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Abstract
The effect of polypropylene (PP) on the Seebeck coefficient (S) of carbon nanofibers (CNFs) in melt-extruded PP composites
filled with up to 5 wt. % of CNFs was analyzed in this study. The as-received CNFs present an electrical conductivity of
~320 Sm−1 and an interesting phenomenon of showing negative S-values of −5.5 μVK−1, with 10−2 µW/mK2 as the power
factor (PF). In contrast, the PP/CNF composites with 5 wt. % of CNFs showed lower conductivities of ~50 Sm−1, less
negative S-values of −3.8 μVK−1, and a PF of 7 × 10−4 µW/mK2. In particular, the change in the Seebeck coefficient of the
PP/CNF composites is explained by a slight electron donation from the outer layers of the CNFs to the PP molecules, which
could reduce the S-values of the as-received CNFs. Our study indicates that even insulating polymers such as PP may have a
quantifiable effect on the intrinsic Seebeck coefficient of carbon-based nanostructures, and this fact should also be taken into
consideration to tailor conductive polymer composites with the desired thermoelectric (TE) properties.

Introduction

The seeking of high-performance thermoelectric (TE)
materials able to transform a temperature gradient into an
electrical voltage according to the Seebeck or TE effect
constitutes currently a promising avenue towards a better
use of available energy resources [1]. In practical terms, the
performance of TE materials is generally assessed by a
dimensionless figure of merit (zT), defined as zT ¼ S2σ

k T ,
where σ is the electrical conductivity, k is the thermal

conductivity, T is the absolute temperature, and S is the
Seebeck coefficient, calculated by S ¼ ΔV

ΔT , where ΔV is the
measured voltage at a temperature difference ΔT [2]. 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 term S2σ, known
as the power factor (PF), can also be adopted to analyze the
TE effectiveness. Accordingly, materials with large S, high
σ, and low k values are necessary for the achievement
of high TE properties. In this respect, inorganic materials
such as Bi2Te3, PbTe, Sb2Te3, and their alloys have been
intensively studied [4]. However, the combination of their
poor processability together with the scarcity of their ele-
ments (particularly tellurium), rigidity and high cost have
increased interest in searching for different types of TE
materials. For this reason, conductive polymer composites
(CPCs), consisting of insulating polymers modified with
carbon conductive structures (i.e., carbon black, carbon
nanotubes, graphene, etc.), are becoming important due to
the good property balance yielded by the mechanical flex-
ibility and low thermal conductivity of the polymer and the
high electrical conductivity and Seebeck coefficient of the
carbon fillers [5]. In the case of tailoring the electrical
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conductivity of CPCs, it is well known that non-conducting
polymers display a sudden jump in σ as the content of
carbon-based conductive fillers exceeds a certain critical
value, known as the electrical percolation threshold ϕc [6].
ϕc determines the filler content at which a conductive net-
work is created to allow electron or hole transport within the
host polymer. Mathematically, the dependence of σ on the
content of the carbon filler is written as σ∝ (ϕ− ϕc)

t for
ϕ > ϕc, where t is a critical exponent and ϕ is the volume
fraction of the filler [7]. This simplified model predicts that
below ϕc, the CPC has the σ value of the insulating matrix,
while above ϕc, the σ value of the CPC approaches the σ
value of the carbon filler as its content increases [8]. This
means that from the intrinsic electric conductivity of the
carbon fillers chosen, the highest electric conductivity of
their CPCs can be estimated quite exactly from the volume
fractions above ϕc. However, it is true that the dispersion
and distribution of the carbon fillers in the polymer are also
important factors that influence the final conductivity of
CPCs [9]. In addition, polymer wrapping around the carbon
fillers normally occurs in melt-mixing prepared CPCs
[10, 11], which reduces their estimated electrical con-
ductivity below the values of the pure carbon filler due to
the contact resistance increase between adjacent particles
[12]. In contrast, the highest S-values of CPCs cannot be
delimited as clearly from the intrinsic S-values of the carbon
fillers used. This is reflected in the paradoxical fact that, for
instance, melt-mixed polypropylene (PP) composites with
2 wt. % of different commercial carbon nanotubes (CNTs)
showed higher S-values than the Seebeck coefficients of the
as-received multiwall carbon nanotubes (MWCNTs)
Nanocyl NC 7000TM, branched MWCNTs CNS-PEG, and
TuballTM single wall carbon nanotubes (SWCNTs) [13]. In
this regard, decreasing S with increasing σ in CPCs is
generally accepted [14, 15], which means that the Seebeck
coefficient decreases while σ increases with increasing
volume fraction of the carbon fillers in the polymer matrix.
However, very little is known about the role of insulating
polymers on the S-values of final CPCs. In this context, we
have undertaken this study, which complements previous
work involving the air-stable n-type TE character of melt-
extruded PP composites with CNF contents varying from 0
to 5 wt. % [16]. In that precedent work, the morphological
(SEM) and structural analyses (e.g., FTIR, RAMAN, and
XPS) as well as the TE parameters (σ and S) at room
temperature of the PP/CNF composites as a function of the
wt. % of carbon nanofibers (CNFs) are discussed. In con-
trast, the aim of this study was to determine the real impact
of polypropylene on the final TE properties of PP/CNF
composites. For that purpose, the intrinsic TE values (σ and
S) at 30 °C of the as-received CNFs are compared with the
TE values at 30 °C of new compression-molded PP/CNF
composites by using a different TE measuring system in this

