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ABSTRACT

Wide-scale production of non-biodegradable e-waste from electrical appliances are causing great harm to the
environment. The use of bio-polymer based nanomaterials may offer a promising approach for the fabrication of
eco-friendly sustainable devices. In this work, gelatin/single walled carbon nanotube (Gel/SWCNT) nano-
composites were prepared by a simple and economic aqueous casting method. The effect of SWCNT on the
structural, surface-morphological, electrical, and electrochemical properties of the nanocomposite was studied.
Fourier transform infrared spectroscopy (FTIR) and field emission scanning electron microscope (FESEM) showed
an improved degree of interaction between the SWCNTs and Gel matrix. The surface wettability of the nano-
composites was found to be changed from hydrophilic to hydrophobic in nature due to the incorporation of
SWCNTs into the Gel matrix. The incorporation of SWCNTs was also found to reduce the DC resistivity of the
nanocomposite by 4 orders of magnitude. SWCNTs also increase the specific capacitance of the nanocomposite
from 124 mF/g to 467 mF/g at a current density of 0.3 mA/g. The electrochemical impedance spectroscopy
analysis revealed an increase of the pseudo-capacitance increased from 9.4 pF to 31 pF due to the incorporation of
SWCNT. The Gel/SWCNT nanocomposite showed cyclic stability with capacitive retention of about 98% of its
initial capacitance after completing 2000 charging/discharging cycles at a current density of 100 mA/g. The
nanocomposite completely dissolves in water within 12 h, demonstrates it as a promising candidate for transient
energy storage applications. The Gel/SWCNT nanocomposite may offer a new route for the synthesis of eco-
friendly, biodegradable, and transient devices.

1. Introduction

nature. Heavy metals like lead, mercury, cadmium, thallium, nickel, etc.
are extremely harmful to any living being [6].

Though the electrical and electronics industry is presently emerging
at a rocket speed, the aftermath is not quite pleasant. The junks or solid
wastes produced from electrical appliances after their lifetime is named
electronic waste or ‘E-wastes’ [1, 2]. With the recent booming in this
industry, the amount of yearly production of E-wastes also got increased.
Subsequently filling up the landfills, E-wastes are now endangering na-
ture by taking place in the rivers, seas, and oceans [3, 4]. Most of the
components of these wastes are produced from toxic and
non-biodegradable materials, which are making them a constant threat to
the nature [5]. The scraps derived from the E-wastes are mainly plastics,
glass, and metals [3]. Synthetic plastics are considered as the greatest
threat to nature in modern civilization for their non-biodegradable
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Some of the heavy metallic residues of e-wastes are tremendously
hazardous (wastes produced from the battery of a device) and are
harmful to living bodies and the natural environment not only in the
present time but also for future generations [6]. As per an estimation by
the UN, only in the year 2018, the overall discarded E-wastes from the
whole world were approximately 50 million metric tons [3, 7]. So, to
ensure a sustainable energy future it is a call of time to invent efficient
novel materials for device applications (such as-sensor, actuator, battery,
supercapacitor, etc.) that can meet the quality expectation with less or no
harmful footprints on nature. To meet these demands, materials from
nature-derived or renewable resources should be brought to the attention
of the device manufacturing industries.
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A number of devices such as sensors, actuators, drug delivery de-
vices, etc. used in the biomedical and environmental sector need to
perform efficiently for a certain period of time and then disappear
from the system without causing any hamper [8, 9, 10]. They do not
need a constant source of energy as well as a long-lasting structural
body. These devices should have made with fully bio-derived mate-
rials that can perform swiftly for the desired period of time and then
disappear from the system without leaving any harmful footprints.
These kinds of devices are called transient devices [11, 12]. It is an
emerging and promising field where the invention of bio-derived
novel materials appropriates for use in the devices is the main focus.
More recently, electronic devices fabricated from transient materials,
named transient electronics have gained significant research attention
[11, 13].

