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Abstract: This study describes the application of multi-walled carbon nanotubes that were
nitrogen-doped during their synthesis (N-MWCNTs) in melt-mixed polypropylene (PP) composites.
Different types of N-MWCNTs, synthesized using different methods, were used and compared. Four
of the five MWCNT grades showed negative Seebeck coefficients (S), indicating n-type charge carrier
behavior. All prepared composites (with a concentration between 2 and 7.5 wt% N-MWCNTs) also
showed negative S values, which in most cases had a higher negative value than the corresponding
nanotubes. The S values achieved were between 1.0 uV/K and -13.8 uV/K for the N-MWCNT
buckypapers or powders and between —4.7 uV/K and —-22.8 nV/K for the corresponding composites.
With a higher content of N-MWCNTs, the increase in electrical conductivity led to increasing values of
the power factor (PF) despite the unstable behavior of the Seebeck coefficient. The highest power factor
was achieved with 4 wt% N-MWCNT, where a suitable combination of high electrical conductivity
and acceptable Seebeck coefficient led to a PF value of 6.1 X 107> pW/(m-K?). First experiments
have shown that transient absorption spectroscopy (TAS) is a useful tool to study the carrier transfer
process in CNTs in composites and to correlate it with the Seebeck coefficient.

Keywords: polypropylene; nitrogen doping; carbon nanotube; thermoelectric

1. Introduction

The transformation of thermally wasted energy into an induced voltage, according to the Seebeck-
or thermoelectric (TE) effect, is a very attractive approach to contribute to higher energy efficiency [1-3].
Hereby, the TE material performance is assessed by the temperature-dependent figure of merit
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ZT, which is determined by the Seebeck coefficient S, the electrical conductivity ¢ and the thermal
conductivity k. The Seebeck coefficient S is calculated by

u

S:ﬁ

)
where U is measured thermovoltage at a temperature difference dT. A negative Seebeck coefficient
indicates an n-type material and a positive Seebeck coefficient signifies a p-type material. The power
factor (PF) is commonly used as a performance value since it is directly related to the usable power
that can be achieved. PF is calculated as follows:

PF = S%¢ )

where S is the Seebeck coefficient and ¢ is the electrical conductivity. The dimensionless figure of merit
ZT is defined as
S2g

where S is the Seebeck coefficient, o is the electrical conductivity, T is the temperature and « is the
thermal conductivity. To achieve high TE performance, high Seebeck coefficient S, high electrical
conductivity o, and low thermal conductivity « are desirable. However, these parameters are heavily
interrelated, and the optimization is a challenge.

Compared to already used and established semiconducting material compounds [4], new TE
materials based on intrinsically conductive polymer composites (ICPs) and composites of insulating
polymers modified with electrically conductive fillers (CPCs) [5] are becoming increasingly important.
The advantages of thermoplastic-based melt-prepared CPCs are their low cost, adaptable mechanical
properties, and versatile design options. In addition, CPCs intrinsically have a low thermal conductivity,
which contributes greatly to an effective TE material.

For preparing low cost and effective CPCs, carbon nanotubes (CNTs) are efficient electrically
conductive fillers, due to their high aspect ratio and high electrical conductivity. In a polymer matrix, a
CNT network allows an electron (n-doping) or hole (p-doping) transport by tunneling and hopping
mechanisms. Typically, CNTs exhibit p-type behavior due to oxygen moieties withdrawing electrons
to create holes. Therefore, an increased oxygen content of the CNTs, e.g., through functionalization
leads to higher positive Seebeck coefficients [6-8]. A versatile approach to further adapt the electronic
properties of CNTs and thus improve the thermoelectric properties of CNT/polymer nanocomposites
is the doping of the hexagonal sp?-hybridized structure. Theoretical and experimental studies have
shown that the electronic properties of CNTs can be regulated by incorporating foreign atoms in their
molecular structure [9-11].

The n-type doping of CNTs is challenging, especially in terms of stability. Different approaches for
CNT-doping are described, such as CNT functionalization, polymer wrapping, charge transfer from a
polymer matrix to the CNTs, encapsulation of organometallic materials within the nanotubes, doping by
salt anions with counter cations, or heteroatom incorporation into the CNT walls [11-16]. Concerning
the stability of the doping, further processing such as annealing, purification or incorporation into
polymer matrices also plays an important role. Nitrogen (N), due to its size proximity to carbon and
its electron configuration, is an excellent choice for a heteroatom to adjust the electronic properties
of CNTs. Theoretical calculations have shown that nitrogen-doped CNTs (N-CNTs) can be p-type
and n-type semi-conductors depending on different parameters such as diameter, chirality, nitrogen
content, and bonding type [17,18]. Since nitrogen has an additional electron compared to carbon, the
direct replacement of carbon atoms by nitrogen in the CNT structure results in an n-type material with
localized states above the Fermi level. In this case, there is an excess of electron donors through the
N-rich area of CNTs, which guarantees the n-type behavior [17]. On the other hand, nitrogen doping
can also generate defects through the tubular structure of CNTs, which may result in the rearrangement
of the neighboring carbon atoms, like structural gaps or 5- or 7-member-rings instead of 6-member-rings
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due to pyridinic-bonded and pyrrolic-bonded nitrogen [19-22]. The electronic behavior then depends
on the new geometry of CNTs. In this scenario, p-type behavior might be observed for nitrogen-doped
CNTs. Using tight-binding and ab-initio calculations, Czerw et al. [23] assumed that the pyridinic
configuration of nitrogen atoms is responsible for the change from semiconducting to metallic and
from p- to n-type behavior during nitrogen doping. Kang and Jeong [24] suggested from total energy
calculations that the pyridinic configuration proposed by Czerw et al. [23] is energetically favorable.
However, they suggested that the p-type behavior of nitrogen-doped CNTs is attributed to the lone-pair
electrons of nitrogen atoms. Later, this theory was adopted by other researchers to explain the p-type
behavior of CNTs [25].

