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Poly(vinylidene fluoride) (PVDF) composites with different carbonaceous nanofillers, prepared by solu-
tion casting, were studied their chemical, mechanical, electrical and electro-mechanical properties
evaluated. Few-layer graphene (FLG) nanoplatelets (G-NPL), graphene oxide (GO) and reduced graphene
oxide (rGO) and single-walled carbon nanohorns (SWCNH)) were found to have a strong influence in the
overall properties of the composites prepared with up to 5 wt% nanofiller contents. The mechanical
strain of carbonaceous nanofillers/PVDF composites decreases from 15% to near 5% of maximum strain.
The electrical percolation threshold depends on the nanofiller type, being below 1 wt% for rGO and near
2 wt% for the remaining nanofillers. The electrical conductivity shows a maximum increase of nine or-
ders of magnitude, from ¢ = 5 x 10~ S/m of pure PVDF to ¢ = 1 x 102 S/m for rGO/PVDF composites
with 5 wt% nanofillers. The conduction mechanism being related to hopping between the carbonaceous
nanofillers for concentrations higher than the percolation threshold.

Furthermore, the composites show electro-mechanical properties, except for G-NPL materials, with
rGO/PVDF composites with 5 wt% nanofiller content showing higher Gauge factor (GF) values, reaching
GF= 11 for deformations between 0.5 and 2 mm in 4-point bending experiments. These results
demonstrate the suitability of the composites for strain sensing applications.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

tailor the mechanical and electrical properties of the composite by
varying carbon nanofiller concentration, aspect ratio and disper-

The study of polymer composites containing conductive or
insulating materials is an area of increasing interest [1]. In partic-
ular, carbon nanofiller/polymer nanocomposites have been inten-
sively studied due to their application potential, as they allow to
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sion [2].

Models have been developed that can predict, to some extent,
the effect of adding conductive fillers to a dielectric matrix on the
electrical and dielectric properties [3]. The effective mean-field
medium concept is the foundation for most of the empirical
models. The main drawback of these models is that they fail to
predict the composite electric behavior near the percolation
threshold, defined as the critical point where the physical


mailto:pcosta@fisica.uminho.pt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compscitech.2017.11.001&domain=pdf
www.sciencedirect.com/science/journal/02663538
http://www.elsevier.com/locate/compscitech
https://doi.org/10.1016/j.compscitech.2017.11.001
https://doi.org/10.1016/j.compscitech.2017.11.001
https://doi.org/10.1016/j.compscitech.2017.11.001

242 P. Costa et al. / Composites Science and Technology 153 (2017) 241-252

properties show singularities and scaling behavior [4,5].

In the past years, a new set of emerging nanomaterials, such as
nanocarbonaceous, nanodiamonds and functional nanocomposites
with novel structure-dependent functional properties have been
developed, being interesting both for fundamental research and
advanced applications [6,7]. Among the most interesting functional
properties of those materials the electro-mechanical ones stands
out, as they allow the development of sensors and actuators, with
applications in consumer electronics and portable devices, among
others [6].

In this context, piezoresistive nanofillers/polymer composites
are being strongly investigated due to their exceptional mechanical,
electrical and electro-mechanical properties. Particularly, the focus
has been on the intrinsic properties of the carbonaceous nano-
fillers, such as electrical properties and high aspect ratio [8,9]. The
most studied carbon nanostructures have been carbon nanofibers
(CNF) [10], carbon nanotubes (CNT) [11] and, in recent years, gra-
phene [11,12]. More recently, novel carbonaceous nanomaterials
such as single-walled carbon nanohorns (SWCNH) have been re-
ported with distict geometries [10,13], intrinsic mechanical (tensile
strength) and electrical properties (electrical conductivity), being
quite different from the remaining few-layer graphene materials
with different chemical treatments [10] as reduction or oxidation.

Typically, the carbonaceous nanofillers are used for improving
mechanical properties and electrical or ionic conductivity of poly-
mer matrices with low electrical percolation thresholds [8,14], the
electro-mechanical sensitivity is becoming particularly targeted for
study due to their superior response when compared to the strain
gages commercial sensors [8,15]. The overall properties of carbon
nanoallotropes/polymer composites strongly depend on polymer
type and processing method, nanofiller type, degree of aggregation
and orientation [16]. This dependence is particularly relevant for
the percolation threshold concentration, being the parameter most
critical in determining electrical properties and, therefore, the
functionality of the composites [17,18].

The percolation threshold concentration is particularly relevant
for the development of composites, as they typically show the
largest electro-mechanical response-variation of the electrical re-
sistivity when a strainis applied to the material, at concentrations
around the percolation threshold [19]. In the case of carbon
nanofiller/polymer composites, this effect is mainly attributed (in
addition of the geometrical effect) to variations of the conductive
network with strain due to loss of contact between the fillers,
tunneling or hopping effects in neighboring fillers and/or conduc-
tivity variations due to the strain of the different carbonaceous, for
example [17,20].

