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• PLA/PS blend ratio of 50/50 wt% forms
co-continuous structure.

• The percolation threhold of CPCs at such
blend ratio is only 0.4 wt%.

• Annealing promotes sensor reversibility
due to the increased crystallinity of PLA.

• The sensors exhibit abundant sensing
signals to different organic vapors.
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With themainpurpose of being used as vapor leakage detector, the volatile organic compound (VOC) vapor sens-
ing properties of conductive polymer blend compositeswere studied. Poly(lactic acid)/polystyrene/multi-walled
carbon nanotube (PLA/PS/MWCNT) based conductive polymer composites (CPCs) inwhich the polymer compo-
nents exhibit different interactions with the vapors, were prepared by melt mixing. CPCs with a blend composi-
tion of 50/50 wt% resulted in the finest co-continuous structure and selective MWCNT localization in PLA.
Therefore, these composites were selected for sensor tests. Thermal annealing was applied aiming to maintain
the blend structure but improving the sensing reversibility of CPC sensors towards high vapor concentrations.
Different sensing protocolswere applied using acetone (good solvent for PS and PLA) and cyclohexane (good sol-
vent for PS but poor solvent for PLA) vapors. Increasing acetone vapor concentration resulted in increased relative
resistance change (Rrel) of CPCs. Saturated cyclohexane vapor resulted in lower response than nearly saturated
acetone vapor. The thermal annealing at 150 °C did not change the blendmorphology but increased the PLA crys-
tallinity, making the CPC sensorsmore resistant to vapor stimulation, resulting in lower Rrel but better reversibil-
ity after vapor exposure.
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1. Introduction

Volatile organic compounds (VOCs) are regarded as hazardous
chemicals that pose a great threat to the environment and human
health. Therefore, rapid detection of VOCs and efficient emergency in-
tervention in case of vapor leakage is of great importance. So far,
many types of vapor sensors have been widely investigated. Comparing
to metal oxide sensors [1–3], carbonaceous nanomaterial based sensors
[4,5], and conjugated polymer sensors [6,7], conductive polymer com-
posites (CPCs) based vapor sensors are more promising due to their
low cost, easy fabrication, and lightweight property. In terms of these
excellent properties of CPC based vapor sensors, they can detect vapor
leakage that typically occurs at high or saturated concentrations in in-
dustry such as pipe or tank leakages. Besides, they can be also used as
biomarkers for human diseases [8–10].

Electrical percolation is a prerequisite for CPCs and represents the
insulator-conductor transition of CPCs. The critical filler content at
which such a transition occurs is known as the percolation threshold
(φc). At this filler concentration, the filler starts to form a network
which is electrically conductive and gives conductivity to thewholema-
terial. When exposed to vapor, the conductive network changes its
structure and the resulting electrical resistance change is themeasuring
signal in vapor sensing. Usually, loosely packed networks at concentra-
tions just above φc show a greater sensing response than densely
packed networks at higher filler concentrations. The aim is to get sen-
sorswith a high but at the same time reproducible sensing signal atfiller
contents as low as possible. Therefore, the goal is to use systems with a
low percolation threshold. In terms of the electrical percolation, there
are many determining factors such as filler dimensionality, filler disper-
sion state, polymer-filler interactions, and the microstructure of the
composites. It is well known that high nanofiller loading not only im-
pairs mechanical properties and processability, but also increases the
cost of composites. Also from this point of view, the reduction of the
φc of CPCs is an important issue. One method to achieve that is the use
of conductive fillers with a large aspect ratio (or surface area). For in-
stance, Zhao et al. compared the electrical properties of melt mixed
polypropylene (PP) composites filled with multi-walled carbon nano-
tubes (MWCNT) or carbon black (CB) [11]. The φc of PP/MWCNT with
3.24 vol% was clearly below that of PP/CB composites (7.05 vol%). Sim-
ilar results were found in other polymermatrices such as polycarbonate
(PC) [12] or polyamide 12 (PA12) [13]. The results proved that fillers
with high aspect ratio result in lower φc of CPCs as compared to low as-
pect ratio fillers.

Microstructure design by blending immiscible polymers is another
effective strategy to reduce the φc of CPCs. At the same filler loading,
higher conductivity is observed for polymer blends than for single com-
posites. Blends with co-continuous structure can show higher conduc-
tivity than blends with sea-island structure. For example, Sumita et al.
described the electrical conductivity of PP based blends with either
poly(methyl methacrylate) (PMMA) or high density polyethylene
(HDPE), both filled with CB [14,15]. They observed an uneven distribu-
tion of the CB, which is localized in the HDPE component of PP/HDPE
blends but at the interface in the PP/PMMA blends. Consequently, PP/
PMMA/CB showed much lower φc as compared to PMMA/CB compos-
ites, whereas much lower difference was found between PP/HDPE/CB
and HDPE/CB composites. Based on such findings, they proposed the
double percolation concept, i.e., the conductive fillers are selectively dis-
tributed in one component or at the polymer-polymer interface of co-
continuous polymer blends, forming a conductive network which
makes the whole composite to be conductive. By this strategy, a lower
filler amount is needed to construct the conductive pathways in the
blend composites.

