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Symbols and Abbreviations

Symbols
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wt%
vol%

P

Ry

Rrel
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2D
3D
nm

pm

Area ratio of remaining nanotube agglomerates
Ohm

Electrical conductivity

Scaling factor in power law of percolation theory
Weight percent

Volume percent

Percolation threshold

Resistance

Initial resistance

Relative resistance change

Solubility parameter

Dispersion part of solubility parameter

Polar part of solubility parameter

Hydrogen bonding part of solubility parameter
Two-dimensional

Three-dimensional

Nanometer

Micrometer

Temperature

Thermal expansion coefficient

Flory-Huggins interaction parameter

Complex viscosity

Storage modulus

Loss modulus



Abbreviations
PC
PVDF
PS
PLA
PCL
PVA
TPU
PP
ABS
PMMA
PAA
PI
PA66
PA12
PA6
PE
EVA
UHMWPE
HDPE
PEH
SBS
PB
PDMS
PVA
PAA

ODA

Polycarbonate

Poly(vinylidene fluoride)
Polystyrene

Poly(lactic acid)

Polycaprolactone

Poly(vinyl alcohol)

Thermoplastic polyurethane
Polypropylene
Acrylonitrile-butadiene-styrene copolymer
Poly(methyl methacrylate)
Poly(amic acid)

Polyimide

Polyamide 6.6

Polyamide 12

Polyamide 6

Polyethylene
Poly(ethylene-co-vinyl acetate)
Ultra-high molecular weight polyethylene
High density polyethylene
Poly(ethylene-co-hexane)
Poly(styrene-b-butadiene-b-styrene)
Polybutadiene
Poly(dimethylsiloxane)

Polyvinyl alcohol

Polyacrylic acid

4,4'-oxydianiline



GO Graphene oxide

CB Carbon black

CF Carbon fiber

CNT Carbon nanotube

CNS Carbon nanostructure

CNF Carbon nanofiber

GNP Graphene nanoplate

MWCNT Multi-walled carbon nanotubes
SWCNT Single-walled carbon nanotubes
CPCs Conductive polymer composites
CVD Chemical vapor deposition
TLM Transmission light microscopy
SEM Scanning electron microscopy
TEM Transmission electron microscopy
EMI Electromagnetic interference shielding
VOCs Volatile organic compounds
HSP Hansen solubility parameter
MO Metal oxide

CP Conjugated polymer

DMF N,N'-dimethylformamide

DCM Dichloromethane

PVC Positive vapor coefficient

NVC Negative vapor coefficient
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1. Introduction

1.1 Motivation
Nowadays, polymer products have been widely used all over the world. In order to

meet the rapid development of technology, functional polymer composites are extensively
prepared and investigated because of their versatility. According to their thermal properties
and their behavior upon heating, polymers can be divided into thermosets and thermoplastics.
Thermosetting polymers can be irreversibly hardened after being cured. The cross-linking
process can maintain the product shape when heat is applied, which makes thermosets a kind
of good candidate for heat resistance applications. Comparing to thermosetting polymers,
thermoplastic polymers can be soft when being heated and become more fluid as additional
heat is applied. However, such softening process is reversible as no chemical bonding
happens among molecular chains. Therefore, thermoplastic polymers can be shaped using
different processing methods such as extrusion molding, injection molding, hot-pressing,
solution casting, melt-spinning, electrospinning and so on.

Due to the excellent processing properties and variable processing methods of
thermoplastic polymers, there has been an increasing interest in fabricating thermoplastic
polymer composites with enhanced properties or with additional features like enhanced
mechanical strength, electrical conductivity and increased ductility, thermal insulation, etc.
Most of the thermoplastic materials are electrically insulating polymers, lightweight and easy
to process. However, polymer composites can be conductive when certain amount conductive
fillers are incorporated into polymer matrix to make the composites electrically conductive.
The combination of polymer and conductive fillers can not only retain their individual
properties, but also endow the composites certain special characteristics, which cannot be
achieved by single component alone [1]. Given these merits, conductive polymer composites
(CPCs) are proposed and investigated extensively because of their electrical properties.

Widely used conductive fillers in CPCs are carbon black (CB) [2-4], carbon fiber (CF)
[5, 6], carbon nanotube (CNT) [7, 8] and graphite nanoplate (GNP) [9, 10]. Low filler loading
does not result in much conductivity increase because these conductive fillers are isolated
dispersed and do not form the conductive path. With increasing conductive filler content, a
sharp increase in conductivity can be observed when critical filler content is reached in
polymer matrix. This phenomenon is termed as electrical percolation and its threshold as
electrical percolation concentration (¢.). From a microscopic perspective, the isolated

conductive fillers in polymer matrix start contacting with each other gradually and form a



conductive network that leads to the electrical percolation. Therefore, the conductive network
in polymer matrix is crucial to the electrical properties of CPCs.

Among those processing methods used for CPCs fabrication, melt processing
approaches like injection molding or extrusion are most widely applied in consideration of
their low cost and large-scale production. However, there should be a good balance between
filler-filler and filler-polymer interactions in composites. If fillers have self-interaction force
such as Van der Waals force, they would tend to form agglomerates in the viscous polymer
matrix. Conversely, an exceedingly good interaction of filler and polymer leads to an
insulating polymer layer around particles and prevent the formation of a conductive network
[11]. Therefore, the selection of filler and polymer should be considered comprehensively.
Apart from that, filler loading is another important issue, which should be as low as possible;
otherwise the composite processing will be much more difficult, accompanied with impaired
mechanical properties and increased cost. For instance, Zhao et al. reported that less CNTs are
needed to construct a conductive network in polypropylene (PP) as compared to CB [12]. This
is because CNTs with high aspect ratio can more easily connect with neighboring nanotubes
as compared to spherical CB particles. Therefore, less amount of CNTs are required to
achieve electrical percolation than in case of CB. Moreover, GNPs with larger surface area is
also regarded as a promising candidate in reducing ¢. of CPCs [9, 13, 14]. In addition to the
large aspect ratio or surface area of CNTs or GNPs, their excellent electrical properties also
make them good filler candidates for CPCs.

In addition to the selection of suitable conductive fillers, there are still many other
methods that can be used for tailoring the conductive network and resulting electrical
properties of CPCs. For instance, Sang et al. prepared carbon nanostructure/thermoplastic
polyurethane (CNS/TPU) composites using a solution/melt mixing method. Inspired by the
brick-wall structure, they firstly grinded CNS and TPU powder with the aid of ethanol and
then these dried mixtures were hot compression molded. By virtue of constructing such
segregated structure, the ¢, of CPCs is only 0.06 wt%, which is currently the lowest values for
CNS/TPU composites [15]. Gupta et al. fabricated segregated CB/acrylonitrile-butadiene-
styrene copolymer(ABS) composites with an ultralow ¢. of 0.0054 vol%, which was the
lowest value for CB based CPC composites [16]. A systematic review on segregated CPCs
was given by Pang et al. [17]. In segregated CPCs, the conductive fillers are primarily located
at the interfaces among the polymer matrix particles instead of being randomly dispersed
throughout the entire CPCs. Kovacs et al. [18] demonstrated that processing parameters can

significantly influence the conductive network and the ¢. of epoxy/CNTs composites. As
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shown in Fig. 1.1, the conductivity of CPCs containing 0.1 wt% CNTs and prepared under
slow stirring (50 rpm) and medium stirring (500 rpm) is higher than that prepared with fast
stirring (2000 rpm), which indicates that shearing force can determine the conductive network
state of CPCs. Moreover, the optical microscopy (OM) images of CPCs containing 0.1 wt%
CNTs also proves that the conductive network can be maintained well under slow stirring as

compared to medium or fast stirring.
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Fig. 1.1 Electrical percolation curves of epoxy/CNTs composites and the OM images of different conductive
network morphology of cured CPCs prepared under different stirring speeds. Reused with permission from

Elsevier [18].

Incorporating hybrid fillers into polymer matrices is a facile technique to fabricate
conductive polymer nanocomposites with a good combination of excellent electrical and
mechanical properties as well as price. Researchers have done much work regarding hybrid
carbon filler filled CPCs ranging from 0 dimensional CB (0D-CB), 1 dimensional CNTs (1D-
CNTs) to 2 dimensional GNPs (2D-GNPs) [19-24]. For instance, Ma et al. investigated
MWCNT and CB hybrid fillers filled epoxy based nanocomposites. The ¢, of
epoxy/MWCNT composites was around 0.3 wt%. In comparison, when adding 0.2 wt% CB
into the nanocomposites containing 0.2 wt% MWCNT, a remarkable conductivity increase by
6 orders of magnitude was observed, even if at that MWCNT content the epoxy/ MWCNT was
not conductive. It was confirmed that CB nanoparticles could effectively fill the gaps between
MWCNT and link them together which gave rise to the conductivity enhancement of CPCs
[20]. Yu et al. explored the synergistic behavior on the thermal conductivity of
SWCNT/GNPs/epoxy composites. The maximum thermal conductivity was achieved when
GNP/SWCNT ratio was 3:1 by weight, which manifested a perfect conductive network at
such condition. Meanwhile, they also presented the CNP-SWCNT network in epoxy, where
ID-SWCNT acted as thread to string the isolated 2D-GNPs together. The surface area of
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conductive network was increased significantly by applying hybrid filler strategy, leading to a
promoted electrical properties of CPCs [19]. Socher et al. studied melt mixed composites
based on polyamide 12 (PA12) composites containing hybrid filler systems of CB and
MWCNT in the weight ratios of 50/50 and 25/75. At loadings well above the percolation
threshold, higher volume conductivities were obtained for samples containing MWCNT/CB,
especially at the weight ratio of 50/50, as compared to samples filled with only MWCNT or
CB. Furthermore, the addition of CB reduced the MWCNT agglomeration in the PA12 matrix
[21].

Another effective method to tune conductive network of CPCs is introducing polymer
blends. Due to their polarity differences the polymer components of blends are mostly
immiscible or partially miscible [25]. Therefore, multiple-phase microstructures can be
achieved based on different blend compositions, physical properties of the polymer
component (e.g. melt viscosity and interfacial tensions), and even the processing conditions.
The mostly studied morphologies of polymer blends can be categorized into four different
types: matrix-dispersed particle structure, matrix-fiber structure, lamellar structure and co-
continuous structure [26, 27]. The combination of two polymer components with preferred
localization of conductive fillers makes polymer blends a good candidate for conductive
polymer blends, whose conductive network can be tailored by changing the blend
microstructure. Sumita et al. described the electrical conductivity of polypropylene (PP) based
blends with either poly(methyl methacrylate) (PMMA) or high density polyethylene (HDPE)
filled with CB [28]. They observed an uneven distribution of the CB, which is localized in
HDPE component of PP/HDPE blends but at the interface in the PP/PMMA blends.
Consequently, PP/PMMA/CB showed much lower ¢. as compared to PMMA/CB composites,
whereas not much difference was found between PP/HDPE/CB and HDPE/CB composites.
Based on such findings, Sumita et al. proposed the double percolation concept, i.e. the
conductive fillers are selectively distributed in one component or at the polymer-polymer
interface of co-continuous polymer blends, and then this continuous conductive component
allows the whole composite to be conductive. By this strategy, a lower filler amount is needed
to construct the conductive pathways in the blend composites.

Because of the advantages like easy processing and tunable conductive networks,
CPCs have many promising applications such as antistatic materials [29], electromagnetic
interference shielding (EMI) materials [30-33], chemical sensors [34-38], temperature sensors
[39-41], and strain sensors [14, 42-45]. More recently, there is an increasing interest to

explore CPC based sensor materials due to their abundant responses towards external stimuli

12



such as mechanical stress and organic solvent/vapor. These responses are derived from the
resistance changes induced by conductive network changes upon stimuli. Taking liquid sensor
as an example, when CPC sensors are immersed into an organic solvent, depending on the
solvent-polymer interaction the polymer swells because of solvent penetration. The
conductive network in composites is disconnected under polymer swelling, leading to a
resistance increase of the CPC sensor. Conversely, when CPC sensors are taken out from the
organic solvent the neighboring filler particles start reconnecting under polymer de-swelling
and forming new conductive pathways, accompanied with a resistance decrease of CPC
sensors [37].

Volatile organic compounds (VOCs) are regarded as hazardous chemicals, which
poses great threat on environment and health of human beings. Therefore, efficient detection
of VOCs is of great necessity in environmental monitoring and human health [46-49]. Till
now, many kinds of vapor sensors or e-noses have been intensively investigated, including
metal oxide sensors [50, 51], conjugated polymer sensors [52], carbonaceous nanomaterial
sensors [53], and CPC based sensors [54, 55]. In consideration of cost and processability,
CPC based vapor sensor may be a promising candidate owing to some advantages such as low
cost, easy processability and designable compositions. For instance, Mondal et al. investigated
vapor sensing behavior of poly(dimethylsiloxane) (PDMS)/CB/MWCNT composites towards
aromatic hydrocarbon vapors [46]. It was found that those CPC based chemiresistors
exhibited different sensing responses when changing the hybrid filler compositions of CB and
MWCNT. In addition, the relationship between relative resistance change (R,) and
hydrocarbon vapor concentrations was discussed. Villmow et al. [56] illustrated CNT based
CPC sensors used as leakage detectors for organic solvents. They also proposed some
potential application fields of sensory CPC textiles as shown in Fig. 1.2. The CPC based
sensory textiles can be used in building construction, where piping system and building parts
have to be monitored in detecting chemical leakage. Furthermore, these sensory textiles can
also be used in industrial parts such as mobile tanks in ships and trucks as well as barrels.
Another interesting application is the monitoring of waste disposal sites, where the
contamination of the ground water has to be avoided. Stoppa et al. [57] presented a review of
CPC vapor sensor applications. Smart cloths were fabricated by assembling CPC sensors onto
flexible woven clothes, which cannot only detect the vapor leakage in a factory but also
indoor air pollutions. Health of human beings can be protected by giving a warning signal

triggered upon pollution or hazardous chemicals.
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Fig. 1.2 Possible applications of sensory CPC textiles in building construction and industrial plants: (a) a piping
system, (b) a tank on a truck, (c) a barrel, (d) buildings with flat and slanted roofs, and (e) a waste disposal site.

Reused with permission from Elsevier [56].

1.2 Aim of the work
So far, only some studies regarding CPC vapor sensors have been reported. In these

reported cases, the vapor sensing behavior of CPCs was studied from the aspects of
conductive filler content and polymer-vapor interaction. However, the influence of the
conductive network structure and composite microstructure on the vapor sensing behavior of
CPCs has not been studied yet in detail. When the work started, no publications were known
on vapor sensing with immiscible polymer blends, selectively filled with CNTs. Thus, this
new way of tuning the network structure was selected as a suitable route to improve the
sensing performance. A systematic investigation on the processing-structure-property
relationship of CPCs was performed. To be specific, it was the aim to improve the vapor
sensing behavior of CPCs by tuning the conductive network structure and filler localization in
single composites and polymer blend based composites. In addition to the electrical and vapor
sensing discussion, other properties such as morphological, thermal and rheological properties
were characterized in order to get deeper understanding of the CPCs.

In terms of vapor sensing behavior of CPC sensors, the interaction between the
polymer and the organic vapor is a decisive factor in determining the sensing performance of
CPCs. Ideally, the chosen polymer matrix should be able to swell without dissolving during
vapor exposure so that the conductive network within the matrix can be disconnected, giving
rise to the resistance change of CPCs. In some reported cases, polymers such as PLA and
polycaprolactone (PCL) are degradable polymers, which are not durable when being exposed

to environmental conditions for a long time [36, 58]. Therefore, it is necessary to make sure
14



whether the selected polymers are resistive to vapors or not. There are two options for the
polymer selection. One is to select a polymer that is only swellable in a specific or few
organic solvents; another one is to select a polymer that is swellable to a variety of solvents.
Since CPC sensors are used for detecting as many as possible hazardous chemicals to human
beings or environment, the second case is more desired because of its broader window of
detection. The solubility parameter is effective to characterize the interaction of polymers and
organic solvents/vapors, which was firstly proposed by Charles Hansen [59]. Initially, the
Hansen solubility parameter (HSP) was used to predict the compatibility between polymer
partners, chemical resistance, permeation rates, and even to characterize the surface of fillers.
Liquids with similar solubility parameter (J) are miscible, and polymers will dissolve in
solvents whose 0 is similar to their own value. This behavior is recognized as “like dissolves
like”. Based on the description above, CPCs that can be used as liquid/vapor sensor materials
should meet the following two requirements: 1) the chosen polymer should be swellable to
vapors; 2) the CPCs as sensor materials have to be electrically conductive. Therefore, the
relationship between conductive network and vapor sensing behavior of CPCs was
investigated from the following aspects:

1) According to the previous studies, CB/polymer composites exhibit poor reversibility
in cyclic vapor sensing tests because of the susceptible conductive network formed by CB
particles. Thus, there is a need to improve the reversibility and increase the relative resistance
change (R,.;) of CPCs. MWCNTs, as 1-dimensional carbon fillers with high aspect ratio, have
excellent electrical and mechanical properties. Therefore, a hybrid filler system (MWCNT
and CB) was utilized and incorporated in polycarbonate (PC) via melt compounding. PC was
selected as the polymer matrix of CPCs because it showed high affinity with many
commercial organic solvents/vapors as well as high and fast volume change upon organic
solvents/vapors. In order to discuss the effect of conductive network formation on the vapor
sensing behavior of PC/MWCNT/CB composites, two MWCNT contents were selected,
which were lower and higher than the electrical percolation threshold of the PC/MWCNT
composites. In the following, three CB contents were selected for the mixtures with MWCNT.
The conductive networks composed of either MWCNT or hybrid CB/MWCNT are compared.
The morphology of CPCs with different hybrid filler ratios was observed and investigated
using SEM and OM. Moreover, to quantify the vapor sensing behavior of CPCs, some
organic solvents were chosen and characterized by Flory-Huggins interaction parameter to
demonstrate the polymer-vapor interaction. Afterwards, the cyclic vapor sensing was applied

to illustrate the vapor sensing behavior of CPCs with different conductive network formations.
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2) At moment, the filler dispersion is still a big challenge for MWCNT filled polymer
composites due to the fact that the strong Van der Waals force among nanotubes makes them
easily to entangle with each other resulting in the formation of agglomerates. A good filler
dispersion state is desirable to achieve CPCs with low ¢, and. In order to reduce the ¢. of
CPCs, immiscible polymer blend systems are introduced, which can have different blend
microstructures by adjusting the polymer component ratios. In the second section, an
immiscible polymer blend system based on two amorphous component, namely PC and
polystyrene (PS), was chosen aiming to explain the influence of the blend morphology on the
sensing performance of CPCs. PC/PS blends with different compositions filled with MWCNT
were fabricated by melt mixing. The selective localization of MWCNTs in the blends was
predicted using the Young’s equation. Moreover, the composite morphology, filler dispersion,
and distribution were characterized by SEM and TEM. In the following, three kinds of CPCs
ranging from sea-island structure to co-continuous structure were selected for the cyclic
sensing measurement. The relationship between composite microstructure and resulting vapor
sensing behavior was evaluated and discussed.

3) The poor reversibility of CPCs towards good solvent vapors is still a problem that
hinders the cyclic use of CPC sensor materials. As an important class of polymer, crystalline
polymers are rigid and less affected by solvent penetration because of the well-arranged
polymer chains. Therefore, the effect of polymer crystallinity on the vapor sensing behavior
of CPCs is imperative to be studied. In the third section, poly(lactic acid) (PLA), a semi-
crystalline polymer, was selected to melt-mixed with PS and MWCNTs with the aim to
improve the sensing reversibility of CPCs towards organic vapors, especially good solvent
vapors. Thermal annealing was utilized to tune the PLA crystallinity and the polymer blend
microstructure of CPCs. The electrical, morphological, and thermal behavior of CPCs after
different thermal annealing times is discussed. In the following, the effect of crystallinity on
the vapor sensing behavior of the CPCs was studied in detail. Besides, the different sensing
performances of the CPCs towards different vapors resulted from the selective localization of
MWCNTs and increased polymer matrix crystallinity were investigated and compared.

4) As discussed for the amorphous polymer blends and crystalline polymer blends and
their vapor sensing behavior. The comparison of compact and porous structure of CPCs is
going to be studied. In the fourth section, studies to further improve the sensing performance
and to find out the exact sensing mechanism of CPCs were performed. Therefore,
poly(vinylidene fluoride) (PVDF), a solvent resistive polymer, was chosen to be melt-mixed

with PC and MWCNTs. In order to compare the MWCNT dispersion and localization in the
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blends, three kinds of PCs with different molecular weights were selected; hence, the
viscosity ratio of immiscible blends was varied. Rheological, morphological, and electrical
properties of CPCs were characterized. After that, the cyclic sensing and long-term immersion
tests of CPCs towards different vapors were carried out to evaluate the vapor sensing behavior
of compact CPCs with different blend viscosity ratios. Moreover, porous CPC sensors were
prepared by extracting the PC component. The same sensing protocols were also applied to
these porous sensor materials. The sensing mechanisms between compact CPC sensor and

porous CPC sensor were compared and investigated.

17



2. Theoretical background of conductive polymer nanocomposites

2.1 Introduction
Polymer nanocomposites have widespread applications in many fields. They have

demonstrated their potential as high-performance and multifunctional materials. Through the
incorporation of nanofillers into the polymer matrix, the achieved composites possess the low
density and flexibility of the polymer as well as excellent mechanical, electrical or other
physical properties of the nanofiller. Therefore, polymer composites with such combined
properties have many potential applications. In nature, many creatures can perceive the
environment changes around them and adjust them to get used to the new environment.
Inspired by this sensory phenomenon in living organisms, many biomimicry sensors have
attracted much attention in both academic and industrial fields. Next to biomimicry sensors,
there are many other composite sensor materials that are sensitive to external stimuli. As an
important application of CPCs, CPC sensors have outstanding advantages such high
efficiency, low cost and easy fabrication.

CPC sensors can perceive external changes or stimuli such as humidity, chemicals,
temperature or mechanical forces. The sensing signals are typically electrical resistance
changes of the composites which are caused by the external stimuli and result from changes of
the electrically conductive filler network within the CPCs. Carbonaceous fillers such as CB,
CNTs and GNPs are commonly used fillers for CPCs. However, the dispersion state of the
conductive filler in the polymer matrix is still a key issue to be investigated, which has a
direct influence on the formation of conductive networks in the polymer matrices. In addition
to the dispersion state of fillers, filler loading and filler geometry are also influencing factors
that determine the conductive network and overall properties of the CPCs. CNTs are the most
favorable fillers for CPCs either in terms of cost or electrical property. However, CNTs are
synthesized in an entangled structure and the strong Van der Waals forces between the
individual tubes impede their dispersion so that agglomerates can remain in CPCs. In order to
achieve a good filler dispersion in the polymer matrix, especially for CNTs, suitable
processing methods such as solution mixing and melt mixing are used, whereby the
processing parameters are varied depending on the composite system. In this chapter, some
basic knowledge and principles including preparation and processing techniques of CPCs,
characterization of conductive nanofillers, electrical percolation theory, and manipulating
methods in reducing ¢, will be introduced and described.

Compared to the semiconductor based sensors, no additional components such as
integrated circuits are needed for CPC sensors. Furthermore, the sensing performance of CPC
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sensors can be governed by tailoring the conductive network, which makes CPC a promising
candidate for sensing applications. How this conductive network is affected by external
stimuli, like pressure, strain, humidity or chemicals should be investigated roundly. Detailed
description on the sensing mechanism and potential applications of CPC sensors are given in

this chapter after the theoretical sections.

2.2 Preparation methods for CPCs
2.2.1 Overview

In general, CPCs are fabricated by adding conductive nanofillers into the insulating
polymer matrix in such an amount that the composite gets electrically conductive. The filler
dispersion and filler-polymer interaction have direct influence on the mechanical
reinforcement and electrical conductivity of CPCs. It is therefore of great importance how the
formation of filler agglomerate can be prevented and how good filler dispersion and
homogeneous distribution can be achieved. Till now, various processing methods have been
reported for CPC fabrication, which are in-situ polymerization, latex approach, solution
mixing, and melt compounding. Among these processing methods, melt compounding and
solution mixing are more favorable approaches as compared to in-situ polymerization and
latex approaches from an overall perspective. For in-situ polymerization, good filler
dispersion can be achieved if the used monomers or solvents are well infiltrated into filler
agglomerates. Moreover, such technique is suitable for large-scale production of CPCs with
high filler loading. The disadvantage of this method is the increase of viscosity along with the
progress of the polymerization process that inhibits the manipulation and limits load fraction.
The latex approach is only applicable for those polymers whose latex can be produced or
those which can form stable dispersion in water. Solution mixing seems to be a promising
method in CPC fabrication, however, the collection and processing of large amount solvent
after mixing is still a big challenge. Therefore, this method is used rather for small-scale
production than for industrial demands. Melt compounding is a low cost and effective method
in preparing CPCs as the filler can be dispersed with the help of the shear forces of
compounders. In addition, this method is deemed an environmentally friendly method as
compared to those methods mentioned above, where large quantities of organic solvents
might be used. In this part, these processing methods are briefly introduced in a view of
explaining how CPCs are prepared. Advantages and disadvantages of these approaches are

summarized.
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2.2.2 Latex approach
Latex is a stable colloidal dispersion of submicron sized polymer particles in an

aqueous medium, appearing as a milky liquid with approximately 50% water content. Latex
particles are normally used to construct a segregated network of conductive filler particles.
Francis et al. illustrated the electrical behavior of conductive CPC coatings fabricated by the
latex approach [60]. The processing scheme is shown in Fig. 2.1. Firstly, an aqueous
dispersion containing CB or single-walled carbon nanotubes (SWCNT) and polymer latex
was prepared. Secondly, the latex and aqueous dispersion were mixed and casted onto a
silicon plate. Subsequently, the casted coating was dried to remove water and further
processed to get the segregated CPCs. Polymers like PS, PU, PVA etc. have been used to
prepare CPCs with CB or CNTs using the latex approach [60-63]. This approach is very
suitable to prepare CPC coatings and films. However, it should be mentioned that the limited

polymers whose latex can be produced is still a restraining factor for practical applications.

0:2400.
R ‘0

0:0400

XX
Aqueous Particle Particle Polymer
dispersion compaction deformation Interdiffusion

Fig. 2.1 Schematic of microstructure development of a latex based CPCs. Reused with permission from Elsevier

[60].

2.2.3 In-situ polymerization
In-situ polymerization is another method for dispersing conductive fillers in a polymer

matrix. The advantage of this approach is that the polymer chains and the fillers can be
dispersed and grafted on the molecular scale resulting in good filler dispersion and bonding
strength between the filler and the polymer matrix. For the in-situ polymerization method,
there are three frequently employed approaches. One is to pre-disperse the filler either in the
liquid monomer or in the solvent media, followed by the polymerization process. The other
two approaches are abbreviated as ‘grafting from’ and ‘grafting to’, the former one refers to
the reaction of monomers with functionalized fillers and the latter one refers to the reaction
between polymer functional groups and pristine or functionalized fillers. Luong et al.
synthesized polyimide/functionalized graphene composites (PI/FGS) by the in-situ
polymerization method [64]. The in-situ polymerization pathway of PI/FGS composites is

shown in Fig.2.2. Firstly, graphene oxide (GO) was achieved by the traditional Hummer’s
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method and modified with ethyl isocyanate (iGO), which is readily dispersed in N,N'-
dimethylformamide (DMF). Then the iGO dispersion in DMF was used as media for the
synthesis of poly(amic acid) (PAA). In the following, the PAA/iGO solution was casted and
heat-treated at high temperature under nitrogen, forming the PI/iGO composites. The results
indicated that iGO had good dispersion in the PAA/iGO solution and the conductivity of
composites with only 0.38 wt% iGO was 1.7x10° S'm”, which was much increased as

compared to neat PI (1.2x10" s'm™).
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Fig. 2.2 In-situ polymerization procedures of PI/iGO composites. Reused with the permission from Elsevier [64].

The advantage of in-situ polymerization is its suitability for large-scale production of
composites with high filler loadings. Excellent filler dispersion can be achieved if the used
monomers or solvents are well interacting with the (functionalized) fillers. However,
sometimes the electrical conductivities are reduced if the polymer wrapping effect onto the
fillers (especially on CNTs) is strong. The highly wrapped polymer layer reduces the
electrical tube-tube (CNTs) or plate-plate (graphene) contact. This disadvantage of the
approach should not be ignored.