Several strategies and materials have been used for the devel-
opment of electro-mechanical polymer composites as sensors to
detect several external stimulus, including strain, pressure, tem-
perature or light [21]. The electrical resistance variation with
external stimulus enables a large range of applications to the pie-
zoresistive composites as strain/pressure sensors in artificial in-
telligence, electronic devices and industrial production [22].
Typical metal strain gages and silicon piezoresistive sensors present
interesting properties but their mechanical properties limit their
use [15]. Stretchable or high flexible piezoresistive sensors are
fabricated using polymers as matrix and conductive fillers as
reinforcement materials [23]. Conductive carbonaceous nanofillers
such as graphite, carbon black (CB), graphene, CNF and CNT have
been widely employed [18,24], or combination thereof CNT are the
most widely used due to their intrinsic electrical properties and
geometry, as high aspect ratio, with higher piezoresistive sensi-
tivity [22], although the difficulty to disperse and the high pro-
duction cost limit their widespread use [22]. In order to increase
the overall properties of the composites, better dispersion of carbon

nanofillers in the polymer matrix is essential.

Several preparation methods have been developed to manu-
facture of nanofillers/polymer composites, such as in-situ poly-
merization, extrusion, solution blending, and electrospinning
[24,25]. Solution blending is an excellent method to prepare inks
to print by inkjet, screen and spray print, or other methods as roll-
to-roll [15,26]. These methods allow printing these materials at a
large scale [15,26]. The sensitivity of electro-mechanical properties
of carbon nanofillers/PVDF composites depends on the processing
method, type of carbon nanofillers and content in composites and
may range between 1 to near 200 [27,28].

For the production of flexible or stretchable sensors, elastomers
and thermoplastic polymers are the most widely used as matrices
[2]. Within the thermoplastics, poly(vinylidene fluoride) (PVDF)
and its copolymers have suitable electroactive properties to pro-
duce sensors and actuators. PVDF is a semicrystalline polymer with
five possible crystalline phases, the most technologically relevant
and investigated being the non-polar «-PVDF and the polar §-PVDF,
which are the most electrically active phases. Furthermore, PVDF
presents good mechanical and chemical properties, weather
resistance, and excellent properties associated to their polar crys-
talline forms [29].

In this sense, the incorporation of novel carbonaceous nano-
fillers, such as single wall carbon nanohorns, FLG nanoplatelets and
treated graphene (oxided and reduced), into PVDF matrices in or-
der to tune and optimize the electro-mechanical behavior and
response of the composites is a major challenge that constitutes the
focus of this work. The overall properties of the composites will be
assessed in view of their applicability as electro-mechanical sensors
for bending strain detecting. These materials represent a promising
alternative to strain gauge sensors due to their higher GF and
simple processing and integration into devices.

2. Materials and methods
2.1. Materials

Commercial Solef 1010 poly(vinylidene fluoride) (PVDF) with
Mw = 352,000 g/mol was supplied by Solvay, Inc. (Belgium). The
graphene-based nanofillers used are illustrated in Fig. 1. Single
walled carbon nanohorns (SWCNH) were supplied by Carbonium
(Italy) and consist in tiny graphene sheets, wrapped to form horn-
shaped cones with a half fullerene cap, having 30—50 nm length
and 3—5 nm diameter. Few-layer graphene oxide, reduced gra-
phene oxide and nanoplatelets were obtained from The Graphene
Box (Spain). Graphene oxide (GO) had 99% of purity and a

Graphene-based
nanofillers |

Graphene nanohorns

Fig. 1. Illustration of the graphene-based nanofillers with different structures, chem-
ical treatments, geometries and dimensions used for the preparation of the compos-
ites. The dimensions of the FLG oxide (GO), reduced graphene oxide (rGO), graphene
nanoplatelets (G-NPL) and single-walled carbon nanohorns (SWCNH) are indicated.
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volumetric mass density of 0.26 g/cm?, with 1-5 pm of diameter
and a thickness between 0.8 and 1.2 nm. Reduced few-layer gra-
phene oxide (rGO) had >99% of purity with 1-2 layers and 1—5 pm
of dimension. rGO were obtained by thermal shock reduction. The
few-layer graphene nanoplatelets (G-NPL) showed less than 15 nm
of thickness and 5 pm of diameter.

These materials were used to develop polymer composites up to
5 wt% (weight percentage) of carbonaceous nanofillers in the PVDF
polymer matrix. The solvent N,N-dimethylformamide (DMF, 99.5%)
was purchased from Merck.

2.2. Composite preparation

Before preparation of the composites materials, the nanofillers
and polymer were dried at 60 °C in an oven and kept on a desic-
cator. Polymer films with thicknesses between 40 and 65 pm were
produced by solvent casting method mixing different amounts of
the carbonaceous nanofillers (0; 0.25; 0.5; 1; 2; 5 wt%) with 9.5 ml
of DMF. The solutions were placed in an ultrasound bath (ATU,
Model ATM40-3LCD) for 4 h in order to optimize nanofillers de-
agglomeration and dispersion. After this step, 1g of PVDF (10/90
v/v polymer/solvent ratio) was added to the nanofillers/solvent
solution and placed in a magnetic stirrer for complete dissolution of
the polymer (about 2 h at 30 °C).

