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• Vapor sensing response of immiscible
conductive polymer blend composites
was studied using different solvents

• The response of composites with 0.75
wt% MWCNT reached up to 1200%
after 100 s immersion in saturated
ethyl acetate vapor

• At given filler content, vapor sensing de-
pends on the blend morphology type
and the polymer-vapor interaction

• Sea-island structures show high resis-
tance changes but poor reversibility,
which is opposite for co-continuous
structures

• The varied sensing behavior is caused by
changed solvent vapor accessibility in
different morphology types
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With the focus on the use as leakage detectors, the vapor sensing behavior of conductive polymer composites
(CPCs) based on polycarbonate/polystyrene/multi-walled carbon nanotube (PC/PS/MWCNT) blends with differ-
ent blend ratios was studied as well as their morphological and electrical properties. In the melt mixed blend
composites, the MWCNTs are preferentially localized in PC. At the PC/PS ratio of 70/30 wt%, the composites
showed a sea-island structure, while for blends containing 40 wt% or 50 wt% PS co-continuous structures were
developed resulting in a reduction in theMWCNT percolation threshold. The saturated vapors of the selected sol-
vents have good interactions to PS but different interactions to PC. At 0.75 wt%MWCNT, sea-island CPCs showed
high relative resistance change (Rrel) but poor reversibility towards moderate vapors like ethyl acetate and tolu-
ene, while CPCs with co-continuous structure exhibited lower Rrel and better reversibility. All CPCs showed poor
reversibility towards vapor of the good solvent dichloromethane due to strong interactions between polymers
and vapor. In the vapor of the poor solvent cyclohexane, CPCs with higher PS content showed increased Rrel.
After extraction of the PS component by cyclohexane, the sensing response was decreased and the Rrel of the
co-continuous blend even reached negative values.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In connection with the protection of the environment and humans,
sensing of different kinds of chemical vapors is of increasing impor-
tance. At the moment, four material kinds of vapor sensors are widely
investigated and reported; namely semiconductingmetal oxide sensors
(MO) [1,2], conjugated polymer sensors [3], carbonaceous nanomaterial
based sensors [4], and sensors based on conductive polymer composites
(CPCs) [5–7]. Due to their unique component systems, the different sen-
sor types are based on different sensingmechanisms resulting in differ-
ent potential application ranges. For instance, for MO based sensors the
sensing signal is derived from the electron transfer from the electrode to
the MO layer. They exhibit excellent sensitivity at extremely low vapor
concentration such as ppm level. However, they are only applicable for a
small group of gases such as hydrogen, nitrogen dioxide, etc. For carbo-
naceous sensor materials, the resistance change results from the ad-
sorption of vapor molecules onto the surface of nanoparticles. They
can also detect the vapor concentration at extremely low ppm level be-
cause of their thin deposition layer on the interdigital electrode. The
sensing mechanism for conjugated polymer sensors is their π-electron
delocalization enabling reaction with vapor analytes. However, poor
stability and complex processing procedures confine their practical
application.

In recent decades, vapor sensors based on CPCs have attractedmuch
attention due to their potential applications in environmental monitor-
ing [8–10], human health detecting [11], or chemical process controlling
[12]. CPCs result from the addition of conductive fillers to insulating
polymer matrices whereby the fillers form an electrically conductive
network within the matrix. The conductive networks are susceptible
to external stimuli, such as mechanical [13–17], chemical [9,18,19],
electromagnetic [20–23], etc. by changing their electrical resistance.
For CPC based vapor sensors, the detected electrical resistance changes
result from the disconnection and reconstruction of the conductive net-
work structure caused by polymer swelling and/or by vapor sorption/
desorption on the filler surface when the CPC is exposed to such vapors
interacting with the polymer matrix. By the matrix swelling the resis-
tance increases and conformational changes of the polymer chains
take place. The advantage of this class of materials is the easy fabrica-
tion, flexibility in sensor material shape, low costs, fast response, and
tunable conductivity and sensitivity. CPC based vapor sensors have
been reported to cover a wide analyte detection range over organic
chemicals [11,24,25]. The main target of CPC based vapor sensors is to
detect vapor leakages and the vapor detection typically occurs in high
or saturated concentrations. In industrial applications this concerns
leakage problems e.g. in pipes, tanks, landfill sides etc. However, also ap-
plications in human health monitoring are reported [11, 26].

