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HIGHLIGHTS GRAPHICAL ABSTRACT

® We have proposed an easy way to

synthesize carbonic and sulphonic Immersion Precipitation
acid functionalized CNT-PVDF nano- [ & O'_'
composites and successfully used as rgﬁ\ = - -I
nano-fillers for piezo-polymers. (===

® Based on thermal analysis and SEM
results, we can claim that our fabri- e TIVE
cated materials can remain stable up s ,":p
to 490°C.

® The synthesized nanocomposites are - -
analysed by various electrochemical
studies and successfully applied as w

potential materials for ‘Actuators’ or

‘piezoelectric sensors’. =

Electrochemical study reveals that <: E b
on adding COOH functionalization to A
PVDF + CNT, it enhanced the conduc- ZE s S

. . - For Actuator Applications 5
tivity, electro-resistive behaviour but r r
decreasing the capacitance although
SO3H functionalised CNT-PVDF com-
posite suffers from uneven sulphur
doping.
Finally, our present study reveals that
COOH functionalized CNTs are better
nanofillers for PVDF than only CNTs
but SO3H functionalized CNTs are not,
for the application in actuation or
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sensing.
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Keywords: PVDF with CNT in N-Methyl-2-pyrrolidone (NMP) by using solution phase co-precipitation techniques.

PVDF We observed that at a certain concentration ratio of PVDF and CNT, it formed well crystalline morphology

?MP with specific structures. After optimizing their concentrations, we mixed carbonic and sulphonic acid
NT

functionalized CNT with PVDF at a certain ratio and prepared the acid functionalized PVDF/CNT compos-
ites. The composite materials were characterized by various spectroscopic and microscopic techniques
such as XRD, FTIR, thermal and FE-SEM analyses. From the FE-SEM analysis, the sheikh kabab morphology
was observed in PVDF while more pronounced and oriented structure was found in case of CNT as well
as their carbonic acid functionalized product. As an application, the synthesized materials are studied
for actuation purposes by investigating their properties using cyclic voltammetry (CV) and electrochem-
ical impedance spectroscopy (EIS) analysis. It was observed that the actuation properties of PVDF was
enhanced while mixed with CNT and carbonic acid functionalized CNT although it remained unchanged
in case of sulfonic acid functionalized CNT. In case of PVDF and carbonic acid functionalized CNT, a higher
saturation current of 2.7 mA was observed while for bare PVDF in NMP, a reduced value of 0.0087 mA
was observed. The present synthesis route and the application process is simple, less time consuming
and could be extended for the fabrication of other composite materials for their potential application as

Composites and actuator

actuator and in other technologically important energy related fields.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In the field of sensing and actuation, piezoelectric materials are
one of the most commonly applied assemblage of materials today.
Their basic principle is the effect of generating electricity based on
application of mechanical stress. The charge hence generated is a
direct function of piezoelectric strain constant and applied force.
Likewise, on applying an electric excitation, they produce mechan-
ical deformation, called reverse piezoelectric affect. This reversible
nature was thermodynamically established in 1881 [1]. The first
known instance of discovery of this phenomenon goes back to 1880
when Dr. Pierre and his elder brother Jacques Curie prepared spe-
cial crystals like quartz, topaz and Rochelle salt and demonstrated
that applying a sufficient mechanical stress, they could generate
a surface charge [2,3]. Apart from that, they also compiled proof
of the linear and reversible nature of Piezoelectricity. Piezoelectric
materials can be used as ultrasonic waves producers and detec-
tors, sensing elements, actuators, accelerometers and numerable
other applications. Among the various forms of piezoelectric mate-
rials, one of the most researched material is piezo-films that can
be applied as actuators. They are used as transducer since they
do possess an incredible array of properties viz., are extremely
light weight, have wide frequency range (0.001 Hz to 10° Hz), vast
dynamic range (10~8-10° psi) and low acoustic impedance that
resembles that of water, human tissue and adhesive systems [1].
Besides, they also possess high elastic compliance, high voltage
output, high dielectric strength, resist moisture (<0.02% moisture
absorption), intense ultraviolet and nuclear radiation and moreover
they can be fabricated into unusual designs.

After 50 years of the discovery of piezoelectric polymer, now it
has emerged as a highly commercialised technology [4]. In actu-
ation, the most commonly used fluoropolymer, Polyvinylidene
fluoride (PVDF) was actually found to possess such high piezo-
activity by Kawai [2]. Till date, PVDF and its copolymers are much
more piezo active then than other polymers. Hence, PVDF, espe-
cially in its electroactive (3-phase [5], is the most investigated
polymeric piezo material. Poling is done to convert a-PVDF to
[3-PVDF, which is the more polar form [6,7] . Its high chemi-
cal and thermal tolerance only add to its attractiveness. One of
the most important achievements in recent times involve addi-
tion of attractive electrical properties to the mechanical response
of polymeric materials by means of suitable nano-fillers [8-10].
About a decade and half ago, the ability of structural materials
to sense their own strain has been reported in carbon nano-
tubes (CNTs) polymer-matrix composites [11]. One such novel