Flexible films were obtained by doctor blade technique by
spreading the solution on a clean glass substrate. Complete solvent
evaporation and polymer crystallization was performed by melting
the samples at 210 °C for 15 min and cooling down to room tem-
perature in a conventional oven (ED 23 Binder). This procedure
produces PVDF films in the a-phase.

2.3. Sample characterization

Scanning electron microscopy (SEM) surface and cross section
images were obtained with a NanoSEM - FEI Nova 200 (FEG/SEM)
equipment with an accelerating voltage of 10 kV, which was used to
evaluate the dispersion of the nanofillers within the polymer ma-
trix. The samples in cross section were cut after immersion in liquid
nitrogen at temperatures below the glass transition. Then, the
samples were coated with a thin gold layer using a sputter coating
(Polaron, model SC502 sputter coater).

Fourier transformed infrared spectroscopy (FTIR) analysis was
performed with a Jasco FT/IR-4100 in the attenuated total reflec-
tance mode (ATR), at room temperature. FTIR spectra were
collected from 4000 to 600 cm™! after 64 scans with a resolution of
4cm

Raman spectra were recorded at room temperature by using an
Olympus microscope and a 50x objective. Excitation was carried
out using the 514.5 nm polarized line of an Ar' laser, with an
incident power of about 16 mW impinging on the sample. The
acquisition time for each measurement was set at 120 s and with
two/three scans. The scattered light was analyzed using a T64000
Jobin-Yvon spectrometer operating in a triple subtractive mode and
equipped with a liquid nitrogen cooled CCD detector, in a Stokes
frequency range from 200 to 2000 cm~! [30]. In order to obtain
information regarding the homogeneity of our samples, the Raman
spectra were recorded at several different positions on the sample
surfaces. No significant differences were detected and the results
presented in the following are representative of the whole samples.

Textural characterization of the samples was performed by N,
adsorption-desorption at -196 °C with a Quantachrome NOVA
4200e apparatus. The Brunauer—Emmett—Teller (BET) equation
was applied to determine the apparent surface area [31].

X-ray photoelectron spectroscopy (XPS) analyses were per-
formed on a VG Scientific ESCALAB 200A spectrometer using Al Ka.

radiation (1486.6 eV). The charge effect was corrected taking the C
1s peak as a reference (binding energy of 285 eV). CASAXPS soft-
ware was used for data analysis.

Mechanical measurements were performed on a universal
testing machine (Shimadzu model AG-IS) at room temperature
with a load cell of 500 N, in tensile mode. Rectangular shaped
samples of dimension about 20 x 10 mm? and with a thickness in
the range of 40—65 pum (measured with a digital micrometer
Fischer Dualscope 603-478) were analyzed at a velocity of 1 mm/
min. The mechanical parameters were obtained as the average of at
least five samples.

The electrical measurements were performed in samples with
the shape of plane-parallel capacitors with 5 mm diameter gold
electrodes deposited on both sides of the samples with a Polaron
SC502 sputter coater for good electric contact between sample and
measurement equipment. The volume electrical conductivity of the
samples was obtained by measuring in five places on sample the
characteristic I-V curves at room temperature with a Keithley 6430
picoammeter/voltage source. The current and voltage were
measured and the conductivity (¢) was calculated taken into ac-
count the geometrical factors of the samples according to:

L
where R is the electrical resistance, L is the sample thickness and A
is the area of the electrodes.

Piezoresistive measurements were performed using the uni-
versal testing machine (Shimadzu model AG-IS) in 4-point-bending
mode (Fig. 2). The composite was glued to a poly(propylene) board
with about 1 mm thickness and gold electrodes with an area of
7 x 1.5 mm? were placed on the surface of the sample (Fig. 2). The
electro-mechanical response was evaluated at room temperature as
the average of 4 loading-unloading cycles at 5 mm/min for 0.5, 1, 1.5
and 2 mm of displacement (z).

The piezoresistive response of the composites was quantita-
tively evaluated by the gauge factor (GF), defined as [28]:

dp
“TRo _hro o, )

where the R is electrical resistance, v is Poisson coefficient, L the
mechanical displacement and & = dpy, . For the 4-point bending
mode experiments, the strain was calcQlated from the theory of a
pure bending of plates, valid between the inner loading points and
given by Refs. [28,32]:

F

Gold electrodes

Sample

Fig. 2. Schematic representation of the 4-point bending method where z is the vertical
displacement, d is the thickness of the composite/poly(propylene) stack (+1 mm), a is
the distance between first and second bending points (15 mm) and [ is the distance
between the bending points on top of the sample (I = 3a).
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3dz
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where d, z and a correspond to the dimensions shown in Fig. 2.
3. Results and discussion

