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a b s t r a c t

This paper addresses the development of an electrically conductive flexible nanocomposite membrane
by the incorporation of an optimum amount of pyrrole into tetraethyl orthosilicate crosslinked poly(vinyl
alcohol). The incorporated pyrrole underwent in-situ chemical oxidation in presence of iron(III) chloride.
The resulting membrane was subjected to various techniques to understand its physico-chemical
properties. The nanocomposite membrane demonstrated an excellent electrical conductivity of
4.56 S cm�1 with a desired flexibility. The electrochemical properties of the electrode membrane were
systematically investigated using cyclic voltammetry, galvanostatic charge-discharge and electro-
chemical impedance spectroscopy. The resulting electrode membrane exhibited a specific capacitance as
high as 484 F g-1 at a current density of 0.1 A g�1 with an excellent cycle life stability. Based on its
excellent electrochemical performance, we have developed both interdigital micro-supercapacitor and
sandwich-type supercapacitor devices; among these, the interdigital micro-supercapacitor exhibited a
specific capacitance of 51.42 F g-1 at 0.05 A g�1, which is two times higher than that of sandwich-type
supercapacitor (25.49 F g�1). Furthermore, the method adopted here for the fabrication of an inter-
digital micro-supercapacitor device can be easily applied to large-scale fabrication of electrically
conductive membranes and opens up new opportunities for flexible lightweight energy storage devices.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The increasing depletion of fossil fuels and the environmental
problems associated with their use have forced the development of
efficient, clean and sustainable sources of energy [1e3]. In pursuit
of this, supercapacitors have been recognized as one of the most
useful inventions among all the energy storage devices. Super-
capacitors are electrochemical energy storage devices, which have
a higher energy-density than conventional capacitors and higher
power-density than batteries. Thus, the supercapacitors can fill the
gap between the traditional capacitors and batteries [4,5]. In
addition, supercapacitors generate less heat than common batteries
and thereby they may have additional safety advantages. In view of
this, supercapacitors have been used in wide range of applications,
including, hybrid vehicles, electronics, railway transport, aviation,
Kariduraganavar).
actuators, voltage stabilizers, etc [6e10].
The performance of the supercapacitors is determined mainly

by three factors; electrode materials, the electrolyte and the as-
sembly technology [11]. Among the electrode materials, flexible
and binder-free electrodes have shown great promise in portable
and flexible electronics, for applications such as roll-up displays,
photovoltaic cells and wearable devices [12,13]. In view of recent
environmental awareness, interest in the selection of electrode
material has been directed towards finding “green” or “greener”
materials especially fluorine-free binders [14,15]. Moreover, current
electronic devices are still too heavy, thick and bulky to match the
flexibility requirements. Thus, there is an urgent need to develop
energy storage devices that are light, thin, flexible, and have a high
energy-density, high power-density and excellent cycling stability.
To address this, various energy storage devices with diverse size,
shape and good mechanical properties are being developed across
the globe [16e23].

Prompted by the unique structural and electrical properties of
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carbon, carbon-based flexible and stretchable supercapacitors are
currently attracting considerable interest [24,25]. Unfortunately,
the performance of carbon-based supercapacitors, usually referred
as electrical double layer capacitors (EDLCs), is limited, due to their
inherent low specific capacitance, and the relatively high cost of
carbon nanotubes and elaborate synthetic procedures required in
their manufacture would further limit their applications in large-
scale fabrication [26,27]. On the other hand, pseudocapacitors
developed based on transition metal oxides and conducting poly-
mers (CPs), are redox active materials and show very high capaci-
tance behavior [28e31]. Among these materials, conducting
polymer based pseudocapacitors have demonstrated excellent
performance for portable and flexible supercapacitor applications
owing to their high-redox active capacitance, high conductivity and
most importantly, high intrinsic flexibility. Among the conducting
polymers, polypyrrole (PPy) is one of the most promising p-type
materials for pseudocapacitor applications due to its unique fea-
tures, including high conductivity, fast charge-discharge mecha-
nism, high energy density, low cost and good thermal stability
[32,33]. The electrochemical behavior of PPy-based electrode also
depends on the electrode preparation methods and effective sur-
face area of the active electrode. For instance, Mihranyan et al. [34]
developed a porous electrode material by coating a thin PPy layer
(~50 nm) on a cellulose substrate using cladophora algae and ach-
ieved a charge capacity of 33mAh g�1. Similarly, An et al. [32]
synthesized a PPy-carbon aerogel composite electrode using a
chemical oxidation method and obtained a specific capacitance of
433 F g�1. Recently, Kumar et al. [35] enhanced the specific capac-
itance (395 F g�1) of polypyrrole/carbon composites by varying the
concentration of p-toluenesulfonate. A simple polymerization
method was employed by Yuan et al. [36] to fabricate the PPy-
coated paper. The resulting flexible composite electrode showed a
capacitance of 0.42 F cm�2 with high energy density of
1mWh cm�3 at a power density of 0.27W cm�3. Similarly, Xu et al.
[37] developed a PPy/bacteria cellulose based flexible super-
capacitor electrode with a maximum discharge capacity of
101.9mAh g�1 at a current density of 0.16 A g�1. Unfortunately,
these flexible supercapacitor electrodes failed to maintain the
desired mechanical strength for long-term applications.

