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Abstract The effect of temperature on the electrical conductivity (o) and Seebeck coefficient (S) of n-type vapor grown carbon nanofibers (CNFs)
and poly(vinylidene fluoride) (PVDF) melt-mixed with 15 wt% of those CNFs is analyzed. At 40 °C, the CNFs show stable n-type character (5=—4.8
MV-K~1) with an o of ca.165 S:‘m~, while the PVDF/CNF composite film shows an ¢ of ca. 9 S‘m~" and near-zero S (S=—0.5 puV-K™'). This experimental
reduction in S is studied by the density functional tight binding (DFTB) method revealing a contact electron transfer from the CNFs to the PVDF in
the interface. Moreover, in the temperature range from 40 °C to 100 °C, the o(T) of the CNFs and PVDF/CNF film, successfully described by the 3D
variable range hopping (VRH) model, is explained as consequence of a thermally activated backscattering mechanism. On the contrary, the S(T)
from 40 °C to 100 °C of the PVDF/CNF film, which satisfactorily matches the model proposed for some multi-walled carbon nanotube (MWCNT)
doped mats; however, it does not follow the increase in S(T) found for CNFs. All these findings are presented with the aim of discerning the role of
these n-type vapor grown carbon nanofibers on the o and S of their melt-mixed polymer composites.
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INTRODUCTION

In the last decades, energy production has become a
paramount challenge for humanity due to its increasing de-
mand and the expected shortage of fossil fuels."! Thus, great ef-
fort is being made to improve the efficiency of renewable ener-
gy harvesting devices.? However, another way to minimize en-
ergy consumption is the use of waste heat, transforming it into
electrical energy and thereby facilitating its use and transport.”
While it is true that the use of waste heat, even if highly efficient,
cannot completely replace the role of fossil fuels in energy pro-
duction, it can make a decisive contribution to reducing its con-
sumption in industry,””! domestic heating,” and transport.” In
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view of the above, devices based on the thermoelectric (TE) ef-
fect,®! in which the voltage difference AV induced between two
electrical contacts at different temperatures AT can be used to
produce an electrical current, are currently attracting attention
among the different strategies for waste heat harnessing.”! In
practical terms, the performance of TE devices is described by

2
their figure of merit zT = STUT, which accounts for the product

of the electrical conductivity g, the squared Seebeck coefficient
S, and the temperature T, divided by the thermal conductivity
k! In order to improve the efficiency of a TE material, the elec-
tric conductivity and Seebeck coefficient, this latter defined as

S= —%, has to be maximized, while the thermal conductivity

should be minimized."”) It should be noticed that the Seebeck
coefficient can take a positive or negative sign, depending
which charge carriers are responsible for the TE effect in the cor-
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responding material. With regard to the latter, if electrons
(holes) are its main contributors, then a negative (positive) S is
measured.''” This is important to notice since a highly efficient
TE generator requires positive (p-type) and negative (n-type) TE
materials thermally coupled with a hot and cold reservoir.'" In
this respect, the TE properties of inorganic materials, such as
metal alloys,'? usually containing toxic and heavy elements like,
for example, bismuth, tellurium, or lead, as well as metal oxides,
ceramics and conventional semiconductors, have been investi-
gated in recent decades.'¥ Thus, for reference only, the power
factor PF, defined as the product of the electrical conductivity
and the square of the Seebeck coefficient, PF = 0S%, of metallic
compounds, such as the Sb-doped TiNiSn alloy have already
reached values as high as 7x107> W-m™"-K™ ¥l However, de-
spite the high PF, and due to their metallic nature, thermal con-
ductivity is usually also high, leading to a decrease in their fig-
ure of merit zT. Accordingly, a strategy to avoid this undesired
high thermal conductivity, while keeping the electrical conduc-
tivity as high as possible, is to create a composite containing an
insulating polymer matrix filled with a network of electrically
conducting fillers."™ In such type of conductive polymer com-
posites (CPCs), the thermal conductivity can be significantly
lowered taking advantage on the insulating features of poly-
mers, and the conductive nature of the filler which forms at a
certain filler content a conductive network thereby surpassing
the electrical percolation threshold results in significantly in-
creased electric conductivity as compared to that of the poly-
mer matrix."® Other advantages of using CPCs for TE devices
are their relatively low material and processing costs, the high
availability of the raw materials, the low toxicity and weight, and
their excellent flexibility.!"”?

Regarding the type of electrically conductive fillers used in
CPCs, fillers with high aspect ratio, such as carbon nanotubes
(CNTs) are favorable. Due to their high length at small diame-
ters, low percolation thresholds with high electrical conduc-
tivities can be achieved when they are homogeneously dis-
persed in the polymer matrix. This means that from the intrin-
sic electric conductivity of the CNTs chosen, the highest elec-
tric conductivity of their CPCs can be estimated quite exactly
from the volume fractions above electrical percolation thresh-
old (4.).'8 On the contrary, very little is known about the role
of insulating polymers on the S of final CPCs, even though it
has already been reported that the interaction with the insu-
lating polymer matrix may lead to p- or n-doping of the
CNTs.['1 Therefore, understanding the mechanisms underly-
ing the o and S in this type of CPCs can help to exploit this du-
al doping behaviour and find CPCs with enhanced power fac-
tor.

