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Abstract
Polyvinyl alcohol/surfactant-free single-walled carbon nanotube (PVA/SF-SWNT) nanocomposites
were synthesized by a facile solution-cast technique. The effect of SF-SWNTon the structural, surface-
morphological, mechanical, electrical, and electrochemical properties of the nanocomposite was
studied. The surfacemorphology and Fourier Transform Infrared Spectroscopy demonstrate an
increased degree of interaction between PVA and SF-SWNT resulting in improvedmechanical
strength of the nanocomposite. Incorporation of SF-SWNTwas found to improve theDC electrical
conductivity by almost five orders ofmagnitude. Furthermore, the effect of SWNTon the
electrochemical properties of the nanocomposite was also studied. The PVA/SF-SWNT composite
exhibits specific capacitance as high as 26.4 F g−1 at a current density 0.5mA g−1, which is four times
higher than that of PVA (6.1 F g−1). The impedance spectroscopy analysis reveals that the
incorporation of SWNT reduces the charge transfer resistance of the nanocomposites resulting in
better capacitive performance.

1. Introduction

In recent years, polymer-based nanocomposite has gained significant attention both from research aswell as
from the application point of view. Incorporation of nano-sized filler into the polymermatrix widen the area of
applications bymodifying the physiochemical properties of the composite. The easy processability, improved
mechanical properties together with resistant against harsh environment allows polymer nanocomposite to
replace the conventionalmaterials and are used in a number of versatile applications, including food packaging,
nanosensors, fuel cell, battery electrodes, supercapacitors, etc [1–5]. Various nanostructuredmaterials such as
nanoparticles, carbon nanotubes (CNT), graphene, etc have been used as nanofillers for the polymer
nanocomposite [4–8]. Among them,CNTwith extraordinarymechanical strength, high thermal stability, and
electrical conductivitiesmake them the best alternatives as afiller [9–12].

Synthesis of high-quality polymer nanocomposite with the optimumperformance required a homogeneous
dispersion of carbon nanotubewithin the polymermatrix [13, 14]. However, the inherent attractive van der
walls interaction between nanotubes causes agglomerations of CNTs, which significantly decreases the overall
surface area of CNTswhen exposed to the surrounding polymermatrix that severely affects the performance of
the nanocomposite [15, 16]. An attractive andwell-establishedway to get rid of the agglomeration of CNTs is to
use surfactant. The surfactants coat a layer on theCNT surface that allows them to keep separated and promotes
homogeneous dispersion of CNTs in the polymermatrix [17]. Amajor drawback of thismethod is that the
surfactant residuemay present at theCNT surface and cannot be removed completely which degrade the
properties of the CNTbased nanocomposite [18]. The use of surfactant-free SWNT can offer a remedy to this
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problem. Surfactant free SWNTs (SF-SWNTs) are defect-free, clean, non-agglomerated, and offer enabling
route for the synthesis of different functional devices such as FET, SETs, sensors, supercapacitors, etc [19–23].
Mostly, solution-processed SF-SWNTswere used for the synthesis of functional devices and their performance
has been evaluated.However, there exist very few reports on the effect of SF-SWNTonpolymer nanocomposite.
So a comprehensive study is therefore required to understand the effect of surfactant-free SWNTonpolymer
nanocomposite.

The objective of the present work is to study the effect of SF-SWNTonpolymer nanocomposite. Poly (vinyl
alcohol) (PVA), one of themost widely used synthetic polymers was used as thematrix. Due to its easy
processability, and low cost together with excellent chemical resistance and physical properties PVA found a
broad range of applications in the automotive, textile, and packaging industries [24]. Inmost of the published
article CNTpowderwere used tomakeCNT solutionwithwhich PVAwasmixed tomake the nanocomposite.
However, to the best of our knowledge solution-processed SWNTwas never used tomake PVA-basedCNT
nanocomposite. The synthesismethod plays a key role in controlling the surfacemorphology, structural and
optical properties of the nanocomposite. Severalmethods are being adapted for the synthesis of carbon
nanotubes based polymer nanocomposites, which include in situ polymerization,meltmixing,melt
intercalation, solution casting, etc. Among them, the solution castingmethod is a versatile, rapid, simple, and
economic process for the synthesis of polymer nanocomposite. Due to these advantages, the cost-efficient
solution castmethod has chosen for the synthesis of PVA/SF-SWNTnanocomposite and their structural,
surfacemorphological, electrical,mechanical, and electrochemical properties have been reported in this article.