A very attractive approach to obtain n-type materials by doping carbon structures with nitrogen
is, therefore, the direct incorporation into the hexagonal carbon lattice of the nanotube walls during the
synthesis process, e.g., in chemical vapor deposition [26,27], which is scalable and saves time and costs.
This is also a suitable way to reach long-term stable n-doped nanotubes. As mentioned above, this
doping of CNTs with nitrogen changes the CNT morphology and therefore the properties. Due to the
configuration of the nitrogen, it acts as an electron donor that drastically changes the semiconducting
behavior of the CNTs. The CNTs may change from a p-type hole conductor to an n-type electron
conductor, which is reflected by a negative Seebeck coefficient. Moreover, the increase in charge carrier
density also leads to the increased electrical conductivity of the CNTs. This makes N-doped CNTs a
promising candidate for various applications like field emission tips or lithium storage [28,29].

Furthermore, nitrogen doping can also change the surface properties [17-20] of the nanotube
walls, and thus, can enhance the dispersibility of CNTs, e.g., in water-based solvents. In general,
pristine CNTs exhibit a hydrophobic surface [30], whereas doped N-CNTs have more chemically active
sites, which facilitate electron transfer and enhance the surface polarity of the N-CNTs, resulting in a
better wettability of polar solvents and polymers.

Transient absorption spectroscopy (TAS) is a powerful technique and a figure-of-merit method
to explore ultrafast phenomena and relaxation processes that take place within a wide range of
materials. For instance, it is widely used for studying components of photovoltaic devices [31-33],
2D materials [34,35], inorganic glasses [36], and single-walled carbon nanotubes wrapped with
polymers [37-40]. For energy conversion materials, in particular, TAS provides important insights on
the excitation dynamics and free charge carrier lifetimes, which are crucial for the efficiency of energy
conversion processes.

Polypropylene (PP) is a commonly used thermoplastic material from which TE materials have
already been derived. Luo et al. [41-44] described TE results on melt-prepared polypropylene
(PP)/single-walled CNT (SWCNT) composites and obtained Seebeck coefficients between 25 and
34 uV/K (0.8-6.0 wt% SWCNT type Tuball). The highest power factor was found at 0.066 pW/m-K?
(4 wt% SWCNT Tuball) [42]. A Seebeck coefficient of 35.6 uV/K and a power factor of 0.01 HW/m-K2
were described in [41] for PP/2 wt% SWCNT composite. The addition of an ionic liquid to a PP/SWCNT
composite leads to higher Seebeck values and power factor [43]. Furthermore, Luo et al. reported an
easy way to generate an n-type PP composite by adding polyethylene glycol [41,44] or polyoxyethylene
20 cetyl ether during the melt-mixing process of PP with SWCNTs [44]. Hereby, values of up to
—56 uV/K were achieved, and the composites remain with a negative Seebeck coefficient after being
exposed to air for eight months [41]. By using PP based p- and n-type composites, they were able
to prepare a demonstrator of a TE generator, which generated with 49 leg pairs a thermovoltage of
110 mV at 70 K temperature difference. Another way to generate n-type PP composites was described
recently by Paleo et al. [45], who incorporated 1 to 5 wt% carbon nanofibers into a PP matrix and
reported Seebeck coefficients of about —8.5 uV/K.

To extend the possibilities to obtain stable n-type PP composites without liquid additives, in
this work, different kinds of nitrogen-doped multi-walled carbon nanotubes were incorporated in
PP by melt compounding. The thermoelectric properties of such PP/N-MWCNT composites were
compared at different CNT contents and different measurement temperatures. In addition, the



J. Compos. Sci. 2020, 4, 14 40f17

n-type PP/N-MWCNT composites were compared with p-type PP/CNT composites. Furthermore, the
thermoelectric properties of the composites were compared to the thermoelectric properties of the
corresponding CNT powders. TAS measurements on the composites were performed to investigate
the exciton dynamics of the polypropylene composites and correlated with the Seebeck coefficient.

2. Materials and Methods

Polypropylene (PP) of the type Moplen HP 400R (LyondellBasell Industries, Rotterdam, The
Netherlands) with a melt flow rate of 25 g/10 min at 230 °C, 2.16 kg was used as a polymer matrix.

Different nitrogen-doped multi-walled carbon nanotubes (N-MWCNT) were studied as electrically
conductive filler material. The first group was synthesized at the University of Calgary, Canada using
a chemical vapor deposition (CVD) setup described in [22]. The synthesis temperature was set at
750 °C. Catalyst, synthesis time, and gas flow rate of ethane, ammonia (as nitrogen-precursor), and
argon [22,46] were varied according to Table 1. Selected properties of the synthesized N-MWCNTs
are shown in Table 1 and described in [22,46] in which also transmission electron microscopy (TEM)
images of the MWCNTs are shown. Samples A1-A3 produced with iron as catalyst show bamboo-like
configurations with a certain surface roughness resulting from the imperfect interconnection of the
bamboo-like compartments, whereas samples A4 produced with cobalt as catalyst mainly show
open-channel tubes.

