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Abstract: The temperature dependent electrical conductivity o (T) and thermopower (Seebeck coeffi-
cient) S (T) from 303.15 K (30 °C) to 373.15 K (100 °C) of an as-received commercial n-type vapour
grown carbon nanofibre (CNF) powder and its melt-mixed polypropylene (PP) composite with
5 wt.% of CNFs have been analysed. At 30 °C, the ¢ and S of the CNF powder are ~136 Sm~! and
—5.1 uV K71, respectively, whereas its PP/CNF composite showed lower conductivities and less
negative S-values of ~15 S m~tand —3.4 pVK1, respectively. The o (T) of both samples presents a
do/dT < 0 character described by the 3D variable range hopping (VRH) model. In contrast, their S
(T) shows a dS/dT > 0 character, also observed in some doped multiwall carbon nanotube (MWCNT)
mats with nonlinear thermopower behaviour, and explained here from the contribution of impurities
in the CNF structure such as oxygen and sulphur, which cause sharply varying and localized states
at approximately 0.09 eV above their Fermi energy level (Er).

Keywords: polypropylene; carbon nanofibers; thermoelectric properties; n-type polymer composites;
variable range hopping

1. Introduction
Thermoelectric (TE) materials are able to transform waste heat into electrical energy.

Their efficiency is characterized by the dimensionless figure of merit zT = 527‘7 T where the
thermopower (Seebeck coefficient) (S), calculated as S = AV /AT, reflects the creation of
a potential difference (AV) when the ends of a TE material are exposed to a temperature
difference, T is the absolute temperature, and k is the thermal conductivity [1,2]. Thereby, S
can be positive or negative depending on the type of the majority charge carrier. Hence,
in p-type TE materials (positive S), there is dominant hole conduction, whereas in n-
type TE materials (negative S), the majority of the charge carriers are electrons [3]. In
addition, the power factor PF = S?¢ is used as a characteristic measure with ¢ as the
electrical conductivity [2,4]. Accordingly, materials with large S, high o and low k values
are necessary for the achievement of high TE properties. In this respect, TE materials
based on inorganic materials such as BiTe, SnSe and GeSe are very promising as they
show zT values > 1 [5]. However, the combination of their difficult processibility together
with their high cost, partial toxicity, geopolitical risks and poor flexibility have increased
interest in searching for different TE materials [6]. In this context, organic materials
mainly including conducting polymers (CPs) such as poly(3,4-ethylene dioxythiophene)
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(PEDOT), polyaniline (PANI), polypyrrole (PPy) and their composites have observed
fast progress [7]. Moreover, inorganic/organic hybrids, consisting of those electrically
conductive polymers and inorganic TE materials, have also attracted great interest [8,9].
However, these type of compounds have not yet provided zT's higher than those obtained
only with inorganic materials due to the random dispersion of the latter ones in the
CPs, as well as the existing divergence of their Fermi energy levels (Er) [10]. Moreover,
the processing in the melt state is more environmentally friendly than in solution as it
permits the production of large material volumes with existing equipment and prevents
the need of using solvents [11]. Consequently, conductive polymer composites (CPCs),
consisting of insulating polymers (IPs) modified with carbon based conductive structures
(i.e., carbon black, carbon nanotubes, graphene, etc.), are becoming promising due to the
good balance yielded by the flexibility and low k provided by the IP and the high ¢ and
S of the carbon materials [6,12]. Among the different types of carbon structures, most
attention has focused on the investigation of the TE properties of single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) due to their high S
and the possibility of increasing their S-values by different processes [13,14]. Thus, melt-
mixed composites of polybutylene terephthalate (PBT) with 5 wt.% SWCNTSs have achieved
positive S values of 66 pV K1, whereas negative S-values of —51.5 pV/K have been
reported in acrylonitrile butadiene styrene (ABS) composites with 0.5 wt.% SWCNTs [14].
On the other hand, nitrogen doped MWCNTs always resulted in negative S-values of their
composites [15]. Despite the enormous interest in CNTs as novel TE materials mentioned
above, very limited efforts have focused recently on the TE properties of a different carbon
nanostructure known as carbon nanofibres (CNFs), which typically present larger diameters
than CNTs and diverse orientation of the graphitized shells with respect to their hollow
tubular axis [16]. This is surprising since early works on heat-treated benzene-derived
carbon fibres prepared by thermal decomposition [17], heat-treated graphite fibres grown
by pyrolysis of natural gas [18], and heat-treated methane-derived vapor grown carbon
fibres (VGCFs) [19], have shown air-stable negative S values at room temperature, contrary
to the most as-produced CNTs, which are p-type conductors due to oxygen doping [20].
More recently, a thermopower of —5.5 uV/K at 30 °C has been reported for a selected
commercial grade of CNFs [21] that additionally showed the benefit of also having air-stable
negative S-values. It must be noted that such n-type materials are also needed to fabricate
effective thermoelectric generators (TEGs) which typically consist of pairs of p- and n-type
materials. It is in this context that this study was performed, extending the TE analysis
of former works focused on n-type CNFs and their melt-mixed CNF/polypropylene (PP)
composites [21,22]. Thereby, in those previous works, the TE properties of n-type CNFs
(Pyrograf®-IIT PR 24 LHT XT) and their melt-mixed PP composites with up to 5 wt.% of
CNFs are analysed and compared exclusively at room temperature. In the present work, the
o (T) and S (T) values in the temperature interval from 30 °C to 100 °C of a different grade
of n-type CNFs (Pyrograf®-II PR 19 LHT XT), and their melt-mixed PP/CNF composite
with only 5 wt.% of CNFs are studied, compared and theoretically modelled. To our
knowledge, the S (T) of such CNFs and their melt-mixed polymer composites has not been
presented before.