study. It was observed that the Seebeck coefficient values of
the PP/CNF composites were always clearly less negative
than the S-values of the pristine CNFs. This experimental
deviation is explored by applying a semiempirical quantum
chemical model that quantifies the charge carrier transfer
between the outer graphitic shells of the CNFs and the
surrounding polypropylene chains. This study indicates that
not only the intrinsic TE properties of electrically con-
ductive carbon fillers but also their singular charge carrier
transfer with insulating polymers should be taken into
account to tailor CPCs with the desired TE properties.

Experiments

Materials

A polypropylene powder, Borealis EE002AE, was used as
the polymer matrix. Pyrograf®-III PR 24 LHT XT CNFs
(ASI, Cedarville, OH, USA) synthesized by chemical vapor
deposition (CVD) with bulk densities between 1 and 3 lb/ft3

(0.016–0.048 g cm−3) and a range of lengths of 30–100 µm
were selected for producing melt-mixed polypropylene-
based composites with thermoelectrical properties. Details
about Pyrograf®-III CNFs can be found in previous reports
[17, 18]. Briefly, this particular CNF grade is grown at
1100 °C with a thermal post-treatment of 1500 °C in an
inert atmosphere, which morphologically results in a dual
wall structure surrounding the hollow tubular core, as
shown in Fig. 1.

Polymer composite processing

The melt-mixed PP/CNF composites were fabricated on a
modular lab-scale intermeshing mini-corotating twin-screw
extruder, with a screw diameter of 13 mm, a barrel length of
338 mm and an approximate L/D ratio of 26, coupled to a
cylindrical rod die of ~2.85 mm diameter. A detailed
description of the melt extrusion conditions has been pre-
viously published [19]. The extruded PP/CNF composites
were then pelletized and compression-molded at 210 °C
with a PW40HT hot press for 2 min (1.5 min preheating,
max. force 50 kN, 0.5 min cooling in a minichiller, with a
polyimide foil as the separation foil) into plates with a
diameter of 60 mm and thickness of 0.5 mm. Thus, PP/CNF
composites with different CNF concentrations from 1 to 5
wt. % were prepared.

Morphological analysis

The as-produced CNFs were imaged with a JEOL JEM-
2100 electron microscope operating a LaB6 electron gun at
80 kV and acquired with an “OneView” 4k × 4k CCD
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camera at minimal underfocus so that surface layers of the
CNFs were visible. Morphological characterization of the
PP/CNF composites was performed using scanning electron
microscopy (SEM) by means of an Ultra plus microscope
(Carl Zeiss GmbH, Germany, field emission cathode) at
3 kV. The composite strands were cryo-fractured in liquid
nitrogen, and prior to observation, the surfaces were cov-
ered with 3 nm of platinum.