Realizing the pros and cons of the aforementioned electrode
materials, we have successfully developed a flexible membrane
electrode material by in-situ polymerization of pyrrole in tetraethyl
orthosilicate (TEOS) crosslinked poly(vinyl alcohol). The electrical
conductivity of the developed electrode was optimized by judi-
ciously varying the mole ratio of oxidant to monomer, the mass
ratio of pyrrole to crosslinked PVA and the reaction time. The
physico-chemical properties of the resulting electrode materials
were studied using Fourier transform infrared (FT-IR) spectroscopy,
thermogravimetric analysis (TGA), X-ray diffraction (XRD) and
scanning electron microscopy (SEM). The hydrophilicity and me-
chanical properties of the membranes were respectively studied
using a contact angle meter and a universal testing machine (UTM).
The electrochemical properties of the electrode membrane were
systematically investigated using cyclic voltammetry (CV), galva-
nostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS). Based on its excellent electrochemical perfor-
mance, we have fabricated interdigital micro-supercapacitor and
sandwich-type supercapacitor devices using polymer membrane
for the first time in the literature. The electrochemical perfor-
mances of these two devices were evaluated in terms of specific
capacitance, energy density and power density, etc. The results
were correlated to the design used for the fabrication of devices and
properties of the material. The outcome of the results clearly sug-
gests that the interdigital micro-supercapacitor device could
become potential candidate for flexible and wearable electronics.
2. Experimental

2.1. Materials

Poly(vinyl alcohol) (Mw ~125000) was procured from s. d. fine
Chemicals Ltd., Mumbai, India. Pyrrole monomer, tetraethyl
orthosilicate and flourine doped tin oxide (FTO) glass were pur-
chased from Sigma-Aldrich Chemie, GmbH, Germany. Pyrrole was
distilled twice under vacuum and stored in refrigerator before use.
Iron(III) chloride and hydrochloric acid were procured from
Thermo Fisher Scientific India Pvt. Ltd., Mumbai, India. N,N-
dimethyl formamide was procured from Merck Specialities Pvt.
Ltd., Mumbai, India. All the chemicals were used as received unless
stated otherwise. Deionized water was used throughout the study.

2.2. Preparation of PVA-TEOS hybrid membrane

Crosslinked hybrid PVA membrane was prepared via hydrolysis
of TEOS followed by condensation [38]. PVA (5 g) were dissolved in
100ml of distilled water at 60 �C. The hot solution was filtered and
to the filtrate, TEOS (5 g, 5.34ml) and HCl (conc,1ml) as a catalyst
were added to carry out the sol-gel reaction. The amount of TEOS
and PVAwas chosen based on membrane strength and flexibility of
the membrane. The solution was stirred overnight at room tem-
perature and was then cast onto a glass plate with the aid of a
casting knife. The membrane was allowed to dry at room temper-
ature for 2e3 days and subsequently peeled-off after complete
drying. The dried membrane was annealed at 60 �C in an inert at-
mosphere so as to ensure complete crosslinking. The thickness of
the membrane was measured at different points using peacock dial
thickness gauge (Model G, Ozaki MFG. Co. Ltd. Japan) with an ac-
curacy of ±5 mm. The average thickness was considered for calcu-
lation. The thickness of the membrane was found to be 100± 5 mm.

2.3. Preparation of PVA-TEOS-PPy nanocomposite membrane

The crosslinked flexible hybrid PVA membrane with a thickness
of 100± 5 mm was used to fabricate the composite membranes via
in-situ chemical oxidation of pyrrole. The detailed procedure is
given below.

The hybrid PVA-TEOS membrane was immersed in a mixture of
N,N-dimethylformamide (DMF) and distilled water (1:2, v/v) at
25 �C. To this, pyrrole (1.45ml) were added drop-wise over 30min;
in this way the pyrrole monomer could penetrate into the inner
network of PVA-TEOS and at the same time, the hydroxyl groups of
PVA could interact with pyrrole and form hydrogen bonds thus
ensuring the uniform distribution of pyrrole in PVA-TEOS network.
The polymerization was carried at room temperature by slowly
adding ferric chloride (0.85 g) as an oxidant and hydrochloric acid
(1ml) as a dopant. The crosslinked PVA membrane slowly turned
from colorless to grey and finally to black within 15min, which
revealed the successful incorporation of PPy in PVA-TEOS template
(Fig. S1). The duration of the polymerization was 2 h. After poly-
merization, the resulting PVA-TEOS-PPy nanocomposite mem-
branes were thoroughly washed with distilled water and immersed
in 0.1M HCl for 30min and dried under vacuum at 40 �C.