Table 1. Synthesis conditions and selected properties of N-doped multi-walled carbon nanotubes
(MWCNTs) prepared using chemical vapor deposition (CVD) [22,46].

N-MWCNT Synthesis Nitrogen .
Code and Catal}fst Time Gas Ratio (sccm) Content Dia-Meter  Length xso Ip/lg () *
Material . o (nm) (nm)
Reference (min) (at %)
) Iron (IIT) nitrate ethane/ammonia/argon:
Al [46] nanohydrate 120 50/50/50 0.88 35+ 15 907 094 £0.14
/ Iron (IIT) nitrate ethane/ammonia/argon:
A2 [46] nanohydrate 120 50/80/20 0.41 39+13 1312 0.98 £ 0.24
., Iron (IIT) nitrate ethane/ammonia/argon:
A3 [46] nanohydrate 180 50/50/50 0.56 38+ 14 799 0.76 £ 0.41
cobalt nitrate ethane/ammonia/argon: .
A4[22] hexahydrate 120 50/50/50 22 25 2600 0.79
IFW argon/hydrogen: "
[21,27] ferrocene 20 200/200 2.3 50 14,000 1.17

* Average value, determined using different preparation and measurement conditions. * Ip/Ig represents the
intensity ratio of the D and G band in Raman investigations.

The second type of N-MWCNT (IFW) was synthesized at the Leibniz Institute for Solid State and
Materials Research Dresden (IFW), Dresden, Germany, in the shape of CNT carpets via an Aerosol
Assisted Chemical Vapor Deposition System (AACVD) using acetonitrile (synthetic grade, Merck,
Darmstadt, Germany) as nitrogen-precursor, as described in [21]. Further details, including TEM
images showing the bamboo-like structure, are given in [21,27].

For comparison and to explain the role of nitrogen doping, three different undoped carbon
nanotubes were used. Multi-walled carbon nanotubes (MWCNT) NC7000 (NanocleM, Sambreville,
Belgium, [47]) produced in an industrial large-scale catalytic vapour deposition process with an
average diameter of 10 nm, average length of 1.3 um [48,49], carbon purity of 90%, surface area of
250-300 m?/g [50], and a density of 1.75 g/cm® were used as the first type. MWCNTs CNS-PEG,
Carbon NanoStructure (CNS) flakes covered with polyethylene glycol (PEG) to enhance the wettability
of CNS by non-polar polymers like PP (Applied NanoStructured Solutions LLC, Baltimore, MD,
USA), were used as the second type. The CNS-PEG nanotubes have a mean diameter of 14 + 4 nm,
an average number of 4 walls, average length of 70 um, a purity of >97%, and a bulk density of
0.135 g/cm? [51]. Additionally, single-walled CNTs (SWCNTs) of the type Tuball™ grade 75% (OCSiAl
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S.a.rl, Luxembourg, [52]) having a mean diameter of 1.6 nm, a length exceeding 5 um [53], a bulk
density of 0.09 g/cm3 [54], and surface area of 331 mZ/g [54] were used as the third type.

Buckypapers of the different CNTs were produced by dispersing 125 mg CNTs in 100 mL chloroform
via 10 min of ultrasonic treatment (UP400S, Hielscher Ultrasonics GmbH, Teltow, Germany; 60%
amplitude, cycle 1, sonotrode H3). The obtained dispersions were placed on a polytetrafluoroethylene
(PTEE) filter (Ahlstrom Cooperation, Helsinki, Sweden, no. 760150, pore size 1.2 um). Subsequently,
the buckypapers were dried at 40 °C in an oven and then removed from the filter support.

Melt mixing of PP nanocomposites was performed in a small-scale conical twin-screw micro
compounder DSM 15 (Xplore, Sittard, The Netherlands) having a volume of 15 ccm using a mixing
temperature of 210 °C, a rotation speed of 250 rpm and mixing time of 5 min. The strands extruded from
a die with 2 mm diameter were cut into pieces and compressing molded to plates with a diameter of 60
mm and a thickness of 0.5 mm. For this, a hot press PW40EH (Paul-Otto-Weber GmbH, Remshalden,
Germany) at 210 °C was used for 2 min, and subsequent the sample was cooled using a minichiller for
30 s. Strips were cut from the plates to measure electrical resistance and thermoelectric properties. Thin
transparent layers (approx. 40 um) were pressed using the same conditions for the TAS measurements.

For the evaluation of the MWCNT macrodispersion, transmission light microscopy (LM) was
performed on the extruded composite strands with 2 wt% N-MWCNT. Therefore, thin sections
with a thickness of 5 um were prepared using a Leica RM2265 (Leica MikrosystemeVertrieb GmbH,
Bensheim, Germany) at room temperature. The cut films were fixed on glass slides using the aqueous
mounting medium Aquatex® (Sigma-Aldrich, Steinheim, Germany). The LM investigations were
performed with a microscope BX53M combined with a camera DP71 (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
MWCNT agglomerates in the PP composite.