Polymer obtained from bio-derived sources is the most suitable can-
didates for transient device applications [8, 12, 13, 14]. More specifically,
bio-inspired polymer nanocomposites is a special class of materials that
consist of nature-derived polymer and are of particular interest because of
their environment-friendly features. Polymers present in different bio-
logical bodies are abundant, cost-efficient, and nature-friendly materials
possessing all the advantages of polymers like flexibility, heat and electron
resistivity, mechanical strength along with lightweight, etc. [15, 16, 17].
So far, a number of biopolymers, such as cellulose, starch, chitosan,
gelatin, etc. [8, 12, 13, 14] have shown transient device applications.
Among them, gelatin is one of the most promising biopolymers synthe-
sized from partial hydrolysis of collagen present in bones of animal body
found its applications in a number of fields including food packaging, drug
delivery, bio implant, etc. [18, 19, 20]. In this article, we will focus on the
transient energy storage performance of gelatin bio-polymer.

The different physical properties of the polymer can be tuned,
improved and its area of applicability can further be widened by adding
fillers into the polymer matrix. Recently, nanostructured materials have
gained significant research attention as filler materials because of pos-
sessing unique and promising physical, chemical, structural, and me-
chanical characteristics [21, 22, 23]. Among the available alternatives,
single wall carbon nanotube (SWCNT), rolled up cylinder of a single layer
of graphene, has considered as a popular building block for the synthesis
of bioinspired polymer-based nanocomposites because of their unique
electronic properties, high thermal conductivity together with extraor-
dinary mechanical strength and flexibility [24, 25, 26].

The high electronic conductivity together with a large surface area
allow accumulation of charge carrier at the electrode surface and the ion
at the electrolyte that forms electric double-layer capacitance [27, 28,
29]. Because of these outstanding properties SWCNT is considered as an
ideal candidate for electrical energy storage purposes [30, 31].

The properties and performance of a nanocomposite depend on its
synthesis process. Some processing techniques such as surface activa-
tion, modification, in situ polymerization, etc. are laborious, expensive,
involve complex processing steps, and are often not easy for industrial
applicatons [32, 33]. Therefore, to get the best result for being
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benefitted, a route of easy processing should also be determined. The
solution cast technique offers an easy, high yield, and cost-effective
route for the production of novel polymer nanocomposites [34].

Although transient electronics is an emerging and promising field of
research, only a few attempts have been reported till date [34, 35, 36, 37].
However, to the best of our knowledge, no work has been reported yet on
the study of electronic energy storage behavior of the bio-inspired gelat-
in/SWCNT nanocomposites. In this work, we synthesized bio-inspired
gelatin/SWCNT nanocomposite following a facile route of production-
‘aqueous solution processing’. The effect of the concentration of SWNTs on
the chemical bonding, surface morphology, electrical transport, and
electrochemical performance of the nanocomposites were evaluated.
Cyclic voltammetry (CV), galvanostatic charging-discharging (GCD), and
electrochemical impedance spectroscopy (EIS) analysis were conducted in
a three-electrode system in 0.1 M KCl electrolyte solution to study the
electrochemical properties of the nanocomposites. The incorporation of
SWCNTs was found to significantly enhance the pseudocapacitance of the
nanocomposites and thereby increase the specific capacitance. Besides,
the cyclic stability, rate capability as well as bio-degradability has also
been discussed in detail.

2. Experimental section
2.1. Material

Gelatin powder (type B from bovine skin, ~200 Bloom) and glycerol
(98% pure) were obtained from Sigma-Aldrich. Well-dispersed aqueous
suspension of single wall carbon nanotube (concentration ~50 pg/mL)
was obtained from Brewer Science. The solution contains mostly indi-
vidual SWNTs with an average length of ~1-2 um and the diameter of
the SWCNTs varies between 0.5- 5.0 nm [26, 28].

