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Abstract

In this work, commercial vapor grown carbon nanofibers (CNF), produced by chemical
vapor deposition (CVD), were melt extruded with polypropylene (PP) with the aim of
analyzing their thermoelectric properties (i.e., electrical conductivity, thermoelectric power,
power factor and figure of merit). Unexpectedly, all PP/CNF composites, instead of
showing the typical positive thermoelectric powers (TEP) observed for this type of carbon-
based polymer composites, they showed negative TEP values. These results can be
attributed to the double layer structure surrounding the tubular core of the carbon nanofiber
grown by the CVD method at 1100 °C, which may lead to that the intrinsically negative
TEP from the inner shells counteract the positive TEP contribution from the outer surface
shells of CNF due to oxygen doping. Overall, all composites showed negative TEP values
around -8.5 uVK™, and a maximum power factor of 1.75 x 10 uW m™ K, corresponding
to a figure of merit of 4 x 10°. This study demonstrates that melt mixed polymer
composites with large-diameter tubular carbon nanostructures and negative Seebeck
coefficients can be directly produced with large-scale processing methods without requiring

specific additives and/or deoxygenation treatments.

1. Introduction



Thermoelectric (TE) materials are a kind of energy harvesting materials that are able to
transform a temperature gradient into an electrical voltage, calculated by a = % , hamed

as Seebeck coefficient (o) or thermoelectric power (TEP). The TEP can be positive or
negative depending on the charge carrier majority type [1]. In p-type TE materials (positive
a) there is a dominant hole conduction, whereas in n-type TE materials (negative a) the

majority carriers are electrons [2, 3]. Independently of the Seebeck coefficient sign, the

2
efficiency of a TE material is evaluated by its dimensionless figure of merit zT = % T,

where o is the electrical conductivity, k is the thermal conductivity and T is the absolute
temperature [4]. A TE material can also be evaluated by its power factor (PF) defined as
PF = a?c, when the data for k is not available. According to the figure of merit, the best
TE materials should have high ¢ and a, to deliver high PF, and low thermal conductivity.
Nevertheless, the complex intercorrelation between these three parameters (o, o and K),
together with the fact that they do not have the same dependence on carrier density [2],
make difficult to produce TE materials with the highest efficiency. Currently, inorganic
semiconductors like bismuth telluride (Bi,Tes), with zT around 1, are the most commonly
used TE materials [3]. However, the combination of their high thermal conductivities
together with the scarcity and toxicity of their elements (particularly tellurium), brittleness
and high cost have increased the interest in investigating different type of TE materials [5].
It is in this scenario that carbon nanostructures, such as carbon nanotubes (CNT), acquire
high relevance thanks to their excellent electrical, thermal and mechanical properties [6],
together with their approximately seven times lower density (1 g/cm®) than Bi,Tes (7.7
g/cm®). In this way, CNT have great potential for use in many flexible and wearable TE
applications. In particular, the investigation of CNT as TE emerging materials has grown
considerably due to their good intrinsic thermoelectric power and their possibility for
doping by physical/chemical methods to tune their a [7]. However, one important drawback
of CNT is that they have shown high thermal conductivities (k ~2000 W/mK) [8], which
reduce drastically their figure of merit. In this regard, conductive polymer composites
(CPC) consisting of insulating/conducting polymers and CNT, have emerged as a new
source of TE materials due to the good balance provided by the good ¢ and o from CNT,

and the low k provided by the polymer [9]. On the other hand, when choosing the type of



CNT for producing CPC composites with the desired properties, it is important to
distinguish first their intrinsic TE properties, which may vary depending on the processing
methods used. For instance, most as-produced CNT are p-type due to their inherent
oxygenation after processing [10], though some rare exceptions were reported where the
high growth temperatures in multiwalled carbon nanotubes (MWCNT) produced by
chemical vapor deposition (CVD), has switched them from p to n-type above a certain
threshold temperature [11]. Consequently, most of reported works on CPC with CNT are p-
type TE materials, and the reader is referred to recent revisions on CPC based on

insulating/conducting polymers with CNT [2, 12].