2. Materials and Methods
2.1. Material Processing

A polypropylene powder, Daplen™ EEQ002AE (Borealis AG, Vienna, Austria)—a
reactor elastomer modified polypropylene intended for injection moulding with a density
of 905 kg m~3 and melt flow rate of 11 g 10 min—! (230 °C/2.16 kg)—was used as polymer
matrix. Pyrograf® -III PR 19 LHT XT carbon nanofibres (ASI, Cedarville, OH, EUA) with
bulk densities between 1-3 1b/ft> (0.016-0.048 g cm—3) and a range of lengths of 30~100 pm
produced by chemical vapour deposition (CVD) were chosen for producing the melt-mixed
PP/CNF composites. This particular type of CNF was grown at 1100 °C with a thermal
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post-treatment at 1500 °C in inert atmosphere, which morphologically results in a dual wall
structure surrounding the hollow tubular core as it is shown in Figure 1.

Figure 1. TEM images of vapor grown carbon nanofibres Pyrograf®—HI PR 19 LHT XT, (a) hollow
core and surrounding layers, (b) detail of inner layers constituted of parallel graphene sheets.

Melt-mixed PP/CNF composites were fabricated on a modular lab-scale intermesh-
ing mini-corotating twin-screw extruder, with a screw diameter of 13 mm, barrel length
of 338 mm and an approximate L/D ratio of 26 coupled to a cylindrical rod dye of ap-
proximately 2.85 mm diameter. Further description of the processing conditions has
been previously reported [23]. The extruded PP/CNF composites were pelletized and
compression-moulded at 210 °C with a PW40HT hot press for 2 min (1.5 min pre-heating,
maximal force 50 kN, 0.5 min cooling in a mini-chiller, with a polyimide foil as separator).
Circular films with a diameter of 60 mm and a thickness of 0.5 mm were prepared for
thermoelectric measurements and circular pieces with 12.5 mm diameter and 1 mm thick-
ness for thermal conductivity measurements. Based on the electrical conductivity values,
in addition to the Pyrograf®-IIl PR 19 LHT XT CNF powder, the melt-mixed PP/CNF
composite with 5 wt.% CNFs (above the electrical percolation threshold [23]) was selected
for the morphological, structural and thermopower analysis.