3.1. Morphological and structural properties

The BET surface areas of the carbon nanofillers varied from 35
m?g!, obtained for G-NPL, up to 450 m?g”!, found for both GO and

A

rGO
3 -
o 3
z (C
g >
f GO =
2 [
£ 2
- £
C-OH/;
HO-C=0 C=0 v ‘-','\\
Planir LN G-NPL
294 292 290 288 286 284 282 280
Binding energy (eV)
C rrolic N L
graphitic N Py pyridinic N
SWCNH
3 rGO
3
&
Z
g C
€ L

WMM G-NPL

412 409 406 403 400 397
Binding energy (eV)

394 391 388

rGO. SWCNH showed an intermediate value of 304 m?g™\. These
values are in agreement with what was reported by the suppliers.

The carbon nanofillers were also analysed by XPS. The obtained
results are shown in Fig. 3 and Table 1. The spectrum obtained from
G-NPL can be deconvoluted into four different peaks, namely sp?
C=C (284.2 eV), C-OH (284.9 eV), C=0 (286.9 eV) and COOH
(291.3 eV), as seen in Fig. 3A [33—35]. The sp? peak of G-NPL is
much more intense than the analogue peak of the other samples,
while the other bands (C-OH, C=0 and COOH) have decreased
intensities, compared to those of other materials. This means that
the amount of C=C is much larger in non-oxidized graphene. The
oxidized materials (GO and rGO) have a higher number of

539 537 535 533 531 529 527 525

Binding energy (eV)

H pyrrolic N
\ /

graphitic N

OH

=C

Fig. 3. XPS of carbon nanofillers: C1s (A), O1s (B) and N1s (C). (D) Schematic diagram of carbon, oxygen and nitrogen species found on graphene.
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Table 1
Relative amounts (at. %) of the various elements found in the carbon nanofillers,
obtained by XPS analysis.

Element at. % at. % at. % at. %
G-NPL GO rGO SWCNH

Cls 97.9 85.0 90.3 83.4

N 1s n.d. 0.5 0.5 0.7

O1s 2.1 14.2 8.7 15.9

S2p n.d. 0.3 0.5 n.d.

n.d.- not detected.

oxygenated groups, as expected. SWCNH show only three peaks
that are attributed to sp® carbon, C-OH and C=0 [36].

The O1s spectra are shown in Fig. 3B. All materials show bands
at lower binding energy (attributed to C=0) and bands at slightly
higher binding energy (attributed to C-OH) [34]. Interestingly, the
oxidized materials (GO and rGO) also show a small band at higher
binding energy, attributed to COOH [34].

The obtained N1s signals were of very low intensity and are
shown in Fig. 3C. SWCNH show 3 types of N groups: graphitic
(405.8 eV), pyrrolic (399.8 eV) and pyridinic (393.7 eV). A scheme of
the groups is shown in Fig. 3D [34]. G-NPL show no N (or any other
elements apart from C and O), evidencing the absence of impurities.
GO and rGO show some peaks that are mainly attributed to pyrrolic
N. However, the presence of small amounts of graphitic and pyrrolic
N cannot be ruled out.

Table 1 shows that the N amount is much lower than the
amount of the other elements, including that of O (as could already
be derived from Fig. 3C).

The nanofillers are commercial samples and the presence of N
(and S found in the graphene oxide sample) is related to procedure
followed by the manufacturers (usually patent protected) to pre-
pare the materials.

The morphology of the composites with the four different types
of nanofillers is shown in the SEM surface and cross section
representative images of Fig. 4. The spherulitic structure charac-
teristic of a-PVDF is observed in Fig. 4A and B, suggesting that the
carbonaceous nanofillers did not significantly influence the crys-
tallization kinetics of the polymer [37], in the same line as reported
for multi-walled carbon nanotubes (MWCNT) into PVDF [38].

The spherulites diameter is consistent with literature [39],
ranging approximately from 20 to 50 um, as can be observed in
Fig. 4A and B, independently of the filler type and content, indi-
cating that there is no modification of the crystallization kinetics,
unlike other nanoparticles. Cross-section SEM images (Fig. 4C and
D, respectively) show a homogeneous dispersion of the individual
nanofillers, independently of the filler type and content. Further, no
large agglomerated are detected in the samples.

The crystallization phase of PVDF is typically evaluated by FTIR
measurements [40]. This semicrystalline polymer shows a complex
structure and can present four distinct crystalline phases, but the
most suitable for applications are «, § and y-PVDF [40].

Fig. 5 shows the FTIR spectra between 600 and 1700 cm™! for
rGO/PVDF composites as a function of nanofiller content and the
different carbonaceous nanofillers/PVDF composites with 5 wt%
nanofiller.