nano-composite comprises CNT-Polymer system which utilises the
exquisite combination of high electrical property of CNT and excel-
lent mechanical property of Polymers. Both single walled carbon
nanotubes (SWCNT) and multi walled carbon nanotubes (MWCNT)
have been applied as accurate strain nanoscale sensors based on
correlation between their reversible mechanical deformation and
electrical resistance [9]. Moreover, further improvement has been
demonstrated through direct dispersion of individual CNTs in a
polymer and it has been shown that the electrical resistance of the
resulting composite changes with strain [12]. The piezo-resistive
properties of CNT nanocomposites are controlled by interactions
between the CNT networks as opposed to the intrinsic piezo-
resistive effect, which affects the electrical properties of individual
CNTs with change in applied stress or strain [9]. By addition of car-
bon nano-fillers, dielectric polymer matrix can be made electrically
conductive and the corresponding changes in electric resistance of
materials under applied stress and strain becomes more prominent.
In this way, strain sensing is possible with piezoresistive materials
and more precisely, polymeric nanocomposites materials are the
best suited materials for this types of application as they can be
designed for required stress or strain.

Now a days, a high level of investigation has been attempted to
increase the dispersion of CNTs in various matrix materials through
pre-treatment functionalization methods and mixing procedures
to obtain enhanced properties of the composite materials [13]. The
functionalization of CNT comes at the expense of carbon-carbon
bond cleavage and reduction in the p-bonding network which may
lead to a loss of electrical conductivity [14]. CNT dispersion can
also be done by utilizing small molecule and oligomeric additives
which have high affinity towards CNT surface and can wrap around
the tubes to reduce aggregation via noncovalent functionalization.
O’Brian et al. explored the possibilities of CNT-filled polymers for
electromagnetic coating technologies and used PVDF as the matrix
material in their study due to the excellent coating properties [14].
Sun et al. [15], reported on a model with experimental support
to understand the interaction of mixed fill systems composed of
carbon black or graphite with MWCNT. Spitalksy et al. [16] demon-
strated the effects of various oxidative treatments on MWCNTS in
epoxy composites. They found that stronger oxidative treatments
decrease electrical conductivity due to damage to the MWCNT
outer wall and disruption of the p-bonding network. Jung etal.[17]
have recently reported that improved dispersion occurs as a result
of vacuum ultraviolet oxidative treatment of MWCNT provides
enhanced thermal, electrical, and mechanical properties. Yu et al.
prepared two PVDF/CNT composites by solution sonication and
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mechanical mixture approaches and observed that a-phase coex-
ists with 3-phase in the composite prepared by sonication while no
[3-phase was observed in the composite prepared from the mechan-
ical mixture route [18]. Li et al. reported that SWNTs film can be
used as strain sensor at the macro scale due to the dependence of
the electrical properties of the SWNTs film on mechanical defor-
mation on nanoscale [19]. Paulson et al. studied the response of
the MWCNT to mechanical strain applied with atomic force micro-
scope [20]. The critical content of CNTs that characterizes a drastic
increase in conductivity is commonly termed as the electrical per-
colation threshold (EPT) [21]. Recently, Zeng et al. have shown a
threshold value of 3.2 wt% of MWNTs for percolation to occur in
epoxy/CNT composite based on conductivity-concentration plot
and using Monte-Car lo simulations [22]. Moreover, inclusion of
CNT leads to lower percolation threshold as compared to other con-
ductive fillers. Hence, to effectively utilise CNT as fillers in polymers,
one needs to ensure their homogenous dispersion throughout the
matrix without destroying their integrity [23]. There are very few
reports on electrical properties of PVDF/CNT using carbonic acid
functionalised CNT’s, but to the best of our knowledge, the electric
properties of sulphonic acid functionalised CNT’s and PVDF com-
posites are yet to be done. So we opt for the electrochemical study
with the carbonic acid and sulfonic acid functionalized CNT/PVDF
composites.

Based on our knowledge about PVDF and CNT nanocompos-
ites, in the present paper, we have electrochemically analysed the
piezo-resistive response of PVDF/CNT composite and that of their
functionalized CNT composites (via carbonic and sulfonic acid). Fol-
lowing which, we have compared the response of these PVDF/CNT
functionalized samples with that of PVDF and PVDF/CNT com-
posite. The synthesized materials and their composites has been
tested and compared for the application as actuators or piezo-
electric sensors. For the synthesis, we dissolved the PVDF in NMP
base (co-precipitation method) [10] and dispersed the CNT and
the functionalised CNTs over the polymer matrix to prepare the
sample which was followed by drying for 70 to 80 h in ambient
conditions. Finally, the samples are hot-pressed to get thin films
of uniform thickness of 200-300 wm. The synthesized composite
materials were characterized by different spectroscopic and micro-
scopic techniques. Herein through electrochemical analysis, we
intend to prove that COOH functionalised CNT is better nanofillers
than CNTs and investigate if SOsH functionalised CNTs are equally
promising. For the application as actuators or piezoelectric sensors,
the properties of synthesized materials are studied using cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) analysis. It was observed that the actuation properties of PVDF
was enhanced while mixed with CNT and carbonic acid functional-
ized CNT, although it remained unchanged in case of sulfonic acid
functionalized CNT. The present synthesis and the application pro-
cess is simple, less time consuming and could be extended for the
fabrication of other composite materials for various energy and
sensing related fields within a shorter time scale.