2.4. Preparation of hydrogel-polymer electrolyte (PVA-H2SO4)

The PVA-H2SO4 electrolyte was prepared by mixing of PVA
powder (6 g), H2SO4 (conc., 6 g) and of deionizedwater (60ml). This
was heated to 85 �C until the solution became clear. The resulting
solution was cooled and used as an electrolyte for the preparation
of devices.
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2.5. Physico-chemical characterization

The reaction between PVA and TEOS, and the polymerization of
pyrrole in TEOS crosslinked PVA were probed using an FTIR spec-
trometer (Nicolet Impact-410, USA). A thermogravimetric analyzer
(TA Instruments, DSC Q20, Waters LLC, USA) was used to study the
thermal stability of PVA-TEOS and PVA-TEOS-PPy nanocomposite
membranes at a heating rate of 10 �C/min under a nitrogen atmo-
sphere. The crystal structure of the nanocompositemembraneswas
studied at room temperature by x-ray diffraction (Bruker, D-8
Advance, Germany) with Ni-filtered Cu Ka source. The diffraction
was operated in the range of 5 to 60� at 40 KV and 30mA with a
scanning speed of 8�/min at an angle 2q. The surface morphology of
the nanocomposite membranes was examined by scanning elec-
tron microscope equipped with an energy-dispersive X-ray spec-
trometer (EDS) (Bruker, Quantax EDS, Germany) at various
magnifications. The composition of the samplewas examined using
an energy dispersive spectrometer and inductively coupled plasma
mass spectrometer. The contact angle of the developed membranes
was measured using contact angle meter (Ramehart Instrument
Co., Model:400, USA). The tensile strength, elongation at break and
Young's modulus of the TEOS crosslinked PVA and PVA-TEOS-PPy
samples were measured at 25 �C using a universal testing ma-
chine (Hounsfield, H25KS, UK) at a cross head speed of 1mm/min.
The sizes of the specimen were 10 cm� 2 cm.

2.6. Electrical conductivity measurement

The electrical conductivity of the composite membranes was
measured with a conventional four-point probe technique (SES
Instruments, DF-P-02, India) at 25 �C. The detailed procedure is
given as supplementary information (S1).

2.7. Electrochemical performance

The electrochemical measurements were carried out using a
two electrode system. The electrochemical performance of the cell
was tested using an electrochemical work station (ACM In-
struments, Gill AC 660, UK) and scanned over a range of �1 V
to þ1 V. Galvanostatic charge/discharge tests were performed us-
ing an electrochemical work station (CH Instruments Inc., CHI 608E,
USA) over a potential range of �1 V to þ1 V. Electrochemical
impedance spectroscopy measurements were performed in the
frequency range of 100 kHz to 0.01 Hz with an amplitude of 5 mV at
open circuit potential.

The specific capacitance was estimated based on cyclic vol-
tammetry (CV) and galvanostatic charge-discharge (GCD) curves
using Eqs. (1) and (2), respectively:

CS ¼

Z
Idv

2mDVS
(1)

CS ¼ 2IDt
mDV

(2)

Similarly, energy density and power density were determined
from Eqs. (3) and (4), respectively:

E ¼ CV2
max

7200
(3)

P ¼ 3600E
Dt

(4)
where, Cs is the specific capacitance (F g�1); !Idv, the area under the
curve; m, the mass of electrode; S, the scan rate (mV s�1); DV, the
potential window (V) (excluding the internal resistance, IR, drop in
the case of GCD); I, the discharge current (A); Dt, the discharge
time; Vmax, the operation potential (V); E, the energy density (Wh
kg�1) and P is the power density (W kg�1).

2.8. Fabrication of supercapacitor devices and their electrochemical
performances

Both interdigital micro-supercapacitor and sandwich-type
supercapacitor devices were fabricated as illustrated in Fig. 1 us-
ing a PVA-TEOS-PPy nanocomposite membrane as an electrode
material.

2.8.1. Interdigital micro-supercapacitor (IMS)
The prepared PVA-TEOS-PPy nanocomposite membranewas cut

into strips (fingers) and then arranged into an interdigital electrode
configuration on the polyethylene terphthalate (PET) substrate as
shown in Fig. 1. Copper (Cu) tape as a current collector was applied
at both the ends of the micro-electrodes to ensure a good electrical
contact between the micro-supercapacitor and electrochemical
workstation. The polymer-gel electrolyte prepared from PVA-
H2SO4 was drop-cast in between the micro-electrodes and allowed
to dry overnight, this was then sealed through lamination with
another PET sheet using an iron box.