In this context, the electrical conductivity, Seebeck coeffi-
cient, and morphological properties of poly(vinylidene difluo-
ride) (PVDF) melt-processed film and carbon nanofibers
(CNFs), a system which was previously investigated regarding
its thermal and electromagnetic shielding properties, 20 are
presented. CNFs have been selected as conductive fillers be-
cause their previously reported and uncommon negative S
values,211 while PVDF was chosen as host polymer because its
strong polar nature,22 which could affect the intrinsic n-type
character of the CNFs. In this study, the o(T) and S(T) values in

the range from 40 °C to 100 °C of as-received CNFs and of a
melt-mixed PVDF/CNF composite (15 wt% of CNFs) are com-
pared and discussed. In addition, Density Functional based
Tight-Binding (DFTB) simulations were performed to esti-
mate the charge transfer between PVDF and CNF, while vari-
able range hopping™3! and nonlinear Seebeck modelsi24 were
employed to reproduce the o(T) and S(T) of the as-received
the CNFs and the PVDF/CNF composite film, with the final aim
of improving the understanding of the physical origin of both
quantities.

EXPERIMENTAL

Materials and Processing
Poly(vinylidene fluoride) (Kynar® 740 from Arkema) was applied
in the shape of pellets. The carbon nanofibers (PR 24 RC AG)
were supplied from Applied Sciences Inc. (Cedarville, OH, USA)
and represent a non-commercial grade. These nanofibers have
hollow cores and round cross-section with diameters in the
range of 200 nm.?% The CNFs and PVDF were used as received.
PVDF/CNF composite films with 15 wt% of CNFs (far above
the electrical percolation threshold) were produced as de-
scribed elsewhere.29 In short, they were prepared by high
shear mixing in a Haake Rheomix Polylab System using 100
r/min as rotational speed at a temperature of 210 °C for 8 min
of total mixing. The polymer pellets and CNFs were alternate-
ly filled into the main hopper of the compounder. Then, com-
posite films were formed by compression molding (Carver,
Inc.,Wabash, Indiana, USA). For that, the composite batch in
form of pellets was placed between two squared shaped
stainless-steel plates and then pressed to approximately
10.000 psi and 210 °C for 8 min. At the end, squared films of
3.6 cm x 3.6 cm and average thickness of approximately 0.8
mm were used for characterization in this study. It is noticed
that the PVDF/CNF composite film with 15 wt% of CNFs ana-
lyzed here will be referred to as the PVDF/CNF film.

Morphologic, Chemical, and Thermal Analysis
Detailed information on CNFs was obtained using transmission
electron microscopy (TEM) associated techniques, namely
atomically resolved or high resolution TEM (HRTEM) imaging. To
this purpose, a TALOS S200 STEM microscope (ThermoFischer
Scientific, Waltham, MA, USA), available at the University of
Seville Research, Technology and Innovation Centre (CITIUS,
University of Seville) was utilized. The electron beam was accel-
erated using a voltage of 200 kV, which, as far as it was ob-
served during the experiments, produced no discernible beam
damage on the fibers. The electron-transparent sample prepa-
ration, in this case, consisted, first, in obtaining a ca. 0.15 g-L™
suspension of PR 24 RC AG nanofibers on partially denatured
ethanol 96%. This solution was sonicated during 5 min using a
VCX-750 Watt Ultrasonic Processor and a CV334 Converter
(Sonics&Materials, Inc, Newtown, CT, USA). One single drop
from this solution was deposited with a micropipette on a face
up lacey-carbon 300 mesh cupper grid (Electron Microscopy Sci-
ences, Hatfield, UK), which was heated at 50 °C during 24 h pre-
vious to its study under the accelerated electron beam.
Melt-mixed strands of the PVDF/CNF films were cryo-
fractured in liquid nitrogen and the surface was covered with
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3 nm platinum before examining using a scanning electron
microscope (SEM) (Ultra plus microscope, Carl Zeiss GmbH,
Germany, field emission cathode) at 3 kV. Infrared measure-
ments (FTIR, IRAffinity-1S, Shimadzu) were performed at room
temperature in transmission mode from 500 cm~! to 2000
cm~1. FTIR spectra were collected with 40 scans and a resolu-
tion of 4 cm~' at room temperature. Differential scanning
calorimetry measurements (DSC) were performed in a nitro-
gen atmosphere using a Diamond DSC (Perkin Elmer). The
specimens were heated from 30 °C to 260 °C at a rate of 10
°C:min~' and isothermally maintained at 260 °C for one
minute, then they were cooled down at a rate of 10 °C:min~".
A second heating cycle was performed under the same condi-
tions.