All FTIR spectra (Fig. 5) are similar and independent of the
nanofiller type and content, showing just the typical bands of «-
PVDF at 614, 766, 795 and 976 cm™! [40], with no traces of other
phases (§ or v) being detected. Thus, the electrostatic interaction of
the carbonaceous fillers with the polymer chains is not enough to
promote the nucleation of the polar 8 or v phases, as observed with
other fillers such as ferrites or Ag [40].

The Raman spectra of the PVDF and PVDF-based composites
with different carbonaceous fillers are shown in Fig. 6. The first-
order Raman bands of the carbonaceous fillers are located be-
tween 1200 and 1700 cm™!, while the second-order band is near
2700 cm~! and can extend to 3500 cm~! [41].

FLG presents four characteristic peaks observed in the Raman
spectra, known as D, G, 2D and S3 bands [42]. The D found at
1350 cm~! is an A1g phonon corresponding to sp? ring-breathing
mode and its intensity increases when there are defects in the
edge plane of the material surface [42]. The G band, consequence of
doubly degenerated vibrational mode Ejg, occurs at 1580 cm1[42],
and it is assigned to the in-plane vibration of the sp>-bonded car-
bon atoms of the hexagonal ring structure [41]. The D and G bands
are observed in several carbonaceous nanofiller/PVDF composites
(Fig. 6A). The Raman spectrum of G-NPL exhibits the well-known
single G band at 1586 cm~!, and the very weak D band at
1361 cm™, which evidences for low degree of disorder and defects

Fig. 4. SEM images of the composites with several nanofiller types and contents: A) 0.5 wt% GO; B) 0.5 wt% rGO; C) 0.5 wt% SWCNT; D) 5 wt% G-NPL. Images A) and B) are top views

of the composite surfaces and C) and D) are cross-section views.
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Fig. 5. FTIR spectra of A) the composite with rGO as a function of nanofiller content and B) the different composites with 5 wt% of nanofillers (SWCNH, GO, G-NPL and rGO).

in the G-NPL in the host matrix [43]. Composites containing
SWCNH shows the typical D band at 1340 cm~! and the G-band at
1598 cm™ .. The shoulder observed at 1627 cm™! is assigned to the

D’ band. The Raman spectra of GO and rGO present the typical
spectral profile already reported for the same materials [43,44]. The
1200-1750 cm™~! spectral range can be deconvoluted into four main

>
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Table 2- The ratio of the bands intensity (D
and G) and interdistance between defects
(Lp).

In/ I Lp (nm)
G-NPL 0.85 11
SWCNH 0.56 14
GO 1.26 9
rGO 1.61 8

Fig. 6. Raman spectra (first-order (A) and second-order transitions (B)) of PVDF composites with different FLG carbonaceous fillers (5 wt%) for GO, rGO, G-NPL and SWCNH.

Deconvolution of the G band in GO into three main Raman bands (C).
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Table 2
The ratio of the bands intensity (D and G) and interdistance between defects (Lp).
In/lg Lp (nm)
G-NPL 0.85 11
SWCNH 0.56 14
GO 1.26 9
rGO 1.61 8

Raman bands, as it is shown in Fig. 6C, for the case of GO. The D
band appears at 1360 cm~! in both composites, while the G band
locates at 1601 cm~! and 1594 cm™! in FLG oxide and reduced FLG
oxide, respectively. In the two cases, new Raman bands are acti-
vated due to defects (D' band) and to the finite size of graphitic
crystals (D** band), pointing for a higher degree of defects in these
FLG derived compounds, already ascertained by the increase of
both intensity and linewidth of the D band. The upward shift of the
G band peaks in composites due the PVDEF fillers interaction are in
agreement with the literature [45].

It is to notice taht the frequency of the D band is almost inde-
pendent on the filler type. On the other hand, the G band is
upshifted relatively to the G-NPL in the Raman spectra of the
remaining composites, pointing for the existence of weak in-
teractions between the nanofillers and the polymeric matrix in
these composites.

The presence of the D band is a signature of defects or disorder
in graphene system [41]. From the data fitting procedure, the in-
tensity of the D (Ip) and G (Ig) bands can be determined. The lower
intensity of the D band in the case of the G-NPL/PVDF composite
can be related with a higher order of FLG structure of the carbo-
naceous nanofiller. The ratio of the intensities Ip/I¢ can be used to
quantify the development of disorder and defects in graphene
based-systems. The ratio Ip/I; is presented in Table 2, is calculated
by equation (4). Assuming the low defect-density regime, the
interdistance between defects Lp can be determined using equation
[44]:

Iy C(

= 4
Ic L )
where C(1) = 102 nm?, for A = 514.5 nm. The values of Lp are dis-
played in Table 2. The Lp value depends on the nanofiller, and in-
creases from SWCNH/PVDF to rGO/PVDF composites, which clearly
points for a decrease of defect-density in the composite series.
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Literature also reports that reduced states in carbon structures in-
crease the number of aromatic domains of smaller overall size in
graphene, leading to an enhancement of the Ip/I; ratio [46].

