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S INTRODUCTION

Flexible electronics offers a wide variety of usages [1] in
sensors for wearable, automobile and robotic applications where
sensor flexibility is required for coverage of curved or dynami-
cally moving surfaces. These systems require high-performance
flexible electrodes, which are indispensable for all electronic
devices and demand novel approaches in material design.
Carbon nanotubes (CNTs) are promising material due to their
conductivity [2,3] and their use as electrode [4-8]. With the
breakthrough introduction by Iijima in 1991, CNTs have found
their versatile applications reported in many areas due to their
extraordinary electrical, mechanical and chemical properties,
ultra-small size, large surface area and ability to conjugate
variety of therapeutic molecules (drugs, proteins, antibodies,
DNA, enzymes, etc.) [9]. CNTs show maximum current density
of 107-109 A.m2, tensile strength > 50× that of steel [10] and
thermal conductivity greater than that of diamond [11], proving
CNTs as the best material to be used as advanced filler materials
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in composites and for preparing conductive sensing platforms.
Due to the compatibility of CNTs with biomolecules chemi-
cally and dimensionally, ability to facilitate the electron transfer
between electrode surface and biomolecules, they are widely
used in the construction of biosensors [12].

Achieving a uniform CNT dispersion has become a deman-
ding issue for the preparation of CNT based films. Agglome-
rations of CNT and non-uniformity of composite had been
reported in large number of literatures [13]. Making high perfor-
mance flexible electrode requires sophisticated techniques and
skilled engineering. Earlier approaches include direct CNT
deposition on metal alloys [14], transfer of CNTs onto a condu-
cting polymer [15], and growing CNTs on a carbon layer [16].
Although theoretically attractive, these approaches are some-
how inconvenient because of the complex procedures and/or
expensive experimental set-up [17]. Excellent properties of
CNTs are being widely incorporated into polymers to produce
composite materials where polymers offers high flexibility,
low cost, light weight and easy fabrication [18,19]. Recently,
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CNT-polymer composites films have attracted great attention
of researchers as these composites has reported significant and
multi-fold improved properties than its constituting materials
[20,21] with reports on their applications in medical [22], elect-
ronics [23], supercapacitors [24] and environmental fields [25].

Non-reactive and inert surface of pristine CNTs limits its
applications in composites because of lacking adhesion between
CNTs and various matrix polymers. Intrinsic van der Waals
attraction among tubes often leads to significant agglomeration,
thus preventing efficient transfer of their superior properties
to the matrix [26]. Functionalization of CNTs by acid treatment
is the simple way to successfully oxidize the surface of multi-
walled carbon nanotubes (MWCNTs) which leads to increased
dispersibility of the CNTs in various organic solvents and
polymers and also increase the strength of interface between
CNT and the polymer matrix [27,28]. Improvements in elec-
trical property of CNT-polymer composites due to functionali-
zation of CNTs have clearly indicated that CNTs can provide
continuous three-dimensional (3D) conducting paths within
composite structure [29].

Tremendous work has been done in preparing composites
based on CNTs and conducting polymers [30-32]. However,
it should be noted that the complicated microstructures of these
conducting polymers suffers from lack of reproducibility, contro-
llability, stability and processibility for their applications in
nano-devices [33]. Since last few years, indium tin oxide (ITO)
films deposited on flexible organic substrates are being prepared
in order to get thin, conducting and transparent films [34]. Since
the ITO is brittle in nature and can form cracks while fabri-
cating composite, some researchers were interested in applying
the conducting polymer films to maintain electrical continuity
if cracks are formed [35]. Additionally, the ITO surface is active
when in contact with a corrosive or organic material, resulting
in interface instability [36]. Therefore, there is a great need for
alternatives to ITO which can overcome these limitations.