When using immiscible polymer blends as vapor sensing materials,
the localization of the filler plays a role. Depending on the solvent
vapor-polymer affinity, the filled or unfilled component is more influ-
enced. Thus, attention should be paid to this aspect. The localization of
conductive fillers in immiscible blends depends on thermodynamic
and kinetic factors, such as the viscosity of polymers [16], mixing time
[17], mixing sequence [18], and filler affinity to the matrix polymer
[19,20]. Liebscher et al. investigated the influence of the blend viscosity
ratio on the morphological, electrical, and rheological properties of PC/
poly(styrene-co-acrylonitrile)/MWCNT (PC/SAN/MWCNT) composites
by varying the viscosity of PC [16]. A co-continuous structure was
formed when the PC/SAN blend ratio was 60/40 wt%, with MWCNTs
preferentially localized in the PC. The highest electrical conductivity
was achieved with low viscosity PC-based CPCs caused by a better filler
dispersion in the low-viscosity PC matrix. Zhu et al. tried to precisely
control the localization of MWCNT at the interface of co-continuous
polymer blends using two different strategies, namely (1) changing
the mixing time to regulate the MWCNT migration from the unfavor-
able poly(lactic acid) (PLA) component to the favorable poly(ε-
caprolactone) (PCL) component and (2) functionalizing MWCNTs
with carboxyl groups to achieve a balance of π-π interaction with poly-
styrene (PS) and dipole-dipole interaction between PMMA and car-
boxyl groups of MWCNT [17,21]. Göldel et al. investigated the
MWCNT migration behavior in PC/SAN blends during melt mixing
[22,23]. Although the MWCNTs were premixed with SAN, they were
rapidly and nearly completely transferred into PCwithin 60–90 s during
melt mixing. The MWCNT migration is attributed to the better wetting
betweenMWCNTs and PC as compared to SAN, which generates a driv-
ing force for the MWCNT transfer into the PC component.

For polymer blends, the generated microstructures during process-
ing are usually in a non-equilibrium state after the melt mixing [24].
Therefore, the morphologies and resulting properties of the polymer
blends are unstable and may alter when being further processed (such
as compression molding). Thermal annealing is an effective method to
achieve a more stable morphology of blends. Bai et al. investigated the
evolution of the co-continuous morphology of PLA/PS (50/50 wt%)
blends containing reduced graphene oxide (rGO) when annealed for
different times at 180 °C [25]. 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 compositemorphology during thermal annealing. An-
nealing may also affect the crystallinity of blends which can influence
the sensing response.

The already mentioned resistance changes of the conductive net-
works in CPC sensors during vapor sensing can be caused by twomech-
anisms: either a resistance change caused by vapor adsorption on the
filler, or a swelling of the polymer caused by vapor absorption, resulting
in disconnection of thefiller network [26–28]. Thedisconnection/recon-
struction theory of thefiller network appears to bewidespread for CPCs.
Under the influence of an organic vapor, depending on the interactions
between polymer and filler, thematrix of the composite swells by vapor
absorption, which increases the electrical resistance by separating the
fillers and increasing their distance beyond the electron hopping dis-
tance. When the composite is removed from the vapor, the vapor de-
sorption from the polymer matrix occurs, the composite deswells, and
the resistance decreases due to the reconstruction of the conductive
network within the polymer matrix [29,30]. Zhang et al. studied the
vapor sensing behavior of PS/CB and PS/MWCNT composites. The sen-
sor response was found to be related to the vapor concentration,
vapor polarity, and the composition of the mixed vapors. The CPCs
showed low response to 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 demon-
strated that the responsivity of CPCs is related not only to solubility pa-
rameters but also to polarities of vapors and polymers [31–33]. Kumar
et al. reported the chemo-resistive properties of PLA/MWCNT compos-
ites prepared by the layer-by-layer (LbL) technique. The relative resis-
tance change (Rrel) of the CPCs corresponded to the ranking of the
Flory-Huggins interaction parameters χ12. In addition, increasing the
crystallinity of PLA as a semi-crystalline polymer by thermal annealing
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was found to weaken the sensing performance in terms of reducing the
relative resistance change of the CPCs [29].

Generally, CPC sensors exhibit poor reversibility after vapor ex-
posure, as the strong interaction between vapor and polymer leads
to irreversible damage in the conductive network [34–36]. There-
fore, improving the structural stability of CPCs is crucial for the re-
versibility and cyclic use of sensors. Immiscible polymer blends
based on two polymers with different sensitivity to vapors should
be useful to achieve this goal. Although different materials for
vapor sensing were discussed in the literature, the work rarely fo-
cused on vapor sensors based on binary polymer blends. Recently,
Li et al. investigated the vapor sensing behavior of immiscible PLA/
PP/MWCNT composites prepared by melt mixing [35]. When mixing
all components simultaneously, the MWCNTs were found to be se-
lectively localized within the PLA component. The localization of
the conductive network could be tuned by changing the PLA/PP
blend ratio and the compounding sequence. The presence of PP di-
minished the swelling of PLA towards the good vapor dichlorometh-
ane. When the MWCNTs were premixed with PP, some MWCNTs
remained in PP after blending with PLA. These composites showed
higher response to xylene vapor, which is a good solvent for PP.
Moreover, we reported the vapor sensing behavior of PC/PS/
MWCNT blend composites with different blend structures [37]. It
was found that the vapor sensing behavior of blend-based CPCs is
not only determined by the interaction of the blend components
with specific solvents, but also by the blend morphology type. The
results showed that CPCs with a co-continuous structure have a
lower Rrel but a better reversibility than the composite material
with a sea-island structure.