2. Experimental
2.1. Chemicals and instruments

a-phase polyvinylidene fluoride (PVDF, (Cy;H,F,)x) in the
form of white nano powder was purchased from Sigma-Aldrich
having an average molecular weight of 5,34,000 (by GC). N-
Methyl-2-pyrrolidone [NMP (CsHgNO)] was also obtained from
Sigma-Aldrich and used as solvent for PVDF. It had a molar mass
of 99.13 g/mol, density of 1.028 g/cm? and boiling point of 202
to 204°C. The MWCNT and functionalised CNT’s (Carbonic acid

and Sulphonic acid functionalised) with a given specification of
10-50 nm were procured from Thomas scientific.

The synthesized samples were characterized using Fourier
Transform Infrared Spectroscopy (FT-IR) using Jasco FT-IR 6600
and Raman Spectroscopy (Horiba Xplora ™ plus) using 532 nm
LASER in the wavenumber range of 4000-400 cm~!. The thermal
gravimetric and differential thermal analysis (TGA/DTA) was done
by providing a ramp input of 10-900°C using 2960 SDT V3.0F
set up. X-ray diffraction (XRD) analysis was done using D8 Dis-
cover Bruker X-ray diffractometer. The morphological changes of
the above samples were investigated using field emission scanning
electron microscopy (FE-SEM) having model number Sigma 500
of Carl Zeiss. Energy dispersive X-ray spectroscopy (EDS) analysis
was done using Sigma 500 of Carl Zeiss. We have also analysed
the electrochemical properties of our samples via electrochemical
Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV) studies
using Versa PARSTAT apparatus.

2.2. Preparation of PVDF/CNT composite and functionalize CNT
composites

The PVDF/CNT composite and functionalized CNT/PVDF com-
posites are prepared as follows. A definite amount of PVDF is
weighed out into an empty beaker. NMP is then weighed and
poured over PVDF till it’s soluble. Proper mechanical agitation is
then ensured for prolonged time (about 2 h) followed by ultra-
sonication for an hour to get homogenous solution. The solution
is then poured as thin films over glass and dried in air. Then hot
pressing is done at 80°C for 5min and the sheets hence obtained
of desired thickness are cut into uniform size and shape. After
that cooling and drying is carried out in ambient conditions to
get smooth and well-desiccated films. Besides PVDF, mixtures of
PVDF with multi-walled Carbon Nano-tubes (CNT) at various con-
centrations were prepared and above procedures were followed. A
separately prepared well dispersed CNT solution in NMP was added
to PVDF solution as prepared above (by mechanical agitation) and
sonicated. For a typical reaction, various amounts such as 0.1, 0.2,
0.3,0.4and 0.5 g of CNT per 2 g of PVDF were prepared with a motive
to optimise the concentrations. After that CNT functionalised with
carbonic acid and sulphonic acid was mixed with PVDF and films
were prepared at varying concentrations of 0.2 and 0.3g per 2g
PVDF. The CNT and functionalised CNT’s with a given specification
of 10-50 nm were procured from Thomas scientific. For hot press-
ing, maximum temperature of 80°C was used to preserve PVDF in
the piezo-electric 3 stage. After preparing the films, they are cut
into regular shapes and sizes for analysis as discussed in schemat-
ics in Scheme 1. The films were actually pressed between two steel
crucibles held intact by a Teflon cylindrical cover and brass plates
at two ends [24]. At these ends we have outlets for power connec-
tions as shown in Scheme 2. From one port we make connections
for working electrode and from other port we make connections
for reference and counter electrodes for electrochemical studies. As
discussed before, electrical percolation threshold is directly related
to good conductivity of samples [21]. So, at first using LCR meter
we made conductivity studies for PVDF/CNT samples to optimise
the concentration of CNT. Since, CNT with composition as in sample
4, shows better electrical conductivity (increasing concentration of
CNT above this has negligible effect on DC conductivity), the other
samples of same compositions were chosen. Four different samples
(numbered 1, 4, 9 and 10 from table) have been analysed for CV and
EIS respectively. For CV, a voltage ranging from 0 to 1V has been
applied at a constant scan rate of 0.05 V/s with the area of working
electrode being 1 cm?. Similarly, for EIS, amplitude of 10 mV RMS is
fixed with a scan rate of 0.005 V/s and a frequency ranges starting
from 10 Hz to 2 MHz to get optimum readings. The precise quanti-
ties of various chemicals taken are shown in Table 1. The prepared
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Scheme 1. Schematics of our process.