Electrical and thermoelectrical properties

The electric conductivity values at 30 °C of both materials
(PP/CNF composites and CNF powder) were measured using
a 4-wire technique. The voltage and resistance measurements
were performed using a Keithley multimeter DMM2001
(Keithley Instruments, Cleveland, OH, USA). The Seebeck
coefficients of the PP/CNF composites were measured from
strips coated with conductive silver at their ends using a
home-built TEG device at Leibniz-IPF [20, 21]. The tests
were performed at 30 °C with temperature differences up to
8 K between the two copper electrodes. In the case of the
CNFs, ~0.02 g of as-received CNFs in powder form were
tightly filled in an open PVDF tube (inner diameter 3.8 mm,
length 16mm) without using any type of compaction pres-
sure and then closed at each end with two T-shaped copper
plugs [13]. After this, the T-shaped plugs were clamped
between the copper electrodes to ensure perfect planar con-
tact. The values of S and σ given in this study represent the
mean values of eight measurements. The figure of merit
of the CNF powder was estimated by using a thermal con-
ductivity of 0.43Wm−1 K−1 reported for anisotropic paper-
like mats of Pyrograf®-III CNFs [22], whereas for all the
PP/CNF composites, zT was estimated from the values of
thermal conductivity obtained by the flash diffusivity method
reported in a previous study [23]. The type of majority car-
riers, together with the carrier concentration n and mobility μ

of PP/CNF composites, were determined by studying the
Hall effect [24]. The setup, in addition to a Keithley 2410
Source Meter and 2182 Voltimeter, included a GMW

5403FG electromagnet (magnetic field up to 1 T). All Hall
effect measurements were performed at room temperature for
several DC current intensities using +500 mT and −500mT
on square 1.5 cm × 1.5 cm samples having a thickness of
0.5 mm with conductive silver paste coated at their corners.

Charge carrier transfer modeling

A semiempirical quantum chemical model was applied to
quantify the charge carrier transfer between the outer CNF
graphitic shells represented by a finite hexagonal graphene
flake, as shown in Fig. 2, and the surrounding poly-
propylene chains. In this light, following up on a previous
study [25], the molecular geometry and the charge carrier
transfer of two adsorbed PP oligomers (isotactic and syn-
diotactic) consisting of up to 20 monomeric units and total
lengths of 5 nm on a graphene flake of 5.6 nm diameter and
912 atoms was computed. The calculations were performed
with the GFN1-xTB Hamiltonian, which allows computing
systems with thousands of atoms [26], while the charge
carrier transfer was computed by adding up the CM5 partial
charges [27] of the different oligomers and the corre-
sponding hexagonal graphene flakes.

Results and discussion

Morphological analysis

Representative TEM images of the CNFs are shown in
Fig. 1. The total diameter values of 25 individual CNFs
were measured and averaged, which resulted in a mean
diameter of ~80 nm. This diameter is similar to the values
reported by Tessonnier et al. for the same CNFs [28]. The
CNFs presented a double structure, where the inner layers
showed parallel graphene sheets with certain angles with
respect to the hollow core. In particular, the number of inner
layers in Fig. 1b was counted, which gave 22 graphene
sheets with thickness values of ~0.32 nm and angles

Fig. 1 a TEM images of carbon
nanofibers PR 24 LHT XT,
b detail of the inner layers
composed of parallel
graphene sheets
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between them of 10°. The graphene sheets are also evident
in the outer layers, although their morphology is not as
regular as in the case of the inner layers. From Fig. 1b, 25
outer graphene sheets with similar dimensions of ~0.32 nm
were estimated. In summary, Fig. 1a, b clearly show two
different structures surrounding the hollow core. Moreover,
the inner structure is clearly more ordered than the outer
structure. The representative SEM micrographs of PP/CNF
5 wt. % composites are shown in Fig. 3. The CNFs protrude
far above the polypropylene fracture surface, which is an
indication of low wettability and poor adhesion. Despite
this, the CNFs show a homogenous distribution. This can be
a consequence of the post-processing debulking method
used in the production of this particular CNF grade, which
consists of a milling process for decreasing the diameter of
the CNF agglomerates, thus making their dispersion in the
PP easier [28].