In order to further enhance the sensing reversibility, themorpholog-
ical, electrical, and vapor sensing characteristics ofmelt-mixed poly(lac-
tic acid)/polystyrene/MWCNT (PLA/PS/MWCNT) conductive polymer
composites (CPCs) in which the MWCNTs are preferentially localized
in PLA were investigated in this study. Based on the previous results
on PC/PS blends [37], compositions resulting in co-continuous struc-
tures were studied and that one with the finest structure was chosen
for vapor sensing. Acetone vapor (good solvent for PS and PLA) and cy-
clohexane vapor (good solvent for PS but poor solvent for PLA)were se-
lected. Cyclic and long term vapor sensing measurements were
performed on compressionmolded plates of CPCswith the composition
of PLA/PS= 50/50wt%. Themethod of thermal annealing at 150 °C was
used tomodify themorphological characteristics and the PLA crystallin-
ity. It was expected that especially the enhanced PLA crystallinity results
in higher reversibility of the resulting vapor sensing behavior of the
CPCs. The less swellable crystallites stabilize the sensing material
whereas the better swellable amorphous parts contribute to the sensing
effect. In addition, the sensing behavior of CPCs towards different ace-
tone/cyclohexane vapor mixtures was investigated in dependence on
the annealing time.
Fig. 1. Electrical volume resistivity of PLA/PS/MWCNT-0.5 and PLA/PS/MWCNT-1.0
composites with different blend compositions.
2. Experimental

2.1. Materials

Poly(lactic acid) (PLA) (4043D) with a density of 1.24 g·cm−3

was obtained from NatureWorks Co. Ltd., USA. It is a commercial
product with 98% L-isomer content and an average molecular weight
of 5 × 104 g·mol−1. Polystyrene (PS) (145D) with a density of
1.05 g·cm−3 was received from BASF AG, Germany. Commercial
available multi-walled carbon nanotubes (MWCNT) (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 and cy-
clohexane were of analytical grade (purity N 99.9%) and purchased
from Sigma-Aldrich, Germany. All the chemicals were used as
received.
2.2. Sample preparation

All composites were prepared with a twin-screw micro-
compounder (DSM Xplore, The Netherlands, capacity 15 cm3) at
190 °C and a rotation speed of 250 rpm for 8 min. A series of PLA/PS/
MWCNT blend composites with different polymer blend ratios and dif-
ferent MWCNT contents was fabricated. The extruded strands were cut
into pellets and compression molded (190 °C, 50 kN for 5 min) into cir-
cular plates with a diameter of 60mmand a thickness of 0.3mmusing a
hot pressmachine (PW40EH, PaulWeber GmbH, Germany). For anneal-
ing, strips (16 × 3 × 0.3 mm3) cut from the pressed circular composite
plateswere placed in between two copper plates. Annealingwas carried
out in a vacuum oven at 150 °C for 30, 60, or 120 min. After annealing,
the samples were taken from the oven and cooled to room temperature
in air without additional cooling.

For abbreviation, PLA/PS/MWCNT composites with different poly-
mer blend ratios and filler loading are denoted as AxSyMz, where x
and y are the weight composition of the blend, and z is the weight con-
tent of MWCNTs in the blend composites. For example, A50S50M1.0 is
the abbreviation for the PLA/PS blend ratio of 50/50 wt% containing
1.0 wt% MWCNT. Only A50S50M1.0 composites were selected for an-
nealing and these samples were designated as A-t, where t represents
the annealing time in min.

2.3. Characterization

2.3.1. Electrical resistivity measurements
Electrical measurements were performed on the pressed circular

plates. For the composites whose volume resistivity was higher than
107 Ω·cm, a Keithley electrometer 6517A (Keithley Instruments Inc.,
USA) with a Keithley 8009 resistivity test fixture equipped with ring
electrodes was used. For composites with a resistivity lower than
107 Ω·cm, the measurements were performed on strips (cut from the
circular plates) with the dimension of 30 × 5 × 0.3 mm3 using a four-
point probe device connected to a DMM 2000 multimeter (Keithley In-
struments Inc., USA)with an electrode distance of 10mm. The electrical
conductivity 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

σ is the conductivity of the composite at a given filler content, σ0 is a
scaling factor, φ is the filler content, and φc is the percolation
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concentration of filler. t is a critical exponent that only depends on the
dimensionality of the conductive network [38].

2.3.2. Morphology analysis
Scanning electron microscopy (SEM) was performed with an

ULTRA-55 electron microscope (Carl Zeiss AG, Germany) with an accel-
erating voltage of 3 kV. First, the cross-sections of extruded CPC strands
(diameter 5 mm) or compression molded plates (thickness 0.3 mm)
were smoothed using a Leica RM2265 microtome (Leica, Germany).
Sampleswere then immersed for 24 h at room temperature in cyclohex-
ane for PS extraction. The samples were then rinsed in deionized water,
air-dried, and the smoothed extracted surfaces were coated with a thin
layer of platinum.