Table 1

Composition data.
EXPT NO PVDF Additive Solvent
1 442¢ - 30.66 g NMP
2 2g 0.1gCNT 15.5g NMP
3 2g 0.2g CNT 16.05 g NMP
4 2g 0.3g CNT 20.54 g NMP
5 2g 0.4g CNT 15.23 g NMP
6 2g 0.5g CNT 21.29 g NMP
7 1g 0.1g CNT fn COOH 6.12 g NMP
8 1g 0.1g CNT fn SO3H 6.18 g NMP
9 1g 0.15g CNT fn COOH 6.56 g NMP
10 1g 0.15g CNT fn SOsH 6.67 g NMP
11 1g - 7.64 g Acetone
12 1g 0.1g CNT 8.36 g Acetone

Scheme 2. Schematics for electrochemical set up.

materials were characterized using XRD, EDS, FE-SEM, Raman, FT-
IR and Thermal analysis (TGA-DTA) techniques as discussed below.
The synthesized PVDF/CNT composite material and the application
in actuation or sensing are shown in Scheme 3.

3. Results and discussion
3.1. X-ray diffraction (XRD) study

The prepared PVDF/CNT composite and functionalized CNT
composites are characterized using XRD, EDS, FE-SEM, Raman,
FT-IR and Thermal analysis (TGA-DTA) techniques. The details of
the results obtained from each analysis are presented one by one
below. Fig. 1 shows the XRD pattern of the four different sam-
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Scheme 3. The synthesized PVDF/CNT composite material and their analysis for application in actuation or sensing are shown in Scheme 3.

ples of PVDF and their composites prepared using the procedure
as described above. Spectra A, B, C, and D are the XRD patterns
for PVDF, PVDF + CNT, PVDF + CNT with COOH functionalization and
PVDF + CNT with SOsH functionalization samples respectively. The
XRD peaks are plotted in the 268 range of 10-90°. The diffraction
patterns shows characteristic peaks originating from different lat-
tice planes for four different samples. From the integration of the
area under the crystalline peaks, it can be seen that the pure PVDF
membrane (spectra A) contains predominantly major crystalline
peaks at the 26 values of 18.9, 20.47, 36.65 and 39.42° respectively.
These peaks are attributed to the crystal planes associated with «,
v, B and a- phases of PVDF respectively. Going by literature, addi-
tion of multi walled CNT’s promotes the crystallization of the PVDF
in the 3-polymorph [25]. This is indicated from the XRD patterns
of MWCNT-PVDF nanocomposite membranes (spectra B) which
exhibit the distinct feature of containing a couple of peaks at 36.46°
and 56° which are attributed specifically to the presence of the 101
and 221 planes of 3 polymorph of PVDF. In addition to this peak, the
CNT-PVDF nanocomposite samples also exhibit large reductions in
the areas under the peaks associated with other polymorphs that
occur at the 26 values of 20.2° and 39° corresponding to 110 plane
of y and 002 plane of a polymorph respectively. Further peaks at
26.6 and 42.9° are due to CNT only. All peaks are slightly shifted to
left. In case of carbonic acid functionalised CNT (spectra C), we have
observed similar result with a new peak at 18.43° which is due to
presence of COOH functionalised group. But surprisingly, sulphonic
acid functionalised CNT (spectra D) mixed PVDF has an XRD pattern
akin to that of PVDF with slightly less intense CNT peak at 26.4°. All
these XRD peaks of PVDF and CNT match thoroughly with stan-
dard JCPDS data file numbered 38-1638 and 75-1621 for PVDF and
MWCNT respectively. Similar types of XRD pattern for PVDF and
CNT was reported by Mago et al. for their study on membranes
of PVDF nano-composites with carbon nanotubes via immersion
precipitation [25].

