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Abstract: The thermoelectric behavior of polypropylene (PP) based nanocomposites containing single
walled carbon nanotubes (SWCNTs) and five kinds of ionic liquids (Ils) dependent on composite
composition and electron beam irradiation (EB) was studied. Therefore, several samples were melt-
mixed in a micro compounder, while five Ils with sufficiently different anions and/or cations were
incorporated into the PP/SWCNT composites followed by an EB treatment for selected composites.
Extensive investigations were carried out considering the electrical, thermal, mechanical, rheological,
morphological and, most significantly, thermoelectric properties. It was found that it is possible to
prepare n-type melt-mixed polymer composites from p-type commercial SWCNTs with relatively
high Seebeck coefficients when adding four of the selected Ils. The highest Seebeck coefficients
achieved in this study were +49.3 µV/K (PP/2 wt.% SWCNT) for p-type composites and −27.6 µV/K
(PP/2 wt.% SWCNT/4 wt.% IL type AMIM Cl) for n-type composites. Generally, the type of IL is
decisive whether p- or n-type thermoelectric behavior is achieved. After IL addition higher volume
conductivity could be reached. Electron beam treatment of PP/SWCNT leads to increased values
of the Seebeck coefficient, whereas the EB treated sample with IL (AMIM Cl) shows a less negative
Seebeck coefficient value.

Keywords: polypropylene; carbon nanotube; ionic liquid; thermoelectric; electron beam irradiation

1. Introduction

In connection with the efforts for green energy production, an important task in present
research is the development of thermoelectric materials which, for example, convert waste
heat into electrical energy by utilizing the thermoelectric effect (TE), called the Seebeck effect.
Such conversion can be achieved by applying electrically conductive polymer composites
(CPCs) filled with different kinds of carbon based materials, such as carbon nanotubes
(CNTs), expanded graphite (EG) or graphite nanoplatelets (GNPs) [1,2]. Advantages of
polymer-based TE-materials over the typically used rare earth-based materials, such as
bismuth telluride, are on the one hand their cost efficiency and availability, and on the
other hand the easy processability and special material proper-ties, such as intrinsically
low thermal conductivity and low density of polymer composites.

The most relevant value for quantifying the thermoelectric behavior is defined as
the Seebeck coefficient (S; S-value), which is calculated as the ratio between the gen-
erated thermovoltage and applied temperature difference. Thereby a positive S-value
describes p-type character (electron-withdrawing) and a negative S-value n-type character
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(electron-donating) of a material. Two other important parameters for quantifying the
TE-performance are the power factor (PF) and the figure of merit (ZT). For calculating these
characteristic values of PF and ZT, the following Equations (1) and (2) are used, where S is
the Seebeck coefficient, σ the volume conductivity, T the temperature, and κ the thermal
conductivity of the used material:

PF = S2 · σ (1)

ZT = PF · T/κ (2)

One of the first studies on melt-mixed polymer nanocomposites by Antar et al. charac-
terized the TE performance of PLA with multi-walled CNTs (MWCNTs) and the highest
S-value found was 17 µV/K at 32 vol.% EG loading, whereas the highest PF was found
to be 9.6 × 10−2 µW/mK2 at a loading of 18 vol.% MWCNTs [3]. In general, commercial
CNTs: have a positive S-value (p-type) [4] and composites made from them are domi-
nated by the behavior of CNTs, resulting in positive values as well. Sun et al. [5] reported
for PVDF/2 wt.% and 5 wt.% MWCNT (type Nanocyl™ NC7000) composites a Seebeck
coefficient of 10 µV/K and for PVDF with 5 to 15 vol% GNP S-values of around 25 µV/K.

Melt-mixed composites of polypropylene (PP) and CNTs were studied in detail by
Luo et al. [6–9]. Thereby PP composites containing SWCNTs of the type Tuball™, which
are used in this study as well, showed S-values between 25 and 34 µV/K at 0.8–6.0 wt.%
loading. The highest power factor achieved was 0.66 µW/mK2 (4 wt.% SWCNT) [9].
Copper oxide (CuO) as an additional additive resulted in S-values of 37 µV/K and power
factors of 0.02 µW/m·K2 [6]. Further, the addition of 2 wt% of an ionic liquid (IL) to a PP
composite with 2 wt.% SWCNTs led to an increase in the Seebeck coefficient from 43 µV/K
to 63 µV/K and of the power factor from 0.12 µW/m·K2 to 0.26 µW/m·K2 [7]. Moreover,
Luo et al. described a way to generate stable PP/CNT-based n-type materials by adding
polyethylene glycol (PEG) [6] or polyoxyethylene 20 cetyl ether (Brij58®) [8]. At 2 wt.%
SWCNT loading, S-values of −56.6 µV/K (5 wt.% CuO + 10 wt.% PEG) and −38 µV/K
(4 wt.% Brij58®) were measured.

An additional way to steer the thermoelectric behavior is the doping of CNTs, which
can be achieved using different treatments [10–13] and dopants such as boron or nitro-
gen [14]. Thereby, always positive S-values (p-type) were obtained for composites with
different polymer matrixes containing boron-doped CNTs and negative S-values (n-type)
for composites with nitrogen-doped CNTs. Paleo et al. [15,16] described a negative See-
beck coefficient for melt-mixed PP composites containing n-type carbon nanofibers, where
just a high temperature treatment of the carbon filler without any additives leads to an
n-type character.

Ionic liquids and their chemical background as well as their properties are exten-
sively described in literature [17–22]. Effects of various ILs as additives in CNT-containing
composites on the composite morphology and properties have been described in former
studies [23–25]. In general, the IL addition leads to improved properties, such as better
macrodispersion of CNTs in a polymer matrix and lower electrical resistivities of the com-
posite. Socher et al. [26] reported for polyamide 12/MWCNT Baytubes® C150P composites
a decrease in the electrical percolation threshold from about 2 wt.% to around 1 wt.%
when the ILs of the type 1-butyl-3-methylimidazolium tetrafluoroborate (BMIM-BF4) or
1-methyl-3-octylimidazolium tetrafluoroborate (OMIM-BF4) were added. For the system
of poly (vinylidene fluoride) (PVDF) and MWCNTs it has been described in literature
that the addition of the miscible IL (1-butyl-3-methylimidazolium hexafluorophosphate,
BMIM-PF6) reduces the number of remaining agglomerates [27]. However, PP and (some)
ILs are thermodynamically not miscible. Luo et al. [7] added the ionic liquid OMIM-BF4
as a dopant to PP/SWCNT composites and showed using a morphological study that the
IL and PP are immiscible. The IL addition as dopant resulted in a significant increase in
electrical conductivity as well as Seebeck coefficient. However, the results were strongly
dependent on modification steps performed with the SWCNTs. For the imidazole-based ILs
a significant effect or even sign change on the Seebeck coefficient was expected since they
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contain nitrogen, double bonds and free electron pairs that are able to dope the SWCNTs.
The assumption is based on results that have shown such sign-changing effects when
using nitrogen-containing polymer matrices, such as polyamide and acrylonitrile butadiene
styrene, in combination with p-type SWCNTs [14].