2.8.2. Sandwich-type supercapacitor (SS)
Two PVA-TEOS-PPy nanocomposite membrane strips were used

as electrodes and a PVA-H2SO4 polymer-gel electrolyte membrane
was placed in between the two electrodes as a separator. At both
the ends, Cu foils were placed as a current collector and the sand-
wich type device sealed using PET sheets as discussed for the
fabrication of interdigital micro-supercapacitor device above. Fig. 1
(a and b), show photographs of the devices, (c) shows an optical
microscope image of the interdigital micro-supercapacitor and (d)
shows the successful coating of polypyrrole over PVA-TEOS as
evidenced by the scotch tape test.

3. Results and discussion

3.1. FT-IR study

The FTIR spectra of the hybrid PVA-TEOS and PVA-TEOS-PPy
composite membranes are presented in Fig. 2. From the PVA-
TEOS spectrum, it is noticed that a broad band was observed at
around 3400 cm�1 and was attributed to OeH stretching vibrations
of PVA and the uncondensed silanol groups of TEOS [38,39]. The
multiple bands appeared between 1000 and 1200 cm�1, and were
assigned to CeO and SieO stretchings. This is expected since both
SieO and CeO stretching vibrations appear at the same frequency
[40,41]. The characteristic bands appearing at 464 and 2920 cm�1

are attributed to deformation vibration of SieOeSi bending and
eCH stretching vibrations, respectively [39,42].

In contrast to the above, the PVA-TEOS-PPy composite mem-
brane exhibited the bands at around 1550 and 1500 cm�1 [43,44].
These are attributed to CeC and CeN stretching vibrations of the
pyrrole, respectively. The band appearing at around 1200 cm�1 was
attributed to stretching vibrations of pyrrole ring [45]. The bands
appeared at around 790 and 1050 cm�1 are attributed to CeH (out
of plane ring deformation) and NeH (in-plane ring deformation)
stretching vibrations, respectively [37]. All these characteristic
bands indicate the presence of PPy in the PVA-TEOS template.
Further, the presence of two characteristic bands of PVA-TEOS in
the FT-IR spectrum of PVA-TEOS-PPy also supports the material



Fig. 1. Schematic representation of fabrication of interdigital micro-supercapacitor and sandwich-type supercapacitor device. (a) Interdigital micro-supercapacitor. (b) Sandwich-
type supercapacitor. (c) Optical microscope image of interdigital micro-supercapacitor. (d) Successful coating of polypyrrole over PVA-TEOS membrane.
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characterization. These PPy bands are in good agreement with
bands reported by Xu et al. [37].
3.2. TGA study

Thermal stability and degradation behavior of PVA-TEOS and
PVA-TEOS-PPy membranes were studied using TGA and the
resulting thermograms are presented in Fig. S2. From the thermo-
grams, it is observed that both the membranes underwent degra-
dation mainly in three stages. The weight loss that occurred
between ambient and 200 �C, corresponding to physically absorbed
water and acid molecules. Most of the absorbed water molecules
exist in a bound state rather than in a free molecular state, and
hence they bound directly to the polymer chain through hydrogen
bonding [46].

The second stage of decomposition of the PVA-TEOS membrane
started from 200 to 410 �C, and was attributed to the loss of side
chain (TEOS) [47]. The weight loss was found to be around 37%,
which closely correspond to the weight of TEOS used in the prep-
aration of the crosslinked membrane. The third stage of weight loss
occurred between 410 and 550 �C, which attributed to the loss of
the PVA main chain [48]. Instead, for the PVA-TEOS-PPy membrane
the second stage of decomposition occurred between 200 and
433 �C. This is due to loss of TEOS, the corresponding weight loss
was found to be 28%, which closely matches the weight of TEOS
employed in the preparation of composite membrane. The third
stage of weight loss occurred from 433 to 550 �C. This is due to the
degradation of both the PVAmain chain and polypyrrole [49]. From
the third stage of degradation of PVA-TEOS-PPy, it is found that PVA
underwent decomposition at higher temperature than observed for
the PVA-TEOS membrane. This is due to the presence of PPy in the
PVA-TEOS template. The PPy layer is a more stable component,



Fig. 2. FT-IR spectra of PVA-TEOS and PVA-TEOS-PPy nanocomposite membrane.
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which acts as a protective barrier against the thermal degradation
of PVA-TEOS [50]. The final weight residue (char) remaining in
PVA-TEOS-PPy is slightly more that of PVA-TEOS membrane. This is
expected owing to presence of iron particles in the final residue.