2.2.4 Solution mixing
Regarding solution mixing, conductive fillers are dispersed in a solvent and the

polymer is dissolved in the same or another solvent. Subsequently, the two solutions are
mixed under strong agitation or sonication. Then the solution mixture is casted and dried to
get the CPC. Solution mixing is regarded as a facile method to give CPCs with higher
conductivity because conductive fillers typically have better dispersion in an organic solvent
than e.g. in a melt. The entangled CNTs or stacked graphene layers can be disentangled or
exfoliated in the solution, which improves the filler dispersion and resulting conductivity of

the CPCs. Nevertheless, some characteristics of the fillers, such as the sp” hybridized structure

21



of nanotubes, makes these fillers insoluble in common solvents [65]. Therefore, introducing
functional groups onto the filler surface can not only improve the filler solubility in a solvent
but also strengthen the interaction between fillers and polymer during processing. Ma et al.
investigated the mechanical and electrical properties of PI based CPCs containing hybrid
carbon fillers [66]. In their study, reduced graphene oxide (rGO) and CNTs were
functionalized by 4,4'-oxydianiline (ODA). ODA was selected because it has good interaction
with the PI matrix and can achieve homogeneous filler dispersion in solution. Then the
functionalized fillers were mixed with the polymer in DMF. These functionalized fillers
exhibited good dispersion in CPCs, and the electrical percolation was achieved at a low
hybrid filler content (0.3 wt%). The filler dispersion state in the solution just after preparation
and after one month is shown in Fig. 2.3. It can be seen that hybrid graphene/CNTs with
different ratios are precipitated after a long time standing, but the CNTs functionalized by
ODA show a homogeneous dispersion in DMF solution even after one month of storage,

indicating that the functionalized CNTs had better dispersion stability in the solvent.
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Fig. 2.3 Digital photographs of functionalized CNTs or rGO and different CNT/rGO solutions after preparation

and one month standing. Reused with the permission of John Wiley & Sons [66].

Solution mixing is typically used on laboratory scale and the achieved dispersion is
much better than that achieved by other processing methods [67]. However, it is only
applicable to those polymers, which can be dissolved. To some extent, this method is not
suitable for industrial production, as large amounts of solvent are needed to dissolve the
polymer, which poses great threat to environment. In addition, solvent mixing requires
relatively long time to shape the CPCs by the film-casting method after solution mixing. Thus,

spin coating and electrospinning are more favored shaping method because of their fast drying
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and energy saving characteristics. Before shaping, the composites are prepared by solution

mixing.

2.2.5 Melt compounding
Melt compounding is an effective method for incorporating conductive fillers into a

viscous polymer melt. The advantage of this method is that the conductive filler can be
directly dispersed in a matrix. Another advantage of this approach is that no chemical
modifications are required and the dispersed fillers are hindered in their tendency tore-
reagglomerate by the viscous polymer matrix [18, 65]. A large number of studies have been
reported on CPCs prepared either by direct melt mixing or by masterbatch dilution. This fast
and economic mixing method uses different kinds of compounders such as (single or twin
screw) extruders or internal mixer [68-71]. During melt mixing, the polymer is melted
immediately after being fed into the hot mixing chamber of the compounder and the applied
shear stresses in the compounder help to break up the primary filler agglomerates in the
viscous polymer melt. Kasaliwal et al. systematically investigated the agglomerate dispersion
mechanism of MWCNTs during melt mixing with PC [72]. A high cohesive strength of the
‘as produced’ primary MWCNT agglomerates restrict their dispersion into individualized
tubes within polymer matrix during melt compounding, which leads to many un-dispersed
MWCNT agglomerates in composites. The dispersive mixing operation during melt
compounding consists of two stages: 1) filler incorporation, wetting and infiltration by the
polymer melt; 2) filler dispersion and distribution in the polymer melt resulted from rupture

and erosion mechanisms as shown in Fig. 2.4.

MWNT agglomerate dispersion by rupture dominant mechanism, a fast process

Fig. 2.4 Schematic illustration of MWCNT agglomerates dispersion mechanisms. Reused with the permission of

Elsevier [72].
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Regarding the rupture dominant mechanism, the large agglomerates are broken down
quickly into small pieces, which can be further reduced in size with time. However, the
cohesive strength of agglomerates itself could be a limiting factor. In the erosion dominant
mechanism, the size of agglomerates is reduced in longer time and dispersion is mainly driven
by melt infiltration. Whereas the rupture mechanism is fast but may result in undesired
breakage of tubes, the erosion mechanism is slower but leads to well infiltrated agglomerates
and is not expected to cause damage to the tubes. Overall, these two dispersion mechanisms
are influenced by processing parameters [73], polymer viscosity [74, 75], filler polarity [76],
and chemical functionalization of fillers [7, 77]. It seems that melt compounding is the most
effective method to prepare CPCs due to their controllable processing parameters, low cost
and readiness for large-scale production. One limitation is the restriction to relatively low
filler loadings, since a high filler loading of the CPCs can lead to a limitation regarding the

possible torque values in extruders.

2.3 Most commonly used carbon fillers and their properties
2.3.1 Carbon black

Carbon black (CB) is a material produced by the incomplete combustion of petroleum
products such as coal tar or ethylene cracking tar. CBs are nano- and micro-sized spherical
carbon particles and their morphology can be range from individual spherical particles to a
complex chain like-structure which depends on how they are manufactured [78]. CB is a type
of carbon material with widespread applications such as reinforcing compounds in rubbers
[79, 80], electrically conductive fillers in polymers [11, 81], and as catalyst support in proton
exchange membrane fuel cells [82]. During the combustion process, the thermodynamically
unstable network becomes carbonaceous and aromatic as carbon atoms readjust their positions
and approximate to the six membered ring systems that are building blocks of the graphite-
like lamellar constituent molecules (see Fig. 2.5a). The morphology of CB depends on the
structural details of lamellar constituent molecules that are strongly affected by specific
production conditions [78, 83]. Fig. 2.5b illustrates the morphology of primary CB particles.
A single spherical CB particle is called primary spherical particle with a size range of 20-50
nm, which tends to form aggregates within the size range of 100-200 nm. When the
aggregates interact with each other driven by van der Waals forces, a secondary structure
named agglomerates is formed (ranged in size of 10-10° pm). Finally, a cluster will be formed

when a group of agglomerates get together [78, 84].
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Fig. 2.5 Model of (a) hexagonal graphite unit with 4=2.7 nm and (b) morphology of primary CB particles with

shell units @=2.7 nm. Reused with permission of Elsevier [78].

In the early stages of the development of CPCs, CB was the most frequently chosen
filler due to its availability and low cost. In order to realize electrical percolation, a relatively
high CB content is needed (5 wt.% - 15 wt.%), and such high filler contents also impair the
mechanical properties [11, 85]. In order to reduce such the percolation concentration, super
conductive CB is synthesized by manipulating the manufacture process, whose conductivity is
100 times higher than the commercial CB. In addition, such CB materials are highly
structured meaning that the agglomerates show highly branched structures. Super conductive
CBs play a critical role in improving the electrical properties of CPCs. In general, CPCs with
CB have lower mechanical properties such as tensile strength and stiffness as compared to
composites filled with high aspect ratio fillers such as CNTs. This is attributed to the spherical
morphology of CB aggregates.

2.3.2 Carbon nanotubes
Carbon nanotubes (CNTs) are another allotrope of carbon material. They were firstly

described by Iijima et al. in 1991 [86]. CNTs are produced by three main methods: laser
ablation, arc discharge method, and e chemical vapor deposition (CVD). CVD is the only
truly scalable method as compared to the other methods, with the advantage that purity can be
controlled by carefully controlling the synthesis process [87]. CNTs are rolled up sheets of
sp> bonded graphene with no surface broken bonds. Single-walled carbon nanotubes
(SWCNT) and MWCNT are the two main kinds of CNTs, which are synthesized as a single
cylinder or multiple coaxial cylinders of graphene sheets with a hollow core. The electrical
properties of CNTs are closely related to their geometric arrangement. Fig. 2.6 illustrates the
structural representations of SWCNT and MWCNT. The SWCNT chirality determines the

material to be metallic or semiconducting (Fig. 2.6a), while MWCNTs are considered to be
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always metallic (Fig. 2.6b). In MWCNTs, the distance between two neighboring layers is
assumed to be the same as the spacing between adjacent graphene sheets in graphite, i.e. 0.34

nm [88].

Fig. 2.6 Images of (a) SWCNT and (b) MWCNT [89].

The addition of CNTs into polymer matrices to fabricate CPCs has been a facile way
to achieve electrical conductive polymer materials, whereby at the same time mechanical
properties can be improved. This is attributed to the excellent electrical and mechanical
properties of CNTs. Krause et al. investigated the electrical properties of polyamide
6.6/MWCNT and PP/SWCNT composites prepared by melt mixing [90, 91]. Both of the two
composite systems exhibit outstanding electrical properties and the ¢, of them are 0.04 wt%
and 0.075 wt%, respectively. They assumed that the ultralow ¢. can be assigned to the high
aspect ratio of CNTs.

2.3.3 Graphite and graphene derivatives
Graphite is a soft material on which the carbon atoms have hybrid sp> bonds forming

planar hexagonal rings in layers parallel to each other. It occurs naturally in this form and is
the most stable form of carbon under standard conditions. Under high pressures and
temperatures it converts to diamond. There are many types of graphite such as expanded and
graphite oxide, which have different bonding or Van der Walls forces between graphite planes.
Therefore, these graphite materials have different electrical, mechanical, and thermal
properties [92]. In 2004, Geim and Novoselov from Manchester University firstly reported the
preparation of graphene material [93]. Graphene is a single layer of hexagonal arrangement of
carbon atoms with sp® hybridization. There are many different kinds of graphene related
materials, which are named according to the size of particles and amount of layers. To address

this problem, an editorial was made to clarify the nomenclature for two-dimensional carbon
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materials from the perspective of graphene layer and morphology [94]. The graphene
materials such as bilayer/trilayer graphene, multi-layer graphene, few-layer graphene,
graphite nanoplates, graphite nanosheets and graphite nanoflakes are clearly defined and
demonstrated. Since 2004, many studies have been carried out to investigate the physical and
electrical properties of graphene related materials [93, 95]. All these properties make
graphene related material a suitable choice for many engineering applications such as
rechargeable batteries, supercapacitors, gas sensors, etc. [96-99]. Furthermore, polymer/rGO
composites have low electrical percolation threshold [14, 100]. Improving the graphene
dispersion either in solutions or polymer matrices is still a big challenge to obtain good

electrical and mechanical properties of graphene based CPCs.

2.4 Conductive polymer nanocomposites
2.4.1 Electrical conductivity of CPCs

Most of the polymers are insulating, which for many applications is an advantage over
e.g. metallic parts. To achieve CPCs, the conductivity of CPCs is enabled by the addition of
percolated conductive fillers. To enable this percolated state, a certain amount of conductive
fillers is required to be added into the insulating polymer matrix so that these fillers can either
directly connected or get close enough to each other to allow conductive pathways by hopping
or tunneling processes. The filler content at which the conductivity of CPCs has the maximum
conductivity increase is regarded as the percolation threshold ¢.. A typical ‘S-shape’
percolation curve of CPCs is shown in Fig. 2.7. At low filler contents (¢ < ¢.), the
conductivity of CPCs remains nearly the same as the neat polymer, which indicates that the
fillers are isolated or in small isolated clusters distributed throughout the matrix. With the
increase of filler content in matrix, those isolated fillers start connecting with neighboring
fillers and form conductive pathways (¢ = ¢.). There is a drastic conductivity increase of
several orders of magnitude in the electrical percolation region. Upon further increasing the
filler contents, the conductivity of CPCs levels off at certain filler content. The conductivity

of CPCs remains the same indicating that a dense conductive network has been constructed

(9> o).
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Fig. 2.7 Schematic percolation curve for electrical conductivity of CPCs and composite morphologies in

different distinguished regions [101].

Until now, various models have been proposed to describe the electrical percolation
behavior. Two of the early percolation models often referenced were organically proposed by
Kirkpatrick [102] and Zallen [103]. The ¢. of composites can be estimated using the power-
law of the classical percolation theory by Eq. 2.1,

o =0o(p — @)t (2.1

where o represents the conductivity of the composite at a given filler content, oy is a scaling
factor [104], ¢ is the filler volume content, ¢, is the percolation volume concentration of filler,
and the exponent 7 is a parameter which depends on the dimensionality of the conductive
network. The exponent ¢ is expected to vary for different materials with values of # =~ 1.3 and ¢

~ 2.0 for 2D and 3D conductive networks, respectively [105, 106].

2.4.2 Manipulating the percolation threshold
2.4.2.1 Processing condition

Kim et al investigated correlations between electrical percolation thresholds and CNTs
agglomerate distributions [107]. They found that the ¢, varied from 0.1 wt% to 1.0 wt% with
different processing methods for CNT/epoxy composites. For the CPCs prepared by shear
mixing for 30 at 3000 rpm, the mean CNT particle size was 136 um (Fig. 2.8a) and the ¢,
was 0.4 wt.%. The mean particle size was decreased to 34.7 um for the CPCs prepared by
ultrasonication for 2 h at 60 °C. Its ¢, was 0.1 wt.%, which was resulted from the breakage of
CNT agglomerates by ultrasonication (Fig. 2.8b). For the third CPCs, CNTs were UV/O3

treated for 1 h and ultrasonicated for 2 h in acetone/epoxy solution, the mean particle size was
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further reduced to 0.29 um and the ¢. of CPC was 0.25-0.3 wt.% (Fig. 2.8¢). They concluded
that the processing method had great influence on CNT disentanglement, which in turn

determined the electrical percolation of CPCs.
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Fig. 2.8 Size distribution of CNT agglomerates produced by different processing methods. Reused with
permission of John Wiley & Sons [107].

Generally, high nanofiller loading will impair the mechanical properties and
processability as well as raise the cost of composites. Hence, reducing ¢. of CPCs without
sacrificing the mechanical properties is still an important issue to be investigated. Therefore,
much work has been done in achieving CPCs with desirable electrical properties at low filler
content [108-111]. Up to now, many methods have been reported regarding modulating the
conductive network and resulted ¢.. In the following section, these methods will be

introduced.

2.4.2.2 Hybrid filler method
In recent years, incorporating hybrid fillers into polymer matrices has become a facile

technique to fabricate conductive polymer nanocomposites with a good combination of
excellent electrical and mechanical properties as well as price. For example, Ma et al. [20]
used hybrid fillers of MWCNT and CB and studied the electrical conductivity of epoxy based
nanocomposites. The ¢. of epoxy/MWCNT composites was about 0.3 wt%. In comparison,
when adding 0.2 wt% CB into the nanocomposites containing 0.2 wt% MWCNT, a
remarkable conductivity increase by 6 orders of magnitude was observed, even if at that

MWCNT content the epoxy/MWCNT was not conductive. It was confirmed that CB
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nanoparticles could effectively fill the gaps between MWCNTs and link them together which
gave rise to the conductivity enhancement of the nanocomposites. Socher et al. [21] studied
melt-mixed composites based on polyamide 12 (PA12) containing hybrid filler systems of CB
and MWCNT by the weight ratios of 50/50 and 25/75. No synergistic effects were observed
regarding the electrical percolation threshold. However, at loadings well above the ¢., higher
volume conductivities were obtained for samples containing MWCNT/CB, especially by the
weight ratio of 50/50, as compared to samples filled with only MWCNT or CB. Furthermore,
the addition of CB reduced the MWCNT agglomeration in the PA12 matrix.

Oh et al. investigated the electrical network formed by MWCNT/graphene hybrid
fillers in PDMS [112]. CNTs and graphene are desirable fillers for CPCs because of their high
electrical conductivity and high aspect ratio, but agglomeration of CNTs and restacking of
graphene sheets can hinder the electrical performance of CPCs. Therefore, they compared the
electrical conductivity with different hybrid filler ratios. They found that MWCNTs could
effectively prevent graphene sheets from restacking and increase the contact area during
processing as shown in Fig. 2.9. An enhanced conductive network and conductivity was
observed for MWCNT/graphene/PDMS composites as compared to MWCNT/PDMS and
graphene/PDMS composites at small filler loadings. From this work, it proves that filler with
different geometries can generate synergistic effect in electrical conductivity of CPCs due to

the improved filler dispersion in the polymer matrix.
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Fig. 2.9 (a) Schematic illustration of the interaction between MWCNT and graphene. (b)
MWCNT/graphene/PDMS nanocomposite fabrication. Reused with permission from American Chemical

Society [112].
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2.4.2.3 Double percolation method
Another facile method in lowering ¢, is the double percolation structure. Sumita et al.

found that CB preferentially localizes in one polymer component or at the interface of
immiscible polymer blends with co-continuous structure. At such condition, a low ¢. of CPCs
was achieved [28, 113]. Based on such novel phenomenon, they proposed the double
percolation concept with percolation of filler in one component which itself is continuous
(percolated). The conductivity of CPCs based on multiphase polymer blends is largely
influenced by localization of the filler as well as the blend morphology. The filler localization
in polymer blends at equilibrium is determined by thermodynamic driving forces, which result
from the interfacial energy minimization to arrange the fillers in the energetically preferred
polymer component. The wetting coefficient @, is used to estimate the thermodynamic

preference of fillers in immiscible polymer blends, which is defined by Eq. 2.2,

Wy = Yfiller—polym  ~Yfiller—polymer (2.2)
Ypolymeri—polymer2
where Vrijier—pot is the interfacial tension between polymer 1 and filler, yfijier—potymer2

is the interfacial tension between polymer 2 and filler, and Vy,oiymeri-potymer 15 the
interfacial tension between polymer 1 and polymer 2. The filler tends to be localized in
polymer 1 if w, is less than -1 and tends to be located in polymer 2 if w, is greater than 1. The
filler is more likely located at the interface between polymer components if w, is between -1
and 1.

The interfacial tension between different components can be calculated via the

Harmonic-mean equation Eq. 2.3:

d,d p,p
— _ yl }’2 }’1 yz
ye =47, —4(H+ ) 23)
or the Geometric-mean equation by Eq. 2.4:
Yi2 =71 +V2_2<\/V1dyzd+\/y1p]/;> 2.4)

where y; is the surface energy of component 1, and yfl and yip represent the dispersive and
polar contribution to the interfacial tension of component i, respectively.

This method has been implemented for a large number of polymer blend systems with
various kinds of conductive fillers. Gubbels et al. reported the conductivity of CB filled
polyethylene (PE)/PS composites. A co-continuous structure was found at the blend ratio of
45/55 PE/PS by weight. By tuning the CB to locate at the interface of blends, CPCs exhibited

higher conductivity than the composites in which CB was localized in one polymer
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component. In addition, they also studied the best conditions in achieving higher conductivity
by adjusting the blend morphology or manipulating CB to localize at the interface of the
blends [11, 114, 115].

In addition to thermodynamic prediction, kinetic factors such as mixing time,
compounding sequence and shear stresses are also influencing factors which determine the
filler localization in polymer blends. Much work has been done to localize the conductive
filler at the blend interface as at the same filler loading higher conductivity is expected in that
case [109, 116-119]. Shi et al. premixed CNTs with unfavorable ethylene-co-vinyl acetate
(EVA) for EVA/PLA blends. SEM results indicated that CNTs migrated from EVA to the
interface of the blend during compounding, and the electrical percolation occurred at lower
filler content as compared to CPCs fabricated by premixing CNTs and PLA [120]. Zhu et al.
designed PS/PMMA/MWCNT composites with ultralow ¢, (0.017 wt%) by incorporating
MWCNTs with carboxyl functional groups. The MWCNTs were localized at the interface of
PS/PMMA, which was attributed to the balance of -7 interactions between PS and MWCNT
surfaces and dipole-dipole interactions between PMMA and MWCNT carboxylic groups
[108]. Hoseini et al. investigated the electrical conductivity of polyamide-6
(PA6)/PS/MWCNT composites with different blend morphologies [121]. A co-continuous
structure was formed when the blend ratio was 50/50 by weight. The electrical conductivity of
PA6/PS/MWCNT (50w/50w) composites was higher than in PA6/MWCNT composites with
the same MWCNT loading.

2.4.2.4 Segregated network
Forming a segregated filler network structure in CPCs is also a feasible method to

achieve low ¢.. In CPCs with segregated networks, the conductive filler are primarily located
at the interfaces between the polymeric matrix particles instead of being randomly arranged
throughout the entire CPC [17]. For instance, Gupta et al. prepared acrylonitrile-butadiene-
styrene (ABS) based CPCs with a segregated conductive CB network and the ¢, of CPCs was
only 0.0054 vol%, which is the lowest reported value for CB filled CPC systems [16]. Fig
2.10a shows an image of the used ABS pellets, whereas Fig. 2.10b illustrates the morphology
of compression molded ABS/CB composites prepared by the mechanical mixing method. i.e.,
the ABS pellets and CB powder were placed in a zip-lock bag and shook by hands for at least
10 min at room temperature; then the mixture was compression molded using a press machine.
It can be seen clearly that the CB material is located around the ABS pellet boundaries. The

mechanism for the formation of segregated structure relies on a polymer matrix with an
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exclusionary microstructure in which conductive fillers are arranged in a constrained space,
subsequently increasing the effective density of the conductive pathways at certain filler
contents. The segregated structure provides an efficient paradigm for forming a well-
established conductive network with minimal filler loading. The drawback of CPCs with such
structure is the structure cannot be maintained well during shaping process, like injection

molding or pressing at high processing temperature.

Fig. 2.10 (a) ABS pellets and (b) surface of a 1 phr ABS/CB composite fabricated by hand mixing and

compression molding. Reused with permission from Springer [16].

In terms of segregated CPCs, high melt viscosity polymers such as ultra-high
molecular weight polyethylene (UHMWPE), PS, and natural rubber are widely selected
because conductive fillers have a high affinity to higher viscous polymer [122-124]. Three
main approaches are widely used to prepare segregated CPCs as shown in Fig. 2.11 [17]. The
first one involves compressing a mixture of polymer pellets decorated with conductive fillers
via dry or solution mixing to construct the segregated conductive network (Fig. 2.11a); the
second approach is to disperse conductive filler within a polymeric latex in which the
conductive fillers are retained within the interstitial space between the latex particles while
freeze-drying the polymer emulsion (Fig. 2.11b) [125]; the third one is the selective
localization of fillers at the interface of immiscible polymer blends through melt

compounding, which has been illustrated in last section (Fig. 2.11c¢).
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Fig. 2.11 Schematic for the fabrication of the segregated CPCs with different processing approaches: (a) dry or

solvent mixing; (b) latex technique; (c) melt compounding. Reprinted with permission from Elsevier [17].

2.4.2.5 Thermal annealing
Thermal annealing involves the heating of CPCs above their glass transition or

melting temperature at quiescent conditions. Recently, researchers found that the electrical
conductivity of CPCs could be improved by thermal annealing, which was ascribed to the
filler particle re-agglomeration (secondary agglomeration) and conductive network
reconstruction in polymer matrices [126-129]. Li et al. investigated the electrical properties of
poly(ethylene-co-hexene) (PEH)/MWCNT composites under different annealing treatments
[130]. The electrical conductivity of PEH/MWCNT composites increased obviously under
annealing for 40 min at 160 °C, and a maximum conductivity increase of 3 orders of
magnitude was achieved by 120 min annealing at the same temperature. SEM results revealed
that MWCNT agglomerates were broken down and a more loosely packed MWCNT network
was formed due to thermal annealing. Cipriano et al. made a comparison of electrical
properties of PS/MWCNT and PS/carbon nanofiber (CNF) composites after annealing
treatment [128]. The effect of annealing temperature on the conductivity of PS/MWCNT and
PS/CNF composites for 30 min annealing is shown in Fig. 2.12. It can be observed that the

conductivity of both composites is improved after thermal annealing above the glass transition
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temperature of PS (~100 °C). Such behavior involves a transition from unconnected particles
prior to annealing to an interconnected network after annealing through viscoelastic relaxation

of polymer chains.
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Fig. 2.12 Effect of annealing temperature on the conductivity of (a) PS/MWCNT and (b) PS/CNF
nanocomposites, these samples were annealed for 30 min. Fits from a model of the time- and temperature-
dependent electrical conductivity is used to predict the conductivity of CPCs at different annealing times and

temperatures. Reprinted with permission from Elsevier [128].

2.5 CPCs as chemical sensors
2.5.1 Material selection and sensing mechanism of CPCs for chemical sensing

Since the first research in this field with CB it is known that CPCs are sensitive to
external stimuli. Environmental factors such as the presence of organic liquids or vapors were
found to significantly influence the electrical resistivity of CPCs [131]. Therefore, CPCs are
regarded as promising candidates for chemical sensing materials to detect leakages of
chemicals or diagnose health of human beings [56]. Taking vapor sensors as an example, the
relative resistance change (R,.;) of CPCs caused by vapors can be assigned to two mechanisms:
(1) Resistance change caused by vapor absorption: The absorbed vapor molecules may
influence the electrical properties of carbon filler. Some researchers suggested that the vapor
adsorption in the sample forms non-conductive layers around carbon fillers, which decrease
the contact of adjacent fillers and increase the macroscopic resistance [53, 132]; (2)
Resistance change caused by polymer swelling: The adsorption of vapor molecules causes
polymer swelling and thus increase in the volume of the polymer matrix, which increases the
distance of neighbored filler nanoparticles above the tunneling distance and disrupts direct
contacts between adjacent nanoparticles. This reduces the conductive network’s density
resulting in increased resistance. Whereas the first mechanism is the mechanism in vapor

sensors based on pure conductive carbon materials, the second one is the dominant
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mechanism in CPCs with only little contribution of absorption/desorption to resistance
changes.

Fig. 2.13 illustrates the relationship between the electrical percolation curve and R,.; of
CPCs. The response of CPCs towards chemicals becomes higher as the filler content is closer
to ¢.. Therefore, it can be assumed that CPCs whose filler content is only slightly higher than
the percolation content are more sensitive to external stimulation than those with higher filler
contents. At the narrow percolation region, any slight external stimulation can significantly
change the conductive network of the CPCs, which gives rise to large resistance changes. This
is due to the fact, that the conductive network formed by conductive fillers at such filler
loading is not stable and can be damaged easily under even slight external stimuli. Therefore,
the R,.; of CPCs slightly above the percolation concentration is normally high and fluctuated
because of the dynamically disconnection and reconnection of conductive network during
sensing tests. On the contrary, the conductive network in the conductor region is in a well
percolated state, which means the network is formed by densely interconnected particles. As a
result, the conductive network change of CPCs induced by polymer swelling is weak. Hence,
the R,.; of CPCs whose filler content is much higher than ¢. is lower than that of composites

near the percolation region.
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Fig. 2.13 Relation between electrical conductivity and relative resistance change of CPCs.

Great efforts are currently being made to use CPCs in chemical sensing fields. CPC
based chemical sensors were fabricated for the detection of organic solvents and volatile
organic compounds (VOCs) [34, 56, 133, 134] and there are also some attempts for detecting
biological compounds related to disease of human beings [49, 135, 136]. For instance,

Potschke et al. prepared liquid sensors based on MWCNT/polymer composites capable of
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identifying different solvents such as n-hexane and methanol [36]. Similarly, Rentenberger et
al. fabricated PLA/PCL/MWCNT fibers by melt spinning for liquid sensing application [58].
These multifilament fiber sensors showed very fast response and high R,.; to ethyl acetate and
acetone. However, the response to ethanol was less pronounced which was due to the poor
interaction between polymer and ethanol. Wang et al. discussed the vapor sensing behavior of
poly(styrene-butadiene-styrene) (SBS)/MWCNT fiber based sensor towards VOCs. SBS is a
triblock copolymer consisting of soft non-polar butadiene (PB) domains and hard polar PS
domains. According to the rule of ‘like dissolve like’ [137], non-polar PB segments and polar
PS segments can be swollen when being exposed to non-/low- polar and polar vapors,
respectively. Therefore, such flexible fiber sensor exhibited good discriminability to different
VOCs [133]. Apart from detecting the chemicals, CPC based sensors are also investigated and
used for disease diagnose of human beings. Chatterjee et al. developed an e-nose composed of
several polymer/MWCNT composites. MWCNTs were dispersed in polymer solutions (PC,
PCL, PLA, PS and PMMA), respectively. Then these solutions were cast and dried as
composite films. These CPCs showed different sensitivity to polar vapors and non-polar
vapors, which could be a good choice as biomarkers for lung cancer detection [49].

In a previous study, we presented the conductive network changes of PLA/CB and
PLA/MWCNTs composites towards organic vapors as shown in Fig. 2.14 [68]. Since CB
nanoparticles are zero-dimensional and MWCNTs are one-dimensional nanoparticles, the
conductive network change of these two CPCs towards organic vapors is different. Fig. 2.14a
shows a schema of the initial CB conductive network in the PLA matrix. After being
immersed in xylene vapor, the conductive network change is shown in Fig. 2.14a'. Some CB
particles start losing contact to neighboring nanoparticles under the polymer swelling.
Subsequently, the conductive network reconstructs with polymer de-swelling when the
sample is taken out from the testing chamber (Fig. 2.14a'"). In case of MWCNT/PLA, it is a
similar process but the disconnection and reconnection of MWCNT network is not as easy as
in the case of CB particles, which is attributed to the large aspect ratio of MWCNTs and the
entanglement of the nanotubes (Fig. 2.14b). Therefore, given both samples having slightly
higher filler contents than the their own percolation concentration, PLA/CB exhibits higher
R,.; but poor reversibility and PLA/MWCNT exhibits lower R,.; but better reversibility during

vapor sensing tests.
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Fig. 2 14 Schematic of conductive network formed by CB or MWCNT in PLA matrix during vapor sensing tests.

The red line and circles represent changes of conductive paths. Reprinted with the permission from Elsevier [68].

Several studies have been reported to achieve improved sensing performance by
tailoring the conductive network of CPCs. Mondal et al. selected MWCNTs to tailor the CB
conductive network of CB/poly(dimethylsiloxane) (PDMS) composites. With the addition of
MWCNTs, the conductive network becomes more perfect and both networks overlap. A
decrease in R,.; of CPCs towards xylene vapor can be seen from 270 % for CB/PDMS to ca.
35 % for MWCNT/CB/MWCNT. They concluded that MWCNTs made the CB network more
perfect and more stable to vapor stimulation. The conductivity of CPCs was increased at the
expense of reduced R,.; towards VOCs [46].