One possible way to achieve enhanced compatibility between a matrix and fillers
is the treatment of the composite with high energetic electrons. This electron beam (EB)
irradiation can induce chemical reactions within the materials. The EB is commonly used for
polymerization, functionalization, grafting, degradation, branching, compatibilization, or
cross-linking processes [28–35]. For different types of PP, pure or mixed with other materials,
the effect of an EB-treatment on different properties is reported in literature [35–44].

For the polymer PP, Krause et al. [40–44] reported that high energy electron treat-
ment without using cross-linking agents results in chain scission and the formation of
chain branches. Thereby the chain scission to branching ratio depends on the treatment
conditions, such as irradiation dose and environment atmosphere, as well as on PP ma-
terial parameters, such as molecular weight and crystallinity. Zschech et al. [45] and
Aghjeh et al. [46] showed that in PP based elastomer blends, a grafting between both com-
ponents could be generated at the blend interface when applying EB.

Based on these pre-investigations, it was aimed to generate free radicals by EB treat-
ment in order to enable an establishment of grafting links between the PP matrix and the
IL, to improve the adhesion between both components. In addition, this is expected to
lead to improved mechanical properties, especially for immiscible systems. Therefore, a
cationic IL with allyl substituents was used where the double bonds can react with the
radicals generated on the PP polymer backbone to form a grafting link. Rola et al. [47]
demonstrated that IL monomers undergo radical chain-growth polymerization during EB
exposure. Shkrob et al. [48,49] studied the radiolytic degradation of anions and cations in
ionic liquids and could observe various fragmentation, protonation, deprotonation, and
structural rearrangements of the ILs. For imidazole-based IL the formation of relatively
stable 2-imidazolyl radicals was observed. In addition, the elimination of alkyl groups
which are bound to the nitrogen also took place. For a system of PVDF, IL and carbon black
such EB, treatment procedure resulted in cross-linking reactions and showed strong effects
on the electrical and mechanical properties [50–52].

In this study, the influence of the chemical structure of the ILs as well as the effect
of an EB treatment on the composite properties was investigated, with the focus on the
effects on the thermoelectric performance of PP/SWCNT/IL composites. In addition, the
melt-mixed composites were studied concerning their morphological, rheological, and
mechanical properties.

2. Materials and Methods

Polypropylene (PP) homopolymer of the type HG 475 FB (Borealis AG, Vienna, Austria)
with a melt flow rate of 27 g /10 min at 230 ◦C, 2.16 kg was used as the polymer matrix. The
number-averaged molar mass Mn was measured as 88,000 g/mol and the mass averaged
molar mass MW was 191,000 g/mol; both determined by size exclusion chromatography
(150 ◦C, 1,2,4-trichlorbenzene).

Single walled carbon nanotubes (SWCNT) of the type Tuball™ grade 75% (OCSiAl
S.a.r.l., Leudelingen, Luxembourg) with diameters of under 2 nm and length larger than
1 µm were used as the electrically conductive filler. Structural details are described in [53].

Several ionic liquids (IL) were investigated as additives for the PP/SWCNT composites.
The used ILs are in particular 1-allyl-3-methyl-imidazolium chloride (AMIM Cl), 1-methyl-
3-octylimidazolium tetrafluoroborate (OMIM BF4), 1-methyl-3-octylimidazolium chloride
(OMIM Cl; all three at purity >97%, HPLC, Sigma Aldrich), 1-allyl-3-methylimidazolium
dicyanamide (AMIM DCA; purity >98.5%, HPLC, Sigma Aldrich) and trihexyltetrade-
cylphosphonium chloride (THTDP CI; purity >95%, NMR, Sigma Aldrich). Figure 1 shows
the difference in the chemical structure of the applied ILs. The ILs differ in their polarity. In
contrast to the four imidazolium-based ILs, the phosphonium based THTDP Cl is soluble in
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the non-polar solvents toluene and hexane which underline its non-polar character. The po-
lar character of the imidazolium based ILs is indicated by their solubility in polar solvents,
such as water, acetonitrile, and isopropanol. For the imidazole-based ILs a significant effect
or even sign change on the Seebeck coefficient was expected since they contain nitrogen,
double bonds and free electron pairs that are able to dope the SWCNTs.
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Melt-mixing of the composites was performed in a small-scale twin-screw micro
compounder Xplore 15 (Xplore Instruments BV, Sittard, The Netherlands) having a volume
of 15 ccm using a mixing temperature of 210 ◦C, a rotation speed of 250 rpm and a mixing
time of 5 min. The amount weighed in was constant at 13 g. Before mixing the PP with the
CNTs, the CNTs were coated with the IL using a CNT:IL mass ratio of 1:1 or 1:2. Coating the
CNTs with IL prior to melt-mixing is an important step in order to achieve the maximum
possible wetting of the CNTs with IL and to allow doping to take place. For the study of
the influence of the irradiation dose on the thermoelectric properties, a masterbatch with
5 wt.% CNT was prepared which was then diluted to 1 wt.% CNT content using the same
mixing conditions.

For further investigations, the composite strands were cut in small pieces and com-
pression molded into plates using a hot press PW 40 EH (Paul Otto Weber, Remshalden,
Germany) at 210 ◦C (90 s pre-melting) for 2 min with a force of 50 kN followed by cool-
ing using a minichiller for 30 s. After compression molding, the CNTs are preferentially
oriented in the in-plane direction with no direction dependence within this plane [54].

In addition, a second press of the type TP400 (Fontijne Holland BV, Vlaardingen,
Netherlands) was used to compress mold plates using different pressing times of 2, 5, 10, 20,
and 30 min. The plates had a diameter of 60 mm and a thickness of 0.3 mm for the electron
beam irradiation and the measurements of electrical resistivity, mechanical properties, and
thermoelectric properties. For the melt rheological tests, plates with a diameter of 25 mm
and a thickness of 2 mm were prepared.

The electron beam irradiation (EB) was realized in IPF at the irradiation facility con-
sisting of an electron accelerator ELV-2 (Budker Institute of Nuclear Physics, Novosibirsk,
Russia) [55] and a self-constructed irradiation vessel BG2 [56]. An acceleration energy
voltage of 1.5 MeV and an electron flow current of 2 mA were used. Before irradiation, the
composites were placed into the BG2 vessel (self-constructed chamber), and the tempera-
ture was heated up to 80 ◦C and kept for 5 min under vacuum in order to remove moisture
and oxygen. The chamber was then filled with nitrogen. The doses of 0, 18, 36, 54 and
72 kGy were applied using several steps of 9 kGy until the target dose had been reached.

For the evaluation of the macrodispersion of the fillers by light microscopy (LM),
the extruded strands were cut perpendicular to the extrusion direction into thin sections
(5 µm thickness) using a microtome Leica RM2265 (Leica Mikrosysteme Vertrieb GmbH,
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Bensheim, Germany). Cutting was performed at room temperature and the cuts were
fixed using the embedding medium Aquatex® on glass slides. The LM investigations
were performed using a microscope BX53M combined with a camera DP74 (Olympus
Deutschland GmbH, Hamburg, Germany). The agglomerate area ratio AA (%), defined as
the ratio between the area of filler agglomerates and the total area of the imaged sample,
was calculated to quantify the remaining CNT agglomerates in the composite. The mean
values and standard deviations of AA were calculated from at least 10 images.