Electrical Conductivity and Seebeck Coefficient
Analysis

The o and S were carried out in a measuring device developed
and constructed at IPF Dresden.!*>?% The measurements of elec-
trical volume conductivity and thermovoltage were performed
at 40, 60, 80 and 100 °C, respectively. The specimens with the
size of 25 mm x 36 mm cut from the compression molded films
were painted at the ends of the strips with conductive silver for
improvement of the electrical contact. The measurement proce-
dure is described in detail in Krause et al.*®

Thermal Conductivity Analysis

The thermal conductivity of the PVDF/CNF film was calculated
from the product of thermal diffusivity, density, and specific
heat capacity. The thermal diffusivity was measured on com-
pression moulded rectangle samples (10 mm X 10 mm, thick-
ness 1 mm) through the plate thickness using the light flash ap-
paratus LFA 447 NanoFlash (Netzsch-Gerdtebau GmbH, Selb,
Germany) at 40, 60, 80 and 100 °C. 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. The density of composites was determined using a
buoyancy method.

Computer Modeling

In order to study the interactions and the doping between the
PVDF and CNFs, Density Functional based Tight Binding (DFTB)
simulations in a model system, consisting of a PVDF 16
monomer oligomer adsorbed on a hexagonal graphene flake
Cg34H,5 were performed. Thereby the DFTB+ packagel?”? with
the DFTB3 third order parametrization developed specifically for
organic systemsi?®! augmented with Grimme’s dispersion cor-
rection?3% was used.

Three different thread conformations observed in crys-
talline phases of PVDF were modelled, namely: the all-trans
(B-phase), the tGtG' (where “t” stands for trans and “G” for
gauche, found in the a-phase), and the tttGtttG' configura-
tions (y-phase), Fig. 1. In addition, different initial orientations
of the PVDF molecules were proposed considering PVDF
anisotropy and minimized until forces were lower than 10~*
a.u., and the energy difference between consecutive geome-
tries was smaller than 1 meV. The charge population of each
atomic species was computed with the CM5 charge partition
scheme present in the xTB-GFN1 methodology.3'32

AL

Fig. 1 Different PVDF conformations. Panel (a-c) shows the PVDF
thread conformations found in a-, -, and y-phases, respectively.
Panels (d-f) show the adsorption geometries of the molecular PVDF
in tGtG, tt, and tttGtttG' on the graphene flake surface in their
minimum energy configuration. Hydrogen and fluorine atoms are
depicted in white and blue, respectively. Carbon atoms in PVDF and
the graphene flake have been depicted in brown and grey
respectively.

RESULTS AND DISCUSSION

Morphologic, Chemical, and Thermal Analysis

CNFs consist of cylindrical, uniform tubes, as confirmed by TEM
micrographs such as the ones in Fig. 2(a). The images in this fig-
ure, obtained in HRTEM mode using a 40 um objective aperture,
show the characteristic hollow, tubular morphology of these
CNFs. This can be observed more clearly at lower magnification
images, such as Fig. 2(a), where the central region corresponds
to a bright area of the fiber image, which is associated to a low-
er amount of material, as it is expected for a cavity. At high mag-
nifications (Fig. 2b), the fibers reveal crystalline planes, as is de-
duced by the fringes that appear at the fiber internal surface,
close to the cavity.

Fig. 3 shows representative SEM images of the cryo-frac-
tured surface morphology of the PVDF/CNF film. A homoge-
neous dispersion and distribution of the CNFs throughout the
PVDF is observed in Fig. 3(a). However, the absence of CNFs
coated with the polymer together with the voids created by

a

Fig.2 Images for a representative region of a single CNF, obtained
in HRTEM mode, using (a) lower of and (b) higher magnifications.

S 2 o

Fig. 3 SEM micrographs of the PVDF/CNF film at (a) lower and (b)
higher magnifications.
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the CNFs pulled out from the PVDF of Fig. 3(b) indicate rela-
tively low adhesion between the CNFs and the PVDF.

The PVDF crystal phases in the PVDF and PVDF/CNF films
were analysed by FTIR (Fig. 4 and Table S1 in the electronic
supplementary information, ESI). The PVDF spectrum
presents bands at 760, 795 and 976 cm~', for characteristic of
the a-phase.l3! It is also noticed the presence of additional
bands at 842 and 1280 cm~' corresponding to the B-phase,
and a band at 1242 cm~' as a signature of the y-phase34. De-
tails of the assignment for the rest of bands shown in Fig. 4
can be accessed at Table S1 (in ESI). The relative amount of
electroactive § and y-phases in the PVDF and PVDF/CNF films
can be calculated using the following relationship:34

lea

840
— | 763 + |,
( Kre3 ) 763 T IEA

FEA= %X 100% (1)

where [ga = lg40 and ;63 are the absorbencies of the respective
bands, and Kg40=7.7><104 cm*mol™ and K763=6.1 x10*cm?.
mol™" are the adsorption coefficients corresponding to those
wavenumbers. Therefore for the neat PVDF, we can conclude
that of its entire crystalline component (39.1% according to the
DSC analysis discussing below) 64.4% corresponds to a-phase,
while 35.6% corresponds to 8 and y-phases (Fgp =35.6%). In or-
der to distinguish the specific contribution for each of the elec-
troactive 8 and y-phases, the following relations can be used:?