The Seebeck coefficient (S) and volume resistivity were determined using the in-house equipment
TEG at Leibniz-IPF and the methodology described in [55,56]. The measurements were performed at
40 °C with temperature differences between the two copper electrodes up to 8 K. For the measurements
on composites and buckypapers, the samples were painted with conductive silver at the ends to
improve the electrical contact to the copper electrodes. Since it was not possible to produce stable
free-standing buckypapers for all CNT types, TE measurements were also carried out on CNT powders.
For the measurement of powders, the CNTs were filled in a poly(vinylidene fluoride) (PVDF) tube
(inner diameter 3.8 mm) and closed with copper plugs [57]. This double T-shaped specimen was
clamped between the copper electrodes of the measurement device. Depending on the kind of CNTs
and their bulk density, 0.01-0.04 g powder was used. The volume resistivity was measured with
the same equipment using a four-wire technique. The measurement of thermovoltage and electrical
resistance was performed using a multimeter DMM2001 (Keithley Instruments, Cleveland, OH, USA).
The experiments were conducted in triplicate. The Figure of merit ZT was calculated using a value of the
thermal conductivity of PP composites of 0.28 W/(m-K), which was obtained in many pre-investigations
as a proper mean value of PP filled with a low CNT content (between 0 and 5 wt%) [51,58,59].

TAS measurements were performed on a Newport (TAS-1) transient absorption spectrometer
(Newport Corporation, Irvine, CA, USA), which is shown schematically in Figure S2 in [33]. The
experimental set up was explained in detail elsewhere [31-33]. For the measurements of the present
study, the employed light source was a Yb:KGW pulsed laser with the central wavelength at 1026 nm,
a pulse duration of 170 fs, and a repetition rate of 1 KHz. The excitation of the composite samples
occurred via two-photon absorption process, while the detection range was set between 550 and 910
nm. All TAS measurements were performed on very thin pressed films at room temperature with a
pump effluence of 14.7 mJ/cm?.
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3. Results
3.1. Thermoelectric Properties

3.1.1. Measurements at 40 °C

Generally, n-doping or electron donation should improve electrical conductivity and n-type
semi-conducting behavior. For the first group of N-MWCNTs (A1-A4), the thermoelectric results of
their composites with 5 wt% loading are presented in Figure 1. As expected, the Seebeck coefficient
S is negative for all PP composites and varies between —22.8 uV/K (N-MWCNT A2) and —4.7 pV/K
(N-MWCNT A4). The nitrogen atoms, incorporated into the hexagonal carbon lattice, act as electron
donor not only in the pure nanotubes, but also in their PP composites. Therefore, a semiconducting
composite behavior of type n is present, i.e., electron conduction is induced by a temperature gradient,
which leads to a negative Seebeck coefficient. Interestingly, there is no clear correlation between
the nitrogen content and the Seebeck coefficient or electrical conductivity, suggesting that other
structural parameters of the nanotubes and their dispersion state in the composite likely play a role
in the TE properties. Hence, the given results indicate a different electron configuration for the
different nitrogen-doped CNTs. In addition, the samples with the higher Seebeck coefficient do not
simultaneously show higher electrical conductivity. Despite the expectation that higher nitrogen content
leads to higher (absolute) Seebeck coefficients and higher electrical conductivity o, the comparison
of the selected CNT types shows that the sample with the lowest nitrogen content (N-MWCNT A2)
showed the highest negative Seebeck coefficient, but the lowest electrical conductivity. Instead, the
highest values were measured for electrical conductivity o and thus also the highest power factor PF
as well as the figure of merit ZT for PP filled with N-MWCNT A1 (intermediate nitrogen content).
The lowest negative Seebeck coefficient (—4.7 pV/K) for the PP composite was achieved with the
incorporation of N-MWCNT A4, which is discussed in more detail in Section 3.3.
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Figure 1. Thermoelectric properties (40 °C) of polypropylene (PP)/5 wt% nitrogen-doped multi-walled
carbon nanotubes (N-MWCNT) composites filled with different kinds of N-MWCNT (listed in Table 1).

Furthermore, PP composites with different concentrations of N-MWCNT A1 were produced and
investigated for their thermoelectric properties (Figure 2). The sample with 2 wt% N-MWCNT A1 gives
a Seebeck coefficient of —17.3 + 0.4 uV/K, whereas, at 7.5 wt%, only —8.7 + 0.1 uV/K was measured.
However, with increasing N-MWCNT Al content, the electrical conductivity o of the samples increased,
resulting in higher power factors PF, and figures of merit ZT. At PP/7.5 wt% N-MWCNT Al, an
electrical conductivity of 1.5 S/m, a power factor of 1.1 X 10~ pW/(m-K?) and a ZT value of 1.2 X 10~/
were reached.
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Figure 2. Thermoelectric properties (40 °C) of PP/N-MWCNT A1l composites at different
nanotube contents.

The second type of nitrogen-doped MWCNT, namely N-MWCNT IFW was incorporated in PP as
well. The obtained thermoelectric properties of these composites are summarized in Figure 3. Here the
Seebeck coefficient was almost constant at =10 uV/K for the composites with contents of N-MWCNT
IFW between 1.5 wt% and 4 wt%. However, with increasing CNT content, the electrical conductivity
increased up to 64 S/m at 4 wt% CNT. Therefore, the values for the power factor and ZT increase
with the CNT loading from 2.7 x 107* pW/(m-K?) up to 6.1 x 1073 pW/(m-K?) and from 3.0 X 1077 to
6.8 x 107, respectively. The high electrical conductivity of the samples is explained by the relatively
high nitrogen content of these CNTs [27], their relatively high length [21], as well as their good state of
dispersion (cf. Section 3.2).
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Figure 3. Thermoelectric properties of PP/N-MWCNT IFW composites at different nanotube contents.