Carbon nanotubes (CNTs), especiallymulti-walled CNTs (MWCNTs),
are themost commonly used conductive fillers in such CPCs. In addition
to CNTs, carbon black (CB) or graphene-like materials are also applied.
The detection of volatile organic compounds (VOCs) is one of the
main objectives of CPC based vapor sensors, as VOCs have negative ef-
fects on the environment and human health. Feller et al. reported the
sensing behavior of a series of CPCs towards different VOCs [27–29].
They investigated conductive biopolymer based composite transducers
made of chitosan and CNTs and showed that this type of sensor can be
used to detect polar VOCs. In addition, the relative resistance change
(Rrel) of the sensors showed a positive correlation with an exponential
law to the inverse of the Flory-Huggins interaction parameter χ12 be-
tween the polymer and the vapor [28,30]. Fan et al. immersed thermo-
plastic polyurethane (TPU) multifilaments into MWCNT dispersions to
prepare TPU/CNT core-shell fibers [7]. They discussed the influence of
MWCNT content, vapor concentration, and vapor polarity on the final
sensor performances of CPCs and demonstrated that suchmultifilament
composites have good reproducibility and fast response to target VOCs.
Qi et al. investigated cellulose/MWCNT and cellulose/graphene/aerogel
composites and their vapor sensing behavior [5,31]. Compared to solid
CPC sensors, these porous aerogel composites showed a faster response,
higher sensitivity, and excellent reproducibility to vapors. They also
concluded that the dominant sensing mechanism of such porous CNT-
cellulose aerogel sensors is the adsorption of vapor molecules on the
available free CNT surfaceswhich increases the distance between the in-
dividual nanotubes [21]. In addition to thermoplastic polymer based
CPC vapor sensors, thermosetting polymer based sensors were also
studied. Mondal et al. investigated the vapor sensing behavior of poly
(dimethylsiloxane) (PDMS) filled with CNTs and CB at exposure to haz-
ardous aromatic hydrocarbon vapors [9]. The addition of CNTs influ-
enced the CB dispersion in the PDMS matrix and thus improved the
electrical conductivity of the composites. Furthermore, this hybrid filler
systemwas effective in VOC detection and extended the detection range
towards different VOCs.

Electrical percolation is a prerequisite for CPCs and the percolation
threshold (φc) is described as the critical conductive filler amount that
leads to the insulator/conductor transition of CPCs. At this composition,
a conductive network is formed throughout the entire composite. It has
been reported that the sensing behavior of CPCs is related to the struc-
ture of the conductive network of CPCs [32]. CPC sensors whose filler
content is only slightly higher than φc are more sensitive than CPCs
whose filler loading is significantly higher than φc. A just formed con-
ductive network at lower loadings is more susceptible to external stim-
uli than a denser network at higher loading. In order to achieve low φc,
two strategies are commonly utilized. One is the selection of high aspect
ratio carbon fillers (CNTs) or large surface area carbon fillers
(graphene). For instance, CNTs are widely used as nanofillers due to
their extraordinary high elastic modulus, strength, and resilience [33].
Small amount of CNTs can significantly enhance the electrical and me-
chanical properties of CPCs [34,35]. Liu et al. fabricated thermoplastic
polyurethane (TPU)/graphene nanocomposites by the solution-
flocculation technique and achieved low φc of 0.1 wt%, which indicated
that the graphene is a suitable carbonaceous filler to fabricate CPCswith
excellent electrical properties [36]. Another strategy to reduce φc is to
fabricate segregated structures, e.g. through the concept of double per-
colation. Such structures can be formed in immiscible polymer blends if
the filler localizes in a continuous blend component or at a continuous
interface of blends. This effect takes advantage from the fact that most
carbonaceous fillers have a thermodynamic preference to one of the
polymer components and localize there. In co-continuous structures,
less filler is needed to make CPCs conductive as only in one of the con-
tinuous blend components a conductive network must be formed.
This reduces φc of such CPCs significantly [37–39]. Zhu et al. designed
polystyrene/poly(methyl methacrylate)/MWCNT (PS/PMMA/MWCNT)
composites with ultralow φc (0.017 wt%) by incorporating MWCNT
with carboxyl functional group [37]. These MWCNT were localized at
the interface of PS/PMMA, which was attributed to the balance of π-π
interactions between PS and MWCNT surfaces and dipole-dipole inter-
actions between PMMA and MWCNT carboxylic groups. Hoseini et al.
investigated the electrical conductivity of polystyrene (PS)/polyamide-
6 (PA6)/MWCNT composites with different blend morphologies [40].
A co-continuous structure was formed when the PS/PA6 blend ratio
was 50/50 wt% resulting in a higher electrical conductivity than that of
PA6/MWCNT composites with the same MWCNT loading. MWCNT
were preferentially distributed in the PA6 component, which further
formed a double percolation network in polymer blends at less filler
content.

Up to now, many polymer based vapor sensors have been investi-
gated, but only a few studies have been carried out on vapor sensors
based on CPCs based on immiscible polymer blends. In a recently pub-
lished study, Li et al. prepared poly(lactic acid)/polypropylene/
MWCNT (PLA/PP/MWCNT) composites and used different blend ratios
[41]. It was found that CPCs with high PLA content displayed a higher
Rrel to dichloromethane vapor, which is a good solvent to PLA. Similarly,
CPCs with high PP content exhibited a higher Rrel towards xylene vapor,
which is good solvent to PP. In another example, Gao et al. fabricated
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polyurethane (PU)/polystyrene-block-poly(ethylene-co-butylene)-
block-polystyrene (SEBS)/carbon nanofiber mats via electrospinning
[42]. Due to the existence of polar PU and non-polar SEBS, the CPC nano-
fiber mats were sensitive to both polar and non-polar vapors and
showed excellent reversibility. These examples show that the use of
blend systems is a promising method to tune the sensitivity and extent
the detectable vapor analyte range.