F =F L 2)
(B) = Fen (AHg + AH,)
Fiy) = Fon | — @3)
) = Fea (AHg + AH,)

where AHg and AH, are the differences in absorbance be-
tween the bands at 1280 and 1242 cm™ (characteristic of the 8
and y-phases, respectively), and their nearest valleys (1260 and
1225 cm™, respectively). As it is seen in Fig. 4, the band at 1242
cm™ (corresponding to y-phase) is barely detected, so it can be
deduced that the main electroactive phase for PVDF corre-
sponds to . In the case of the PVDF/CNF film, which shows a to-
tal crystallinity of 39.4% (according to DSC), it is noticed that, be-
cause the absorbency of the CNFs could not be decoupled from
the PVDF, Eq. (1) could not be used for calculating the total

a
0 PVDF/CNF
B ]
z 8 /
o
©
T % PVDF
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Fig.4 FTIR spectra of the PVDF and PVDF/CNF film.

amount for the electroactive 8 and y-phases. However, the band
at 1242 cm™'is clearly formed for the PVDF/CNF film, and thus it
is deduced that the CNFs have promoted also the formation of
y-phase in the PVDF/CNF film.

DSC analysis of the PVDF and PVDF/CNF film was also per-
formed, and the results are shown and summarized in Fig. 5
and Table 1. It is noticed that the melting temperature (T,,),
melting enthalpy (AH,,), crystallization temperature (T,), and
crystallization enthalpy (AH,) presented here were obtained
from the second heating and first cooling runs. A melting
temperature and enthalpy of 168.6 °C and 40.9 J-g~7, respec-
tively, were found for the processed PVDF. For the PVDF/CNF
film, no significant changes in melting temperature and en-
thalpy were observed compared to the PVDF. Thus, the T,
drops from 168.6 °C to 167.0 °C, while the AH,,, increases from
40.9 J.g~" for the unfilled PVDF to 41.2 J.g~! for the composite
(calculated on the polymer content). In addition, the crystal-
lization temperature of the PVDF/CNF film (134.4 °C) was 2 °C
higher than the T. of PVDF (132.4 °C). Similar shift of T with
the addition of CNF in melt-mixed PVDF/CNF composites has
been already reported,3>39 and it has been associated to the
nucleating agent effect of the CNFs in PVDF. To confirm this
assertion, the degree of crystallinity (AX,) in % of the PVDF
and PVDF/CNF films was calculated by:

b
PVDF/CNF ]
PVDF
Qo
x
w
=
€
wn
Tc
100 120 140 160 180 200

Temperature (°C)

Fig.5 DSC thermograms of (a) second heating and (b) first cooling of the PVDF and PVDF/CNF film (dotted lines indicating T,

and T, are guides for the eyes).
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Table 1 DSC results from second heating and first cooling
thermograms of the PVDF and PVDF/CNF film.
Sample T, Q) T.(°Q AH, (097" DX (%)
PVDF 168.6 1324 40.9 39.1
PVDF/CNF 167.0 1344 41.2 39.4
AH
m_ x100% 4

A AHofovpr
where AH,, is the melting enthalpy of the PVDF and AHfpypr is
the melting enthalpy of the 100% crystalline PVDF (104.7
J.g7").B71 The degree of crystallinity increases slightly from 39.1%
for PVDF to 39.4% for the PVDF/CNF film, which is attributable
to the synergetic combination of the self-nucleation mecha-
nisms promoted by the CNFs and the PVDF.B%

In summary from DSC analysis, it is concluded that total
crystalline component of PVDF/CNF film is practically the
same as neat PVDF, while from FTIR is detected that CNFs pro-
motes the formation of y-phase.