3.3. XRD study

To understand the crystalline nature of PVA-TEOS and PVA-
TEOS-PPy composite membranes, we have measured the diffrac-
tion in the reflection mode, and the data thus obtained are pre-
sented in Fig. S3. It is clear that hybrid PVA-TEOS membrane
exhibited a sharp peak at 2q¼ 20� and a broad peak at around
2q¼ 26�. These two peaks relate to the semicrystalline and amor-
phous nature of PVA-TEOSmembrane, respectively. The broad peak
that corresponded to the amorphous nature of PVA-TEOS was
significantly increased upon polymerization of pyrrole. This is
apparently due to presence of PPy chains at the interplanar spacing
[51] and thus, it is concluded that crystalline behaviour of PVA-
TEOS was suppressed by the incorporation of PPy chains in PVA-
TEOS matrix.

3.4. Surface morphology and EDAX analysis

The surface morphology of hybrid PVA-TEOS and its composite
membrane was analyzed using scanning electron microscopy and
the images with different magnifications thus obtained are pre-
sented in Fig. 3. From the images (a-c), it can be seen that the
surface of the PVA-TEOS membrane appears reasonably clean and
has a sheet-like structure. However, when polypyrrole was incor-
porated, the clean sheet-like morphology was dramatically
changed to a highly orderedwrinkle topography [52]. This is mainly
due to an establishment of strong hydrogen bonding between the
eOH groups of PVA-TEOS and the pyrrole. In view of this, the ad-
hesive property was greatly increased and consequently the ther-
mal properties of the resulting nanocomposite membrane
improved as supported by the thermogravimetric analysis [53,54].
For higher magnifications (g-i), we noticed small globular features
ranging from 50 to 100 nm in size. These could be due to the close
network of polypyrrole nanoparticles and thereby the polypyrrole
was distributed evenly across the PVA-TEOS template. We take this
to signify that the polypyrrole was distributed at a nanoscale level
within the PVA-TEOS matrix [55].
To further confirm the incorporation of PPy in PVA-TEOS matrix,
we havemeasured the elemental analysis using EDAX analyzer. The
data thus obtained are presented in Fig. S4, together with the ele-
ments and their weight% (inset Table 1). It is observed that the
elements such as C, N, O, Si and Cl were detected in the composite
membrane. The presence of Si and O elements is due to the
incorporation of TEOS as crosslinker in PVA. The appearance of N is
attributed to the incorporation of polypyrrole in PVA-TEOS
network. The appearance of 7.91% of Cl is due to the presence of
dopant (HCl) and oxidant (FeCl3) used in the preparation of mem-
brane. All these elements confirm the successful incorporation of
polypyrrole into PVA-TEOS matrix through polymerization.

3.5. Electrical conductivity study

In order to optimize the electrode material so as to achieve the
highest electrical conductivity, three sets of protocols were carried
out. In set-I, pyrrole was oxidized in the presence of the PVA-TEOS
template by varying the mole ratio of FeCl3 and measuring the
electrical conductivity of all the membranes; the results are given
in Table 1. It was found that membrane with 0.25:1mole ratio of
FeCl3:pyrrole demonstrated an excellent conductivity. Thus, the
feeding mass ratio of pyrrole:PVAwas varied in set-II. The electrical
conductivity of the resulting membranes is also included in Table 1,
among the data, the membrane with 1.5:1 mass ratio of pyrro-
le:PVA exhibited the highest electrical conductivity. Based on these
data, we have fixed the mass ratio of pyrrole:PVA (1.5:1) in set-III
and varied the duration of oxidation from 10min to 12 h. It is
found that membrane oxidized for 2 h duration demonstrated an
excellent electrical conductivity. Thus, we have achieved the
highest electrical conductivity of the nanocomposite membrane by
optimizing the mole ratio of FeCl3:pyrrole, mass ratio of pyrro-
le:PVA and the reaction time. The resulting membrane demon-
strated an electrical conductivity as high as 4.56 S cm�1, much
higher than found for PPy cellulose fibers (0.0001e1 S cm�1)
[35,56,57], pure PPy film (1.14 S cm�1) [58], PPy film (0.01 S cm�1)
[59], cladophora cellulose based PPy membrane (~1 S cm�1) [34],
and polypyrrole/lignosulfonate (PPy/LGS) coated cotton fabrics
(3.03 S cm�1) [60]. To further demonstrate the efficiency, this
membrane was used as a connector for an LED display device (see
supplementary material Fig. S5). The display shows very good in-
tensity in terms of readability of the text, indicating that resulting
membrane could find potential applications in the area of flexible
electronic devices.