Despite the huge interest in polymer/CNT composites as novel TE materials above
commented, very limited research has been focused on studying the TE properties of a
different type of carbon nanostructure known as carbon nanofibers (CNF), which are
similar to carbon nanotubes but show different physical and chemical properties because of
their larger diameters and less perfect outer layers with a range of angles related to their
graphitic tubular core [13]. Among the very few works focused on the analysis of TE
properties of CNF, the authors have found a single study where self-organized macroscopic
solid structures consisting of CNF grown by means of methane pyrolysis in the presence of
NiO as a catalyst, showed a negative Seebeck coefficient of -11 pVK ' [14]. More recently,
solution mixed polymer composites of ethylene-octene copolymer (ECO) and CNF were
reported with positives TEP of 14 pVK™ [15]. In this regard, the first aim of this work is to
fill the existing lack of studies focused on the thermoelectric properties (i.e. TEP, PF and
zT) of conducting polymer composites based on CNF. For this purpose, a conventional
polypropylene (PP) with commercial vapor grown carbon nanofibers, synthesized by CVD,
was selected to produce conducting polymer composites by melt mixing. Quite
unexpectedly, we found that our composites, instead of behaving as p-type TE materials as
most of reported works on CPC with CNT, they showed n-type behavior due to the
intrinsic n-type nature of CNF used in this work. As far as the authors are aware, this is the
first work reporting n-type TE conducting polymer composites directly obtained by mixing

a conventional insulating polymer and as-produced carbon nanostructures (including



carbon nanotubes, graphene and their derivatives) without using either a pre-treatment for

functionalization/doping of CNF or additional additives during processing.

2. Experimental
2.1 Materials

A polypropylene powder, Borealis EEO02AE, was used as polymer matrix and vapor grown
carbon nanofibers, Pyrograf®-111 PR 24 LHT XT, (ASI, Cedarville, OH, USA), were
selected for producing melt mixed polypropylene-based composites with electrical
conducting properties. The PR 24 LHT XT fibers, with diameters of around 125 nm, have
shown two different structural layers with diameters of around 30 nm in total surrounding
the tubular structure (Figure 1) [16]. This type of CNF has shown lengths ranging from 50
to 100 um with thermal conductivities around 2000 W/mK [17].

Fig. 1. TEM micrograph of Pyrograf®-I11 PR 24 LHT XT vapor grown carbon nanofiber

2.2 Polymer composites processing

Melt mixed PP/CNF composites were fabricated on a modular lab-scale intermeshing mini-
co-rotating twin-screw extruder, with a screw diameter of 13 mm, barrel length of 31 cm
and an approximate L/D ratio of 26, coupled to a cylindrical rod dye of approximate 2.85
mm diameter. A detailed description of the melt extrusion conditions has been previously
published [18]. The extruded PP/CNF composites were then pelletized and pressed into



compression-molded specimens with the appropriate geometries for electrical and
thermoelectric measurements. PP/CNF composites with five different CNF concentrations
0.4 vol % (equivalent to 1 % wt), 0.9 vol % (2 % wt), 1.4 vol % (3 % wt), 1.9 vol % (4 %
wt) and 2.4 vol % (5 % wt), were prepared.

2.3 Morphological characterization

Morphological analysis was realized in an ultra-high resolution Field Emission Gun
Scanning Electron Microscopy (FEG-SEM), NOVA 200 Nano SEM, FEI Company.
Secondary electron images to analyze the topography of samples were performed with an
acceleration voltage of 10 kV. The samples were broken under cryogenic conditions (liquid
nitrogen) and then sputter-coated with a very thin film (1 nm) of Au-Pd (80-20 weight %)
before testing. An analytical TEM (JEOL JEM 1010) was used to observe the morphology
of CNF. Fiber samples was dispersed in isopropanol and a drop was placed in a grid for

direct observation.