Electrical Conductivity and Seebeck Coefficient of the
CNFs and the PVDF/CNF Film at 40 °C
The electrical conductivity of the CNFs and PVDF/CNF film at 40
°C is summarized in Table 2. Quite unexpectedly, the o (ca. 165
S'm~") of this CNF grade (PR 24 RC AG) is higher than the o of ca.
131 S'm™" at 40 °C reported for the commercial grades Pyrograf®
Il CNFs PR 19 LHT XT and PR 24 LHT XT,*® and the o of ca. 129
S'm~" at 46 °C measured for PR 25 PS XT3 (Table S2 in ESI). Log-
ically, the electrical contact resistance of the as-received CNF
networks should increase after the addition of the insulating
PVDF, which is why the o of the PVDF/CNF film is significantly
lower (9.3 S'm™"). Interestingly, this value is higher than the o of
0.2 S'm™" found for polypropylene (PP)/10 wt% CNF composites
melt-processed with chemically treated CNFs (PR 24 RC AG, the
same grade as used in this work).*! Notably, the same value of
0.2 Sm~" has been found for the PVDF/CNF film studied in this
work, but melt-processed with lower contents of CNFs (12.5
wt%), as shown in Table S2 (in ESI). It should be noticed that
higher values of 28 and 63 S‘m~ have been reported for melt-
processed poly(ether ether ketone) (PEEK) and PP composites
filled with 10 wt% and 5 wt% of Pyrograf® Il CNFs (PR 24 LHT
XT),3841 respectively. This finding matches well with the suppli-
er’s assertion that CNFs subjected to post-processing heat treat-
ment (LHT) and in debulked form (XT) are the perfect choice for
achieving CPCs with higher values of 0.4 Quite noticeably this
value of 0 (9.3 S'm™") for the PVDF/CNF film is comparable to the
values of 3.2 S'm™' reported for melt-processed PVDF compos-
ites filled with 2 wt% of commercial multiwall carbon nano-
tubes (MWCNTs) NC7000™, though higher values of 194.5 and
139.3 S'm~" have been reported when PVDF was filled with 2 wt.
% of MWCNTs CNS-PEG and single wall carbon nanotubes
(SWCNTs) Tuball™, respectively®?! (Table S2 in ESI).

The Seebeck coefficients at 40 °C of the CNFs and

Table 2 Electrical conductivity o, Seebeck coefficient S, power factor
PF, and figure of merit zT at 40 °C of the PVDF/CNF film and PR 24 RC AG
CNF powder.

Sample o(Sm™)  SuVK?')  PF(UWmTK?) zT

PVDF/CNF  9.3#0.1 -0.5+0.01 2.6x1076 2.8x107°
CNF powder 165.148.5 —4.8+0.1 3.8x1073 2.8x1076

PVDF/CNF film are shown in Table 2. In contrats to most CNTs,
which are p-type due to their oxygen doping with the envi-
ronment,[4! the CNFs used in this study have a negative S val-
ue of —4.8 uyV-K-. However, this n-type character is to be ex-
pected since some others of the Pyrograf® Ill CNF grades have
already been reported to exhibit negative S values,3839 asso-
ciated with the resonances near the E; at the density of states
caused by impurities present in the CNF structure.*3! In addi-
tion, the S value is comparable to the S of ca. -5.4 pvV-K~1 al-
ready reported for Pyrograf® Il CNFs PR 19 LHT XT and PR 24
LHT XT,138 while near-zero S of ca. —0.6 uV-K~' have been
found for pyrolytically stripped (PS) Pyrograf® Ill CNFs PR 25
PS XTB9 (Table S2 in ESI). It is therefore evident from the data
presented in Table S2 that the values of o and S found for this
type of commercial CNFs cannot compete with those found
for SWCNTs Tuball™, The S of the PVDF/CNF film at 40 °C (pre-
sented as red triangles in Fig. 6) also shows a negative S of
—0.5 YV-K-1 (Table 2), which was slightly lower (in absolute
value) than the S of —0.9 pV-K-', observed for PVDF/CNF film
with 12.5 wt% of CNFs. Hence, the PVDF/CNF film maintains
the n-type character of CNFs, though with a near-zero value
of S close to the Charge Neutrality Point (CNP).18! Notably, it
should be noticed that some reduction of S has been found in
other polymer composites melt-mixed with similar types of
CNFs.B841

In order to complete the thermoelectric anal)gsis, the pow-

er factor PF (520) and the figure of merit ( zT = STGT) at 40 °C

of the PVDF/CNF film and CNF powder were calculated, and
the results are shown in Table 2. The CNF powder shows the
same PF of 3.8x10-3 pW-m~1-K-2 as the Pyrograf® Ill CNFs PR
19 LHT XT and PR 24 LHT XT materials.’38 The value is higher
than the PF of 4.6x107> yW-m~"-K=2 at 46 °C observed in Pyro-
graf® Ill CNFs PR 25 PS XT powderB39! (Table S2 in ESI). The
PVDF/CNF film achieves a PF of 2.6x10-6 yW-m~"-K-2, which is
lower than the PF of 1.2x10-3 yW-m~"-K-2 obtained in PP/CNF
composites with 5 wt% of Pyrograf® Ill CNFs PR 24 LHT XT38l
and the PF of 7x1074, 1x10~' and 8x1072 pW-m~1-K-2
achieved in PVDF composites with 2 wt% of MWCNTs
NC7000™, CNS-PEG, and SWCNTs Tuball™, respectively3!
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Fig. 6 Effect of temperature on the electrical volume conductivity
o (black icons) and Seebeck coefficient S (red icons) of the CNFs
(circle icons) and PVDF/CNF film (triangle icons). (The black and red
dash lines represent the fitting with Eq. (5) and Eq. (6), respectively).
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(Table S2 in ESI). The zT at 40 °C of the CNF powder was esti-
mated by using the thermal conductivity of 0.43 W-m~1-K-" re-
ported on anisotropic paper-like mats of Pyrograf® Ill CNFs,7]
while zT at 40 °C of PVDF/CNF film was calculated from the
value of 0.29 W-m~1-K-1 tested as described in experimental
section. The zT of the CNF powder presented a value of
2.8x1076 (Table 2), the same as the zT estimated in the same
way for Pyrograf® Ill CNFs PR 19 LHT XT and PR 24 LHT XT
powders38 (Table S2 in ESI). As expected, the PVDF/CNF film
showed lower zT of 2.8x10-9, which is worse than the value of
1.3x107¢ found for PP/CNF composites with 5 wt% of Pyro-
graf® lll PR 24 LHT XT CNFs[38] (Table S2 in ESI). Comparatively,
the zT calculated for melt-processed PVDF/CNT composites
with 2 wt% of MWCNTs NC7000™, CNS-PEG, and SWCNTs
Tuball™ achieved better values of 7.4x10-7, 1.2x10~* and
9%1075, respectively,[*3! (Table S2 in ESI).