Transmission electron microscopy (TEM) was performed using a
LIBRA120 (Carl Zeiss AG, Germany) with an acceleration voltage of
Fig. 2. SEMmicrographs of (a–d) PLA/PS/MWCNT-0.5 and (e–h) PLA/PS/MWCNT-1.0 blend com
g) A60S40, and (d, h) A70S30 (PS has been extracted by cyclohexane).
120 kV. Ultrathin sections with a thickness of approximately 60 nm
were obtained by cutting at −40 °C using a Leica UC7 ultra-
microtome (Leica, Germany).
2.3.3. Differential scanning calorimetry (DSC)
The melting and crystallization behavior of composites was investi-

gated with a differential scanning calorimeter (TA Q2000, TA Instru-
ments, USA) at a scanning rate of ±10 K·min−1 under nitrogen
atmosphere. About 5 mg of the 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 first
heating run was used for evaluation of the thermal transitions in the
composites.
posite extruded strands with different blend composition: (a, e) A40S60, (b, f) A50S50, (c,
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2.3.4. Vapor sensing
The vapor sensing behavior was investigated by recording the elec-

trical resistance change of specimens upon alternating exposure to (di-
luted) organic vapors and dry air. The schematic of the self-made
sensing test setup connected with a digital multi-meter (Keithley
2400, USA) is shown in Fig. S1. For cyclic sensing experiments, the expo-
sure and drying timeswere fixed to 150 s. The stripswith the dimension
of 16 × 3 × 0.3 mm3 for sensing test were cut from the compression
molded circular plates and both ends of the sample were coated with
electrically conductive silver paste to ensure good contact between
sample and electrodes. The distance between the two electrodes is
10 mm. For comparison, the relative resistance change (Rrel) was calcu-
lated using Eq. (2),

Rrel ¼
R−Ro

Ro
� 100% ð2Þ

where Ro is the initial resistance of the specimen in dry air and R is the
actual resistance during experiments. All specimens were tested at
25 °C. The vapor concentration (C) was adjusted to the desired value
by tuning the flow rates (L·h−1) of the two flow controllers (MFC1 for
vapor and MFC2 for dry air, see Fig. S1). C is calculated by Eq. (3),

C ¼ Pi

P
� f

f þ Fð Þ � 100% ð3Þ

where P is the atmospheric pressure, Pi is the saturated partial pressure
of organic solvent at 25 °C, and f and F are the volume flow rate of MFC1
andMFC2, respectively. The total flow rate was 30 L/min. The saturated
vapor concentration of acetone at 25 °C is 30.6% and that of cyclohexane
is 13% [39]. When using saturated acetone vapor, due to the very good
interactions of PLA with acetone, no recovery of the sensing signal dur-
ing drying was obtained. Therefore, the vapor concentration was
slightly reduced to 30.2% by diluting with dry air. For the characteriza-
tion of sensing of mixed vapors, the vapor was evaporated from solvent
mixtures in the specified volume ratios.

3. Results and discussion

3.1. Electrical properties and morphology

The electrical properties of the immiscible polymer blend compos-
ites are strongly dependent on their morphology [40,41]. In terms of
filler distribution, two scenarios aremainly observed, i.e. preferential lo-
calization in one component of the polymer blend or at the blend inter-
face [17,21]. Therefore, the electrical properties of composites can be
Fig. 3. TEM images of (a) A50S50
varied by tuning the blend structure. In this study, PLA/PS/MWCNT
composites with different blend compositions containing 0.5 wt% or
1.0 wt% MWCNT were prepared. Their electrical resistivities are
shown in Fig. 1. At 0.5 wt% MWCNT, the resistivity of A30S70M0.5 is
ca. 2× 108Ω·cm.With increasing PLA content in the composites, the re-
sistivity decreases slightly to ca. 5 × 107 Ω·cm for A40S60M0.5, and for
A50S50M0.5 a distinct minimum with almost 3 orders of magnitude
lower resistivity is found. When the PLA content is further increased,
the resistivity increases to 1.4 × 108 Ω·cm for A60S40M0.5 and even
to 2 × 109 Ω·cm for A70S30M0.5.

The dependence of the resistivity on the blend composition is caused
by the blend morphology, which is shown in SEM images in Fig. 2. The
PS componentwas extractedwith cyclohexane, leaving holes in its orig-
inal positions. The remaining visible structure is the PLA component.
The SEM images show that A40S60M0.5 (Fig. 2a) already forms a con-
nective structure of the remaining PLA component thus leading to the
measurable conductivity. However, under the same extraction condi-
tion, the A30S70 blend composites disintegrated completely because
the soluble PS forms the matrix and the insoluble PLA remains in the
PS solution as particle dispersion. These morphological differences also
explain why the resistivity is nearly one decade lower in the co-
continuous A40S60M0.5 blend composite.

The sample A50S50M0.5 (Fig. 2b) exhibits a well-developed co-
continuous structure in which the remaining PLA is continuous. As ex-
pected from thermodynamic considerations (see Supplementary,
Tables S1 and S2), a selective localization of the MWCNT in PLA compo-
nent occurs, which was proven by TEM images for the composites con-
taining 0.5 as well as 1.0 wt% MWCNTs (Fig. 3). Moreover, the PS
continuity is 97% for A50S50M0.5,which is verified by extraction exper-
iment (see Fig. S2b). The high PS continuity also indicates that a perfect
co-continuous structure is formed in this blend.

