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KEYWORDS Abstract This work reports the design of nano-level starch-gelatin biopolymeric blends incorporated
Starch biopolymers; with nano-TiO, for energy storage applications in areas which need to utilise negative voltages. Six
Nanogelatin; different activated nanoarchitectures were designed, push coated on nickel foam substrates and char-
Supercapacitor; acterized with FTIR, a Zeta sizer, XRD, TEM, CV, EIS, and GCD techniques for structural, func-
Energy storage; tional and electrochemical properties respectively. The C—O—C glucosidic linkage, amide A bond,
Negative voltage Ti—O bond were seen at 1068, 2783, 602 cm ™' to confirm the succesful synthesis of starch-gelatin-

TiO, nanohybrids, while TEM confirmed well dispersed TiO, NPs dispersed within the crystalline
starch nanoparticles and oval shaped nano-gelatin NPs. XRD analysis revealed crystallite sizes to
be in the range of 21-98 nm for all nano-architectures, and confirmed the prescence of highly ordered
phases suitable for energy storage, after activation. The zeta sizer investigations determined that the
samples were nanoparticulates with sizes below 100 nm. The highest specific capacitances obtained
at 5mVs~! were 237, 246, 349, 686, 691, 808F/g in the three electrodes configuration and 194, 204,
287, 541, 570, 617F/g in the two electrodes configurations for AS-NPs, AG-NPs, ASG-NHs, AS-
TiO, NHs, AG-TiO,-NHs and ASG-TiO,-NHs respectively. When the samples were tested using a
three-electrode and two-electrode configuration, the activated starch-gelatin-TiO, nanohybrid
showed the lowest R, of 0.28 Q and 0.51 Q, energy densities of 208.3 and 176.4 Wh/Kg, and power
densities of 6213 and 5406 W/Kg. All samples had retention capacities of 86-95%, with the activated
starch-gelatin-TiO, nanohybrid having values of 95% and 92% for the GCD experiments run using
three and two electrode configurations. This work demonstrates that biopolymer nanohybrids can
be effective electrodes for supercapacitors devices in energy storage applications.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Negative voltage supplies are needed in op-amp circuits and
audio amplifiers (Kim et al., 2014; Liu and Zeng, 2018). Some
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negative voltages improve the corrosion resistance of coatings
on metal plates thus extending the life span of the protective
barriers (Liu and Zeng, 2018). Other applications where nega-
tive voltages can be advantageous include in signal condition-
ing, smart switches, sensors and semiconductor memory
devices. Modern supercapcitors should be designed and fabri-
cated into such dynamic areas of applications, in order to meet
the demands of the fourth industrial revolution (4IR). Energy
storage systems are crucial for the development and function-
ality of novel integrated devices, and must be designed in such
a way that addresses the need for high demand portable and
sustainable energy devices (Liu and Zeng, 2018; Wang et al.,
2014). To meet the demand within the evolving and growing
nexus of the fourth industrial revolution, the application of
biopolymer based supercapcitors into areas of signal and
switch controls, portable and/or wearable energy storage and
supply, may bridge the gap between power physics and energy
chemistry (J. Li et al., 2019). Supercapacitors offer a means to
deliver and store energy on demand in a well controlled fash-
ion, and their economic benefits allow for easier commercial-
ization and distribution (Gopi et al., 2020), especially in the
context of a developing economy.

The configuration and physicochemical characteristics of
the material of an electrode are some of the most important
factors that need to be considered when designing supercapac-
itors for electronic devices and hybrid vehicles (Pant et al.,
2019). The material, and its nanostructural architecture, deter-
mines the ion diffusion, charge-discharge characteristics and
the overall chemistry of the surfaces of soft and hard electro-
chemical matrices. Hence, there is a need to fabricate more
diversified and sustainable electrodes if unique electrochemical
performances are desired in the world of energy materials
(Wang et al., 2015). As a result, there are continual drives
and novel developments that seek to manipulate and tailor
the conductivity and morphology of biopolymeric electrode
templates for energy storage applications. Recently, sustain-
able, clean and greener electrodes are gaininng wider attention
for applications in the areas of energy storage. Several recent
reports have shown that polysaccharides and other related bio-
materials can be employed as electrodes and not only as bin-
ders and electrolytes in supercapcitor applications (Kasturi
et al., 2019; Selvaraj et al., 2020)