Ethylene-vinyl acetate (EVA) is low-cost, thermoplastic,
recyclable, mainly applied for electrical cables, water proofing,
corrosion protection and packaging applications with signifi-
cant commercial importance, therefore, used as polymeric matrix
for preparing CNT-polymer composite flexible films [37]. EVA
shows a glass transition temperature around 30 ºC and is soluble
in some aromatic solvents at high temperatures at ~90 ºC [38].
Interesting studies are being done in developing CNT-EVA
composite films [39] and it is finding applications in many
areas such as in biomedical [40], drug delivery [41] and other
fields [42]. Since, EVA provides excellent adhesiveness on
substrate with their low softening point and low melt viscosity
and are easy to process at temperature below degradation [43],
hence is an excellent material for fabricating low cost and flexi-
ble sensing platforms.

In present study, we have used the pristine MWCNTs
(p-MWCNTs) and functionalized MWCNTs (f-MWCNTs) as
filler material with ethylene-vinyl acetate (EVA) as matrix and
studied the behaviour and benefits of integrating MWCNT with
EVA matrix. The dispersion of p-MWCNT and f-MWCNT in
organic matrix was determined by morphological and struc-
tural studies. Finally, the electrochemical response is evaluated

by voltammetry. The characterization of the basic properties
of these nanocomposites can help to understand and enhance
their electrochemical response and improve their performance
as biosensing electrode material.

EXPERIMENTAL

Pristine multiwalled carbon nanotubes (p-MWCNT) (speci-
fications: 10-30 nm diameter and 0.2-2.00 µm length) were
purchased from Chengdu Organic Chemistry Co. Ltd. Ethylene-
vinyl acetate (EVA) films (0.2 mm) was bought from Swasan
Chemicals Pvt. Ltd, Mumbai, India. Sulfuric acid, potassium
ferricyanide, sodium hydroxide pellets, phosphate buffer and
potassium chloride were bought from Fisher Scientific. Nitric
acid, hydrochloric acid, sodium bicarbonate and ethanol was
supplied from Merck, India. Double distilled water was used
throughout the experiments for making solutions.

Functionalization of p-MWCNT and fabrication of
f-MWCNT-EVA nanocomposite film electrode: Acid oxida-
tion of MWCNTs was performed as given in reference [8]. In
short, oxidation of MWCNTs was done by continuous stirring
50 mg of p-MWCNTs in the mixture of H2SO4 and HNO3 [3:1
(v/v)] in a round bottom flask at 60 ºC for 6 h. The resulting
functionalized MWCNTs (f-MWCNTs) were washed with
double distilled water till the pH reached 7. The f-MWCNTs
are then dried properly by keeping it in an oven at 120 ºC for 24
h. Further, 50 mg of f-MWCNTs was weighed and placed in a
leak-proof glass bottle (15 mL) with spatula. In bottle, ethanol
(1.0 mL) was added at an interval of 1 h with continuous soni-
cation for 8-10 h while maintaining the temperature below 40
ºC. Uniformly dispersed f-MWCNT-ink so produced was then
transferred manually to a clean glass slide covering area of
6 cm × 2 cm with the help of doctors blade method. The
f-MWCNT film on glass slide was kept overnight at room
temperature to evaporate ethanol and proper drying of the film.
A piece of EVA film (6 cm × 2 cm) was overlaid on MWCNTs
film over glass slide and heated on hot plate at 65 ºC to develop
a f-MWCNT-EVA nanocomposite film by thermal transfer
technique. Finally, f-MWCNT-EVA nanocomposite film was
cut to 7.0 mm × 0.3 mm in size using sharp scissors and fixed
onto printed circuit board (PCB) by using epoxy silver adhesive.
A wire was attached to the piece of f-MWCNT-EVA nanocom-
posite films by soldering. Similarly, p-MWCNT-EVA nano-
composite film electrode was prepared by using p-MWCNT-
ink instead of f-MWCNT-ink. These electrodes are used as
working electrodes in all the electrochemical measurements.