Based on an almost perfect co-continuous structure and the selective
localization of the MWCNT, the A50S50M0.5 composite has the lowest
resistivity of only 8 × 104 Ω·cm of all blends containing 0.5 wt%
MWCNT. In A60S40M0.5 (Fig. 2c), 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 sea-island struc-
ture in blends at the blend ratio of 60/40 wt%. At the PLA content of
70wt% (A70S30M0.5, Fig. 2d), a sea-island 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 blend composites is 1.0 wt%, their
resistivities are much lower and nearly independent of the blend com-
position because the filler loading is well above the electrical
M0.5 and (b) A50S50M1.0.
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percolation threshold. The resistivity range of 50 to 100 Ω·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. 2a–d), the composites containing 1.0 wt% MWCNTs
(Fig. 2e–h) exhibit similar morphology changes with the increase of
the PLA content. The weight loss of the 50/50 wt% PLA/PS blend com-
posite after extraction with cyclohexane was ca. 48 wt% (see Fig. S2b).
This means that 96% of the PS part is extracted, indicating a nearly per-
fect continuity of the PS component in the composite. At higher PLA
contents, especially at 70 wt% PLA, the blend morphology is coarsened
at the higher MWCNT content.
Fig. 5. SEM images of PS extracted A50S50M1.0 compression molded plates (a) witho
Because of their favorable electrical properties, their almost perfect
co-continuous structure, and their finest blend morphology with the
highest interface area, A50S50Mz composites were selected for further
investigation. Fig. 4 shows the volume conductivity as a function of
MWCNT content for A50S50Mz composites. A drastic jump in conduc-
tivity of about 9 orders of magnitude occurs when the MWCNT content
increases from 0.1 wt% to 0.5 wt%, indicating the formation of a conduc-
tive network in the composites. The fitted φc is determined to be 0.4 wt
%.

Fig. 5 shows the micrographs of the cross-sections of compression
molded specimens of PS extracted A50S50M1.0 composites. It should
ut annealing and annealed at 150 °C for (b) 30 min, (c) 60 min, and (d) 120 min.



Table 1
Phase transition temperatures and crystallinity of PLA (XcPLA) of the PLA/PS(50/50 wt%)
blend and its composites with different MWCNT contents and of the A50S50M1.0 sample
after annealing at 150 °C.

PLA/PS/MWCNT TgPLA
(°C)

TgPS
(°C)

Tcc
(°C)

TmPLA (°C) ΔH
(J/g)

XcPLA

(%)

A50S50 63.9 – 105.8 169.8 9.3 19.9
A50S50M0.1 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 3.2 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 2.4 5.2

Fig. 6. DSC heating curves (first heating run) of (a) PLA/PS (50/50 wt%) blend composites with different MWCNT contents and (b) of A50S50M1.0 composites after different annealing
times.
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be mentioned that, despite a relatively low interfacial tension of
0.7 mJm−2 (harmonic mean equation, see Table S2), a strongmorphol-
ogy coarsening is present after compression molding of unfilled PLA/PS
at 190 °C (see Fig. S3), while the co-continuity is maintained. Such a
coarsening process has also been reported for other blend systems
[24,42–44]. For instance, Bai et al. compared the domain size of PLA/PS
blends after different annealing times at 180 °C. The neat PLA/PS =
48/52 vol% blend showed a nearly linear increase in the characteristic
domain size (defined as ratio of SEM image area and interfacial length)
from ca. 2 μmto 77 μmwith the annealing time up to 60min [25].When
a small amount rGO (0.028 vol%) was added into the PLA/PS blend, the
coarsening rate was significantly reduced (domain size is 38 μm),
whereas adding 0.56 vol% completely suppressed coalescence. The re-
sults indicated that the addition of rGO was effective to suppress the
coarsening and stabilize the co-continuous structure. Fig. 5 shows that
the blend domain sizes are almost the same for the non-annealed and
annealed compression molded samples. As a measure of the degree of
coarseness, the length of the blend interface per area unit was deter-
mined from the SEM images shown in Fig. 5. In general, the resulting
relative length of interface is as higher as finer the morphology. The
values differ not much upon annealing and lie between 0.598 μm/μm2

(A0) and 0.648 μm/μm2 (A120), as shown in Fig. S4. These values corre-
spond to 1.67 μmand 1.54 μmwhen using the term of characteristic do-
main size as introduced in Bai et al.'s work, which shows that, similar to
rGO in their work, MWCNTs suppress the coarsening process of the
A50S50M1.0 blend during annealing at 150 °C [25].

3.2. Thermal transitions and crystallinity of PLA/PS/MWCNT composites

The effects of the amount of MWCNTs and annealing on the thermal
properties of PLA/PS(50/50 wt%)/MWCNT composites were studied by
DSC. The glass transition temperatures of PLA and PS (TgPLA and TgPS),
cold crystallization temperature of PLA (Tcc), and melting temperature
of PLA (TmPLA) as well as the enthalpy of PLA cold crystallization and
melting (ΔH), all determined in the first heating run (see Fig. 6), are
summarized in Table 1. The crystallinity (XcPLA) of the PLA component
in the blend composites is calculated using Eq. (4) [45]:

Xc ¼ ΔH
ΔH0

m∙PLA wt:%
∙100% ð4Þ

Here,ΔH=ΔHm −ΔHcc is themelting enthalpy,ΔHm
0 is the melting

enthalpy of a 100% crystalline polymer matrix (for PLA 93.7 J·g−1 [46]),
ΔHm is the measured melting enthalpy, and ΔHcc is the enthalpy of the
cold crystallization appearing during the first heating at temperatures
below the melt transition.

