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ARTICLE INFO ABSTRACT

Keywords: This study presents, for the first time, the thermoelectric (TE) properties of as provided Pyrograf® III PR 24 HHT
Carbon nanofibers XT carbon nanofibers (CNFs) and their effect on the TE properties of polypropylene (PP) processed by melt
Polypropylene mixing with 6% by weight of these CNFs. At 30 °C, the CNFs present a modest ¢ of ~37 Sm ™! and a considerable

Electrical properties
Seebeck coefficient
Variable range hopping

high S of ~40 pVK ™!, equivalent to a power factor (PF) of 6 x 1072 pW m~! K2, which makes them the CNFs
with the greatest TE properties among the others Pyrograf® III grades. As for the PP/CNF composites, they show
lower o and S at 30 °C, with values of ~7 x 10728 m™!, and ~ 38 uVK ™!, respectively, equivalent to a PF of 1 x
10~* pW m~! K2 From the TE results of the CNFs and their derived PP/CNF composite, a simplified quantum
chemical model is applied to investigate the transfer of electrons (n-type doping) from PP to CNFs, concluding
that this transfer depends on the adsorption mode of PP molecules and CNFs at their interface. Moreover, the ¢ of
the CNFs and PP/CNF composite show negative temperature effect (NTC) in the interval from 30 to 100 °C,
explained as thermally activated hopping mechanism by the 3D variable range hopping (VRH) model, while their
S shows nonlinear character, also observed in others Pyrograf® III grades and derived PP/CNF composites, in
that interval of temperature. These results are presented with the aim of determining the role played by this type
of CNFs, on the thermoelectric properties of the polymer composites melt mixed using them, with a view to their
use as p-type materials in thermoelectric generators (TEGS).

1. Introduction

As non-renewable energy sources dependent on fossil fuels are
depleted, the interest in producing energy from more sustainable sour-
ces has become mandatory, and it is in this sense that technologies based
on thermoelectric (TE) devices, which transform a difference of tem-
perature into a voltage difference, have become a promising alternative.
In terms of efficiency, their evaluation is calculated through the figure of
merit, 2T = %” T, where ¢ and k denote the electrical and the thermal
conductivity, respectively, T defines the temperature in which the test is
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conducted, while the Seebeck effect (S) defines the ratio of the induced
voltage to the applied T gradient between the cold and hot parts of the
TE material [1]. It should be noted that the power factor (PF) defined as
S2 6, is often used for obtaining the TE effectiveness. Furthermore, TE
materials have negative or positive S, depending on whether the elec-
trical potential originated comes from negative (electrons) or positive
(holes) charge carriers [2]. In this regard, it is well known that inorganic
materials such as those based on BiTe series have been extensively
investigated because of their high zT [3]. However, despite their supe-
rior zT, they suffer from some drawbacks arising from their toxicity and
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the fact that they are scarce elements, which severely limits their
practical applications [4,5]. For this reason, organic TE materials based
on intrinsically conductive polymers, as well as insulating polymers
filled with conductive metal or carbon particles, such as carbon nano-
tubes (CNTs), have become an alternative approach [6,7]. The latter,
known as conductive polymer composites (CPCs), are attracting interest
as n-type or p-type materials required to build the thermoelectric
modules of TE generators (TEGs), due to the good balance of properties
they offer, combining the low k and the flexibility of the polymer with
the high S and o of the carbon particles required to achieve high levels of
zT [8,9]. More in particular, polypropylene (PP), among other insulating
polymers, is widely used in the manufacture of CPCs because its ease of
large-scale processing and low economic cost [10]. As for the conductive
carbon particles used in CPCs, the aforementioned CNTs are a very
attractive option due to their high aspect ratio consisted of large length
and small diameters [11,12], which allows them to achieve high ¢ at low
percolation thresholds when dispersed homogeneously in the polymer
[13]. In general terms, the ¢ in CPCs follows the equation cx(¢p — ¢,)",
for ¢ > ¢, with ¢ as the volume fraction of the carbon particle, and tis a
critical exponent [14]. This means that it is possible to precisely adjust
the ¢ in CPCs, since below ¢, the ¢ of CPCs should have the ¢ of the
polymer, while above ¢,, the 6 of CPCs should have the ¢ of the carbon
particles. Conversely, less is known on the Seebeck coefficient of CPCs.
For instance, contrary to expectations, PP melt mixed with 2% by weight
of commercial CNTs showed larger values of S than the CNTs themselves
with which they were produced [15]. More recently, the influence of
two Pyrograf® III carbon nanofibers (CNFs) on the S of their melt mixed
PP/CNF compounds revealed an electron donation from the CNFs to the
PP molecules, suggesting that similar electron donation could be found
from CNTs to the PP in PP/CNT composites [16]. Regarding this type of
CNFs, it should be noted that the grades of Pyrograf® III available on the
market vary according to diameter (PR 19 ~ PR 25 > PR 24), and the
thermal treatment to which they have been subjected after their growth
by chemical vapor deposition (CVD) from the lowest to the highest
temperatures, respectively (PS, LHT or HHT) [17]. While previous
studies have investigated the effect of Pyrograf® III PR 24 LHT XT and
PR 19 LHT XT on the ¢ and S of their melt mixed PP/CNF composites
[18], this study expands those results, and it presents for the first time
the effect of Pyrograf® III PR 24 HHT XT, a type of nanofiber that is
much more graphitic and has fewer impurities than Pyrograf® III PR 24
LHT XT and PR 19 LHT XT studied previously, on the ¢ and S properties
of its derived PP/CNF melt mixed composite. In particular, the investi-
gation of the ¢ and S from room temperature up to ~100 °C of the as
provided CNFs and of their derivative melt mixed PP with 6 wt% of CNFs
are introduced herein, while the experimental results have been com-
plemented with theoretical frameworks such as electronic charge
transfer modeling, the variable range hopping [19] and nonlinear See-
beck models [20], with the goal of comprehending better the physical
origin of them. This study helps to understand the effect that these types
of CNFs have on the Seebeck coefficient of the CPCs produced using
them.