2.2. TEM, SEM, Raman and XPS Analysis

The as-received CNFs were observed with a transmission electron microscope (TEM)
(JEM-2100, JEOL Ltd., Tokyo, Japan) operating a LaB6 electron gun at 80 kV. Images were
acquired with an “OneView” 4k x 4k CCD camera at minimal under-focus to achieve
visibility of the CNF surface layers. Extruded strands of the PP/CNF composite were
cryo-fractured in liquid nitrogen and the surface was covered with 3 nm platinum before
examining using field emission scanning electron microscopy (SEM) (Ultra plus, Zeiss
Oberkochen, Germany) at 3 kV. Raman spectroscopy measurements (ALPHA300 R Confo-
cal Raman Microscope, WITec GmbH, Ulm, Germany) were carried out using 532 nm laser
for excitation in back scattering geometry. The laser beam with P = 0.5 mW was focused
on the sample by a 50 x 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) (ESCLAB 250Xi, Thermo
Fisher Scientific, Waltham, Massachusetts, EUA) in the ultra-high vacuum (UHV) sys-
tem. The base pressure in the system was below 5 x 10~!Y mbar. The XPS spectra were
acquired with a hemispherical analyser and X-ray source producing monochromated Al
Ko (hv = 1486.61 eV) radiation operated at 15 kV, power 200 W and X-ray beam spot size
0.65 mm. They were recorded with pass energies of 20 eV and 200 eV for high resolution
and survey spectra, respectively. The XPS spectra were peak-fitted using the Avantage pro-
cessing software (Thermo Fisher Scientific). The Lorentzian/Gaussian (30/70%) line shape
and “Smart” background subtraction were used for peak fitting, and the quantification has
been done using sensitivity factors provided by the Avantage library.
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2.3. Thermoelectric Analysis

The Seebeck coefficient and volume resistivity of the PP/CNF composite and CNF
powder were determined using the self-constructed equipment TEG at Leibniz-IPF [24,25].
The measurements were performed at the mean temperatures of 303.15 K (30 °C), 313.15 K,
333.15 K, 353.15 K and 373.15 K (100 °C), getting the S values by applying temperature
differences between the two copper electrodes up to +8 K around the mean temperature
in 2 K steps. The samples were painted with a conductive silver ink at their ends. The
measurements of thermovoltage and resistance were performed using a Keithley multime-
ter (DMM2011, Keithley Instruments, Cleveland, OH, EUA). The volume resistivity was
measured at the different mean temperatures using a 4-wire technique. The given values
represent the arithmetic mean values of ten measurements. The Seebeck coefficient at each
temperature was calculated as the average of eight thermoelectric voltage measurements.
For the thermoelectric measurements on the CNF powder, an insert consisting of a PVDF
tube (inner diameter 3.8 mm, length 16 mm) closed with copper plugs was used, which
was filled with the CNF powder [14].

The thermal conductivity of the composites was calculated from the product of thermal
diffusivity, density, and specific heat capacity. The thermal diffusivity was measured on
circular samples (diameter 12.5 mm, thickness 1 mm) through the plate thickness using
the light flash apparatus (LFA 447 NanoFlash, Netzsch-Gerdtebau GmbH, Selb, Germany)
at 303.15 K, 313.15 K, 333.15 K, 353.15 K and 373.15 K. The specific heat capacity of the
composites was calculated by comparing the signal heights between the composite and the
reference Pyroceram 9606 (with known specific heat capacity) using the LFA 447 NanoFlash
software. The density of the composites was determined using the buoyancy method. The
given values represent the mean values of four measurements.

3. Results and Discussion
3.1. TEM, SEM, Raman and XPS Analysis

Representative TEM images of the used CNFs are shown in Figure 1. The diameter
of 25 CNFs was measured and an average diameter of around 110 nm was obtained. This
diameter is comparable to the values measured by Tessonnier et al. for the same type of
CNFs [26]. The CNFs show a two-layer structure surrounding the hollow tubular core,
where the inner layers present parallel nanosheets with respect to the hollow core. In
particular, the inner layers of Figure 1b were composed of 29 nanosheets with individual
thicknesses of about 0.32 nm and angles of around 17° with respect to the main axis of the
CNEF. Similar nanosheets are also present in the outer layers, though they are not as ordered
as in the case of the internal layers. In total, 19 outer graphene sheets with dimensions
between 0.32 and 0.35 nm are observed in Figure 1b. As a conclusion, Figure 1a,b showed
two types of morphologies enclosing the hollow tubular core. Moreover, the inner layers
seem to be better graphitized than the outer ones.

SEM micrographs related to the PP/CNF composite are shown in Figure 2. The CNFs
protrude from the PP and are seen in relatively large length, which is a sign of a low
wettability and poor adhesion. This may be due to the not favourable affinity between the
nonpolar polyolefin matrix and the CNFs. However, the CNFs seen in Figure 2b indicate a
homogenous dispersion and distribution without the presence of agglomerates.

