much more understandable picture, as it
visualises the numbers in their geometrical meaning using the main advantage of
the HSP approach. There are two solubility spheres, the larger in cyan,
corresponding to PS with ry value of 12.7 MPa*?, and the smaller in magenta,
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corresponding to PB with ry value of 6.5 MPa'?. The two spheres have an
intersecting volume, defining an HSP space for common solvents. Nevertheless,
the volumes not included in the intersection are significantly larger, encompassing
HSP values specific for either PS or PB components, which indicates their
different solubility behaviour. Thus, the union of the two balls represents a model
of the two structural components in the SBS co-polymer. The ethanol point is far
from the surface, does not dissolve the polymers, and induces the sensor’s
smallest response. The acetone point is outside the union volume also, but still
very close to both spheres and gives a much higher signal. The toluene point is
inside the two spheres’ intersection and dissolves both polymer components well.
The heptane point is only inside the solubility sphere of PB and is not included in
the one of PS. The solubility is the main factor in the sensor's large sensitivity to
toluene and giant sensitivity to heptane, whereas the mutual heptane/toluene
selectivity can be ascribed to the difference in solubilities of individual

components. [RS3]

&

Ethanol

Toluene

a1/2)

15

Acetone

-
o

Hydrogen bonding, oy (MP

[6)]

o

Figure 11 — HSP plot for tested VOCs and solubility spheres of the two components of
SBS co-polymer. Water is not plotted as this is an unnecessary outlier and would
deform the scale suitable for reading the picture. Based on the data from Table 13
and references therein. [RS3]

It must be stressed that the used SBS block co-polymer contains only 30 wt.% of
styrene content. It is a thermoplastic elastomer with a major continuous flexible
PB phase, whereas the discontinuous PS domains create rigid crosslinking points.
Toluene swells both phases of the sensor’s SBS polymer matrix well, which is
responsible for the high sensitivity towards it. However, at the same time, it causes
softening, plastification and relaxation of the whole material, including the
relaxation of the GNPs filler percolating network. Therefore, the increasing
distance between the filler particles is considered the primary sensing response
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mechanism, whereas the filler network relaxation may work in the opposite
direction. Heptane does not dissolve PS, but it dissolves PB well. Therefore, the
PB continuous phase becomes readily swollen when absorbing heptane vapours,
while the PS domains are less affected. Both solvents efficiently swell the material
and the volume increase of the material due to swelling will induce stress rather
than relaxation. This will not only depreciate the tunnelling contacts between the
filler particles due to increasing interparticle distance, but the filler network can
also be deformed. Such network disruptions can be especially expected at the
interfaces between PB’s and PS’s phase domains due to their different degrees of
swelling by the tested solvent. Moreover, the stress due to the volume expansion
of the matrix can cause deformations of GNPs sheets not only at the phase
interfaces but also in the volume of phases. Bending deformations of graphene
sheets will decrease their conductivity, thus contributing to the overall increase of
the SBS/GNPs nanocomposite giant resistivity response when exposed to heptane
and toluene vapours. [RS3]

Table 7 summarises the values of relevant parameters and results of calculations
in the same fashion as Table 6. First, the interaction of graphene and polymer
matrices has to be evaluated. It seems the PB is closer than PS to the surface of
the graphene’s solubility sphere indicating better (yet still not good) dispersibility
and, more generally, a greater affinity between the polymer and the filler than in
the case of PS. The stronger interaction between PB and the graphene sheets can
be due to the contribution of dispersion forces, as the dp value of PB is much
closer to graphene than the dp value of PS. We also know from the previous
considerations that heptane has excellent and probably selective interaction with
the PB phase. On the other hand, the RED value for the graphene—heptane pair
suggest the worst solubility mainly due to a large discrepancy in the effects of
intermolecular forces and hydrogen bond interactions. In contrast, toluene does
not provide such specificity. Thus, the co-occurrence of these two opposite
mechanisms also contributes to the observed giant response and selectivity of the
SBS/GNPs sensor. [RS3]

Table 7: The HSP and ro values [41-43], calculated ra values, and RED values
between graphene and PS, PB, and tested VOCs. [RS3]