A comparison of the two N-MWCNT types was performed by comparing the values of PP
composites filled with N-MWCNT A1 or N-MWCNT IFW. Despite the lower (negative) value of the
sample with PP/N-MWCNT IFW, due to its higher electrical conductivity, this material showed a
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higher PF value at 6.1 x 1073 uW/(m-K?) compared to 8.4 x 10~* uW/(m-K?) for the PP/N-MWCNT
Al composite.

3.1.2. Measurements at Elevated Temperatures

As in practical applications, TE materials are exposed to different temperatures, the temperature
dependence was studied using measuring temperatures of 60, 80, and 100 °C. The results are shown in
Figure 4. At the same CNT content, it was found that the thermoelectric effect increases slightly with
temperature, while the electrical conductivity remains almost constant (Table S1). The absolute values
of composite materials based on N-MWCNT IFW increase on average with a coefficient of 0.3 pV/K
per 10 K increase in the measurement temperature, while the increase of N-MWCNT A1 composite
materials is lower with approximately 0.025 uV/K per 10 K. With increasing temperature, the electrons
or charge carriers possess a higher energy and hence higher mobility. With this higher energy of the
electrons, the conduction mechanism changes to a thermally activated hopping. According to the
so-called Mott variable range hopping (VRH) model, the electrons jump from one starting point to
another with the lowest possible hopping energy, which is reflected in a slight increase in the Seebeck
coefficient [60]. Kumanek et al. [11] described temperature-dependent thermoelectric measurements
on ethyl cellulose/doped CNT films in a range from 30 °C to 100 °C and reported a nearly constant
Seebeck coefficient of around —20 pV/K. In our study, only a marginal but visible temperature influence
on the Seebeck coefficient could be found within the investigated temperature range.

0 0
(a) measurement at (b)
—®—40°C
-54 -5
——60°C
80°C
g0 | —>100C g 10+ R ——
> 2 -
2 =z
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N-MWCNT A1 content (wt%) N-MWCNT IFW content (wt%)

Figure 4. Seebeck coefficient of (a) PP/N-MWCNT Al and (b) PP/N-MWCNT IFW composites at
different nanotube contents measured at different temperatures.

3.2. Macrodispersion of Nitrogen-Doped Multi-Walled Carbon Nanotubes (N-MWCNT) in Polypropylene (PP)
Composites

It is well-known that the dispersion of the conductive fillers in a polymer matrix plays an important
role in the electrical properties [61]. In addition, it can be expected but has not yet been investigated,
that the dispersion state in composites also influences the Seebeck coefficient. Even if, in addition to
the electrical conductivity of the nanotubes themselves, it is mainly the conductive network formation
on the nanoscale that determines the electrical conductivity, the dispersion state on the macroscale
can provide information about which part of the added nanotubes can contribute to such network
formation. With better CNT macrodispersion, more CNTs can participate in conductive network
formation, which (if the CNTs are not otherwise different or altered, e.g., by shortening) can lead to
higher electrical conductivity. As different N-MWCNT-A types were used, their state of dispersion in
the PP matrix may be different. Thus, the nanotube macrodispersion was characterized for selected
N-MWCNT composites using transmission light microscopy on thin sections (Figure 5). At a loading
of 2 wt%, the PP composites filled with N-NWCNT A1l and N-MWCNT IFW show well-dispersed
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MWCNTs. The quantitative evaluation resulted in agglomerate area ratios A of 0% and 0.1% and only
very small agglomerates are visible. The dispersion seems to be significantly better than that reported
in [46] for composites of 2 wt% N-MWCNTs in PVDF, where the same characterization procedure
was used. In PVDF, considerably larger agglomerates were visible than in PP. At 5 wt% loading, the
comparison between the dispersion of N-MWCNTs type A again shows a good macrodispersion for
N-MWCNT A1, while N-MWCNT A2, A3, and A4 show a higher number of remaining agglomerates
and A, values between 1.3% and 3.2%. This poorer CNT macrodispersion is also reflected in lower
electrical conductivity values than in the sample with N-MWCNT A1 (see Figure 1). Even though the
sample N-MWCNT A4 with the highest nanotube aspect ratio (see Table 1) has the highest agglomerate
area ratio A of all composites with 5 wt% loading, there is no clear correlation between the aspect
ratio and the macrodispersion. In addition, no direct relationship can be found between the state of
the macrodispersion and the electrical conductivity or Seebeck coefficient when using the various
N-MWCNT materials.