2.Materials andmethods

2.1.Materials
Polyvinyl alcohol (PVA)with an averagemolecular weight of∼125,000 g mol−1 (98%hydrolyzed)was obtained
fromSigma-Aldrich. A stable, surfactant-free solution of SWNTswith a concentration of SWNTs∼50 μg ml−1

was purchased fromBrewer Science. The original solutionwas then diluted using de-ionized (DI)water to
obtain the desired concentration. The solution consists ofmostly individual SWNTs and is free of catalytic
particles [20, 21]. All chemicals were used as received andwithout purifications.

2.2. Sample preparation
First, PVA (1 g)was dissolved in 50 ml ofDIwater and heated at 70 °C for 30 min to fully dissolve the solute. The
solutionwas then cooled to room temperature and ultrasonicated for 1 h. For the synthesis of nanocomposite
high-quality well-dispersed SWNT solutionwas gradually added to the PVA solution and heated under
continuous stirring until the solution became viscous. The viscous solutionwas ultrasonicated for 1 h and then
poured into a Polytetrafluoroethylene (PTFE) coated pan. The as-cast solutionwas then dried in an oven for 24 h
to obtain a thin film of PVA/SF-SWNTnanocomposite. A schematic for the synthesis of the PVA/SF-SWNT
nanocompositemethodwas presented in the supplementary figure S1 is available online at stacks.iop.org/
NANOX/1/030013/mmedia. Different volume (0 μl, 100 μl, 200 μl, and 400 μl) of SF-SWNTs solutionswere
added to the PVA samples and the resultant PVA/SF-SWNTnanocomposite were named as sample A, Sample
B, Sample C, and SampleD respectively.

2.3. Characterization of PVA/SF-SWNTnanocomposite
AFM images were taken on aDimension 3100 scanning probemicroscope (Vecco Instruments Inc.) to study the
diameter distribution of the SF-SWNTs. For the AFM study, the SF-SWNT suspensionwas spin-coated on a
mica substrate. Imageswere obtained using tappingmode and collected under ambient conditions at 60%
relative humidity and at 27 °Cwith a scanning rate of 0.6 Hz. ForAFM imaging, tip-shaped silicon nitride
probeswith a tip radius of 2 nmwere used. Figure 1(a)displays a tapping-modeAFM image of a single SF-
SWNT. Figure 1(b) shows the height analysis of the corresponding SF-SWNT. Figure 1(c) shows the diameter
distributions of a number of SF-SWNT. The bar diagram shows that the diameter of the solution-processed
SWNTvaries between 0.5 nm–5.0 nmwith an average diameter of 1.5 nm.

The presence of different groups in the nanocomposites was studied by Fourier transform infrared
spectroscopy (FTIR) analysis. The chemical analysis by FTIR in attenuated total reflection (ATR)modewas
carried out using a (Shimadzu IRSpirit) spectrophotometer at a spectrum range of 640–4000 cm−1.

The Youngmodulus, tensile strength, elongation at break, ductility, and toughness of the samples were
measured on a universal testingmachine (Wance ETM501), maximumcapacity 50KN) at room temperature
with gauge length 5 mm,width 20 mm, and thickness less than 0.2 mm, and a crosshead speed of 10 mmmin−1.
The standard testmethod for tensile properties of thin plastic sheeting (specificationASTMD882-02)was
followed. An average value offive replicates for each samplewas taken for the tensile tests.
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After the tensile test, the fractured surface of the PVA and PVA/SF-SWNTwas observed using afield
emission scanning electronmicroscope (JEOL JSM-7600F) at an accelerating voltage of 5 kV. Prior to imaging,
the sampleswere sputteredwith a thin layer of gold.