3.6. Electrochemical performance of PVA-TEOS-PPy nanocomposite

The electrochemical performance of the PVA-TEOS-PPy nano-
composite membrane was evaluated using cyclic voltammetry at
different scan rates as shown in Fig. 4a. At all scan rates, CV curves
exhibited roughly rectangular shapes, which is indicative of good
capacitance behavior and small equivalent series resistance (ESR)
[37,55]. Based on the CV curves, we have calculated the specific
capacitance at different scan rates using Eq. (1). The results are
presented in Fig. 4b. It is observed that the maximum specific
capacitance of 518 F g�1 was achieved at a scan rate of 10mV s�1

and it decreased to 120 F g�1 when the scan rate reached
120mV s�1. The decrease in specific capacitance with increasing
scan rate is mainly due to inaccessibility of electrons in the elec-
trode material, suggesting that redox transitions were not sus-
tainable at a higher scan rate [61]. The resulting specific capacitance
of PVA-TEOS-PPy nanocomposite membrane developed here is
superior to that of PPy based membranes reported elsewhere
[62,63].

The electrochemical performance of PVA-TEOS-PPy



Fig. 3. SEM images of (aec) PVA-TEOS, and (dei) PVA-TEOS-PPy nanocomposite membranes.

Table 1
The electrical conductivity of PVA-TEOS-PPy nanocompositemembrane achieved through optimization of reaction parameters. Molar ratio of FeCl3:Pyrrole (set-I), mass ratio of
Pyrrole:PVA (set-II), and variation of reaction time (set-III).

Set-I Set-II Set-III

FeCl3:Pyrrole (molar
ratio)

Electrical conductivity (S
cm�1)

Pyrrole:PVA (mass
ratio)

Electrical conductivity (S
cm�1)

Pyrrole:PVA (mass
ratio)

Time
variation

Electrical conductivity (S
cm�1)

0.125:1 1.257 0.25:1 0.1664 1.5:1 10min. 1.4573
0.25:1 1.551 0.5:1 0.5556 1.5:1 30min. 2.9809
0.5:1 0.728 1:1 1.6934 1.5:1 1 h. 3.6863
0.75:1 0.309 1.5:1 3.154 1.5:1 2 h. 4.5652
1:1 0.048 2:1 2.4917 1.5:1 3 h. 2.15

e e 4:1 1.3499 1.5:1 6 h. 1.5512

e e e e 1.5:1 12 h. 0.9111
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nanocomposite was further examined by galvanostatic charge-
discharge (GCD) technique. Fig. 4c displays the charge-discharge
curves of PVA-TEOS-PPy nanocomposite at current densities of
0.1, 0.2, 0.5, 1 and 2 A g�1. It is observed that all the curves are
symmetrical in nature; this confirms the superior reversible redox
reactions and excellent supercapacitive properties of the PVA-
TEOS-PPy nanocomposite membrane. The GCD curves show a de-
viation from a triangular shape, suggesting that the developed
electrode exhibited redox behaviour. This might be due to a pseu-
docapacitance contributed from the Faradaic reaction of PPy. The
specific capacitance values of PVA-TEOS-PPy calculated from its
charge-discharge curves using Eq. (2) are plotted as a function of
current density as shown in Fig. 4d from this plot, it is observed that
the specific capacitance decreased monotonously with increasing
the current density. The nanocomposite membrane developed
demonstrated an excellent specific capacitance as high as 484 F g-
1 at 0.1 A g�1. This value is much higher than those reported for PPy,
CNT and graphene based supercapacitors [52,61,64e66].

Electrochemical impedance spectroscopy (EIS) was employed to
measure the charge transfer resistance of PVA-TEOS-PPy nano-
composite electrode at 5mV amplitude over a frequency range of
100 kHz to 0.01 Hz. The Nyquist plot is drawn between the real (Zˈ)
and imaginary (Zˈˈ) parts of the impedance data as shown in Fig. 4e.
The resulting Nyquist plot is divided into two frequency regions: a



Fig. 4. Electrochemical characterization of PVA-TEOS-PPy nanocomposite membrane. (a) Cyclic voltammograms of PVA-TEOS-PPy nanocomposite membrane at different scan rates
in 1MH2SO4. (b) Variation of specific capacitance with scan rate. (c) Charge-discharge curves of PVA-TEOS-PPy nanocomposite membrane at different current densities. (d) Specific
capacitance of PVA-TEOS-PPy nanocomposite membrane as a function of current density. (e) Nyquist plot of PVA-TEOS-PPy nanocomposite membrane. (f) Ragone plot of PVA-TEOS-
PPy nanocomposite.
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characteristic semicircle observed at high frequency region and an
inclined portion at low frequency, this clearly indicates the exis-
tence of ideal capacitor behavior [67]. The equivalent circuit model
of PVA-TEOS-PPy membrane is proposed as shown in Fig. S6. The Rs
and Rct are the solution resistance and charge transfer resistance,
respectively. Rdes represents the resistance of ion desorption from
the nanomaterials. A constant phase element (Qdl) was used to
represent the double-layer capacitance at the electrode/electrolyte
interface. In view of the in-homogeneity or roughness at the
interface, a constant phase element was used instead of a capacitor,
where Qps represents pseudocapacitive charging [68]. The values of
Rs, Rct, Rdes and Qdl are found to be 12.75, 14.1, 3.02U and
0.22802� 103 F, respectively.