Polymers HSP values

& op 5p OH lo 3 RED
solvents = (MPa'?) = (MPa?) (MPa¥?) = (MPal?) = (MPa'?) ()
graphene 18.0 9.3 7.7 6.5 - -
PS 22.3 5.8 4.3 - 9.89 1.52
PB 17.5 2.3 3.4 - 8.28 1.27
Ethanol 15.8 8.8 19.4 - 12.51 1.92
Acetone 15.5 10.4 7.0 - 5.17 0.80
Toluene 18.0 1.4 2.0 - 9.74 1.50
Heptane 15.3 0 0 - 13.23 2.04
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The large difference between RED values of ethanol and acetone in Table 7 is also
worth of attention. The difference in affinity of acetone and ethanol to graphene
may provide an additional explanation for the mechanism of the sensor’s
selectivity towards these two VOCs. As it was shown, acetone is better than
ethanol in swelling the co-polymer matrix components, although the poor
solubility in the matrix is still the main factor limiting the sensor’s sensitivity
toward both of them. Nonetheless, the RED of acetone to graphene is the best
among all other components. As a result, the acetone molecules may preferentially
be adsorbed on the graphene sheets if penetrated through the matrix. Then, they
can contribute selectively to a matrix volume increase localised in the filler
particles’ intimate proximity, which further impedes the tunnelling charge
transport, additionally increasing the sensor's response to acetone. [RS3]

The observed effects of 100 % humidity or nearly saturated water vapour pressure
are not intrinsic. The sensor has neither a positive nor a negative response towards
water vapours, including saturated vapours, as shown in Figure 10 a). There is no
simple summation of the signal contributions. Indeed, the water does not interact
with the co-polymer matrix volume regarding swelling, as discussed above.
Hence, an interaction on the nanocomposite surface must be considered. It can be
assumed that when the relative humidity approaches 100 %, water may be
adsorbed or even condensed on the rough surface of the nanocomposite. Such
polar barrier may be responsible for the slightly diminished response towards
hydrophobic VOCs, whereas its effect on the polar VOCs may be more
pronounced as they are miscible with water, and local equilibria may influence
the process of adsorption and desorption of the polar molecules. Whereas the
signal is slightly decreased for hydrophobic molecules and remains stable, it is
largely suppressed for the polar substances and shows marks of a decrease with
time, which, paradoxically, contribute to the selectivity enhancement. [RS3]

To emphasise finally, both main advantages of HSP, i.e., simplicity, explanatory
and predictive power, were also proven in this study of a non-trivial graphene
block co-polymer matrix nanocomposite-based sensor device, thus extending the
applicability of this approach to the field of sensors. Although further systematic
and more elaborated characterisation studies must be performed, we believe it is
legitimate to coin the term Hansen solubility parameters-based sensors for the
class of sensors working on the sensing principles demonstrated in this study
which may become game-changing in the future. It is not only description and
explanation that is possible now, but a rational design of new sensors of this class
Is enabled using the discovered pieces of the sensing mechanism and knowledge
of factors playing roles in the solvent—polymer—filler interactions. [RS3]
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9. CONCLUSIONS

This work aimed to facilitate the detection of volatile organic compounds (VOCs)
by research and development of a new nanocomposite sensor based on carbon
filler in a polymer matrix. Ethanol, acetone, toluene and heptane have been
selected as representative VOCs according to their differences in polarity and
hydrophobicity. A suitable combination of the filler and matrix can enhance the
sensitivity and selectivity of the sensor prepared by solution casting methods.
The results of the initial heuristics confirmed MWCNTSs as the best candidate in
comparison with carbon black and carbon fibres. Preliminary screening of
polymer matrices excluded thermoplastic polymers (PS and PMMA) whereas
thermoplastic elastomer matrices (TPU, EOC and SIS) were found suitable. These
polymers are soluble and easily processable and prepared sensors proved that the
composite could detect saturated organic vapours, which in turn characteristically
alter their electrical resistance. The sensor based on the MWCNT filler and the
styrene-isoprene-styrene copolymer has the highest sensitivity for the vapour of
heptane, followed by nearly two times lower sensitivity to toluene. A moderate
response can be observed for vapour of acetone, and the lowest sensitivity is
experienced for the vapour of ethanol. [RS1]