Electrical and thermoelectrical analysis

The electrical conductivities of the PP/CNF composites and
CNF powder at 30 °C are presented as square symbols in
Fig. 4. The value of 319.8 ± 37.4 S m−1 (Table 1) measured
for the CNF powder, equivalent to ~3 × 10−1 Ohm cm, is
significantly higher than the value of 4 × 10−3 Ohm cm
reported for individual Pyrograf® III CNFs [18]. These
results demonstrate the great difference existing in terms of
the electrical conductivity between the agglomerates,

represented by the CNF powder, and the individual CNFs.
That value of electrical conductivity is not significantly
lower than the σ of some commercial MWCNTs, such as
Nanocyl NC 7000TM, where electrical conductivities of
~400 S m−1 were measured [13]. Interestingly, the PP/CNF
composites showed conductivities from 4.3 ± 0.1 S m−1

in of PP/CNF 2 wt. % to 49.5 ± 0.5 S m−1 in of PP/CNF
5 wt. %. The increased electrical conductivity obtained as a
function of the increased CNF loading is attributed to the

Fig. 3 SEM micrographs of PP/
CNF 5 wt. % composites at low
(a) and higher (b) magnifications
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larger number of charge carriers injected by the CNFs,
which implies higher carrier concentrations n, as confirmed
by the Hall effect results (Table 1). These results match well
with our previous work [16], where the electrical percola-
tion threshold values of the PP composites melt-extruded
with the same CNF grade (PR 24 LHT XT) and
compression-molded under different conditions were found
to be between 1 and 2 wt. %, with a critical exponent t value
of 1.6, which is in agreement with the percolation theory for
3D systems [7]. Therefore, the electrical conductivity values
of the PP/CNF 5 wt. % composites, which were produced
with a concentration of CNFs well above ϕc, were lower
than the electrical conductivity of the CNF powder (~320 S
m−1). This can be explained by the wrapping of the poly-
propylene chains around the CNFs, which increases the
contact resistance between the adjacent CNFs, resulting in
the rise of the CNF network resistivity [12]. Interestingly,
the σ values of the PP/CNF 2 wt. % composites (4.3 S m−1)
were comparable to the σ values of melt-mixed PP/
MWCNT 2 wt. % composites (3.2 S m−1) presented in [13].

The bars in Fig. 4 present the Seebeck coefficients of the
PP/CNF composites and CNF powder at 30 °C. The intrinsic
n-type character of the CNF powder (−5.5 ± 0.1 μVK−1) is
very significant because it is in contrast to the results of most
of the as-produced CNTs reported in the literature, which are
p-type due to their oxygen doping with the environment
[29]. The n-type character of the CNFs has been attributed to
the fact that they can be considered nearly compensated
semimetals, and their transport properties can be explained
by the two-band electronic model. Thus, the partial Seebeck
coefficients originating from electron and hole conduction
oppose each other, resulting in small and negative S-values
[30]. Another possible reason is the very low amount of
oxygen (1.8%) observed by X-ray photoelectron spectro-
scopy (XPS) in this type of CNF [25], probably caused by
the highly ordered type of the CNF external layer, which
could prevent the grafting of oxygen functional groups on
them and their subsequent p-doping. These results are
similar to the values reported in free-standing MWCNT
films grown by CVD at 800 °C [31] and the −6 μVK−1

reported for MWCNT buckypapers grown by CVD at
temperatures above 770 °C [32]. Noticeably, the latter study
explains that the negative Seebeck values of the used
MWCNT buckypapers may be induced by the intrinsic n-
type contribution from the inner shells, which can counteract

the p-type contribution caused by the oxygen doping of the
outer shells. However, the S-values found for CNFs in our
study are lower than those reported for nitrogen-doped
MWCNT powders [33], where negative Seebeck coeffi-
cients up to −13.8 μVK−1 were achieved, and they are also
lower than the S-values of −38 μVK−1 obtained in
SWCNTs encapsulated with 1,1′-bis(diphenylphosphino)-
ferrocene [34]. Higher Seebeck coefficients close to
−60 μVK−1 have been reported in SWCNTs treated with
salts and crown ether [35], and even S-values of −77 μVK−1