Figure 3 shows the Raman spectra obtained from PP, as-received CNF powder and the
PP/CNF composite in the range between 600 and 1800 cm~!. Polypropylene shows rich
Raman spectra with modes in the range 800~1500 cm ! [27] assigned to CHj, stretching
vibrations [28]. On the other hand, the as-received CNFs present the two bands expected in
carbon nanostructures. One band is found at 1352 cm ™!, known as the disordered-induced
D band [29], observable when defects are present in the carbon aromatic structure, and
the G-band is found at 1580 cm ™!, characteristic of the ideal graphitic lattice vibration [30].
As expected, the PP/CNF composite presents the signatures of the two base materials. In
particular, the most intense modes of PP (dotted lines in Figure 3a) are clearly observable
in PP/CNF composites. Interestingly, a relative intensity change is observed between the
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two PP peaks located at the vicinity of 800 cm ™!, which can be related to the presence of
the CNFs in the PP/CNF composite. Moreover, the peak at 1460 cm ™!, corresponding to
the PP (numbered as 3 in Figure 3a) also shows the same intensity as the G and D bands
in the PP/CNF composite, whereas peaks 1 and 2 of the PP hide the D-band of the CNFs
in the PP/CNF composite (Figure 3b). These results suggest a strong presence of PP in
the analysed area. It is also of note that the G peak for the PP/CNF composite shows
an apparent shoulder peak at ~1600 cm ™!, which can be associated to the existence of a
D’ mode caused by defects in the CNFs [31]. The peak position and the full width half
maximum (FWHM) of the modes for CNFs and the PP/CNF composite were determined
by fitting the Raman spectra with Lorentzian functions, and the obtained parameters are
listed in Table 1 together with the in-plane graphitic domain size (La) calculated according
to Ly (nm) =4.4/(Ip/Ig) [32]. Interestingly, the FWHMg (90) and FWHMp, (115) of the CNF
powder are higher than previous values reported for the same type of CNFs [26]. Typically,
a decrease in the width of the D and G bands has been associated with an enhancement of
the degree of graphitization in CNFs [26]. Notably, the values of FWHMg and FWHMp
decrease clearly in the PP/CNF composites, an observation that has been attributed earlier
to the increasing size of remaining agglomerates when enhancing the concentration of
CNFs [31]. However, such effect was not observed based on the SEM images shown in
Figure 2. Table 1 shows that the G and D peak positions were practically the same and
with slightly higher wavenumbers than the CNF powder in the PP/CNF composite. This
indicates that the processing did not affect seriously the structure of the as-received CNFs.
The intensity ratios between the D and G bands (Ip/Ig) were calculated and presented also
in Table 1 since they are an important parameter for quantifying the number of disordered
(D) and ordered (G) carbon atoms [33]. Notably, the Ip/Ig of 0.76 for the CNF powder
results lower than the value of 1 reported for the same type of CNFs [26]. Moreover, the
Ip/Ig remains practically the same for the CNF powders and the PP/CNF composites,
and, therefore, the production of the PP/CNF composites by melt-mixing did not have a
strong effect on this parameter. However, the calculated in-plane graphitic domain size L,
was slightly higher for the PP/CNF composite. This result agrees with a previous work on
melt-mixed PP/CNF composites made with another grade of Pyrograf®-IIT CNFs (PR 24
LHT XT), and it can be explained by the increase of the PP crystallite size caused by the
introduction of CNFs [22].

Figure 2. SEM micrographs of the PP/5wt.% CNF composite at lower (a) and higher (b) magnifications.
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Figure 3. (a) Raman spectra of PP, as-received CNFs and PP/5wt.% CNF composite. (The dotted lines
are to guide the eye), (b) Raman fit in the G and D wavenumber range of PP/5wt.% CNF composite
(blue line), showing the different components: CNFs (violet line) and PP (black line).

Table 1. D and G, FWHM, Ip/Ig, and La calculated according to [32], of as-received CNFs and
PP /5wt.% CNF composite.

wg FWHM¢ wp FWHM)p

Sample (cm-1) (cm-1) (cm-1) (cm-1) Ip/lg La(nm)
CNF 1580 90 1352 115 0.76 5.8
PP/CNF 1587 50 1353 75 0.7 6.3

The elemental composition of PP, as-received CNFs, and melt-mixed PP/CNF com-
posite was analysed by XPS, and listed in Table 2. All samples contain mainly carbon
and oxygen, as is evidenced by their survey XPS spectra (Figure 4). In addition, some
inorganic impurities such as sulphur (S) (~0.1%) in the as-received CNF powder, and silicon
(5i) (~0.5%) in PP and the PP/CNF composite (Table 2) were detected. In particular, the
presence of sulphur in this type of CNFs has been previously observed, together with
growth catalyst impurities such as iron [26]. The presence of Si in PP and the PP/CNF
composite can be assigned to contaminations accumulated during the melt-mixing process.
Moreover, the composition analysis of the neat CNFs revealed an amount of oxygen of
~1.62%, which increases up to ~2.64% in the PP/CNF composite (Table 2).