2.4 Structural characterization

Infrared spectroscopy measurements (FTIR) were performed with Vertex 80v (Bruker) in
attenuated total reflection (ATR) mode from 4000 to 650 cm ', The experimental ATR
spectra was converted to transmission spectra using OPUS software. The measurements
were performed with the samples kept at room temperature in the sample compartment and
evacuated down to 4 mbar. FTIR of pristine CNF was obtained in the reflection standard
mode of a CNF pastille and then converted to transmission spectra (using the
approximation T=1-R). Raman spectroscopy measurements were carried out on an
ALPHA300 R Confocal Raman Microscope (WITec) using 532 nm laser for excitation in
back scattering geometry. The laser beam with P = 2 mW was focused on the sample by a x
50 lens (Zeiss), and the spectra were collected with 600 groove/mm grating using 5
acquisitions with 2s acquisition time. The surface characterization was performed by means
of X-ray photoelectron spectroscopy (XPS) in the ultra-high vacuum (UHV) system
ESCLAB 250Xi (Thermo Fisher Scientific). The base pressure in the system was below
510" mbar. The XPS spectra were acquired with a hemispherical analyzer and X-ray
source producing monochromated Al Ko, (hv = 1486.61 eV) radiation operated at 15 kV,

power 300 W and X-ray beam spot size 0.9 mm. The XPS spectra were recorded with pass



energies 20 eV and 200 eV for high resolution and survey spectra, respectively. The XPS
spectra were peak-fitted using Avantage processing software (Thermo Fisher Scientific).
For peak fitting the Lorentzian/Gaussian (30/70%) line shape and “Smart” background
subtraction were used. Quantification has been done using sensitivity factors provided by

the Avantage’s library.

2.5 Thermoelectric properties

Electrical conductivity of composites with CNF concentrations from 0.4 to 2.4 vol % and
PP neat samples of dimensions around 0.6 mm (thickness) x 15 mm x 15 mm were
measured using the two-point resistance method composed by a picometer (Keithley 6485)

and a DC voltage source (Agilent 6614C). The electrical conductivity was calculated by
o= é, where R, | and A are the electrical resistance, length and cross-sectional area of the

measured specimen, respectively. The final conductivity for each CNF concentration was
obtained as the average of four samples. The Seebeck coefficient was measured with an
MMR’s Seebeck System. PP/CNF films were cut into strips of about 2 mm x 5 mm and
connected by silver paint on the test stage. The environmental temperature was controlled
at 300 K by a K20 digital temperature controller under nitrogen gas. A stable temperature
difference was applied by heating one end of the sample with 25 mW power for 30
seconds, using SB100 digital Seebeck controller. The temperature difference was measured
using a reference constantan wire sample. Average values of Seebeck coefficient were

calculated out of 3 specimens and repeated at least 10 times for each specimen.

3. Results and discussions
3.1 Morphological Analysis

A representative SEM image of individual fibers is shown in Fig. 2a. The SEM
micrographs related to PP composites containing 0.4, 1.4 and 2.4 vol. % CNF are shown in
Fig. 2b, ¢ and d, respectively. The micrographs show the increasing amount of CNF
without signals of agglomeration. Compared to other grades of Pyrograf®-IIl, such as PR
25 PS XT, the PR 24 LHT XT grade used in this study has higher aspect ratio, which would

explain their better dispersion in the polymer [19].
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Fig. 2. SEM micrographs of CNF (a) and 0.4 (b), 1.4 (c¢) and 2.4 vol % (d) PP/CNF

composites

3.2 Structural analysis

Infrared spectroscopy is a widely used characterization technique to elucidate the structure
and interactions in different materials, including polymer composites. Fig. 3 presents the
spectra of PP and CNF in comparison with the PP samples filled with 0.4, 1.4 and 2.4 vol.
% of CNF. Neat PP spectrum shows the characteristic bands assigned to asymmetric and
symmetric stretching vibrations of CH3 and CH, groups in the 3000-2750 cm™ region and
to the CH3 asymmetric and symmetric bending between 1455 and 1375 cm™ [20]. Other
noticeable band is located at 1164 cm™ assigned to C-C stretching, CHs rocking and CH
bending. The band at 998 cm™ is assigned to CHs rocking, CH bending and CH, wagging
vibration and 973 cm™ is assigned to CH; rocking vibration and C-C stretching. Finally, the