According to the preliminary understanding, the choice of polymer matrix imparts
the selectivity to the sensor due to differences in similarity of the tested VOCs
with the structure of the polymer matrix. Moreover, the gas sensor samples
developed at this stage of the research were small and production costs were low.
It could be practically used as a part of a universal device for identification of
organic solvent vapours, so called "electronic nose" that has been demonstrated
with integrated electronic device indicating the VOC component. Another
direction of practical use of the sensor was demonstrated with the microstrip
antenna sensing device. [RS2]

The efforts to improve the nanocomposite sensor led to another explorative
research activities. First, the graphene filler in form of graphene nanoplatelets
(GNPs) was introduced to the experimental design. The nanocomposites based on
GNPs and elastomer matrix (first SIS, then SBS) resulted in best percolation
curves allowing a more sophisticated choice of the filler concentration for the
nanocomposite transducing layer in the sensor. Another experimental approach
how to enhance the sensing film properties was based in air plasma surface
modification. Although there were good indications for this approach from our
collaborating institute in Slovenia, the atmospheric plasma treatment experiments
did not lead in satisfying results. The main prediction and motivation were to
decrease the electrical resistance of the measuring layer and simultaneously
increase the electrical conductivity of the sensors. The effect of the treatment on
the sample resistance was very fast, however, the modified properties were highly
unstable. Another way how to improve the sensor properties was focused on the
thin film preparing technique. The work was started with the full awareness of the

37



disadvantages of manual dip coating methods; however, it was the easiest and
fasted entrance to the preliminary stage of the research. In spite the relatively poor
thickness reproducibility, repeatability, and homogeneity of the layers, the initial
heuristics provided valuable results. Nevertheless, automated dip coating and spin
coating were examined as the next steps aimed on improving the preparation of
the composite layer. The automatic dipping allowed preparation of samples with
the thickness characterised by the 30 % relative standard deviation. The spin
coating allowed to prepare samples of thickness within + 10 % standard deviation.

Using all these prerequisites, it was possible to prepare a chemiresistive VOC
sensor with a giant sensitivity and selectivity using electrically percolating
SBS/GNPs nanocomposite as a sensitive layer deposited by spin coating on a
copper IDE patterned substrate. Three general rules of successful material
selection, material design and sensor construction were applied. As a result, the
sensor provided highly selective responses to saturated vapours of representative
VOCs differing in sensitivity values by orders of magnitude, i.e. average
maximum sensitivity (Rmax/Ro) for ethanol 23 %, acetone 1 600 %, up to the giant
value for n-heptane 9 000 000 % and toluene 10 000 000 %, which corresponds
to resistance response change from several tens of kQ to several GQ. Although
humidity somewhat decreases the response of the sensor to the tested gases at
room temperature, it improves the selectivity of the sensor, enhancing the
resolution between hydrocarbons (represented by aliphatic heptane and aromatic
toluene) and polar organic compounds (represented by acetone and ethanol). [RS3]
The GNPs filled nanocomposite material with SBS co-polymer matrix represents
a non-trivial example of graphene or any other nano-carbonaceous filler-based
polymer matrix composite material for constructing chemiresistive sensors. The
complex sensing mechanism of this kind of sensor is based on non-bonding
intermolecular interactions. Therefore, the sensor response is governed by several
effects, some of which can be synergic or antagonistic and manifested depending
upon a proper sensor's material selection, tuning electrical properties using
percolation theory, and construction design. The key factors and their intriguing
roles in the sensing mechanism were described and explained in terms of the
Hansen solubility parameters approach, providing simple and explanatory
sufficient insight into the involved intermolecular interactions. Moreover, based
on the clarified sensing principles and knowing factors playing roles in the
solvent-polymer-filler interactions, a rational design of new sensors is enabled
due to the HSP approach predictive power in future. Thus, a new class of sensors
is announced under the name “Hansen solubility parameters-based” (HSP-based)
sensors. [RS3]
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10. CONTRIBUTION TO SCIENCE AND PRAXIS

Besides the generalisation of all the experience gathered during the first parts of
the experimental studies, the most important contribution can be drawn from the
original introduction of the HSP approach to sensor science and technology and
the future vision that is opened by this work.