Table 2. Chemical composition and surface atomic % of PP, CNF and PP/5 wt.% CNF composite.

Sample Ols Cls S2p Si2p
PP 2.0 97.5 - 0.5
CNF 1.6 98.2 0.1 -
PP/CNF 2.6 96.9 - 0.5

A comparison of the deconvolution of Cls and O1ls spectra for PP, neat CNFs and the
melt-mixed PP/CNF composite is presented in Figure 5. The Cls deconvolution of the neat
PP shows a strong line at ~285.8 eV assigned to C-C bonds, and another line at 286.5 eV
assigned to C-O bonds (Figure 5e) [34]. In the case of the neat CNFs, their Cl1s show a
strong line at ~284.4 eV assigned to C—C bonds, which together with the “satellite” peaks
at 290.5 eV represent sp? hybridized carbon, an additional peak is observed at 285.2 eV
assigned to C-O bonds (Figure 5c) [35,36]. The Cls deconvolution of PP/CNF composites
presents similar results as the neat CNFs, though the C—C and C-O bonds are slightly
shifted to 284.8 eV and 285.3 eV, respectively. However, it is of note that the - peaks did
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not appear in the Cl1s spectra of PP/CNF composites (Figure 5a), which can be explained
by the high presence of PP. On the other hand, the Ols deconvolution of neat PP shows a
strong line at 532.7 eV (Figure 5f) assigned to C-O bonds [37]. The O1s spectra in CNFs
(Figure 5d) yielded asymmetric peaks at 531.6 eV assigned to C=O [38], and 533.2 eV
assigned to C-O [39]. Interestingly, the Ols spectra of PP/CNF composites (Figure 5b)

show only a peak at 532.2 eV, which can be associated to both C-O and C=0 bonds.

C1s
PPICNF Ots \
Cis
CNF Ots . J
PP | C1s
" 1 1 1 1 " 1 " 1
1200 1000 800 600 400 200 0

Binding Energy / eV

Figure 4. XPS survey spectra of PP, CNF powder, and PP/5 wt.% CNF composite.
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Figure 5. XPS deconvolution of Cls (a) and O1s (b) of PP/5 wt.% CNF composite; Cls (c) and Ols
(d) of CNFs; C1s (e), Ols (f) of PP.

3.2. Thermoelectric Analysis

The electrical conductivity of the CNF powder and the PP/CNF composite as functions
of the measuring temperature are presented as squared symbols in Figure 6, whereas the
exact values can be seen in Table 3. In particular, a value of 136.39 + 0.22 S m~!, equivalent
to ~7 x 10! Ohm cm, is measured for the CNF powder at 303.15 K (30 °C), which
decreases up to 127.01 & 14.36 Sm~" at 373.15 K (100 °C). The electrical resistivity at 30 °C
is significantly higher than the value of 4 x 1073 Ohm cm previously reported for individual
Pyrograf® IIT CNFs [40]. This difference can be ascribed to the higher electrical resistivity,
originated by higher contact resistances at the connection points of the nanofibres within
the compressed CNF powder. Interestingly, the electrical conductivity of the here-used CNF
grade is lower than the values of ~320 Sm™" at 30 °C reported for the Pyrograf® Il CNF
grade PR 24 LHT XT as previously reported [21]. This significant difference between the ¢
of both CNF grades could be explained by the higher agglomerate sizes reported of the
as-received PR 19 LHT XT CNFs, ranging from 100 to 200 um as compared to 10 to 100 pm
observed for the as-received PR 24 LHT XT CNFs [26]. In this respect, the higher ordered
outer layers of the latter CNF grade (PR 24 LHT XT) together with the lower diameters
of its outer layers could enhance not only the electron transport within and across their
sidewalls, but also the electronic hopping between adjacent CNFs, thus explaining their
higher o values. Notably, do/dT < 0 is observed over the studied range of temperatures,
which is in contrast to previous works reporting the temperature dependence electrical
conductivity of SWCNT [41-43] and MWCNT mats [44]. The o (T) of the CNF powder has
been described in this study by the 3D variable range hopping (VRH) model [41,45]:

o(T) = 0 expl~(55) 1] M
where 0y is considered as the value of conductivity at an infinite temperature, while T¢ is
the characteristic temperature that determines the thermally activated hopping among local-
ized states at different energies. In particular, T¢ can be expressed as function of the energy
barrier constant (Wp) as T¢ = @, with k as the Boltzmann s constant. A good agree-
ment is observed for the CNF powder by fitting the Equation (1) with 0y = 46.40 Sm™!,
Tc =393.2K, and Wp = —34 meV (Figure 6). Interestingly, the value of T¢ is in the same
order as some reported SWCNT mats (250 K) [43], though more recent works have reported
Tc values with one order of magnitude lower (20 K) for SWCNT mats tested in the 0-300 K
interval [41,42]. Notably, the negative sign of Wp can be explained by the presence of impu-
rities such as the iron (Fe) (1.19%) detected in another study by wavelength dispersive X-ray
fluorescence (WDXRF) [26] and the oxygen (1.6%) and sulphur (0.1%) contents observed
by XPS in this study. These impurities could originate a thermal-enhanced backscattering
mechanism due to the presence of virtual bound-states, represented as sharp peaks near
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the Ef in the density of states [44,46]. This is an unexpected phenomenon since the majority
of work that evaluates the o (T) of CNT mats reports positive signs of Wp [41,44]. In
comparative terms, the barrier energy value of the CNF powder (34 meV) is in the middle
between the activation energy reported for n-type graphitized carbon fibres (60 meV) in
the 250-750 K interval [47], and the activation energy reported for SWCNT mats doped
with boron (12.2 meV) in the 0-320 K range by using the Arrhenius approach [44].

160 -3.0

& L __ _ -_—3.5
120 b B S~ _ ) ——_¥ 140

“
-~ - >
£ - =
o R
2 145 8
2 g
E 80 - ) ® CNF powder =
1- 5}
2 % A X PP/CNF 5.0 3
B :

S~ 4-5.5
8 40 + % -—--® _ _ _ " é
160 @

1 L 1 . 1 L 1 . —-6.5

300 320 340 360 380

Temperature (K)

Figure 6. Electrical conductivity (squared symbols, black) and Seebeck coefficient (triangle symbols,
red) as function of temperature of CNF powder and PP/5 wt.% CNF composite. The black and red
dash lines represent the fitting with Equation (1) and Equation (2), respectively.

Table 3. Thermoelectric properties of CNF powder and PP/5 wt.% CNF composite as function
of temperature.

CNF Powder PP/CNF
Temperature ;- (s m-1) swvkny  FEUW csm)  sevkn o PEGWS KOV 2T
303.15 13639 +£022  —510+003 355x 103 1536 +001 —344+003 1.82 x 10~ 0.25 220 x 107
313.15 13151+ 1970 5414020 385 x 10> 16544070 —385+011 245 x 10~ 0.25 3.07 x 107
333.15 13148 £ 1895 5614012 413 x 103 1607+£072 —400+008 257 x 10~ 0.24 3.57 x 1077
353.15 13121 £1733 5644003 417 x 103 1526 +0.64 —423+013 273 x 10-4 0.24 4,09 x 107
373.15 12701 £ 1436 5834003 432x 103 13864045 —434+014 261 x 10-4 0.22 439 x 107