The thermal properties of PVA/SF-SWNTnanocomposites were studied by differential scanning
calorimetric (DSC) analysis. ForDSC, the samples were heated from25 °C to 250 °C. Each time the samples
were heated at a rate of 10 °Cmin−1 andwere kept in a nitrogen atmosphere at aflow rate of 40 ml min−1 to
avoid thermo-oxidative degradation.

TheDC electrical properties of the nanocomposite were studied by a homemade four-point collinear probe
setup featuring gold-coated spring-loaded pins.

Cyclic voltammetry (CV), galvanostatic charge-dischargemeasurements (GCD), and electrochemical
impedance analysis (EIS)were carried outwith a CS310 electrochemical workstation (corrtest, china). The
electrochemicalmeasurements were carried out in a conventional three-electrode cell setup: glassy carbon
electrodewith electro-activematerial (1 mg) as theworking electrode, platinumplate (1×1 cm2) as the counter
electrode, Ag/AgCl reference electrodewas used as the reference electrode and 0.1 MKCl solutionwas used as
the electrolyte.

3. Results and discussion

3.1. FTIRAnalysis of PVA/SF-SWNTnanocomposite
The FTIR spectra of pure PVA and PVA/SF-SWNTcomposites were presented in figure 2. For pure PVA a
broad peakwas observed between 3050 cm−1 to 3650 cm−1, centered at 3295 cm−1. This can be attributed to the
symmetric stretching vibrations of theO–Hfrom the intramolecular and intermolecular hydrogen bonds
[25, 26]. The band centered at 2915 cm−1 arises from the symmetric and antisymmetric stretching vibration of
theC–Halkyl group. The band at 1733 cm−1 can be attributed to the stretching vibrationmode of theC=O
bond. The peak observed at 1374 cm−1 corresponds to thewagging vibrationmode of theCH2 group. The peak
at 1243 cm−1 can be attributed to the combination of theC–Hwagging vibrationmode and theC–Ostretching
mode of the acetyl groups [27, 28]. It was also observed that the incorporation of SF-SWNT shifts the position of
theO–Hstretching peak to a lowerwavenumber in the nanocomposite. This suggests the presence of hydrogen
bonding interactions between the hydroxyl groups on the PVAmolecular chains of the nanocomposite. The
shift towards lower frequencymay be due to the open of p-bonds of SWNTs and interactions between SWNTs
and the PVAmatrix.Moreover, the intensity of theO–Hstretching band at 3050 cm−1 to 3650 cm−1 shows a
decreasing patternwith the incorporation of SWNT. Such a reduction in intensitymight be attributed to the
partial removal of theOHgroups in the PVAmatrix due to the incorporation of SWNT [29].

3.2. Surfacemorphology of PVA/SF-SWNTnanocomposite
The SEM images of the fractured surfaces of the PVA/SF-SWNTcomposites were shown infigure 3. The cross-
section of the nanocomposites looked smooth, and no residual structure of SWNTwas observed for the
nanocomposite. Similarmorphological behavior was also observed for PVAbased carbon nanotube composite

Figure 1.AFM image of an individual SF-SWNT (a), corresponding height profile analysis (b), and diameter distribution histogramof
SF-SWNTs (c).
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film and can be attributed to the strong interfacial interactions between SWNTand the PVAmatrix [30, 31].
Additionally, the roughness of the nanocomposite increases with the concentration of SWNT.

3.3. Thermal properties of PVA/SF-SWNTnanocomposite
Differential ScanningCalorimetry (DSC) techniquewas used to study the thermal transitions properties of the
nanocomposite. DSCprovides information about the glass transition temperature (Tg), melting temperature
(Tm), and the degree of crystallinity (χc) of thematerial. Figure 4 shows theDSC curves for pure PVA and PVA/
SF-SWNTnanocomposite. From the figure, it was observed that the glass transition occurs at around 50 °C for
PVA and it decreases with the increase of SWNTs, indicating good interaction between PVA and SF-SWNT.
Additionally, low glass transition temperature leads to the higher segmentalmotion of the polymer electrolyte

Figure 2. FTIR spectra of PVA/SF-SWNTnanocomposites with different concentrations of SWNT.