band at 841 cm™ is assigned to CH, and CHs rocking, C-C stretching, and C-CHj stretching



vibrations and the band at 809 cm™ to C-C chain symmetric stretching vibration, CH,
rocking vibration and C-CHs stretching vibrations [19, 21]. Pristine CNF do not show
apparently structural information because of the black carbon nanofibers have very high
absorbance [22], though intensity bands assigned to C=C (1550 cm™ and 1210 cm™) [23],
can be observed. It is possible to confirm that the peaks previously described and assigned
to the polypropylene remain unchanged after the addition of CNF in 0.4, 1.4 and 2.4 vol. %
PP/CNF composites, though it is possible to observe a decreasing of their intensity peaks as
function of CNF loading. Furthermore, another decreasing of transmittance in the region
from 750 to 650 cm™ is found for PP/CNF composites, thus indicating the contribution
from the CNF.

: R

PP/CNF 2.4 vol %

PP/CNF 1.4 vol %

PP/CNF 0.4 vol %

\VF 'PP

Transmitance / a.u

CNF
1 . 1 . 1
4000 3000 2000 1000

-1
Wavenumber /cm

Fig. 3. Infrared spectra of PP, CNF and PP/CNF composites

Fig. 4 shows the Raman spectra of PP, CNF and PP samples filled with 0.4, 1.4 and 2.4 vol.
% of CNF. Neat PP has a rich Raman spectra with modes in the range 80-500 cm™ [21] and
800-1500 cm™ [24]. The most intense modes around 3000 cm™ are assigned to CH,



stretching vibrations [25]. The Raman spectra of pristine CNF presents the signature
expected for carbon-based materials with only two Raman bands, the band around 1350 cm’
! which is known as the disorder-induced D band [26], and the G-band around 1580 cm™,
characteristic of the graphitic lattice vibration mode [27]. The Raman spectra of composites
PP/CNF, presents the signatures of the two base materials. It is shown that the signature of
the PP becomes less intense as the amount of CNF increases in the composites, which is
confirmed by the strong decrease observed in the intensity of the PP modes in the 3000 cm’
! range. Simultaneously, the characteristics modes of the CNF are now present for PP/CNF
composites. It is noted that the PP mode at ~ 1500 cm™, clearly seen in the neat PP spectra,
is almost absent when 2.4 vol % of CNF are incorporated in the PP. Furthermore, the peak
position, the full width half maximum of the modes (FWHM) and the intensity ratio were
determined by fitting the Raman spectra with Lorentzian functions. The obtained fitting
parameters are shown in Table 1 for the G and D modes. The peak positions and FWHM
are in agreement with reported data for this kind of material. The intensity ratio between the
D and G bands (Ip/lg ) can be used for quantifying the disorder in the sample, i.e., itis a
measure of the number of disordered (D) to ordered (G) carbon atoms [28]. Ip/lg is close to
1 for pristine CNF (0.91), which confirms the value reported in a previous Raman analysis
for the same type of carbon nanofiber [16]. The composites with 0.4 and 1.4 vol % of CNF
also show Ip/lg close to 1. The lowest Ip/lg obtained for 2.4 vol % PP/CNF composites
(0.77), which corresponds to the highest La, is probably associated with the larger amount
of CNF present in the composites, a condition that favors the increase of the crystallite size
and consequently decreases the mode associated with the defects (mode D). The in-plane
graphitic crystallite size (L,) was calculated for CNF and PP/CNF composites by using the

following equation: L, (nm) = 4.4/ (Ip/lg) [29], and results are shown in Table 1.
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Fig. 4. Raman spectra of PP, CNF and PP/CNF composites
Sample D¢ (cm'l) FWHM, (cm'l) mD(cm'l) FWHMD(cm'l) Io/lg L,(nm)
CNF 1586 90 1352 113 0.91 4.84
PP/CNF 0.4 vol% 1586 85 1345 95 0.97 4.53
PP/CNF 1.4 vol% 1593 85 1353 100 0.94 4.68
PP/CNF 2.4 vol% 1580 95 1349 110 0.77 5.71