In this work, PC/PS/MWCNT composites with different polymer
blend ratios were fabricated by melt processing. In difference to the
work on immiscible blends done before, here as polymer blend pair
two polymers were selected which show different interactions with
the selected acetone, cyclohexane, toluene, ethyl acetate, and dichloro-
methane (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. The MWCNT dispersion and localization in the polymer
blends was analyzed by optical microscopy and scanning electron mi-
croscopy. The vapor sensing behavior of the CPCs was investigated by
cyclic exposure to the chosen vapors and dry air. The effect of the
blend morphology, which depends on the blend component ratio, on
the vapor sensitivity of CPCs to various organic vapors was discussed
in detail.
2. Materials and methods

2.1. Materials

Polycarbonate (PC) (Makrolon 3108) with a density of 1.2 g·cm−3

was purchased from Bayer MaterialScience AG, Germany. Polystyrene
(PS) (145D) with a density of 1.05 g·cm−3 was received from BASF
chemical company, Germany. Multi-walled carbon nanotubes
(MWCNT, type NC3100™) with an average length of ca. 1.5 μm and an
average diameter of 9.5 nm were obtained from Nanocyl S.A., Belgium.
Acetone, DCM, toluene, cyclohexane, and ethyl acetate were obtained
from Sigma-Aldrich, Germany. All chemicals were used as received.
2.2. Sample preparation

The PC/PS/MWCNT composites were fabricated in a single-step
mixing process using a twin-screw micro-compounder with a capacity
of 15 cm3 (Xplore, The Netherlands) at 240 °C for 5 min; the rotation
speed was 250 rpm. Prior to compounding, PLA and PS granules and
MWCNT were dried in a vacuum oven at 60 °C for 16 h to remove
trace water. PLA/PS blends with different blend ratios (70/30 wt%, 60/
40 wt% and 50/50 wt%) without and with MWCNTs were processed.
The obtained extruded strands were pelletized and then compression
molded (240 °C, 20 kN for 5 min) into circular plates (diameter of
60 mm and thickness of 0.3 mm) using a hot press machine
(PW40EH, Paul Weber GmbH, Germany). For the vapor sensing tests,
rectangular samples (10 × 5 × 0.3 mm3) were cut from the circular
plates.

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. C50S50M0.75
means that the PC/PS blend ratio is 50/50wt%, and theMWCNT loading
is 0.75wt%. For the sensing tests, sampleswith 0.75wt%MWCNTswere
selected, which corresponds to a MWCNT content related to the PC part
of the blends of 1.07 wt% (C70S30), 1.25 wt% (C60S40) and 1.50 wt%
(C50S50). For selected sensing experiments, the PS component was ex-
tracted from the blend composites using cyclohexane. For this, com-
pression molded samples were immersed in cyclohexane for 48 h at
room temperature. After extraction, the samples were rinsed by cyclo-
hexane and dried in a vacuum oven at 60 °C. The extracted samples
are denoted as E-CxSyMz.
2.3. Characterization

2.3.1. Electrical resistivity measurements
The electrical volume resistivity measurements were performed on

the pressed circular plates. Generally, plate samples whose resistivity
was higher than 107 Ω·cm were measured using a Keithley electrome-
ter 6517A togetherwith a Keithley 8009 resistivity testfixture equipped
with ring electrodes (both from Keithley Instruments Inc., USA). If the
resistivity was lower than 107 Ω·cm, the measurement was performed
on strips (cut from the circular plates) with the dimension of 30 × 5 ×
0.3 mm3 using a 2-point test fixture connected to the Keithley DMM
2000 electrometer (Keithley Instruments Inc., USA). At least 4 strips
were measured per sample to calculate the mean value and the stan-
dard deviation. It should be noted that a MWCNT density of
2.1 g·cm−3 [43] was used for the calculation of MWCNT vol% for fitting
of the electrical percolation threshold of the CPCs. The electrical conduc-
tivity values calculated from the resistivity values were non-linearly
fitted according to the well-known and typically used Eq. (1)

σ ¼ σ0 φ−φcð Þt ð1Þ

where σ represents the conductivity of the composite with different
filler loadings,φ andφc are thefiller volume content and the percolation
threshold, respectively, and t is an exponent used to explain the forma-
tion mechanism of the conductive networks. The fitting was done with
conductivity values above φc as below φc not enough measurement
points were available. With the origin8.0 software, φc was varied in
steps of 0.01, starting from an estimated φc value, until the lowest
value of the mean square error to the measured conductivity values
was obtained [43].

2.3.2. Morphological characterization
Themacro-dispersion of MWCNTs in the polymer blends was evalu-

ated by transmission light microscopy (TLM). MWCNT materials are
typically produced in agglomerated shape [44] due to the strong Van
der Waals forces among the single tubes that make them easily
entangledwith each other. Duringmeltmixing, dispersion,meaning in-
dividualization of the primary agglomerates into single tubes, is difficult
to achieve [45] and the state of the achieved macro-dispersion under
the selected mixing conditions was therefore assessed using TLM. Thin
sections with a thickness of 5 μm were cut from the extruded strands
using a Leica RM2265 microtome (Leica Microsystems GmbH,
Germany). Images were taken with a BH2 microscope equipped with
a DP71 camera (Olympus Deutschland GmbH, Germany). The amount
of remaining agglomerates, seen as dark areas in the transmission im-
ages, was analyzed from TLM images bymeans of the OLYMPUS Stream
Image Analysis Software (Bethesda, USA). The agglomerate area ratio
(AAgg=A/A0) is defined as the ratio of the area ofMWCNT agglomerates
(with a circle-equivalent diameter N 5 μm) (A) to the total area of the
image (A0). For sufficient statistical accuracy, at least 15 images were
taken and evaluated from each sample.