To assess the performance of a supercapacitor, both energy
density and power density play important role, energy density
represents the amount of energy stored per unit mass, whereas the
power density describes how fast the energy is released. To
demonstrate this, the Ragone plot of energy density versus power
density is shown in Fig. 4f. The nanocomposite electrode developed
here exhibited an energy density of 67.22Wh kg�1 at a power
density of 61.82Wkg�1. The power density was improved to
2510Wkg�1 with an energy density of 32.77Wh kg�1, indicating
that the electrode retained an energy density of about 50%. These
values are superior to the values reported for PPy based symmetric
systems [60,69e71]. Based on the results, we ascertain that PVA-
TEOS-PPy nanocomposite membrane electrode exhibited an
excellent energy density and power output, which could be of use
as a potential material for a high-performance supercapacitor.

Fig. 4g shows the stability curves of the PVA-TEOS-PPy mem-
brane for the 1st, 1200th and 4500th cycles. It is observed that the
specific capacitance increased from the 1st cycle to 1200th cycles,
and then decreased from the 1200th to 4500th cycles. The increased
specific capacitance of PVA-TEOS-PPy electrode in the first 1200th

cycles is due to a self-activation process [72]. The capacitance
retentionwas about 95% even for 4500 cycles. These results suggest
that the PVA-TEOS-PPy electrode membrane demonstrated an
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outstanding cycle performance as compared, for example, to PPy
based supercapacitors reported in the literature [35,73e75].

3.7. Electrochemical performance of interdigital and sandwich-type
devices

To assess the electrochemical performance, the newly designed
and fabricated interdigital micro-supercapacitor and sandwich-
type supercapacitor devices were subjected to cyclic voltamme-
try, galvanostatic charge-discharge technique and electrochemical
impedance spectroscopy. As shown in Fig. 5a and b, both inter-
digital and sandwich-type supercapacitor devices show elliptical
shape curves at all scan rates with no apparent redox peaks, sug-
gesting that both the devices exhibited typical EDLC-type behav-
iour [76]. Among these two devices, the interdigital micro-
supercapacitor (Fig. 5a) showed a current value up to 150mA,
which is almost three times higher than that of the sandwich-type
supercapacitor (Fig. 5b). This clearly suggests that the interdigital
micro-supercapacitor has more rapid charge transport and exhibits
a higher rate performance compared to the sandwich-type super-
capacitor. Similarly, a charge-discharge study was carried out in the
potential range between �1 V and þ1 V at a current density of
0.05 A g�1 (Fig. 5c). It is noticed that both the devices showed the
triangular charge-discharge curves. At fixed current density of
0.05 A g�1, the specific capacitances of the interdigital micro-
Fig. 5. Electrochemical performance of supercapacitor devices. Cyclic voltammograms of (
scan rates. (c) Charge-discharge curves of interdigital micro-supercapacitor and sandwich-t
type and interdigital micro-supercapacitors.
supercapacitor and sandwich-type supercapacitors were found to
be 51.42 and 25.49 F g�1, respectively. Between the two, the inter-
digital micro-supercapacitor exhibited almost double the capaci-
tance compared to the sandwich-type supercapacitor. This is
mainly due to the unique design (pattern) employed for the fabri-
cation of interdigital micro-supercapacitor, which minimizes the
pathway for ion diffusion between the electrolyte and electrode
material. In addition to this, the micro-scale architecture of the
device results in a significant reduction of the mean ionic diffusion
pathway between the two microelectrodes. Thus, the interdigital
micro-supercapacitors have several advantages over the conven-
tional sandwich-type supercapacitors. First, having both electrodes
in the same plane is compatible with on-chip integration. Second,
the travelling distance of the ions in the electrolyte is a major
performance factor in supercapacitors, which can be very well
controlled and shortened while eliminating the necessity of a
separator, which is indispensable in the sandwich-type super-
capacitors to prevent the electrical shorting [77]. Third, the inter-
digital structure could potentially be extended to three dimensions,
which allows loading more material per unit area while leaving the
mean ionic diffusion path unaffected. Thus, this architecture has
the potential to achieve a high power density and high energy
density in a small footprint [78,79].