Conductivity of biopolymers can be improved by activating
them, or doping, with nanomaterials, introduction of certain
functional groups, co-polymers, or special conductive liquids
which induces polarons, bipolarons and electronic radicals
that travel throughout the polymeric chains by various mech-
anisms, including diffusion (Finkenstadt, 2005; Ibanez et al.,
2018). Another way to enhance the electrochemical properties
of biopolymeric capacitive electrodes is to employ activated or
doped polysaccarides with good chemical stability sandwiched

with pseudo-capacitive nano-transition metal oxides (nTMO)
(Chonget al., 2019; Yan et al., 2017). These nTMOs contribute
to faster electron kinetics, high power density, exceptional life
cycle, wide operating temperature range. One nTMO of partic-
ular interest is TiO,, due to the abundance of its ores within
South Africa (Rozendaal et al., 2018), national beneficiation
strategies (Oosthuizen and Swanepoel, 2018), and when com-
bined with nano-carbons or polymers, it offers superb electro-
chemical activity and exceptionally high specific energy density
(Liu et al., 2009; Elmouwahidi et al., 2018; Kumar et al., 2020;
Khan et al., 2019).

Pant et al., reported on the synthesis of TiO,-carbon
nanofibre for supercapcitor applications and obtained specific
capacitance (Csp) of 107 Fg~! at a current density of 1 Ag™!
with a capacity retention of 84% at 2000th cycle. Lal et al.,
also fabricated a composite of copper, copper oxide and car-
bon nano-fiber incorporated with TiO, and obtained a high
C,p value of 530F/g at 1.5 Ag™! current density with 45.83
Wh/Kg and 1.27 kW/Kg respective energy and power density.
From other research on supercapacitor electrolytes, gelatin
biopolymers have been confirmed to posses short ionic diffu-
sion path length and therefore were used for solid electrolytes
with high bending resistance. (Lal et al., 2019; Pant et al., 2019;
Railanmaa et al., 2019). Fan et al., further designed gelatin
based microporous sheets with a 76% capacity retention at a
Cp of 20 A/g. Thus, we anticipate that gelatin may impart
good electron transfer kinetics and bending resistance proper-
ties to a starch nano-matrix composite, when hybridized in a
suitable manner.

The nano-starch biopolymer will hence be a compatible
agent because of similar bond structure it has with gelatin
and it will also help to optimize its low retention capacity.
The TiO, used also has proved to alleviate volumetric varia-
tions and does not support dendrite growths, thereby reducing
any form of nucleation overpotential during charging (Zhou
et al., 2019). In addition, polysaccharides based nanoar-
chiteronics provides extensibility, flexibility and fast doping-
dedoping cycle (Fan and Shen, 2015; Pant et al., 2019). The
research subject of this work is centred on the use of starch
and gelatin nanoarchitectures. The novelty of this work resides
in the use of nano level gelatin and starch for the design of
supercapacitor electrodes having optimal electrochemical per-
formance at negative voltages for potential applications in sig-
nal control systems and smart switches, and devices for future
41R applications. It provides a platform for the design of sym-
metrical supercapacitors which can easily switch polarities in
areas which requires both positive and negative voltages. This
new nano-form of gelatin and starch biopolymers offers tun-
able transport properties and unique surface chemistry more
than their conventional bulk counterparts. The incorporated
TiO, further works as a template for pore creation.

Table 1 Conductivity of starch and gelatin, before and after activation, with respect to temperature in °C.
Conductivity (uSem™") Temperature (°C)

30 40 50 60 70 80 90 100
Starch 4.47 4.49 4.93 4.98 5.05 5.42 6.10 6.02
Activated starch 16.31 18.72 22.94 22.66 26.81 26.45 27.90 30.05
Gelatin 4.61 4.81 5.15 5.42 4.93 5.85 6.37 6.31
Activated gelatin 18.09 22.5 31.77 44.23 49.09 59.88 67.15 68.17
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The activation process converts both starch and gelatin
biopolymers into more ordered and conductive phases.