Table 1. Parameters obtained from the Raman fitting: D and G peak positions, o and mp
respectively (cm™) and respective full width half maximum, FWHMg and FWHMp (cm™).
Intensity ratio between D and G bands (Ip/lg) and in-plane graphitic domain size (L,)

calculated according to [29]

The composition of the CNF, PP and composites filled with 0.4, 1.4 and 2.4 vol % CNF
was assessed by the XPS. Table 2 lists elemental composition of the studied samples. Small
amount of oxygen (~ 1 %) detected in the CNF samples can be assigned to C-O functional
groups present in the carbon nanofibers. Florine, detected in relatively high amount in the
PP and PP/CNF composites, is, probably, due to the interaction between Teflon ® sheets

used to insulate hot metal plates from hydraulic press and samples during the compression



mould. Traces of Si, N, Na and Cl, also detected by the XPS, are intrinsic contaminations
of the PP material. The deconvolution of the C1s spectra in CNF, as it can be seen in Fig.
5a, yielded peaks at 284.8-285 eV assigned to C-C bonds, peaks at 286-287 eV and at ~288
eV assigned to C-O and to C=0 bonds, respectively [30-32]. It is noteworthy that the n-n
satellite peak (291 eV) characteristic of sp? hybridization of carbon atoms in CNF (Fig. 5a),
it does not appear in the C1s spectra recorded for the PP/CNF composites (Fig. 5c). That
might be an indication of a strong interaction between PP and CNF, which can quench the

sp® hybridization of carbon.

—O01s
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Fig. 5. C1s (a), Ols (b) XPS of PR 24 LHT XT carbon nanofibers and C1s (c), O1s (d)
XPS of PP/CNF 2.4 vol% composites



Sample O1s Cls Fls Si 2p N 1s Na 1s Cl 2p

CNF 1 99 - - - - -
PP 11 76 8 4 1 0.4 0.1
PP/CNF 0.4 vol % 10 83 1 4 1 0.7 0.5
PP/CNF 1.4 vol % 7 84 5 3 1 0.1 -
PP/CNF 2.4 vol % 6 87 3 3 1 0.2 0.1

Table 2. Chemical composition and surface atomic concentrations in % of CNF, PP and
PP/CNF composites obtained from XPS

3.3 Thermoelectric analysis

The room-temperature electrical conductivities of the PP/CNF composites as a function of
CNF concentration are represented in Fig. 6 (solid symbols). The results show that the
conductivity increases as a function of CNF content. A strong increase in conductivity was
achieved in PP/CNF composites at 0.4 vol. % with values of 0.11 + 0.02 S m™ when
compared to the neat PP (~10™? S m™), whereas the highest electrical conductivity was
achieved for composites reinforced with 2.4 vol % of CNF, which showed a value of 23 + 2
S m™. The results show that o can be well described in the framework of the percolation
theory. According to that, o obey the power law relationship o o (¢ — ¢.)¢, for ¢ > ¢,
where t is a critical exponent, ¢, is the percolation threshold, and ¢ is the volume fraction
of the filler [33]. It is observed that percolation threshold of PP/CNF composites is bounded
between 0 % and 0.4 vol %. A value of ¢, ~ 0.2 vol % can be obtained by fitting the
percolation equation with the exponent t was equal to 2.2 (x 0.3), which is fairly good
agreement with the percolation theory for 3D systems, where t takes values between 1.6
and 2.0 [34].

The thermoelectric power, at room temperature, is also shown in Fig. 6 (open symbols). In
particular, a Seebeck coefficient of -8.7 + 5.4 pVK ' is observed for the percolated PP/CNF
composites reinforced with 0.4 vol. % of carbon nanofibers. This value remains practically
constant and negative for all studied PP/CNF concentrations. Though it is generally
accepted that heterogeneous conducting polymer composites show a linear trend of
decreasing o with increasing ¢ caused by the higher contents of CNF introduced in the

polymer [35], a constant o has also been observed in percolated conducting polymer