3.2. Field-emission scanning electron microscopy (FE-SEM)
analysis

Fig. 2A-D shows the Field-Emission Scanning Electron
Microscopy (FE-SEM) images of the pure PVDF, PVDF-CNT,
COOH functionalised PVDF-CNT and SO3H functionalised PVDF-
CNT materials prepared via co-precipitation method as described
before. The effect of CNTs on the membrane structure is significant
and gives rise to the decrease in crystal size and to an increase
of the microporosity of the PVDF membranes. From the first
micrograph (Fig. 2A), one can perceive an extended sponge-like
membranous structure for the pure PVDF membrane in NMP base.
This is similar to the one observed by Mago et al. [25]. It resembles
a pristine skin embedded with spherulitic crystallites in the 0.8 to
1 pm diameter range. In contrast to this, the second micrograph
(Fig. 2B) depicts the effect of incorporation of the CNTs on the
distributions of crystallite shapes, sizes, porosity, etc. A detailed
morphological study reveals that the spherulites size has reduced
remarkably as compared to that of pristine PVDF and they are
crystallized on the nanotube surface itself. This may be due to the
CNTs acting as heterogeneous nucleating agents, the concentration
of which determines the number of nuclei. We conclude that upon
the incorporation of the CNTs, a porous framework comprising
shish-kebab-like crystalline entities are formed which are loosely
interconnected, seemingly endless with open network, structure.
Based on such a network, one might expect a better mechanical
efficiency of the piezo films. Moreover, the enhancement of direc-
tionality of these spherical crystallites can be due to the induced
3 phase as we had inferred from our XRD data. The enhanced
microporous structure becomes more pronounced with a beau-
tifully inter-connected network in case of COOH functionalised
PVDF-CNT membrane (Fig. 2C) which corresponds to our XRD
results. The approximate size of the particles are ~800 nm range
for PVDF, 200 nm range for PVDF-CNT membrane and in 150 nm
range for COOH functionalised PVDF-CNT membrane. Finally, the
SO3H functionalised PVDF-CNT membrane (Fig. 2D) shows a flat
non-porous ‘skin’ image without any microstructure. These dense
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Fig. 1. (A-D): XRD spectra of (A) PVDF, (B) PVDF with CNT, (C) PVDF with carbonic acid functionalised CNT and (D) PVDF with sulphonic acid functionalised CNT.

layered structures can be found in some high density polymers. We
presume that this structure may owe its morphology to the incom-
plete transition due to sulphur doping under given conditions.
Fig. 3(A-D) gives the corresponding high magnification FESEM
micrographs of the same samples as described above. Besides, it is
well known that an increase in porosity leads to a decrease in the
transverse piezoelectric coefficient relative to the longitudinal one.
This enhances the strain coefficient that is directly proportional to
higher electric charges.

3.3. Energy dispersive X-ray spectroscopy (EDS) analysis

Fig. 4 depicts the results obtained from energy dispersive X-ray
spectroscopy (EDS) analysis. An EDS analysis is used to determine
the elements present in the reaction product. There are four differ-
ent EDS spectra, amongst which spectra Ais for only PVDF, spectraB
is for PVDF + CNT, spectra Cis for PVDF + CNT with COOH functional-
ization and spectra D is for PVDF + CNT with SO3H functionalization
samples respectively. All the expected peaks of C, O and F came for
spectra A, B and C respectively where spectra D contains additional
S peak also due to functionalization of SOsH group. In our synthesis,

we used NMP as solvent which leads to high oxygen content. We
have neglected nitrogen content here in order to compare other
elements. We can see high carbon and fluorine content is due to
PVDF matrix and CNT composite. We have also given the informa-
tion regarding the amount of solvent used which affects the oxygen
content and cannot show the difference in oxygen content due to
addition of carbonic and sulphonic acid groups. Interestingly, the
low sulphur content in spectra D supports the sulphur doping under
given conditions.

3.4. Fourier transform infrared spectroscopy (FT-IR) analysis

Fourier Transform Infrared Spectroscopy (FT-IR) has been used
to identify the different functionalities present in our synthesized
materials surface. In our study, we used PVDF, CNT and func-
tionalized CNT with COOH and SOsH group. So a systematic and
comparable study will tell us the specific binding of the functional
group with the PVDF/CNT surface. A systematic and careful com-
parison between these four spectra should not only indicate the
presence of COOH and SOsH group on the surface but will help
to identify the nature of the interaction taking place among them.
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Fig. 3. (A-D)High Magnification FESEM image of (A) PVDF, (B) PVDF with CNT, (C) PVDF with carbonic acid functionalised CNT and (D) PVDF with sulphonic acid functionalised
CNT.
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Fig. 4. (A-D) EDAX spectra of (A) PVDF, (B) PVDF with CNT, (C) PVDF with carbonic acid functionalised CNT and (D) PVDF with sulphonic acid functionalised CNT.

Fig. 5, shows the combined FT-IR spectra where curve A indicate
for only PVDF, curve B for PVDF+CNT, curve C and D for PVDF
with carbonic acid and sulphonic acid functionalised CNT respec-
tively. The entire FT-IR spectra was analysed in the wavenumber
region 4000-400 cm~! and the corresponding FT-IR bands are tab-
ulated in Table 2. A broad and distinct peak at 3425, 3408, 3404
and 3394 cm™! for all four sample is observed due to stretching
vibration of O—H group. The C—F stretching vibration for PVDF
is observed at 872, 874, 876 & 872cm™! for all four samples and
similarly peak in the range of 836-838 cm~! may also depict the 3-
phase CH, rocking peak for PVDF. For carbonic acid functionalised
CNT sample, the characteristic C=0 stretching, C—O stretching
and C—C bending vibration due to carbonic acids are present as
sharp peak in 1657 cm~!, low intense peaks in 1064cm~! and
612 cm~! respectively. Similarly, there is a weak but characteristic
C-S stretching peak is present in sulphonic acid functionalised CNT
sample (curve D)at 1231 cm~! whichis absentin case of other three
samples (curve A, curve B and curve C). The peak height for C=0
stretching vibration decreases as follows: sulphonic acid function-
alised CNT mixed PVDF sample >only PVDF samples >CNT mixed
PVDF samples > carbonic acid functionalised CNT mixed PVDF sam-
ple. Moreover, the peak shifts from PVDF to CNT to sulphonic acid
functionalized CNT to carbonic acid functionalized CNT samples
from 1666 to 1657 cm~! indicating the probable interaction and
binding on the nanotube surface. The peak between 1232 and
1231 cm! in bare PVDF and PVDF/CNT is due to CF, stretching and
itis absent in case of carbonic acid functionalised CNT/PVDF due to
strong interaction between CF, group of PVDF and carbonyl group
of acids. We also observed a low intense peak due to C—N stretch-