2.2. Nanocomposite preparation

A solution of gelatin and glycerol was made where the ratio of gelatin
to glycerol was kept at 3:1. Gelatin was perfectly dissolved by applying a
little heat along with mechanical stirring. Then the well-dispersed
aqueous solution of SWCNT was incorporated in this solution at
different proportions (50uL, 100pL, and 200pL) to make the nano-
composite. Heat was applied to evaporate the excess water from the so-
lution and stirring was confirmed throughout the process to ensure the
proper dispersion of SWCNTs while film-forming. The obtained solution
was then cast on a glass Petri dish and dried with open airflow in a safe
place at room temperature for at least 72 h. Afterward, these samples
were vacuum conditioned at 740 mm Hg for about 1 day. Then the films
were peeled out carefully from the glass slide and were ready for char-
acterization. Figure 1 represents a schematic illustration of the nano-
composite preparation and formation methodology in the above-
mentioned process. Here the samples containing 0 pL, 50 pL, 100 pL,
and 200 pL SWCNT is termed as A, B, C, and D respectively.

/ )
\ 4
Gelatin mixed SWCNT added Heated for 30 2
2 A A A Flexible films
with water and to Gelatin minutes with P ained
glycerol at 50°C solution stirring at 70°C

Figure 1. Schematic illustration of the different steps in the synthesis of Gel/SWCNT nanocomposites.
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2.3. Electrode preparation

A glassy carbon electrode was used as the current collector in this
preparation. The electrode was cleaned by rubbing on a smooth paper in an
8-fashioned way and the mass of the electrode was measured in a digital
weight machine which has an accuracy of up to 0.0001 g. Then a tiny drop
of the prepared material was deposited directly on the top contact surface of
the electrode. Then the electrode was dried at room temperature for 2 h.
Finally, vacuum dried for 1 h, and then again, the mass of the electrode was
measured. Mass of the deposited material was found from the difference of
masses measured from before and after the deposition.

2.4. Characterization

The presence of different groups in the cross-linked nanocomposites
was studied by Fourier transform infrared spectroscopy (FTIR) analysis.
The FTIR analysis was performed in attenuated total reflection (ATR)
mode by using a (Shimadzu IRSpirit) spectrophotometer at a spectrum
range of 640-4000 cm L.

The surface morphology of the cross-section of Gel/SWCNT nano-
composite was studied by a field emission scanning electron microscope
(FESEM) (JEOL JSM-7600F) at an accelerating voltage of 5 kV. Before
imaging, the composites were sputtered by a thin layer of gold/palladium.

A homemade Van der Pauw four-probe setup was used to evaluate the
DC electrical properties of the nanocomposite. The resistivity, p of the
composite were estimated by the equation, p= 2zs(V/D) [38]. Where Vis the
applied potential between the innermost probes, I is the measured current
obtained between the external pair of probes, and s is the probe-spacing.

2.5. Electrochemical measurement

All the electrochemical properties were analyzed in a three-electrode
system: a glassy carbon electrode was used as the working electrode, a
platinum foil plate (1 x 1 cmz) serve as the counter electrode, and a silver/
silver chloride electrode (Ag/AgCl) was used as the reference electrode,
and 0.1 M KCl was used as an ionic aqueous electrolyte solution. The cyclic
voltammetry (CV), galvanostatic charge/discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) were measured by using CS310
Electrochemical Working Station (corrtest, china). The CV and GCD were
observed over a voltage range from -0.2 V to 0.7 V, and the EIS data was
taken in the frequency range between 0.01- 100,000 Hz by applying an
AC voltage perturbation of 10 mV. 2000 GCD cycles were performed at a
current density of 100 mA/g from -0.2 V to 0.7 V voltage window. All the
electrochemical tests were carried out at room temperature.

The specific capacitance Cg of the biocomposites was estimated by
integrating the area under the cyclic voltammogram (CV) curves ac-
cording to the following equation,

V2
Cs = sy J 1(V)dV [39, 401;
V1

where v is the voltage scan rate, m is the mass of the active material and
(V2 -Vy) is the applied potential window.

The specific capacitance can also be calculated from the galvanostatic
charging-discharging curve, using the equation,

_ Idisch d .
Cs = Misch dt 139, 477,

where Iy is the discharge current and dV/dt is the gradient of the GCD
curve during discharging.