systems with lower contents of carbon nanostructures as observed in our study [36]. The
observed large standard deviation of + 5.4 wVK™ for composites with 0.4 vol % of CNF
can be explained by measurement uncertainty due to their relatively low conductivity (c =
0.11 + 0.02 S m™), two orders of magnitude lower than the observed in the PP/CNF
composites with 1.4 vol % of CNF (c = 11.2 + 0.3 S m™). More significant is the negative
sign of TEP observed. In this respect, it should be noted that the authors have not found any
article reporting n-type TE composites directly obtained by melt or solution mixing an
insulating polymer with carbon nanostructures (including CNT, and other 2D carbon
nanostructures such as graphene and their derivatives) without using pre-treatment methods
of functionalization or some kind of additives during processing [12]. Furthermore, due to
the insulating nature of the PP used, it is reasonable to think that the negative Seebeck
coefficient is due to the n-type TEP behavior of the CNF used (PR 24 LHT XT, Pyrograf®-
I11). In this regard, the authors have found a previous work reporting negative TEP for
chemical vapor deposition MWCNT [11]. In particular, the negative TEP was observed in
buckypapers of MWCNT growth by CVD method at temperatures above 770 °C. In their
work, comparing MWCNT growth at temperatures above and below 770 °C, Hewitt et al.
explain that the negative TEP may be caused by the larger-than-50 nm diameters observed
for the CVD MWCNT grown above 770 °C, which increase the number of inner shells
surrounding their tubular structure. They conclude that this negative TEP is caused by the
intrinsic negative contribution (electron conduction) from the inner shells, which is able to
counteract the positive contribution (hole conduction) produced by the surface oxygenation
on the outer shells. On the contrary, the CVD MWCNT produced by using temperatures
below than 770 °C showed positive TEP caused by the observed diameters below 50 nm
with lower number of inner shells. Therefore, our results seem to confirm the claims
discussed in the work of Hewitt et al. Similarly to the MWCNT used in their study, we
found that our carbon nanofibers were grown by CVD in a reactor maintained at near 1100
°C [17], and, as it was previously shown (Fig. 1), they have large diameters of around 125
nm. Furthermore, this particular carbon nanofiber grade has shown a tubular core
surrounded by two structurally different inner and outer layers [16]. This could explain the
negative sign of TEP found in our CNF. The hypothetical negative contribution from the

inner shells of CNF would counteract the positive contribution from the outer layers



produced by the oxidized states as confirmed by XPS (Figure 5b). It must also be pointed
out that all the studied composites in our work showed TEP values around -8.5 pnVK ™,
which are slightly higher (absolute value) than the -6 pVK ™ reported by Hewitt et al. for
their CVD grown above 770 °C MWCNT and lower than the -11 VK reported for CNF
grown by means of methane pyrolysis in the presence of NiO as a catalyst [14]. The highest
o in our study (absolute value) showed a value of -8.8 + 0.6 VK™ for PP/CNF composites
reinforced with 2.4 vol. % of carbon nanofibers. Our Seebeck coefficients are far from the
already reported melt extruded PP/SWCNT composites with negative TEP of -56.6 uVK ™
[12], but in that study, apart from the SWCNT, which is normally more expensive than the
CNF used in this study, the authors had to add 10 wt % of polyethylene glycol (PEG)
during extrusion to get their final negative TEP values. Other studies of the melt mixed p-
type TE CPC have shown positive TEP values of 10 nVK™ [37] and 14 uVK™ [38] for
poly(vinylidene) fluoride (PVDF)/MWCNT and poly(carbonate) (PC)/MWCNT
composites, respectively. Besides, independently of their negative TEP, our values are
similar to those obtained by Antar et al. based on melt-processed poly (lactic acid) (PLA)
with CNT of 9.5 nm produced by catalytic carbon vapor deposition (CCVD), where o, of 8-
9 VK for 12 vol % PLA/CNT composites has been obtained [36].
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Fig. 6. Electrical conductivity (solid symbols), power law fitting, and negative Seebeck