As Fig. 6a shows, there is a big difference in themelting behavior be-
tween the blends without and with MWCNTs. The Tm of neat blend
A50S50 is 169.8 °C and its crystallinity is 19.9%. MWCNT addition shifts
the melting peaks of the composites to values between 153.4 °C to
154.7 °C and the crystallinity decreases to values below 10%. The Tg
values of PLA and PS in A50S50Mz are almost equal. With increasing
filler content, the cold crystallization, which is very pronounced at
0.1 wt% MWCNT loading, is hampered. The DSC first heating runs for
A50S50M1.0 composites after the annealing treatment are shown in
Fig. 6b. All composites have similar Tg and Tm values. The crystallinity
only slightly increases from 6.9% for A-0 to 7.8% for A-30. With further
increasing annealing time, the crystallinity increases reaching values
of 30.4% for the sample A-60 and 35.1% for A-120, i.e. annealing at
150 °C, which is nearly the melting temperature of PLA, causes signifi-
cantly increased crystallinity without affecting the blend morphology
type or fineness. Interestingly, for the annealed samples A60 and A120
there are double melting peaks which are caused by the formation of
different crystal structures [47] or lamellar populations with different
perfection degrees [48].

3.3. Vapor sensing behavior of PLA/PS/MWCNT composites

As mentioned earlier, the exposure of CPCs towards vapors induces
polymer swelling due to vapor absorption which increases the compos-
ite volume, thus reducing thefiller volume concentration and increasing
the filler-filler distances. The resulting contact resistances increase and
finally partial destruction of the conductive network is considered as
the main mechanism for CPC-based chemiresistors [9,49–52]. 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 re-
construction caused by the swelling/shrinking is completely reversible.

It has been widely accepted that the electrical resistance change of
CPCs depends on the solubility between the polymer matrix and the
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Table 2
Characteristic parameters (Vmol solvent molar volume, Pi partial solvent pressure, σ solu-
bility parameter,χ12 interaction parameter) of polymers and solvents used for the sensing
experiment [53,54].

Materials Vmol

(cm 3·mol−1)
Pi
(kPa, 25 °C)

δ
(MPa)1/2

χ12

PLA PS

Acetone 74 30.6 19.9 0.05 0.01
Cyclohexane 130.6 13.0 16.8 1.02 0.27
PLA – – 21.2 – –
PS – – 19.3 – –
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organic vapor. The interaction parameterχ12 between solvent and poly-
mer can be calculated by Eq. (5),

χ12 ¼ V0
1

RT
δ1−δ2ð Þ2 ð5Þ

where V1
0 is the solvent molar volume (cm3·mol−1), R is the universal

gas constant (8.314 J·mol−1·K−1), T is the temperature (K), and δ1
and δ2 are the solubility parameters of solvent and polymer (J1/
2·cm−3/2), respectively. In this study, PLA and PS were selected as poly-
mer pair. Their χ12 values with acetone and cyclohexane are listed in
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Table 2. It can be concluded that acetone (χacetone, PLA = 0.05) is a good
solvent and cyclohexane (χcyclohexane, PLA = 1.02) is a poor solvent for
PLA. However, both acetone (χacetone, PS = 0.01) and cyclohexane
(χcyclohexane, PS=0.27) are good solvents for PS with a better interaction
with acetone.

Considering the upper limit of the multi-meter (200 MΩ) used for
the vapor sensing tests, the A50S50M0.5 blend composite is not suitable
for the sensing tests. Its loose conductive network (just percolated) is
expected to change drastically under vapor exposure resulting in huge
resistance changes that surpass the upper limit of the multi-meter.
The A50S50M1.0 blend seems to be more suitable and in context with
the found crystallinity changes upon annealing, this blend composite
was selected for the sensing tests.

Fig. 7 shows the Rrel of the CPCs under cyclic exposure to acetone
vapor. At the lowest analyzed acetone concentration of 18.1%, for non-
annealed A50S50M1.0 (A-0), a sharp resistance increase with a maxi-
mum Rrel of 17% (Fig. 7a) is observed in the first exposure cycle. How-
ever, the recovery is poor with a remaining Rrel of N8%. In the
following sensing cycles, the maximum Rrel are slightly reduced and al-
most constant (ca. 15%) combined with Rrel values of around 11% after
recovery. Thus, the first sensing cycle can be considered as conditioning
process after which the composite exhibits good reversibility. At higher
acetone concentrations (Fig. 7b–c), there is no such consolidation phe-
nomenon and the sensing response leads to higher Rrel values after
each sensing cycle and the correspondingdrying cycle indicates poor re-
versibility. The maximum Rrel of A-0 at 30.2% acetone vapor is higher
than 1500%, indicating a strongly changing conductive network under
strong polymer swelling. In contrast to the non-annealed sample, the
0 200 400 600 800 1000 1200

-10

0

10

20

30

40

50

60

70

Vapor in

(a)

R
r
e
l
 
(
%
)

Time (s)

A-0

 A-30

Vapor Air

(b

0 200 400 600 800 1000 1200

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

AirVapor

Vapor in

R
r
e
l
 
(
%
)

Time (s)

A50S50M0.5

(c)