How to select the right polymers and chemicals for the sensing test is another
important topic for CPC sensing tests. The Hansen solubility parameters (HSP) were proposed
by Charles M. Hansen in 1967 as an attempt to predict the solubility of polymers in solvents.
The principle is based on the idea that ‘like dissolves like’, meaning that if a solvent has HSP
similar to those of a polymer, there will be a stronger interaction between them [59]. The HSP
are composed of the dispersion solubility parameter (J4), the polar solubility parameter (d,)

and the hydrogen bonding solubility parameter (d;) as shown in Eq. 2.5,
8% =65+ 6% + 67 Q2.5)

In the beginning Hansen et al. used the solubility sphere model to distinguish good
from bad solvents for the polymer, whereby all good solvents are included within a sphere in
04, Op, and Jy,. All the bad solvents are excluded from the sphere. Fig. 2.15 illustrates the HSP
sphere model. The red and green dots represent ‘bad’ and ‘good’ solvents, respectively.

Clearly, ‘good’ solvents are located in the HSP sphere, while ‘bad’ solvents are excluded
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from the sphere. According to this theory, good solvents are more likely to dissolve or swell

polymer.

Fig. 2.15 Hansen solubility sphere with ‘good’ and ‘poor’ solvent-polymer interactions marked as green dots and

red dots, respectively.

The radius for this sphere is known as the interaction radius, R,, and is considered a a
fourth parameter in the HSP value determination. The advantage of the solubility sphere is
that once an interaction radius is determined, solvents that have not yet been experimentally
tested for the desired interaction can be quickly screened and used for further study. This
solubility sphere evaluation is aided by an equation developed for determining the straight-
line distance, R,, in a plot of d; vs. J, vs. J;, between two materials based on their respective

HSP values as shown in Eq. 2.6,
(Ra)z =464, — 5d1)2 + (6172 - 5p1)2 + (6p2 — 5h1)2 (2.6)

where d,, J,2, and 0y, are associated with a given solvent and dy;, J,,;, and ;; with the center
of the optimized solubility sphere [59]. Therefore, if the solvent has strong interaction with
polymer, R, should be less than R,, and vice versa. A convenient index, relative energy

difference (RED), is proposed, which is defined as the ratio of R, and R, in Eq. 2.7,

RED= RR, 2.7)

For an individual solvent, a value of RED < 1 indicates good polymer-solvent interaction, a
value of RED > 1 indicates poor polymer-solvent interaction, and RED = 1 represents a
boundary condition between good and bad. By employing these parameters, it is possible to
predict polymer-solvent interactions. This approach has been already successfully employed

to estimate in advance if a composite will react to a certain solvent [36].
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In terms of vapor sensing behavior of CPCs, also the vapor volume should be taken
into consideration as it is related to the vapor penetration and diffusion in the polymer matrix.
To better illustrate the polymer-vapor interaction, the Flory-Huggins interaction parameter
X12 1s introduced, which was proposed by Flory and Huggins [138, 139]. Flory-Huggins
solution theory is mathematical model of the thermodynamics of polymer solutions which
takes account of the great dissimilarity in molecular sizes in adapting the usual expression for
the entropy of mixing. The polymer-vapor interaction can be well predicted using y;,

calculated by Eq. 2.8,

VO
X12 = ﬁ (8, — 6,)? (2.8)
where ¥’ is the solvent molar volume (cm’-mol™), R is the universal gas constant (8.314
J-mol™-K™), T is the temperature (K), and J; and 6, are the solubility parameters of solvent

and polymer (J'*-cm™?

), respectively. Typically, a low y;, indicates that polymer and vapor
have high solubility. Moreover, Hansen et al. proposed that if y;, < 0.5 the vapor or liquid
can be regarded as good vapor/solvent to the selected polymer, and values much above 0.5
indicate nonsolvency [59].

Additional aspects, which influence the solubility of polymers, are the solvent/vapor
molecule size and the testing temperature. Smaller molecule sizes or molar volumes can result
in promoted swelling processes [56]. In cases, where the sensing experiments are not carried
out at room temperature, there is a volume change of the solvent and its cohesive energy
density with temperature. The change of the d4, J,, and J, parameters for solvents with

temperature, 7, can be estimated using following equations Eq. 2.9-2.11, where a is the

thermal expansion coefficient:

dd/dT=-1.2500, 2.9)
ds,/dT= -0.5a0, (2.10)
dS,/dT= -6,(1.22x10°+0.5a) @2.11)

For instance, Li et al. investigated the vapor sensing behavior of PLA/CB composites towards
several kinds of vapors at 40 °C. They deduced the ¢ and volume of vapors at 40 °C using
those equations mentioned above [140]. The influence of temperature on the resulting vapor
sensing behavior of graphene/TPU composites was another work by Liu et al. and it was
found that the sensitivity of the CPCs increased with temperature due to higher absorption

activation at higher temperature [141].
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2.5.2 Liquid sensing behavior of CPCs
Organic solvents are widely used in industries and laboratories. However, most of

organic liquids are toxic and harmful to the environment and human health. Sometimes they
may cause disastrous accidents. Thus, real-time detection of organic liquids and efficient
emergency intervention to solvent leakage is of great importance. CPCs, with the merits of
lightweight, good processability and low cost, have been considered as potential liquid
sensing materials. As mentioned in the introduction section, sensing detection is fulfilled via
electrical resistance changes of CPCs when they are immersed in an organic liquid. More
specifically, solvent absorption leads to polymer swelling and causes disconnection of
percolated conductive pathways, thus resulting in electrical resistance increase. When the
absorbed liquids are removed, the disconnected conductive networks are reconstructed and
resistance decreases.

In the past several years, the liquid sensing behavior of CPCs has been intensively
investigated and discussed. Kobashi et al. [37, 38, 142] studied the liquid sensing behavior of
PLA/MWCNT composites fabricated by melt compounding. They studied the liquid sensing
mechanism of PLA/MWCNT films from the viewpoints of MWCNT loading, solvent
solubility parameters, solvent transportation behavior, as well as the crystallization of PLA. It
was found that lower filler loading led to the higher R, of CPCs, indicating that the
conductive network tended readily to disconnect due to the less dense network structure as
compared to higher filler loadings. In addition, the liquid sensing behavior of neat CPCs and
annealed CPCs (Tgppa 1s 64.0 °C and annealing temperature is 105 °C) was compared. Results
demonstrated that R,.; of annealed samples is significantly reduced. This is due to increased
crystallinity which resulted in a confined molecule chain mobility of PLA, leading to a less
changeable network when exposed to solvents.

Concerning CPCs with CB, Narkis et al. reported that the interfaces play an important
role in the liquid sensing behavior of CB filled immiscible polymer blend composites [131,
143-145]. For instance, CB was found to be located in EVA component of HIPS/EVA/CB
composites. Due to the possible accumulation of methanol at the interface of blends, CPCs
exhibited higher sensitivity in liquid sensing tests. Furthermore, Potschke et al. compared the
R,e; of PCL/MWCNT and PCL/PP/MWCNT composites in liquid sensing tests. MWCNTs
were found selectively localized in the PCL component of blend composites. Interestingly, the
blend composite (PCL/PP/MWCNT-3.0 wt%) yielded the largest R, in methanol as
compared to PCL/MWCNT-1.0 wt.% and PCL/MWCNT-3.0 wt.% composites, which was

attributed to the blend interface that promoted the ethanol molecule penetration in the PCL
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component. Such behavior is more efficient in increasing the distance between neighboring
MWCNTs than in PCL/MWCNT-3.0 wt.% composites [36].

Dai et al. studied the liquid sensing behavior of CPCs by constructing a segregated
structure in CB/PP composites [146, 147]. They utilized a dissolving-smashing method, i.e.
dissolving PP pellets in hot xylene and smashing the dried PP bulks into powders (PP particle
size is ca. 30 um). Subsequently, CB particles and PP powder were mixed by solution mixing
in ethanol. After drying, the composites were compression molded by a hot press machine.
When being immersed in an organic solvent, CPCs with segregated structure exhibited much
higher R,.; than CB/PP composites without segregated structure. The authors proposed a
scheme to illustrate such phenomenon as shown in Fig. 2.16. By controlling the localization
of CB at the interface of PP particles, the conductive network is just localized at the interface
of PP granules. Once the solvents penetrate the interfaces, the CB conductive networks
between adjacent polymer particles are severely damaged, leading to a high R, of CPCs.
Similar studies were reported by Pang et al. for CB/UHMWPE/PMMA composites [111] and
Wang et al. for CB/PA6/HDPE composites [148].

Fig. 2.16 Schematic illustration of the mechanisms of liquid sensing behavior of (a) segregated CB/PP and (b)
CB/PP without segregated structure. The red arrows represent the penetration direction of the solvent. Reprinted

with permission from Elsevier [147].

In addition to organic solvent detection, CPCs can also be used as water sensors.
Cellulose extracted from natural plants has been used for clothes and fabrics manufacturing
for a long period. As a renewable alternative to petrochemical substrate, cellulose has many
advantages such as flexibility, low cost and biodegradability. Furthermore, cellulose is a
hygroscopic polar molecule and good affinity to water; on the other hand, hydrogen bonding
between cellulose chains results in the insolubility to water. Thus, cellulose is a good
candidate as matrix for CPC based water sensors. Qi et al. prepared cellulose/CNT composites

using solution mixing and investigated their water sensing behavior [149-151]. The CPCs

42



were made by adding CNTs into a NaOH/urea/water aqueous system, and then the mixtures
were casted and degassed. Fig. 2.17 illustrates the morphology of such composite and their
water-sensing scheme. The CNTs have good dispersion in the cellulose matrix in the
cellulose/CNT-3.0 wt% composite which is attributed to the hydrogen bonding between the
functional group (-OH) of CNTs and the cellulose chains. The R,.; of the composite film
reached up to ca. 550% when being immersed in water and decreased to its initial value when
the sample was taken out from the water (see Fig. 2.17d). The main sensing mechanism is
explained by swelling effects, which involves a fast and large disconnection of the CNT
network induced by the strong cellulose swelling in water. Similar work was reported by
Dichiara et al., who fabricated hydroxyl-functionalized CNT/cellulose composites by solution
mixing, with the R,,; of CPCs with 10 wt% CNTs reaching a maximum of 3100 % when
immersed in water. In addition, they compared the thickness of CNT/cellulose microfibers
after immersing in air, ethanol and water. The fiber diameter of 10 pm increased to 100-140
um when the fiber was immersed in water. Immersion in air or ethanol resulted in fiber
diameters of 20-60 pum. Such results indicate that CNT/cellulose composites have good

swelling property in water and are good candidates for water sensing application [152].
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Fig. 2.17 Cellulose/CNT composite film (with 3% CNTs) as water sensor: a) photo and (b) TEM image of the U-
shape sample; (c) schematic of liquid sensing test; (d) R, of the sample during immersion/drying (600 s/1200 s)
cycle in water at 20 °C, where R, and R, are the initial resistance and transient resistance upon exposure to water.

Reused with permission from Elsevier [150].

2.5.3 Vapor sensing behavior of CPCs
Leakage of VOCs especially toxic vapors has posed a great threat to the environment

and human health. Currently, many kinds of vapor sensor materials such as metal oxides
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(MO), carbonaceous material, conjugated polymer (CP) and CPCs have been intensively
investigated and reported. All of these sensors have their own advantages and disadvantages,
which will be briefly summarized in the following.

MO semiconductor material is a kind of commonly used gas/vapor sensors because of
their unique sensing characteristics such as low temperature dependence, rapid recovery
kinetics and high thermal stability. The sensing signal results from the electron transfer from
the electrode to the MO layers. Despite many advantages of MO materials, the detection
range is limited and they can only detect a small group of gases such hydrogen (H,) and
nitrogen dioxide (NO;), while for organic solvent vapors, MO sensors are usually not fully
applicable. Furthermore, the adhesive force between the MO layer and the sensor substrate
(e.g. silicon wafer) is weak, resulting in a poor stability and reversibility during sensing tests
[153]. In addition to MO sensors, electronic sensors based on field-effect transistors (FETs)
are developed due to their ultrahigh sensitivity at extremely low vapor concentration, rapid
response, low power consumption, room temperature operation and good reversibility.
Amongst these nanostructured sensing systems, nano-carbon based materials are more
promising;, the electrical properties of nano-carbon materials such as CNTs and graphene are
highly sensitive to changes in the chemical environment [154]. During sensing tests, the
adsorption of gas or vapor molecules onto the surface of nano-carbon materials results in
conductivity changes of the sensor device. These adsorbates act as donors or acceptors. For
example, CNTs are p-type under ambient conditions; therefore the electron donation into the
valence band will lead to charge-carrier (h') recombination, causing a decrease in
conductivity [155, 156]. The strong Van der Waals force between neighboring nanotubes or
graphene plates make them easily agglomerated. Therefore, the current difficulties for nano-
carbon sensors are how to improve the sensitivity, selectivity and anti-jamming capability.
Conjugated polymers (CPs) have continuous delocalization along the chain axis, thus leading
to excellent electrical and optical properties. CPs have unique material properties that make
them promising for a wide range of applications. Polyaniline (PANI), polypyrrole (PPy),
polythiophene (PT) are the conjugated polymers most commonly used as chemical sensor
materials. Their n-electron delocalization makes these polymers readily interacting with vapor
analytes. Apart from n-m interaction, hydrogen-bonding, n-dipole interaction and even van der
Waals interaction are the main interactions between CP and vapor analytes, which make CPs
a good candidate for sensor array and e-nose. Pavase et al. published a review on CP
nanocomposite-based chemical sensors in food spoilage detection [157]. However, these

sensing elements are typically conducted at high temperature in order to achieve enhanced
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sensing performance. Moreover, poor stability and considerable variations in the synthesized
CPs also confine their practical application.

Among those kinds of vapor sensors, CPCs are regarded as the most promising
candidate as vapor sensors due to their easy fabrication, lightweight, and tunable conductivity
[141, 158]. The resistance increase of CPCs when being exposed to organic vapors is named
as positive vapor coefficient (PVC). In addition, negative vapor coefficient (NVC) i.e. the
resistance decrease when the sample is exposed to vapors, was also reported, e.g. by Chen et
al. [159]. They found that a NVC phenomenon occurred for CB/PU composites whose filler
contents are near or lower than the percolation content of CPCs. This is due to damages of the
hydrogen bonding between carbonyl and ether of PU during vapor penetration, thus
facilitating the agglomeration of separated CB particles leading to resistance decrease of the
CPCs. Zhang et al. explored the vapor sensing behavior of amorphous PS composites filled
with CB or MWCNTs [160-162]. The sensitivity of vapor sensors is related to the vapor
concentration, vapor polarity, and mixed vapor compositions. For instance, CPCs with non-
polar PS showed low responsivity towards polar vapors such as ethanol and methanol, but
high responsivity to non-polar (cyclohexane and butanone) or low polar (tetrahydrofuran and
acetone) vapors. These results demonstrated that the responsivity of CPCs is not only related
to the solubility parameters, but also to the polarities of vapors and polymers. Kumar et al.
reported the chemo-resistive properties of MWCNT/PLA composites prepared by a layer-by-
layer technique [55]. The sensitivity and selectivity of CPCs corresponded to the ranking of
the Flory-Huggins interaction parameters y;,. In addition, the increase in crystallinity of PLA
(a semi-crystalline polymer) weakened the sensing performance in terms of sensitivity and
selectivity of the CPCs.

Recently, researchers aimed to develop CPC vapor sensors with novel structures. Li et
al. selected natural ramie fiber (RF) as a skeleton for CB or MWCNT attachment in PLA
based composites. They found that the existence of RF improves the stability of CPCs
towards xylene and tetrachloromethane, which are good solvents to PLA. RF stabilized the
conductive network in CPCs during sensing tests [68]. Besides, Gao and co-workers
investigated the vapor sensing behavior of PU/polystyrene-b-poly(ethylene-co-butylene)-b-
polystyrene (SEBS/CNF) with hierarchical structure [163]. A PU/SEBS blend nanofiber mat
was prepared by the electrospinning technique and then the mat was immersed in a
homogenous CNF/ethanol solution to achieve PU/SEBS/CNF composites. The results proved

that the CNT decorated nanofibrous membranes are sensitive to both polar and non-polar
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vapors. Moreover, testing temperature and conductive filler loading also had great influence

on the sensing performances of these CPCs as shown in Fig. 2.18.
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Fig. 2.18 (a) Influence of toluene temperature on the relative resistance change of PU/SEBS/MWCNT-10 and (b)
cyclic sensing behavior of PU/SEBS prepared at different ultra-sonication times against toluene vapor. Reprinted

with permission from Royal Society of Chemistry [163].

Furthermore, fiber-based sensors developed from CPCs were reported by Zhu and co-
workers [133, 164]. SBS/MWCNT fibers and SBS/few layer graphene fibers were prepared
by wet spinning. SBS is a triblock copolymer consisting of soft non-polar PB domains and
hard polar PS domains, which enable SBS based CPC sensors to response to both low or high
polar VOCs. Both of these two CPC sensors showed high sensitivity, fast response as well as
good reversibility to both polar and non-polar VOCs. For instance, the sensitivity of a
SBS/MWCNT fiber-based sensor to 10 % acetone and cyclohexane was 19 % and 256 %,
respectively. The response time was less than 40 s (response time is defined by the time taken
by the sensor to reach 90 % of the maximum resistance in presence of the analyte vapor).

Humidity sensors are another application of vapor sensing of CPCs. With respect to
humidity sensors, polyvinyl alcohol (PVA) [165, 166], poly(acrylic acid) (PAA) [167], and
chitosan [168] are the most commonly used polymers. Li et al. fabricated MWCNT/PVA
composite yarns by immersing a MWCNT yarn in a PVA solution and then collecting yarns
using a rotating motor. The humidity sensing was carried on different saturated salt solutions
in its equilibrium to achieve the desired humidity values. Fig. 2.19 shows the sensitivity (ratio
of resistance change to the initial resistance at a given relative humidity) of the
MWCNT/PVA composite yarn at different humidity. It was found that the composite dipped
in 5 % PVA solution exhibits the highest sensitivity (ca. 1.89) as compared to other samples.
The authors concluded that the humidity sensing behavior is related to the swelling property
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of PVA. At high humidity, rapid increase of intermolecular distances occurs in PVA due to

de-bonding of hydrogen bonds [169].
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Fig. 2.19 (a) Sensitivity-humidity curves and (b) sensitivity at 100 % humidity of pure MWCNT yarn and
MWCNT/PVA composite yarns. Reprinted with permission from Elsevier [165].
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3. Experimental

3.1 Materials
Bisphenol A based PC was used to perform most of the experiments in this work. As

PCs, a high viscosity grade Makrolon 3108 (M,~29800 g-mol™), a medium viscosity grade
Makrolon 2600 (M,=26200 g-mol™), and a low viscosity grade Makrolon 2205 (M,~=20100
g-mol™) were purchased from Bayer MaterialScience AG, Germany. All these PCs have a
density of 1.2 g-cm™. PVDF pellets (Kynar 720) with a polydispersity of 6.08 and a density of
1.78 g cm™ were supplied by Arkema S.A., France. PLA (4043D) with a density of 1.24
g-cm” was obtained from NatureWorks Co. Ltd. USA. PS (145D) with a density of 1.05
g-em” was received from BASF AG, Germany. Highly electrically conductive CB (Printex
XE2B) with a carbon purity of more than 99%, a BET value of 400 m® g, a buck density of
100-400 kg'm™, and a primary particle size of 30-35 nm was obtained from Evonik Degussa
GmbH, Germany [21]. Commercially available MWCNTs (NC3100™) with an average
length of ca. 1.5 um and an average diameter of 9.5 nm were obtained from Nanocyl S.A.,
Belgium. The carbon purity is higher than 95 % and the density of MWCNT is 2.1 g-cm™
[170]. Acetone, dichloromethane (DCM), tetrahydrofuran, toluene, ethyl acetate and
cyclohexane were of analytical grade (purity > 99.9%) and obtained from Sigma-Aldrich,

Germany. All chemicals were used as received.

3.2 Sample preparation
Prior compounding, all the polymer granules and carbon fillers were dried in a

vacuum oven at 70 °C for 16 h to avoid trace water. The CPCs were fabricated using a twin-
screw micro-compounder (DSM Xplore, capacity 15 cm?, The Netherlands) as shown in Fig.
3.1a. Different processing parameters are applied for different composite systems, which will
be introduced in the specific following chapters. After mixing the polymer melt was extruded
through the die (2 mm diameter) without any additional cooling. In the following, the
extruded strands were pelletized and compression molded into circular plates (60 mm
diameter and 0.3 mm thickness) using a hot press machine (Model-PW40EH, Paul-Otto
Weber GmbH, Germany) as shown in Fig. 3.1b.
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Fig. 3.1 Photograph of (a) DSM Xplorel5 micro-compounder and (b) PW40EH hot press machine.

3.3 Characterization of the CPCs
3.3.1 Electrical resistivity measurement

The electrical volume resistivity measurements were performed either on the circular
plates or on strips, depending on sample’s resistivity values. For the compression molded
circular plates whose resistivity is above 10’ Q-cm, the Keithley Electrometer 6517A
(Keithley Instruments Inc., USA) combined with a Keithley 8009 Resistivity Test Fixture
equipped with ring electrodes was applied. In this case, at least two samples were measured
on both sides to achieve the mean value of resistivity. For samples with resistivity values
lower than 107 Q-cm, the measurements were performed on strips (cut from the circular plates)
with a dimension of 30x5x0.3 mm?® using a four-point probe combined with a Keithley Multi-
meter DMM 2000. The four-point test fixture has gold contact wires with a distance of 16 mm
between the source electrodes and 10 mm between the measuring electrodes. At least 4 strips
were measured per sample to get the arithmetic mean value and standard deviation. The

images of the resistivity measuring devices are shown in Fig. 3.2
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Fig. 3.2 Photographs and schematic diagrams of resistivity measuring devices.

3.3.2 Transmission light microscopy (TLM)
The state of MWCNT dispersion in polymer matrix was evaluated using TLM. For

each sample a series of thin sections with 5 um thickness were prepared from extruded
strands (perpendicular to the extrusion direction) using a Leica RM2265 microtome (Leica,
Germany) at room temperature. These sections were observed using an Olympus BX-53
(Olympus Deutschland GmbH, Germany) combined with a DP71 video camera in
transmission mold. The area ratio of remaining nanotube agglomerates (4,4,) Was determined
from the TLM images using the software of Stream Motion 1.9.4 by calculating the ratio
between the area of remaining MWCNT agglomerates (4) and the total area of the images (4)
[74, 76], whereby the total area of each image was 16.9 mm®. According to the ISO-18553
standard only agglomerates with circle equivalent diameter > 5 pm were regarded [75, 171].

At least 12 images from different sections of the strands were used for 4,4, calculation.

3.3.3 Scanning electron microscopy (SEM)
The morphology of the cross-section of the composites was investigated using an

ULTRA-55 electron microscope (Carl Zeiss AG, Germany) with an accelerating voltage of 3
kV. Different kinds of samples for SEM investigation had different preparation methods. For
single polymer based CPCs, the strips cut from compression-molded circular films were cryo-
fractured after 30 min immersion in liquid nitrogen and sputtered with a thin platinum layer
using a sputter coater (Leica EM SCD 500) to avoid electrical charging. For polymer blend
based CPCs, the surfaces of the extruded strands were firstly smoothed by a Leica RM2265

microtome (Leica, Germany), then these smoothed strands were immersed into a certain
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solvent to extract one component of the blends. Afterwards, the extracted strands samples

were cleaned again using the pure solvent, air-dried, and coated with a thin platinum layer

(thickness is 3 nm).

3.3.4 Transmission electron microscopy (TEM)
TEM was performed using a LIBRA120 (Carl Zeiss AG, Germany) with the

acceleration voltage of 120 kV. Ultrathin sections with a thickness of approximately 60 nm

were obtained by using Leica UC7 ultra-microtome at -40 °C (Leica, Germany).

3.3.5 Solvent extraction
Solvent extraction is used to determine the component continuity of polymer blends.

For the extraction experiment, the extruded strand samples were cut along the extrusion
direction, and the cut area along extrusion direction is ca. 1 cm? (length is 2 cm and width is
0.5 cm). The extracted polymer content C,,,,.; of CPCs is calculated based on the initial mass

and the change in mass of the blend during extraction using Eq. 3.1 [172].

Mo,cpc—My,CPC
Cextract = TCPCr X 100% (31)

where m cpc is the sample mass before extraction and m,. cpcis the remaining sample mass

after the solvent extraction.

3.3.6 Rheological characterization
The rheological measurements were conducted on an ARES oscillatory rheometer

(Rheometric Scientific Inc., USA) with parallel-plate geometry (diameter 25 mm, gap 2 mm)
under the protection of liquid nitrogen. Angular frequency sweeps from 0.1 rad/s to 100 rad/s
and back were accomplished with fixed strain amplitude of 1 %, which was located in the
linear viscoelasticity regime of the composites. The testing temperature varied for different
composite systems, which would be introduced in the corresponding chapters. The rheological
results presented in the thesis derive from the measurements from 100 rad/s to 0.1 rad/s. The
samples with 25 mm diameter and 2 mm thickness were compression molded from the as
received polymer pellets or the extruded strands under the processing conditions given in the

respective chapters.
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3.3.7 Differential scanning calorimetry (DSC)
The melting and crystallization behavior of components and composites was

investigated with a differential scanning calorimeter (TA Q2000, TA Instruments, USA) at a
scanning rate of +/— 10 K-min™ under nitrogen atmosphere. About 5 mg of the samples
(compression molded samples) were first heated from room temperature to 200 °C and kept
isothermally for 3 min to eliminate the thermal history. Then the samples were cooled from
200 °C to room temperature followed by a second heating to 200 °C. The cooling and the first

heating runs were used for evaluation of the thermal transitions in the materials.

3.3.8 Vapor sensing tests
The vapor sensing behavior of CPCs were investigated by in-situ recording electrical

resistance change of CPCs upon alternating exposure to cyclic flows of (diluted) organic
vapors and dry air. A self-made sensing set-up connected with a digital multi-meter (Keithley

2400, USA) is shown in Fig. 3.3.
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Fig. 3.3 Schematic set-up diagram for the vapor sensing behavior measurements of CPCs towards organic vapors.

The strips with the dimension of 10x3x0.3 mm® for sensing test were cut from the
circular films, and both sides at the two ends of the specimen were coated with electrically
conductive silver paste to ensure good contact between specimen and electrodes. For better

comparison, the relative resistance change (R,.;) was calculated by means of Eq. 3.2,

R-R,
Ro

Ryo = x 100 % (3.2)

where R, is the initial resistance of specimen in dry air and R is the actual resistance during

experiments. The vapor concentration (C) was adjusted to the desired value by tuning the flow
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rates (L-h™") of the two mass flow controllers (MFC1 for VOC and MFC2 for dry air). C is
calculated by Eq. 3.3,

Py f
; X m X 100% (3.3)

C =

where P is the atmospheric pressure, P; is the saturated partial pressure of organic solvent at
25 °C, and f and F are the mass flow rate of MFC1 and MFC2, respectively. Atmospheric
pressure is applied in all tests and the temperature is 25 °C. The vapor mixture was derived

from the mixed solvents at given volume ratios.
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4. Results and Discussion
4.1 Electrical and vapor sensing behavior of PC composites containing hybrid carbon fillers®
4.1.1 Introduction

As it was shown in previous work and discussed before, the use of mixed filler
systems, especially consisting of 2 carbon based fillers with different dimensionalities, can
result in synergistic effects concerning electrical percolation threshold and achievable
conductivity. In addition, it is a way to tune the sensing response in vapor sensing. Therefore,
a hybrid fillers system consisting of MWCNT and CB was selected to be melt-mixed with PC
by varying the amount of filler and MWCNT/CB ratio. PC was selected as the polymer matrix
for fabricating CPCs for the vapor sensing tests since it showed high affinity with many
commercial organic solvents as well as high and fast volume change upon vapor immersion.
The detailed processing condition during melt mixing was 270 °C, 250 rpm and 5 min.
Compression molding was performed under the conditions of 270 °C, 20 kN, 5 min The
obtained PC/MWCNT/CB composites with different filler contents are denoted as NxBy,
where x and y represent the MWCNT and CB content in wt%. For instance, NO1BO0S5 indicates
that the MWCNT and CB loading in composites are 0.1 wt% and 0.5 wt%, respectively.

In this chapter, the morphological and electrical properties of the CPCs with different
hybrid filler contents are analyzed and discussed in detail. In order to investigate the electrical
and vapor sensing behavior of CPCs, two MWCNT contents were chosen, which were
respectively lower and higher than the electrical percolation threshold of PC/MWCNT
composites. In the following, three CB contents were selected to mix with MWCNT mutually.
The conductive network is either composed of MWCNT or hybrid CB/MWCNT in
composites. By using such combined fillers, a fine-tuning of the structure and conductivity of
the filler networks was aimed which was expected to broaden the range of detectable vapors.
The sensing properties of PC/MWCNT/CB composites were evaluated by exposing them to
different VOCs in several successive VOC/dry air cycles. The relationships between the
structure of the differently composed electrically conductive networks and their electrical
response when exposing them to varied concentrations of the organic vapors were

comprehensively investigated.