coefficient (open symbols) as function of CNF content in PP/CNF composites

The power factor PF (S? ) of PP/CNF composites at room temperature was also calculated
and the results are shown in Fig. 7. As it is observed, the PF increases with the increasing
of CNF content. This behavior is mainly due to the increase of ¢ caused by the percolative
behavior, since the Seebeck coefficient is almost constant. In fact, the power law PF «
(¢ — ¢.)t describes well the variation of PF with CNF content, where t, ¢, and ¢, are the
same parameters as the ones used in the electrical conductivity discussion. The threshold is
located between 0.4 and 0.9 vol. %, which is indicated by a change of 2 orders of
magnitude in their PF. More precisely a value of ¢.= 0.5 vol. % was obtained witht =1.1 +
0.3. According to these results, PF threshold is higher than the o threshold previously
obtained (¢.= 0.23 vol %), i. e., electrical connectivity between fibers precedes power
factor response in these composites. Although the use of the power law is discussed in the
literature to calculate intrinsic Seebeck coefficients of MWCNT (12 pVK ™) and SWCNT
(32 uVK™) in poly(3-hexylthiophene) (P3HT)/CNT films produced by solution casting
[39], we did not find any work which compares electrical and PF thresholds. Finally, the
highest power factor, with a value of 1.75 x 10 pW m™ K, was obtained for composites
reinforced with 2.4 vol. % of CNF, which is comparable with values reported in melt-
processed PP with 0.8 wt % of CNT [12], but it is very far from PF reported in studies

based on solution processed CPC, where values of 1825 pW m™ K were attained [40].
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Fig. 7. Power factor as function of CNF contents and corresponding fit with power scaling

law of the PP/CNF composites

From the experimental values of electrical conductivity, Seebeck coefficient, and thermal
conductivity values shown in Table 3 (measured by using the flash diffusivity method and
reported in a previous work for the same PP/CNF composites [41]), the highest figure of
merit zT at room temperature for PP composites filled with 2.4 vol. % of CNF was 4.1 X
10°°, which is close to the best values of 7.9 x 10 reported in melt mixed PC filled with
functionalized carboxyl MWCNT after addition of cyclic butylene terephthalate (CBT)
oligomer [42], four order of magnitude lower than the work based on melt-processed
PLA/CNT composites for 18 vol. % of CNT (7 x 10®) [36], and very far from zT reported
in studies based on solution mixing CPC, where values of up to 0.25 at room temperature
were obtained [43].

CNF (vol %) Thermal Conductivity (W/mK)

0 0.291
0.4 0.344
0.9 0.337
1.4 0.375
1.9 0.420
2.4 0.437

Table 3. Thermal conductivity of PP/CNF composites [41]



4. Conclusions

Commercial vapor grown carbon nanofibers, produced by chemical vapor deposition, with
graphitic tubular cores surrounded by two structurally different inner and outer layers, were
melt mixed with polypropylene by twin-screw extrusion. Their morphologic, structural and
thermoelectric properties were analyzed. The morphological analysis showed that CNF
exhibit good dispersion within the polypropylene. The FTIR spectra of pristine CNF show
typical absorption bands associated to the carbon. On the other hand, the Raman spectra of
as-produced CNF presents the typical signature expected for sp® carbon-based materials
with only two Raman bands, the D-band assigned to the presence of disorder in graphitic
materials, and the G-band characteristic of the ideal graphitic lattice vibration mode.
Furthermore, the analysis of pristine CNF by XPS confirmed the presence of oxygenated-
functional groups appearing on carbon nanofiber surfaces, commonly observed in most of
as-produced p-type CNT. The electrical conductivities found for PP/CNF composites with
CNF contents from 0.4 to 2.4 vol. % can be well described in the framework of the
percolation theory for 3D systems. All the conducting composites showed negative
thermoelectric power values of around -8.5 VK . The unexpected negative sign observed
can be explained by the large diameter of 125 nm and double layer structure surrounding
the tubular core of CNF produced by CVD at growth temperature of 1100 °C. The
hypothetical negative contribution (electron conduction) from the inner layer would
compensate the positive contribution (hole conduction) from the outer shell due to the
typical oxygen doping after CNF production. As far as the authors are aware, this is the first
work reporting melt compounded polymer composites with large diameter tubular carbon
nanostructures and negative TEP values without requiring specific additives and/or

deoxygenation treatments.
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