Similar to the CNF powder, the PP/CNF composite shows a decrease in their con-
ductivity (do/dT < 0) from 15.36 & 0.01 Sm ™! at 303.15 K (30 °C) to 13.86 + 0.45Sm™!
at 373.15 K (100 °C) (Table 3). It must be noted that the PP/CNF composite is above its
electrical percolation threshold (¢.). For the PP/4 wt.% CNF composite, a volume resistivity
of around 107 Ohm cm was measured which was too high for performing stable TE mea-
surements. In an earlier study the ¢ was found to be between 1 and 2 wt.%, when using the
same mixtures, but compression moulded under slightly different conditions [48]. The o of
15.36 Sm~! for the PP/CNF composite is significantly lower than the o of the CNF powder
(136.39 S m~1) at 303.15 K. This significant difference, typically observed in melt-mixed
polymer composites, can be attributed to the wrapping of polypropylene chains around the
CNFs, which increases the contact resistance between the adjacent CNFs, resulting in the
rise of the CNF network resistivity [49]. Notably, the o of PP/CNF composites (15.36 Sm 1)
was lower than the o of melt-mixed PP composites with 5 wt.% of the PR 24 LHT XT
CNFs grade (49.55 m1) reported previously [21], which can be related to the structural
differences and higher conductivities observed for the PR 24 LHT XT CNF powder. More-
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over, the o (T) for the PP/CNF composites has been also depicted by the 3D VRH model
(Equation (1)), from which op = 1.76 S m~ !, Tc = 7.43 x 10° K and Wp = —640 meV have
been obtained. Thereby, 0y is one order of magnitude lower than the oy of the CNF powder
due to the insulating nature of the matrix PP. Interestingly, a similar ¢ of 1.75S m~! by
using the Arrhenius equation has been reported for epoxy composites filled with 10 phr
of MWCNTs tested in the 303.15-433.15 K range [50]. However, the obtained T resulted
two orders of magnitude lower than the T¢ reported for epoxy composites filled with
35 phr of carbon black (CB) (6.19 x 10° K) tested in the range 303.15-453.15 K by using
the 3D VRH [51]. This implies that, the thermally activated backscattering mechanism
can again be responsible for the negative Wp found in the PP/CNF composite. Notably,
the do/dT < 0 contrasts with the do/dT >0 (in the 0-300 K interval) reported in epoxy
composites produced with exactly the same PR 19 LHT XT CNFs [52]. Furthermore, the
absolute value of Wp (0.640 eV) is consistent with the activation energy (0.488 eV) obtained
by using the Arrhenius approach for epoxy composites filled with 5 phr MWCNTSs [50]. In
view of these results, it is remarked that a statistical model such as VRH seems to provide a
good first approach to understand the underlying transport mechanism behind the high
degree of morphological disorder present in the materials studied in this work (as-received
CNF powder and PP/CNF composite).

The triangle symbols in Figure 6 present the thermopower of the CNF powder and the
PP /CNF composite as a function of temperature. The n-type character of the CNF powders
is found at all temperatures, and it contrasts to the findings of most as-produced CNTs that
are p-type due to their oxygen doping with the environment [53]. In particular, the CNF
powder presented an S-value of —5.10 + 0.03 uV K~! at 303.15 K (30 °C), which increases
gradually (in absolute value) up to —5.83 £ 0.03 uV K~! at 373.15 K (100 °C) (Table 3).
Notably, that S-value (—5.1 uV K1) is slightly lower than the value of —5.5 £+ 0.1 pV K1
at 303.15 K reported for the Pyrograf® Il CNF PR 24 LHT XT grade [21]. Moreover, the
results are similar to the scarce negative S-values found in literature for free-standing
MWCNT films grown by CVD at room temperature [54], and the —6 uV K~ reported for
MWCNT buckypapers grown by CVD [55]. The S (T) of the CNF powder can be depicted
by the theoretical model proposed by Choi et al. for describing the nonlinear thermopower
behaviour of doped MWCNT mats [44]:

Tp
T, op(F
S(T):bTJrCP(T @)

" on(¥) 1]

In Equation (2), bT represents the metallic (linear) term, c¢ is a constant, and
Tp = (Ep —E 1:) /k where k is the Boltzmann’s constant, Ef is the Fermi energy level,
and Ep is the energy corresponding to the sharply varying and localized states near Er in
the density of states due to the contribution of impurities [44,46]. The best fit of the S (T)
with Equation (2) for the CNF powder (Figure 6) shows that the first term is positive with
b =5.50 x 10~3 pV K2, while the second term is negative with ¢ = —1.80 x 10* uV K and
Ty = 993.21 K, yielding a Ep — Er = 0.086 eV and an overall negative S that gradually
increases (in absolute value) with temperature. Thus, for instance at 303.15 K, the metal-
lic contribution yields ~+1.7 uV K1, and the second term is ~—6.8 uv K1 whereas at
373.15 K, the metallic contribution is ~+2 uV K~! and the second term is ~—7.8 uV K1