PP/ 2 wt% N-MWCNT Al PP/ 2 wt% N-MWCNT IFW

A,=0.1+0.1% |

PP/ 5 wt% N-MWCNT A2
A,=2.840.3%

PP/5 wt% N-MWCNT A3
Ap=1.3£0.1%

PP/ 5 wt% N-MWCNT
Ap=3.2+0.3% |

Figure 5. Transmission light microscopy images of thin sections of PP composites with N-MWCNTs,
the insert shows the agglomerate area ratio A

3.3. Comparison of TE Properties of Composites with Buckypapers or Powder Packages of N-MWCNTs and
Undoped CNTs

In the present study, the n-type semi-conductive character of PP/N-MWCNT composites was
presented indicated by negative Seebeck coefficients. Since both n- and p-type materials are needed in
TE generators, undoped MWCNTs to prepare p-type composites were also incorporated in the study.
For this comparison, commercially available MWCNTs and one SWCNT type were used. In addition,
values of the PP composites were compared with those of buckypapers or powder packages of the
nanotubes in order to see the changes connected with embedding the nanotubes in the polymer matrix.
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In Table 2, the thermoelectric properties of CNTs (prepared as buckypaper or powder) and their PP
composites filled with 2 wt% or 5 wt% CNTs are summarized.

The Seebeck coefficients of all undoped CNTs, namely, Nanocyl NC7000, CNS-PEG, and Tuball,
are positive, indicating a typical p-type character. Even if they differ slightly, the Seebeck coefficients
of the respective powders and buckypapers are in the same range. Thereby, among the MWCNTs,
CNS-PEG shows higher values than NC7000. SWCNTs Tuball have higher Seebeck coefficients than
both MWCNTs. The PF values of the buckypapers are at least one order of magnitude higher than
in the powder packages as the electrical conductivity is always significantly higher for buckypapers
than powder packages, which is due to the denser packaging of neighboring CNTs in the buckypapers.
After the incorporation of undoped CNTs in PP, positive Seebeck coefficients were measured. When
comparing the Seebeck coefficient values of the buckypaper or powder and the composite, the S values
of the composite materials are always slightly higher. The significantly lower PF of PP composites than
the buckypaper values is due to the significantly lower electrical conductivity of the composites, which
is due to the increased electrical contact resistance after polymer chains wrap around the nanotubes.

For the N-doped MWCNTs, except for the powder sample of N-MWCNT A4, negative Seebeck
coefficients in the range between —11.6 pV/K and —13.8 nV/K are measured. Interestingly, in contrast
to the literature in which higher nitrogen contents were associated with higher Ip/I ratios in RAMAN
investigations [62], no such relationship could be found in our study. Furthermore, no clear correlation
between Ip/Ig ratio and the Seebeck coefficient could be found. Sample A3 with the lowest Ip/Ig
ratio showed the highest negative Seebeck coefficient of —13.8 uV/K of the powder package, sample
A4, which also has a low Ip/Ig ratio, however, shows a positive Seebeck coefficient of 1.0 uV/K. The
positive Seebeck coefficient of N-MWCNT A4 is significantly lower compared to commercial undoped
MWCNTs such as NC7000 or CNS-PEG. It can be concluded that the incorporation of nitrogen into
N-MWCNT A4 initiates an electron-withdrawing effect without the MWCNTs reaching n-type character.
Compared to N-MWCNT Al, the synthesis conditions were identical except for the catalyst used.
For N-MWCNT A4 cobalt was applied instead of iron (see Table 1). It is assumed that the structural
differences resulting from this variation, specifically the bamboo-like structure in Al and the open
channel structure in A4, determine the thermoelectric properties of the materials more than the higher
nitrogen content in A4. This assumption should be investigated in further studies.

Negative Seebeck coefficients were generally determined in the PP/N-MWCNT composite
materials, ranging from —4.7 uV/K to —22.8 uV/K. Thereby, for the N-MWCNT type A, only the
sample Al gave sufficient high electrical conductivity at 2 wt% loading to measure Seebeck coefficients.
For the samples A2-A4, 5 wt% loading was required to obtain measurable values. The N-MWCNT
IFW showed higher values of electrical conductivity than those of the type A. However, the Seebeck
coefficients were in the same range. The relatively high Seebeck coefficient of the buckypaper of
N-MWCNT IFW, as taken from ref. [27], might be explained by the usage of a significant amount of
comb-type polycarboxylate ether as dispersing agents. Moreover, a different measurement device was
applied in [27]. Interestingly, a more negative Seebeck coefficient was achieved in most composites
than in the corresponding buckypapers or powder packages. The only exception is N-MWCNT IFW,
where slightly higher Seebeck coefficients were measured in the composite. Obviously, the surrounding
polymer matrix somehow supports electron donation if the sample is exposed to the temperature
gradient during the measurement of the Seebeck coefficient.

It can be concluded that the n-type character of the PP/N-MWCNT composites is due to the
n-type character of the nanotubes, which arises from the nitrogen incorporated during synthesis. This
conclusion is also confirmed by the investigations of Kumanek et al. [11] and Tzounis et al. [27]. Both
studies showed that the doping of MWCNTs with nitrogen led to negative Seebeck coefficients both in
the MWCNTs themselves and in the respective cellulose or cement composites.
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Table 2. Thermoelectric parameter of CNT buckypapers, powder packages and PP composites with