The morphological characterization of the composites was continued using scanning
electron microscopy (SEM) by means of an Ultra Plus microscope (Carl Zeiss GmbH, Jena,
Germany). The composite strands were cryo-fractured in liquid nitrogen and the surfaces
were sputter-coated with 3 nm platinum.

The electrical volume resistivity was measured on the compression molded plates. For
volume resistivity values higher than 107 Ohm cm, a Keithley 8009 Resistivity Test Fixture
combined with electrometer Keithley E6517A was used on the plates. For volume resistivity
values less than 107 Ohm cm 2-point test fixture (self-constructed in IPF) combined with
electrometer Keithley E6517A was applied on strips cut from the plates (ca. 4–5 mm width,
40–50 mm length). For volume resistivity values less than 104 Ohm cm the 2-point test
fixture was combined with the Multimeter Keithley DMM 2001.

The thermoelectric characterization was carried out in a Seebeck measuring device
developed at IPF Dresden. More details are given in [14,57,58]. The measurements were
performed at four temperatures (40 ◦C, 60 ◦C, 80 ◦C, 100 ◦C) using the strips cut from the
samples used for resistivity measurements. For each sample three cycles were implemented
and two strips per composition were measured. The distance between the thermocouples
was kept constant at 12 mm. A 4-point measurement configuration combined with the
Multimeter Keithley DMM 2001 was used. Silver paste was employed on both ends of
the sample strip for better contact between the sample and the copper electrode. The
measurement procedure of the thermoelectric properties and the calculation of important
TE values are described in [14,24]. For calculating ZT (figure of merit) of all samples, the
value of the thermal conductivity of pure PP (κPP = 0.28 W/m·K) was chosen from the
literature [59–61].

Differential Scanning Calorimetry (DSC) analysis was carried out at selected samples
with a DSC Q 1000 (TA Instruments, New Castle, USA) between −80 ◦C and 200 ◦C under
nitrogen atmosphere at a scan rate of 10 K/min in heating-cooling-heating cycles. The
melting temperature in the second heating run Tm, as well as the onset (Tc,o) and maximum
(Tc,m) temperatures of crystallization, the glass transition temperature Tg and the PP
polymer corrected melting enthalpy ∆Hm from the second heating run were evaluated.
Afterwards the crystallinity values Xc were calculated. For calculating the crystallinity Xc
with Equation (3) a value of the melting enthalpy of pure PP of ∆HPP = 207 J/g [62] was
applied, and φ is the weight fraction of PP within the composite:

Xc = ∆Hm/φ*∆HPP ∗ 100% (3)

Melt rheological properties of the blend components and selected blends were obtained
using an ARES oscillation rheometer (TA Instruments, New Castle, DE, USA) in the
oscillation mode. The measurements were performed under nitrogen atmosphere at 210 ◦C,
with a parallel plate geometry (diameter 25 mm, gap approximately 1 mm). Dynamic
frequency sweeps (strain 5%) with increasing and decreasing frequency (between 0.063 and
100 rad/s) were used, with the second sweep being used for interpretation. The values of
the complex melt viscosity |η*| are discussed.

For evaluation of the mechanical properties, tensile tests were carried out at selected
samples using a Zwick Z010 tensile testing machine (Zwick GmbH & Co. KG, Ulm,
Germany) with a force of 100 N (0.1 N pre-force) and a testing speed of 10 mm/min (sample
geometry, etc., according to DIN EN ISO 527-2/S3a/10). The test bars were cut from the
compression molded plates. The values given are mean values of 8–10 specimens.
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3. Results
3.1. Electrical Properties
3.1.1. Electrical Percolation after Addition of Ils in Different Ratios

Firstly, composites filled with different concentrations of SWCNTs were characterized
to determine the electrical percolation threshold of the PP/SWCNT system. Afterwards,
the influence of the IL addition at two different CNT:IL ratios was investigated to study its
effect on the electrical properties of the composites (Figure 2). The electrical percolation
threshold for PP/SWCNT composites without the addition of IL was found between
0.05 wt.% and 0.075 wt.% and is slightly lower compared to another PP grades filled with
the same SWCNT grade [53]. The addition of IL leads to a decrease in the resistivity
values, with little difference in the resistivity values of the two selected SWCNT-IL ratios.
Such decrease was found before for PP/SWCNT [7,24,63] and polyamide 12/MWCNT
composites (PA12) [26]. Based on these results a SWCNT:IL ratio of 1:2 was chosen for
further investigations.
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3.1.2. Electrical Resistivity after Electron Beam Irradiation

In order to characterize the influence of EB irradiation on the electrical resistivity for
selected samples, PP, PP blends with the IL AMIM-Cl, PP/SWCNT composites, and PP
composites with SWCNTs and IL were treated using EB. As seen in Table 1, the electron
beam irradiation had no significant influence on the electrical properties of PP and PP
composites without IL. All composite samples had nearly the same resistivity value inde-
pendent of the irradiation process. For the sample with 0.1 wt.% SWCNT, a slight increase
in resistivity was observed after the EB treatment. The addition of this IL to PP does not
show an effect; all samples are in the insulating range. For other (miscible) polymer-IL
systems a decrease in the resistivity after the addition of the same amounts of IL was
observed [50]. When looking at the effect of EB irradiation on the electrical resistivity of PP
and PP/IL blends, only the sample with 1 wt.% AMIM Cl showed a slight decrease of one
decade, whereas that with 2 wt.% AMIM Cl showed a relatively high decrease from 1017

to 5 × 1011 Ohm cm. As for the PP/SWCNT composites, no influence of the EB treatment
was seen after IL addition to the composites.
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Table 1. Electrical resistivity values before and after electron beam irradiation of PP, PP/SWCNT,
PP/IL and PP/SWCNT/IL composites; used IL: AMIM Cl, dose of 18 kGy.