2. Materials and methods
2.1. Materials and processing

Isotactic PP (Valtec PP-HP423), MFI 3.8 g/10 min was obtained from
Indelpro Company. The Pyrograf® III PR 24 HHT XT were received from
Applied Sciences Inc. (Cedarville, OH, USA). They are synthesized by
CVD and then subjected to temperatures of 3000 °C in order to achieve
high graphitization and to remove as much of the catalytic iron used for
their synthesis as possible (reaching <100 ppm). As is the case with all
these CNFs, they show hollow cores and total diameters of 100 to 150
nm, 50 to 200 pm in length and a surface area of 41 m? g’1 [21]. Both
the CNFs and the PP have been used as they arrived [17].
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PP composites with 6 wt% of CNFs (above ¢.) were processed by
shear mixing in a Brabender Plasti Corder System at a temperature of
190 °C for 15 min, using 75 rpm as rotational speed [22]. Then, the PP/
CNF composite was formed by compression molding. For that, the
granulated composite batch was compression-molded at 15 ton and at
temperatures of 180 °C. At the end, films of (15 x 15) cm? and thick-
nesses of ~3 mm were used for analysis. For the remainder of the study,
the PP with 6 wt% of CNFs will be labeled to as the PP/CNF composite.

2.2. Characterization methods

Detailed information on the morphology and crystalline structure of
CNFs was analysed with Transmission Electron Microscopy (TEM),
conventional TEM (CTEM) and atomically resolved TEM (HRTEM). To
this purpose, a TALOS S200 STEM microscope (ThermoFischer Scienti-
fic, Waltham, MA, USA), available at the University of Seville Research,
Technology and Innovation Centre (CITIUS, Universidad de Sevilla,
Spain) was utilized. The electron beam was accelerated at 200 kV, and a
40-pm-diameter objective aperture was utilized in order to obtain
HRTEM images. The same instrument, working in Scanning-TEM mode
(STEM), also allowed a compositional characterization of the nano-
fibers, via chemically sensitive images (High Angle Annular Dark Field
micrographs, or HAADF) and Energy Dispersive X-ray Spectroscopy
(EDX) maps.

The surface of strands of the PP/CNF samples were layered with 3 nm
platinum and cryo-fractured in liquid nitrogen before taking the images
at 3 kV through scanning electron microscope (SEM) (Ultra plus mi-
croscope, Carl Zeiss GmbH, Germany, field emission cathode).

The thermal response and crystallization characteristics of PP and
PP/CNF was studied by Differential Scanning Calorimetry (DSC) on a
DSC Discovery instrument at 10 °C min~! in nitrogen atmosphere of 50
ml min~!. First, an initial thermal heating of 0-200 °C was performed to
delete the thermal history, followed by a thermal cooling of 200-0 °C to
obtain the enthalpy and temperature of crystallization, and at the end, a
second heating of 0-200 °C was carried out to record the enthalpy and
temperature of fusion. Thermogravimetric analysis (TGA) was con-
ducted on a TA Instrument TGAQ500 at 10 °C min~' under nitrogen
atmosphere.