ing vibration that may probably be due to the NMP used as solvent
during synthesis. Anjalin observed similar types of FT-IR spectra for
PVDF-MWCNT composites before [26]. Moreover, the strong inter-
action between the CF, group of PVDF and carbonyl group of acids
have already shown by Kim et al. [27].

3.5. Thermal analysis

The thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) techniques are used to estimate the water of crys-
tallization, decomposition temperatures and finally the stability
of the sample for a specific temperature range. The as-prepared
samples were heated from RT to 1000°C with an increment of
10°Cmin~! in air. Fig. 6A-D shows the TGA and DTG curve for
only PVDF (curve 6A), PVDF +CNT mixture (curve 6B), PVDF+CNT
functionalized with COOH (curve 6C) and PVDF+CNT functional-
ized with SO3H (curve 6D) respectively. DTG curves are plotted in
dotted lines. From the TGA curve of only PVDF (Fig. 6A), a weight
loss of about 75% at 150 °C and a further weight loss of about 95% at
500°C was observed. DTG curve (Fig. 6A) shows three exothermic
peaks at 77, 134 and 482 °C with derivative losses corresponding
to 0.75, 0.85 and 0.58 respectively. The first two peaks may signify
loss of NMP and hydrogen fluoride and second to that of decompo-
sition or carbonisation of PVDF sample. Tar and simple gases, such
as hydrogen and methane are evolved and the carbon that remains
loses very little mass between 500 °C and 900 °C. In this second
stage, the higher the fluorine content of the polymer, the lower
the yield of tar. This is because fluorine is able to remove hydro-
gen, which would otherwise be used in the compounds that form
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Fig. 5. FT-IR spectra of (A) PVDF, (B) PVDF with CNT, (C) PVDF with carbonic acid functionalised CNT and (D) PVDF with sulphonic acid functionalised CNT.

tar. For PVDF + CNT sample, from the TGA curve (Fig. 6B), there is
a weight loss of about 50% at 160°C and a further weight loss of
about 83% at 500 °C was observed. The weight loss at 160°C is due
to loss of moisture or water molecule from the sample. From DTG
curve (Fig. 6B), there are two exothermic peaks at 119 and 486°C
with derivative losses corresponding to 0.6 and 0.75 respectively.
The first exotherm correspond to loss of HF and second one for the
decomposition of PVDF +CNT sample. For PVDF + CNT functional-
ized with COOH, we find a loss in weight of about 50% at 160 °C and
a further loss ~89% at 500 °C as observed from TGA curve (Fig. 6C).
The DTG curve (Fig. 6C) shows two exotherm at 117 and 488°C
with derivative losses corresponding to 0.6 and 1.1 respectively.
The first loss may correspond to loss of HF and second loss may be
decomposition of PVDF+CNT functionalized with COOH sample.
Similarly, for PVDF + CNT functionalized with SO3H, we find a loss
in weight of about ~90% at 491.27 °C as observed from TGA curve
(Fig. 6D). From DTG curve (Fig. 6D), it shows an exotherm at 491 °C
with derivative losses corresponding to 2.3. The loss may corre-
spond to decomposition of PVDF+CNT functionalized with SOsH
sample.

A distinct endo-thermal peak can be seen at 84.15, 65 and
67.09 °C for PVDF, PVDF + CNT and PVDF + CNT functionalized with
COOH sample respectively from the respective DTA curves (Fig. 7
A-C). The temperature difference decreases from only PVDF sam-
ple to PVDF + CNT sample which might correspond to phase change
in the sample. Moreover, it is already reported that the a-3 tran-
sition occurs at lower temperature on adding CNT. But this peak
disappears in PVDF+CNT functionalised with SOsH sample (Fig.
7D) which may be due to the sulphur at the surface preventing the

phase transition. Corresponding to PVDF decomposition, we see
small exothermic peaks in DTA curve around 480-500 °C. But the
peak shows sudden spike for SO3H functionalised samples which
may be due to the fact that sulphur decomposition too occurs at
around the same temperature range. A similar type of TGA-DTA
curve for PVDF and PVDF with CNT was observed before by others
[28].