The PP/CNF composite shows thermopowers from —3.44 + 0.03 uV K~! at 303.15 K
to —4.34 £ 0.14 uV K~ ! at 373.15 K. The S (T) of the PP/CNF composite is also fitted by
Equation (2) with the best fit resulting in b = 1.55 x 1073 uV K2, c = —1.29 x 10* uV K,
T, = 1083.9 Kand Ep — Er = 0.094 eV. Thus at 303.15 K, the metallic contribution is
~+0.4 tV K~1, and the second term is ~—4.0 puV K~!, whereas at 373.15 K, the metallic
contribution is ~+0.6 pV K~ ! and the second term is ~—5.0 uV K~1. Therefore, as in the case
of the CNF powder, the overall sign of the thermopower in the PP/CNF composite is domi-
nated by the resonances near the Er at the density of states (second term of Equation (2))
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caused by impurities present in the CNF structure. It is observed by comparing the results
at 303.15 K that the positive metallic contribution of the PP/CNF composite (+0.4 pV K1)
is ~77% lower than that of the CNF powder (+1.7 uV K1), and this difference is slightly
reduced at 373.15 K (~70%). This result can be explained as a consequence of the oxygen
doping reduction in the CNFs caused by the presence of the insulating PP chains. Simi-
larly, it is also of note that at 303.15 K the second term of Equation (2) is ~41% lower in
absolute value for the PP/CNF composite (—4.0 uV K~!) than that of the CNF powder
(—6.8 uV K1), This change is again reduced at 373.15 K (~36%). Thus, the presence of PP
chains around the nanofibres seems to clearly affect the second term of Equation (2). In
this respect, the slight electron transfer from the CNF outer layers towards the surrounding
PP molecular chains [21] could explain the lower absolute values of the second term in
Equation (2) found for the PP/CNF composite.

The power factor PF as function of temperature of the PP/CNF composite and CNF
powder were calculated, and the results are shown in Table 3. At 303.15 K, the CNF pow-
der shows a PF of 3.5 x 1073 pW-m1.K~2, whereas the PP/CNF composite achieves
aPFof 1.8 x 107* uW-m~1-K~2 (lower than the PF of 7.0 x 10~* obtained in PP/CNF
composite with 5 wt.% of PR 24 LHT XT CNFs [21]). The PF increases in both materi-
als at 373.15 K as a consequence of its proportionality to S2. The CNF powder achieves
a value of 4.3 x 1073 pW-m~1.K~2, whereas the PP/CNF composites achieves a PF of
2.6 x 107* uyW-m~1.K=2. For comparison, PF values of ~10~! uW-m~1.K~2 have been
recently reported in a melt-mixed PP composite with 2 wt.% of p-type boron-doped
SWCNTs [56].

The figure of merit zT of the PP/CNF composite increases slightly from 2.2 x 1077
(30 °C) up to 4.4 x 107 (100 °C) due to the increasing PF and slightly decreasing thermal
conductivity values (see Table 3). This zT value is lower compared to 4.8 X 107 (30 °C)
obtained for PP/5 wt.% PR 24 LHT XT CNFs [21]. It must be also noted that higher zT
values (3.0 to 3.3 x 107> at 40 °C) were reported for PP composites filled with 2 wt.%
SWCNT Tuball™ or 2 wt.% branched MWCNT CNS-PEG [14].

4. Conclusions

The electrical conductivity (¢) and thermopower (S) of as-received vapour grown
carbon nanofibre (CNF) powder and its melt-mixed polypropylene composite with 5 wt.%
of CNFs in the temperature range between 30 °C and 100 °C have been analysed in this
study. At 30 °C, the ¢, S and power factor (PF) of the as-received CNFs are ~136 Sm™!,
—5.1uVK~and 3.5 x 1073 uW m~! K2, respectively. The PP/CNF composite, for its part,
shows lower conductivities of ~15Sm™1, and less negative S-values of —3.4 uV K1, which
correspond to a PF of 1.8 x 107* pW m~! K2 at 30 °C. Notably, the o (T) of both materials
presents a do/dT < 0 character, which is in contrast to the do/dT > 0 generally found for
CNT mats and can be perfectly fitted by the statistical 3D VRH model. As regards their S
(T), it follows the theoretical model proposed for describing the nonlinear thermopower
of certain doped MWCNT mats. In particular, the dS/dT > 0 behaviour observed in both
samples has been physically interpreted by the presence of some impurities in the CNFs,
which could produce sharp peaks close to the Fermi energy level (Er) in their density of
states. In summary, this study gives new insights in the origin of the negative and air stable
S-values found in some commercial grades of as-received vapour grown carbon nanofibres
and their melt-mixed composites with insulating polymers.
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