The Energy density, E and Power density, P are calculated with the
following formula,

E = G4V (39 42];
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Figure 2. FTIR Spectra of Gel/SWCNT nanocomposites for different amounts of
SWCNT filler content.

P = Ex3600[39 42];

Where, Cs = Specific capacitance calculated from GCD graph; AV =
Operating voltage window and At = Discharge time.

3. Result and discussion
3.1. Fourier transform infrared spectroscopy

FTIR spectroscopy was carried on the sample's surface to analyze the
structural properties of the prepared Gel and Gel/SWCNT samples.
Figure 2 illustrates the FTIR spectra of all the nanocomposite samples
from 650 cm ™! to 4000 cm ™! wavenumber range. From Figure 2, a broad
and deep absorption peak is observed from 3100 em™! to 3600 cm !
which is the corresponding peak for the strong stretching vibration of
—OH group of the trapped water from solution remained in the sample
[20, 43]. Other characteristic peaks for the peptide groups of gelatins
such as amide-A, B, I, I, III are also noticed here. The peak at 2935 cem!
for amide-A represents the NH- stretching coupled with hydrogen
bonding. The peak of Amide B situated at 2883 cm ™! originates from the
stretching of CH- and NH3 [43]. Absorption peaks located at 1638 em™},
1542 cm™ !, and 1254 cm™! correspond to the amide-I, II, III band
respectively. Amide- I arise from the C=0 stretching vibrations whereas
amide -II represents bending of N-H groups associated with stretching of
C-N groups. Amide -III arises due to vibration of CHy group [44]. The
addition of SWCNT doesn't add any additional peak may be due to low
concentration. But the increase of intensity and a slight shift of the peak's
position in accordance to SWCNT concentration indicates a possible
interaction has occurred among the SWCNTs and the —OH group of water
and glycerol of the solution along with NHy— groups of gelatins. Thus,
SWCNTs allocate themselves well in these intermediate locations.

3.2. Surface morphology analysis

The morphology of the cross-sectional surfaces Gel/SWCNT nano-
composites was studied by the FESEM and is presented in Figure 3. The
surface of the pure Gel was found to be smooth. SWCNT was observed for
sample B, maybe due to the use of a vary low concentration of SWCNT.
However, traces of SWCNTs were observed for samples C and D. With the
increase of SWCNT filler concentration the roughness of the film got
increased. This type of morphological feature has also been observed in
Gel/CNT nanocomposites, reported earlier and occurred due to the for-
mation of interfacial bonding between carbon nanotube and the polymer
matrix [45, 46]. Furthermore, the increase of the nanofiller concentra-
tion was found to increase the roughness of the composite surface.
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Figure 3. FESEM images of Gel/SWCNT films with different filler concentrations: (a) sample A, (b) sample B, (c) sample C, and (d) sample D. Presence of SWCNTs are

indicated by arrows.
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Figure 4. The change in the water contact angle of Gel/SWCNT nano-
composites for different concentrations of SWCNTs.

3.3. Surface wettability

The surface wettability property of the nanocomposites was studied
by measuring their corresponding contact angle and the result is dis-
played in Figure 4. The water contact angle (WCA) for the materials
showed a transition from hydrophilic to a moderately hydrophobic
character due to the incorporation of SWCNT into the Gel sample. This
might be because of the uneven surface and surface roughness of the
sample with SWCNT [29, 47]. The contact angle for Gelatin was found to
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Figure 5. Variation of the DC Resistivity among Gel and Gel/SWCNT nano-
composites as a function of SWCNT content.

be 66.81° which confirmed its hydrophilic nature, but with the incor-
poration of SWCNTs, WCA rose. After incorporating 200pL of SWCNT,
the WCA rose to 106.48° and the nanocomposite became hydrophobic in
nature. This happens as the SWCNTs are generally highly hydrophobic in
nature due to their non-polar structure [10, 48], so only a trifling amount
of filler can make the Gel material moderately hydrophobic. The carboxyl
groups of SWCNTs along with the hydroxyl groups of gelatins is
responsible for the lesser water uptake [10, 49, 50].
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Figure 6. Cyclic Voltammetry of a) Gel, b) Gel/50pL SWCNT, c) Gel/100pL SWCNT, and d) Gel/200puL SWCNT at different voltage scan rates.
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(c) galvanometric charging-discharging curve at a current density of 0.3 mA/g, (d) specific capacitance estimated from GCD curve for all the samples.
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3.4. DC resistivity