Sample Volume Resistivity before
Irradiation [Ohm cm]

Volume Resistivity after
Irradiation [Ohm cm]

PP-processed 3.07 × 1017 1.11 × 1017

PP/0.1 wt.% SWCNT 7.72 × 104 6.48 × 105

PP/1 wt.% SWCNT 4.49 × 101 3.37 × 101

PP/0.2 wt.% AMIM Cl 1.03 × 1017 1.32 × 1017

PP/1 wt.% AMIM Cl 1.41 × 1017 3.23 × 1016

PP/2 wt.% AMIM Cl 1.25 × 1017 5.09 × 1011

PP/0.1 wt.% SWCNT 0.2 wt.% AMIM Cl 1.40 × 104 1.29 × 104

PP/1 wt.% SWCNT+2 wt.% AMIM Cl 1.12 × 101 1.63 × 101

3.2. Morphological Characterisation
3.2.1. Light Microscopy

The state of macrodispersion of the SWCNTs (1 wt.%) in the PP matrix was investigated
using light microscopy on thin sections. The PP composite with 1 wt.% SWCNT without IL
had a remaining agglomerate area ratio of approx. 1.7% (Figure 3a). The typical stretched
appearance of strands of Tuball™ SWCNT could be observed in melt-mixed composites,
whereby big, curvy and meandered or muddled-like structures appeared. The addition of
1 wt.% IL AMIM Cl led to a better dispersion of the SWCNTs in the matrix (Figure 3b). At
the higher SWCNT:IL ratio of 1:2 a further decrease in the agglomerate area ratio could be
observed with a significantly better dispersion (Figure 3c). For the SWCNT:IL ratio of 1:1 a
remaining agglomerate area ratio of approx. 1.2% and for a ratio of 1:2 only 0.4% could
be quantified.
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Figure 3. Light microscopy images and agglomerate area ratios of different composites: (a) PP/1 wt.%
SWCNT, (b) PP/1 wt.% SWCNT + 1 wt.% AMIM Cl and (c) PP/1 wt.% SWCNT + 2 wt.% AMIM Cl.

This trend was already shown for PVDF/CNT/IL composites [27] in which 1-butyl-3-
methylimidazoliumhexafluorophosphat (BMIM-PF6) was used as ionic liquid. Compared
to other PP/CNT/IL composites, where no influence of the addition of IL on the state of
macrodispersion was found [24], a significant improvement in the state of dispersion was
achieved in our study. Considering these results, the selection of the SWCNT: IL ratio of 1:2
was confirmed to be suitable, which was also seen in the reduced electrical resistivity when
using this ratio.

Light microscopy images, including the agglomerate area ratios for PP/2 wt.% SWCNT
composites with all five used ILs, are summarized in Figure 4. The PP/2 wt.% SWCNT
composite without IL has a remaining area ratio of approx. 4.5%. As expected, a strong
decrease in these remaining agglomerate areas could be observed, depending on the type of
the used IL. The CNT macrodispersion with the lowest agglomerate area ratio of 0.5% was
achieved when the IL of the type THTDP Cl was used. The other ILs reached AA values
between 2.4–2.8% (AMIM Cl, OMIM BF4, OMIM Cl) and of 1.4% (AMIM DCA).
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Figure 4. Light microscopy images and agglomerate area ratios of different composites: (a) PP/2 wt.%
SWCNT, (b) PP/2 wt.% SWCNT + 4 wt.% AMIM Cl, (c) PP/2 wt.% SWCNT + 4 wt.% OMIM BF4,
(d) PP/2 wt.% SWCNT + 4 wt.% OMIM Cl, (e) PP/2 wt.% SWCNT + 4 wt.% AMIM DCA and
(f) PP/2 wt.% SWCNT + 4 wt.% THTDP Cl.

The dispersion of electron-irradiated composites was not investigated, as it is not ex-
pected that the CNT dispersion is affected during the EB treatment of the solid composites.

3.2.2. Scanning Electron Microscopy

The aim of the SEM study was to assess whether the ILs and the used PP are miscible.
Therefore, the PP composite strands with 2 wt.% SWCNT were cryo-fractured, and the
fractured surfaces were used for the SEM investigations (Figure 5). The PP/2 wt.% SWCNT
composite without IL showed a homogenous SWCNT distribution in the PP matrix. The
addition of the different ILs led to a change in the appearance of the composite morphology.
In Figure 5b–d SEM images PP/2 wt.% SWCNT composites with 4 wt.% AMIM Cl (b),
OMIM BF4 (c) and OMIM Cl (d) are presented. For these three samples many holes and
spherical voids in the matrix are visible which can be assigned to IL domains. For the PP
composite containing the IL AMIM DCA (Figure 5e) only a few holes are visible. It can be
concluded that these ILs and the PP matrix are immiscible, which was also shown in former
investigation with the IL OMIM BF4 [7]. As the ILs have a more polar character compared
to PP, this result was expected. It is assumed that a part of IL which wet the SWCNTs first
during the composite preparation procedure is localized at the nanotube surface, whereas
another part separates as small droplets visible in the SEM images.

In contrast, in the SEM image of PP composite with the IL THTDP Cl (Figure 5f) no
holes or other irregularities are visible. The SWCNTs are more clearly exposed on the
surface of the fracture showing a homogeneous distribution of connected SWCNT bundles
in the PP matrix. The image indicates that THTDP Cl and PP are miscible. This result is
consistent with the fact that the IL THTDP Cl is less polar than the other ILs because it
is soluble in toluene and hexane. In contrast, the four imidazolium-based ILs are soluble
in polar solvents, such as water, acetonitrile and isopropanol. Therefore, the polarity of
THTDP Cl is more similar to the non-polar PP matrix.
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Figure 5. SEM images of cryo-fractured surfaces for different composites: (a) PP/2 w t% SWCNT,
(b) PP/2 wt.% SWCNT/4 wt.% AMIM Cl, (c) PP/2 wt.% SWCNT/4 wt.% OMIM BF4, (d) PP/2
wt.% SWCNT/4 wt.% OMIM Cl, (e) PP/2 wt.% SWCNT/4 wt.% AMIM DCA and (f) PP/2 wt.%
SWCNT/4 wt.% THTDP Cl.

3.3. Thermal Characterization

Differential scanning calorimetry (DSC) was used to assess the thermal properties of PP,
blends with the ILs, and composites without and with IL before and after irradiation. Table 2
shows the characteristic values of the thermal properties when using the IL AMIM Cl.

Table 2. Characteristic values of DSC measurements and calculated crystallinities for non-irradiated
and irradiated (EB) PP, PP/IL, PP/CNT, and PP-CNT-IL composites; used IL: AMIM Cl, dose 18 kGy.

Sample Tg [◦C] Tm [◦C] Tc,o [◦C] Tc,m [◦C] ∆Hm [J/g] Xc [%]

PP-processed −7.0 158.6 121.9 119.7 112.2 54.2
PP-processed-EB −7.0 156.9 121.9 119.8 113.3 54.7

PP/2 wt.% AMIM Cl −7.0 158.0 120.5 117.6 108.4 53.4
PP/2 wt.% AMIM Cl-EB −9.4 156.8 120.1 117.4 109.0 53.7

PP/1 wt.% SWCNT −8.1 161.6 137.6 134.2 116.0 56.6
PP/1 wt.% SWCNT-EB −10.3 160.8 137.5 134.1 115.6 56.4

PP/1 wt.% SWCNT + 2 wt.% AMIM Cl −7.1 161.4 137.6 134.2 113.9 56.7
PP/1 wt.% SWCNT + 2 wt.% AMIM Cl-EB −8.0 160.6 137.4 134.1 109.4 54.5

When comparing non-irradiated composites with pure processed PP, the glass tran-
sition temperatures (Tg) are nearly comparable. However, after the EB treatment a slight
decrease of about 2 K is observed for the composites containing 1 wt.% SWCNT and 2 wt.%
AMIM Cl and the blend of PP with this IL, whereas the Tg of pure PP is not influenced.