The TE measurements were carried out at IPF Dresden using a self-
constructed device combined with Keithley multimeter DMM2001
[23], and the schema of the device as well as the procedure of mea-
surement is reported in Krause et al. [24]. The volume conductivity and
thermovoltage were programed at temperatures from 30 to 96 °C.
Temperature differences of —8 K, —4 K, +4 K and + 8 K were set for each
temperature step, and the Seebeck coefficient was calculated from these
four thermoelectric voltages. The measurements were repeated up to
five times. The electrical resistance was measured when there was no
temperature gradient across the sample. The measurements were carried
out on two sample pieces, and the average Seebeck coefficient, volume
conductivity and power factor were calculated from these. The end
points of the samples were coated with silver paste for getting better
metallic contact with the device. The thermal conductivity k of the PP/
CNF composite was calculated from specific heat capacity, the density
(determined by buoyancy method) and the thermal diffusivity. The
thermal diffusivity was measured on compression molded rectangle
samples (10 mm x 10 mm, thickness 1 mm) through the plate thickness
using the light flash apparatus LFA 447 NanoFlash (Netzsch-Geratebau
GmbH, Selb, Germany) at the same temperatures used for measuring the
volume conductivity and thermovoltage. The specific heat capacity was
measured by comparing the heights of each specimen with Pyroceram
9606 [25].

Hall effect analysis was used for obtaining the majority carriers, the
carrier concentration (p) and mobility (p) of PP/CNF composite. For
that, a Keithley 2410 Source Meter and 2182 Voltmeter, together with a
GMW 5403FG electromagnet (magnetic field up to 1 T) was used. All
tests were done at room temperature using +500 mT and — 500 mT on 2
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cm x 2 cm samples. A LabVIEW program was used for data acquisition,
before analysis, the proper functioning of electrical contacts was verified
by the Van der Pauw method.

2.3. Electronic charge transfer modeling

In this work, a simplified quantum chemical model was applied to
discuss the impact of PP on the CNF graphitic layers, following a pre-
vious study in which the charge transfer and molecular geometry of
finite PP polymers filtered on finite hexagonal graphene monolayers was
calculated [16]. More precisely, an isotactic PP oligomer with 20
monomeric units adsorbed onto a graphene bilayer of 5.6 nm diameter
and 912 atoms per layer adsorbed on two basal locations, far and near
the graphene flake edge, and adsorbed perpendicular to a flake edge was
computed (Fig. 1). For computational efficiency, molecular optimiza-
tions were performed with the GFN-FF Hamiltonian [26], while the
charges were computed with the GFN1-xTB Hamiltonian which allow-
ing to address thousands of atoms [27]. The charge transfer was
computed by adding up the CMS5 partial charges [28] of PP and the two
hexagonal graphene flakes. Relevantly, the combined methodology xTB-
GFN1/GFN-FF, while showing enhanced computational efficiency was
benchmarked to yield very similar charge transfer to our previous model
of PP on monolayer hexagonal graphene flakes at the GFN1-xTB level
[16]. All calculations were performed with the xTB software v6.7.0.
[29].

3. Results and discussion
3.1. Morphological and compositional characterization

Fig. 2a shows a CTEM image, obtained in Bright Field conditions, of a
section of a CNF, in which the tubular morphology of the material is
evident. The intensity contrast in this type of TEM micrographs indicates
a difference in the orientation of crystalline plane, which is expected
since the graphite bends to form the tube. The atomic planes of the CNF
are visible in greater detail at Fig. 2b, showing a HRTEM image from one
of the regions in Fig. 2a. All the planes in this image present atomic
distances between 3.3 and 3.4 A, which agrees well with the theoretical
distances associated to the atomic plane (002) of the hexagonal graphite
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[30,31]. Fig. 2b includes an inset of a zoomed area from these atomic
planes, as an example of the measured atomic distances. Regarding the
chemical composition, EDX maps were obtained from single CNFs. Fig. 2
also shows a HAADF micrograph, where the intensity contrast can be
associated to the cylindrical, hollow shape of the CNF, since the intensity
in these STEM images indicates a change in the amount of material in the
electron beam path, as well as a change in composition. EDX maps
indicate that these nanofibers are composed by C atoms, since other
signals for elements (for example, Si or O) yield only noise.