Fig. 6B shows the Raman spectra of the PVDF and composites in
the 2900-3350 cm™~! spectral range, where the FLG second-order
bands are expected [41]. The 2D band (an overtone of the D band
of graphene) is typically located around 2700 cm~! and increases
its intensity when the sp? rings are present, associated with two
dimensional arbitrarily stacked FLG sheets in the c-axis [42]. This
band is associated with the band structure of the FLG [42], which is
not observable in our results. The second-order S3 peak (Fig. 6B),
located at 2927 cm™, can be described as a product of lattice dis-
order and is generated from a combination of D + G bands, where
FLG filler reveals by the activation of a second order band (D + G) at
2989 cm ™! (G-NPL), 2977 cm~! (SWCNH) and 2974 cm ™' (GO) [42].
This band shifts up to near 2975 cm™~! for the composites, except for
G-NPL/PVDF composite due to the lower disorder of the G-NPL
structure. The «-PVDF phase presents a characteristic band near
3080 cm ™, relative to CH, vibration frequency, and is similar for
the different composites materials (Fig. 6B) [47].

The C-H stretching mode appears at 2925-2970 cm™! are ab-
sorption peaks in the C-H vibration region [45]. The peak at
3160 cm~! has been assigned to 2D and D + G [41].

3.2. Mechanical properties

The mechanical properties of the composites (Fig. 7) were
analyzed by uniaxial stress-strain measurements until rupture of
the samples. The properties of the rGO/PVDF composites as a
function of the nanofillers content until 5 wt% is shown in Fig. 7A,
and illustrate the typical behavior of the materials. The stress-strain
data obtained from the composites with 5 wt% of the different
nanofillers are presented in Fig. 7B.

The stress-strain curves of Fig. 7A show a mechanical behavior
typical of a thermoplastic characterized by the elastic region with
linear behavior, in which the Young's modulus is calculated (slope
of stress-strain curve until 1% of deformation) and the plastic region
after the yielding zone. The incorporation of the carbonaceous
nanofillers into the PVDF matrices decreases the maximum strain
of the composites, making them less resistant in tensile strength
tests, also reported in literature [48]. The maximum strain for
pristine PVDF ranges between 16 and 18%, whereas it ranges be-
tween 2 and 5% for the various composites. The Young's modulus of
pristine PVDF is 1.16 + 0.03 GPa and the values obtained for the
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Fig. 7. Stress-strain mechanical curve measurements at 1 mm/min as a function of nanofillers type and content for A) rGO composites and B) composites with 5 wt% carbonaceous

nanofillers (SWCNH, GO, G-NPL and rGO).
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Fig. 8. Current/voltage curves for A) SWCNH/PVDF composites up to 5 wt.% SWCNH and B) electrical conductivity as a function of nanofiller content for the composites with G-NPL,

GO, rGO and SWCNH.

composites are similar among different samples ranging between
(1.10—1.70) + 0.03 GPa, presenting an increasing trend with nano-
filler content increase up to 5 wt%. The maximum stress is about
40 GPa for the pristine PVDF sample, whereas the composites
generally present lower values, decreasing with increase of nano-
filler content, reaching a minimum of about 25 GPa for the sample
with 5 wt% SWCNH. Although the SEM images in Fig. 4C and D
show good nanofiller dispersion and interface between polymer
and nanofillers, the samples with increased nanofiller contents
become ductile. Raman results shows no robust connection be-
tween PVDF and several carbonaceous nanofillers. The composites
with higher Lp show larger maximum strain compared to the ones
with lower distance defects material, rGO. This effect could also be
observed in CNT/PVDF composites after percolation threshold,
where the maximum strain and strength decreased for materials up
to 3 wt% CNT [49]. For composites after the percolation threshold,
the interconnection points between the nanofiller (e.g. CNT) might
not allow transmitting efficiently loads between the components of
the nanocomposite reducing the Young's modulus in the materials
[49].

3.3. Electrical properties

The current/voltage curves obtained from SWCNH/PVDF com-
posites (Fig. 8A) and electrical behavior of the nanofillers/PVDF
composites for different nanofillers (Fig. 8B) and content was
evaluated by measuring the bulk electrical conductivity. The elec-
trical conductivity for a-PVDF is around 5.0 x 10~'? S/m and in-
creases with nanofiller content increase for the composites with a
percolative behavior similar to that found for other carbonaceous
nanofillers/PVDF composites, such as SWCNT [50] and MWCNT
[51,52]. The maximum conductivity was obtained for 5 wt% SWCNH
and rGO nanofillers near 0.01 S/m (Fig. 8B).

The electrical conductivity increases in composites with
increasing carbonaceous nanofiller content. Nevertheless, there are
strong differences between the different nanofillers, which in-
dicates that their behavior depends on the intrinsic properties of
the carbon materials, since the preparation method, polymer ma-
trix and content is the same for all composite samples.