The variation of the DC resistivity of the Gel and Gel/SWCNT com-
posites is shown in Figure 5. The DC resistivity of the nanocomposites
significantly decreased for the incorporation of SWCNTs in the Gel ma-
trix. Sample B with only 50 pL of SWCNT content, exhibited an insulator
to conductor transition in the nanocomposites. The nanocomposites
displayed a dramatic decrease of around 4 orders of magnitude in their
DC resistivity. For the pure gelatin sample, A, DC resistivity was
measured around 57 MQ cm. This value decreased down to 7 kQ-cm for
the incorporation of only 50 pL. SWCNT in the polymer matrix. Sample D
with 200 pL of SWCNT content showed DC resistivity of around 5.4 kQ-
cm. Gelatin is a biopolymer and electrically behaves like an insulator
[49]. But the incorporation of SWCNT fillers gradually builds a pathway
for electrons to pass through the insulating polymer complex. The main
reason for this outcome is the atomic structure of SWCNTs. SWCNTs are
the folded form of sp® hybridized graphene sheets and in their atomic
arrangement, there remains one free electron that shows electronic
properties [51]. When a voltage is applied to the nanocomposites the
unhybridized electron takes part in conducting electricity from one tube
to another throughout the polymer matrix through different processes
like tunneling, hopping, or jumping [52].

3.5. Electrochemical properties

3.5.1. Cyclic voltammetry

Cyclic voltammetry was conducted to investigate the electrochemical
properties of the prepared materials. Figure 6(a-d) shows the CV curves
of the four samples- A, B, C, and D respectively at different scan rates: 5,
10, 20, 50, 80 and 100 mV/s in the voltage range from -0.2 V to 0.7 V.
Observed CV curves found to be near rectangular and approximately
symmetric in shape. Figure 7(a) gives a comparative illustration of all the
nanocomposite materials at a voltage sweep rate of 100 mV/s. The cor-
responding values of the specific capacitance (Cs) at different scan rates
for all the samples were measured and listed in Figure 7(b). From the
figure, it was found that the material holds a larger value of Cg in a lower
scan rate. At 5 mV/s the value of C; was estimated to be 180, 193, 197,
and 219 mFg for Gel, Gel/50uL. SWCNT, Gel/100pL SWCNT, and Gel/
200puL SWCNT nanocomposites respectively. This is due to the ions of the
electrolyte have enough time for getting diffused into the SWCNT
intermolecular regions at low scan rates [37, 53]. Thus, ions can utilize
more surface area of SWCNTs rather than they can in higher scan rates
[54]. At higher scan rates the charging and discharging happens too
rapidly to diffuse the ions properly and the value of Cs decreases. At 100
mV/s, for sample D the value of Cs was found to be 129.42 mF/g where
the rate capability is about 40% of the initial value at 5 mV/s. Although
the shape of the CV curve is nearly rectangular, a slight bump of redox
peak is observed at around 2.5V. This peak and the cumulative
quasi-rectangular shape of the CV curves with the incorporation of a
higher amount of SWCNT in the Gel matrix confirms the existence of
pseudo-capacitance [29, 55]. Pseudo-capacitance could be raised from
the interaction of SWCNT with the open bonds of the gelatin skeleton in
the ionic electrolyte [55]. The collective effect of forming a capacitive
layer and pseudo-capacitance is the reason of the increase of the Cs with
the incorporation of SWCNT [56].