Fig. 3 shows micrographs with different magnifications of the PP/
CNF sample. At the lowest magnification (Fig. 3a), a large area of the
sample can be observed in which no agglomerates are visible, suggesting
that adequate dispersion has been achieved. As the resolution is
increased (Fig. 3b and c), some holes can be seen where the CNFs were
attached before fracture and which detached when the sample fractured,
which can infer to poor adhesion between the polymer and the particles.
However, there are also other cases in which the CNFs remain adhered
to the matrix, so the existence of intermolecular interactions between
them cannot be ruled out.

3.2. Thermal characterization

DSC and TGA measurements were used in order to examine the
thermal stability of PP with and without CNFs. Regarding the DSC
thermograms of the samples, narrower curves in the PP/CNF than in the
control PP were observed (Fig. 4a). This can be attributed to a distri-
bution of lamellar thicknesses in the polymer due to the presence of CNF,
which homogenizes the size of the crystals and results in a decrease in
spherulitic morphology size [32]. In addition, a slightly higher melting
peak temperature (Tp,) in the PP/CNF sample than PP, from 163.6 to 165
°C, was noticed (Fig. 4a and Table 1). Moreover, an increase of 19 °C in
crystallization temperature (T.) of PP/CNF is observed compared to the
T, of the PP (Fig. 4b and Table 1). This can be attributed to the presence
of CNF due to their role as nucleating agents in the crystallization of PP
[33]. However, the degree of crystallinity (AX.) of the PP/CNF
composite:

B AH,,
~ AHfpp(1 — %CNF)

AX, x 100% (@9)]

Fig. 1. Molecular models of the central basal adsorption (a) near-edge basal adsorption; (b) and edge adsorption; (c) of isotactic 20-mer polypropylene, rendered as
grey sticks, adsorbed onto two AB-stacked Cg34H7g hexagonal graphene flakes, rendered as blue and red sticks, computed with the GFN-FF Hamiltonian. Hydrogen
atoms have been omitted for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Micrographs for a representative single CNF: (a) CTEM-Bright Field
mode; and (b) HRTEM. Below, HAADF image and EDX maps for C, Si and
O signals.
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where AH;, and AHyfpp, are the melting enthalpy of the PP, and the
100% crystalline PP (209 J g~ 1) [34], respectively, decreased when
compared with neat PP, from 45 to 42.5%. In this case, the CNF may
restrict the mobility of the PP, creating obstacles to the movement of
polymer chains, and preventing them from fully organizing into crys-
talline regions [35].

The TGA data clearly demonstrate the improved stability of the PP/
CNF composite, where neat PP loses 30% of its weight at 368 °C, while
for the PP/CNF composite, this occurs only at 436 °C (Fig. 5a, Table 2). It
is also possible to deduce that the amount of CNF present in the PP/CNF
is higher than the expected 6 wt%, possibly due to local differences in
CNF distribution within the sample, which may result in a higher CNF
concentration in the analysed region. As indicated in the DTG (Fig. 5b),
the initial degradation of the PP/CNF composite showed a rise of 75 °C
with respect to the PP, while its maximum degradation temperature was
also increased by 41 °C (Fig. 5b). Lastly, at 10, 30 and 50% weight loss,
the decomposition temperature ranged from 337 to 388 °C for neat PP,
and from 420 to 445 °C for the PP/CNF, indicating a significant
enhancement in thermal stability of approximately 20% (Table 2).

3.3. Thermoelectric properties at 30 °C

Table 3 shows the 6 at 30 °C of the samples. The 6 (~ 37 Sm ™) of
this carbon nanofiber (PR 24 HHT XT) is quite lower than the o
measured for PR 19 LHT XT and PR 25 PS XT (~ 136 S m_l) [36,37] and
PR 24 LHT XT (~ 133 Sm™ ') [38] (Table S1 in Supplementary data).
This lower o is an unexpected result, as this Pyrograf® III grade (HHT) is
heat treated at higher temperatures than LHT grade, which should
guarantee higher ¢ values due to their higher degree of graphitization
[17]. Consequently, it is not surprising that, given the fact that the ¢
found for this carbon nanofiber PR 24 HHT XT is lower than the ¢
measured for PR 19 LHT XT and PR 24 LHT XT, the ¢ of the PP/CNF
composite (7 x 1072 S m™1) results lower than the o of 15 and 50 S m™!
reported for polypropylene melt-mixed with 5 wt% of those PR 19 LHT
XT [36] and PR 24 LHT XT [16], respectively (Table S1). Interestingly,
similar values of 6 (1x 1072 S m~!) were measured for PP melt-mixed
with 10 wt% of PR 24 PS XT [39], and it should be noticed that 107*
S m~! were achieved for epoxy composites mixed with 1.5 wt% of PR 24
HHT XT [40].