Characterization

Measurement of surface functional group by potentio-
metric titration: Quantification of different oxygen functional
groups present at f-MWCNT and f-MWCNT-EVA nanocomp-
osite film surface was done by Boehm titration method [8].
Small amount of f-MWCNTs (0.2 mg) and pieces of f-MWCNT-
EVA nanocomposite film containing same amount of f-MWCNT
were placed in separate beakers containing 10.0 mL NaOH
(0.04 N) solution in each. After stirring the mixture for 0.5 h,
each beaker was kept overnight for further 18 h to reach the
equilibrium state at room temperature. A pH meter (Hanna
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HI5522-01) was used to titrate the resulting CNT and NaOH
mixture by using 0.04 N HCl. A blank titration was performed
with 10 mL NaOH (0.04 N) and HCl solution. Titration curves
and first derivative plots were drawn to calculate amount of
oxygen functional group produced by chemical oxidation
method. Similarly, carboxylic group present at f-MWCNT and
f-MWCNT-EVA nanocomposite film surface was measured
by potentiometric titration as above using NaHCO3 solution
(0.04 N) in place of NaOH solution. All the experiments were
executed at room temperature in triplicate. Amount of oxygen
functional groups and carboxylic functional groups generated
were calculated using titration curves.

FTIR spectral study: In order to understand different
functionalities present on MWCNTs and MWCNT-EVA nano-
composite films, FT-IR spectra were measured by Bruker infrared
spectrometer (Tensor 37) after taking small sections of MWCNT-
EVA nanocomposite films placed on KBr discs. The analysis
was conducted in transmission mode in spectral range from
4000 to 500 cm-1.

Surface morphological study of MWCNT-EVA nano-
composite film: The morphologies of f-MWCNT-EVA nano-
composite film were studied and compared with p-MWCNT-
EVA nanocomposite film, by performing scanning electron
microscopy (SEM, Zeiss EVO 50). Ultra-thin sections of the
samples were transferred at a 400-mesh copper grid, assembled
onto the stage of the instrument and electron beam was focussed
on it. Images were collected by microscope operating at accel-
erating voltage of 100 kU. The elemental study for determining
composition of same nanocomposite film samples was done
by SEM coupled with energy dispersive X-ray analysis (EDX)
equipment.

Electrochemical measurements: Electrochemical charact-
erization of fabricated electrodes was performed with Potentio-
stat Gamry Interface 1000 model no. ESA 410, USA using a
conventional three electrode setup consisting of a working
electrode (fabricated nanocomposite film electrode), Ag/AgCl
reference electrode and a platinum wire as a counter electrode.
All the measurements were conducted in 5.0 mL of solution
containing 5 mM K3[Fe(CN)6], 0.1 M KCl, 0.1 M sodium phos-
phate buffer at pH 7.4. Potential range of ± 1.0 V and scan rate
of 50 mV/s was used.

RESULTS AND DISCUSSION

In recent years soft, flexible polymer nanocomposites
containing MWCNT nanofillers have attracted enormous interest
in interfacial communication and interactions between the nano-
filler and the polymer matrix for sensing applications. Herein,
a robust 3D superhydrophobic composite with multi-walled
carbon nanotube/ethylene vinyl acetate (CNT/EVA) as its skel-
eton is proposed for development of conductive nanocomposite
films. The f-MWCNT-EVA nanocomposite film was designed
to fabricate a new sensing electrode by blending the electrical
properties of carbon nanotubes to the nonconducting flexible
polymer films. The schematic fabrication process of the flexible
nanocomposite film using f-MWCNT and hydrophobic EVA
is illustrated in Fig. 1. The overall steps includes: (a) MWCNT
and solvent mixture, (b) distribution of MWCNT in ethanol to
form a homogeneous CNT-ink, (c) MWCNT ink casting on a
glass slide, (d) EVA film casting on the dried CNT-ink platform
and simultaneous thermal transfer of f-MWCNT onto the EVA
film surface by heating at 60 °C to form (e) flexible f-MWCNT-
EVA nanocomposite film.