Fig. 8. Cyclic sensing behavior of (a, b) differently annealed A50S50M1.0 composites and (c) A50
resistance change of the composites after 150 s exposure to cyclohexane vapor.
annealed blends show lower Rrel but better reversibility (Fig. 7), espe-
cially after annealing for 60 and 120min (A-60 and A-120). In all cycles,
the plateau value during vapor exposure is reached within few seconds
and the resistance values are recovered to the initial ones within the
drying period, especially at lower acetone vapor concentration and the
longest annealing time. Theremay be twomain reasons for the reduced
sensing response in case of the strongly annealed samples. The first ex-
pectation is based on the findings that annealing can lead to secondary
agglomeration of the nanotubes which helps to form conductive path-
ways and makes the samples more conductive [29]. However, the an-
nealing temperature was set below the melting/softening
temperatures of both polymers and, as shown in Fig. S6, the electrical
resistivity of about 55 S/cm remains nearly constant after annealing.
Thus, this influence can be excluded. The second reason can be attrib-
uted to the crystallinity increase of the PLA component after annealing,
which rose from 6.9% to 35.1%, as discussed before. The crystalline parts
are hardly accessible to solvent vapors and the increased crystallinity
confines some volume of the amorphous part of PLA component, thus
hampering the vapor diffusion during the sensing tests. 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 Rrel towards acetone vapor, but its good compatibility hampers
the removal of the vapor molecules during the drying process. Fig. 7e
shows the sensitivity of CPCs to the acetone vapor concentration (values
based on the second to fourth cycle). It can be observed that the sensor
response of CPCs increases with acetone vapor concentration. The non-
annealed sample is the most sensitive to acetone vapor but with a very
unstable sensing signal. The annealed samples show a significantly
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lower sensitivity towards acetone vapor, however, with Rrel values of
about 25% at 30.2% vapor concentration the materials are also suitable
to sense acetone vapor concentrations.

Sensingwith cyclohexane, a good solvent for PS but a poor solvent for
PLA, was performed on the differently annealed samples. Fig. 8 shows the
Rrel of composites towards saturated cyclohexane vapor (C=13%). Again,
the non-annealed A50S50M1.0 sample (A-0) shows the highest response
(up to 40%) and the responses decrease with annealing time (Fig. 8a). In
each cycle performed with A-0, the Rrel values increase after vapor expo-
sure as well as after recovery. This is similar for the annealed composites
at 30 and 60 min (A-30 and A-60) (Fig. 8a and b). Only the sample
annealed for 120 min (A-120) shows relatively constant values after
vapor exposure (about 5%) and full recovery in the air drying period of
the cycles. Compared to the sensing with acetone, within the exposure
period no Rrel plateau is reached and also the recovery is slower than
with all acetone concentrations. The constant sensing response and excel-
lent reversibility of A-120 is again expected to be related to the increased
crystallinity of the PLA component. Since cyclohexane has only strong in-
teractionwith PS,mainly the PS componentwill swellwhile theCNTfilled
PLA tends to restrict the swelling. For the composites with co-continuous
structure, PS swellingmay cause stresses on the PLA resulting in small de-
formations so that the conductive network in PLA is affected.With the in-
creased crystallinity of PLA after annealing, the PLA component is more
stable and less affected by the PS swelling.

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 φc (0.4 wt%), was selected for the sensing test. As seen from
Fig. 8c, the maximum Rrel of this sample towards saturated cyclohexane
vapor is in the range between 0.35% and 0.65%, which is much lower
than that of A50S50M1.0 composites. This is an unexpected behavior
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Fig. 9. Relative resistance changes of differently annealed A50S50M1.0 composites when exp
since composites with filler concentrations close to the percolation
threshold generally exhibit a higher response than composites with
higher filler concentrations [39].

Fig. 8d summarizes the maximum Rrel of A50S50M0.5 and
A50S50M1.0 composites towards cyclohexane for the four sensing cy-
cles showing that A50S50M0.5 has an even lower response than
A50S50M1.0 after 120 min annealing. The reason for this behavior can
be related to the blend structure of the sample and the differences at dif-
ferent CNT loadings. In A50S50M0.5, the conductive network formed by
MWCNT is mainly localized in the 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 Rrel of A50S50M0.5 is low. The still ob-
served Rrel may be derived from the stress transferred from the swollen
PS component to the PLA component, thus affecting the conductive net-
work present in PLA. With increasing MWCNT loading, it can be ex-
pected that some nanotubes also localize at or near the interface or
even cross the interface, as it is indicated in Fig. 3b. At a blend loading
with 1 wt% CNTs, the local concentration within PLA is theoretically
2 wt%, which is well above the percolation threshold (about 0.4 wt%)
[55]. Such CNTs, partially localized in PS, are directly affected by PS
swelling induced by cyclohexane, thus Rrel is higher for A50S50M1.0
than for A50S50M0.5. The effect of partial migration of CNTs into PS is
supported by the photographs taken from the cyclohexane solution
after PS extraction of A50S50M0.5 and A50S50M1.0, as shown in
Fig. S2a. The darker color of the A50S50M1.0 solution is 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. S2b.