Table 3 shows the S at 30 °C of the samples. Notably, the PR 24 HHT
XT analysed here, unlike other Pyrograf® III grades, which are n-type
[36], shows positive Seebeck as most of CNTs [41]. However, in terms of
absolute values, and, to the authors' knowledge, the S of these CNFs
(40.6 pVK™1) is the highest found for Pyrograf® III (Table S1), which
makes them even comparable to the Seebeck of SWCNTs Tuball™ [15].
It is noticed that the PP/CNF composite keeps the p-type of the CNFs,
though with a slightly lower S of 37.6 uyVK ™! (Table 3). Accordingly, its S
is the highest found for PP composites made with this type of CNFs
(Table S1). Comparatively, the S of the composite analysed is lower than
the 47.2 pVK‘1 measured for PP with 2 wt% of SWCNTs Tuball™ [15].

Fig. 3. SEM micrographs of the surface morphology of PP/CNF at different magnification scales.
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Table 1
DSC parameters.
Sample Tm (°C) T. (°C) AH, U g™ AX, (%)
PP 163.6 110.0 99.0 45.0
PP/CNF 165.0 129.0 99.5 425

As discussed in previous studies [18], this change in the S of the com-
posite with respect to the S of CNFs, leads to the PP being able to play its
effect on the S value of the CNFs. However, in contrast to those previous
works, which predict by the model presented in Section 2.3, that PP may
withdraw electrons (p-type doping) to CNFs and CNTs [16], this result
infers just the opposite: PP is donating electrons (n-type doping) to
CNFs. This latter would imply a decrease in the p-type of the CNFs, and
therefore cause the reduction in the value of Seebeck coefficient
observed for the PP/CNF composite. Interestingly, the same effect
(electron transfer from PP to MWCNTs) could explain the values of
—17.3 wVK ™! found in certain composites of PP with 2 wt% of nitrogen-
doped MWCNTs [15]. To investigate the charge transfer of poly-
propylene on the carbon nanofibers, as discussed in the Section 2.3, a
single conformation for syndiotactic PP was used, as a previous study
revealed a negligible tacticity and conformation dependence [16]. For
both basal adsorptions computed (Fig. 1), a slight but quantifiable
charge transfer from graphene to the PP molecules (0.002 electrons per
monomer) was found, matching accurately the observations of previous

368 °C

100 e SO (@)
g 8or PPICNF
= L
S
S 60}
®
5
s 40 |
; -

20

1 1 1 1 1 " 1 "
100 200 300 400 500 600

Temperature (°C)

report [16]. In contrast, the adsorption on a graphene edge yielded
charge transfer in the opposite direction, from the PP molecule to gra-
phene, of a comparable magnitude, 0.002 electrons per monomer.
Although from highly idealized models, this indicates that the contact
doping of PP with CNFs depends on the adsorption mode and contact
interactions of PP molecules and CNFs at their interface. Therefore,
unlike other Pyrograf® III grades with a lower degree of crystallinity
such as PR 19 LHT XT and PR 24 LHT XT [18], it can be inferred that the
PR 24 HHT XT produced with the highest levels of graphitization ac-
cording to the manufacturer could promote electron transfer from the PP
molecule to CNFs (n-type doping).

Table 3 introduces the carrier concentration p and mobility p at room
temperature of the composite, obtained as described in the Section 2.2,
which also confirmed its p-type character, with values of ~5 x 10'°
em~3and 60 cm?v™! s7! for its p and p, respectively, which do not differ
from the values found for PP composites produced with Pyrograf® III PR
24 LHT XT [16].

Table 2
Temperature for different percentages of weight loss of PP and PP/CNF
composite.