2 wt% or 5 wt% CNTs.
Sample Volume Conductivity 0 Seebeck Coefficient Power Factor
(S/m) S (uV/K) PF (uW/m-K?)
Undoped MWCNTs
NC7000 buckypaper [57] 3125 8.0+0.0 0.2015
NC7000 powder [57] 417 6.3+0.0 0.0165
PP/2 wt% NC7000 [57] 2 95+0.1 0.0001
CNS-PEG buckypaper [57] 9622 153 +£0.0 2.2569
CNS PEG powder [57] 933 10.1 £ 0.0 0.0949
PP/2 wt% CNS-PEG [57] 96 175+ 0.0 0.0291
Undoped SWCNTs
Tuball buckypaper [57] 42,227 374+09 59.1933
Tuball powder [57] 1790 39.6 0.2 2.8094
PP/2 wt% Tuball [57] 12 472+19 0.0270
N-MWCNTs
N-MWCNT A1 powder [57] 86 ~11.6 +0.1 0.0117
PP/2 wt% N-MWCNT Al 8.3 %1072 -173+04 25%x107°
PP/5 wt% N-MWCNT Al 4 -159 +0.1 1.1x1073
N-MWCNT A2 powder 250 -123+0.1 0.0376
PP/5 wt% N-MWCNT A2 ! 1.4 x 1072 -229+14 7.1x 1076
N-MWCNT A3 powder 122 -13.8+0.4 0.0233
PP/5 wt% N-MWCNT A3 ! 2.5x%1072 -18.8+22 8.7 x 1076
N-MWCNT A4 powder 340 1.0+ 0.0 0.0003
PP/5 wt% N-MWCNT A4 ! 1.2 x 1071 —47+1.6 2.6 x 1076
N-MWCNT IFW buckypaper [57] 2196 -10.3 £ 0.0 0.2348
N-MWCNT IFW buckypaper 2 [27] 2748 —-43+1.2 5.081
N-MWCNT IFW powder [57] 506 -12.7 £ 0.1 0.0812
PP/2 wt% N-MWCNT IFW [57] 10 -10.3 £ 0.1 0.0011

! the composite with 2 wt% was not conductive enough for Seebeck coefficient measurements. > CNTs were treated
with a surfactant and another TE measurement equipment was used.

3.4. Transient Absorption Spectroscopy (TAS) Measurement of PP Composites Filled with N-Doped or Undoped
CNTs

TAS measurements were performed in order to get a deeper understanding of the differences
between n- and p-type composites and their excitation decay behaviour. Figure 6a presents typical
TAS spectra showing the difference in optical density (AOD) as a function of wavelength at various
delay times for the PP/2 wt% Tuball composite. A ground-state photo-bleaching negative AOD
peak at the vicinity of 760 nm is obtained. The AOD profile reaches its maximum value after 0.2
ps from the photo-excitation point (at 0 ps). It is then found to continuously attenuate with time
until it diminishes within several ps. It is noted that with the employed effluence of 14.7 mJ/cm?,
a reasonably good signal-to-noise ratio is achieved while ensuring the absence of ablation effect on
the materials throughout the total duration of the measurement. Notably, the two nitrogen-doped
samples PP/2 wt% N-MWCNT Al and PP/2 wt% N-MWCNT IFW exhibit similar spectra profiles
(Figure S1) like the ones shown in Figure 6a for the undoped sample PP/2 wt%-Tuball. On the contrary,
the pristine polypropylene polymer exhibits no photo-bleaching signal under equivalent excitation
conditions (not shown here). This strongly implies that the obtained photo-bleaching for the polymer
composites originates from the relaxation dynamics of the charged excitons within the incorporated
carbon nanotubes.

In order to extract more information on the charge generation processes, the corresponding
transient exciton dynamics for the three studied samples were considered and are displayed in
Figure 6b. Inspection of Figure 6b reveals that the PP/2 wt% Tuball sample exhibits considerably
slower exciton relaxation time, which is indicative of longer exciton lifetimes [37-40] when compared
to samples PP/2 wt% N-MWCNT A1 and PP/2 wt% N-MWCNT IFW. For the latter, two n-type samples,
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the free charge carriers (electrons) remain active for about 1 ps, while for the p-type PP/2 wt.% tuball
composite there are active free carriers (electron holes) even after 2.5 ps. Remarkably, the obtained
free carrier lifetimes correlate well with the corresponding Seebeck coefficients of these composite
materials. Specifically, the PP/2 wt% Tuball exhibits the higher Seebeck coefficient (47.2 1V/K), while
also showing a longer lifetime of the free charge carriers. This finding is rationalized plausibly if
one considers that for this composite the carriers are available to diffuse for longer periods, and thus,
assisting higher voltage generation and enhanced Seebeck coefficient. Moreover, this observation holds
for the two nitrogen-doped samples PP/2 wt% N-MWCNT A1 and PP/2 wt% N-MWCNT IFW. Among
these two n-type composites, the charged electron carriers in the former appear to have slightly longer
lifetimes (Figure 6b), which could explain the obtained higher magnitude of the Seebeck coefficient,
i.e, =17.3 pV/K compared to —10.3 nV/K, respectively. Based on the above statements, it is found that
nitrogen-doping accelerates the charged excitons recombination process of the electrons within the
n-type composites, whereas the free-electron holes within the nitrogen-free p-type component tend to
exist longer and favor the enhancement of charge generation and Seebeck coefficient.