To investigate the potential doping role of PVDF on CNFs,
adsorbed PVDF oligomers on an idealized external graphene
CNF flake were modelled as described in experimental sec-
tion. The model reveals a net flux of electrons from the
graphene flake to the PVDF in all cases of ca. 0.01e~ per PVDF
monomer, Table 3. This effect, if small, is able to effectively al-
ter charge carriers’ densities of CNFs. Notably, it should be no-
ticed that a similar net flux of electrons from the graphene
flake to other polymers such as PP and PEEK has also been ob-
tained by comparable models.[8:41]

From these results, an electron-withdrawing (p-type dop-
ing) due to PVDF in contact with related nanocarbons as
MWCNTs would be also expected. Confirming this, higher
positive Seebeck coefficients have been reported for
PVDF/MWCNT composites filled with two types of MWCNTs
(i.e., NC7000™ and CNS-PEG) with respect to their corre-
sponding as-received MWCNT powders.[*3] However, in the
same work, the positive values of S for PVDF composites with
2 wt% of SWCNTs Tuball™ were lower than for the SWCNTs
Tuball™ (Table S2 in ESI). Thus, it is inferred that PVDF with-
draws electrons (p-type doping) to MWCNTSs (as it is shown in
Ref. [43]) as well as to CNFs (as it is shown in this work) while
PVDF donates electrons (n-type doping) to SWCNTSs (as it is

Table 3 Charge doping in graphene normalized by the number of
carbon atoms of PVDF molecule computed with the CM5 partition
scheme for the different PVDF conformations.

Conformation tGtG' tt ttGtttG'
Agn¢' (x107%e") ()50  (+)5. (+) 47

shown in Ref. [43]). A hypothesis to explain this latter case is
that due to the larger positive S value of SWCNTs Tuball™
(39.6 uV-K1), a higher hole concentration is expected due to
the oxygen (p-type doping) compared to those CNFs and
MWCNTSs. Therefore, it would be more difficult for PVDF to
withdraw electrons from SWCNTs.

Electrical Conductivity and Seebeck Coefficient of the
CNFs and the PVDF/CNF Film from 40 °C to 100 °C

The electric conductivity o(T) of the CNFs and PVDF/CNF film in
the range from 40 °C to 100 °C is shown in Fig. 6 (black icons)
and Table 4. As referred previously, the o at 40 °C of this grade
(PR 24 RC AG) is about 165.1 Sm~", and very small deviations to
this value are observed when increasing the temperature up to
80 °C. However, beyond 80 °C, the o reduces from ca. 164.6
S'm~" (80 °C) to ca. 161.7 Sm~" at 100 °C. Notably, a similar be-
haviour for o(T) was found for Pyrograf® Il CNFs PR 19 LHT XT
powders in the same interval.®® Thereby for these tempera-
tures, and as in the case of Pyrograf® Il CNFs PR 19 LHT XT, PR 24
LHT XT38 and PR 25 PS XT,2% the o(T) of this non-commercial
grade shows a positive temperature coefficient (PTC) effect,
which is defined as an increase in electrical resistivity when the
material is subjected to an increase in temperature. Also the o(T)
of the PVDF/CNF film shows a PTC effect. In particular, o increas-
es first from ca. 9.3 S'm™" (40 °C) to ca. 12.6 Sm™" at 60 °C, and
then drops from ca. 8.6 Sm~" (80 °C) to ca. 7.6 Sm™" at 100 °C. It
is noticed that the same PTC effect was found in the PP/CNF
composites with 5 wt% of Pyrograf® Ill CNFs PR 24 LHT XT and
PR 19 LHT XT.38 Nevertheless, this finding differs from previous
work,“" where the o(7) of the PEEK/CNF composites with 10
wit% of Pyrograf® lll CNFs PR 24 LHT XT remained practically con-
stant within the same interval of temperatures.