3.5.2. Galvanometric charging discharging

To have more substantial information about the electrochemical
properties of the Gel/SWCNT materials, galvanometric charging and dis-
charging (GCD) was performed. The GCD operated at -0.2V-0.7V voltage
window at different current densities (0.3, 0.5, 0.8, 1, and 2 mA/g),
Figure 7(c) gives a comparative illustration of GCD of all the nano-
composite materials at 0.3 mA/g current density and all the corresponding
specific capacitance, Cs values shown in Figure 7(d) exhibits an increase of
Cs with SWCNT increment in the Gel matrix. Here also observed the
specific capacitance is higher at lower current densities. Cs of about 124,
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Figure 8. The best fitted curves of the complex impedance spectra (Nyquist plot
of all the samples were taken from 0.01 Hz to 10° Hz). The inset shows the
equivalent circuit used for simulation.

291, 422, and 467 mF/g were found for samples A, B, C, and D respectively
at 0.3 mA/g current density. The reason is that at lower current density
lesser amount of ions come close to a certain portion of the surface area of
the SWCNT wall and can diffuse themselves properly [42, 57]. Whereas at
higher surface area more ions traffic at certain portion of SWCNT wall and
cannot diffuse themselves enough into the SWCNT surface [35, 57, 58]. As
a result, the value of Cs lowers down. Also, the charging-discharging rate
accelerates at the higher current densities results in a lower value of Cs. At
a higher current density of 2 mA/g, the value of Cs was calculated 60, 73,
88, and 128 mF/g for the sample A, B, C, and D respectively. The specific
capacitance of the highest SWCNT contained sample increases by 4 times
than that of the pure Gel sample as the SWCNTSs form a conductive channel
throughout the electrode material and increase the ion transportation
[58]. The distorted triangular shape of the GCD curve also confirms the
pseudo-capacitance of the nanocomposites as discussed in the previous
subsection [29, 55, 56].

3.5.3. Electrochemical impedance spectroscopy

Nyquist plots were used to analyze the electrochemical impedance of
the nanocomposite samples. To evaluate the contribution of different
electrical component parts in the Nyquist plot a simulation was run and
the best-fitted curves along with the equivalent circuit are shown in
Figure 8. Corresponding values of the elements of the equivalent circuit
are recorded in Table 1. Different portions of the Nyquist plot carry
different information about the sample's electrochemical status accord-
ing to the applied frequency. In the high-frequency region, the point
where the Nyquist plot intercepts the real axis represents the value of
combined series resistance, Rg; this value is the combination of the actual
resistance of the electrode material, the resistance of the electrolyte and
contact resistance of the electrode, and current collector [55, 59]. The
value of R tends to decrease with the incorporation of SWCNTs in the
polymer matrix from 7.45 Q for Gel to 7.41 Q for Gel/200pL. SWCNT
nanocomposite. SWCNTs might have created an easy route for current
collectors to decrease the Ry value [50]. The semi-circle in the
high-frequency region is indicative of the electrode conductivity and the
charge transfer resistance of the electrode material [50, 57]. The radius
of the semi-circle embodies the value of charge transfer resistance, Rt
[59]. The value of R obtained from the simulation are 106.60 Q, 88.98
Q, 81.33 Q, and 74.80 Q for samples A, B, C, and D respectively. The
extraordinary electric conductivity of SWCNTs helps to decrease the
charge transfer resistance of the electrode [59]. The semicircular shape
arises for a parallel relation of Cq; with Rt Cq) is the capacitance of the
double layer formed near the electrode-electrolyte interaction area [33,
59]. The fitted values obtained for Cq are increased from 3.76 nF for Gel
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Table 1. The values of the different components of the equivalent circuit for
different Gel/SWCNT sample sobtained from simulation.

Sample R, (Ohm) Cq (nF) R (Ohm) Cp (UF)
A 7.45 3.76 106.60 9.40

B 7.44 4.85 88.98 12.77
C 7.43 5.35 81.33 21.07
D 7.41 6.46 74.80 30.90

to 6.46 nF for the Gel/200puL SWCNT nanocomposite. The internal spaces
where SWCNTs located might have created a charge capacitive region
and thus Cgq value increased [33, 59]. In the intermediate frequency
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region, the nearly 45° slope of the curves is described as the Warburg
resistance region, which represents the ion diffusion/transport on the
electrolyte and electrode contact surface [60, 61]. In the low-frequency
region, the capacitive behavior dominates as the bulk capacitance of
the nanocomposite material, which is mainly pseudo-capacitance, G,
took place [55, 56]. The C, value of the Gel/200uL SWCNT electrode
(30.9 pF) increased more than three times the value obtained for Gel
electrode (9.4 pF). Overall, as electrode material, the prepared nano-
composites display well capacitive behavior.