Sample T (100 (°C) T (300 (°C) T (s0%) (°C)
PP 337 368 388
PP/CNF 420 436 445
30 (b)
449 °C
251
PP/CNF
§ 2.0
:\° - 408 °C
o 15+
=
o
1.0} PP
0.5
0.0 : : ; : 4/| ;
100 200 300 400 500 600

Temperature (°C)

Fig. 5. Thermal characterization: (a) TGA; and (b) DTG curves.
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Table 3
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o, S, p PF, zT, p, and p of PP/CNF composite at 30 °C (results of CNFs were measured at 31 °C).

Sample s(Sm™) SEVK™ PF (u(Wm ' K2 zT p(ecm™) p(em?vls™
PP/6 Wt% CNF 0.07 + 0.06 37.6 + 0.4 1.0 x 107* 6.1 x10°8 5.4+ 0.4 x 10"° 60 + 20
CNF powder 37 +£2 40.6 + 0.2 6.1 x 1072 43 x10°° - -

Table 3 shows the PF and zT at 30 °C of the samples. The PF of the
CNFs is 6.1 x 1072 yW m™! K2, and therefore is the highest PF
measured for this type of Pyrograf® III CNFs (Table S1). However, the
composite shows a PF of 1.0 x 1074 me_1 K2, which is in the same
order than the PF of 7 x 10 *and 2 x 10~ pWm ™! K2 of PP with 5 wt%
of PR 24 LHT XT and PR 19 LHT XT, respectively (Table S1). Notably,
samples of PP with 2 wt% of NC 7000™ MWCNTs share the same PF of
1.0 x 1074 me’1 K2 [15]. For comparative terms, it is noted that PF
of 0.78 pyWm ™! K2 has been already achieved in composites of PP with
7.5 wt% of boron-doped SWCNTs [42]. The zT at 30 °C of the CNFs is
estimated by means of the k of 0.43 W m™! K™! reported on mats of
Pyrograf® III [43], while zT at 30 °C of the composite was estimated
from the k of 0.49 W m~! K™ measured as presented in 2.2. For the
CNFs, a zT of 4.3 x 107° is estimated, which is the highest zT found for
this type of CNFs (Table S1), and one order higher than the zT reported
for certain MWCNT buckypapers [44]. It should be reminded that values
of zT in the order of 10! have been already achieved for SWCNTs [11].
As mentioned at the start of this section, it is not surprisingly that, given
the fact that the o found for this carbon nanofiber PR 24 HHT XT is lower
than the ¢ measured for PR 24 LHT XT, the PP/CNF composite shows a
ZT value of 6.1 x 1078, lower than 4.8 x 107 calculated for PP with 5
wt% of PR 24 LHT XT (Table S1), and 1.3 x 10™* and 3.3 x 107°
measured for composites of PP with 2 wt% of boron-doped SWCNTs and
2 wt% of MWCNT CNS-PEG, respectively [15,42].

3.4. Thermoelectric properties from 30 to ~100 °C

Table 4 and Fig. 6 show the ¢ and S from 30 to 94 °C of the samples.
As outlined in the previous Section 3.3, a 6 of ~37 S m™~! was measured
for the CNF. Notably, at 94 °C, the o increases up to ~51 S m™'. Thereby,
the CNFs used here show a negative temperature effect (NTC), defined as
a decline in electrical resistivity when they are exposed to a rise in
temperature. Therefore, the influence of temperature on the ¢ of these
CNFs is opposite to that of other Pyrograf® III studied [18,37], which
show a positive temperature effect (PTC) in the same range of temper-
ature. On the other hand, although the PP/CNF composite also shows an
NTGC, its increase in ¢ is much more subtle in this temperature range. It is
worth noting that similar behaviour has been observed in polyether
ether ketone (PEEK) composites melt-mixed with 10 wt% of PR 24 LHT
XT, where ¢ kept almost constant over the same temperature range [38].
On the contrary, a PTC effect was measured for polypropylene with 5 wt
% of PR 24 LHT XT and PR 19 LHT XT [18]. From these results, it is
concluded that among the different existing Pyrograf® III CNFs, the
grade of CNFs used (PS, LHT and HHT) causes significant differences in

the electrical behaviour of their derived PP/CNF compounds.