Fig. 6 (red icons) and Table 4 introduce the S(T) of the CNFs
and PVDF/CNF film in the range from 40 °C to 100 °C. The first
thing to notice is that the S(T) of the CNFs remains negative at
all temperatures with an S of ca. —4.8 yV-K-! at 40 °C, which
changes to ca. —5.5 yV-K=1 at 100° C (Table 4). It has to be no-
ticed that this increase of S (in absolute value) with the rise of
temperature (from 40 °C to 100 °C) was also observed for Py-
rograf® [l CNFs grades (PR 25 PS XT,139 PR 24 LHT XT and PR
19 LHT XT.B38) On the contrary, the S(T) of the PVDF/CNF film
(red triangle icons) is more closely aligned to the CNP, by de-
creasing its Seebeck coefficient from ca. —0.5 pV-K= (40 °C) to
ca. —0.2+£0.1 yV-K-1 at 100 °C (Table 4). Therefore, the S(T) of
the PVDF/CNF film does not follow the S(T) of the CNF pow-
der, and it differs from the S(T) observed for PP/CNF compos-

Table 4 Effect of temperature on the thermoelectric properties of the CNFs and PVDF/CNF film (zT of CNF estimated by using the thermal conductivity of

0.43 W-m~"-K~" reported on anisotropic paper-like mats of of Pyrograf® lll CNFs!7)).

T(°Q) Sample Conductivity (Sm~")  Seebeck (uV-K™") Fpovv\y- %f?%g; comiirgi?/lity 2T
(W-m~1K™")
40 CNF 165.11+£8.54 —4.80+0.05 3.8x1073 2.8x107°
PVDF/CNF 9.31£0.07 -0.53+0.01 2.6x1076 0.29+0.02 2.8x107°
60 CNF 165.14+8.30 —5.04+0.02 4.2x1073 3.3x107°
PVDF/CNF 12.63£3.01 -0.53+0.07 3.5x1076 0.30+0.03 3.9x107°
80 CNF 164.62+8.75 -5.28+0.04 4.6x1073 3.8x107°6
PVDF/CNF 8.66+0.37 —-0.43+0.05 1.6x107° 0.31+0.03 1.8x107°
100 CNF 161.70+£9.93 —5.52+0.03 4.9%x1073 4.3x1076
PVDF/CNF 7.58+0.57 -0.16+0.03 1.9x1077 0.30+0.02 2.6x10710
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ites with 5 wt% of Pyrograf® Ill CNFs PR 24 LHT XT and PR 19
LHT XT.538 It also differs from the S(T) measured for PEEK/CNF
composites with 10 wt.% of Pyrograf® Ill CNFs PR 24 LHT
XT.11 This latter finding could be understood by the change
from a one-band model for the CNFs to a two-band model for
the PVDF/CNF film.[8] In the case of the CNFs, the majority
charge carriers (e7), located mainly in the conduction band,
would lead to an n-type system with an increase of the S val-
ue with temperature. However, in the case of the PVDF/CNF
film, where the number of e~ and holes are practically the
same because the electron donation from the CNFs to the
PVDF above commented, the existence of more holes in the
conduction band would imply the slight decrease in S(T) (ab-
solute value) which is experimentally observed.

The power factor PF as function of temperature of the CN-
Fs and PVDF/CNF film is shown in Table 4. The CNFs present a
PF of ca. 3.8x10-3 pW-m~"-K-2 (at 40 °C), which increases up to
ca. 4.9x1073 yW-m~1-K-2 at 100 °C. It is noticed that the same
increase was already observed for Pyrograf® Ill CNFs grades PR
24 LHT XT and PR 19 LHT XT, where the PF rises up to ca.
4.3x1073 pW-m~"1-K~2 at 100 °C,!38! while for PR 25 PS XT CNFs,
the PF changes from ca. 4.6x10~> yW-m~"-K=2 (at 46 °C) to ca.
7.2x1075 yW-m~"-K-2 at 100 °C.3% In contrast, the PF of the
PVDF/CNF film drops from 2.6x10-6 yW-m~'-K-2 at 40 °C to
1.9%x10~7 yW-m~1-K-2 at 100 °C (Table 4), associated with the
decrease of its S (absolute value) with temperature discussed
previously. Ultimately, this corresponds to a zT of ca. 2.8x10~°
at 40 °C for the PVDF/CNF film, which diminishes up to ca.
2.6x10-10at 100 °C.

Electronic Modeling of the CNFs and PVDF/CNF film
To complete the electrical conductivity analysis, the 3D variable
range hopping (VRH) model is applied on the CNFs and the
PVDF/CNF film:?*!