EISmeasurements were also carried out for both interdigital and
sandwich-type devices at a sinusoidal signal of 5mV in the
a) interdigital micro-supercapacitor and (b) sandwich-type supercapacitor at different
ype supercapacitor at fixed current density of 0.05 A g�1. (d) Nyquist plot of sandwich-
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frequency range of 100 kHz to 0.01 Hz. Fig. 5d shows the corre-
sponding Nyquist plots of both the devices. A nearly vertical
Nyquist plot was observed in both the devices at low frequency
range, which indicates an ideal capacitor behaviour owing to the
fast diffusion of ions across the electrode material. In the high-
frequency region, it is possible to measure the equivalent series
resistance from the extrapolated intersection of the curve with real
axis of impedance Zˈ, which corresponds to zero for Zʺ. The esti-
mated equivalent series resistance values of the interdigital and
sandwich-type devices were found to be 85 and 150U, respectively.
Consequently, the specific capacitance of the interdigital micro-
supercapacitor device was almost two times higher (51.42 F g�1)
than that of sandwich-type supercapacitor (25.49 F g�1). This infers
that the interdigital micro-supercapacitor device developed here
with a unique design by judiciously choosing the hybrid flexible
material demonstrated an excellent performance as a
supercapacitor.

Finally, we have also calculated the energy density and power
density of supercapacitor devices. The interdigital micro-
supercapacitor exhibited extremely high energy density of
7.14Wh kg�1 with a power density of 47.60Wkg�1 as compared to
the sandwich-type supercapacitor, which has an energy density of
just 3.5Wh kg�1 with a power density of 49.0W kg�1. Thus, we can
achieve a significant increase in supercapacitor performance when
scaling down the electrode dimensions to the micro-scale using
interdigital micro-supercapacitor.

4. Conclusions

A simple method is adopted to prepare the electrically
conductive flexible membrane using TEOS crosslinked PVA as a
hybrid substrate via in-situ polymerization of pyrrole. It is evident
from the study that polypyrrole was successfully incorporated into
a crosslinked PVA template. The electrical conductivity of the
resulting PVA-TEOS-PPy membrane was optimized by varying the
reaction parameters, such as molar ratio of oxidant to monomer,
mass ratio of pyrrole to PVA-TEOS and the reaction time. The
optimized composite membrane showed an excellent electrical
conductivity as high as 4.56 S cm�1 with improved thermal stabil-
ity. The developed PVA-TEOS-PPymembrane exhibited an excellent
electrochemical performance with a specific capacitance of 484 F g-
1 at 0.1 A g�1 in 1MH2SO4 electrolyte, while retaining the cycle life
stability of 95% as evidenced from the retention of capacitance even
after 4500 cycles. Electrochemical measurements have clearly
shown that the PVA-TEOS-PPy nanocomposite could be used as a
good electrode material for micro-supercapacitor. Considering its
flexibility, high specific capacitance and good cycle life stability, we
further developed a new flexible, low cost and easily fabricated
interdigital micro-supercapacitor device with a unique design us-
ing the PVA-TEOS-PPy nanocomposite as an electrode material and
its performance was systematically investigated. It exhibits a spe-
cific capacitance of 51.42 F g�1, which is almost two times higher
than that of the sandwich-type supercapacitor (25.49 F g�1) at a
current density of 0.05 A g�1. Based on its electrochemical perfor-
mance, the newly designed and fabricated interdigital micro-
supercapacitor could be a promising device for supercapacitor
applications.
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Nomenclature

TEOS: Tetraethyl orthosilicate
PVA: Poly(vinyl alcohol)
EIS: Electrochemical impedance spectroscopy
CV: Cyclic voltammetry
GCD: Galvanostatic charge-discharge
EDLC: Electrochemical double layer capacitors
MOs: Metal oxides
CPs: Conducting polymers
CNTs: Carbon nanotubes
PPy: Polypyrrole
FTO: Fluorine doped tin oxide
Mw: Molecular weight
DMF: N,N-Dimethylformamide
FTIR: Fourier transform infrared spectroscopy
TGA: Thermogravimetric analysis
SEM: Scanning electron microscope
UTM: Universal testing machine
EDAX: Energy-dispersive X-ray spectroscopy
XRD: X-ray diffraction
mA: Milliampere
Мm: Micrometer
Cu: Copper
Q: Theta (degree)
V: Volt
A: Ampere
Cm: Centimeter
s: Conductivity
F: Farad
Kg: Kilogram
E: Energy density
P: Power density
PET: Poly(ethylene terphthalate)
LED: Light emitting diode
ESR: Equivalent series resistance
KHz: Kilo Hz
SS: Sandwich-type supercapacitor
IMS: Interdigital micro-supercapacitor