To assess the blend morphology and MWCNT localization, scanning
electron microscopy (SEM) characterization was performed on cross-
sections of extruded CPC strands by anULTRA-55 (Carl Zeiss AG,
Germany) with an accelerating voltage of 3 kV. Fractured strands
were smoothed using the Leica RM2265 microtome at room tempera-
ture. To better visualize the blendmorphology, PSwas extracted by dip-
ping the PC/PS/MWCNT strand pieces into cyclohexane at room
temperature for 6 h. Then these etched specimens were washed with
cyclohexane in an ultrasonic bath for another 15 min. The cut and
etched sample surface was sputter coated with platinum to avoid elec-
trostatic charging during the SEM analysis. Images at lower magnifica-
tion were used to assess the blend morphology and those taken at
higher magnifications to analyze the MWCNT localization and micro-
dispersion.
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2.3.3. Estimation of PS continuity by solvent extraction
Solvent extraction is used to obtain information about the continuity

of the PS component in the blends. For the extraction experiments, the
extruded strand samples were cut along the extrusion direction,
whereby the cross-sectional area along the extrusion direction is
approx. 1 cm2 (length of 2 cm and width of 0.5 cm). Then the samples
were immersed in cyclohexane for 48 h at room temperature to selec-
tively extract the PS component from the blend. After extraction, the
samples were rinsed by cyclohexane and dried in a vacuum oven at
60 °C for another 3 h. The extracted PS content of CPCs is calculated
based on the initial mass and the change in the mass of the composites
after extraction using Eq. (2). [46]

φi ¼
m0−mi

m0
� 100% ð2Þ

whereφi is the extracted component content of the CPC,m0 is the initial
mass of the CPC andmi is the remainingmass of the CPC after extraction.

2.3.4. Vapor sensing tests
The vapor sensing behavior of CPCs was investigated by in-situ re-

cording the electrical resistance changes Rrel of the CPCs during several
successive immersion-drying runs (IDRs). The two ends of the strip
sampleswere coveredwith silver paste to ensure good contact between
the specimens and the electrodes. The setup for vapor sensing is sche-
matically shown in Fig. S1, which has been presented in our previous
work [32]. This self-made set-up was connected with a digital
multimeter (Keithley 2400, USA) to record the electrical resistance of
the samples. The Rrel is normalized using Eq. (3).

Rrel ¼
R−R0

R0
� 100% ð3Þ

where R0 and R are the initial resistance and the actual resistance of the
samples, respectively. To ensure exact vapor concentrations, a bubbler
evaporation system was applied to deliver controlled vapor amounts
to the detection chamber (25 mL) using dry air as carrier and diluent
for the vapors. The maximum gas flow rate was set as 30 L/h by manip-
ulating the vapor flow controller and air flow controller during themea-
surement, thus the vapor concentration can be calculated by Eq. (4).

C ¼ Pi

P
� f

f þ Fð Þ � 100 ð4Þ

where P is the input air pressure, and Pi is the saturated partial pressure
of organic solvent at 25 °C. F and f represent the air flow rate and vapor
flow rate, respectively. Atmospheric pressure is applied in all tests and
the temperature is 25 °C. The sensing protocol for the successive cyclic
sensing is 100 s exposure and 150 s drying of each cycle. For the charac-
terization of the sensitivity of thematerials versus acetone vapor, differ-
ent acetone vapor concentrations were applied and the mean values
and standard deviation among the 4 IDRs were calculated. For each
vapor concentration, a new samplewas used. For the long-term immer-
sion experiment, the samples are exposed for 500 s in the correspond-
ing vapor.

3. Results and discussion

3.1. Electrical properties and morphological observations of PC/PS/MWCNT
blend composites

Fig. 1 shows the volume conductivity of the different PC/PS/MWCNT
blend composites as a function of MWCNT volume content. For C70S30
(Fig. 1a), there is a sharp conductivity increase by 10 orders of magni-
tudes 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 a conductive network. C60S40 (Fig. 1b) and C50S50 (Fig. 1c) exhibit a
similar electrical percolation at much lower MWCNT contents as com-
pared to C70S30 composites. Based on Eq. (1), the φc of C70S30Mz
was fitted to be 0.30 vol%. With the increase of the PS content in the
blend, the φc decreases to 0.15 vol% for C60S40Mz and 0.13 vol% for
C50S50Mz blend composites. At 0.75 wt% MWCNTs (approx. 0.43 vol
%), the content used for the following sensing tests, the electrical
conductivity values are 6.5 × 10−4 S·cm−1 for C70S30, 5.9
× 10−4 S·cm−1 for C60S40, and 1.2 × 10−4 S·cm−1 for C50S50M. This
indicates that although the C70S30 based sample is closer to the corre-
sponding percolation threshold it has the highest conductivity value
compared to the other two samples. The highest conductivity despite
the lowestMWCNT content related to the PC part (1.07wt%MWCNT re-
lated to PC) can be explained by the blend morphology as discussed
below.