Comparing the melting temperatures (Tm) of non-irradiated samples, no influence
of the addition of the IL could be observed, which is consistent with former studies [24].
Furthermore, adding SWCNTs leads to an increase in Tm of approx. 3 K, regardless of
whether the composite contains IL or not, which is the same trend reported in [64]. The EB
treatment results in a slight decrease in the melting temperatures by 1 K.

A major change is observable by comparing the onset (Tc,o) and maximum (Tc,m)
crystallization temperatures after the addition of SWCNTs. This addition leads to 16 K
and 15 K higher values, respectively, in composites without and with IL. The higher the
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SWCNT loading, the more pronounced this increase. For example, an increase of only 10 K
(Tc,o) and 9 K (Tc,m) was described for a SWCNT addition to PP of 0.1 wt.% [24]. In [65],
incorporation of 2 wt.% SWCNT in PP leads to an increase in Tc,m from 115.6 ◦C to 129 ◦C.

Moreover, the addition of the IL to PP leads to a slight decrease of both values by
approx. 1–2 K. The addition of 2 wt.% IL to PP/1 wt.% SWCNT composite leads to no
change of crystallization temperatures. The EB treatment has no further influence on the
crystallization temperatures.

The enthalpy values ∆Hm are influenced by the sample composition as well. The addi-
tion of AMIM Cl without SWCNTs leads to a decrease by 4–5 J/g. Moreover, the presence
of SWCNTs in the composites without IL results in an increase in the enthalpy by approx.
3 J/g. These findings are in agreement with previous results reported by Krause et al. [24]
again. PP/SWCNT composites with the IL show higher enthalpy values by approx. 5 J/g
then composites without IL. The EB treatment of composites without SWCNTs leads to
a slight increase in the enthalpy. However, irradiated composites containing SWCNTs
clearly show a decrease in the enthalpy. Regarding the calculated crystallinities Xc, values
between 53% and 57% were calculated for all samples. The blends with the IL AMIM Cl
only have 1% lower crystallinity than the pure PP. For composites containing SWCNTs
the enthalpy is increased. After the EB no further influence could be observed. Overall,
there is no dominant effect of the EB in relation to the thermal properties of the PP, blends,
and composites.

3.4. Melt Rheological Properties

In Figure 6 the complex melt viscosity in dependence on frequency is shown for PP
composites with 1 wt.% SWCNT and/or 2 wt.% IL (used: AMIM Cl) before and after
irradiation. It was found that the melt viscosity decreases for unfilled PP and the PP/IL
blend after the EB treatment. The drop is lower for PP/IL than for PP, which may be due to
the ability of the IL to form dimers under irradiation [49].
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Figure 6. Complex melt viscosity (at 210 ◦C) of unfilled PP, PP/IL, PP/SWCNT and PP/SWCNT/IL
composites before (filled) and after (empty) electron beam irradiation (18 kGy).

Significantly enhanced viscosities are found for the CNT-filled composites, especially
at low frequencies indicating the percolated state of the SWCNTs. At high frequencies, the
viscosity of PP/SWCNT composites with IL is lower than that of PP/SWCNT composites,
showing the softening and lubrication effect of the added IL. After EB treatment, the
viscosity decreases at high measurement frequencies, but is the same or even slightly higher
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at very low frequencies. The difference between the EB treated and non-treated samples is
higher in the case of SWCNTs only and lower when IL is added. The decrease in viscosity
at higher frequencies after the EB treatment could be caused by the molecular degradation
process that typically occurs when PP is irradiated, whereas the slight increase at low
frequencies may be attributed to chain branches that are expected also to be formed during
EB treatment as shown before [41].

The illustration of the storage modulus G’ (Figure 7a) and loss modulus G′ ′ also shows
a significant influence of the CNT addition ion the rheological properties. The reinforcing
effect of the CNTs is clearly recognizable. In the G′ vs. G′′ plot (Figure 7b), the much
higher elasticity of the samples containing SWCNTs can be seen which reflects the network
effect of the nanotubes. At the same G′′ value, the G′ values are slightly higher in the EB
treated samples, showing again a small effect of branching or crosslinking. However, the
influence of the EB treatment and the IL addition are relatively small. PP shows after EB
treatment higher G′ values (at the same G′′ values) whereas such effect is less pronounced
after IL addition.
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Figure 7. (a) Storage modulus G′ in dependence on frequency and (b) loss modulus G′′ at 210 ◦C of
unfilled PP, PP/IL, PP/SWCNT and PP/SWCNT/IL composites before (filled symbols) and after
(open symbols) electron beam irradiation (18 kGy).

3.5. Mechanical Properties

For selected samples a stress–strain study was performed to examine the influence of
IL addition and irradiation on mechanical properties (Figure 8, Table 3). As expected from
the literature [66], for PP composites filled with SWCNT (with/without IL) the E modulus
as well as the strain at break is higher and the elongation at break is lower compared to PP
and PP/IL composites (Table 3). In addition, the CNT addition causes the sample to break
before or at a maximum in the stress–strain curve. The IL addition to PP leads to slightly
lower maximal stress, strain at maximum as well as strain at break and E modulus. The
mechanical properties of composites containing both SWCNTs, and IL reflect the properties
of both fillers, with the reinforcing effect of the SWCNTs predominating. Irradiation of
the PP/SWCNT composites leads predominantly to lower elastic moduli compared to
non-irradiated composites. In the composites containing SWCNTs, the EB treatment results
in slightly higher strains at maximum values (σB = σM) and decreased values of elongation
at maximum (εB = εM). When both SWCNT and IL are present, we cannot observe an
unambiguous effect. After EB treatment, the E modulus, strain at maximum and elongation
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at maximum decreased for PP composites with 0.1 and 1 wt% SWCNT composites (0.2 and
2 wt.% AMIM Cl) and increase for the PP/0.5 wt.% + 1 wt.% AMIM Cl.
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PP/0.5 wt.% SWCNT-EB 2033 ± 76 37.1 ±1.6 5.4 ± 1.0 =σM =εM

PP/1 wt.% SWCNT 2276 ± 54 39.0 ± 1.2 5.4 ± 0.7 =σM =εM
PP/1 wt.% SWCNT-EB 2218 ± 82 41.1 ± 0.8 6.0 ± 0.6 =σM =εM

PP/0.1 wt.% SWCNT + 0.2 wt.% AMIM Cl 2050 ± 42 37.3 ± 0.5 8.3 ± 0.6 =σM =εM
PP/0.1 wt.% SWCNT + 0.2 wt.% AMIM Cl-EB 1980 ±92 36.8 ± 0.5 8.3 ± 1.3 =σM =εM

PP/0.5 wt.% SWCNT + 1 wt.% AMIM Cl 2059 ± 68 37.2 ± 0.5 6.7 ± 1.0 =σM =εM
PP/0.5 wt.% SWCNT + 1 wt.% AMIM Cl-EB 2254 ± 65 38.2 ± 0.8 6.0 ± 0.7 =σM =εM

PP/1 wt.% SWCNT + 2 wt.% AMIM Cl 2155 ± 126 37.7 ± 1.1 5.4 ± 0.6 =σM =εM
PP/1 wt.% SWCNT + 2 wt.% AMIM Cl-EB 2087 ± 116 35.4 ± 2.5 4.4 ± 0.9 =σM =εM

Et = Elastic modulus, σM = tensile strength at maximum, εm = elongation at maximum, σB = tensile strength at
break, εB = elongation at break.