" The results presented in chapter 4.1 are published as “Electrical and vapor sensing behavior of polycarbonate
composites containing hybrid carbon fillers” (European Polymer Journal 108(2018) 461-471) with the co-
authors Petra Potschke, Jiirgen Pionteck, and Brigitte Voit.
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4.1.2 Electrical properties of PC/MWCNT/CB composites
To evaluate the influence of MWCNT, CB, and hybrid carbon nanofillers on the

electrical properties of the nanocomposites, the volume conductivity versus the carbon filler
loadings (in wt%) is plotted in Fig. 4.1.1. The electrical percolation curves of the composites
were fitted by the non-linear fitting function Eq. 2.1, whereby only the compositions above
the percolation were used for the fitting. For PC/MWCNT, there is a drastic increase in
conductivity between 0 and 0.2 wt% MWCNT and the percolation concentration was fitted to
be 0.11 wt%. The percolation threshold of CB in PC is located between 1.0 wt% and 1.5 wt%
CB and ¢, was fitted to be 1.38 wt%. It is obvious that a significantly lower MWCNT content

is needed for constructing the conductive networks compared to CB.
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Fig. 4.1.1 Electrical volume conductivity as function of carbon nanofiller content for (a) PC/MWCNT and (b)
PC/CB.

Before discussing the results on the hybrid filler systems, the occurrence of “synergy”
concerning the electrical percolation threshold should be regarded. Sun and Xiong et al.
proposed a model based on the excluded volume theory to calculate the percolation
concentration of hybrid filler composites from both the percolation concentrations of the
CPCs filled with one of the fillers [173, 174]. If the fillers do not interfere with each other,

percolation is reached when

Pc,MWCNT Pc,cB

MMWCNT + mcB 1

@.1)

Muywcent and mep are the weight fractions of carbon fillers, and ¢,y eyt and @, cp are the
corresponding electrical percolation concentrations of MWCNT filled CPCs and CB filled
CPCs, respectively. The equation was developed for volume fractions, however, for the

convenience of practical use and the avoidance of the fillers’ density uncertainty, the formula
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was also expressed in weight fractions [173, 175]. Based on Eq. 4.1, the PC/MWCNT/CB

composites are theoretically conductive for

m m
MWCNT + CB > 1 (4‘2)
PcMWCNT PccB

and insulative when

m m
MWCNT + CB < 1 (4.3)
Pc,MWCNT Pc,cB

If the experimental percolation concentration is lower than the calculated one, a synergistic
effect of both fillers can be deduced. This would be the case if composites with calculated
ratios > 1 are conductive.

In this study, MWCNTs are regarded as the basic conductive filler for creating the
conductive network within the composites. Based on the ¢.ywcyr of 0.11 wt% in
PC/MWCNT composites, two MWCNT contents, namely of 0.10 wt% and 0.50 wt%, were
selected as basis for the preparation of hybrid filler composites. PC/MWCNT-0.1 wt% is non-
conductive (volume conductivity ca. 2x10™'° S/cm) without CB addition, while PC/MWCNT-
0.5 wt% can be regarded as conductive composite already without CB addition (volume
conductivity 3x10~ S/cm). To evaluate the effect of CB content on the conductivity, three
different weight contents of CB are incorporated into these two PC/MWCNT composites as
the second conductive filler. Fig. 4.1.2 shows the electrical volume conductivity vs. CB

content for these composites.
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Fig. 4.1.2 Electrical conductivity as function of CB content for PC/MWCNT/CB composites with two fixed
MWCNT contents.
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In case of the NO1BOS5 hybrid composite, the calculation according to Eq. 4.1 results

MMWCNT mcB
+ = 1.26 .
Pc,MWCNT Pc,CB

in This value indicates that this hybrid composite should be
conductive; however, the measured conductivity of NO1BO0S5 is ca. 10° S/cm, indicating that
no conductive network is formed in this composite. Thus, one can conclude that during the
mixing process the formation of the conductive network is mutually interfered by the two

different fillers and that no synergistic effect occurs concerning electrical percolation. When

the CB content is increased to 1.5 wt% (NO1B15), the calculation results in ;nl"'ﬂ+
¢ MWCNT

(;nﬁ = 1.99. The conductivity of this sample is ca. 6x10™ S/cm, which is about 6 orders of
¢,CB

magnitude higher than that of NOI1BOS, illustrating an electrically percolated sample. In
NOIB15, the MWCNT content is slightly lower than ¢ ywcnr (0.11 wt%), whereas the CB
content is slightly above the percolation concentration of PC/CB composites (¢, cp 1.38
wt%). Therefore, it can be concluded that CB forms the main skeleton of the conductive
network in NO1B15. When the CB loading is 2.5 wt% (NO1B25), the conductivity is ca.
6x10~ S/cm, which is 20 times higher than that of NOI1B15. This also manifests that CB plays
an important role in forming the conductive network in CPCs containing 0.1 wt% MWCNT.
For the PC/MWCNT/CB composites with 0.5 wt% MWCNT, the influence of CB on the
conductive network structure of PC/MWCNT/CB composites is not so obvious. Comparing
the conductivity values of the composites NO5SB00, NO5B05, NO5B15 and NO5B25, it can be
observed that the conductivity increases only very slightly (less than one decade) manifesting
that a perfect conductive network has been built in these composites. For the sensing tests, all
the prepared carbon hybrid composites are in the conductivity region suitable for sensing, i.e.
above 10” S/cm, as shown in Fig. 4.1.2. Thereby, the resistivity of the sample NO1B25 is
similar to those of NO5SB15 and NO5B25 and differs only by half a decade.

4.1.3 Morphology of PC/MWCNT/CB composites
In order to investigate the contribution of CB as the second filler on the electrical

network formation and to the vapor sensing characteristics of CPCs, the morphology of
PC/MWCNT/CB with different hybrid filler contents was studied. Fig. 4.1.3 shows SEM
micrographs of fractured surfaces of conductive composites containing either 0.5 wt%
MWCNT or 1.5 wt% CB. As seen in Figs. 4.1.3a and b the MWCNTs appear to be
individually dispersed and homogeneously distributed in the PC matrix. The fracture surface
of the CB containing composite (Fig. 4.1.3¢ and d) shows evenly distributed grape-like small

clusters of CB particles. The filler content in both composites is above the corresponding
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electrical percolation concentrations, thus 3D-conductive networks must have been formed
(which cannot be seen in 2D-images) either from individualized MWCNTSs or small

agglomerates of CB.

Fig. 4.1.3 Scanning electron microscopic (SEM) images of fracture surfaces of (a, b) PC/MWCNT-0.5 wt% and
(c, d) PC/CB-1.5 wt% composites.

The morphology of NOIB15 and NO5B15 is shown in Fig. 4.1.4. As discussed above,
in NO1B15 the conductive network is mainly formed by CB particles, and this can be verified
in Figs. 4.1.4a and b. In Fig. 4.1.4a, several CB clusters can be seen in polymer matrix
whereas MWCNTs can hardly found due to the very low loading. In higher magnification
(Fig. 4.1.4b), it is obvious that there are enough CB particles which gather together to
construct the conductive network, and only a few MWCNTs are dispersed partially bridging
such CB clusters. The corresponding conductivity values (see Fig. 4.1.2) indicate that the
presence of additional MWCNTs make the percolated CB conductive networks more perfect
resulting in 20 times higher conductivity values. In NO5B15, both compact CB clusters and
MWCNTs can be found at the fracture surface (see Fig. 4.1.4c and d). The MWCNT and CB
contents are both slightly higher than the percolation thresholds of the single filler systems, so
it can be concluded that the conductive networks in NO5B15 are formed by the hybrid fillers
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together. Since the MWCNT network at 0.5 wt% filler content is already quite perfect, the
addition of CB only slightly increases the conductivity of the hybrid filler composites.

Fig. 4.1.4 Scanning electron microscopic (SEM) images of fracture surfaces of (a, b) NO1B15 and (c, d) NOSB15.

Despite the fine dispersion observed in SEM on cryofractures, optical microscopy on
much larger observed areas revealed some filler agglomerates as well in the composites with
the individual fillers as in the hybrid composites (Fig. 4.1.5). In general, the electrical
conductivity of CPCs is related to the dispersion of the carbon fillers in the polymer matrix, as
only dispersed fillers can take part effectively in the conductive network formation. To
characterize the state of filler dispersion, the agglomerate area ratio A/4) of PC/MWCNT/CB
composites is calculated and shown in Fig. 4.1.5. The MWCNTs show better dispersibility
than CB in the PC matrix; the A/4) value of PC/MWCNT-0.5 wt% is 0.05 %, which is lower
than 0.24 % for PC/CB-0.5 wt%. In addition it can be seen that the addition of low amounts of
MWCNTs (0.1 wt% in NO1B0S5) improves the CB dispersion (B05), but this effect vanishes at
the higher MWCNT loading of 0.5 wt%.
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Fig. 4.1.5 Optical microscopy images of PC/MWCNT, PC/CB, and PC/MWCNT/CB composites with different

carbon filler loadings together with their agglomerate area ratios A/4,.

4.1.4 Vapor sensing behavior of PC/MWCNT/CB composites
4.1.4.1 Sensing mechanism and selection of solvents

For organic vapor sensing, the most important features of a CPC sensor are its
discriminability and sensitivity towards organic vapors. As mentioned above, the R,.; derives
from the changes in the conductive network structure when the polymer swells. This is
regarded as the main sensing mechanisms of CPC vapor sensors and was described as “key-
lock” theory [55]. In this study, three representative organic solvents were selected for the
vapor sensing tests. The interaction between the CPC samples and the vapor analyte has a
direct correlation with the polymer chain relaxation and the analyte molecule diffusion, which
can be expressed in term of the Flory-Huggins interaction parameter (y,) [55, 176] as shown
in Eq. 2.8. A high y;, value stands for a low solubility between polymer and solvent. The
calculated interaction parameters of PC with the tested organic analytes are listed in Table
4.1.1 They rank as follows: acetone (0.003) < toluene (0.172) < cyclohexane (0.507), showing
a decreasing solubility of PC with increasing polarity and hydrogen bonding of the organic

solvents.
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Table 4.1.1 Partial vapor pressure P;[177] and Hansen solubility parameters [59] of PC and different VOCs and

their Flory-Huggins interaction parameter with polycarbonate

Material MlOIar (k}l))ia o o on 0 X12
atenals (CIVH% -L:r?gi'l) 25 °0) (MP2)">  (MPa)"> (MPa)"> (MPa)'?>  with PC
Acetone 74.0 30.6 15.5 10.4 7.0 19.9 0.003
Toluene 106.8 3.8 18.0 1.4 2.0 18.2 0.172
Cyclohexane 108.7 13.0 16.8 0 0.2 16.80 0.507
Polycarbonate 18.1 5.9 6.9 20.2

For the cyclic vapor sensing of CPCs, an acetone concentration (C=30.0 %) was
chosen, which is approximating to the acetone saturation concentration (C=30.6 %). For
toluene and cyclohexane, their saturation concentration (3.8 % for toluene and 13.0 % for
cyclohexane) was selected. Generally, the stress within polymer composites resulted from
processing may relax during first vapor exposure, which is ascribed to the high mobility of
polymer chains in the swollen state. Thus, the first exposure can be considered as
conditioning and was ignored during discussing even if all cycles are shown in the plots. The
sensing behavior is compared based on the sensing curves from the second cycle to the fifth
cycle. In order to compare the efficiency of sensing in the regarded cycles, the sensing

response was calculated for each cycle i according Eq. 4.4 and plotted over the cycle number.

R. _R.
Response; = —-—2 4.4)
i,0

where R;,, represents the terminal resistance value at the end of the cycle i and R; y the starting
resistance value of cycle i. The average response (second cycle to fifth cycle, mean value and

standard deviation) of different CPCs upon exposure to acetone, toluene, and cyclohexane

vapor versus log(l/ X12) 1 shown in Fig. 4.1.6. It can be seen that the response of all CPCs
exhibits a positive correlation with the increase of log(l/ X12). 1€ the highest response is for
acetone (log(l/ Y1) =2.44) followed by toluene (log(l/ X12) =0.74), and the lowest is for

cyclohexane (log( 1/)(12) =0.28). Thus, we define these used solvents as good solvent

(acetone), moderate solvent (toluene), and poor solvent (cyclohexane).
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Fig. 4.1.6 Sensing response of PC/MWCNT/CB composites (mean value and standard deviation of responses in
cycles 2-5) vs. the interaction parameter log(1/y;,) (the log(l/x 1) for cyclohexane is 0.28, for toluene is 0.74,

and for acetone is 2.44).

As expected, cyclohexane vapor has weakest interaction with PC, and the conductive

network in all CPCs is nearly unchanged during exposure to cyclohexane. With the increase
of log(l/ X12)- toluene as a moderate vapor has stronger interaction with PC and the responses

for NO1B15 are 2.47 and between 0.7 and 1.0 for the other three composites. It can be
assumed that the conductive network density is crucial for the CPC response towards
moderate vapor. If the conductive network is mainly constructed by CB, like in NO1B15, this
CB network can be damaged easily by the polymer swelling due to the low aspect ratio of CB
so that a significant response can be observed. For the samples NO1B25, NO5B15 and
NO5B25 the filler loadings are much higher than the filler percolation concentration. Thus, the
denser conductive networks are more stable under polymer swelling induced by the toluene
vapor penetration.

Acetone has the strongest interaction with PC; therefore, all CPCs show higher
response values towards acetone vapor as compared to cyclohexane and toluene vapor. The
composite NO5SB15 exhibits the outmost response (ca. 5.6), and response values of the other
three composites are in the range of 0.6-1.2. Based on the criterion of good, moderate, and
bad solvent, the vapor sensing behavior of CPCs towards these three organic vapors was

analyzed in detail in cyclic sensing tests.

4.1.4.2 Sensing behavior of PC/MWCNT/CB composites towards acetone
Due to the strong interaction between PC and acetone vapor, it is hard to reach the

equilibrium state of the R,.,; when the samples are exposed to acetone vapor. Such behavior
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also has been discussed in previous work on PLA based composites, which show strong
interaction with dichloromethane [68]. When the PLA/MWCNT composites were exposed to
dichloromethane, the samples damaged gradually with time and could not reach the
equilibrium state even after long time immersion. Therefore, in our study a controlled
immersion and drying time protocol with immersion and drying times of 50 s and 100 s,

respectively, was applied to investigate the vapor sensing performance of CPCs.
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Fig. 4.1.7 Relative resistance changes (R,.;) of PC/MWCNT/CB composites towards acetone vapor: (a)
comparison of NO1B15 and NO5B15; (b) comparison of NO1B25 and NO5B25; (c) sensing responses of different

CPCs at consecutive sensing cycles.

Fig. 4.1.7 shows the electrical resistance response of CPCs exposed to 5 successive
immersion-drying runs. The sensing behavior of the two composites with lower CB content
NO1B15 and NO5B15 show an instant sharp increase of R,.; immediately after being exposed
to acetone (Fig. 4.1.7a). In the immersion period of the first sensing cycle, the maximum R,.;
of NO5B15 is only 15.5, while for NO1B15, the R,.; reaches 100.7 (see Fig. 4.1.7a), whereby
the values are comparatively more fluctuating. Such strong increase is related to the relatively

low density of the percolated network structures at the lower MWCNT loading, which is
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reflected in the lowest initial conductivity (see Fig. 4.1.2). Thus, the destruction or formation
of only few network contacts leads to high relative resistance changes and a more pronounced
fluctuation tendency. During the first equilibration cycle of NO1B15, the resistance increased
from 6.5x10% Q to 6.7x10° Q and recovered just to ca 3.3x10° Q. It increased to 5.7x10° Q in
the second exposure, which is a similar resistance than that obtained in the first cycle. The
calculated response values after equilibration were only about 0.7 (Fig. 4.1.7¢) in the 2™ to 5™
cycle. This behavior indicates that this conductive network reaches a steady state after the
equilibration process and does not change much during the following immersion cycles. In
other words, after drying the original conductive network is not reconstructed and a less dense
network was formed. Acetone molecules occupy during following exposures same sites
without causing increased swelling compared to the first one so that at the end of every cycle
similar states are reached.

The sample NO5SB15 exhibits better reproducibility during the first drying, indicating
that the conductive network can be easily reconstructed. Related to this better recovery
behavior, higher responses are achieved (ca. 6.8-4.3) during the 2™ to 5™ cycle. The sensing
behavior of NO1B25 and NO5B25 exposed to acetone vapor is compared in Fig. 4.1.7b. The
maximum R,.; of the first equilibration cycle of these composites are much smaller than those
with 1.5 wt% loading, namely 8.1 for NO1B25 and 4.3 for NO5B25. When increasing the CB
amount from 1.5 wt% to 2.5 wt%, more CB particles take part in the formation of the
conductive network (at 0.1 wt% MWCNT) or completing the imperfect conductive paths
formed by MWCNTs (at 0.5 wt% MWCNT), thus leading to more perfect conductive
networks which are more resistant to the polymer swelling induced by vapor adsorption.

Concerning the recovery behavior of the composites in the drying periods of the cycles,
the relative resistance changes of the composites show different behavior. While NO5B15
recovers completely during all drying cycles, all other composites show poor recovery
especially in the first cycle. In the following cycles the recovery is nearly completed in
NO1B15, while in NO1B25 and NO5B25 the starting resistance values increase after the drying
period due to the effects discussed above. Such behavior of incomplete recovery was also
found by other authors. For example, Liu et al. [141] reported that TPU/reduced graphene
oxide composites could hardly go back to their initial state during the drying step when they
were exposed towards good solvent vapors. This was ascribed to the strong polymer/vapor
interaction which leads to the partially unrecoverable polymer swelling and permanent
destruction of conductive networks. Also for the PC composites under investigation here, the

complete solvent vapor desorption in the drying processes was not reached.
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Fig. 4.1.8 Response of NO1B15 and NO5B15 to different acetone vapor concentrations.

In the following, the sensing behavior of CPCs towards different acetone vapor
concentrations was studied as shown in Fig. 4.1.8. Fresh samples were exposed for 50 s to the
given vapor concentrations and the responses of NO1B15 and NO5B15 were determined. The
responses increase exponentially with the acetone vapor concentration and NO1B15 exhibits
higher values than NO5B15. The response values can be fitted by an exponential model

proposed by Mondal et al. [46] (Eq. 4.5):
Response = a * e?f 4.5)

where a and b are constants and f'is the vapor concentration. As seen on the fit parameters
added in Fig. 4.1.8 the value of the parameter b is lower at the higher MWCNT content. This

clearly points out that NO1B15 is more sensitive to the vapor concentration than NO5B15.

4.1.4.3 Sensing behavior of PC/MWCNT/CB composites towards toluene
Fig. 4.1.9a illustrates the vapor sensing behavior of the CPCs with the lower CB

content of 1.5 wt% for 5 successive cycles. Both NO1B15 and NO5B15 exhibit rapid response
during exposure to toluene vapor. In the first cycle, the maximum R,.; after 50 s immersion for
NOIBI5 and NO5B15 are 0.5 and 1.0, respectively (see Fig. 4.1.9a). Interestingly, the
maximum R,,; of NO1B15, the sample with the lowest initial conductivity, increases sharply
with each cycle and reaches 17.5 in the fifth cycle, which is almost 35 times higher than the
response in the first cycle. For NO5B15, the R,.; values display a lower increase with the
sensing cycles, and the ratio of maximum relative resistance change between the fifth and the
second cycle is only 2.4. Unlike for the good solvent acetone, the interaction between toluene

and the PC matrix is not so strong resulting in lower maximal R,.; changes than in acetone.
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Once the toluene vapor penetrates the CPCs, whose conductive networks are mainly formed
by CB, the conductive networks can be torn easily with the PC swelling. Again, it seems to be
very difficult to achieve complete desorption of the solvent vapor in the selected drying
period, so that the R,.; values increase after each drying process, also enhancing the maximum
R,.; values in the following immersion cycles. Similarly as discussed above for acetone, the
network of NO1B15 is more difficult to reconstruct during the toluene vapor evaporation,
which leads to a poor repeatability. NO5SB15 exhibits lower response than NO1B15 but the R,
values are more stable and the cycles show better repeatability due to the much more perfect
conductive networks constructed by CB and the higher MWCNT content.

Fig. 4.1.9b shows the sensing performance of NO1B25 and NO5B25. The R,.; after 50
s immersion also increases with the cycle number. The maximum R,.; of NO1B25 in the fifth
cycle is 3.1, which is much lower than that of NO1B15, indicating that the higher content of
CB makes the conductive network more stable towards the toluene induced matrix swelling.
Another interesting point is the comparison of R,.; between NO5B15 and NO1B25 (see Fig.
4.1.9a), both having similar initial volume conductivity values (compare Fig. 4.1.2). For
NO1B25, the conductive network is dominated by CB; while for NO5SB15, the conductive
network is dominated by MWCNTSs and CB jointly. It can be seen that the R,.; of NO1B25 is
slightly higher than that of NO5SB15, manifesting that CB is more easily to loose contact under
polymer swelling. Moreover, for NO5B15 and NO5B25, the even more perfect conductive
networks in these composites are less influenced by the toluene stimulation as compared to
the networks with 0.1 wt% MWCNTs. Again, the recovery in the drying periods of 100 s in
air is incomplete; the R, values after each cycle steadily increase resulting in increased R,
values also in the following exposure steps. The variations of the response achieved after each
immersion cycle are summarized in Fig. 4.1.9c¢. It can be seen the responses of NO1B15 are in
the range of 2.0 to 2.9 for the four regarding cycles, which is higher than those of the three
other composites whose responses are all less than 1.0. This indicates that the composite with
the lowest density of the conductive network has higher response when being exposed to

moderate vapor (toluene).
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Fig. 4.1.9 Relative resistance changes (R,.;) of PC/MWCNT/CB composites towards toluene vapor: (a)
comparison of NO1B15 and NO5B15; (b) comparison of NO1B25 and NO5B25; (c) sensing responses of different

CPCs at consecutive sensing cycles.

4.1.4.4 Sensing behavior of PC/MWCNT/CB composites towards cyclohexane
Cyclic sensing behavior of CPCs towards cyclohexane vapor was studied and is

shown in Fig. 4.1.10a. As expected much lower values of the R, (maximum 0.018) are
observed than for good and moderate solvent vapors (maxima 100 and 18, respectively). As
for the other solvent vapors, in every exposure-drying run, the R,.; of the CPCs increases
when they are exposed to the cyclohexane vapor and decreases when exposed to dry air.
During the five successive cycles, the CPCs exhibit the same sensing tendency, whereby the
sample NO1B15 again shows the highest response. It should be also noticed that the maximum
response of the CPCs demonstrates a stepwise decrease with the sensing cycle and that for all
samples except NO1B15 the values after drying reach negative R,.; values. This drift may be
assigned to the poor solubility between PC and cyclohexane. In every sensing cycle, the
resistance increases with the immersion time, which resulted from the disconnection of

conductive networks, however, only a slight polymer swelling can be achieved due to the
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weak interaction of PC and cyclohexane. When the samples are taken from cyclohexane
atmosphere, the distance of enlarged neighboring fillers come to contact again upon vapor
evaporation. The soft swelling improves the particle mobility and may allow their
rearrangement to a slightly more perfect conductive network than former sensing cycle.
Therefore, the resistances of the composites decrease gradually with each sensing cycle. The
response of NO1B25 is lower than for NO1B15 which is due to the higher CB loading and the
resulting higher initial conductivity. Fig. 4.1.10b summarizes the responses of all composites
during the cyclic sensing in cyclohexane. It can be seen that NO1B15 and NO5B15 exhibits
higher response than the composites with higher CB loadings. In summary, the very low R,
of CPCs towards cyclohexane is mainly caused by the poor interaction between PC and
cyclohexane. The responses are very low and the drift with cycle number is comparatively
high, so that the selected systems can be regarded as not suitable for sensing of cyclohexane.
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Fig. 4.1.10 (a) Relative resistance changes (R,.;) of PC/MWCNT/CB composites towards cyclohexane vapor; (b)

sensing responses of different CPCs at consecutive sensing cycles.

4.1.5 Summary
In this chapter, the vapor sensing behavior vs. different solvent vapors was studied for

melt-mixed PC based nanocomposites containing hybrid fillers of MWCNT and CB. By using
such combined fillers a fine-tuning of the structure and conductivity of the filler networks was
aimed which was expected to broaden the detectable vapors. On compression molded samples,
the percolation thresholds ¢, of the fillers were measured to be 0.11 wt% for MWCNTs and
1.38 wt% for CB. Two MWCNT loadings (0.1 wt% and 0.5 wt%) are selected for the
nanocomposites, which are lower and higher than @y cyr, respectively. Based on this,
three CB contents (0.5 wt%, 1.5 wt% and 2.5 wt%) are chosen as second filler to prepare the
PC/MWCNT/CB composites. The electrical conductivity measurements implied that at 0.1 wt%
MWCNT the conductive networks are mainly formed by the added CB; while for the CPCs
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with 0.5 wt% MWCNT, the conductive MWCNT networks are already quite perfect and the
addition of CB does not increase the conductivity much.

When being exposed to good vapor acetone, all CPCs exhibit high relative resistance
change because of the very strong polymer/vapor interaction. The maximum R,.; of first cycle
(equilibration cycle) for NO1B15 and NO5B15 reached 100.7 and 15.5, respectively. However,
NOIBI15 has lower response than NO5B15 regarding the following four cycles, which is
ascribed to the bad recovery of conductive network formed by CB and MWCNT in NO1B15,
especially in the first drying cycle. With the increase of CB content to 2.5 wt%, the maximum
R, of the first equilibration cycle are much smaller than those for composites with 1.5 wt%
CB loading, namely 8.1 for NO1B25 and 4.3 for NO5B25. More CB particles take part in
forming the conductive network or completing the imperfect conductive network, thus
making the perfect network more resistive to the polymer swelling.

In the moderate solvent toluene, all the four CPCs display an increase in R,.; with the
sensing cycle and the recovery in the drying periods of 100 s in air is incomplete; the R,
values after each cycle steadily increase resulting in increased responses also in the following
exposure steps. It can be seen that the responses of NO1B15 are in the range of 2.0 to 2.9 for
the four regarded cycles, which is higher than those of the three other composites whose
responses are all less than 1.0. This indicates that the composites with lowest conductive
network density have higher responses when being exposed to moderate toluene vapor.

For cyclohexane, very low R,.; for all CPCs were found. The responses of the regarded
cycles for NO1B15 are higher than those of the other three composites, manifesting again that
networks with low density can be changed easier than networks with higher density.

In summary, the network quality could be tuned by the selection of the composition of
MWCNT and CB. Among the selected samples, that one with the lowest CB and MWCNT
concentration, also showing the lowest starting initial conductivity, namely NO1BI1S5,
performed best. However, one should consider that very strong interactions between the
solvent and the PC matrix, as in the case of acetone, may irreversibly destruct the sample by
dissolving parts of the polymer matrix This may be the case in the sample NO1B15, having
the lowest network density and highest change in R, and may be related also to the
significant non-recovery of R,.; in the first drying cycle. Thus, this work provides first results
using a suitable concept for designing chemo-resistive sensors by adjusting amount and ratio

of mixed carbon nanofillers in melt-mixed polymer composites.
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4.2 Vapor sensing behavior of PC/PS/MWCNT composites with different blend structures’
4.2.1 Introduction

Up to now, many polymer based vapor sensors have been investigated, but seldom
work has been done on vapor sensors based on conductive polymer blends. In our previous
study, we prepared poly(lactic acid)/polypropylene/MWCNT (PLA/PP/MWCNT) composites
with different blend ratios [35]. It was found that CPCs with high PLA content displayed a
higher R,.; to dichloromethane vapor, which is a good solvent to PLA. Similarly, CPCs with
high PP content exhibited a higher R,.; towards xylene vapor, which is good solvent to PP. In
another example, Gao et al. fabricated polyurethane (PU)/polystyrene-block-poly(ethylene-co-
butylene)-block-polystyrene (SEBS)/carbon nanofiber mats via electrospinning [163]. Due to
the existence of polar PU and non-polar SEBS, the CPC nanofiber mats were sensitive to both
polar and non-polar solvent vapors and showed excellent reversibility. Therefore, the use of
blend systems is a promising method to extent the detectable vapor analyte range.

In order to study the polymer blend structure on the vapor sensing behavior of CPCs, a
suited polymer blend pair should be used. PC and PS are immiscible polymer blend
component and they have different affinity to the selected acetone, cyclohexane, toluene,
ethyl acetate, and dichloromethane (DCM) vapors. For PS all the selected vapors can be
regarded as good solvents, whereas for PC acetone and DCM are good solvents, toluene and
ethyl acetate are moderate ones, and cyclohexane is a poor solvent. Therefore, PC/PS blends
were selected and the PC/PS/MWCNT composites were fabricated by melt mixing. The melt
mixing of the PC/PS/MWCNT blend composites was carried out at 240 °C for 5 min at the
screw rotation speed of 250 rpm. The obtained extruded strands were compression molded
(240 °C, 20 kN, 5 min). The PC/PS/MWCNT composites with different polymer blend ratios
and filler contents are denoted as CxSyMz, where x, y and z represent the weight fraction of
PC, PS and MWCNT, respectively. For instance, C50S50M0.75 means that the PC/PS blend
ratio is 50/50 wt%), and the MWCNT loading is 0.75 wt%. The MWCNT dispersion and
localization in the polymer blends was analyzed by optical microscopy and scanning electron
microscopy. The vapor sensing behavior of CPCs was investigated by cyclic exposure to the
chosen vapors and dry air. The effects of blend morphology on the vapor sensing

performances of CPCs towards different organic vapors are discussed in detail.