Transmission light micrographs of thin sections of the blend com-
posite with 0.75 wt%MWCNT are shown in Fig. 2. In these samples, pri-
mary MWCNT agglomerates are still present under the selected mixing
conditions, suggesting that a part of theMWCNTmaterial has not effec-
tively contributed to the formation of the electrically conductive net-
work. The MWCNT agglomerate area ratio AAgg increases with rising
PS and decreasing PC content in the blends. For example, the AAgg of
C70S30M0.75 is 0.65%, while the values for C60S40M0.75 and
C50S50M0.75 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 de-
duced that MWCNTs have a better dispersion in PC/PS blend with high
PC content, in which the filler content related to the PC part is lower.

Fig. 3 presents the SEM micrographs of PC/PS/MWCNT-0.75 wt%
strand cross-sections. The smoothed fracture surfaces of the strands
were immersed in cyclohexane to extract the 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 characteristic for a sea-island structure
(Fig. 3a–c). At higher magnification (Fig. 3c), it can be seen that the
MWCNTs are localized in the PC matrix, which is in accordance with
the thermodynamic prediction (see Tables S1–S3). For C60S40M0.75
(Fig. 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 [47]. In overall, PC is
still the major component in C60S40M0.75; however, PS is already
seen to be partially through going in these cuts. At high magnification
(Fig. 3e and f), it can be seen that some individual MWCNTs remain
after the etching process on the surface of the PC component. In
C50S50M0.75 (Fig. 3g–i), the co-continuity is further evolved. The
remained PC component is finer and the co-continuous structure is
clearly seen (see Fig. 3g). The co-continuous structure together with
the selective localization of the MWCNTs within PC and the attainment
of φc in the PC part represents the effect of double percolation in CPCs
and is the reason for the observed significantly lower φc as compared
to C70S30 blends. Interestingly, MWCNTs are not only found in the
cross-section of remaining PC component but also at the surface of the
PC component (e.g. Fig. 3i). This indicates that even if most of the
MWCNTs are localized in the PC component, some MWCNTs were ex-
pelled to the PC/PS interface because of the relatively low PC content
in C50S50M0.75 composites.

Fig. 4 shows the weight loss of CPCs with 0.75 wt% MWCNT caused
by PS extraction with cyclohexane. From the strand samples, about
5 wt% of C70S30M0.75 were extracted, which is far lower than the ac-
tual 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 C60S40M0.75, the extracted
part increased to 25 wt%, which is still lower than the actual PS content
in the blend (40wt%). FromC50S50M0.75 an amount of 40wt%was ex-
tracted, which is only slightly lower than the actual PS content in the
blend (50 wt%) and illustrates a nearly perfect co-continuous structure.

The inset photos in Fig. 4 show the cyclohexane solutions after ex-
traction. It can be seen that the solvent becomes more turbid with
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Fig. 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%.
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increasing PS content in the blends. Furthermore, the relatively dark ex-
tracted solution of C50S50M0.75 shows that obviously some MWCNTs
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 also suggests that someMWCNTsmay be located in the PS compo-
nent or near the interface as the filler saturation in the PC component
releases the excess MWCNTs to the PS component.

3.2. Vapor sensing behavior of PC/PS/MWCNT blend composites

As reported, the vapor sensing behavior of CPCs is influenced by the
filler loading, polymer-vapor interaction, and filler dimensionality
[48,49]. However, the effect of composite microstructure on the vapor
Fig. 2. TLM images of the blend composites with 0.75 wt% MWCNT illustra
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 1). 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 expo-
sition were below the upper resistance limit (200MΩ) of the electrom-
eter used. The interaction between polymer and organic vapor can be
estimated by the Flory-Huggins interaction parameterχ12, which is cal-
culated by Eq. (5):

χ12 ¼ V0
1

RT
δ1−δ2ð Þ2 ð5Þ
ting the different dispersion states of MWCNTs in the polymer blends.



Fig. 3. SEM images of the PC/PS/MWCNTs composites containing 0.75 wt% MWCNT. (a), (d) and (g) are C70S30M0.75, C60S40M0.75 and C50S50M0.75, respectively, (b, c), (e, f) and (h, i) are higher magnifications of the three composites.
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In Eq. (5), V10 is the solventmolar volume (cm3·mol−1), R is the ideal
vapor constant (8.314 J·mol−1), T is the temperature (K), and δ1 and δ2
are the solubility parameters of solvent and polymer (J1/2·cm-3/2), re-
spectively. The calculatedχ12 values between polymers and organic va-
pors are listed in Table 1. According to the definition of polymer-vapor
interaction proposed by Hansen et al. [50], χ12 b 0.5 is considered to
be a strong polymer-vapor interaction. Thus, it can be concluded from
Table 1 that acetone and DCM are good solvents for PC, ethyl acetate
and toluene cause moderate swelling of PC, and cyclohexane poorly in-
teracts with PC due to their largeχ12 value. In terms of PS, the smallχ12

values suggest that all the selected vapors have good interactions with
this polymer. Thus, in this work three different cases can be distin-
guished according to the different interactions of the selected vapors
to PC, namely good interactions (acetone, DCM), moderate interactions
(ethyl acetate and toluene), and poor interaction (cyclohexane).