Figure 3. SEMmicrographs of different PVA/SF-SWNTnanocomposites (a) sample A, (b) Sample B, (c) Sample C, and (d) SampleD.
Inset (a) shows the FESEM images of SF-SWNT.
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resulting in easymovement of ions through the polymer chain and ionic conductivity [25]. The observed peak
around 150 °Ccorresponds to the vaporization of water contents in the polymer nanocomposite. Large
endothermic peakswere observed between 170 °C–220 °C that corresponds to themelting of polymer
nanocomposite. The relative percentage of crystallinity (%χc)was estimated from themelting peak using the
formula [32].

c =
D
D

H

H
% c

m

m
0

WhereDHm
0 is themelting enthalpy of pure PVA andDHm is themelting enthalpy of PVA/SF-SWNT

nanocomposite. The relative percentage of crystallinity ( c% c) are listed in table 1. The crystallinity of the
nanocomposite increased from22% to 39%with the incorporation of SF-SWNT. This suggests that the SF-
SWNTact as nucleation sites for the crystallization of PVA. Furthermore, the linear increase in crystallinity with
the amount of SWNTs suggests that the SWNTs are surrounded by a crystalline coating of polymer around them
[33]. These crystalline coating helps to improve themechanical properties of the polymer nanocomposite by
improving the stress transfer.

3.4.Mechanical properties of PVA/SF-SWNTnanocomposite
Tensile testingwas performed to evaluate the effect of solution-processed SWNTon themechanical properties
of the PVA/SF-SWNTnanocomposite. Typical stress-strain curves for PVA andPVA/SF-SWNT
nanocomposites for various concentrations of SWNTswere presented infigure 5(a). The addition of SWNT in
the PVAmatrix was found to increase the tensile strength of the composite and the tensile strengthwas increased
by 50% (from37MPa to 55MPa) for sampleD. The result shows that incorporation of SF-SWNT significantly
improved themechanical performance of PVAfilms. As shown in figure 5(b), Young’smodulus of the PVA/SF-
SWNTnanocomposite was increased by almost three times for sampleD.

The uniformity of the carbon nanotube dispersion in the polymermatrix and stronger polymer–nanotube
interaction play a crucial role in themechanical properties of the polymer–nanotube composite. Since the
solution-processed SF-SWNTswerewell dispersed in the solvent aswell as to the polymermatrix, resulting in a
significant increase in the tensile strength and tensilemodulus. Furthermore, the aspect ratio of the solution-
processed SWNT (with diameter∼2 nm)was high compared to that of theMWNT, bundledMWNTs, or
bundled SWNTs [34, 35]. The large aspect ratio offers increased availability of the SWNT surface area to the
surrounding polymermatrix that helps to increase the tensile stress transfer across the PVA/SF-SWNT
interface [35].

Figure 4.DSCThermograms of PVA (A) and PVA/SF-SWNT composites (B)–(D), Inset shows themelting peak of thematerials.

Table 1.Crystallinity (cc), specific capacitance (CS), power density (P), and energy density (E) of PVA/SF-SWNTs nanocomposite.

Sample

SF-SWNT concentration

per gram (μl)
Crystallinity

cc (%)
Specific capacitance

(CS) (F g−1)
Power density (P)

(W m−3)
Energy density (E)

(Wh kg−1)

A 0 22.25 6.05 0.68 42.21

B 50 24.45 14.30 1.61 44.77

C 100 33.50 19.90 2.24 44.92

D 200 38.90 26.40 2.97 44.94
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Additionally, the reinforcement of the nanotube/polymer composite depends on the total nanotube surface
area per unit volume. In other words, keeping the concentration the same, nanotubewith the larger surface area
will provide superiormechanical performance, which in turn depends on the diameter of the nanotube [35, 36].
The increased surface area provided by the small diameter (∼2 nm) SF-SWNTused in this study resulting in
better tensilemechanical properties.