" The results presented in chapter 4.2 are published as “Organic vapor sensing behavior of polycarbonate/
polystyrene/multi-walled carbon nanotube blend composites with different microstructures.” (Materials &
Design 2019, 107897) with the co-authors Jiirgen Pionteck, Petra P6tschke, and Brigitte Voit.
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4.2.2 Estimation of MWCNT localization in PC/PS blends from the thermodynamic
point of view
The filler localization in polymer blends at equilibrium is determined by the

thermodynamic driving force which results from the tendency of interfacial energy
minimization to arrange the filler in an energetically preferred polymer component. The
wetting coefficient w, is used for predicting the thermodynamic preference of the MWCNTSs

in PC/PS blend. As the surfaces energy of the components should be used at melt processing

temperature (240 °C), they were deduced from values at 20 °C using the relations — % =Kr

d . . .
and — % = 0. Here K7 is the temperature coefficient and X, represents the polarity of the

components (yip /vi). The calculated surface energy of PC, PS, and MWCNTs at 20 °C and
240 °C are given in Table 4.2.1. For the surface energy parameters of MWCNTs, two sets of
data reported by Nuriel et al. [178] and Barber et al. [179] using different nanotubes and

measuring techniques were applied.

Table 4.2.1 Surface energy parameters of PC, PS, and MWCNT at 20 °C and 240 °C

20 °C 240 °C

Material Y ) v ) Y ) Y ) v ) Y ) cozgilé ?e:n ¢ Citation
(mJ/m) (MmI/m) @MI/m) @mMI/m) @mMI/m’) (mJ/m")
MWCNT 453 18.4 26.9 453 18.4 26.9 - [178]
MWCNT 27.8 17.6 10.2 27.8 17.6 10.2 - [179]
PS 40.7 34.5 6.1 24.9 21.1 3.8 -0.072 [180]
PC 342 27.7 6.5 24.0 19.4 4.6 -0.04 [181]

After obtaining the surface energy values of the polymer components at 240 °C, the wetting
coefficient calculated by the Harmonic-mean and Geometric-mean equations were calculated
according to Eq.2.2-2.4 (see Page 30) mentioned above and listed in Table 4.2.2 and Table
4.2.3.

Table 4.2.2 Calculated interfacial energies y of composites and blends using Harmonic and Geometric mean

equations
y (mJ/m°) y (mJ/m®) Source of surface
Materials Harmonic-mean Geometric-mean energy values for
equation equation CNTs
PC/MWCNT 15.53 9.04
PS/MWCNT 17.57 10.57 [178]
PC/PS 0.12 0.06
PC/MWCNT 2.18 1.12
PS/MWCNT 3.24 1.71 [179]
PC/PS 0.12 0.06
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Table 4.2.3 Calculated wetting coefficients o, using interfacial energies from Table 4.2.2

(0] [0)
4 4 Source of surface
Composites Harmonic- Geometric- energy values for
mean equation mean equation CNTs
PC/PS/MWCNT -17.0 -25.5 [178]
PC/PS/MWCNT -8.83 -9.83 [179]

According to the w, values calculated in Table 4.2.2 and 4.2.3, it can be predicted that
MWCNT are preferentially localized within the PC component during melt mixing.

4.2.3 Electrical and morphological properties of PC/PS/MWCNT composites
To illustrate the electrical properties of PC/PS/MWCNT composites with different

blend ratios, the percolation behavior of the CPCs was investigated. Fig. 4.2.1 demonstrates
the volume conductivity of PC/PS/MWCNT composites as a function of MWCNT content.
For C70S30 (Fig. 4.2.1a), there is a sharp conductivity increase by 10 orders of magnitudes
when the MWCNT loading increases from 0.25 wt% to 0.5 wt% (corresponding to 0.14 vol. %
to 0.29 vol. %), which indicates the formation of conductive networks. CPC with the blend
ratio of C60S40 (Fig. 4.2.1b) and C50S50 (Fig. 4.2.1¢) exhibits electrical percolation at much
lower MWCNT contents as compared to C70S30Mz composites. The fitted ¢, of C70S30Mz
using Eq.2.1 is 0.30 vol. %. With the increase of PS content in the blend, the ¢, decreases to
0.15 vol. % for C60S40Mz and 0.13 vol. % for C50S50Mz composites. At 0.75 wt%
MWCNTs (approx. 0.43 vol. %), the content used for the following sensing tests, the
electrical conductivity values are 6.5x10* S-cm™ for C708S30, 5.9x10* S-cm! for C60S40,
and 1.2x10* S-ecm™ for C50S50M. This indicates that although the C70S30 based sample is
closer to the corresponding percolation threshold it has the highest conductivity value
compared to the other two samples. The highest conductivity despite the lowest MWCNT
content related to the PC (0.75 wt. % MWCNTs in 70 wt. % PC) part can be explained by the

blend composite morphology as discussed later.
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Fig. 4.2.1 Electrical conductivity as a function of MWCNT content for PC/PS/MWCNT composites with
different PC/PS blend ratios: (a) 70/30 wt%, (b) 60/40 wt%, and (c) 50/50 wt%.

Optical micrographs of blend composite thin sections with 0.75 wt% MWCNT are
shown in Fig. 4.2.2. The MWCNT agglomerate area 4 ,¢, increases with rising PS content in
the blends. For example, the A4, of C70S30MO0.75 is 0.65 %, while the values for
C60S40M0.75 and C50S50MO0.75 are 1.56 % and 2.19 %, respectively. These are 2.4 and 3.4
times greater than the value of C70S30M0.75, respectively. It can be deduced that MWCNTs
have a better dispersion in PC/PS blend with high PC content, in which the relative filler
content in the PC component is lower because of the filler selectivity. Regarding the CPCs
with co-continuous structure (see below), the MWCNT content in the PC component is
relatively higher than that of C70S30MO0.75 due to the reduced PC content in blends.
Therefore, there are larger MWCNT agglomerates in composites because of overloading in

the PC component.
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Fig. 4.2.2 Optical micrographs of the blend composites with 0.75 wt% MWCNT illustrating the different
dispersion states of MWCNT in polymer blends.

Fig. 4.2.3 presents the SEM micrographs of PC/PS/MWCNT-0.75 wt% strand cross-
sections. The cut surface of the strands was immersed in cyclohexane to extract PS
component. For C70S30M0.75, it can be observed that the PS component, which appears as

holes after extraction, forms some spherical particles embedded in the PC matrix, which is
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characteristic for a sea-island structure (Fig. 4.2.3a-c). At higher magnification (Fig. 4.2.3c),
it is found that MWCNTs are dispersed in the PC matrix, which is in accordance with the
thermodynamic prediction. For C60S40M0.75 (Fig. 4.2.3d), the composite morphology is
quite different from that of C70S30M0.75. The elongated PS structures have started to
connect with each other and form a continuous structure [27]. PC is still the major component
in C60S40M0.75; however, PS is already seen to be thoroughgoing in these cuts. In the high
magnification micrographs of C60S40M0.75 (Fig. 4.2.3e and 4.2.3f), it can be seen that some
isolated MWCNTs laying on the surface of the PC component remain after the etching
process. In C50S50M0.75 (Fig. 4.2.3g-i), the co-continuity is further evolved. The remained
PC component is finer and the co-continuous structure is clearly seen (see Fig. 4.2.3g). The
co-continuous structure together with the selective localization of the MWCNTs within PC
and the attainment of percolation in the PC component represents double percolation in the
CPCs and is the reason for the observed significantly lower ¢, as compared to C70S30 blends.
Interestingly, MWCNTs are not only found in the cross-section of the remaining PC
component but also seen at the interfaces of the PC/PS blend. This indicates that most of the
MWCNTs were localized in the PC component, but there are also some MWCNTs expelled to
the interfaces of PC/PS blend or PS component because of the relative low PC content in

C50S50M0.75 composites.




Fig. 3 SEM images of the PC/PS/MWCNTs composites containing 0.75 wt% MWCNT. (a), (c) and (e) are
C70S30M0.75, C60S40M0.75 and C50S50MO0.75, respectively. (b), (d) and (f) are high magnifications of partial

enlarged images corresponding to the three composites, respectively.

To further investigate the blend structure of CPCs, solvent extraction using
cyclohexane (dissolving PS) was performed. Fig. 4.2.4 shows the weight loss of the CPCs
with 0.75 wt% MWCNT caused by the PS extraction. About 5 wt% of C70S30M0.75 is
extracted, which is far lower than the actual PS content of 30 wt% in the blend. Due to the
isolated spherical PS domains in the PC matrix, the PS imbedded within the sample is only
partially accessible to cyclohexane. For C60S40MO0.75, the extracted part increases to 25 wt%,
which is still lower than the actual PS content in the blend (40 wt%). 40 wt% PS was
extracted for C50S50M0.75, which is only slightly lower than the actual content in the blend
(50 wt%) and illustrates a nearly perfect co-continuous structure. The inset photos in Fig.
4.2.4 show the cyclohexane solvent after extraction. The solvent becomes more turbid with
increasing PS content in the blends. Furthermore, the relatively dark extracted solution of
C50S50M0.75 shows that obviously some MWCNTSs were extracted as well. In this blend, the
PC-related MWCNT content is highest (1.5 wt%) and the MWCNT agglomerates are the
largest. This suggests that some MWCNTSs may be located in the PS component or near the
interface and caused by the filler saturation in the PC component. The excess MWCNTs are

expelled to the PS component.
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Fig. 4.2.4 Extracted part for PC/PS/MWCNT-0.75 wt% with different blend ratios, inset graphs are the

cyclohexane solutions after extraction.
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4.2.4 Rheological characterization of PC/PS/MWCNT composites
The melt rheological behavior of conductive polymer blend composites is sensitive to

their inner microstructure. The storage modulus (G') is a sensitive measure of the
microstructure in the melt state, especially at the low frequency regime where time does not
limit molecular relaxation processes. Higher G' values at low frequencies relate to a more
elastic structure where molecular motion is inhibited by structural features in immiscible
polymer blends and filler network formation in nanocomposites [27, 182, 183]. In filled
polymer blends both effects may be overlapped, which makes an unambiguous discussion
difficult. [184]. To better understand the rheological behavior of conductive polymer blend
composites, the effect of increasing amount of MWCNTs in the PC/PS blends (70/30 wt%
and 50/50 wt%) was investigated at 240 °C. Liebscher et al. found that a co-continuous
structure leads to higher G’ at low frequency than the sea-island structure for PA6/SAN
blends [183]. Fig. 4.2.5a shows the G’ of PC/PS/MWCNT composites (70/30 wt%) with
different MWCNT loadings as a function of angular frequency (w). A significant increase of
G' at low frequency can be observed when the MWCNT content increases from 0 to 0.5 wt%.
The occurrence of the low frequency plateau indicates the formation of interconnected
networks formed by nanotubes or by nanotubes together with polymer chains in the composite
and is referred to as rheological percolation threshold [185]. This rheological percolation is in
agreement with the above-mentioned electrical percolation threshold of 0.29 vol% (ca. 0.50
wt%). PC/PS/MWCNT composites (50/50 wt%) have a similar tendency of G’ increase when
compared to PC/PS/MWCNT (70/30 wt%) composites (see Fig. 4.2.5b), even if the unfilled
blends start at a lower level due to the increased content of the lower viscous blend

component PS.

PC/PS 50/50 wt.%

—&— 0 wt.% MWCNT

—0— 0.5 wt.% MWCNT

—v—0.75 wt.% MWCNT
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—@— 0.5 wt.% MWCNT 10° 3
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Fig. 4.2.5 Storage modulus (G") as a function of frequency (@) for (a) PC/PS 70/30 and (b) PC/PS 50/50 with
varied MWCNT content.
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Fig.4.2.6a shows the G’ of neat PC and PS as a function of w. The G’ of neat PC is
slightly higher than that of PS at low frequencies, so the increase of PS content in polymer
blend will also reduce the G’ of CPCs. Fig. 4.2.6b presents G’ of PC/PS blends with different
polymer blend ratios containing 0.75 wt% MWCNT, the content for the following sensing
study, as function of w. It can be seen that in the low frequency region the G’ of
C70S30M0.75 is the highest. However no difference is found between C60S40MO0.75 and
C50S50M0.75, despite the higher content of the component with the lower melt viscosity in
C50S50M0.75. This could be either due to the better developed co-continuous blend

morphology or by improved dispersion when increasing the PS content.
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Fig. 4.2.6 Storage modulus (G") as a function of frequency (w) for (a) neat PC and PS and (b) PC/PS/MWCNT-
0.75 wt% composites with different blend ratios.

4.2.5 Vapor sensing behavior of PC/PS/MWCNT blend composites
As reported, the vapor sensor behavior of CPCs is influenced by the filler loading,

polymer-vapor interaction, and filler dimensionality [140, 142, 168]. However, the effect of
composite microstructure on the vapor sensing behavior has not yet been investigated in detail.
In this study, five organic solvents namely acetone, ethyl acetate, DCM, toluene, and
cyclohexane were chosen (see Table 4.2.4). The composites C70S30M0.75, C60S40M0.75,
and C50S50M0.75 were selected for the vapor sensing studies because their initial resistances
and those at solvent vapor exposition were below the upper resistance limit (200 MQ) of the
electrometer used. The calculated y;, values between polymers and organic vapors are listed
in Table 4.2.4. According to the definition of polymer-vapor interaction proposed by Hansen
et al. [59], y12 < 0.5 is considered to be a strong polymer-vapor interaction. Thus, it can be
concluded from Table 4.2.4 that acetone and DCM are good solvents for PC, while ethyl

acetate and toluene should cause moderate swelling of PC. Cyclohexane poorly interacts with
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PC due to their large y;, value. In terms of PS, the small y,, values give cause to suspect that

all the selected vapors have good interaction with the PS component.

Table 4.2.4 Molar volume (V,,,), saturated partial pressure (P;), solubility parameters (), and Flory-Huggins

interaction parameters (y;,) of polymers and organic solvents at 25 °C [59]

Pi
. Vol dp dp ou b X12

Materials (em’-mol™) glg:?(l:,) (MPa)"?  (MPa)'? (MPa)'?  (MPa)" pC PS
Acetone 74 30.6 15.5 10.4 7.0 19.9 0.003 0.011
Ethyl acetate 98.5 12.6 15.8 5.3 7.2 18.2 0.159 0.048
DCM 67.8 53.0 18.2 6.3 6.1 20.2 0.0003  0.022
Toluene 106.8 3.8 18.0 1.4 2.0 18.2 0.172 0.052
Cyclohexane 130.6 13.0 16.8 0 0.2 16.8 0.507 0.274
Polycarbonate 18.1 5.9 6.9 20.3 - -
Polystyrene 18.5 4.5 2.9 19.3 - -

In the beginning of vapor sensing measurement, the samples were immersed in dry air
for 50 s to get a stable initial resistance value before exposing them to the organic vapors.
Then the samples were exposed to four successive cycles of alternating vapor and dry air. Fig.
4.2.7a shows the R,,; of PC/PS/MWCNT blend composites towards saturated ethyl acetate
vapor. When comparing the cyclic sensing curves of the CPCs, it can be observed that
C70S30MO0.75 has a higher R,.; than those of C60S40M0.75 and C50S50M0.75 composites.
For C70S30M0.75 there is a significant R,.; increase when the sample is exposed to ethyl
acetate vapor and the final R,; of the first cycle after 100 s exposure is approximately 1100 %.
Afterwards, during the drying phase the R,.; decreases rapidly and reaches a plateau. However,
the final R,.; value after the first drying is 300 %, which cannot recover to the initial state,
indicating that the conductive network of CPCs is damaged and cannot be fully reconstructed.
For C60S40M0.75 and C50S50M0.75 the maximum R,.; after the first exposure is only 175 %
and 100 %, respectively. However, these samples show a good reversibility and the R,.; values
returned to their initial states after the drying time. When comparing with the maximum R,;
of each cycle for C70S30MO0.75, it can be seen that the values are between 1100 % and
1300 %, which shows that the conductive network in C70S30MO0.75 is highly susceptible to
polymer swellings when exposed to ethyl acetate vapor. For C60S40M0.75, its maximum R,,;
shows a significant increase from 150 % (first cycle) to of 325 % (fourth cycle), and a similar
trend is seen for C50S50M0.75, whose R,.; is in the range of 100% to 220% during these
consecutive cycles. The big difference of sensing behavior of these three CPCs is attributed to
the blend microstructure. The co-continuous structure with larger interfaces facilitates vapor
evaporation from the blend matrix [68], which leads to better reversibility compared to the

blend composite with sea-island structure.
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Fig. 4.2.7b shows the cyclic vapor sensing behavior of CPCs towards saturated
toluene. Although toluene and ethyl acetate have similar y;, values to PC, the CPCs show a
much lower R,.; compared to toluene than compared to ethyl acetate. For C70S30M0.75 the
maximum R,.; in the first immersion step reaches 125 %, followed by an R,.; decrease to about
70 % during drying. Based on the results of the C70S30MO0.75 cyclic scan curve, the
conductive network is gradually damaged with the sensing cycles resulting in poor
reversibility. In comparison, the maximum R,.; of C60S40M0.75 and C50S50M0.75 show a
decreasing tendency with the sensing cycle. First, the maximum R,.; of both samples is 60 %,
in the fourth cycle the R,.; of C60S40MO0.75 is only 52 %, while in C50S50M0.75 it is only
35 %. This shows that the toluene vapor penetration makes the conductive network especially
of C50S50M0.75 more perfect during the sensor test and thus less sensitive to further cycles.
In summary, it can be said that the blend structure of the CPCs plays an important role in
vapor sensor technology of moderate organic vapors such as ethyl acetate and toluene. CPCs
with co-continuous structures have a lower R,.; due to the following reasons: because of the
selective localization of the CNTs in PC, the lower PC content in the composite leads to a
higher local MWCNT concentration and thus denser conductive network in this component
compared to CPCs with higher PC loading and the same MWCNT content. Furthermore, the
co-continuous structure has larger interfaces that can increase vapor penetration and
evaporation during sensor testing.

In general, the strong interaction between a polymer and its good solvents results in
strong polymer swelling and complete damage to the conductive network. Therefore, CPCs in
saturated good solvent vapors always exhibit poor reversibility as the conductive network is
irreversibly damaged. For this reason, the vapor concentration of dichloromethane, a good
solvent to PC, was reduced to 23.5 % (saturation concentration 52.3 %) by adjusting the mass
flow controllers. Fig. 4.2.7¢ shows the cyclic vapor sensing behavior of CPCs towards DCM
vapor. Although it is an unsaturated DCM vapor, each CPC shows a conditioning effect in the
first cycle due to the strong interaction between PC and DCM vapor. Starting with the second
cycle, C70S30M0.75 and C60S40MO0.75 have a gradually increased maximum R,.; with the
sensing cycle. The gradually increasing R, after each immersion and drying cycle is
attributed to two reasons: 1) The irreversible damage to the conductive network in contact
with the good vapor DCM; 2) The difficulty of good vapor evaporation. For C50S50M0.75,
R,.; and its changes with the cycles have the lowest values. It can therefore be assumed that
C50S50MO0.75 has the densest conductive network, which is rather stable under polymer

swelling. In addition, the poor reversibility of CPCs to dichloromethane is due to the strong
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polymer-vapor interaction, which hampers the drying process. In general, the stresses
generated within the polymer composite during the melt shaping process can relax during the
first vapor load due to the increased mobility of the polymer chains in the swollen state. Thus,
the first exposure is considered as conditioning cycle and the following cycles should be
regarded for evaluation of the sensing behavior. In order to compare the efficiency of sensing,
the mean R,.; of the regarded cycles (second cycle to fourth cycle) of CPCs towards ethyl
acetate, toluene, and DCM vapors are plotted and shown in Fig. 4.2.7d. In this plot, R, is
calculated based on the initial resistance of each cycle and the error bars indicate the standard
deviation of the three regarded cycles. The mean R,.; values of the CPCs for these considered
cycles are mainly related to the polymer interaction. CPC sensors have a higher R, in
saturated ethyl acetate vapor than saturated toluene vapor, which corresponds to the polymer-
vapor interaction ranking given in Table 4.2.4. In addition, the diluted DCM vapor induces a
lower R,.;, although it exhibits a very strong interaction with the PC. When comparing the R,.;
of CPCs with different blend ratio, C70S30M0.75 composites always have the highest R,
followed by C60S40MO0.75 and C50S50MO0.75, where the difference of the mean R, is less
pronounced. The reason for this is that the diluted DCM vapor can diffuse and evaporate

easier in the co-continuous structure as compared to that of sea-island structure.
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Fig. 4.2.7 Cyclic sensing behavior of PC/PS/MWCNT composites with different blend ratios towards (a) ethyl
acetate, (b) toluene, (c) diluted DCM vapor (23.5 % vapor concentration). (d) Mean values of relative resistance
change for CPCs from second cycle to fourth cycle towards different vapors. R,,; is calculated based on the initial

resistance value before each cycle, error bars show the standard deviation of the three regarded cycles.

To investigate the sensitivity of CPCs towards organic vapors, Fig. 4.2.8 illustrates
R,.; values of CPCs at different acetone vapor concentrations. Acetone is a good solvent for
both PC and PS (see Table 4.2.4). In this study an exponential model given in [46] is used to
describe the sensor response vs. vapor concentration ( Eq.4 5)

Ryey = axeb® 4.5)
where a and b are constants and x is the vapor concentration. Fig. 4.2.8 confirms such
exponential relationship of the sensor response (R,.; values are taken after 100 s immersion in
the first cycle) with the vapor concentration. When the vapor concentration is below 15%, all
three kinds CPCs have almost the same low R,.; and the R,.; increases only slightly with the
increase of acetone vapor concentration. When the vapor concentration is 18.5%, the R,.; of
CPCs is several times higher than at lower vapor concentrations. In particular, C70S30M0.75
shows the highest R, at 18.5 % acetone vapor concentration compared to the other
concentrations, even if this sample has the highest initial conductivity, indicating the best
network quality. However, with this blend composition, the selected 0.75 wt% MWCNT
loading is closer to the corresponding percolation threshold than with the other blend
compositions, leading to the expectation of higher sensitivity. In summary, the blend structure
in which MWCNTs are dispersed in good quality in the matrix component of the sea-island
structure allows better accessibility to vapors and thus reacts more sensitively to the

stimulation by higher concentration of good organic solvent vapors.
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Fig. 4.2.8 Relative resistance changes for different composites under dynamic flow conditions. The lines are
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Fig. 4.2.9a demonstrates the sensing performance of CPCs for the long-term exposure
towards saturated cyclohexane vapor. As discussed above, cyclohexane is a poor solvent for
PC and a good solvent for PS. All three CPCs reach an equilibrium state after the long-term
immersion (500 s) in cyclohexane vapor, however, the R,. are very low due to the weak
interaction between PC and cyclohexane. For C70S30M0.75, its equilibrium R,.; is only 1%,
and the R,.; of C60S40M0.75 and C50S50M0.75 are ca. 3% and 5%, respectively. This is
related to the sorption-desorption behavior of CPCs with different microstructures. For
C70S30MO0.75, the conductive network variations are mainly resulted from the cyclohexane
penetration into PC that causes the only mild swelling of PC. In case of the co-continuous
C50S50MO0.75 composite, cyclohexane can penetrate into the PC and PS phase
simultaneously. From the point of view of MWCNT localization, it has been proved by the
morphological micrographs and extraction results that in this composite some MWCNTs are
localized in the PS component. Therefore, the conductive network change in the PS
component induced by cyclohexane in C50S50M0.75 is more pronounced, leading to a higher
R,.; as compared to other CPCs when they were exposed to cyclohexane vapor.
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Fig. 4.2.9 Long-term immersion towards cyclohexane vapor of (a) PC/PS/MWCNT composites, (b) PS etched
PC/PS/MWCNT composites, and (c¢) comparison of terminal R,.; of CPCs after 500 s exposure to cyclohexane

vapor.

82



To further illustrate the effect of PS in polymer blends on the sensing behavior in
cyclohexane, the PS part of the CPC samples was extracted using cyclohexane. Fig. 4.2.9b
shows the sensing curves of the etched CPCs during long-term exposure to cyclohexane vapor.
Obviously, the extracted CPCs E-C70S30M0.75 and E-C60S40M0.75 show a similar sensor
tendency as the untreated samples, but lower R,.; values, whereas the E-C50S50M0.75 R,
increases strongly up to the peak value of 1 % after 50 s immersion and then gradually
decreases and even reaches negative changes (increase of conductivity). The terminal R,.; of
compact CPCs and PS extracted CPCs are compared in Fig. 4.2.9c¢ showing that the terminal
R,.; of the compact CPCs increases with rising PS content, which proves that CPCs with co-
continuous structure are more sensitive to the vapor of poor solvents because of their
microstructure. Interestingly, an obvious terminal R,. distinction is observed for the PS
extracted CPCs. After extraction, E-C70S30M0.75 and E-C60S40M0.75 show lower R,.; as
compared to corresponding compact CPCs. This can be explained by the fact that the
remaining PC matrix is less swellable to cyclohexane as compared to PS and the conductive
network can be better maintained during the vapor exposure. Since PS is only partially
extracted for E-C70S30M0.75, the extracted content as shown in Fig 4.2.4 is only 5 wt%,
indicating there are still 25 wt% PS remained in composites. The remaining PS is willing to
interact with cyclohexane, causing a pressure to the conductive PC resulting in higher
resistance. In case of E-C50S50M0.75, less PS is remained. In the beginning, the strong
increase of R,.; may be explained by the blend interface effect. In the following, the reduction
of R, indicates a polymer relaxation process which allows regeneration of conductive
network.

A scheme is proposed in Fig. 4.2.10 to illustrate this phenomenon. Fig. 4.2.10a shows
the microstructure of C70S30M0.75 before and after PS extraction. It can be seen that the
composite has the typical sea-island structure and the MWCNTs are homogeneously
distributed in the PC matrix component. After cyclohexane extraction, partial isolated PS
domains are extracted and the conductive networks are still present due to the weak
interaction of PC and cyclohexane. For C50S50M0.75 composites (see Fig. 4.2.10b), the
major part of the PS component has been extracted by cyclohexane due to interconnection of
PS in this co-continuous structure composite. In this process, some MWCNTs distributed in
PS are also extracted, which partially destroys the conductive networks in the composite
material and causes a strong R, increase when C50S50M0.75 is exposed to cyclohexane

vapor. In the following, further diffusion of cyclohexane in etched PS domains and
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penetration into PC domains leads to a rearrangement of the conductive network, leading to a

decrease in resistance of E-C50S50M0.75.
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Fig. 4.2.10 Schematic of morphology changes and MWCNT distribution of PC/PS/MWCNT composites
extracted by cyclohexane; (a) is C70S30MO0.75 composites and (b) is C50S50MO0.75 composites.

As a summary, immiscible polymer blend based CPCs give rise to abundant electrical
signals. According to the discussion above, CPCs with co-continuous structure improve the
reversibility of swelling with good solvent vapors and prolong the lifespan of sensor materials.
Moreover, they are also sensory to poor solvent vapors that broaden the detectable analyte
ranges for the sensing tests. Thus, the vapor sensing behavior of CPCs can be tuned by

adjusting the blend structure and filler distribution state of CPCs.

4.2.6 Summary
This chapter investigated the morphological and electrical properties of melt-mixed

PC/PS/MWCNT composites with different polymer blend ratios. The MWCNTs are
preferably localized in the PC component, which corresponds to the thermodynamic
prediction. The MWCNT percolation threshold of the composites with co-continuous
structure (PC/PS 50/50 wt%) is 0.13 vol. %, which is lower than that of 0.30 vol. % of the
composites with sea-island structure (PC/PS 70/30 wt%). The sensing behavior was studied
on blend composites having 0.75 wt% (approx. 0.43 vol%) MWCNTs, whereby the

composite based on PC/PS 70/30 wt% showed the highest electrical conductivity value and
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the best state of macrodispersion of MWCNTs. The three kinds of CPCs exhibit different
sensing behavior towards different organic vapors. Under the influence of moderate solvent
vapors such as ethyl acetate and toluene, the CPC with sea- island structure showed a higher
relative resistance change (R,.;) and poor reversibility; whereas CPCs with co-continuous
structure showed a lower R,.; but excellent reversibility. All CPCs showed poor reversibility
towards the good solvent vapor DCM due to their strong interaction with the two polymers.
The CPCs sensors show an exponential relationship between R,.; and vapor concentration, as
shown for acetone sensing. If the CPCs were exposed to poor solvents such as cyclohexane,
the PC/PS 50/50 wt% blend with 0.75 wt% has a higher R,.; equilibrium than the other CPCs
due to the microstructural differences of the blend composites. With respect to blend structure,
CPCs with co-continuous structure show better reversibility towards good and moderate
solvent vapors and higher R,.; towards poor solvent vapors, which is attributed the larger
blend interfaces that facilitate the vapor diffusion process. The results indicate that conductive

polymer blends are promising vapor sensors, especially due to their tunable blend structures.
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4.3 Vapor sensing behavior of PLA/PS/MWCNT composites
4.3.1 Introduction

In order to improve the sensing response and especially the reversibility of the sensing
response in the drying cycle, in this chapter the effect of polymer crystallinity on these
properties was studied. For this, a blend system containing a crystallizable blend component,
namely semi-crystalline PLA, was used and combined with amorphous PS. PLA can change
its degree of crystallinity during thermal annealing. PLA/PS blend pair is selected as they
show different swelling behavior to the solvent vapors of acetone and cyclohexane. Moreover,
for polymer blends, the generated microstructures during processing are usually in a non-
equilibrium state after the melt mixing of the composites [186, 187]. Therefore, the
morphologies and resulting properties of the polymer blends are unstable and may alter when
being further processed, e.g. during compression or injection molding. In order to achieve a
more stable structure of blends, thermal annealing is an effective method. Without mechanical
stress, such treatment leads to coarsening of the blend structure if the polymer molecular
chains are mobile (above the glass transition temperatures or in the molten state). In
conductive polymer blends, thermal annealing can not only enhance the conductivity of the
composites [188, 189] but the nanofiller presence also can suppress the coarsening process
[186]. Bai et al. investigated the evolution of the co-continuous morphology of PLA/PS
(50/50 wt%) blends containing reduced graphene oxide (rGO) after annealing for different
times at 180 °C [100]. It was found that rGO was trapped at the interface of PLA/PS after
melt compounding and annealing. If the rGO content was above 0.028 vol%, rGO effectively
suppressed the coarsening of the composite morphology during thermal annealing.