In the beginning of vapor sensing measurement, the samples were
immersed in dry air for 50 s to get a stable initial resistance before ex-
posing them to the organic vapors. Then the samples were exposed to
four successive cycles of alternating vapor and dry air. Fig. 5a shows
the Rrel 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 C70S30M0.75 has a higher Rrel than
C60S40M0.75 and C50S50M0.75 composites. For C70S30M0.75 there
is a significant Rrel increase when the sample is exposed to ethyl acetate
vapor and the final Rrel of the first cycle after 100 s exposure is approx-
imately 1100%. Afterwards, during the drying period the Rrel decreases
rapidly and reaches a plateau. However, the Rrel does not recover to
the initial state and itsfinal value after thefirst drying is 300%, indicating
that the conductive network of CPCs is partially damaged and cannot be
fully reconstructed. For C60S40M0.75 and C50S50M0.75 the maximum
Rrel after the first exposure is only 175% for C60S40M0.75 and 100% for
C50S50M0.75. However, these samples show a good reversibility and
Table 1
Flory-Huggins interaction parameters χ12 of polymers and organic solvents at 25 °C [50].

Materials Vmol

(cm3·mol−1)
Pi
(kPa, 25 °C)

δD
(MPa)1/2

Acetone 74 30.6 15.5
Ethyl acetate 98.5 12.6 15.8
DCM 67.8 53.0 18.2
Toluene 106.8 3.8 18.0
Cyclohexane 130.6 13.0 16.8
Polycarbonate 18.1
Polystyrene 18.5
the Rrel values returned to their initial states after the drying time.
When comparing the maximum Rrel of each cycle for C70S30M0.75, it
can be seen that the values are between 1100% and 1300%, which
shows that the conductive network in C70S30M0.75 is highly suscepti-
ble to polymer swellings when exposed to ethyl acetate vapor. For
C60S40M0.75, its maximum Rrel shows a slight increase from the first
cycle of 150% to the fourth cycle of 325%, and a similar trend is seen
for C50S50M0.75, whose Rrel is in the range of 100% to 220% during
these consecutive sensing cycles. The big difference of sensing behavior
of these three CPCs is attributed to the blendmicrostructure. The higher
maximum Rrel values at higher PC content result from the localization of
a relatively lower MWCNT content in the continuous PC matrix of the
sea-island structure. This enables a better accessability of the solvent
vapor towards PC resulting in larger swelling and network changes as
compared to the co-continuous structure, where the accessability and
swelling are more hindered by the as well continuous PS. On the other
hand, the co-continuous structure with larger continuous interfaces fa-
cilitates the vapor evaporation from the blend matrix [18], which leads
to better reversibility compared to the blend composite with sea-island
structure.

Fig. 5b shows the cyclic vapor sensing behavior of CPCs towards sat-
urated toluene. Although toluene and ethyl acetate have only slightly
differentχ12 values to PC and PS, the CPCs showamuch lower Rrel in tol-
uene than in ethyl acetate vapor. For C70S30M0.75 themaximum Rrel in
the first immersion step reaches 125%, followed by a Rrel decrease to
about 70%during drying. Based on the results of the C70S30M0.75 cyclic
scan curve, the conductive network is gradually damagedwith the sens-
ing cycles resulting in poor reversibility. In comparison, the maximum
Rrel of C60S40M0.75 and C50S50M0.75 show a decreasing tendency
with the sensing cycle. First, the maximum Rrel of both samples is 60%,
in the fourth cycle the Rrel of C60S40M0.75 is only 52%, while in
C50S50M0.75 it is only 35%. This shows that the toluene vapor penetra-
tion 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 concluded that the blend structure of the CPCs
plays an important role in vapor sensing of moderate organic vapors
such as ethyl acetate and toluene. CPCs with co-continuous structures
have a lower Rrel due to the following reasons: Because of the selective
localization of the CNTs in PC, a lower PC content in the blends leads
to a denser conductive network in this component compared to CPCs
with higher PC loading and the same MWCNT content. Furthermore,
the co-continuous structure has a continuous interface that can facili-
tates vapor penetration and evaporation during sensor testing resulting
in better stability over different cycles. In general, the strong interaction
between a polymer and its good solvents results in strong polymer
swelling and complete damage of 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% (the saturated vapor concentration
is 53.0%) by adjusting the mass flow controllers according to Eq. (3).
Fig. 5c shows the cyclic vapor sensing behavior of the CPCs towards
DCM vapor. Even though the DCM vapor was diluted, all CPCs show a
conditioning effect in the first cycle due to the strong interaction
δP
(MPa)1/2

δH
(MPa)1/2

δ
(MPa)1/2

χ12

PC PS

10.4 7.0 19.9 0.003 0.011
5.3 7.2 18.2 0.159 0.048
6.3 6.1 20.2 0.0003 0.022
1.4 2.0 18.2 0.172 0.052
0 0.2 16.8 0.507 0.274
5.9 6.9 20.3 – –
4.5 2.9 19.3 – –



0 100 200 300 400 500 600 700 800 900 1000
-200

0

200

400

600

800

1000

1200

1400

1600

air

R r
el

 (%
)

Time (s)