Fig. 6 and Table 4 presents the S from 30 to 94 °C of the samples. It is
noticed that, in both cases, the S remains positive. In particular for the
CNFs, it is found a S of 40.6 pVK ! at 31 °C, which slightly rises to 41.8
uV K1 at 94 °C, while for the PP/CNF a S of 37.6 pVK ! at 30 °C, which
slightly rises to 39.2 uV K1 at 94 °C is observed. Interestingly, a rise of S
(in absolute terms) from 40 to 100 °C was obtained for Pyrograf® III PR
25 PS XT [37], PR 24 LHT XT and PR 19 LHT XT [18]. Likewise, the
increase of S obtained in the PP/CNF, was also observed in PP with 5 wt
% of PR 24 LHT XT and PR 19 LHT XT [18], and PEEK with 10 wt% of PR
24 LHT XT [38]. Therefore, from all these results, it is expected an in-
crease of S with temperature for these CNFs and their derived polymer
composites in this interval of temperature.

Table 4 presents the PF of the samples analysed. The CNFs show a PF
of ~6.1 x 1072 yW m~! K2 (at 31 °C), which rises to ~8.8 x 1072 pW
m ™! K 2 at 94 °C. It should be noted that PR 24 LHT XT and PR 19 LHT
XT show lower PF of ~4.3 x 1072 yW m~* K2 at 100 °C [18], while PF
of ~7.2 x 107> pW m~! K 2 was calculated at 100 °C for Pyrograf® III
PR 25 PS XT [37]. As previously noted, the PF of 1.0 x 1074 me’1 K2
of PP/CNF at 30 °C, increased to ~2.5 x 10~% yW m~! K2 at 94 °C,
below the value of 2 x 103 pW m ™~ K2 observed at 100 °C in PP with 5
wt% of PR 24 LHT XT [18]. Ultimately, the zT of PP/CNF composite is
~1.9 x 1077 at 94 °C, which is below the zT of ~2.5 x 107 at 100 °C
measured in polypropylene with 5 wt% of PR 24 LHT XT [18].

3.5. Electric modeling

As in previous works [18], to understand in more detail the electrical
properties of samples, the 3D variable range hopping (VRH) model is
used:

N <%> 1/4
o(T)=e \" (2)

In which, the Boltzmann's constant is kg, and Wp, defines the energy
potential. If Wp > 0, 6(T) leads to a thermally activated hopping through
potential wells, causing the NTC effect, while when Wp, < 0, 6(T) leads to
a thermally activated backscattering across structural defects or impu-
rities, causing the PTC effect [19]. In this work, the Wp, of the CNFs and
PP/CNF is positive with values of ~67 eV and 3 x 10° eV, respectively.
In particular, the |Wp|of the CNFs is ~10 times higher than the |Wp| of
0.15 eV obtained in PR 24 LHT XT [18], and ~ 10° times higher than
|Wp| of 3.9 and 6.3 eV estimated for PP filled with 5 wt% of PR 24 LHT
XT, and 5 wt% of PR 19 LHT XT, respectively [18]. It should be noticed
that the Eq. (2) implies a statistical average over a distribution of energy

Table 4
TE results at all temperatures (CNFs were measured at 31 °C).
T (°C) Sample Conductivity (S m™1) Seebeck (uV K1) Power Factor (W m~*-K~?) Thermal Conductivity (W m~! K1) zT
30 CNF 37 +£2 40.6 + 0.1 6.1 x 1072 4.3 x 1075
PP/CNF 0.07 + 0.06 37.6 £ 0.4 1.0 x 107 0.49 6.2 x 1078
46 CNF 39+2 41.5+0.3 6.7 x 1072 5.0 x 107>
PP/CNF 0.07 + 0.05 38.4 + 0.2 1.0 x 1074 0.48 6.7 x 1078
62 CNF 4242 41.7 +£0.3 7.3 x 1072 5.7 x 107>
PP/CNF 0.13 + 0.10 39.0 + 0.4 2.0x107* 0.50 1.3 x 1077
78 CNF 47 +3 41.8+0.1 8.2 x 1072 6.7 x 107>
PP/CNF 0.13 + 0.09 39.4 + 0.1 2.0 x107* 0.49 1.4 x 1077
94 CNF 51+2 41.8+0.1 8.8 x 1072 7.6 x 1075
PP/CNF 0.16 + 0.11 39.2+0.1 2.5 x 107 0.50 1.9 x 1077

2 k of CNFs calculated with 0.43 Wm ™' K~! [43].
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Fig. 6. o (solid black symbols) and S (open red symbols) of CNFs and PP/CNF. The dotted curves correspond to Eq. (2) and Eq. (3).

barriers/potential wells that capture the disorder effects over electronic
transport. Thus, the magnitude of Wp represents the average depth/
height of the wells/barriers, while its sign correlates with the one of the
charge carriers, obeying the relative position of the Fermi level to the
ionization energies of the donor. Consequently, and in contrast to the
previously studied Pyrograf® III CNF types, this grade of CNFs and its
derived PP/CNF composite show positive Wp, which explains the posi-
tive sign of their Seebeck coefficient and the observed NTC.