For PLA/PS/MWCNT composites, the melt processing parameters in the one-step
mixing process were set as 190 °C, 250 rpm and 8 min. The extruded strands were pelletized
and compression molded at 190 °C, 50 kN, 5 min. In order to explore the effect of annealing
on the electrical and vapor sensing behavior of CPCs, strip samples cut from pressed circular
plates were placed in between two copper plates and annealed in the vacuum oven at 150 °C
for 30 min, 60 min and 120 min, respectively. For abbreviation, the PLA/PS/MWCNT
composites with different polymer blend ratios and filler loadings are denoted as AxSyMz,
where x and y represents the weight composition of the blend, and z give the weight content of
MWCNTs in the blend composites. For instance, AS0S50M1.0 is short for the PLA/PS blend
ratio of 50/50 by wt containing 1.0 wt% MWCNT; thus the overall composition is 49.5 wt%
PLA, 49.5 wt% PS, and 1.0 wt% MWCNT. In this section, only A50S50M1.0 composites
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were selected for annealing studies. They were referred as A-z, where ¢ represents the
annealing time in min.

The effect of blend composite annealing at 150 °C for different times on the thermal
and morphological characteristics and the resulting vapor sensing behavior is studied. The
state of MWCNT dispersion and distribution in the PLA/PS blends is analyzed by SEM and
TEM. DSC is used to characterize the thermal properties of the CPCs. Consecutive exposure-
drying cycles and long-term exposure protocols were applied to evaluate the sensing
performance of the CPC based sensors against acetone vapor (good solvent for PS and PLA)
and cyclohexane vapor (good solvent for PS but poor solvent for PLA). In addition, the
sensing behavior of CPCs towards different acetone/cyclohexane vapor mixtures is

investigated.

4.3.2 Estimation of MWCNT localization in PLA/PS blends from the thermodynamic
point of view
As discussed in the last chapter, wetting coefficient w, is used for predicting the

thermodynamic preference of the MWCNTs in polymer blends. As the surface energy of the

components should be used at melt processing temperature, the surface energy of components

at 190°C were deduced from literature values given for 20 °C using the relations —% =Kr

dXp
dTr

components (yip /vi)- The calculated surface energies of PLA, PS, and MWCNTs at 20 °C and
190 °C are shown in Table 4.3.1.

and — = 0. Here K7 is the temperature coefficient and X, represents the polarity of the

Table 4.3.1 Surface energy of PLA, PS, and MWCNT at 20 °C and 190 °C.

20 °C 190 °C
Temp.
Material Y o " 7 " Citation
¥ (mJ/m?) coefficient
(mJ/m?)  (mJ/m*  (mJ/m?) (mJ/m*)  (mJ/m?)

MWCNT 453 18.4 26.9 453 18.4 26.9 - [178]

PLA 40.2 29.7 10.5 27.4 20.2 7.2 -0.074 [190]

PS 40.7 33.9 6.8 28.5 23.7 4.8 -0.072 [187]

In the following, these deduced surface energy parameters at the processing
temperature (190 °C) were used to calculate w, using Harmonic-mean Equation and
Geometric-mean Equation as shown in Table 4.3.2. According to the calculation, w, are -6.6
(Harmonic-mean) and -7.5 (Geometric-mean). Thus, it can be predicted that the MWCNTSs

are preferentially localized in the PLA component.
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Table 4.3.2 Interfacial energy and wetting coefficient at 190 °C

YpPLA-MWCNT Yps—mwcNT YpLA-PS

Components w
(mJ-m?) (mJ-m?) (mJ-m?) “
Harmonic-mean Equation 11.5 16.1 0.7 -6.6
Geometric-mean Equation 6.3 9.3 0.4 -7.5

4.3.3 Electrical properties and morphological observation of PLA/PS/MWCNT

composites
In terms of filler localization in immiscible polymer blend composites, two scenarios

are mainly observed, i.e. preferentially localization in one component of the polymer blend or
at the blend interface [108, 116, 188, 191]. The electrical properties are strongly dependent on
the morphology of the conductive polymer blend composites as conductivity of the sample
requires continuity of the filled conductive component or at the interface [117, 192].
Therefore, the electrical properties of composites can be varied by tuning the microstructure
of the polymer blends. The electrical resistivities of the PLA/PS/MWCNT composites with
different blend compositions containing 0.5 wt% or 1.0 wt% MWCNT are shown in Fig. 4.3.1.
At 0.5 wt% MWCNTs, the resistivity of the composite with the lowest PLA content
(A30S70MO0.5) is ca. 2x10° Q-cm. With increasing PLA content in the composites, the
resistivity decreases slightly to ca. 5x107 Q-cm for A40S60MO.5, and for A50S50M0.5 a
distinct minimum with almost 3 orders of magnitude lower resistivity is found. As the PLA
content continues to increase, the resistivity increases back to 1.4x10® Q-cm for A60S40M0.5
and even to 2x10° Q-cm for A70S30MO0.5, the composite with the highest PLA content.

PS content in blend (wt.%)
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Fig. 4.3.1 Electrical volume resistivity of PLA/PS/MWCNT-0.5 and PLA/PS/MWCNT-1.0 composites with

different blend compositions.
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The dependence of the resistivity on the blend composition is caused by the
morphology of the blend composites which is shown in Fig. 4.3.2. The PS component was
extracted with cyclohexane, leaving holes in its original positions. The remaining visible
structure is the PLA component. The SEM micrographs show that the A40S60MO0.5 (Fig.
4.3.2a) already forms a connective structure of the remaining PLA component thus leading to
the measurable conductivity. Under the same extraction condition, the A30S70 blend
composites disintegrated completely because PS forms the matrix and the insoluble PLA
remains in the PS solution as particle dispersion after dissolution. These morphological
differences also explain why the resistivity is nearly one decade lower in the co-continuous

blend.

Fig. 4.3.2 SEM micrographs of (a-d) PLA/PS/MWCNT-0.5 and (e-h) PLA/PS/MWCNT-1.0 blend composite
extruded strands with different blend composition: (a, ) A40S60, (b, f) A50S50, (c, g) A60S40, and (d, h)
A70S30 (PS has been extracted by cyclohexane).
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The sample A50S50MO0.5 (Fig. 4.3.2b) exhibits a well-developed co-continuous
structure in which the remaining PLA as well as the volumes created by PS extraction are
continuous. As expected from thermodynamic considerations (Tables 4.3.1 and 4.3.2), a
selective localization of the MWCNT in PLA component occurs, which was proven by TEM
investigations. It can be observed that MWCNT are selectively localized in the PLA
component for ASOS50MO0.5 and AS0S50M1.0 composites as shown in Fig. 4.3.3. Moreover,
the PS continuity is 97 % for AS0S50MO0.5, which is verified by extraction experiments (see
Fig. 4.3.4). The high PS continuity also indicates that a perfect co-continuous structure is

formed in the blend composite.

e
HV | Mag | HPW [Energy Loss|CameraLengthl |

Mag [HFW|Energy Loss|Camera Length
8000x|4pm| OeV - |

ok
120 kV Oev =500 nm—

—— 1 pm— 120 KV|8000 x/3.7 ym|

Fig. 4.3.3 TEM images of PLA/PS/MWCNT composites with different MWCNT loading at the blend
composition of 50/50 wt%. (a) AS0S50MO0.5, (b) AS0S50M1.0.

To further investigate the filler localization in these polymer blends during the melt
mixing, extraction experiments were carried out. The compression molded samples (10%3x0.3
mm’) of A50S50M0.5 and A50S50M1.0 were put into the vials containing cyclohexane at the
room temperature for 24 h. Every 6 hours, the vials were sonicated for 5 min. Photographs of
the vials after 24h treatment are shown in Fig. 4.3.4a. Finally, the extracted samples were
washed by distilled water in an ultrasonic bath for another 15 min, dried, and weighed in
order to calculate the extracted part of the blends. The extracted PS component was studied by
quantitatively determining the relation between the extracted amount of PS and the original
PS content in the CPC. As the part extracted from the blends (the extracted PS part) was ca.
48 wt% (see Fig. 4.3.4b), the continuity of PS is ~97% in both composites, meaning that PS

could be nearly completely etched out by cyclohexane.
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Fig. 4.3.4 (a) photographs of AS0S50MO0.5 and A50S50M 1.0 after extraction with cyclohexane, and (b)

extracted polymer content of the composites.

Based on an almost perfect co-continuous structure and the selective localization of
the MWCNTs, the blend composite A50S50M0.5 has the lowest resistivity of only 8x10*
Q-cm of all blends with 0.5 wt% MWCNT. In A60S40MO0.5 (Fig. 4.3.2¢), the continuous
morphology of PLA is clearly visible, while the PS domains appear to be somehow isolated.
This indicates the beginning of the transition towards a matrix-dispersed component structure
in blends from 60 wt% PLA on. At the PLA content of 70 wt% (A70S30MO0.5, Fig. 4.3.2d), a
matrix-dispersed component structure is present although the visible holes are not yet
spherical. The resistivity increase with PLA excess is due to the reduced local MWCNT
concentration in the PLA component compared to the blend composition of 50/50 wt%,
resulting in a less dense conductive network.

When the MWCNT content of the composites is increased to 1.0 wt%, their resistivity
1s much lower and largely independent of the blend composition. The resistivity range of 50
to 100 Q-cm is 3 to 7 orders of magnitude lower than that of the corresponding composites
containing 0.5 wt% MWCNTs. Compared to PLA/PS/MWCNT-0.5 wt% composites (Fig.
4.3.2a-4.3.2d), the composites containing 1.0 wt% MWCNTs (Fig. 4.3.2e-4.3.2h) exhibit
similar morphology changes with the increase of the PLA content. Again, at the PLA/PS
blend ratio of 50/50 wt%, a nearly perfect continuity of PS is reached as seen in a continuity
degree of 97% (Fig. 4.3.4b). At higher PLA contents, especially at 70 wt% PLA, the blend
morphology is coarsened at the higher MWCNT content. Since the 1 wt% MWCNT loading
is well above the electrical percolation threshold, the resistivity changes only slightly when
the mixture composition is changed. Slightly lower values are obtained when the PLA content
is 30 wt% and 40 wt% because the local MWCNT concentration in this continuous

component is higher due to the selective localization in this component.
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Based on the above findings, the conductive polymer blend composites with the
composition PLA/PS 50/50 wt% were selected for further investigation due to their excellent
electrical property and their almost perfect co-continuous structure. Fig. 4.3.5 shows the
volume conductivity as a function of MWCNT content for A50S50Mz composites. A drastic
jump in conductivity of about 9 orders of magnitude occurs when the MWCNT content
increases from 0.1 wt% to 0.5 wt%, proving the formation of a conductive network in the
composites. The ¢, is non-linearly fitted using Eq. 2.1 (see Page 27) whereby only the
conductivity values above the percolation region were considered. This procedure is repeated
until the lowest value of the root mean square error is achieved for ¢., which is determined to

be 0.4 wt%.

-
(=]
°

)

_(S/cm

e 2 o o

> & A [

el s ool s omed somed smed sned somnd somel somd somed samed suind sused samd somel s omd amed saned

-
o
&

PLA/PS=50/50 wt.%
pc=0.4 wt,%

2
N

Volume conductivity

-
e <
> o

°o ?

T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0 11 1.2 13 1415 1.6

MWCNT content (wt. %)

Fig. 4.3.5 Electrical volume conductivity of PLA/PS(50/50 wt%)/MWCNT composites at different MWCNT

loadings.

Fig. 4.3.6 shows the micrographs of the cross-sections of compression molded
specimens of PS-extracted AS0S50M1.0 composites. It has to be mentioned that there is a
strong phase coarsening after compression molding at 190 °C of neat PLA/PS extruded
strands, while the co-continuity remains (see Fig. 4.3.7). Such a coarsening process has also
been reported for other blend systems [186, 193-195]. For instance, Bai et al. compared the
domain size of PLA/PS blends after different annealing times at 180 °C. The neat PLA/PS
blend showed a nearly linear increase in domain size from ca. 2 um to 77 um with the
annealing time up to 60 min [100]. When a small amount rGO (0.028 vol%) was added into
the PLA/PS blend, the phase coarsening rate was significantly reduced, which indicated that
the addition of rGO was effective to suppress the coarsening and stabilize the co-continuous

structure.
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Fig. 4.3.6 SEM micrographs of PS extracted A50S50M1.0 compression molded plates (a) without annealing and
annealed at 150 °C for (b) 30 min, (c¢) 60 min, (d) 120 min.

Fig. 4.3.7 SEM micrographs of PS extracted PLA/PS blends without CNTs (blend raito is 50/50 wt%) for (a and

b) extruded strands and (c and d) compression molded plates.

As seen in Fig. 4.3.6, the morphology type and the blend domain size are almost the
same for the non-annealed and annealed samples. As a measure for coarseness degree the
length of the blend interface per area unit was determined from SEM images shown in Fig.
4.3.6. The relative length of interface of the extracted blend composites was traced using the
ImagelJ software. The resulted relative length of interface has a slight increase from 0.598 um

/um?® for AO to 0.648 pm/pum® for A120 (see Fig. 4.3.8), indicating that the addition of
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MWCNT somehow suppresses the coarsening process of AS0S50M1.0 composites during the
annealing at 150 °C. However, the annealing process may increase the crystallinity of semi-
crystalline polymers such as PLA, which will be discussed in the following. Crystalline
regions of polymers are less swellable, which is expected to make CPC sensors more resistant

to vapor stimulation.
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Fig. 4.3.8 Relative length of interface for ASOS50M1.0 under different annealing times.

Fig. 4.3.9 illustrates the morphology changes of PLA/PS/MWCNT composites with
the increase of MWCNT content. Without MWCNT incorporation, the domain size of
remaining PLA is 40-50 pm. there is an obvious difference between the PLA/PS blend and
the PLA/PS/MWCNT composites. It can be seen clearly that the PLA domain size is
decreased significantly when 0.5 wt% MWCNTs are mixed with the polymer blend (5 pm).
When further increasing the MWCNT loading to 1.0 wt%, no big difference regarding the
PLA domain size is observed for AS0S50M1.0 as compared to AS0S50MO0.5. Thus, it can be
concluded that the addition of MWCNTs to the polymer blend effectively controls the blend

coarsening behavior and makes the blend structure much finer.

Fig. 4.3.9 SEM micrographs of extruded strand surfaces (PS extracted using cyclohexane) of (a) A50S50, (b)
A50S50M0.5, and (c) AS0S50M1.0.
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4.3.4 Thermal transitions and crystallinity of PLA/PS/MWCNT composites
In the following, the effect of annealing on the crystallinity and crystallization

behavior of CPCs was studied. The first heating run of the DSC measurement was followed
by a controlled cooling run that showed no exothermal crystallization peak. The glass
transition temperature (7y), cold crystallization temperature (7..), melting temperature (7,) of
PLA, as well as the cold crystallization and melting enthalpies, were determined in the first
heating run (Fig. 4.3.10a and b) as well as the T, of the amorphous PS component. The first
heating run is used for the evaluation because its thermal information reflects the state of the
samples after compression molding (as used for the sensing experiments). The second heating
run is also influenced by the cooling conditions in the DSC measurement and therefore gives
less information about the state of the composites as used in the sensing trials (Fig. 4.3.10¢
and d). The thermal information is summarized in Table 4.3.3. The crystallinity (X,) of the
composites is calculated using Eq. 4.7 [196]:

AH

Xe=—
AHS,-PLAWt%

-100% @.7)

Here, AH = AH,, — AH,, is the melting enthalpy. AHY, is the melting enthalpy of a 100%
crystalline polymer matrix (for PLA 93.7 J-g™) [197], AH,, is the measured melting enthalpy
and AH,. is the enthalpy of cold crystallization appearing during the heating below the
beginning of melt transition.

Table 4.3.3 Phase transition temperatures and crystallinity (X; p;4) of PLA at the blend ratio of 50/50 wt. % of
PLA/PS and PLA/PS/MWCNT blend composites

PLA/PS/MWCNT Tepra °C)  Tops (°C)  Tee (°C) Tup4 (°C) AH (J/g)  Xcpra (%)
A50S50 63.9 - 105.8 169.8 9.3 19.9
A50S50MO0.1 61.9 100.2 127.4 153.6 4.2 9.0
A50S50M0.3 62.5 100.0 126.2 153.4 4.0 8.6
A50S50M0.5 62.5 100.0 128.6 154.4 4.6 9.9
A50S50M0.6 62.9 100.0 129.4 154.2 2.9 6.3
A50S50M1.0 = A-0 63.1 100.2 125.4 154.4 32 6.9
A-30 63.7 98.1 123.4 150.8 3.6 7.8
A-60 63.9 97.5 - 144.7/155.2 14.1 30.4
A-120 64.2 97.1 - 149.5/155.5 16.3 35.1
A50S50M1.5 63.7 100.2 124.5 154.7 24 52

As Fig. 4.3.10a shows, there is a big difference in the melting behavior between the
blends without and with MWCNTs. The 7,, of neat blend A50S50 is 169.8 °C and its
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crystallinity is 19.9 %. With the MWCNT addition the melting peak of PLA shifts 7,, to lower
temperature with values between 153.4 °C to 154.7 °C and the crystallinity decreases to
below 10 %. Interestingly, there are double melting peaks for A60 and A120 because of the
formation of different crystal structures [198] or lamellar populations with different perfection
degrees [199]. The T, values of PLA and PS in A50S50Mz are almost equal, while the 7, of
the PLA component gradually shifts to higher temperatures with increasing MWCNT content.
With increasing filler content, the cold crystallization, which is very pronounced at 0.1 wt%
MWCNT loading, is impeded and the overall crystallinity reduced. The DSC first heating
runs of the A50S50M1.0 composites after the annealing treatment are shown in Fig. 4.3.10b.
All composites have similar 7, and 7,, values. The crystallinities of A-0 and A-30 are 6.9 %
and 7.8 %, respectively. There is only a slight crystallinity increase of the sample after 30 min
annealing. With increasing annealing time, the crystallinity increases reaching values of 30.4 %
for the sample A-60 and 35.1 % for A-120 illustrating that the crystallinities of the CPCs are
increased significantly after 60 min or even longer annealing. The corresponding second

heating runs of the composites are shown in Fig. 4.3.10c and d.
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Fig. 4.3.10 DSC first heating run of (a) PLA/PS (50/50 wt%) with different MWCNT contents and (b)
A50S50M1.0 composites after different annealing times; the second heating run of (c) PLA/PS (50/50 wt%) with
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4.3.5 Vapor sensing behavior of PLA/PS/MWCNT blend composites
As mentioned earlier, the exposure of CPCs towards vapors induces polymer swelling

due to vapor absorption which increases the composite volume thus reducing the filler volume
concentration and increasing the filler-filler distances. The resulting contact resistance
increases and finally partial destruction of the conductive network is considered as the main
mechanism for CPC based chemiresistors [37, 56, 168, 200, 201]. When the swollen CPCs are
dried, their volumes shrink and neighboring nanofiller contacts are reconstructed, thus
decreasing the resistance of CPCs. In ideal cases, this process of filler network disconnection
and reconstruction caused by the swelling/shrinking is completely reversible.

In this study, acetone and cyclohexane are selected as test vapors. Their y;, values
with PLA and PS are listed in Table 4.3.4. It can be concluded that acetone (X4cetone pra =
0.050) is a good solvent and cyclohexane (Xcycionexane,pra = 1.020) is a poor solvent for PLA.
However, both acetone (Yqceroneps = 0.010) and cyclohexane (Xcycionexaneps = 0.329) are
good solvents for PS.

Table 4.3.4 Molar volume (V,,,), saturated partial pressure (P;), solubility parameters (6), and Flory-Huggins

interaction parameters ();,) of polymers and organic solvents at 25 °C [59, 177]

. Vmo Pi 0 X12
Materials (cm3m(l)l'1) (kPa, 25°C) (MPa)" PLA PS
Acetone 74 30.6 19.9 0.050 0.011
Cyclohexane 130.6 13.0 16.8 1.020 0.329
PLA - - 212 - ;
PS ; - 19.3 - -

Considering the upper limit (200 MQ) of the multi-meter used for vapor sensing tests,
AS50S50MO0.5 composites are not suitable for the sensing tests as their loose conductive
network (just percolated) will be changed drastically and results in huge resistance change
that surpass the upper limit of the multi-meter. Based on their resistivity values and the
expected changes, the differently annealed AS0S50M1.0 composites were selected for the
sensing tests. Fig. 4.3.11 shows the R,.; of those CPCs under cyclic exposure to acetone vapor
of different concentration. At the lowest analyzed acetone concentration of 18.1 % a sharp
resistance increase with a maximum R, of 17 % (Fig. 4.3.11a) is observed in the first
exposure cycle for non-annealed A50S50M1.0 (A-0), but the recovery is poor with a
remaining R,.,; of > 8 %. In the following sensing cycles, the maximum R, are slightly
reduced and almost constant at about 15 % combined with R,.; values of about 11 % after
recovery relative to the initial values of the first cycle. Thus, the first sensing cycle can be
considered as a conditioning process after which the composite exhibits good reversibility. At
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higher acetone concentrations (Fig. 4.3.11b-¢), there is no such concompactation
phenomenon and the sensing response leads to higher R,.; values after each sensing cycle and
the corresponding drying cycle. The maximum R,.; of A-0 at 30.2% acetone vapor is higher
than 1500%, indicating an unstable conductive network under strong polymer swelling. In
contrast to the non-annealed sample, the annealed blends show lower R, but better

reversibility (Fig. 4.3.11d), especially after annealing of 60 and 120 min (A-60 and A-120).
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Fig. 4.3.11 Effect of annealing on the vapor sensing behavior of AS0S50M1.0 composites towards acetone

vapors. The acetone vapor concentrations are (a) 18.1%, (b) 22.6%, and (c,d) 30.2%. (e) R, (calculated based on
the initial resistance value before each cycle) of CPCs after 150 s of immersion at different acetone vapor
concentrations, mean values and standard deviations of the 2™ to 4™ cycle are shown
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There are two possible main reasons for the reduced sensing response in case of the
annealed samples. The first one is that annealing is known to lead to secondary agglomeration
of the nanotubes which helps to form conductive pathways and make the samples more
conductive. However, as shown in Figure 4.3.12, the electrical resistivity of about 55 S/cm
remains nearly constant after annealing so that this factor is neglectable. The second reason
can be seen in the increased crystallinity of the PLA component after annealing, which rose
from 6.9 % to 35.1% as shown before. The only very slightly coarsened morphology due to
annealing could allow somehow faster vapor diffusion, but the formed crystals are hardly
accessible for vapor diffusion and, more importantly, the increased crystallinity confines some
volume of the amorphous part, thus hampering the vapor diffusion. For the non-annealed or
short time annealed CPCs, the larger free volume in the amorphous PLA regions allows faster
vapor penetration and results in higher R,.; towards acetone vapor. Fig. 4.3.11e shows the
sensitivity of CPCs with vapor concentrations with the values based on the second to fourth
cycle by taking the corresponding starting values in each cycle as base for the R,,; calculation.
It can be observed that the sensitivity of CPCs increases with the acetone vapor concentration.
The non-annealed sample is the most sensitive to saturated acetone vapor, but with unstable
sensing signal. The annealed samples show a significantly lower sensitivity towards acetone
vapor, however with R,.; values of about 25% at 30 % vapor concentration the materials are is
also suitable to sense acetone vapor concentrations. In addition, they show good sensing

reversibility, which is a good aspect for cyclic use of CPC sensors.
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Fig. 4.3.12 The electrical volume resistivity of AS0S50M1.0 composites before annealing (A0) and after
annealing (A30, A60 and A120).

Sensing with cyclohexane, which according to the y;, calculations is a good solvent
for PS but a poor solvent for PLA, was performed on the same differently annealed samples.

Fig. 4.3.13 shows the R,.;of the composites towards saturated cyclohexane vapor (C = 13%)).
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Again, the non-annealed AS0S50M1.0 sample (A-0) gives the highest response (up to 40%)
and the responses decrease with annealing time (Fig. 4.3.13a). In each cycle performed with
A-0, as well the R,.; value after vapor exhibition as after recovery increase. This is similar for
the samples annealed at 30 and 60 min (A-30 and A-60) (Fig. 4.3.13a and b). Only the
sample annealed for 120 min (A-120) shows relatively constant values after vapor exhibition
(about 5%) and full recovery in the air exposure part of the cycles. Compared to the sensing
with acetone, the increase in the exposure parts does not lead to an R,.; plateau and also the
recovery is slower than with all acetone concentrations. The constant sensing response and
excellent reversibility of A-120 are expected to be again related to the increased crystallinity
of the PLA component. Since cyclohexane has only strong interaction with PS, mainly the PS
component swells while the CNT filled PLA tends to restrict the swelling. For the composites
with co-continuous structure, PS swelling may cause stresses on the PLA part resulting in
small deformations so that the conductive network in PLA is affected. With the increased
crystallinity of PLA after annealing, the PLA component is more stable and less affected by
the PS swelling.
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Fig. 4.3.13 Cyclic sensing behavior of (a,b) differently annealed AS0S50M1.0 composites and (c) A5S0S50M0.5

in saturated cyclohexane vapor (concentration 13%). (d) Comparison of relative resistance change R,.; of the

100



composites after 150 s exposure to cyclohexane vapor (values based on the initial resistance before the first

cycle).

In order to get deeper insight in the sensing mechanism of PLA/PS/MWCNT
composites towards cyclohexane, also the sample A50S50M0.5, whose MWCNT content is
with 0.5 wt% just slightly above ¢. (0.4 wt%) was selected for an additional sensing test. As
seen from Fig. 4.3.13¢, the maximum R,; of this sample towards saturated cyclohexane vapor
is in the range between 0.35 % and 0.65 %, which is much lower than that of AS0S50M1.0
composites. This is an unexpected behavior since composites with filler concentrations closer
to the percolation threshold are generally expected to react more strongly than composite
materials with higher filler concentrations [158].

Fig. 4.3.13d summarizes the maximum R, of each cycle for AS50S50MO0.5 and
A50S50M1.0 composites towards cyclohexane showing that the blend with 0.5 wt% CNT has
an even lower response than the blend with 1.0 wt% CNT annealed for 120 min. The reason
for this behavior can be related to the blend structure of the sample and the differences at
different CNT loadings. In A50S50M0.5, the conductive network formed by MWCNTs is
mainly localized in the continuous, thermodynamically favored PLA component. When the
sample is exposed to cyclohexane vapor, the vapor selectively penetrates into the PS
component, while the conductive network in PLA is hardly swollen by cyclohexane.
Therefore, the R,.; of AS0S50MO.5 is low. The still observed R,.; of AS0S50M0.5 may be
caused by stress transferred from the swollen PS component to the PLA component, thus
affecting the conductive MWCNT network present in PLA. With increasing MWCNT loading,
it can be expected that some nanotubes also localize at or near the interface or even cross the
interface, as it is indicated in Fig. 4.3.3. At a blend loading with 1 wt% CNTs, the local
concentration within PLA is 2 wt%, which is well above the percolation threshold (about 0.4
wt%) [38]. Such CNTs partially localized in PS are directly affected under PS swelling
induced by cyclohexane, thus R,; is higher for AS0S50M1.0 than for AS0S50MO.5.

The effect of partial migration of CNTs into PS is supported by the observation of
photographs taken from the cyclohexane solution after PS extraction of A50S50M0.5 and
A50S50M1.0 as shown in Fig. 4.3.4a. The darker color and the larger particles seen in case of
AS50S50M1.0 are indicative for a higher MWCNT fraction located in the dissolved PS. On the
other hand, the PS extraction is nearly quantitative, as shown in Fig. 4.3.4b.