The achieved mechanical properties do not meet our expectation of improved interfa-
cial adhesion between PP and imidazolium-based ionic liquid modified SWCNT due to
electron beam induced radical formation on PP and IL. All characteristic values of PP/IL in
stress–strain curve are reduced after irradiation indicating, more a softening effect than an
interphase coupling. Furthermore, no clear coupling effect between IL treated SWCNTs
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with PP can be deduced after EB treatment. One reason for this only marginal observed
change of mechanical properties of PP/IL could be the relatively low irradiation dose of
18 kGy, which was, however, chosen to limit the material degradation of the polypropylene
(Figure 6). Thus, the goal of improving the mechanical properties by creating graft bonds
between the allyl substituents of the IL and the PP matrix could not be achieved at the
preparation conditions selected (IL and SWCNT content, IL type, irradiation dose).

3.6. Thermoelectric Properties
3.6.1. Different Kinds of Ionic Liquids as Additive in PP/2 wt.% SWCNT Composites

Five different types of ionic liquids were investigated as additives in PP/2 wt.%
SWCNT composites with respect to their influence on the thermoelectric properties and
switching from p-to n-type behavior. For this, composites with the SWCNT:IL ratios of 1:1
and 1:2 were melt-mixed. The obtained Seebeck coefficients as well as the electrical volume
conductivities and power factors are shown in Figure 9. The PP/2 wt.% SWCNT composite
without IL has a Seebeck coefficient of +49.3 µV/K, which implies a p-type character for
this material. After adding the different ILs to the PP/SWCNT composite, a change in the
thermoelectric performance could be observed. The Seebeck coefficients of the composites
with four of the five ILs show clearly negative values, which indicates the n-type character
for these samples. This is the case for the ILs AMIM Cl, AMIM DCA, OMIM Cl and THTDP
Cl. The values are listed in Table 4. The most negative Seebeck coefficient was found with
−27.6 µV/K for PP/2 wt.% SWCNT + 4 wt.% AMIM Cl, here the SWVNT:IL ratio of 1:1
was not prepared. Only the composite with the IL OMIM BF4 shows a positive Seebeck
coefficient of around 30 to 35 µV/K, which is significantly lower than that of PP/SWCNTs.
Compared to the values discussed by Luo et al. [7], who used a different PP matrix (Moplen
400R), three different SWCNT types (2 wt.%) and the same IL OMIM BF4 (2 wt.%), the
observed trend was different, but the composites also had positive S-values. Here, the
addition of IL led to an increase in the Seebeck coefficients from 23.2 to 39.6 µV/K (SWCNT
type A), from 43.2 to 63.4 µV/K (SWCNT type B), and from 35.6 to 36.4 µV/K (SWCNT
type mA) [7].
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Table 4. Thermoelectric parameters at 40 ◦C of the PP/2 wt.% SWCNT composites mixed with
different ILs shown in Figure 9.

Sample Seebeck Coefficient
S [µV/K]

Volume Conductivity
[S/m]

Power Factor
PF [µW/m·K2] Figure of Merit ZT [-]

PP/2 wt.% SWCNT +49.3 3.39 × 101 0.082 1.17 × 10−4

PP/2 wt.% SWCNT + 4 wt.% AMIM Cl −27.6 7.50 × 101 0.057 8.15 × 10−5

PP/2 wt.% SWCNT + 2 wt.% AMIM DCA −21.2 5.10 × 101 0.023 3.27 × 10−5

PP/2 wt.% SWCNT + 4 wt.% AMIM DCA −19.7 3.57 × 101 0.014 1.97 × 10−5

PP/2 wt.% SWCNT + 2 wt.% OMIM BF4 +30.2 7.27 × 101 0.066 9.43 × 10−5

PP/2 wt.% SWCNT + 4 wt.% OMIM BF4 +35.0 6.43 × 101 0.079 1.12 × 10−4

PP/2 wt.% SWCNT + 2 wt.% OMIM Cl −17.8 5.37 × 101 0.017 2.41 × 10−5

PP/2 wt.% SWCNT + 4 wt.% OMIM Cl −22.8 1.40 × 102 0.067 9.58 × 10−5

PP/2 wt.% SWCNT + 2 wt.% THTDP Cl −20.7 2.62 × 102 0.112 1.59 × 10−4

PP/2 wt.% SWCNT + 4 wt.% THTDP Cl −20.4 3.46 × 102 0.143 2.04 × 10−4

When using the higher IL amount, the Seebeck coefficient increases for samples mixed
with OMIM BF4 (30.2 up to 35.0 µV/K) and AMIM DCA −21.2 to −19.7 µV/K). In contrast,
the composite with OMIM Cl in the SWCNT:IL ratio of 1:2 results in a lower Seebeck value
than at the 1:1 ratio (−17.8 up to −22.8 µV/K), indicating that the n-type behavior was
even improved. Composites mixed with THTDP Cl are nearly unaffected by these two IL
amounts (−20.7 and −20.4 µV/K).

Comparing the volume conductivities (Table 4) after the addition of the IL—no matter
which kind—a strong increase in the values by two or three decades from 3 S/m up
to 34,600 S/m was observed. Composites containing THTDP Cl have the highest and
composites containing AMIM DCA the lowest volume conductivity. As the power factor PF
depends on both, Seebeck coefficient and electrical volume conductivity, the addition of the
different ILs show different effects. The PF value of the PP/2 wt.% SWCNT sample without
IL is 0.082 µW/m·K2. After adding several ILs the power factor decreases for composites
containing AMIM Cl, AMIM DCA, OMIM BF4 and OMIM Cl due to the lower values of the
absolute Seebeck coefficient. For AMIM DCA the PF is even lower at higher IL loading, but
for the OMIM-based IL it is higher at lower IL content. However, the composites mixed with
THTDP Cl have for both SWCNT:IL ratios higher PF values (0.11 and 0.14 µW/mK2) than
all other composites. The reason for that is the very high conductivity of these composites.
Additionally, the change of the PF correlates with the change in the values for the figure of
merit ZT, as the thermal conductivity was set as a constant value. For all PP/SWCNT/IL
composites—except the one containing THTDP Cl—the ZT is lower compared to samples
without IL. ZT varies in the range between 10−4 and 10−5. The lowest ZT for composites
containing ILs could be observed for 2 wt.% AMIM DCA and OMIM Cl, and the best one
at 4 wt.% OMIMBF4 and at both THTDP Cl ratios.

3.6.2. Influence of Pressing Time during Compression Molding on the Thermoelectric
Properties (PP/1 wt.% SWCNT)

In Figure 10 the influence of different pressing times on the thermoelectric properties
is shown. The pressing time is the period of time during which the composite is kept
under pressure at the compression molding temperature of 210 ◦C. During this period, a
rearrangement of the SWCNTs to secondary agglomerates is expected to take place, which
strengthens the existing conductive filler network [67,68]. Thus, a longer pressing time can
lead to a higher electrical conductivity.