Likewise, as in previous works [18], the equation utilized for
studying the nonlinear behaviour of doped MWCNT mats [20] is applied
here to understand deeply their S (T):

ol
S(T) = bT+CTl;’ SR /A
{exp <T—T"> +1 }

where, bT defines the metallic term, c is a constant, T, = (E, — Ep)/ks, Er
is the Fermi energy level, and Ep denotes the energy of the localized
states near Er in the density of states [45]. The values of b, ¢, T, and E, -
Er using Eq. (3) are presented in Table 5. There is shown that the b of the
CNFsis 6.6 x 1073 pVK‘2 (positive), while Tp is 824.4 K, and (Ep — Ep) is
7.1 x 1072 eV. As a result, the b, Tp and (Ep — Eg) of the carbon nano-
fibers discussed here are close to the b, Tp and (Ep — Eg) obtained for PR
19 LHT XT and PR 24 LHT XT [18] and PR 25 PS XT [37]. On the
contrary, the term c is positive for both samples, unlike the Pyrograf® III
CNFs and their derived polymer composites analysed previously
[18,38], which always showed negative c values. In those works, the
origin of this negative sign for the ¢, was deduced as consequence of
defects or impurities in the structure of the CNFs themselves, which
cause resonances near the density of states in the Eg. It can therefore be
deduced that this change of sign for ¢ found now could be explained by
the more perfect structure of this type of CNFs with fewer defects or

Table 5

Electric modeling, b, ¢, Tp and (Ep — Ep) estimated by Eq. (3).
Sample b (WVK?) ¢ (uv) T, (K) Ep-Ep (eV)
CNF 6.6 x 1073 7.4 x 10* 824.4 7.1 x 1072
PP/CNF —6.8 x 1073 8.3 x 10* 875.5 7.5 x 1072

impurities. However, it is worth noting the sign (—) of b in the com-
posite, in contrast to positive sign (+) of b found in the carbon nano-
fibers. To explain this, it is noticed that the Eq. (3) defines two different
behaviors. In particular, the first term/summand, bT, corresponds to
nearly free charge carriers, where if b is +, then the free charge carriers
are holes, while if b < 0, then they are electrons. Therefore, the b <
0 found in PP/CNF leads to suggest that PP is donating electrons (n-type
doping) to CNFs, which implies a decrease in the p-type of the CNFs, and
as consequence a reduction in the value of S found for the composite.

In conclusion, the ¢ of the composite is driven by the ¢ of the carbon
nanofibers, and well explained in the framework of thermally activated
hopping as consequence of the more perfect structure of CNFs used in
this work. On the contrary, the S of the composite is not driven by the S
of the carbon nanofibers, associated with possible electron transferring
from PP to CNFs.

4. Conclusion

PP/CNF compounds with 6 wt% of Pyrograf® III carbon nanofibers
PR 24 HHT XT were morphologically, and thermally analysed using
SEM, and DSC and TGA. TEM results of the CNFs confirmed that they
had a tubular morphology, and their crystalline structure agrees well
with hexagonal graphite. SEM images of the PP/CNF composites show
that adhesion between PP and CNFs is not perfectly achieved. From DSC
analysis, an increase of T, of PP/CNF with respect to the unfilled PP is
clearly observed, while TGA reveals a significant enhancement in ther-
mal stability. In terms of their TE properties at 30 °C, the PR 24 HHT XT
CNFs present a modest 6 of ~37 S m™!, but with a Seebeck coefficient
much higher than expected for this type of CNFs, showing a value of 40.6
HVK ™!, thus sharing the values of some types of commercial SWCNTs.
Furthermore, unlike other Pyrograf® III grades, they showed positive
Seebeck as most of CNTs. A lower S of 37.6 pVK ! was found for PP/
CNF, assigned to the effect of the donation of electrons from poly-
propylene molecules to the carbon nanofibers. From 30 to 100 °C, the ¢
of the CNFs and the PP/CNF shows NTC character, associated to ther-
mally activated hopping, while their S(T) increases nonlinearly with the
temperature. It is concluded that, despite their similarities, the different
grades of Pyrograf® III CNF available exhibit clearly different thermo-
electric behaviors and have notorious influence on their derived
samples.
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