have been achieved by the combination of CNT reduction
with NaBH4 and polyethyleneimine (PEI) wrapping [36]. In
any case, the results presented here demonstrate that air-
stable n-type CNFs can be directly obtained on a large scale
by conventional CVD without using any of the complex
methods described in those works. The PP/CNF composites
also showed negative Seebeck coefficients from −3.9 ±
0.1 μVK−1 for PP/CNF 2 wt. % to −3.8 ± 0.2 μVK−1 for
PP/CNF 5 wt. %. These Seebeck coefficients were lower (in
absolute value) than the values of ~−8.5 μVK−1 measured in
our preceding work by using different equipment (MMR’s
Seebeck System) [16]. Although CPCs generally show a
decrease in S when σ increases as a consequence of the
higher amount of conductive particles in the polymer [15], a
constant S has also been observed in CPCs with low con-
tents of carbon nanostructures, as observed in this study
[16]. Overall, these S-values are clearly less negative than
the S of the CNF powder measured (−5.5 ± 0.1 μVK−1).
This difference is in line with the results reported in [13],
where the positive S-values of melt-mixed PP/CNT com-
posites were higher than the corresponding S-values of the
CNT powders. However, this finding will be discussed
properly in the following section. Moreover, it cannot be
ignored that the charge carrier mobility μ decreases sig-
nificantly with increasing CNF content of the PP/CNF
composites (Table 1). A similar behavior was also observed
in melt-mixed PP/SWCNT composites [37] and may be due
to the denser filler network created by the higher amount of
CNFs present in the PP. This phenomenon could increase
the number of scattering obstacles and trap sites in the
charge carrier paths, effectively reducing the charge carrier
mobility [38]. In comparative terms, the Seebeck coefficients
of the PP/CNF composites presented here are far from the
−56.6 µVK−1 achieved in melt-extruded PP/SWCNT com-
posites filled with 2 wt. % of SWCNTs and 5 wt. % of

Table 1 Thermoelectric
properties of PP-based
composites filled with CNFs
(electrical conductivity σ,
Seebeck coefficient S, power
factor PF, figure of merit zT,
charge carrier concentration n,
and charge carrier mobility μ)

Sample σ (S/m) S (μV/K) PF (μW/mK2) zT n (cm−3) μ (cm2/V s)

PP/CNF 2 wt. % 4.3 ± 0.04 −3.9 ± 0.1 6.7 ± 0.3 × 10−5 4.6 × 10−8 1.3 ± 0.01 × 1016 32.2 ± 0.3

PP/CNF 3 wt. % 16.5 ± 0.2 −4.1 ± 0.1 2.8 ± 0.1 × 10−4 1.9 × 10−7 2.0 ± 0.1 × 1017 11.0 ± 1.0

PP/CNF 4 wt. % 31.3 ± 0.3 −3.9 ± 0.3 4.9 ± 0.7 × 10−4 3.3 × 10−7 8.0 ± 1.0 × 1018 0.24 ± 0.07

PP/CNF 5 wt. % 49.5 ± 0.5 −3.8 ± 0.2 7.0 ± 0.7 × 10−4 4.8 × 10−7 1.3 ± 0.4 × 1019 0.23 ± 0.02

CNF powder 319.8 ± 37.4 −5.5 ± 0.1 9.6 ± 0.8 × 10−3 6.7 × 10−6 – –

Thermoelectric properties of polypropylene carbon nanofiber melt-mixed composites: exploring the role. . .



copper oxide (CuO) [37]. However, the authors had to add
8 wt. % polyethylene glycol (PEG) during extrusion to
obtain n-type CPCs.

The PFs at 30 °C of the PP/CNF composites and CNF
powder were calculated, and the results are shown as circle
symbols in Fig. 4. The CNF powder shows the highest
PF of 9.6 × 10−3 ± 0.8 × 10–3 µW/mK2, whereas the PP/
CNF 5 wt. % composites achieved a PF of 7.0 × 10−4 ±
0.7 × 10−4 µW/mK2 (lower than the PF of 1.75 × 10−3

obtained in our previous work in PP/CNF 5 wt. % com-
posites [16]). A comparison with the literature shows that
the PF of PP/CNF 2 wt. % (6.7 × 10−5 µW/mK2) is lower
than those of some melt-mixed PP composites with 2 wt. %
of NC 7000TM MWCNTs (1.0 × 10−4 µW/mK2), MWCNT
CNS-PEG (2.9 × 10−2 µW/mK2) or TuballTM SWCNTs
(2.7 × 10−2 µW/mK2) [13]. In this respect, it should be
noted that values as high as 0.11 µW/mK2 have been
recently reported in melt-mixed PP composites with 2 wt. %
of p-type boron-doped SWCNTs [39].