J. Compos. Sci. 2022, 6, 25 15 of 21

J. Compos. Sci. 2022, 5, x  16 of 22 
 

 

to a continuous and significant decrease in the values of the Seebeck coefficient. After a 
pressing time of 30 min the Seebeck value reduced to 30.1 µV/K. On the other hand, the 
electrical volume conductivity increases with pressing times. Such an effect has already 
been described in the literature as a general tendency [68]. Despite the decreasing Seebeck 
coefficient values, due to the increasing volume conductivity of composites, the power 
factor also increased with pressing time. After two minutes pressing time, the electrical 
conductivity is 0.29 S/m and the PF 6.25 × 10−4 µW/m·K2, whereas after 30 min these values 
are 2.72 S/m and 4.26 × 10−3 µW/m·K2, respectively. The effect that causes an increase in 
the volume conductivity is accompanied by a decrease in the Seebeck coefficients is a 
general effect and has been described in literature, named as trade-off in thermoelectrics 
[1,69]. Similar to the power factor, the values of the figure of merit increase with higher 
pressing times by approx. one decade. The values for the characteristic thermoelectric 
parameter of all samples are summarized in Table 5. 

2 min 5 min 10 min 20 min 30 min
0

20

40

Se
eb

ec
k 

co
ef

fic
ie

nt
 [m

V
/K

]

10-4

10-3

10-2

10-1

100

101

V
ol

um
e 

co
nd

uc
tiv

ity
 [S

/m
]

    

Po
w

er
 fa

ct
or

 [m
W

/m
·K

2 ]

 
Figure 10. Seebeck coefficient, volume conductivity and power factor of PP/1 wt.% SWCNT 
composites at 40 °C, compression molding at different pressing times. 

Table 5. Thermoelectric parameters of the composites at 40 °C compression molded using different 
pressing times shown in Figure 10. 

Sample PP/1 wt.% SWCNT 
Pressing Time 

Seebeck Coefficient 
S [µV/K] 

Volume Conductivity 
[S/m] 

Power Factor 
PF [µW/mK2] 

Figure of 
Merit ZT [-] 

2 min 46.6 0.29 6.25 × 10-4 6.99 × 10-7 
5 min 39.9 2.72 4.33 × 10-3 4.84 × 10-6 

10 min 40.0 2.46 3.94 × 10-3 4.41 × 10-6 
20 min 35.4 3.87 4.83 × 10-3 5.41 × 10-6 
30 min 30.1 4.72 4.26 × 10-3 4.77 × 10-6 

3.6.3. Influence of Electron Beam Irradiation Dose on the Thermoelectric Properties (PP/1 
wt.% SWCNT) 

Figure 11 shows the Seebeck coefficient as well as the volume conductivity and 
power factor depending on the irradiation dose for PP/1 wt.% SWCNT composites (Table 
6). In this set, a masterbatch containing 5 wt.% SWCNT was diluted to 1 wt. composites. 
It is clearly visible that the irradiation itself leads to a significant increase in the Seebeck 

Figure 10. Seebeck coefficient, volume conductivity and power factor of PP/1 wt.% SWCNT compos-
ites at 40 ◦C, compression molding at different pressing times.

The PP/1 wt.% SWCNT composites which were compression molded for two minutes
represents the comparison for the composites with higher pressing time and shows a
Seebeck coefficient of 46.6 µV/K. As seen in Figure 9, a longer pressing time leads to
a continuous and significant decrease in the values of the Seebeck coefficient. After a
pressing time of 30 min the Seebeck value reduced to 30.1 µV/K. On the other hand, the
electrical volume conductivity increases with pressing times. Such an effect has already
been described in the literature as a general tendency [68]. Despite the decreasing Seebeck
coefficient values, due to the increasing volume conductivity of composites, the power
factor also increased with pressing time. After two minutes pressing time, the electrical
conductivity is 0.29 S/m and the PF 6.25 × 10−4 µW/m·K2, whereas after 30 min these
values are 2.72 S/m and 4.26 × 10−3 µW/m·K2, respectively. The effect that causes
an increase in the volume conductivity is accompanied by a decrease in the Seebeck
coefficients is a general effect and has been described in literature, named as trade-off
in thermoelectrics [1,69]. Similar to the power factor, the values of the figure of merit
increase with higher pressing times by approx. one decade. The values for the characteristic
thermoelectric parameter of all samples are summarized in Table 5.

Table 5. Thermoelectric parameters of the composites at 40 ◦C compression molded using different
pressing times shown in Figure 10.

Sample PP/1 wt.% SWCNT
Pressing Time

Seebeck Coefficient
S [µV/K]

Volume
Conductivity [S/m]

Power Factor
PF [µW/mK2] Figure of Merit ZT [-]

2 min 46.6 0.29 6.25 × 10−4 6.99 × 10−7

5 min 39.9 2.72 4.33 × 10−3 4.84 × 10−6

10 min 40.0 2.46 3.94 × 10−3 4.41 × 10−6

20 min 35.4 3.87 4.83 × 10−3 5.41 × 10−6

30 min 30.1 4.72 4.26 × 10−3 4.77 × 10−6

3.6.3. Influence of Electron Beam Irradiation Dose on the Thermoelectric Properties
(PP/1 wt.% SWCNT)

Figure 11 shows the Seebeck coefficient as well as the volume conductivity and power
factor depending on the irradiation dose for PP/1 wt.% SWCNT composites (Table 6). In
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this set, a masterbatch containing 5 wt.% SWCNT was diluted to 1 wt. composites. It
is clearly visible that the irradiation itself leads to a significant increase in the Seebeck
value. The starting composite has a Seebeck coefficient of 33.5 µV/K, and after the electron
treatment with 18 kGy a value of 38.5 µV/K could be measured. Furthermore, the EB
radiation with higher irradiation doses up to 72 kGy leads to a further slight increase in the
Seebeck coefficient value, whereby values of approx. 41 µV/K are achieved.
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Table 6. Thermoelectric parameters of PP/1 wt.% SWCNT composites irradiated at 40 ◦C with
different doses shown in Figure 11.

Sample PP/1 wt.% SWCNT
Irradiation Dose

Seebeck Coefficient
S [µV/K]

Volume
Conductivity [S/m]

Power Factor PF
[µW/mK2] Figure of Merit ZT [-]

0 kGy 33.5 4.28 4.78 × 10−3 5.35 × 10−6

18 kGy 38.5 1.89 2.80 × 10−3 3.13 × 10−6

36 kGy 40.6 3.87 6.35 × 10−3 7.11 × 10−6

54 kGy 41.9 3.45 6.05 × 10−3 6.76 × 10−6

72 kGy 41.4 4.88 8.35 × 10−3 9.34 × 10−6

It is assumed that this increase in the Seebeck coefficient is due to the changed
polypropylene structure after the EB treatment. The irradiation introduces double bonds
into the polypropylene [41,43], which increases the proportion of pi-electron bonds, which
have a higher energy level than single bonds, in the polymer. This may have an electron-
withdrawing effect on the CNTs, so that the number of positive charge carriers (holes)
on the CNT increases. The p-type character of the conductive network would thus be
strengthened, while de-localized electrons are enriched in the PP matrix. In the same way,
radicals trapped in the crystalline phase of the PP after irradiation could act.