 C70S30M0.75
 C60S40M0.75
 C50S50M0.75

vapor in

vapor

(a)
Ethyl acetate

0 100 200 300 400 500 600 700 800 900 1000

0

25

50

75

100

125

150

175

200

225

250

vapor air

vapor in

R
re

l (
%

)

Time (s)

(b)
C70S30M0.75
C60S40M0.75
C50S50M0.75

Toluene

0 100 200 300 400 500 600 700 800 900 1000

0

20

40

60

80

100

120

airvapor

R
re

l (
%

)

Time (s)

C70S30M0.75
 C60S40M0.75
 C50S50M0.75

vapor in

(c) DCM

Ethyl acetate Toluene DCM

0

50

100

150

200

250

300

R
re

l (
%

)

 C70S30M0.75
 C60S40M0.75
 C50S50M0.75

(d)
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between PC and DCM vapor. Starting with the second cycle,
C70S30M0.75 and C60S40M0.75 have a gradually increased maximum
Rrel with the sampling cycle. The gradually increasing Rrel after each im-
mersion and drying cycle also indicates irreversible damage of the con-
ductive network in contactwith the good vaporDCM. For C50S50M0.75,
Rrel and its changes with the cycles have the lowest values. It can there-
fore be assumed that C50S50M0.75 has the densest conductive net-
work, which is very stable under polymer swelling. In addition, the
poor reversibility of CPCs to dichloromethane is due to the strong
polymer-vapor interaction, which makes polymer relaxation more
difficult.

In general, the stresses generated within the polymer composite
during themelt shaping process can relax during the first vapor loading
due to the increasedmobility of the polymer chains in the swollen state.
Thus, the first exposure is considered as conditioning cycle and the fol-
lowing cycles should be regarded. In order to compare the efficiency of
sensing, the mean Rrel of the regarded cycles (2nd cycle to 4th cycle) of
CPCs towards ethyl acetate, toluene and DCM vapors are plotted and
shown in Fig. 5d. In this plot, Rrel is calculated based on the initial resis-
tance of each cycle and the error bars indicate the standard deviation of
the three regarded cycles. It is shown that the mean Rrel values of the
CPCs for these considered cycles are mainly related to the polymer in-
teraction. CPC sensors have a higher Rrel in saturated ethyl acetate
vapor than saturated toluene vapor, which corresponds to the
polymer-vapor interaction ranking given in Table 1. In addition, the di-
luted DCM vapor induces a lower Rrel, although it exhibits a very strong
interaction with the PC.When comparing the Rrel of CPCs with different
blend ratio, C70S30M0.75 composites always have the highest Rrel,
followed by C60S40M0.75 and C50S50M0.75, where the difference of
the mean Rrel is less pronounced.
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To investigate the sensitivity of CPCs towards organic vapors, Fig. 6
illustrates Rrel values of CPCs at different acetone vapor concentrations.
Acetone is good vapor to both PC and PS components (see Table 1). To
fit the data, we applied an exponential model given in Eq. (6) [9].

Rrel ¼ a � ebx ð6Þ

where a and b are constants and x is the vapor concentration. Fig. 6
shows an exponential relationship of the sensor response with the
vapor concentration. The Rrel values in Fig. 6 represent the mean values
and the standard deviation of the maximum Rrel of the four exposure/
drying cycles. When the vapor concentration is below 15%, all the
three kinds of CPCs have almost the same low Rrel and the Rrel increases
only slightly with the increase of acetone vapor concentration. When
the vapor concentration is 18.9%, the Rrel of CPCs are several times
higher than at lower vapor concentrations. In particular, C70S30M0.75
shows the highest Rrel at 18.9% 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 of the de-
veloped network. 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 good organic solvent vapors at
higher vapor concentration. The correlations shown in Fig. 6 can be
regarded as calibration curves of the CPC materials, i.e. based on the
Rrel observed under the same measuring conditions (100 s immersion,
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room temperature) an unknown acetone vapor concentration (in the
range between 6% and 18.9%) can be predicted.

Fig. 7a demonstrates the sensing performance of CPCs for the long-
term exposure towards saturated cyclohexane vapor. As discussed
above (see Table 1), cyclohexane is a better solvent for PS than for PC.
All three CPCs nearly reach an equilibrium state after the long-term ex-
posure (500 s) to cyclohexane vapor, however, the Rrel are very low due
to theweak interaction between PC and cyclohexane. For C70S30M0.75,
its equilibrium Rrel is only 1%, and the Rrel of C60S40M0.75 and
C50S50M0.75 are ca. 3% and 5%, respectively. This is a result of the
sorption-desorption behavior of CPCs with different microstructures.
For C70S30M0.75, the conductive network variations are mainly
resulting from the cyclohexane penetration into the PC matrix that
causes the mild swelling of PC. PS is shielded in the sea-island structure
from swelling. For C50S50M0.75 however, cyclohexane can penetrate
into the PC and the PS components simultaneously. The PS component
will be more swollen because of the stronger interaction between PS
and cyclohexane. Therefore, the conductive network in the PC compo-
nent will also be influenced by the PS swelling, thus leading to a higher
Rrel of C50S50M0.75 compared to C70S30M0.75when they are exposed
to cyclohexane. In addition, for C50S50M0.75 it was suggested from
morphological and extraction results that some part of the CNTs is lo-
cated near the PS/PC interface, thus also contributing more effectively
to resistance change.