Use of the rGO nanofiller results in a higher electrical conduc-
tivity for composites with contents larger than 0.5 wt%. rGO/PVDF
composites show an electrical percolation threshold (PT) between
0.5 and 1 wt% of nanofillers, with electrical conductivity ¢ = 0.01 S/
m for the material with 5 wt%. Oxided FLG materials increase the
electrical conductivity of the composites, mainly the rGO, as re-
ported in the literature [53,54]. The remaining nanofillers present
larger percolation threshold compared to rGO, around 2 wt% for GO

and SWCNH and larger for the G-NPL nanofillers. Larger thickness
of the G-NPL nanofillers decrease their electrical properties in
composites. The maximum conductivity (obtained for composites
with 5 wt% of nanofillers) of ¢ = 1 x 10~2 S/m is highest for rGO,
and lowest at ¢ = 1 x 10~#S/m for G-NPL nanofillers. The electrical
conductivity and geometry of the nanofillers influence the perco-
lation threshold and maximum conductivity of the composite
materials. The reduction process applied to FLG oxide (to obtain
rGO) greatly improves their electrical conductivity, that can in-
crease up to 6 orders of magnitude, when compared to GO [55]. In
this way, composites with rGO present a lower percolation
threshold in polymer composites, as can be observed in Fig. 8B.
Composite with SWCNH have a similar behavior to GO nanofillers.
It has been reported that lower aspect ratio (AR= 10) of the SWCNH
(30—50 nm of length and 3—5 nm of diameter) decreases the
percolation threshold [8], although the electrical conductivity can
be higher compared to GO nanofillers (high purity material) and
their geometry increases the percolation threshold. G-NPL nano-
fillers present similar geometry and dimensions compared to GO
and rGO, but show lower conductivity among all nanofiller contents
due to their homogeneous dispersion in polymer composites and
large size G-NPL aggregates that can be observed [56]. Although the
G-NPL (and also SWCNH) shows, by XPS or Raman, which contains
lower oxide groups and defects in the edge plan in their surface
their intrinsic electrical properties have less influence than
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(@) for the different nanofillers/PVDF composites for G-NPL, GO, rGO and SWCNH
up to 5 wt% of nanofillers.
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composites.

In order to get some hints on the theoretical electric conduction
mechanism, Fig. 9 shows the linear relation between the logarithm
of the conductivity and the filler content for several volume frac-
tions of the nanofillers in the different composite types. The volume
fractions (@) are calculated based on the mass weight of the com-
posites and density of the carbon nanofillers.

Fig. 9 shows that the electrical conductivity follows a log(c) o
@1 linear relationship after the percolation threshold. This type
of relation appears when the conductivity is due to hopping be-
tween nearest neighbors (nanofillers) that form a conductive
network [57]. This linear relation also appears in related composite
systems, based on conductive fillers embedded in polymer
matrices, such as CNT [38,57].

Another important issue is the effect of the oxidation, which
delays the percolation threshold due to the surface modification of
the filler that reduces their conductivity. This effect has been re-
ported previously for CNT/PVDF composites [38].

3.4. Electro-mechanical properties

The piezoresistive properties of several conductive nanofillers/
PVDF composites are presented in Fig. 10, for different nanofiller
types and sample displacements. The results are representative for
the other composites. The electro-mechancial properties were
measured in composites with 5 wt% nanofiller content due to the
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lower electrical conductivity of GO and SWCNH composites for
lower nanofiller contents. Although piezoresistive sensibility is
typically higher near the percolation threshold, the deformation
region for linear piezoresistive reponse is low, mainly due to the
breakdown of the conductive network within the composite [58].
For a larger deformation region of linear response between elec-
trical resistance variation and mechancial stress, which is required
for large deformation strain sensor, larger fillers contents are
required [58]. The G-NPL nanofillers in composite with 5 wt% do
not show piezoresistive properties due to their between 1 and 3
orders of magnitude lower electrical conductivity for the contents
used in the composites. Materials with larger electrical resistance
do not present linear correlation between the resistance and the
mechanical stimulus.

The piezoresistive measurements in 4-point-bending mode
were performed from 0.5 to 2 mm of vertical displacement (z di-
rection in Fig. 2) in three different composites with 5 wt% of
nanofillers (SWCNH, GO and rGO). Fig. 10 shows representative
examples for the different composites and displacements.

Fig. 10 shows the electro-mechanical behavior of the compos-
ites, where the relative electrical resistance increases with
increasing strain applied to the composites and decreases when the
strainis reduced towards the initial point (i.e., zero displacement).
This behavior is similar for different composites and displacements.
The piezoresistive sensibility of the composites was evaluated by
the respective gauge factor (GF) and is represented in Fig. 11. The
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Fig. 10. Representative piezoresistive measurements of nanofillers/PVDF composites with 5 wt.% nanofiller content and for different displacements: A) GO for 0.5 mm; rGO for B)

1 mm and C) 1.5 mm; D) SWCNH for 2 mm.
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Fig. 11. Piezoresistive sensibility (GF) measurements: A) exemplification for 0.5, 1 and mm for rGO sample and B) for composites with 5 wt% of nanofillers applying 0.5—2 mm of

displacement at 5 mm/min.

linear correlation between electrical resistance variation with me-
chanical stress applied to the composites is observed in Fig. 11A for
several deformations (0.5, 1 and 2 mm), with respective piezor-
esistive sensibility in Fig. 11B for the different carbon nanofiller
materials.