In addition to no significant influence of the irradiation dose on the electrical conduc-
tivity, power factor and figure of merit could be observed. Since the irradiation took place
in the solid state, a change in the electrical conductivity was not expected.

The different processing routes of direct compounding and masterbatch dilution was
compared for the composite PP/1 wt.% SWCNT. For this comparison, Figure 10 shows
values which were obtained using the standard direct compounding, whereas the values in
Figure 11 were measured on samples which were diluted from a 5 wt.% masterbatch. The
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volume conductivity of 4.3 S/m when using the masterbatch dilution is slightly higher than
that of 0.3 S/m when using direct compounding. Interestingly, the Seebeck coefficient of
the composite prepared by direct compounding, 33.5 µV/K, is significantly lower than that
obtained using direct compounding, 46.6 µV/K. Here again, the well-known trade-off in
thermoelectrics between the Seebeck coefficient and conductivity is seen which is difficult
to overcome [1,69,70]. In a comprehensive study investigating different matrix polymers
with CNT contents between 0.2 and 7 wt.%, it was found that a maximum Seebeck was
in most cases reached between 0.5 and 1 wt.% loading, while the conductivity typically
increased with increasing CNT content [14].

3.6.4. Influence of Electron Beam Irradiation on the Thermoelectric Properties (PP/1 wt.%
SWCNT with and without IL)

Finally, the influence of EB radiation on the TE properties of composites containing
IL was studied. Table 7 shows the Seebeck coefficients, volume conductivity, power factor
and figure of Merit for PP/1 wt.% SWCNT composites with 2 wt.% AMIM Cl before and
after the EB treatment. As described before, the addition of AMIM Cl leads to a composite
with n-type character with the highest absolute Seebeck coefficient among all samples and
therefore was selected. The EB treatment using 18 kGy resulted in a decrease in the absolute
S-value at constant electrical conductivity resulting in a lower PF value.

Table 7. Thermoelectric parameters at 40 ◦C of PP/1 wt.% SWCNT composites with 2 wt.% AMIM
Cl before and after electron beam irradiation (18 kGy).

Sample Seebeck Coefficient
S [µV/K]

Volume Conductivity
[S/m]

Power Factor
PF [µW/mK2]

Figure of
Merit ZT [-]

PP/1 wt.% SWCNT + 2 wt.% AMIM Cl −16.3 2.38 × 10−1 0.006 6.84 × 10−6

PP/1 wt.% SWCNT + 2 wt.% AMIM Cl-EB −10.1 2.21 × 10−1 0.002 2.35 × 10−6

To explain this result, one has to consider what the EB treatment causes in the IL part
that covers the SWCNTs. Shkrob et al. [49] described that imidazolium-based ILs undergo
various reactions during electron irradiation, such as deprotonation, cleavage of n-allyl
groups, and formation of dimers from two imidazolyl radicals. These reaction products can
change the n-type character of the IL doped SWCNTs because this reduces the number of
double bonds and free electrode pairs resulting in a less n-type character. The conversion of
the imidazole cation by irradiation reduces the electron affinity of the IL, which is important
for the n-type character. Thus, the thermoelectric properties of the composite are expected
to be more p-type.

4. Discussion

The results show that the addition of IL can change the properties of PP/SWCNT
composites in different ways. On the one hand, the electrical resistivity is significantly
lowered after IL addition. On the other hand, the addition of IL can also lead to a better
distribution of the SWCNTs in the polymer matrix, which could be shown using light
microscopy. This becomes particularly clear when using THTDP Cl, for which miscibility
with the PP can be concluded from the SEM investigation. All other ILs used were not
miscible with the non-polar PP due to their clearly more polar character.

In addition, all ILs were able to significantly change the thermoelectric properties
of the PP/2 wt.% SWCNT composites. While the composites without IL show a p-type
behavior, the addition of AMIM Cl, AMIM DCA, OMIM Cl and THTDP Cl changes the
behavior to n-type and Seebeck coefficients between −17.8 µV/K and −27.6 µV/K were
reached. In contrast, the addition of OMIM BF4 preserved the p-type character of the
material, with the Seebeck coefficient decreasing from 49.3 µV/K to 30.2 µV/K (2 wt.%
IL) or 35.0 µV/K (4 wt.% IL) due to the addition of IL. The anion of IL seems to play an
important role, because the same cation (OMIM) in combination with the chloride anion
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leads to n-type composites. The BF4 anion contains the element boron, a p-type atom, which
could be the reason why a switching to n-type does not take place. The dicyanamide, which
contains nitrogen and carbon, and the chloride anion are rather n-type elements.

It is remarkable that whether the IL is miscible with PP or not, the TE properties are
significantly affected. It is obviously sufficient that the IL can wet the SWCNTs during the
manufacturing process.

Using the example of AMIM-Cl, it could be shown that the thermal behavior of the
composites is not influenced by the addition of IL, which is in accordance with the litera-
ture [24]. Furthermore, the complex melt viscosity of the composites decreases moderately
with the IL addition.

On the sample of PP/1 wt.% SWCNT it was demonstrated that an EB treatment
with increasing doses leads to slightly higher Seebeck coefficients. Since the irradiation
took place in the solid state, no change in the electrical conductivity was expected or
found. It is assumed that the electrons introduced into the composite by the irradiation,
leading to the formation of radicals, decrease the energy level in valence band followed
by an improved thermoelectric p-type behavior [71,72]. Noori et al. [73] described that
stable radical molecules (pyridine, 4-picoline, methyl group) adsorbed on the graphene
nanoconstrictions can lead to an increase in the Seebeck coefficient due to transmission
resonances near the Fermi energy.

The irradiation of PP/1 wt.% SWCNT composite containing 2 wt% IL leads to a
less pronounced n-type behavior as seen in the change of the Seebeck coefficient from
−16.3 µV/K to −10.1 µV/K. Here, both the introduction of electron beam-induced radicals
into the composite and the structural changes of the imidazole-based IL itself play a role.
Both lead to a more pronounced thermoelectric p-type behavior.

At the low dose of 18 kGy used, only a very low influence of the irradiation on the
rheological and mechanical properties of the composites could be observed. There are
slightly higher complex melt viscosities at low measuring frequencies in rheological tests
and higher stress and elongation at break values in tensile tests if the PP/1 wt% SWCNT
composite is EB treated. However, in composites containing IL such effect is not seen
anymore. The tests, however, confirmed the well-known reinforcing effect of CNTs in
polymers very clearly as seen by increased melt rheological parameters and enhanced
tensile modulus and stress values. Increasing the irradiation dose may be a way to enhance
the EB effects; however, due to the degradation of PP during the irradiation, such a high
irradiation dose is only useful to a limited extent.
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