3.5.DC electrical properties of PVA/SF-SWNTnanocomposite
The electrical properties of the nanocomposite were studied byVan der Pauw four-point collinear probe
methods. The resistivity, ρ of the thin filmswere calculated using the formula ρ=2πs(V/I) [37].WhereV is the
potential difference between the inner probes in volt, I is the current through the outer pair of probes in ampere,
S is the spacing between the probes inmeter. Figure 6 showed the variation in the electrical resistivity of the
nanocomposites as a function of the SWNTfiller loading. Afive-fold decrease in the electrical resistivity was
observedwhen the concentration SF-SWNTwas increased from0 to 400 μl. The increase in conductivity with
SWNTcontent signifies a typical percolation transition behavior. Since the electrical conductivity showed a
four-fold increase when the concentration of SWNT increased from5 μg ml−1 to 20 ug ml−1, we can assume
that the percolation occurred at an SWNTconcentration of 20 ug ml−1. The dispersion state of the filler is
governed by a number of factors such as the structure offiller, rheological properties of the polymermatrix,
polymer-filler compatibility, andmixing technique [38]. Additionally, for a particular polymer, the conductivity
of the SWNTbased nanocomposite depends strongly on the good dispersion of SWNTs, fabrication parameters,

Figure 5.Tensile properties of the pure PVA and the PVA/ SWNTnanocomposites: typical tensile stress-strain curve (a), Young’s
modulus and tensile strength at break (b).

Figure 6.DC resistivity of PVA comparedwith that of PVA/SF-SWNT composites as a function of SF-SWNT concentrations.
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the aspect ratio of CNTs, the uniform spatial distribution of individual CNTs, and degree of alignment, etc The
higher surface area of SWNTs offers a uniformdistribution alongwith the PVAmatrix as well as boosts the
connection offillers between each other; therefore, the increase in electrical properties was achieved.Moreover,
with the higher SWNT loading, SWNTsweremore strongly aligned by the inter-tube hydrogen-bonding
interaction between the hydroxyl groups of the PVA-water solution resulting in a higher conduction path [39].

3.6. Electrochemical properties of PVA/SF-SWNTnanocomposite
To explore the effect of SF-SWNTon the capacitive behavior of the nanocomposite cyclic voltammograms (CV)
were recorded. CVmeasurements were performed at different sweep rates namely, 5 mVs−1, 10 mVs−1,
20 mVs−1, 50 mVs−1, and 100 mVs−1 using 0.1 MKCL as the electrolyte in a potential windowof 1 V and are
presented infigure 7. TheCV curves for PVAwere found to be nearly rectangular for all scan rates. A distorted
rectangular shape in theCV curvewas observed for the PVA/SF-SWNTnanocomposite. Such a deviation from
the rectangular shape can be attributed to the presence of pseudocapacitance originating from the presence of
uncompensated resistance due to SWNTs present in the system [40]. Additionally, the cyclic voltammograms
for the nanocomposite exhibit a sharp rise in current at a low voltage that drops sharply at the vertex potential
indicating the good electrochemical stability of the electrodematerial. Figure 8 (a) shows theCVmeasurements
for PVA and PVA/SF-SWNT for different nanotube loading at a scan rate of 100 mVs−1. Notably, the quasi-
rectangle area of CV curves of PVA/SF-SWNTwas larger than that of pure PVA, indicating the better capacitive
performance of PVA/SF-SWNTcomposites. Furthermore, the area of theCV curves increases with the amount
of SF-SWNTnanofiller in the composite which implied that SWNTplayed key roles in speeding up carriers’
transportation along the PVAnetworking chains.