The estimated zT of the CNF powder, shown as triangle
symbols in Fig. 4, presented a value of 6.7 × 10−6, which is
on the order of magnitude of that of MWCNT buckypapers
grown by CVD at temperatures above 770 °C [15] but far
from the zT of 10−1 reported for SWCNTs treated with salts
and crown ether [35]. Likewise, the highest zT of 4.8 × 10−7

for PP/CNF 5 wt. % composites (lower than the value of
1.2 × 10−6 of our preceding work [16] for PP/CNF 5 wt. %
composites) was calculated by using a thermal conductivity
of 0.44Wm−1 K−1 measured in [23], and the values of σ
and S presented in this study. This value of zT was lower
than the values of 1.3 × 10−4 and 3.3 × 10−5 of PP com-
posites melt-mixed with 2 wt. % of boron-doped SWCNTs
[39] and 2 wt. % of MWCNT CNS-PEG [13], respectively.

Electron donation from the outer layers of the CNFs
to the polypropylene

As noted above, the Seebeck coefficient of the CNF powder
(−5.5 μVK−1) was different from the S measured in PP/
CNF 5 wt. % composites (−3.8 μVK−1). This finding led to
the hypothesis that the polypropylene host could have an
active role in the intensity of the S-values obtained in the
PP/CNF composites despite its insulating character. To
better understand this hypothesis, the effect of absorbed
syndiotactic/isotactic PP chains on most external graphene
CNF flakes was modeled as described in the previous
charge carrier transfer modeling section. The model yields
binding energies on hexagonal graphene flakes of 0.20 and
0.19 eV/monomer for two syndiotactic and isotactic 20-
mers, respectively. The model also shows that tacticity and
conformation freedom should not play a determinant role.
Interestingly, a small but reproducible charge carrier trans-
fer from the graphene to the PP molecules, exactly 2 × 10−3

electrons per monomer, was found for both types of tacti-
city. According to this, the CNF outer layers are predicted
to have a very slight electron donation towards the sur-
rounding PP molecular chains, which could explain
the lower value of S (absolute value) found in the PP/CNF
5 wt. % composites. From this analysis, we may expect the
same electron donation of other similar carbon structures,
such as CNTs, to the surrounding PP in common p-type PP/
CNT composites [13, 39], which would imply an increase in
the p-type character of the pristine CNTs and consequently an
increase in the intensity of their positive Seebeck coefficients.
Specifically, this has been observed in melt-mixed composites
consisting of polypropylene (Moplen HP400R) and different
types of CNTs [13]. Therefore, this hypothesis could explain
the higher Seebeck coefficients observed in PP/CNT com-
posites with 2 wt. % of Nanocyl NC 7000 TM MWCNTs
(9.5 μVK−1), branched CNS-PEG MWCNTs (17.5 μVK−1),
and TuballTM SWCNTs (47.2 μVK−1), with respect to the S-
values of their corresponding CNT powders: 6.3 μVK−1

(Nanocyl NC 7000 TM), 10.1 μVK−1 (branched MWCNTs
CNS-PEG), and 39.6 μVK−1 (SWCNT TuballTM).

Conclusions

The TE properties of commercial vapor-grown CNFs pro-
duced by CVD with graphitic tubular cores surrounded by
two different layers and their melt-extruded polypropylene
composites were compared. The as-received CNFs present
an electrical conductivity of ~320 S m−1 and an interesting
phenomenon of showing negative S-values of −5.5 μVK−1.
In contrast, the PP/CNF composites with 5 wt. % of CNFs
showed a conductivity of ~50 S m−1 and a negative Seebeck
coefficient of −3.8 μVK−1. Therefore, the S of the PP/CNF
5 wt. % composites is less negative than the Seebeck
coefficient of the as-received CNFs. This change can be
attributed to a small but yet quantifiable electron-donating
effect arising from the most external graphene layers of the
CNFs to the PP molecules, as revealed by a semiempirical
quantum chemical model, which could slightly reduce the
n-type character of the pristine CNFs. Our study indicates
that even insulating polymers such as PP may have a
quantifiable effect on the intrinsic Seebeck coefficient of
carbon-based nanostructures, and this fact should also be
taken into consideration to tailor CPCs with the desired TE
properties.
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