As the R,.; caused by cyclohexane indicated, the exposure time was not sufficient to
reach plateau values. Therefore, the long-term exposure of these differently annealed

A50S50M1.0 composites towards saturated acetone (30.2%) and saturated cyclohexane (13%)
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was studied and results are shown in Fig. 4.3.14. When being exposed to acetone vapor, the
non-annealed sample (A-0) and that one annealed for 30 min (A-30) display unsteady
behavior and achieve after 650 s of exposure very high R,; of 5500 % and 3500 %,
respectively (Fig. 4.3.14a). The shape of the R,.; vs. time curves suggests that the sensing
process has two stages whereby in the first 300 s of exposure the R,.; shows almost a linear
increase (see Fig. 4.3.14b), which is due to the gradually destruction of the conductive
network under polymer swelling. With increasing vapor penetration into the blend composites
in the following sensing stage, the conductive network change is affected by PLA swelling
and PS swelling. Therefore, a sharp R,.; increase and a sensing plateau can be found during
this stage, which is the result of simultaneous PLA and PS swelling.

For A-60 and A-120, the sensing response is comparatively small and homogeneously
increasing with time. The terminal R,,; values are 414 % and 20 %, respectively, showing their
better stability under long-term exposure to saturated acetone vapor. For cyclohexane, all
samples show a slow but continuous R,,; increase with exposure time, which slows down with
time and seems to approach a plateau value after 600 s (Fig. 4.3.14¢). The response rate again
depends on the annealing time and thus on crystallinity of the PLA component. The terminal
R, of A-0 1s 32.5 % and for A-120 it is only 10 %. This also proves that annealing plays an

important role in improving the stability of CPCs in vapor sensing application.
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(a, b) saturated acetone vapor (30.2 %) and (c) saturated cyclohexane vapor (13 %).
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To explore the sensing selectivity of PLA/PS/MWCNT, vapor mixtures prepared from
different acetone/cyclohexane solvent volume ratios were used for sensing tests. Li et al.
investigated the sensing behavior of PS/CB composites towards mixtures of ethanol and
tetrahydrofuran (THF) [160]. The results indicated that the A¢,,, (time to the maximum R,.;)
decreased significantly when the ethanol/tetrahydrofuran volume ratio decreased from 4/1 to
2/1. Otherwise, the response rate increased accordingly, implying that the THF concentration
is crucial for the PS/CB vapor sensing performance. This is due to the fact, that PS has much
lower interaction with ethanol, but better interaction with THF. In this study, immiscible
polymer blends with components having different interactions with the two solvents of the
solvent mixture are applied. PLA has better interactions to acetone than cyclohexane, whereas
PS has good interactions to both solvents. The sensing responses of A5S0S50M1.0 for long-
term exposure in mixed vapors are shown in Fig. 4.3.15. A fast resistance increase can be
observed once the samples are immersed in the testing chamber during the first 50 seconds,
followed by a continuous slow R,.; increase up to the end of the test. Similar to the test for
single vapor, the non-annealed blend composite (A-0) shows the highest sensing response
compared to the annealed samples. The terminal R,,; after 600 s exposure to
acetone/cyclohexane vapor mixtures of 1v/4v and 1v/lv are 425% and 375%, respectively,
with this sample reaching only 150% in 4v/1v acetone/cyclohexane vapor (Fig. 4.3.15a).
When comparing the sensing curves of the annealed samples (Fig. 4.3.15b-d), in accordance
to the previous findings all of them show much lower terminal R, than those of A-O0.
Interestingly, all annealed samples are most sensitive towards vapor mixtures prepared from
1v/1v mixed solvents. Perhaps this acetone /cyclohexane vapor ratio results in similar
swelling of both polymers. Thus, there is no mutual confinement effect suppressing the

swelling of the other polymer component.
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Fig. 4.3.15 Effect of different annealing time of AS0S50M 1.0 composites on relative resistance changes when
exposed towards vapors generated from different solvent compositions: (a) A-0, (b) A-30, (c) A-60, and (d) A-

120. (e) The terminal R, after 600s immersion of CPCs towards different vapor mixtures.

To compare the sensing response of CPCs towards different vapor mixtures, the
terminal R,.; after 600 s exposure are plotted in Fig. 4.3.15e. It can be clearly seen that the
terminal R,.; of the non-annealed composites decreases with the acetone content in the solvent
mixture, indicating that the network is mainly influenced by acetone vapor penetration. The
annealed samples exhibit low R,,; towards vapor mixtures because of the increased
crystallinity, which hampers the vapor penetration. Interestingly, in all annealed samples
highest R,.; are achieved in vapors of acetone/cyclohexane 50/50 vol% solvent mixtures. This
proves that the electrical signal is generated from both the PLA and PS component
simultaneously. According to such phenomenon, it is acknowledged that polymer swelling
and filler distribution are two key issues in determining the R,,; of PLA/PS/MWCNT

composites.
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4.3.6 Summary
In this chapter, PLA/PS/MWCNT blend composites were fabricated by melt mixing.

Different blend ratios containing 0.5 wt% and 1.0 wt% MWCNTs were prepared and their
morphologies were studied. A co-continuous structure is formed when the PLA/PS blend ratio
is 50/50 wt%. At this composition, the blend composite containing 0.5 wt% MWCNTs shows
a significantly higher conductivity than at other blend compositions. At 1.0 wt% MWCNT
addition all blend composites are percolated and show nearly the same conductivity, which is
about 3 decades higher than that of the PLA/PS=50/50 wt% blend with 0.5 wt% MWCNTs.
The MWCNTs preferentially localize within the PLA component and the ¢. of MWCNTs in
PS/PLA=50/50 wt% blends is 0.4 wt%. Because of the suitable resistivity range and the
nearly perfect co-continuous structure, this blend composition filled with 1.0 wt% MWCNTs
(A50S50M1.0) was selected for cyclic vapor sensing tests. When being exposed to acetone
vapor, AS0S50M1.0 shows higher sensing responses with the increase of vapor concentration.
At the same time, the reversibility of the swelling deteriorates during drying after exposure to
higher vapor concentrations. The crystallinity of non-annealed AS0S50M1.0 increases from
6.9 % to 35 % for 120 min annealed A50S50M1.0 at 150°C. Annealing of these blend
composites min can significantly improve the reversibility but on the expense of the sensing
response. The stabilization is ascribed to increased crystallinity of PLA after annealing.
Crystalline regions are hardly accessible for vapor diffusion. Moreover, the increased
crystallinity confines some volume of the amorphous part, thus hampering the vapor diffusion.
Interestingly, blend composites with higher MWCNT content (1.0 wt%) display higher R,
when exposed towards cyclohexane vapor than those of the CPC with lower MWCNT loading
(0.5 wt%). This suggests that A50S50M1.0 where the local concentration in the PLA
component is 2.0 wt%, some nanotubes cross the interphase and are also located in the
unfavorable PS component. This assumption is supported by extraction experiments.

When using solvent vapor mixtures of acetone/cyclohexane for sensing, the R,.; of the
non-annealed composites decreases with the acetone content in the solvent mixture.
Otherwise, in case of annealed samples, the crystallinity is increased resulting in low R,; as
compared to non-annealed samples. The solvent volume ratio of 1/1 resulted in the higher R,.;
than 1/4 or 4/1 volume ratios, which is attributed to the simultaneous swelling of the PLA and
PS component. In summary, the morphology, filler distribution and the resulting vapor
sensing behavior of CPCs were systematically investigated. The annealing process

significantly improves the sensor stability and durability towards good solvent vapors.
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4.4 Vapor sensing behavior of compact and porous PC/PVDF/MWCNT blend composites
with different PC viscosities

4.4.1 Introduction

In chapter 4.2 and 4.3, the electrical, morphological, and vapor sensing behavior of
MWCNT filled immiscible polymer blend composites were discussed. By comparing the
vapor sensing performance of CPCs, it was found that PC/PS/MWCNT composites with co-
continuous structure exhibited lower R,.; but better reversibility as compared to CPCs with
sea-island structure. It was concluded that the larger interface of co-continuous structure
composites facilitate the vapor penetration and evaporation processing during sensing tests.
Therefore, PLA/PS/MWCNT composites with co-continuous structure were selected for the
following investigations. There was an obvious distinction in R,.; for CPCs after different
thermal annealing time. This was due to the fact that the MWCNTSs were selectively localized
in the PLA component and the different crystallinity of the PLA affected the conductive
network change under vapor stimulation. However, conductive polymer blend composites,
even annealed, still exhibited poor reversibility towards good solvent vapors, which is an
issue to be improved.

In this chapter, the conductive network changes in a blend matrix and the vapor
sensing behavior of CPCs with co-continuous structure will be further investigated. Therefore,
the blend system of PVDF and PC was selected as a third blend system. This blend system
was chosen as it contains two polymer components with completely different solubility
behavior. For PC, good swelling towards most vapors is expected at room temperature, while
PVDF is much more difficult to swell. Thus, PC/MWCNT acts as sensing component and
PVDF should stabilize the blend structure of the composites during the vapor sensing tests.
This study will focus on the influence of the blend viscosity ratio on MWCNT dispersion and
localization in the blends, as well as on the morphological, rheological, electrical, and vapor
sensing behavior. In addition, the successive cyclic sensing of compact sensors is compared
with that of porous sensors in which the PC component is extracted.

Three PCs with different molecular weights were selected and compounded with
PVDF and MWCNTs using the DSM Xplorel5 at 260 °C with a rotation speed of 250 rpm
for 10 min. The blend ratio of PC/PVDF was set as 40/60 wt% for all CPCs. At this
composition a co-continuous structure was formed. The pellets cut from the obtained extruded
strands were also compression molded using the same hot press machine under the pressing
condition of 260 °C, 50 kN for 5 min. Next to these compact films, samples with a porous

structure were prepared. For this, the compression molded samples were immersed in DCM
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for 24 hours for dissolving the PC blend component, rinsed several times by fresh by DCM

and dried in the oven.

4.4.2 Melt viscosity ratio between PCs and PVDF
Since it is known that, in addition to the blend composition, the melt viscosity ratio

determines the type and fineness of the composite structures, the viscosity ratio between PC
and PVDF was varied by using three different PC with high, middle, and low molecular
weights hereinafter referred to as hPC, mPC, and IPC, respectively. To determine the
viscosity ratios, the complex viscosity I77*I of the neat PCs and PVDF at the processing
temperature of 260°C were measured (Fig. 4.4.1a) and the frequency dependent viscosity
ratios were calculated (Fig. 4.4.1b). PVDF shows the strongest shear thinning effect and its
complex viscosity lies between that of low and middle molecular PC. Due to the different
frequency dependencies of PVDF and PCs an increase in viscosity ratio was found with
increasing frequency. At the highest measured frequency, namely 100 rad/s, the viscosity
ratios of IPC, mPC and hPC to PVDF are 0.7, 2.0 and 2.8, respectively..
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4.4.3 Morphological characterization
Fig. 4.4.2a-c shows the SEM micrographs of extruded PC/PVDF blends in which PC

has been extracted. It can be observed that the domain size of remaining PVDF increases with
the decrease of PC/PVDF viscosity ratio. Fig. 4.4.2d-f displays the SEM micrographs of
extruded PC/PVDF/MWCNT-1.0 wt% composite strands in which PC has been extracted.
With decreasing PC viscosity in the composites, the domain size of the structural elements

increases and the blend morphology coarsens. As a measure for the degree of coarseness the
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length of the blend interface per area unit was determined from the SEM images, which
resulted in values of 2.19 um/pum?, 1.98 um/um? and 1.33 pm/pum? for composites containing
hPC, mPC and IPC, respectively (see Fig. 4.4.3). The highest relative length of interface in
IPC indicates the finest co-continuous structure. These values correspond to values of a
characteristic domain size €, a measure introduced by Bai et al. [100], of 0.46 pm, 0.50 um

and 0.75 pm (reciprocal value of length of the blend interface per area unit).

Fig. 4.4.2 SEM micrographs of PC/PVDF blend (blend ratio is 40/60 wt%) strands with (a) high viscosity PC
(hPC), (b) medium viscosity PC (mPC), and (c) low viscosity PC (IPC). (d-f) are the corresponding
PC/PVDF/MWCNT-1.0 wt% composites. The PC component has been extracted out by dichloromethane.
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Fig. 4.4.3 Relative length of the interface for PC/PVDF/MWCNT-1.0 wt% composites with different blend

viscosity ratios.

The degree of continuity of the PC component was studied by quantitatively

determining the proportion between the extracted polymer content and the added PC content
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of CPCs. As the extracted polymer content was nearly exactly 40 wt% for all three PCs (see
Fig. 4.4.4), the continuity of PC is ~100%, meaning that PC can be completely etched out by
DCM. Interestingly, the remaining strand pieces appear grayish after PC extraction even if the
MWCNTs were mainly localized in PC, which indicates that there are still some nanotubes in

the PVDF component after the extraction.
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Fig. 4.4.4 Extracted polymer content of PC/PVDF/MWCNT-1.0 blend composites after immersion of strand

pieces in dichloromethane solvent for 48 h, insets show the extracted strand samples.

SEM on cut surfaces (Fig. 4.4.5a-c) without etching indicates that the MWCNT are
localized in the PC, appearing as white areas in the darker PC component. This was confirmed
by TEM investigations (Fig. 4.4.5d-f) performed on the sample containing low viscous PC.
According to these micrographs taken at different magnifications, most of MWCNTs are
selectively localized in the PC component and have a homogeneous dispersion. Interestingly,
there are also some nanotubes that are located at the interface of the blends where they
somehow connect both components (Fig. 4.4.5f), which can be an explanation for the grayish

appearance of the extracted strands (Fig. 4.4.4).
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Fig. 4.4.5 SEM micrographs of (a) hPC/PVDF/MWCNT-1.0, (b) mPC/PVDF/MWCNT-1.0, (c)
IPC/PVDF/MWCNT-1.0; (d-f) TEM micrographs of IPC/PVDF/MWCNT-1.0 at different locations and

magnifications.

In selectively filled co-continuous blends high electrical conductivity of the
composites is only achieved if the filled component is continuous and conductive at the same
time. The conductivity is related to the state of dispersion of the nanofillers in the filled
component. To quantify the MWCNT dispersion in the blend composites, transmission light
microscopy was performed on thin sections of blend composites with 1 wt% MWCNTs. The
images are shown in Fig. 4.4.6 for two locations at different magnifications and the
agglomerate area ratio of A/4y was calculated. Even in the light microscopy images the co-
continuous structure can be observed as the filled PC component appears to be darker.
However, next to nicely dispersed nanotubes also large MWCNT agglomerates are seen as
black areas in the blend matrix. For the blend composite with high viscous PC their number
and agglomerate area ratio are the highest and 4/4, shows a value of 1.52 %. With decreasing
blend viscosity ratio, the agglomerate area ratio decreases and is 0.57 % for
mPC/PVDF/MWCNT-1.0 and 0.25% for IPC/PVDF/MWCNT-1.0. This finding illustrates the
importance of the infiltration of polymer chains in the primary agglomerate structures as the
first step of the dispersion. The PC with lower melt viscosity can easier enter into the space
existing within the nanotubes in the as supplied CNT material, thus reducing the agglomerate

strength which enables easier disagglomeration and dispersion [202].
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Fig. 4.4.6 Optical micrographs of the blend composite strands with the blend ratio of 40/60 wt% showing
different states of MWCNT dispersion and fineness of the co-continuous blend morphology.

In order to get more detailed blend morphology information of the porous composites
as used for sensing, higher magnification SEM was performed on cryo-fractured extracted
compression molded films of PC/PVDF/MWCNT-1.0 composites (Fig. 4.4.7a-f) as they were
later used for the sensing trials. The empty darker areas represent the etched PC component
area. The continuous structure of the remaining PVDF component is clearly seen, however it
is significantly roughened as compared to the extruded strands illustrating that the
compression molding step resulted in morphology coarsening. In addition it can be observed
that there are also some MWCNTs kept at the surface of PVDF after extraction, visible in all
the three composites (see Fig. 4.4.7b, d and f). The nanotubes wrapped onto PVDF have

better dispersion for low viscous PC based CPCs as compared to the blend composites with

higher viscous PCs. This finding can be attributed to the similar viscosity of IPC and PVDF.
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Fig. 4.4.7 SEM micrographs of cryofractured extracted compression molded films of (a,
b)hPC/PVDF/MWCNT-1.0, (¢, d) mPC/PVDF/MWCNT-1.0, and (e, f) IPC/PVDF/MWCNT-1.0 composites.

4.4.4 Rheological behavior of PC/PYVDF/MWCNT blend composites
Next to those of the neat blend components, the rheological properties of the prepared

blends and blend composites were investigated. Fig. 4.4.8 shows a comparison of storage
modulus (G"), loss modulus (G'") and complex viscosity (In*l) versus angular frequency for
the neat blends and the conductive blend composites containingl.0 wt% MWCNT. It can be
seen that the G' and G" of the composites decreases with angular frequency. The addition of
1.0 wt% MWCNT increases the G’ and G" of PC/PVDF/MWCNT composites significantly
especially at high frequency as compared to those of PC/PVDF blends (Fig. 4.4.8a and b). G’
is a sensitive measure of microstructure in the melt state, especially in the low frequency
regime where time does not limit molecular relaxation processes. Higher G’ values at low
frequencies relate to a more elastic structure where molecular motion is inhibited by structural
feature in immiscible polymer blends and filler network formation in nanocomposites [27,
182, 183]. Otherwise, if we look at I77*I of CPCs, it can be seen clearly that 1.0 wt% MWCNT
addition increases the 17'1 of PC/PVDF/MWCNT composites significantly at low frequencies
(Fig. 4.4.8¢). This is attributed to the blend microstructure change and conductive network
formation after MWCNT addition. Moreover, both IPC/PVDF and IPC/PVDEF/MWCNT-1.0
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display stronger shear thinning effect at higher frequency as compared to hPC and mPC based
CPCs, which is attributed to better dispersion of MWCNTs in IPC matrix that makes

conductive network more sensitive to damages induced by external stress.
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PC/PVDF/MWCNT-1.0 wt% composites versus oscillation frequency at 260 °C.

To better understand the rheological behavior of conductive polymer blend composites,
the effect of increasing MWCNT amount on the rheological behavior of IPC/PVDF blends
was investigated. The G', G” and I77*I versus frequency at 260 °C for IPC/PVDF/MWCNT
with different MWCNT contents is plotted in Fig. 4.4.9. It can be observed that as little as
0.05 wt% MWCNT incorporation into the blend matrix causes an obvious increase in G', G"
and I77*I at low frequencies. Taking I77*I as an example, with increasing MWCNT content, the
increase in viscosity at lower frequencies becomes higher and also at higher frequencies the
viscosity values increase starting at 0.3 wt% MWCOCNT loading. This phenomenon is
associated with the MWCNT-MWCNT interactions and the formation of combined networks
of MWCNTs and polymer chains [185, 203, 204]. With increasing MWCNT loading in

IPC/PVDF blends, G” increases monotonously over the entire frequency. Similar behavior is
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observed for G". The increase of all investigated rheological parameters is due to a combined
effect of changes in the blend morphology and the contribution of the filled PC component, in
which the percolated CNT network becomes denser with increasing CNT content.
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4.4.5 Electrical properties of PC/PVDF/MWCNT blend composites
The electrical volume conductivity of the PC/PVDF/MWCNT blend composites as a

function of MWCNT content is shown in Fig. 4.4.10a. The electrical conductivity of the neat
PC/PVDF blends is ca. 5x10"° S/cm. When adding 0.05 wt%, hPC/PVDE/MWCNT and
mPC/PVDF/MWCNT composites show a slight increase in conductivity to 10™* S/cm, while
in IPC/PVDF/MWCNT the conductivity significantly increases to approx. 107 S/cm, showing
the occurrence of electrical percolation. For hPC/PVDF/MWCNT and mPC/PVDF/MWCNT
percolation takes place at filler loadings between 0.1 wt% and 0.3 wt% with fitted values of
0.25 wt% and 0.18 wt%, respectively (see Fig. 4.4.10b and c¢). Comparing the three CPC
systems (Fig. 4.4.10b and c), the IPC/PVDF/MWCNT system exhibits higher electrical
conductivity than the other two kinds CPCs at low MWCNT loadings and its ¢, is only 0.03
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wt.%. At MWCNT contents of 0.3 wt% and higher, the three composite systems have similar
volume conductivity with plateau values in the same order. The inset in Fig. 4.4.10a shows
the conductivity comparison of three CPCs with 1.0 wt% MWCNT. Obviously, all the
composites have similar volume conductivity values of about 2x10™ S/cm. This means that
CPCs with 1.0 wt% MWCNT are all percolated with conductivity values high enough to

avoid surpassing the upper limit of the multi-meter in the following sensing measurements.
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Fig. 4.4.10 (a) electrical volume conductivity of hPC/PVDF/MWCNT, mPC/PVDF/MWCNT and
IPC/PVDF/MWCNT as a function of MWCNT content, the inset is the conductivity comparison of three CPCs
with 1.0 wt% MWCNT; (b-d) non-linear fitted percolation curves of hPC/PVDF/MWCNT,
mPC/PVDF/MWCNT and IPC/PVDF/MWCNT composites.

Next to the compact CPCs, the electrical conductivity of the porous materials,
obtained by extraction of PC, was also measured. Fig. 4.4.11 shows the electrical conductivity
comparison between compact and porous composites. For these selected composites, the
MWCNT loading are all fixed at 1.0 wt. %, which is far higher than the ¢. of the
PC/PVDF/MWCNT composites. Therefore, the conductivities for compact CPCs are almost

the same (Fig. 4.4.11a). However, the PC extraction causes a significant conductivity
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decrease. The conductivities of porous CPCs are 4 or 5 orders of magnitude less than those of
the corresponding compact CPCs (Fig. 4.4.11b). Since MWCNTs are selectively localized in
the PC component, most MWCNT have been extracted with PC by DCM, which results in the
sharp decrease of the conductivity. However, it can be seen that the porous
IPC/PVDF/MWCNT sample has the highest conductivity among these three porous materials,
which might be attributed to the better dispersion of MWCNTs in the low viscous PC
polymer matrix and a more homogeneous dispersion of remaining MWCNTs at the surface of

the non-dissolved PVDF component.
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Fig. 4.4.11 Electrical volume conductivity of hPC/PVDF/MWCNT-1.0, mPC/PVDF/MWCNT-1.0 and
IPC/PVDF/MWCNT-1.0 (a) compact samples before extraction and (b) porous samples after extraction of PC.

4.4.6 Vapor sensing behavior of PC/PVDF/MWCNT blend composites
To achieve a good wunderstanding of the vapor sensing behavior of

PC/PVDF/MWCNT, the vapor sensing performance of composites with different blend
viscosity ratios towards different vapors was investigated. It has been generally accepted that
the resistance changes of CPCs are resulting from the conductive network changes under
polymer swelling and de-swelling. In this chapter, vapors of dichloromethane (DCM), acetone,
teteahydrofurane (THF) and ethyl acetate (EA) were selected as analytes. The solubility
parameters of these solvents and the polymers are given in Table 4.4.1.

Table 4.4.1 Hansen solubility parameters of polymers and solvents [59].

Materials (Mf’];.)”2 (Mlﬁ’l;)llz (Mi"};.)”2 (Mlisa)”2
DCM 18.2 6.3 6.1 20.2
Acetone 15.5 10.4 7.0 19.9
THF 16.8 57 8.0 19.5
EA 15.8 53 72 18.2
PC 18.1 59 6.9 20.2
PVDF 17.2 12.5 92 232
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As discussed above, the Flory-Huggins interaction parameter y;, is an important
indicator to predict the vapor sensing performance of CPCs during sensing tests [168, 205].
Typically, two materials tend to be miscible if the difference between their solubility
parameter is small, i.e. the lower the y;, value, the stronger interaction between polymer and
vapor. From the values given by Hansen (see Table 4.4.1), the y;, values between the solvents
and polymers were calculated and listed in Table 4.4.2. It can be concluded that all the
selected solvents can be regarded as good solvents to PC due to their very low y;, values.
These vapors are called “good vapors™ in the following. In terms of PVDF, EA is regarded as

poor vapor and the other organic vapors as medium vapors.
Table 4.4.2 Molar volume (V,,,), saturated partial pressure (P;), solubility parameters (), and Flory-Huggins

interaction parameters (;,) of polymers and organic solvents at 25 °C.

. Vmol Pi 0 X12
Materials (cm™mol")  (kPa,25°C)  (MPa)”” ~pc PVDE
DCM 63.9 13.0 20.2 0 0.232
Acetone 73.5 30.6 19.9 0.003  0.325
THF 81.0 235 19.5 0.016  0.451
EA 97.9 12.6 18.2 0.159  0.993
PC[59] - - 20.2
PVDF[206] ; ; 232

Although many studies on CPC sensors have been performed, the sensor durability
towards good solvent vapors is still a big challenge [36, 38, 68, 158]. Most of single polymer
based CPC sensors exhibit poor reversibility when being exposed to good solvent vapors. The
conductive networks are usually damaged irreversibly under polymer swelling because of the
strong vapor/polymer interaction. Therefore, improving the CPC sensor reversibility to good
solvent vapors is of great importance to enhance the cyclic use of sensors. Adopting
immiscible PC/PVDF blends seems to be a promising choice. As a kind of polyester polymer,
PC has good swelling to most of organic vapors [201]. PVDF, a solvent resistive polymer, is a
good candidate in achieving good reversibility of CPC sensor upon exposure to good solvent
vapors of the sensing polymer component (which in this case is PC) [207].The vapor sensing
performances of PC/PVDF/MWCNT towards good solvent vapors for PC are discussed

below.

4.4.6.1 Cyclic sensing behavior of PC/PVDF/MWCNT blend composites towards good

vapors for PC
For the sensing tests, the cyclic sensing protocol was controlled as 100 s in saturated

vapor of acetone, THF or EA and 150 s in dry air and 4 cycles were performed for each
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solvent vapor. The R,.; of CPCs towards cyclic vapor/air exposure is shown in Fig. 4.4.12. Fig.
4.4.12a illustrates that in acetone vapor the blend composite hPC/PVDF/MWCNT-1.0 exhibit
much higher R,.; for each cycle as compared to the corresponding CPCs with mPC or IPC.
Once being exposed to acetone vapor, the R, of hPC/PVDF/MWCNT-1.0 increases
immediately to ca. 30000 % in less than 50 s, followed by a fluctuation of R,.; in the rest of
immersion time. After dry air injection, the R,.; decreases immediately, demonstrating a good
reversibility of the composite. In the following cycles, the composite shows similar sensing
performance as in the first cycle. For mPC/PVDF/MWCNT-1.0 and IPC/PVDF/MWCNT-1.0,
the average maximum R,.; are around ca. 3500 % and 1250 %, respectively, which manifests
the higher stability of their conductive networks. Moreover, all these three CPCs show
excellent sensing reversibility, and the sample resistance of mPC/PVDF/MWCNT-1.0 and
IPC/PVDF/MWCNT-1.0 could even go back to their initial resistance after drying in air. Such
good reversibility may be attributed to the perfection of the co-continuous structure. The
continuous interface promotes the vapor diffusion and evaporation from the blend
components during drying. This good de-swelling behavior leads to the better reversibility of
CPCs.
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Fig. 4.4.12 Cyclic vapor sensing behavior of hPC/PVDF/MWCNT-1.0, mPC/PVDF/MWCNT-1.0, and
IPC/PVDF/MWCNT -1.0 towards saturated (a) acetone, (b) THF and (c) ethyl acetate. (d) Mean values of
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maximum relative resistance change for CPCs from first cycle to fourth cycle towards different vapors, error

bars show the standard deviation of the four regarded cycles.

Fig. 4.4.12b illustrates cyclic vapor sensing performances of CPCs towards THF. The
x12 of PC/THF and PVDF/THF are 0.016 and 0.451, respectively, which is higher than their
corresponding y;» values towards acetone. Unlike acetone, hPC/PVDF/MWCNT-1.0 shows
an increased maximum R,.; with sensing cycles. The maximum R,.; in the first cycle is ca.
5000 %, while it reaches nearly 20000 % in the fourth cycle related to the initial value before
the first cycle. Besides, the composites also exhibit unstable sensing during immersion due to
the worse MWCNT dispersion in the hPC matrix. In comparison, mPC/PVDF/MWCNT-1.0
and IPC/PVDF/MWCNT-1.0 exhibit much more stable sensing signals towards THF vapor,
and their average maximum R,.; for the cyclic sensing are 3750 % and 750 %, respectively
(Fig. 4.4.12d). The cyclic vapor sensing behavior of CPCs towards EA is shown in Fig.
4.4.12¢c. As predicted, EA has the weakest interaction with PC compared with the other
selected vapors. As seen in Fig. 4.4.12¢, hPC/PVDF/MWCNT-1.0 displays an increasing
maximum R, from the first cycle of 700 % to the fourth cycle of 3000 %.
mPC/PVDF/MWCNT-1.0 and IPC/PVDF/MWCNT-1.0 show much lower responses, but also
increasing R,.; values with each cycle.