Figure 8(b) shows the galvanostatic charge-discharge (GCD) curves of PVA and PVA/SF-SWNT
nanocomposite at a constant current density of 0.5 mA cm−2. The discharging curve of the nanocomposite
shows two voltage ranges, a short discharge occurred between 0.7 V to 0.4 Vwhich can be attributed to the
electric double-layer capacitance originating from the charge separation at the electrode-electrolyte interface. A
longer discharge occurred between 0.4 V to 0.1 V,whichmay be due to the combined effect of electric double-
layer capacitance and the Faradaic capacitance [41]. From thefigure, it was also observed that the discharging

Figure 7.Cyclic voltammograms of PVA (a), PVA/SF-SWNT50μl (b), 100μl (c), and 200μl (d), at different scan rates in 0.1MKCl
aqueous electrolyte for the potential window of 0.2V to 0.7V.
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time of the composite increases with the concentration of SF-SWNT, suggesting improvement of the capacitive
behavior of thematerials.

The specific capacitances of the nanocomposites were estimated from their respectiveGCD curve using the
formulaCs=IΔt/mΔV [42].Where, I, t, V, andm are the constant current (A), discharge time (s), total
potential deviation (V), and themass of the activematerials within the electrode (g), respectively. All the specific
capacitance data of these composites at different current densities were summarized in table 1. From table 1 it
was clear that SF-SWNT significantly enhanced the capacitance of the nanocomposite. For example, for sample
D, incorporation of just 0.002 wt%of SWNTenhances the specific capacitance by four times. The values of
specific capacitances obtained in this study are higher compared to the specific capacitance reported earlier for
solution-processed nanotube-based polymer composite [43–46]. For conducting PVA/CNTnanofibers specific
capacitance as high as 25 F g−1 was obtained for 6 wt%CNT concentrations [47]. Even though specific
capacitance higher than this studywere reported for CNTbased polymer nanocomposite but the concentration
of CNTs used in these studies was few orders ofmagnitude higher than the present studies [48].

Such an enhancement in the specific capacitance of the nanocomposite can be attributed to a number of
factors. Firstly, the quality of the SWNT: high-quality surfactant-free well-dispersed SWNT solutionwas used.
Thewell-dispersed SWNTswith higher specific surface area increases the effective interfacial area between the
nanocomposite and electrolyte that improves the specific capacitance by increasing the electroactive region [16].
Additionally, the presence of surfactant on the SWNT surfacemay diminish the gravimetric performance of the
nanocomposite and reduces the non-Faradic ion storage behavior on SWNT surface sites [49, 50]. The absence
of surfactant allowsmore SWNT to come to the nanotube surface and thereby enhance the capacitive
performance. The energy density (E) and power density (P) of the nanocomposites were alsomeasured using the
formulas [51]

=
D

E
V Cs

Energy density,
0.5

3.6

2* *( )

=
D

P
E

t
Power density,

3600*

The corresponding values of the E andP for different concentrations of SF-SWNT in the nanocomposites
were presented in table 1. The energy and power density was also found to follow the same variations as that of
the specific capacitance.

3.7. Impedance spectroscopy analysis
The electrochemical impedance spectroscopy (EIS) is an important characterization tool to evaluate the resistive
behavior of the electrode. Figure 9 showed the respectiveNyquist plots for PVA/SF-SWNTnanocomposite
between 100 Hz to 1 MHz,where Z′ is the real part andZ″ is the imaginary part of the impedance, respectively.
TheNyquist plots consist of three characteristic regions. (1)A low-frequency region that is represented by an
inclined line along the imaginary axis that shows capacitive behavior also known as the double-layer capacitive
region. (2)Ahigh-frequency region represented by a partial semicircle which shows the blocking behavior of the
supercapacitor (in this region, the supercapacitor behaves as a pure resistor and the resistance values determine

Figure 8.Electrochemical capacitive behaviors of PVA (A) and PVA/SF-SWNTnanocomposite (B)–(D) in 0.1MKCl aqueous
electrolyte:(a)cyclic voltammograms at a scan rate of 100 mV s−1; (b) galvanostatic charge-discharge curves at 0.5 mA g−1.
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the charge-transfer and series resistance of the electrode). (3)Amiddle-frequency range that shows the effect of
electrode thickness and the porosity on the diffusion of ions from an electrolyte to the electrode.