3.5.4. Cyclic stability and Ragone plot
Figure 9(a) displays capacitance retention of the Gel/200pL SWNT
nanocomposite and the sample retains 98% of its maximum capacitance

Voltage(V)

0.0 0.4 0.8 12
Time(sec)
0.6
—_—A
< 0.4 —t—C
s ——D
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g
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Figure 9. (a) The capacitive retention for 2000 cycle of GCD; (b) the GCD curves for the 1st and the 2000th cycle, (c) the Nyquist plots before and after 2000 cycle of

the GCD performed, (d) Ragone plot of the nanocomposites.

Figure 10. (a)-(f). Biodegradability test of the Gel/SWCNT samples in DI water.
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after completing 2000 charging/discharging cycles at 100 mA/g current
density. Figure 9(b) reveals the almost unchanged shape of the 1% and
2000™ charging/discharging cycle. Then again, Figure 9(c) shows the EIS
performed before and after 2000 GCD cycles. The series resistance of
them remains nearly similar. The minor alteration of the resistance
happens as some faradaic reaction or corrosion occurs on the electrolyte-
electrode material surface [35, 57]. The slope of the Warburg resistance
gets more inclined as the diffusion of ions from the faradaic reaction
increases on the contact surface [61]. This impressive cyclic stability with
long cycle life enhances their compatibility as an electrode material of
supercapacitor.

From the Ragone plot 9(d) it is observed that the energy density of the
Gel/SWCNT nanocomposites decreases with the increase of power den-
sity from 1.35 to 9 W/kg with the current densities increase from 0.3 to 2
mA/g. The nanocomposite with 200uL. SWCNT exhibited an energy
density decrease from 0.53 to 0.16 Wh/kg in the power density range.
Maybe a greater concentration of SWCNTs could have been made a sig-
nificant difference in the energy density.

3.6. Biodegradability analysis

Figure 10 (a) to (f) shows the degradation of Gel/SWCNT nano-
composite film with respect to time in DI water at room temperature. It
took about 12 h to fully and safely disappear a 30 x 10 x 1 mm?® film
from the system. Biopolymers like gelatin are substituted or incorporated
with some hydrophilic groups such as amino acid group, alcoholic group,
etc. into their backbone that can dissolve, disperse, or swell in water [41,
62]. The swelling of the gelatin sample is understandable by comparing
Figures 10(a) and 10(b). At that point, the swelled film breaks into pieces
only by a gentle stirring 10(c). A gentle stirring for few seconds was
performed every 2 h and the pictures were taken. Finally, the film was
fully dissolves into water without remaining any trace after 12 h.

From the above discussion, it is clear that the incorporation of SWCNT
into the Gel matrix can improve the electrochemical performance of the
nanocomposite. The observed specific capacitance of the nanocomposite
is quite low and this because of the low concentration of SWCNT nano-
filler used in the polymer matrix. The capacitive performance of the
nanocomposite can be further be improved by increasing the SWCNT
nanofiller concentrations in the polymer.

4. Conclusion

A biodegradable, novel (Gel/SWCNT) nanocomposites were synthe-
sized by a facile synthesis process. The structural and surface properties
analysis demonstrate improved interaction between the polymer and the
SWCNT filler. Significant reduction in the DC Resistivity due to incorpo-
ration of SWCNT causes electron and ion adsorption into the insulator
biopolymer matrix resulting in improved electrochemical performance.
The Gel/SWCNT nanocomposite offers excellent cyclic stability with a
retention of 98% of its initial capacitance value even after 2000 cycles of
operation. The Gel/SWCNT nanocomposite may offer a promising route for
the synthesis of environment-friendly, biodegradable and transient energy
storage devices.
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