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. 7b shows the sensing curves of the treated
CPCs after long-term cyclohexane vapor exposure. Obviously, the ex-
tracted CPCs E-C70S30M0.75 and E-C60S40M0.75 show a similar
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sensing tendency as the untreated samples, but lower Rrel values,
whereas for E-C50S50M0.75 Rrel increases strongly up to the peak
value of 1% after 50 s immersion and then it gradually decreases and
reaches even negative changes (increase of conductivity). The terminal
Rrel of solid and extracted CPCs are compared in Fig. 7c. The terminal Rrel
of the solid CPCs increases with rising PS content, which proves that
CPCs with co-continuous structure are more sensitive to the poor sol-
vent vapor because of their microstructure. Interestingly, an obvious
terminal Rrel distinction is observed for CPCswhere PSwas extracted be-
fore. After extration, E-C70S30M0.75 and E-C60S40M0.75 show lower
Rrel as compared to the corresponding solid CPCs. This is because the re-
maining filled PC matrix is not influenced anymore by the swelling of
the PS component to cyclohexane and the conductive network can be
maintained during vapor exposure. For E-C50S50M0.75, the negative
Rrel is attributed to the large surface of the open porous structure that
promotes the vapor penetration into the PCmatrix, which helps to rear-
range the MWCNTs in the PC component, even if the interaction be-
tween PC and the cyclohexane vapor is low. Possibly an increase in
the PC chain mobility by absorbed cyclohexane results in a rearrange-
ment of the conductive network towards a more perfect structure;
however this has to be studied in more detail.

A schema is proposed in Fig. 8 to illustrate the difference between
the solid and porous structures. Fig. 8a shows the blend microstructure
of C70S30M0.75 before and after extraction. This composite has the typ-
ical sea-island structure and the MWCNTs are homogeneously distrib-
uted in the PC matrix component. After cyclohexane extraction,
isolated PS domains are partially extracted but the conductive network
is still present due to the weak interaction of PC and cyclohexane. For
C50S50M0.75 composites (see Fig. 8b), themajor part of the PS compo-
nent has been extracted by cyclohexane due to its continuous structure.
In this process, some MWCNTs distributed near the PC/PS interface or
even in PS are also extracted, which partially breaks the conductive net-
work in the composite material. When this material now is exposed to
cyclohexane vapor, the low swelling of the PC causes a stronger initial
increase of resistance. Parallel to that the cyclohexane diffuses into the
PC part, increases the chain mobility and enables a rearrangement of
Fig. 8. Schematic of morphology changes and MWCNT distribution of PC/PS/MWCNT
composites after extraction by cyclohexane; (a) C70S30M0.75 composites and
(b) C50S50M0.75 composites.
the conductive network, leading to a decrease in resistance of E-
C50S50M0.75.

As a summary, when exposed to solvent vapors CPCs based on im-
miscible polymer blends lead to more diverse electrical resistance
changes than CPCs based on single polymers [32]. According to the dis-
cussion above, CPCs with co-continuous structure improve the revers-
ibility to good vapors and prolong the lifespan of sensor materials.
Moreover, they are also sensory to poor vapors that broaden the detect-
able analyte ranges for sensing tests. The vapor sensing behavior of CPCs
can be tuned by adjusting the blend structure and filler distribution
state of CPCs.

4. Conclusions

This study describes the vapor sensing behavior of immiscible poly-
mer blend based CPCs at a given filler content, which is not only deter-
mined by the interaction of the blend components with specific
solvents, but also by the blend morphology type. This is related to the
accessability of the solvent vapor to the blend components which is de-
termined by the blend morphology. Different blend morphology types
were achieved by varying the polymer blend ratio when melt-mixing
PC with PS and the morphological and electrical properties of the com-
posites at different MWCNT contents were studied. The MWCNTs are
preferably localized in the PC component according to the thermody-
namic calculation, which corresponds to the morphological findings.
The percolation threshold of the composites with co-continuous struc-
ture (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 macrodispersion of MWCNTs. The three kinds of
CPCs exhibit different sensing behavior towards different organic va-
pors. Under the influence of moderate solvent vapors such as ethyl ace-
tate and toluene, the CPC with sea-island structure showed a higher
relative resistance change (Rrel) and poor reversibility, whereas CPCs
with co-continuous structure showed a lower Rrel but excellent revers-
ibility. All CPCs showed poor reversibility towards the good solvent
vapor DCM due to its strong interaction with the two polymers. The
CPCs sensors show an exponential relationship between Rrel and vapor
concentration, as shown for acetone vapor. If the CPCs have been ex-
posed to poor solvents such as cyclohexane, the PC/PS 50/50 wt%
blend with 0.75 wt% has a higher Rrel equilibrium than the other CPCs
due to themicrostructural differences of the blend composites.With re-
spect to blend structure, CPCswith co-continuous structure show better
reversibility towards good vapors and higher Rrel towards poor vapors,
which is attributed the larger blend interfaces that facilitate the sensing
process. Despite the higher complexity in the context of CPC blend
structures due to the different solvent reactions of both blend partners,
the results indicate that conductive polymer blends are promising vapor
sensors for the aim of leakage detection, especially due to their tunable
blend structures.
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