The electro-mechanical behavior depends on the nanofiller
present in the composites, rGO showing the largest GF values and
SWCNH the lowest ones. SWCNH show GF = 0.5 for loading and
unloading mechanical cycles. The composite with 5 wt% of GO
presents a GF varying from about 4 to 6. The larger GF values (i.e.,
from 7 to 11) were obtained for rGO-based composites, applying 1
and 0.5 mm displacement, respectively. Use of the FLG (oxide and
reduced) nanofillers results in larger piezoresistive sensibility than
SWCNH. The geometry thus influences the electrical conductivity
and piezoresistive properties, since both graphene oxide nanofillers
have a diameter of 1-5 pm and a thickness of only few nm
(AR = 1000), whereas SWCNH have AR = 10. Literature reports
that FLG can have higher sensibility than CNT in PDMS composites
[27].

The piezoresistive response has two contributions (equation
(3)), intrinsic piezoresistive effect ((dp/pg)/e) and geometrical ef-
fect (1 +2v) [28]. The geometric effect depends on the Poisson
coefficient and the maximum value of the GF contributions is 2
(with v =0.5) for incompressible materials [59]. Piezoresistive
composites with larger GF values than their geometric factor pre-
sent intrinsic conductivity variation when stress is applied on the
composites. GO and rGO in composite with 5 wt% nanofiller content
show intrinsic electrical conductivity variation in piezoresistive
measurements. The polymer matrices can influence their proper-
ties [60,61], but these composites were prepared with same poly-
mer in similar conditions. The conductive and geometric properties
of the nanofillers (such as length and diameter) influence the
overall properties of the composites, as well as their piezoresistive
sensibility [62]. The nanofillers with larger diameter show higher
piezoresistive sensibility. In the case of SWCNH, GF = 0.5 and their
diameter is 1000 times smaller than that of the remaining nano-
fillers. Given the specific diameter and length of the SWCNH a
significantly lower AR is reached compared to the treated FLG
nanofillers. Aspect ratio influences the electrical properties
(percolation threshold) of the composites and the piezoresistive
sensibility [58]. The electro-mechanical behavior is similar for
different composites, but the piezoresistive sensibility depends on
the geometry of the nanofillers [58]. On the other hand, piezor-
esistive sensibility can be modified by adding a second filler to the

polymer-based composites or aligning the conductive nanofillers
during proccesing [63—65]. Thus, higher piezoresistive sensibility
has been shown in ternary composites as a result of inducing the
breakup of the conductive network by a second filler [63] or by
aligning multiwalled CNTs [64].

4. Conclusions

Composites based on PVDF with different nanocarbon allotropes
were prepared by solvent casting. The composite samples crystal-
lized in the compact and spherulitic morphology of a-PVDF with
the carbonaceous nanofillers well dispersed and distributed along
the polymer matrix. XPS shows that oxidation process in creates
larger number of oxide groups in GO an rGO nanofillers. Raman
analysis presents the FLG bands in the composites, with G-NPL
nanofiller showing a lower intensity D band and thus lower content
of FLG defects, being similar for remain nanofillers. Composites
showed stretchability up to =5% compared to 15% of the PVDF
polymer. The conductivity follows a percolate behavior increasing
with nanofiller content increase, achieving a maximum of ~0.01
(Q@ m)~! for the rGO/PVDF with 5 wt% filler content, nine orders of
magnitude higher than pure PVDF sample. The percolation
threshold is lower than 1 wt% nanofiller for rGO composites, and
similar (i.e., about 2 wt% nanofiller content) for the remaining
composites. The main conductivity mechanism is hopping between
the nearest neighbors (nanofillers) that form a conductive network
in composites.

Due to their electrical properties, rGO/PVDF, GO/PVDF and
SWCNH/PVDF composites present piezoresistive properties unlike
the sample of 5 wt% G-NPL/PVDF. Composites with 5 wt% nanofiller
show GF values ranging between about 0.5 and 11 for displace-
ments between 0.5 and 2 mm. The rGO/PVDF composite shows
highest GF values (i.e., between about 7 and 11) for all de-
formations. Thus, it is shown that the geometry of the carbona-
ceous nanofillers influences the piezoresistive sensibility, with FLG
shapes with larger AR showing larger GF values compared to
SWCNH, which shows the lowest AR. Reduced FLG oxide leads to a
lower percolation threshold and larger GF values in the PVDF
composites. In conclusion, this study demonstrates that conductive
of the carbonaceous nanofillers allow to tune the electro-
mechanical properties of the composites, depending on their
physico-chemical properties, being suitable candidates for strain
sensing applications.
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