Although the HSP approach is based primarily on empirical facts of experimental
solubility observations, it also provides a scientifically sound insight into the
nature of non-bonding intermolecular interactions. Both main advantages of HSP,
I.e. simplicity, explanatory and predictive power, were proven in this study of a
non-trivial graphene block co-polymer matrix nanocomposite-based sensor
device, extending thus newly the applicability of this approach to the field of
sensors. It is legitimate to coin the term Hansen solubility parameters-based
sensors for the class of sensors working on the sensing principles demonstrated in
this study, which may become game-changing in future. It is not only description
and explanation that is possible now, but a rational design of new sensors of this
class is enabled using the discovered sensing mechanism and knowledge of
factors playing roles in the solvent-polymer-filler interactions.

General lessons from experience presented in this work can be summarised. First,
the choice of materials is crucial to the sensor’s design. A composite or
nanocomposite consists of at least one polymer matrix and a particulate filler. If
a homopolymer is chosen in the simplest example, the response is driven by the
ability of the matrix to adsorb the tested VOC’s molecules and swell. Then, the
selectivity will be predictable based on HSP parameters and the RED as a single
parameter, and the mechanism will be the matrix expansion, worsening the
tunnelling transport mechanism combined eventually with the deformation of
filler particles, which might be complicated by an antagonistic effect of the
relaxation of the filler network in a softened matrix.

Specific interaction of the filler with the tested VOCs can improve the selectivity
if this is the case. Although only one type of GNPs filler was used in the presented
study, exceptional acetone affinity to graphene demonstrated that a specific
interaction of the VOC with the filler can provide another contribution to the
selectivity. The simultaneous use of various fillers can offer a higher chance for
selective interaction between the analyte and each type of used filler. For example,
various types of surface-modified carbonaceous filler could be used, or
combinations of carbon-based fillers with other elemental compositions (e.g.
CsN4 or MOX) are encouraged to enhance the selectivity of the sensor.

To achieve a non-trivial response behaviour of the sensor, a multiphase
composition of the polymer matrix is suggested. Using two or more polymer
components with sufficiently differing solubility spheres in the HSP space can
provide a selectively responding multiphase system. Depending upon the
miscibility and compatibility of the polymers, which can also be assessed using
the HSP approach, polymer phases of different compositions can be formed
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containing a percolating filler network. Mixing homopolymers offers many
possible combinations, especially mixtures of immiscible polymers with various
degrees of compatibility, which may be further modified with compatibilisers. On
the other hand, the resulting structure and phase morphology will heavily depend
on the mixing and film preparation procedures. The resulting phase morphology
can also be varied in terms of continuity, discontinuity, or co/continuity of phases.
Moreover, the dispersion and distribution of the filler can be different in each
phase. As a result, a multiphase system with dispersed filler particles throughout
the matrix can selectively respond to various VOCs due to their different
interactions with individual phases. The strongest effect is expected at the phase
interfaces where a mismatching in the swelling volume expansion of the
neighbouring phases can dramatically alter the interphase connectivity of the filler
network. This strategy offers a broad selectivity, but the control of the fabrication
process may become an intriguing task. Therefore, it is alternatively suggested to
choose a block co-polymer system where the dispersion and distribution of phases
are assured simply by the fact of the given molecular architecture. SBS was
chosen to pave this more manageable way, providing two polymer phases that
enabled the observation of principles of all aforementioned effects.

Further, applying the filler concentration choice rule was proven effective. The
right composition is to be chosen between the percolation threshold and the
saturation part of the percolation curve. Such option can be generally advised for
the material design of HSP-based (nano)composite sensors, as it provides
a combination of high sensitivity with an extensive resistivity range available for
the response.

Finally, a few remarks on thickness can be made. Indeed, the transducing
nanocomposite layer should be thick enough to allow the filler to be well
dispersed and spatially distributed to create an electrically conductive network by
the interconnected filler particles of the kind in question. On the other hand, the
transducing layer should be thin enough to provide a fast sensor response and
avoid undesirable thickness-related effects. In an ideal case, the filler shape and
the process should allow a flat (2D) structure to form with good dispersion and
distribution of the filler. An interesting idea would also be a combination of a high
aspect ratio filler (such as graphene or carbon nanotubes) with carbon black or
carbon dots, modifying the conductivity.

In this vision, the original HSP-based approach to sensor design opens a window
for relatively easy and cheap production of multiple kinds of sensors by varying
materials according to the above-mentioned simple principles in the future. A set
of such sensors of different selectivity might be once combined into a matrix of
small-size devices, preparing thus a not only so-called but a real ,,electrical nose”.
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