0024 PP/2 wt% Tuball 0081 (b) 0 PP/2 wt% N-MWCNT IFW
0.07 4 O PP/2 wt% N-MWCNT Al
0.00 g O PP/2 wt% Tuball

-0.02

AOD

-0.04

-AOD

0064 ——02ps
—03ps
-0.08 —04ps
0.5ps
0104 ——1.0ps
—20ps

-0.12

T T T T T T T T
550 600 650 700 750 800 850 900

Wavelength (nm)

Figure 6. (a) Typical transient absorption spectroscopy (TAS) spectra of AOD (difference in optical
density) as a function of wavelength at various delay times for PP/2 wt%-Tuball. (b) transient exciton
dynamics of all studied samples following photoexcitation at 1026 nm with a pump effluence of 14.7
mJ/cm?, probed at the maximum of AOD at 810 nm, 760 nm, and 760 nm, for samples PP/2 wt%
N-MWCNT A1, PP/2 wt% N-MWCNT IFW, and PP/2 wt% Tuball, respectively.

4. Discussion and Conclusions

In summary, for the first time, the thermoelectric properties of nitrogen-doped MWCNTs in
polypropylene-based melt-mixed nanocomposites were studied. The obtained values were compared
with the corresponding TE properties of the N-MWCNT buckypapers or powder packages and with
those of composites containing undoped CNTs.

The TE measurement on nitrogen-doped MWCNT powders (except the sample A4), as well as
their corresponding buckypapers, showed negative Seebeck coefficients, meaning that these materials
possess an n-type semi-conductive behavior. Due to the configuration of the nitrogen, it acts as an
electron donor that drastically changes the semi-conducting behavior of the CNTs from a p-type
hole conductor to an n-type electron conductor, which is reflected by a negative Seebeck coefficient.
Typically, CNTs exhibit p-type behavior due to oxygen moieties withdrawing electrons to create holes.
An exception was the sample N-MWCNT A4, which showed a significantly lower Seebeck coefficient
than commercial undoped MWCNTs; however, it was still positive at 1 uV/K. It was concluded that the
inclusion of nitrogen in N-MWCNT A4 induced an electron-withdrawing effect without the MWCNTs
achieving n-type character.

After incorporation of the MWCNTs into the PP matrix by melt mixing, the nanocomposites have
a semiconductor behavior corresponding to their respective CNTs and even the composite containing
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the N-MWCNTs with the positive Seebeck sign became n-type. Except for A4, regardless of whether
p-type or n-type CNT material is used, a correlation between the Seebeck coefficient sign of the CNT
powders and the PP composites was observed. PP nanocomposites filled with p-type CNTs always
had a positive S coefficient, while PP nanocomposites filled with n-type MWCNTs had a negative S
coefficient. The higher is the Seebeck coefficient of the CNTs, the higher is the Seebeck coefficient of the
PP composites. This clearly shows that the CNTs influence the TE properties of the composites. The
lower Seebeck coefficient values (more negative values) of the n-type PP composites as compared to
the corresponding powders/buckypapers indicate electron donation of the polymer to the N-MWCNTs.
In contrast, the higher Seebeck coefficient values of the p-type PP composites as compared to the
corresponding powder/buckypaper are a sign that the polymer matrix withdraws electrons from the
undoped CNTs [57].

The comparison of the similarly produced N-doped MWCNTs A1-A4 shows that an interpretation
of the results in terms of the nitrogen content is difficult and that obviously there is a complex interplay
between different structural parameters of the nanotubes and their dispersion and network formation in
the PP matrix. Despite the expectation that higher N content results in higher conductivity and Seebeck
coefficient, the highest absolute Seebeck coefficient (-22.9 + 1.4 uV/K at 5 wt% CNT) was observed
for PP/N-MWCNT A2 (lowest N content with 0.41 at%) and the lowest absolute Seebeck coefficient
(—4.7 £ 1.6 pV/K at 5 wt% CNT) was measured for PP/N-MWCNT A4 (highest N content with 2.2 at%).
However, these N-MWCNT materials also differ in carbon purity, length, diameter, tube structure,
agglomerate size and structure, and possibly other parameters not investigated. More detailed analysis
is needed in the future to link structural nanotube parameters to the achieved Seebeck effect.

For PP composites filled with N-MWCNT IFW having a relatively high nitrogen content of 2.3
at%, relatively low Seebeck coefficients of —9.7 to —10.2 uV/K (at 1.5-4 wt% CNT) were determined.
The highest power factor for this material was achieved with 4 wt% N-MWCNT IFW where a suitable
combination of high electrical conductivity and acceptable Seebeck coefficient led to a PF value of
6.1 x 1073 pW/(m-K?). This is significantly lower than the best-achieved value of PP with 2 wt%
undoped CNS-PEG, which reached 2.9 x 1072 pW/(m-K?). However, with both N-MWCNT types used
and possibly also with the undoped CNTs, a higher electrical conductivity and the resulting PF and ZT
values can be expected with a further increase in the CNT content.

It is demonstrated that TAS is a powerful technique for exploring the differences between p-
and n-type composites and to differentiate the efficiency of different N-MWCNTs. In addition, the
obtained TE performance and properties among the two N-doped MWCNTs correlate well with the
corresponding transient exciton dynamics as probed by TAS. Namely, the lifetime of charged electron
carriers in PP/N-MWCNT A1 was measured to be slightly longer when compared to PP/N-MWCNT IFW.

Supplementary Materials: The following are available online at http://www.mdpi.com/2504-477X/4/1/14/s1, Table
S1: Electrical volume conductivity o of PP composites filled with N-MWCNT A1l or N-MWCNT IFW at different
temperatures. Figure S1: Typical TAS spectra of AOD as a function of wavelength at various delay times for (a)
PP/2 wt% N-MWCNT A1l and (b) PP/2 wt% N-MWCNT IFW.
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