W, 1/4
+(\ DI)

o(n)= '\ RT
Wol

where ks is defined by the average energy potential barrier

)

(Wp < 0) or potential well (Wp > 0), and kg is the Boltzmann’s
constant. It is noticed that if Wy > 0, (i.e., negative exponent in
Eq. 5), o(T) describes a thermally activated hopping mechanism
across a random network of potential wells leading to do/dT > 0,
while when Wy < 0, (i.e., positive exponent in Eq. 5), o(T) is inter-
preted as a thermally activated backscattering mechanism
across a random distribution of impurities or structural defects,
leading to do/dT < 0.23! It is found that the W, of the PVDF/CNF
film (—31.5 eV) is negative, as it is that of the CNFs, although the
latter with much lower value of Wy (—=1.6x10~* eV). It has to be
noticed that similar negatives Wy values of —7.7x10~3 and
-3.3x107° eV have been reported for Pyrograf® lll CNFs grades
PR 19 LHT XT58 and PR 25 PS XT,B% respectively, while higher
W;, values of —0.15 eV were found for Pyrograf® Ill CNFs grades
PR 24 LHT XT.28 Similarly, negative W, values of —6.3 and —3.9
eV have been reported for melt-processed PP composites filled
with 5 wt% of Pyrograf® Il CNFs PR 19 LHT XT and PR 24 LHT XT,
respectively.¥ Consequently, the CNFs and the PVDF/CNF film
present negative Wp, so that their o(7) is described by the ther-
mally activated backscattering mechanism.””!

To understand better the S(T) for the CNFs and PVDF/CNF
film obtained in previous section, the model proposed for de-

Table 5 Parameters b, ¢, Tp and Ep — Erobtained by fitting the
experimental values of S(T) with Eq. (6).

Sample b (WV-K™?) c(uv) T (K) Ep — Er (eV)
CNF 3.2x1073 -1.7x10* 1062.6 9.2x1072
PVDF/CNF 2.0x1072 -1.8x10* 1007.5 8.7x1072

scribing the nonlinear Seebeck of doped MWCNTs mats is
used:(4!

+ —_—
T2 TP 2
[exp(7)+ 1]

where bT represents the metallic (linear) term of S(7), c is a con-
stant, T, = (E, — E¢) /ks with E is the Fermi energy level, and Ep
is the energy corresponding to the sharply varying and local-
ized states near E; in the density of states due to the contribu-
tion of impurities.’” All the parameters b, ¢, T, and Ep — E; ob-
tained by Eq. (6) for the CNFs and PVDF/CNF film in the interval
from 40 °C to 100 °C are presented in Table 5. As it can be seen,
the term b of the CNFs is positive with a value of 3.2x1073
uV-K2, while the T, is 1062.6 K, yielding Ep — E¢ of 9.2x1072 eV.
Thus, the b, Ty and Ep — E; found for CNFs used here (PR 24 RC
AG) are similar to the b, Tp and Ep — E; calculated by the same
model for Pyrograf® Il CNFs PR 19 LHT XT and PR 24 LHT XT&#!
and PR 25 PS XT.B9 |n addition, the S(T) of the PVDF/CNF film is
also fitted by Eq. (6), which yields values of b=2.0x1072 pV-K=2,
T,=1007.5 K and E, — E=8.7x1072 eV. It has to be noticed that
the negative sign of ¢ found in the CNFs and PVDF/CNF film can
be interpreted as the resonances near the E; at the density of
states caused by impurities or defects present in the CNF struc-
ture.?!! Thus, these results, along with the negative W values
found from Egq. (5), imply that the defects/impurities of the CNFs
are the main contributors to the type of electrical transport, and
negative Seebeck coefficient observed in the melt-mixed
PVDF/CNF film.

CONCLUSIONS

Melt-mixed PVDF films with 15 wt% of as-received vapor grown
carbon nanofibers (CNFs) were morphologically, chemically, and
thermally analysed using SEM, FTIR, and DSC methods. DSC
analysis shows that total crystalline component of PVDF/CNF
film is practically the same as neat PVDF, while from FTIR is de-
tected that CNFs promotes the formation of y-phase. Further,
the effect of temperature on the electrical conductivity (o) and
Seebeck coefficient (S) of the n-type CNFs and their PVDF/CNF
composite in the interval from 40 °C to 100 °C was measured
and elucidated using the 3D variable range hopping (VRH)
model, and the model proposed for some doped multiwall car-
bon nanotube (MWCNT) mats. From them, it is concluded that
the thermally activated backscattering mechanism produced by
the structural defects or impurities of the CNFs drives the o(T)
and S(T) observed in both, the CNFs and PVDF/CNF film. In addi-
tion, electron transfer from the CNFs to the PVDF matrix which
was computed using a density functional based tight binding
(DFTB) Hamiltonian for an idealized model of a PVDF/CNF inter-
face, could be the responsible for the near-zero Seebeck coeffi-
cient measured for the PVDF/CNF film in this temperature
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range. The aim of the authors is that the analysis and modelling
presented here help to understand the role of this type of CNFs
on the electrical transport, and Seebeck coefficient found in
their melt-mixed PVDF/CNF film composites.
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