As is shown in Table 4.4.2, the x;, of PC and DCM is 0, which indicates that DCM is
the best solvent for PC. The cyclic sensing curves of CPCs upon exposure to DCM vapor are
shown in Fig. 4.4.13. The maximum R,.; of hPC/PVDF/MWCNT-1.0 in the first cycle is only
175 %. When dry air is injected into testing chamber, the sample maintains stable R,.; values
without any sign of resistance recovery. In the following three cycles, the R, keeps
increasing. In the case of good vapor, Wang et al. reported vapor sensing behavior of wet-
spinning SBS/MWCNT fiber composites that the poor reversibility is attributed to the
irreversible damage of the conductive network [133]. For the mPC/PVDF/MWCNT-1.0 blend
composite, it can be seen that the R,; in first cycle is 400% and exhibits a slight R,.; decrease
during the drying cycle. The terminal R,.; of each cycle increases gradually with the cycle
number, which proves that the conductive network during the drying periods is only partially
reconstructed. Regarding IPC/PVDF/MWCNT-1.0, the maximum R,.; in the first cycle is ca.
500 %, followed by an R,.;decrease to 300 %. After this conditioning effect of first cycle, the
terminal R,.; of each cycle goes back to its initial R,.; from the second cycle on. For the better
reversibility of IPC/PVDF/MWCNT-1.0 towards DCM as compared to the blend composites
with mPC and hPC, two possible reasons can be assumed. On one hand, IPC based

composites have larger domain sizes that can facilitate the penetration and evaporation of
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vapor. On the other hand, despite comparable electrical conductivities of the three samples,
the MWCNTs have best dispersion in the IPC matrix, so that the conductive network is more
homogeneous as compared to the other two composites at the same filler loading. Therefore,
the conductive network can be more easily damaged and rebuilt under polymer swelling and

de-swelling.
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Fig. 4.4.13 Cyclic vapor sensing behavior of PC/PVDF/MWCNT composites with different blend viscosity

ratios towards saturated DCM vapor.

To further investigate the mechanism of vapor sensing, IPC/PVDF/MWCNT
composites with different MWCNT loadings were selected for additional cyclic vapor sensing
tests. Fig. 4.4.14a displays the R,.; of IPC/PVDF/MWCNT with different MWCNT contents
upon exposure to saturated DCM vapor. For IPC/PVDF/MWCNT-0.5, a sharp R,.; increase is
observed to ca. 2500 % after DCM vapor injection, followed by a fluctuated R,.;. When dry
air is delivered into the testing chamber, R,.; decreases instantly. From the second cycle, the
maximum R,.; of composites has a slight decrease with cycles. Nevertheless, the composites
still exhibit good reversibility. For the IPC/PVDF/MWCNT-1.0 blend composite, already
described before, a similar but more stable sensing tendency is observed, which is attributed
to the more perfect conductive network in the composites. IPC/PVDF/MWCNT-1.5 exhibits
the comparatively lowest R,.; upon exposure to DCM vapor. This sample has the densest
MWCNT network and reacts weakest to the DCM vapor exposition. These results also
confirm that higher filler loading of the blend composites improves the sensing stability at the
expense of R,.;.

Fig. 4.4.14b demonstrates the cyclic vapor sensing behavior of the selected IPC based
blend composites CPCs towards saturated ethyl acetate vapor. All three CPCs do not reach a
sensing plateau within the 100 s immersion caused by the comparatively weaker interaction
between PC and EA vapor that makes the polymer chain relaxation process slower compared
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to the other studied solvents, resulting in less pronounced change in the conductive network
structure. Taking IPC/PVDF/MWCNT-0.5 and IPC/PVDF/MWCNT-1.5 as an example, both
of them have a similar maximum R,.; in the first cycle of about 625 %, while in the fourth
cycle R,y are 2500 % and 750 %, respectively. Also these results indicate that the R,.; of
IPC/PVDF/MWCNT composites is related to the filler loading of the composites. Lower filler
loadings result in higher R,., while higher filler loading provides composites with better
sensing stability. From the comparison of the vapor sensing curves in DCM and EA, it can be
concluded that the different conductive network states in IPC/PVDF/MWCNT composites
with different MWCNT contents result in different sensing behavior when the composites are

exposed to different vapors.
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Fig. 4.4.14 Cyclic vapor sensing behavior of IPC/PVDF/MWCNT composites towards saturated (a) DCM vapor
and (b) ethyl acetate vapor.

4.4.6.2 Long-term immersion sensing behavior of PC/PVDF/MWCNT blend composites
towards good vapors for PC
Long-term vapor stimulation was performed using a sensing protocol of 300 s

immersion in vapor and 300 s drying in dry air. The R,.; curves of IPC/PVDF/MWCNT-1.0
blend composites upon exposure to different organic vapors are shown in Fig. 4.4.15a. When
being exposed to organic vapors, the selected blend composite experience an R,.; increase
followed by a steady R, during vapor exposure. Interestingly, the sensing curve of
IPC/PVDF/MWCNT-1.0 towards DCM is different from that in the other three vapors. With
DCM vapor the R,.; increase is slower and the equilibrium state is reached in ca. 150 s. For
the other three vapors, the initial R,.; increase is much sharper. The sensing equilibrium time
1S ca.75 s for acetone and ca. 25 s for THF and EA, whereas the terminal R,.; are 1250 %,
500 %, and 350 %, respectively. This R, ranking is accordance with the y;, ranking, i.e. low
x12 results in high R,.; of CPCs. In addition, the samples exposed to acetone, THF, and EA
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exhibit a better reversibility during drying process than the sample exposed to DCM. This is
ascribed to the strong interaction between PC and DCM that leads to irreversible conductive
network damage during polymer swelling and a decreased evaporation process of this good
solvent vapor. Fig. 4.4.15b compares the vapor sensing behavior of PC/PVDF/MWCNT-1.0
based on PCs with different viscosity towards saturated acetone vapor, in difference to Fig.
4.4.12a, now it is 300 s immersion (instead of cycling sensing with only 100 s immersion).
hPC/PVDF/MWCNT-1.0 again displays a rather fluctuated sensing process and the terminal
R,er1s ca. 25000 % combined with a relatively bad recovery in the drying step. Lower R,.; is
achieved for mPC/PVDF/MWCNT-1.0 (ca. 2250%) and IPC/PVDF/MWCNT-1.0 (ca.
1400 %), accompanied with a much more pronounced recovery during exposure in air.
Therefore, it can be concluded that the blend microstructure has a great effect on the
sensing performance of CPCs. According to the long-term sensing result, the composite with
poor filler dispersion shows an unstable sensing signal, which is due to the inhomogeneous
conductive network. In terms of composite with good filler dispersion, the conductive

network is homogeneous, thus leading to a stable sensing signal [36, 38].
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Fig. 4.4.15 Long-time immersion of (a) IPC/PVDF/MWCNT-1.0 towards different saturated organic vapors and
(b) PC/PVDF/MWCNT-1.0 composites with different PC viscosities towards saturated acetone vapor.

4.4.6.3 Cyclic sensing behavior of porous PC/PVDF/MWCNT blend composites
Next to the sensing on compact samples as described above, the cyclic sensing

measurements towards DCM, acetone, THF and EA were carried out on CPC blend
composite whose PC component has been extracted by DCM. According to extraction results
(see Fig. 4.4.2), the weight loss is ca. 40% for all the three CPCs, indicating that PC has been
totally extracted. Despite the fact that most of the MWCNTs were found to be preferentially
localized in the PC component, the TEM study showed that some MWCNTs are located at the
surface of the remaining PVDF structures (Fig. 4.4.7). These results in the finding that even

after the extraction process conductivity values can be found which are high enough to use
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these porous structures for vapor sensing (Fig. 4.4.11). Fig. 4.4.16a shows the cyclic sensing
behavior of the porous CPCs towards DCM vapor. The maximum R,.; exhibits a decreasing
tendency with the sensing cycles which is less pronounced for IPC/PVDF/MWCNT-1.0. In
the drying step, always negative R, values are achieved, manifesting the conductivity
increase during drying. Such phenomenon is attributed to the remaining MWCNT network at
the surface of PVDF. MWCNT in porous IPC/PVDF/MWCNT-1.0 has better dispersion as
compared to the other CPCs and the conductive network is stable under polymer de-swelling,
so the negative effect during drying is not so intense. Considering the R,.; of CPCs, DCM is
not a suitable solvent to be detected for porous PC/PVDF/MWCNT composites. The cyclic
vapor sensing of the porous CPCs towards acetone is shown in Fig. 4.4.16b. The maximum
R,.; of IPC/PVDF/MWCNT-1.0 upon acetone exposure is around 1300 %, which is much
higher than that of mPC/PVDF/MWCNT-1.0 (ca. 500 %) and hPC/PVDF/MWCNT-1.0 (ca.
375 %). A similar sensing tendency but with better recovery can be also observed when
exposing mPC/PVDF/MWCNT-1.0 and hPC/PVDF/MWCNT-1.0 porous composites towards
THF and ethyl acetate (Fig. 4.4.16¢c-16d). To make a visualized comparison, R,,; of CPCs
towards acetone, THF and EA are summarized in Fig. 4.4.16e. Two main results can be
concluded which are a) the maximum R,.; increases with the decreased blend viscosity ratio of
CPCs towards all tested vapors and b) the R, is in proportion to ¥z, i.e. the lower y;2, the
higher R,.;. Regarding the porous PC/PVDF/MWCNT composites, the sensing signal of the
porous CPCs are attributed to PVDF swelling and the interaction between surface MWCNT
network and the vapor. Since PVDF has less interaction with the selecting vapors, so the
polymer swelling contribution is limited. The absorption of vapor analytes onto the MWCNT
networks on the surface of the remaining PVDF structures contributes to network changes.
Solvent absorption on the nanotubes may increase the MWCNT-MWCNT junction distance
by intercalation or MWCNT network swelling [208, 209]. IPC/PVDF/MWCNT-1.0 whose
surface appears to be more homogeneously with MWCNTs is more likely to generate higher

resistance change than the other two porous CPCs.
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Fig. 4.4.16 Cyclic sensing of porous PC/PVDF/MWCNT-1.0 blend composites with different viscosity ratios

towards (a) DCM, (b) acetone, (c) THF and (d) EA. (e) average R,.;, comparison of CPCs towards different

vapors (R,.; calculated based on the initial resistance value before the first cycle).

Fig. 4.4.17 presents an illustration of the assumed sensing mechanism of porous CPC
sensors. As discussed, most of MWCNTs were localized in the PC component in the compact
PC/PVDF/MWCNT composites. Thus, after PC extraction, most of MWCNT have been
extracted. However, there are still some remaining MWCNT located at the surface of the
remaining PVDF structures of these co-continuous blends. Since PVDF is resistive to most of
organic vapors, it is expected to swell only slightly when vapor penetrates into the porous
blend composites. As a part of the nanotubes is anchored in PVDF, the conductive networks
formed at the surface of PVDF can be disconnected and rebuilt during vapor penetration and
evaporation, which next to swelling of the PVDF continuous structure results in the resistance
changes of the porous CPC sensors. From electrical aspect, porous composites based on
IPC/PVDF/MWCNT-1.0 shows higher electrical conductivity as compared to the two other
porous CPC sensors, indicating a more dense and homogeneous nanotube network at the
PVDF surface. This may be related to the originally better filler dispersion in the low viscous
PC polymer blend component. Therefore, the porous IPC/PVDF/MWCNT exhibit higher R,
than porous CPC sensors derived from hPC or mPC based blends.
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Fig. 4.4.17 Sensing mechanism illustration of porous sensors based on co-continuous PC/PVDF/MWCNT

blend composites in which PC was selectively extracted.

4.4.7 Summary
The vapor sensing behavior of compact and porous PC/PVDF/MWCNT blend

composites against different solvent vapors was investigated. Initially, three PCs with
different molecular weights were selected to be blended with PVDF at the blend ratio of
40w/60w, at which co-continuous structures could be formed. Subsequently, the electrical,
morphological, and rheological behaviors of these CPCs were investigated and discussed. The
cyclic vapor sensing and long-term immersion vapor sensing of compact CPCs towards
solvent vapors which show strong interactions to PC were conducted. In addition, the cyclic
sensing behavior of porous PC/PVDF/MWCNT from which the continuous PC part was
extracted was investigated. A sensing mechanism scheme was proposed to explain the sensing
behavior of such porous sensors. This study provides new thoughts in preparation,
characterization, and application of chemiresistors. The main conclusions are summarized as
follows:

- At a PC/PVDF blend ratio of 40w/60w, a co-continuous structure is formed. The
percolation threshold of IPC/PVDF/MWCNT is 0.03 wt%, which is much lower than those of
mPC/PVDF/MWCNT and hPC/PVDF/MWCNT (range from 0.1 wt% to 0.3 wt%).

- SEM and TEM images reveal that MWCNT are selectively localized within the PC
component. With the decrease of PC viscosity in the blend, the blend morphology becomes
coarser. OM results show that IPC/PVDF/MWCNT blend composites have the lowest
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MWCNT agglomerate ratio compared to the other CPCs, indicating that the MWCNTSs have
better dispersion in the low viscous PC component.

— The cyclic sensing behavior towards four solvent vapors is investigated which
represent good vapors for the PC component. Except for DCM, all CPCs exhibit very high
R,.;and good reversibility towards acetone, THF, and ethyl acetate vapors. The R,.; response
is related to the blend viscosity ratio of the CPCs, i.e. hPC/PVDF/MWCNT-1.0 with the
highest viscosity ratio has the highest R,.;because of the more susceptible conductive network
formed by the non-homogeneously distributed MWCNTs. For the extremely good DCM
solvent vapor, the strong interaction between DCM and PC and the medium interactions to
PVDF causes very poor reversibility of hPC/PVDF/MWCNT-1.0 due to the irreversible
damage of the conductive network and the difficulty of the evaporation process of this good
solvent vapor. The sample IPC/PVDF/MWCNT-1.0 exhibit better reversibility even against
DCM vapor, which is attributed to the better dispersion of the MWCNTs in PC. Variation of
the MWCNT loading in IPC/PVDF/MWCNT blend composites indicated that lower MWCNT
loading results in higher but unstable R,.;, but all of the composites exhibit good reversibility.
- In case of porous CPC sensors obtained after extraction of PC, the R, is mainly
resulted from the change of the parts of the MWCNTSs forming a network at the surface of the
remaining continuous PVDF component. Thereby, extracted IPC/PVDF/MWCNT-1.0, which
has better MWCNT dispersion and is expected to have also a higher amount of nanotubes at
the PVDF surface, exhibits the highest R,.; compared to extracted mPC/PVDF/MWCNT-1.0
and extracted hPC/PVDF/MWCNT-1.0.
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5. Summary and conclusions
This work investigates the vapor sensing behavior of conductive polymer composites

(CPCs). In connection with the protection of the environment and human beings, sensing of
different kinds of chemical vapors is of increasing importance. At the moment, four kinds of
vapor sensors are widely investigated and reported, namely semiconducting metal oxide
sensors (MO), conjugated polymer sensors, carbonaceous nanomaterial based sensors, and
CPC based sensors. Due to their unique component systems, the different sensor types are
based on different sensing mechanisms resulting in different potential application ranges.

In consideration of costs and processability, CPC based vapor sensors seem to be a
promising candidate owning to their low material costs, excellent processability by well-
established methods, and designable compositions. Thus, the vapor sensing behavior of CPCs
was studied under the following aspects in this work: 1) The conductive network of CPCs is
formed and tuned by utilizing MWCNT/CB hybrid fillers: the relationship between vapor
sensing performance and conductive network density is discussed; 2) An immiscible polymer
blend system based on two amorphous components, namely PC and PS, is chosen aiming to
explain the influence of blend morphology on the sensing performance of CPCs; 3) A blend
system containing a semi-crystalline polymer, PLA, is selected and PLA is melt-mixed with
PS and MWCNT: annealing effects on the polymer crystallinity and vapor sensing behavior
of CPCs is discussed; 4) A blend system containing a solvent resistive polymer, PVDF, is
chosen in order to improve the reversibility of PC/PVDF/MWCNT based CPCs: the
morphology differences induced by different blend viscosity ratios and the resulting sensing
behavior is explored.

The vapor sensing behavior of CPC sensors are determined by many factors. The most
important factor is the vapor/polymer interaction. In order to quantify such interaction, the
Flory-Huggins interaction parameter (x;2) is used to estimate the interaction between the
chosen vapors and polymers. This parameter is related to solvent molar volume, temperature
and solubility parameter of solvent and polymer. Generally, a lower ;> value demonstrates a
stronger polymer/vapor interaction. Based on this, the vapors used in this work are
characterized as vapors of good, moderate and poor solvent to the specific polymer
component. This allows estimating which solvent vapor will swell the polymer and to which
extent, as swelling of the polymer matrix is necessary for the effective vapor sensing. The
polymer swelling induced by organic vapors influences the conductive network and results in
changes of its electrical resistance which is measured as the sensing signal. The experimental

findings can be summarized as follows:
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1) In the first part, PC based nanocomposites containing hybrid fillers of MWCNT and
CB were fabricated by melt mixing. The electrical conductivity of compression molded
samples was measured and the percolation threshold ¢, is found to be 0.11 wt% for
PC/MWCNT composites and 1.38 wt% for PC/CB composites. Two MWCNT loadings (0.1
wt% and 0.5 wt%) are chosen which are lower and higher than the ¢, of PC/MWCNT
composites, respectively. Based on this, three CB contents (0.5 wt%, 1.5 wt% and 2.5 wt%)
are selected as second filler component to prepare PC/MWCNT/CB composites. The different
hybrid filler ratios stand for different conductive network patterns and formations in the
composites. For instance, PC/MWCNT/CB containing 0.1 wt% MWCNT has the conductive
network mainly formed by CB particles as the MWCNT content is lower than the ¢, of
PC/MWCNT composites.

NO1B15, NO1B25, NO5SB15, and N0O5B25 composites (Nx stands for MWCNT content
and Bx stands for CB content) were selected for the vapor sensing tests. When being exposed
to the good vapor acetone, all CPCs exhibit high relative resistance changes because of the
very strong polymer/vapor interaction. NO1B15 shows much higher R,.; and poor reversibility
than the other three composites due to its loose conductive network formed by MWCNT and
CB, which can be easily damaged under polymer swelling. For NO1B25, NO5B15, and
NO5B25 composites, more MWCNT and CB particles take part in forming the conductive
network or completing the imperfect conductive network, thus making the network more
perfect and more resistive to polymer swelling. In the moderate solvent toluene vapor, all the
four CPCs display an increase in R,.; with the sensing cycle and the recovery in the drying
periods of 100 s in air is incomplete; the R,.; values after each cycle steadily increase resulting
in increased responses also in the following exposure steps. For this case, NO1B15 also shows
higher R,.; as compared to other composites. For the poor solvent cyclohexane vapor, the R,
is very low for all the CPCs due to the poor interaction between cyclohexane and PC.

In summary, the network quality could be tuned by the MWCNT and CB composition.
Among the selected samples, that one with the lowest CB and MWCNT concentration,
namely NO1B15, performed best. However, one should consider that very strong interactions
between the solvent and the PC matrix, as in the case of acetone, may irreversibly destruct the
sample by dissolving parts of the polymer matrix. This may be the case in the sample NO1B15,
having the lowest network density and highest change in R, as it is indicated by the the
significant non-recovery of R,.; in the first drying cycle. This part provides first results using a
suitable concept for designing chemo-resistive sensors by adjusting amount and ratio of

mixed carbon nanofillers in melt-mixed polymer composites.
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2) In order to improve the cyclic use of CPC sensors towards vapor, especially vapors
of good solvents, immiscible amorphous polymer blends are introduced. In the second part,
PC/PS/MWCNT composites with different blend morphologies were achieved by varying the
polymer blend ratios using the melt-mixing method. MWCNT are selectively localized in PC
component according, which corresponds to the thermodynamic estimation. The ¢, of
composite with co-continuous structure (PC/PS 50/50 wt%) is 0.13 vol%, which is lower than
that of 0.30 vol. % of the composites with sea-island structure (PC/PS 70/30 wt%). The
sensing behavior was studied on blend composites having 0.75 wt% (approx. 0.43 vol%)
MWCNTs, whereby the composite based on PC/PS 70/30 wt% showed the highest electrical
conductivity value and the best state of macro-dispersion of MWCNTs. The three kinds of
CPCs exhibit different sensing behavior towards different organic vapors. Under the influence
of moderate solvent vapors such as ethyl acetate and toluene, the CPC with sea- island
structure shows a higher R,; and poor reversibility; whereas CPCs with co-continuous
structure shows a lower R,.; but excellent reversibility. All CPCs showed poor reversibility
towards the good solvent vapor DCM due to their strong interaction with the two polymers.
The CPCs sensors exhibit an exponential relationship between R,.; and vapor concentration,
as shown for acetone sensing. If the CPCs have been exposed to vapor of poor solventssuch as
cyclohexane, the PC/PS 50/50 wt% blend with 0.75 wt% has a higher R,.; equilibrium than
the other CPCs due to the microstructural differences of the blend composites. With respect to
blend structure, CPCs with co-continuous structure show better reversibility towards good
solvent vapors and higher R,.; towards vapors of poor solvents, which is attributed to the
larger and continuous blend interfaces that facilitate the vapor diffusion and thus the sensing
process. The results indicate that conductive polymer blends are promising vapor sensors,
especially due to their tunable blend structures.

3) As concluded in second part, polymer blend based CPCs with co-continuous
structure exhibit better reversibility than of sea-island structure composites. Therefore, CPCs
with co-continuous structures are further investigated in the following part. PLA, a semi-
crystalline polymer, is selected and melt mixed with PS at the blend ratio of 50/50 wt%,
whereby a co-continuous structure is formed. MWCNTs preferentially localize within the
PLA phase, and the percolation threshold ¢. for AS0S50Mz composites is 0.4 wt%. For the
vapor sensing tests, PLA/PS/MWCNT-1.0 wt% composites are selected because of their
suitable resistivity range for the cyclic vapor sensing tests. When being exposed to acetone
vapor, A50S50M1.0 shows increasing sensing responses with vapor concentration. At the

same time, the reversibility of the swelling deteriorates during drying after the exposure to
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higher acetone vapor concentrations. To improve the durability of CPCs towards good solvent
vapors, AS0S50Mz composites are annealed at 150°C for up to 120 min. The results indicate
that samples after long time annealing (60 min or 120 min) display improved reversibility but
at the expense of the sensing response. The stabilization is ascribed to increased crystallinity
of PLA due to the annealing. Crystalline regions are hardly accessible for vapor diffusion.
Thus, the increased crystallinity confines some volume of the amorphous part, thus hampering
the vapor diffusion. The cyclic sensing behavior of CPCs towards cyclohexane vapor
indicated that all the composites show low R,.; because of the poor interaction between PC
and cyclohexane. Interestingly, blend composites with higher MWCNT content (1.0 wt%)
display higher R,.; when exposed towards cyclohexane vapor than CPCs with lower MWCNT
loading (0.5 wt%). This suggests that some nanotubes of A50S50M1.0 cross the interphase
and are also located in the unfavorable PS. This assumption is supported by extraction results.
In addition, the vapor sensing behavior of CPCs towards vapor mixtures (acetone and
cyclohexane) were compared. Also here, annealed samples show lower R,.; as compared to
non-annealed samples. Interestingly, the solvent volume ratio of 1/1 resulted in the higher R,.;
than 1/4 or 4/1 volume ratios, which is attributed to the simultaneous swelling of PLA and PS
component. In summary, the PLA crystallinity is increased by thermal annealing in order to
tune the vapor sensing behavior of the CPCs. By virtue of this, the sensor stability and
durability towards vapors of good solvents is largely improved.

4) In the first three parts, the influence of conductive network density, polymer blend
microstructure, and annealing treatment on the vapor sensing behavior of CPC sensors has
been investigated systematically. However, one key issue is still open to be solved, i.e.
improving the reversibility and durability of CPCs towards good solvent vapors. Therefore, in
the fourth part, three PCs with different molecular weights are selected to be melt mixed with
PVDF at the blend ratio of 40/60 wt%, at which co-continuous structures are formed. The
reason for choosing PC/PVDF blend is that PC has good swelling to most vapors while PVDF
is much more difficult to swell under vapor stimulation. Thus, PC/MWCNT acts as sensing
component and PVDF can stabilize the blend structure of the composites during the vapor
sensing tests.

According to SEM and TEM observation, the MWCNT are mainly selectively
localized within the PC component. With the decrease of PC viscosity in blend, the blend
becomes coarser. Besides, OM images reveal that IPC/PVDF/MWCNT composites have the
lowest MWCNT agglomerate ratio, indicating that the MWCNTs have better dispersion in the

low viscous PC component. The cyclic sensing behavior towards four good solvent vapors (to
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PC) was investigated. Except for DCM, all CPCs exhibit very high R,.; and good reversibility
towards acetone, THF, and ethyl acetate vapors. Furthermore, R,.; is related to the blend
viscosity ratio of the CPCs, i.e. hPC/PVDF/MWCNT-1.0 with the highest viscosity ratio has
the highest R, because of the vulnerable conductive network formed by the non-
homogeneous MWCNT dispersion. For the best solvent vapor DCM, the strong interaction
between DCM and polymers causes a poor reversibility of hPC/PVDF/MWCNT-1.0 due to
the irreversible damage of conductive network and difficult vapor evaporation process.
Otherwise, IPC/PVDF/MWCNT-1.0 exhibits good reversibility even against DCM vapor,
which is attributed to the good dispersion of the MWCNTs in PC. At changed MWCNT
contents in IPC/PVDF/MWCNT composites, low MWCNT loading composites show higher
but unstable R,.;. All of them exhibit good reversibility.

In addition, the cyclic sensing behavior of porous CPCs is discussed. The porous
composites are prepared by extracting the PC component using DCM. It is observed that there
are still some nanotubes fixed at the surface of remaining PVDF component after extraction,
which results in reduced but significant conductivity of the porous composites. IPC based
CPCs show higher R,.; as compared to the other porous composites, which results from the
more homogeneous conductive network at the surface of PVDF.

In conclusion, considering the vapor performance such as high sensitivity and good
reversibility among these four CPC systems, PC/PVDF/MWCNT composites are the best
choice used as chemiresistor in vapor sensing tests. As the sensing component, PC has strong
interaction with many organic solvents/vapors such acetone, THF, DMF and EA. PVDF as a
stabilizing component can maintain the composite structure and improve the composite
reversibility during sensing tests. Such a blend pair makes CPCs with high sensitivity and
good reversibility towards organic chemical, providing more potential applications in
chemical detection of human health care in the near future. In this study, the selected
polymers are only sensitive to organic vapors and have no interaction with water vapor.
Therefore, some hydrophilic polymers such PVA and cellulose could be considered to

broaden the fields of vapor sensing applications.
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6. Outlook

On the basis of the results presented in this thesis, many opportunities remain for
further research in the field of polymer composites and their use as sensing materials. The
presented results and discussions in this thesis provide a general understanding of influencing
factors that determine the vapor sensing performances of CPCs, such as the hybrid
MWCNT/CB network, the immiscible blend structure type, the annealing treatment, and the
blend fineness of co-continuous blends as varied by the blend viscosity ratio. Although these
factors have been investigated and proposed to improve the vapor sensing performance of
CPCs, some specific areas related to this topic need to be investigated in the future.

1. A higher amount of conductive fillers is needed in single polymer based CPCs as
compared to polymer blend based CPCs. Considering the poor dispersion in composites with
high filler loading it is still a big challenge to improve the filler dispersion in the polymer
matrix. Probably second fillers such as clay or ionic liquids can be utilized to facilitate the
disentanglement and dispersion of carbon fillers. Moreover, a premixing of the fillers using
solution mixing is another possible technique to reduce the filler agglomerate size, and the
percolation threshold of CPCs can be reduced significantly because of the better dispersion of
the fillers in the polymer matrix.

2. As discussed above, the reversibility of CPCs based sensors towards good solvent
vapors is poor because of the strong polymer/vapor interaction that leads to the irreversible
damage of conductive network in the polymer matrix and incomplete drying of CPCs.
Therefore, the selection of suitable immiscible polymer blend pairs is of great importance in
improving the cyclic use of CPC sensors. Our study gives a hint that polymer blend
components having completely different physical properties result in better reversibility of
CPC sensors towards vapors of good solvents of the sensing polymer component. One
component containing the conductive network is acting as sensing part that can react with
many vapors; the other component is resistive to most of vapors that can help to maintain the
blend structure. However, one disadvantage of immiscible polymer blends based CPCs is that
the interface may impair the mechanical properties of CPCs, especially for co-continuous
morphologies. In order to combine the advantages of good reversibility and excellent
mechanical property, some elastomers such SBS and TPU can be used. For instance, TPU is
composed of non-polar segments and polar segments, which should be sensitive to non-polar
solvents and polar solvents, respectively. Therefore, TPU based CPCs are a good candidate
for chemical sensing. Exploring elastomer based CPCs and their multiple sensing (chemical

and mechanical) behaviors are of great importance.
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3. Regarding the CPC based vapor sensors, most of the studies focus on the relative
resistance change towards vapors, which is related to the conductive network state, vapor
concentration and polymer/vapor interaction. However, the sensitivity, meaning the
dependence of the resistance change on vapor concentration is rarely reported. Therefore, the
electrospinning technique either for the shaping of single polymer based CPCs or polymer
blend based CPCs seems to be a good solution. The diameter of as-spun composite fibers is
only several hundred nanometers, which is suitable for fast penetration and evaporation of
organic vapors to the polymer matrix. In addition, as-spun composite mats can be assembled
to clothes for the fast detection of hazardous vapors, giving alarm signals as fast as possible to
protect the health of human beings.

4. For the studied PC/PVDF/MWCNT blend composites, it seems to be possible to
fabricate composite fibers by the melt-spinning method. The fibers or fabrics of
PC/PVDF/MWCNT composites could be used in real applications such as real-time leakage
detection and hazardous vapor pollution. Another possible application for fibers is to embed
them into flexible polymer thin films such as polydimethylsiloxane, which can be used for
many applications such as wearable sensors for human activities and chemical sensor for
analyzing sweat information of human while doing exercise. This is possibly a good thought

in realizing multifunctional applications of CPCs.
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