3.6. Electrochemical analysis of PVDF/CNT and their
functionalized composites for applications in actuation and
sensing

3.6.1. Cyclic voltametric (CV) study

Fig. 8 shows the Cyclic Voltametric (CV) study of the synthe-
sized PVDF, CNT and their functionalized materials. The potential
window we used in our present study is from O to 1V based on
our needs. From Fig. 8, we can see that as we move from PVDF
to PVDF+CNT functionalized with SO3H sample, we observe the
following trend. The maximum current increases from PVDF to
PVDF + CNT functionalized with COOH sample but it is almost equal
in case of PVDF + CNT functionalized with SOs3H sample. The max-
imum current values are as follows: 0.0085mA for only PVDF,
0.34 mA for PVDF + CNT, 2.7 mA for PVDF + CNT functionalized with
COOH and 0.14 mA for PVDF + CNT functionalized with SOsH group
respectively. So by analyzing the datas we can see that the observed
maximum current values for PVDF + CNT functionalized with SOsH
sample is higher than that of pure PVDF but it is much lower than
other two sample such as PVDF+CNT and PVDF + CNT functional-
ized with COOH group. Moreover, not surprisingly, the PVDF and
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Figs. 6-7. (A-D) TGA-DTA curve of (A) PVDF, (B) PVDF with CNT, (C) PVDF with carbonic acid functionalised CNT and (D) PVDF with sulphonic acid functionalised CNT.

PVDF +CNT functionalized with SO3H group have similar difference curves are overlapping each other. Besides, we don’t find any strong
between the reduction and oxidation curves while the other two oxidation or reduction peak in any of these cases indicating the
curves have higher differences but their oxidation and reduction electrical stability of the polymer matrix.
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Table 2

FT-IR peak analysis data.
PVDF
Wave number Absorbance Functional group
3424.595(b) 0.027 O—H stretch
2962.849(s) 0.019 C—H stretch
1666.918(sh) 0.088 C=O0 stretch
1403.402(m) 0.107 C—C stretch
1071.573(s) 0.067 C—O stretch
871.712(m) 0.12 C—F stretch
837.333(s,b) 0.063 N—H wag
1169.069(m) 0.158 C—N stretch
PVDF+CNT
Wave number Absorbance Functional group
3407.759(b) 0.05 O—H stretch
2980.148(s) 0.019 C—H stretch
1660.591(sh) 0.081 C=0 stretch
1402.264(m) 0.106 C—C stretch
1070.235(s) 0.065 C—O stretch
873.836(m) 0.112 C—F stretch
837.218(s,b) 0.054 N—H wag
1175.811(m) 0.159 C—N stretch
760.889(s) 0.046 C—C Aliphatic vibration
611.895(s) 0.026 C—H bend
PVDF +COOH fn CNT
Wave number Absorbance Functional group
3394.923(b) 0.047 O—H stretch
2981.719(s) 0.019 C—H stretch
1657.133(sh) 0.07 C=0 stretch
1401.152(m) 0.1 C—C stretch
1064.696(s) 0.077 C—O stretch
871.712(m) 0.12 C—F stretch
838.559(s,b) 0.052 N—H wag
1177.67(m) 0.16 C—N stretch
764.999(s) 0.046 C—C Aliphatic vibration
612.177(s) 0.029 C—H bend
PVDF+SOsH fn CNT
Wave number Absorbance Functional group
3404.396(b) 0.05 O—H stretch
2973.487(s) 0.02 C—H stretch
1657.272(sh) 0.093 C=O0 stretch
1401.762(m) 0.102 C—C stretch
1070.235(s) 0.065 C—O stretch
875.847(m) 0.107 C—F stretch
835.627(s,b) 0.058 N—H wag
1166.948(m) 0.156 C—N stretch
1231.641 0.078 C—S stretch

3.6.2. Impedence studies

The electrochemical impedance studies are done by analysing
three plots such as Nyquist or Cole-Cole plot, Bode frequency plot
and Bode phase angle plot using you fabricated materials. Nyquist
plot deals with —ve imaginary part of impedance versus the real
part of impedance. Bode frequency plot involves magnitude of
impedance versus frequency and Bode phase angle plot considers
magnitude of impedance versus phase angle. Here, we take into
account the most commonly used Nyquist plot for our study. In this
plot, at higher frequency, we observe semi-circle with peak denot-
ing capacitive reactance (Xc) that can be co-related to capacitance
as Xc=1/wC and where w=27F. Moreover, the diameter denotes
polarisation resistance and at lower frequency, we obtain a linear
curve with slope proportional to Warburg resistance [29]. In this
case, the high frequency arc can be represented by a parallel com-
bination of a constant phase element (due to the immobile polymer
chains that became polarized in an alternating field) and a resistor
(due to the mobile ion in the polymer matrix). The low frequency
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Fig. 8. (A-D) Cyclic voltammogram of (A) PVDF, (B) PVDF with CNT, (C) PVDF with
carbonic acid functionalised CNT and (D) PVDF with sulphonic acid functionalised
CNT.

spike is attributed to the double layer response at the electrode
electrolyte interface.