In order to evaluate the faradic process inside the device, its frequency based electrical behavior can be
modeled as anAC equivalent circuit (generalized Randles circuit) [52]. The inset offigure 9 shows the equivalent
circuit used forfitting the curve of the PVA/SF-SWNTnanocomposites. Here,Rs refers to the equivalent series
resistance or the combined ohmic resistance of the electrolyte and the internal resistance of the electrode and
current collectors.Rct is the charge-transfer resistance during the faradic reaction, and is obtained from the
diameter of the semicircle, illustrates the charge transfer resistance that occurs at the interface between the
electrode and electrolyte.Cdl is the electric double-layer capacitance.Zw is theWarburg impedance that
represents the impedance of the diffusion controlling process in the electrolyte. The 45° region in theNyquist
plot is known as theWarburg region; the slope of this portion of the curve gives the value ofZw,.CP is the
pseudocapacitance, which can also be denoted byCPE, the constant-phase element. The semicircle impedance
representsRct andZW. The semicircle in the high-frequency region corresponds to the charge transfer resistance
at the electrode/electrolyte interface, while the linear relationship in the low-frequency regionmainly represents
pure capacitive behavior [43, 53]. The values of different components of the circuit obtained from the best fit of
the experimental data using the equivalent circuit are reported in table 2.

TheNyquist plot clearly shows that in the high-frequency region, the samples had a series resistance value
(Rs=8.48Ω).Moreover, the impedance spectrumof nanocomposite for sampleD showed the smallest
semicircle (Rct=83.83Ω) than that of the other samples (for sample A,Rct=112.30Ω). This suggests that
sampleDhad a good electrical conductivity between the prepared electrode and current collecting electrode, as
well as fast electron-conducting ability at the electrode surface, resulting in a significant increase in the
capacitance value of sampleD. The double-layer capacitance also increases with the amount of SWNTs in the
composite and highest valuewas obtained for sampledD. Additionally, in the low-frequency region, vertical
straight line implies an ideal capacitancewith a higher rate of electrolyte diffusion andmass transfer. However,
the straight lines of the electrodes have a slope of approximately 45° and therewas no obvious change in the
slope, indicating that the number of SWNTs did not significantly affect the diffusion of the ions [54].

Figure 9.Nyquist plots for PVA and PVA/SF-SWNTnanocomposites. GeneralizedRandles equivalent circuit (in inset) is employed
tomodel the charge transfer process. RS is the solution resistance, Rct is the charge transfer resistance andCdlmodels the double layer
capacitance, CP is the pseudocapacitance andZW is theWarburg constant here. The values of thefitting parameters are shown in
table 2.

Table 2.EISfitting results for the electrodes with PVA (A) and PVA/SF-SWNTs (B,C,D)nanocomposite using the equivalent circuit from
figure 9.

Sample

SF-SWNT concentration

per gram (μl)
Equivalent series

resistanceRs (Ω)
Electric double-layer

capacitanceCdl (nF)
Charge-transfer

resistanceRct (Ω)
Pseudo-capacitance

CP (μF)

A 0 8.48 3.61 112.30 9.45

B 50 8.48 4.77 89.97 11.29

C 100 8.48 5.08 93.23 22.47

D 200 8.48 5.73 83.83 26.47
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4. Conclusions

In summary, PVA/SF-SWNTnanocomposites were synthesized by taking an ultralow concentration of
SF-SWNTand their structural, surfacemorphological, thermal, electrical,mechanical, and electrochemical
properties have been studied. SF-SWNTnanofiller improves themechanical strength andDCelectrical
conductivity of the nanocomposite. The incorporation of SF-SWNTalso enhances the specific capacitance of
the nanocomposite. The enhancement of the specific capacitance of PVA/SF-SWNTnanocomposite can be
attributed to the large surface area to volume ratio provided by the SWNT togetherwith the absence of
surfactantmolecules that hindered the ions to come closer to the surface of the film. Considering the simplicity
and effectiveness of the synthesis process, results indicate that the PVA/SF-SWNTnanocompositemay open up
a low-cost route for the synthesis offlexible energy storage applications.
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