Measurement of surface functional group by poten-
tiometric titration: Despite their numerous advantages, CNTs
also suffer from a few drawbacks. Because of the nanometric
dimensions, CNTs have a strong tendency to aggregate which
restricts their applications and it can be improved by function-
alization of MWCNTs [27]. Thus, simple acid oxidation of
p-MWCNTs was performed as reported earlier [8] to create
f-MWCNTs with modified surface properties, reduced degree
of entanglements and improved solubility in polar solvents.
The oxidation process produces multiple hydrophilic functional
groups at MWCNT surface [44,45]. But carboxyl functions
are most pertinent for biomolecule immobilization [46] by
activation using carbodiimide [47]. Thus, Boehm titration [48]
was applied to determine the effectiveness of the oxidation
process. Sodium hydroxide base (NaOH; pKa = 15.7) was chosen
for acid base titration as it deprotonates all acidic oxygen
functional groups (i.e. carboxyl, lactones, phenols) present at
the surface of tubes and NaHCO3 (pKa = 10.3) was chosen for
estimation of surface carboxylic group as it neutralizes carboxyl
group in aqueous medium. Potentiometric titration curves are

Fig. 1. Over-all steps involved in fabrication of MWCNT-EVA nanocomposite films: (a) MWCNTs added in solvent, (b) MWCNT-ink after
dispersion, (c) MWCNT film on glass slide before casting EVA adhesive film, (d) EVA film over MWCNT ink on glass slide and (e)
flexible MWCNT-EVA nanocomposite film
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shown in Fig. 2(a&c) for f-MWCNT and the nanocomposite
film (f-MWCNT-EVA) respectively and corresponding first
derivative graphs are represented in Fig. 2(b&d). The strong
acid-base titration shows equivalence point at pH 7.0. In present
studies, strong base (NaOH and NaHCO3) have been titrated
with surface generated oxygen function group which are not
strong acids. However, equivalence point was not clear from
the potentiometric titration curves. Thus, equivalence point
was determined by first derivative plot and concentration of
acidic oxygen functions and carboxylic functional groups were
calculated. The potentiometric quantification of surface
carboxylic groups attained in f-MWCNT and f-MWCNT-EVA
nanocomposite film are 1.2949 mmol/g of MWCNT and 1.1466
mmol/g, respectively.

Most of the polymer-MWCNT nanocomposite electrodes
are fabricated by solution casting method. But here we have
used thermoplastic EVA film (0.2 mm) and directly casted the
film at the f-MWCNT layer on the glass slide which reduces
solvent and plasticizer application in nanocomposite film
making process. The maximum amount of CNT filler that can
be homogeneously incorporated in a polymeric host matrix is
limited. For electrochemical sensor applications, the electrical
properties of the MWCNT-EVA nanocomposite are important.
These can be controlled by the MWCNT content and its disper-
sion in the EVA. Thus, different MWCNT-EVA nanocomp-
osites films were prepared with varying CNT content. The cyclic

voltammetry was performed at a scan rate 50 mV/s between
the potential ± 1.0 V. Nanocomposite electrodes with reprodu-
cible, large peak current (Ip), accompanied by the smallest
difference in peak potential (∆Ep) and no visible cracks at the
electrode surface were chosen as working electrodes for sensor
fabrication. Thus, in present experiments, a nanocomposite
film containing 0.03455 g of p-MWCNT and 0.03515 g of
f-MWCNT per gram of EVA film (3.45 %wt. and 3.51 %wt.),
respectively were chosen as electrode material (p-MWCNT-
EVA and f-MWCNT-EVA nanocomposite film electrode) for
further studies, as it showed uniform dispersion of CNTs in
EVA matrix with reproducible electrical properties.