Fig. 9 shows the Nyquist plot using our four different samples.
From the plot we can see that as we move from PVDF to PVDF+ CNT
functionalized with SO3H group, the capacitive reactance and
polarisation resistance values are decreasing till PVDF + CNT func-
tionalized with COOH group and are seemingly equal with that
of PVDF+CNT functionalized with SO3H group. They values are
approximately 600, 300, 100 and 600 €2 respectively in terms of
polarisation resistance. The capacitive reactance is proportional
to Y-Axes value (corresponding to the highest point loci of the
dome shaped part of the Nyquist plot) that goes as 160, 90, 30
and 190 respectively. But on the other hand the slope of the lin-
ear part denoting Warburg resistance is decreasing from PVDF to
PVDF+CNT functionalized with SO3H group. The slopes can be
taken on an average as 1.9, 0.9, 0.7 and 0.6. (here one must recall
that a slope of 1 denotes diffusion governed process while slope
of depicts purely capacitive process). Using ZSimpWin (by iter-
ation to get minimum error), we had found that for PVDF and
PVDF+CNT functionalised with SOsH, circuits maybe LR(QR) or
R(C(RW)); for PVDF+CNT, maybe (C(R(LR))) or (C(RW)) and for
PVDF +CNT functionalised with COOH, circuits maybe (CR(LR)) or
(C(RW)). So we conclude that on adding COOH functionalization to
PVDF +CNT, we are improving the electro-resistive behaviour but
decreasing the capacitance. Now, while adding SO3 H functionalised
CNT, we make it comparable to that of pure PVDF [30]. By using the
formula, o =1/RyA, we can plot the conductivity versus frequency
curve which shall follow the same trend as that of saturated cur-
rent in the CV data. The thickness ‘I' and area ‘A’ remain constant
for all impedance readings and the conductivity being inverse of
polarisation resistance, so it become maximum for COOH func-
tionalized CNT + PVDF. Moreover, as discussed in the introduction
part, it is the electrical property of MWCNT that plays key role in
nanocomposites for pneumatic and other actuators and piezoelec-
tric sensors. The actuators combine piezo-active property of PVDF
and piezo-resistive property of CNTs. Here, based on electrochem-
ical studies, we have shown that the carbonic acid functionalised
CNT based PVDF composites have shown better electrical property
than only CNT based PVDF composites which makes them more
suitable nanofillers. But, at this point, same can’t be said for SO3H
functionalized CNT + PVDF.
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Fig. 9. (A-D) Electrochemical Impedance spectra of (A) PVDF, (B) PVDF with CNT, (C) PVDF with carbonic acid functionalised CNT and (D) PVDF with sulphonic acid

functionalised CNT.

4. Conclusion

In conclusion, we have successfully prepared PVDF piezoelectric
films with N-Methyl-2-pyrrolidone and have modified the films
with piezo resistive carbon nano tubes (CNT) and carbonic and
sulphonic acid functionalised CNTs. We observed that at a cer-
tain concentration of PVDF and CNT, they formed well crystalline
morphology with specific structures. After optimizing their concen-
trations, we functionalized CNT with carbonic and sulphonic acid
groups by adding suitable functionalizing agents. The synthesized
composite materials were characterized by different spectroscopic
and microscopic techniques. From FE-SEM analysis, the sheikh
kabab morphology was observed in PVDF while more pronounced
and oriented structure was found in case of CNT as well as their
functionalized product. The synthesized materials are studied for
actuation and sensing purposes by investigating their properties
using electrochemical studies such as cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) analysis. It was
observed that the actuation properties of PVDF was enhanced while
mixed with CNT and carbonic acid functionalized CNT although it
remained unchanged in case of sulfonic acid functionalized CNT. In
case of PVDF and carbonic acid functionalized CNT, a higher satu-
ration current of 2.7 mA was observed while for bare PVDF in NMP,
a reduced value of 0.0087 mA was observed. Similarly, the polar-
isation resistance was minimum for carbonic acid functionalized
CNT, slightly higher for CNTs and almost comparable for bare PVDF
and sulfonic acid functionalized CNT/PVDF composites. Hence, by

electrochemical studies we prove that carbonic acid functionalised
CNTs nanofiller based PVDF films might have embarked upon an
improvement over traditional PVDF films for actuation or sensing
based applications while sulphonic acid functionalized CNTs are
not better nanofillers under similar preparatory conditions. This
might be due to the strong interaction between CF, group of PVDF
and carbonyl group of carbonic acid. The present synthesis route
and their application process is simple, less time consuming and
could be further extended in near future for the fabrication of other
composite materials for their potential application in different
energy related fields and various other electromechanical studies
like electrical percolation threshold, piezoelectric strain constant,
piezoelectric voltage constant, electromechanical coupling factor
[31], piezoelectric and viscoelastic moduli [32], piezoelectric reso-
nance and efficiency purposes to prove our hypothesis.
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