As the Rrel curves towards cyclohexane indicated that the exposure
time was not enough to get a sensing plateau, the long-term exposure
of composites towards acetone (30.2%) and saturated cyclohexane
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(13%) was studied and the results are shown in Fig. 9. When being ex-
posed to acetone vapor, the terminal Rrel of A-0 and A-30 after 600 s ex-
posure are 5500% and 3500%, respectively (Fig. 9a). The shape of the Rrel
vs. time curves suggests that the sensing process has two stages,
whereby in the first 300 s of exposure the Rrel shows almost a linear in-
crease (see Fig. 9b),which is due to the ongoing 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 swell-
ing. Therefore, a sharp Rrel increase and a sensing plateau can be found
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Fig. 10. Effect of different annealing time of A50S50M1.0 composites on relative resistance chan
(b) A-30, (c) A-60, and (d) A-120. (e) The terminal Rrel after 600 s immersion of CPCs towards
during this stage, which is the result of simultaneous PLA and PS swell-
ing. For A-60 and A-120, the terminal Rrel are 414% and 20%, respec-
tively, showing their better stability under long-term exposure to
nearly saturated acetone vapor. For cyclohexane, all samples show a
slow Rrel increase with exposure time, which seems to approach a pla-
teau value after 600 s (Fig. 9c). The response rate again depends on
the annealing time and the PLA crystallinity. The terminal Rrel of A-0 is
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 sens-
ing applications.
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To explore the sensing selectivity of PLA/PS/MWCNT, vapor mix-
tures prepared from different acetone/cyclohexane solvent volume ra-
tios were used. Li et al. discussed the vapor sensing behavior of PS/CB
towards ethanol and tetrahydrofuran (THF) vapor mixtures [31]. The
results indicated that the Δtmax (time to reach the maximum Rrel) de-
creased significantly when the ethanol/tetrahydrofuran volume ratio
decreased from 4/1 to 2/1. This is due to the fact that PS has much
lower interaction with ethanol, but better interaction with THF. In this
study, PLA and PS have different interactions with the two solvents of
the solvent mixture applied. PLA has better interactions to acetone
than to cyclohexane, whereas PS has good interactions to both solvents.
The sensing responses of A50S50M1.0 for long-term exposure in mixed
vapors are shown in Fig. 10. A fast resistance increase can be observed
once the samples are immersed in the testing chamber during the first
50 s, followed by a continuous slow Rrel increase up to the end of the
test. Similar to the test of pure vapors, the non-annealed composite
(A-0) shows the highest sensing response compared to the annealed
samples. The terminal Rrel after 600 s exposure to acetone/cyclohexane
vapor generated from acetone/cyclohexane mixtures in the composi-
tion of 1v/4v and 1v/1v are 425% and 375%, respectively, with this sam-
ple reaching only 150% in case of the acetone/cyclohexane solvent ratio
of 4v/1v (Fig. 10a).When comparing the sensing curves of the annealed
samples (Fig. 10b–d), in accordance to the previous findings all of them
show much lower terminal Rrel than those of A-0. 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. This proves that the
electrical signal is generated from both the PLA and PS parts simulta-
neously. There is no mutual confinement effect suppressing the swell-
ing of the other polymer component. To compare the sensing
response of the CPCs towards different vapor mixtures, the terminal
Rrel after 600 s exposure are plotted in Fig. 10e. It can be clearly seen
that the terminal Rrel of the non-annealed composite decreases with
the acetone content in the solventmixture,which indicates that the net-
work ismainly influenced by acetone vapor penetration. Annealed sam-
ples exhibit lower Rrel towards vapor mixtures because of the increased
crystallinity, which hampers the vapor penetration.

4. Summary and conclusions

In this work, PLA/PS/MWCNT blend composites were fabricated by
melt mixing. Blends with different ratios (30–70 wt% PS) containing
0.5 wt% and 1.0 wt% MWCNTs were prepared and the 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 con-
taining 0.5wt%MWCNTs shows a significantly higher conductivity than
at other blend ratios. The MWCNTs preferentially localize within the
PLA component and the φc of MWCNTs in PS/PLA = 50/50 wt% blends
is 0.4 wt%. Because of the suitable resistivity range and the nearly per-
fect co-continuous structure, A50S50M1.0 composites were selected
for cyclic vapor sensing tests. When being exposed to acetone vapor,
A50S50M1.0 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 concentra-
tions. Annealing of these blend composites at 150 °C for up to 120 min
significantly improves the reversibility but at the expense of the sensing
response. The stabilization is ascribed to increased crystallinity of PLA
after annealing. Crystalline regions are hardly accessible for vapor diffu-
sion. Moreover, the increased crystallinity confines some volume of the
amorphous part, thus hampering the vapor diffusion. Interestingly,
blend compositeswith higherMWCNT content (1.0wt%) display higher
Rrel 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 at the interphase
and in the unfavorable PS component. This assumption is supported by
extraction experiments.
When using solvent vapor mixtures of acetone/cyclohexane for
sensing, the Rrel of the non-annealed composites decreases with the ac-
etone content in the solvent mixture generating the vapor. For the
annealed samples, the increased PLA crystallinity results in lower Rrel
as compared to non-annealed samples. The solvent volume ratio of 1/
1 resulted in higher Rrel than the 1/4 or 4/1 volume ratios, which is at-
tributed to the simultaneous swelling of the PLA and PS components.

This contribution shows how the process of thermal annealing can
change the crystallinity of the component in which the sensing
MWCNT network is located and how this effect can be used to tune
the vapor sensing behavior. Depending on annealing time, the PLA crys-
tallinity was significantly enhanced. By that, the stability and durability
of the sensor material against good vapors could be significantly im-
proved. This concept may be applied to other single polymer or blend-
based CPCs to enhance their application range.
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