FTIR spectra of MWCNT and MWCNT-EVA nano-
composite films: The FTIR spectrum of p-MWCNT is almost
featureless as the characteristic of the sp2 carbon present in
CNTs and not shown here. However, the oxidation treatments
lead to the appearance of new bands with comparatively high
intensity (Fig. 3a) with peaks at 3294 cm-1 (O-H stretching
vibration), at 2918 cm-1, 2850 cm-1 (C-H stretching vibration
in methyl/methylene), 1742 cm-1 (C=O stretching in carboxylic
acid) and 1390 cm-1 (C-H stretching vibration). The MWCNTs
were further used to develop nanocomposites by transferring
the two different CNTs (p-MWCNT & f-MWCNT) to the EVA
film surface by heating at 65 °C (Fig. 3b and 3c).

The p-MWCNT-EVA composite shows (Fig. 3b) peaks
at 2918 cm-1 and 2850 cm-1 (C-H stretching vibration in methyl/
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methylene), 1645 cm-1 (C=C stretching vibration) and 723 cm-1

(C–H deformation) [49]. Hydrophobic interaction between
polyethylene segments of EVA and p-MWCNT may occur
[36] but IR spectrum of p-MWCNT-EVA nanocomposite film
shows absorption bands characteristic of EVA polymer films.
The low intensity peaks at 3188 and 3392 cm-1 (O-H stretching
vibration) could be due to presence of moisture as impurities.

The f-MWCNT-EVA nanocomposite film shows absor-
ption band (Fig. 3c) at 2918 cm-1, 2850 cm-1 (C-H stretching
vibration), 1735 cm-1 (C=O stretching vibration), 1643 cm-1 (C=C
stretching vibration) and 721 cm-1 (C–H deformation) charact-
eristic of EVA polymer films similar to Fig. 3b. A broad band at
3363 cm-1 (O-H stretching vibration) is characteristic of hydroxyl

group present in f-MWCNT. These results confirmed that
characteristics of f-MWCNT and EVA films incorporated in
the nanocomposite.

Morphological studies of MWCNT-EVA nanocomposite
films: MWCNT-EVA nanocomposite films were successfully
fabricated by casting EVA film onto MWCNT films developed
on glass slide with fixed dimensions and controlling the concen-
tration of MWCNT deposition. The film casting procedure
allowed the fabrication of thin films with a relatively flat surface
without significant differences between the different formula-
tions. After the fabrication step, SEM images were acquired
to qualitatively investigate the dispersion of CNTs within the
polymer film. The representative micrographs of the nanocom-
posites containing p-MWCNT (3.45 %) and f-MWCNT (3.51 %)
as nanofillers are shown in Fig. 4a & 4b, respectively. MWCNTs
distribution appears to be rather homogenous in the entire
polymer matrix and no large agglomerates were observed (Fig.
4a-b). However, from the comparison of p-MWCNT-EVA and
f-MWCNT-EVA nanocomposite film images, it is clear that
f-MWCNTs are more evenly blended. The p-MWCNTs tend
to bundle together because of the van der Waals interaction
between the individual nanotubes. In contrast to pristine carbon
nanotubes, f-MWCNTs have relatively low tube tube inter-
actions. It is related to the hydrophilic groups that are located
on the f-MWCNTs surfaces. Consequently, a very uniform
dispersion of f-MWCNTs in the EVA matrix was obtained
(Fig. 4b).

The elemental compositions of different nanocomposite
films were studied by energy-dispersive X-ray analysis. EDX
data shown in Table-1 reveals that the constituent elements
present in two different nanocomposites are similar except few
differences. The p-MWCNT-EVA nanocomposite film contains
carbon (87.87 wt.%) while f-MWCNT-EVA nanocomposite
film has a lower weight percent of carbon (81.32 wt.%) and

Fig. 4. SEM images of (a) p-MWCNT-EVA nanocomposite film and (b) f-MWCNT-EVA nanocomposite film
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TABLE-1 
EDX DATA SHOWING THE ELEMENTAL COMPOSITION  

OF p-MWCNT-EVA NANOCOMPOSITE FILM AND  
f-MWCNT-EVA NANOCOMPOSITE FILM 

Weight (%) 
Element p-MWCNT-EVA 

nanocomposite film 
f-MWCNT-EVA 

nanocomposite film 
C 87.87 81.32 
O – 15.13 
Ni 3.91 1.02 
F 1.36 2.34 
Cl 2.43 0.19 
N – – 
Na – – 
S 1.47 – 

 
higher weight percent of oxygen (15.13 wt.%), suggesting the
oxidation of p-MWCNT surface and formation of oxygen
based functionalities at the nanotube surface (-COOH, -OH)
which are retained after nanocomposite film formation.

The presence of trace amounts of Ni, F, Cl and Na suggests
that the metal and halogen impurities are introduced during
CNT synthesis at manufacturer’s level.

Electrochemical study

Voltammetric measurement of GCE, p-MWCNT-EVA
nanocomposite film electrode and f-MWCNT-EVA nano-
composite film electrode: The stability of p-MWCNT-EVA and
f-MWCNT-EVA nanocomposite films allowed us to use it as
sheet type electrode and electrochemical activity of fabricated
electrodes in PBS buffer was measured by cyclic voltammetry
(CV) at different fabrication steps. In order to understand the
electrochemical response of different nanocomposite films, CV
was performed with standard redox species (potassium ferri-
cyanide) sensitive towards the surface characteristics [50]. The
results were compared with glassy carbon electrode (GCE) to
establish their electrochemical performance. Cyclic voltammo-
gram of GCE, p-MWCNT-EVA nanocomposite film electrode
and f-MWCNT-EVA nanocomposite film electrode in sodium
phosphate buffer containing 5 mM K3[Fe(CN)6] and 0.1 M KCl
at the scan rate of 50 mV/s has been shown in Fig. 5(a-c). Cyclic
voltammogram of each electrode was characterized by a pair of
well-defined redox peak with considerable differences in peak
heights. The large difference in anodic (Ipa) and cathodic (Ipc)
peak currents of nanocomposite films are attributed to large electro-
active surface area of nanocomposite films that shows greatly
enhanced faradaic response. A comparison of different nanocom-
posite films shows that the current response of f-MWCNT-EVA
nanocomposite film electrode is higher than p-MWCNT-EVA
nanocomposite film electrode which could be attributed to the
presence of carboxylic group present at the MWCNT surface
[51,52]. The current increment could be ascribed to acid treatment
which creates more oxide defects on the side-walls, making
f-MWCNT hydrophilic [49]. Thus, f-MWCNT embedded in the
EVA matrix with partial hydrophilic characteristics shows better
interaction with the aqueous interface than p-MWCNT. These
results confirmed that MWCNTs were efficiently incorporated
with the polymer matrix on nanocomposite surface, providing
the essential conduction paths to promote the electron transfer.
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Fig. 5. Cyclic voltammogram of (a) GCE, (b) p-MWCNT-EVA nano-
composite film electrode, (c) f-MWCNT-EVA nanocomposite film
electrode

Conclusion

In summary, we have developed a flexible, sheet-type
conductive nanocomposite with MWCNT and EVA adhesive
films. Surface functionalization of CNTs by carboxylic group
affects the physical and electrochemical property of nanocom-
posite films. Chemical oxidation of CNTs creates carboxylic
function at the p-MWCNT (powder) surfaces which in turn
facilitates better electron transfer behaviour in f-MWCNT-EVA
nanocomposite film as compared to p-MWCNT-EVA nano-
composite film. The chemical treatment also helps in their
dispersion in ethanol, producing a uniform stable ink curable
at room temperature for nanocomposite film development. The
comparison of p-MWCNT-EVA and f-MWCNT-EVA nano-
composite films suggests that the surface functionalization
increases the blending between carbon nanotube and EVA
matrix as evident in SEM images. The results suggest that soft
f-MWCNT-EVA nanocomposite films are a very promising
conductive nanocomposites for the fabrication of flexible
electrochemical platform which can be used for immobilization
of biomolecules at the f-MWCNT-EVA nanocomposites film
surface needed in biosensor development.
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