2. Methodology

All reagents were purchased from Sigma Aldrich, South
Africa. All glassware and other vessels used, were washed with
deionized water and air dried before use.

2.1. Design of activated starch and gelatin nanoparticles

The hydrolysis method, which involves sulfuric acid, was
adapted and modified from literature (Ding et al., 2010; Tay
etal., 2012). A mixture of 30 g starch, 1.5 g of para-toluene sul-
phonic acid (PTSA) and 500 mL of 3.1 M H,SO,, was stirred for
2 h at 100 rpm (stirring speed) at 40 °C. The mixture was then
placed in a microwave oven, and subjected to a microwave treat-
ment protocol that consisted of a 30-second exposure to 100 W
of microwave energy, and then a rest cycle for 1 min. This was
repeated several times over a period of an hour, until the mixture
changed from white to a brown colour. The suspension pro-
duced was mixed with 15% methanol without stirring and suc-
cessively centrifuged and stored under a fume hood until the
gelatine was ready for the next step (Ding et al., 2010; Tay
etal.,2012). The polyol emulsion method was adopted and mod-
ified (Houshyari et al., 2018). A mixture of 10 g of gelatine and
200 mL of mixed polyols (50% tergitols and 50% of styrol solu-
tion) was heated to a temperature of 60 °C for 1 h using a hot
plate. The suspension was treated with 20 mL of 0.1 M HCI
and 1.0 g of para-toluene sulphonic acid and left standing, with-
out any agitation, under a fume hood for a period of 2 hours The
mixture was then centrifuged and the gelatine material stored
under ambient conditions.

2.2. Fabrication of nanoarchitectures of starch, gelatin and TiO,

Distilled water, 200 mL, was mixed with 1 g of urea in a double-
necked round bottom flask and the resultant mixture was heated
at 75 °C and allowed to reflux for fifteen minutes. Then, 50 mL
of Titanium isopropoxide was added drop-wise, over a period of
5 min, and the suspension produced was then stirred for one
hour at 90 °C, in a water bath. The obtained powder was then
separated (centrifuge, 2500 gcf) and dried at 80 °C in an oven.
The synthesis of TiO, was adapted from the literature
(Dodoo-Arhin et al., 2018; REDDY et al., 2001). Activated
starch nanoparticles (AS-NPs), activated gelatin nanoparticles
(AG-NPs), activated starch-gelatin nanohybrids (ASG-NH),
activated starch-TiO, (AS-TiO, NH), activated gelatin-TiO,
(AG-TiO, NH), and activated starch-gelatin-TiO, (ASG-TiO,
NH) were designed by stabilization of respective nano-
biopolymers in 20 mL of 50:50 tween-80 and isobutanol solu-
tion under stirring for 2 h. To obtain the nanocomposite pow-
ders, the mixtures were dried at 50 °C in an oven (~8 hours),
and then kept in a desiccator until characterization.

2.3. Material characterizations

Attenuated Total Reflection-Fourier Transform Infra-Red
(ATR-FTIR) was performed on a Spectrum-100 Perkin Elmer

(USA) instrument, from 4000 to 600 cm ™' wavenumbers. The
X-ray diffraction (XRD) measurements were done using a
Rigaku Ultima IV, X-ray diffractometer (Japan) using Cu-
Ko radiation of 1.5406 A generated at 45kV and 40 mA.
The diffraction patterns were obtained over a 2-theta values
ranging from 5° to 90°, using a step size of 0.01° and 1°/min
scan rate. A TESCAN VEGA (Czech Republic) scanning elec-
tron microscope (SEM) was employed to study the surface
morphology of the samples, using a 20 kV accelerating voltage.
The particle sizes of the nano-hybrids were investigated using a
Dynamic Light Scattering (DLS) instrument, Zetasizer, model:
ZEN 3600.

2.4. Electrochemical studies

The principle of push loading was employed to coat 20 mg of
homogenous pastes, of the prepared biopolymeric nanoarchi-
tectures, on dried nickel foams to form working electrodes.
Pastes were prepared by mixing the samples (160 mg) with
polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone
(NMP) (20 mg PVDF: 1.0 g NMP). The electrochemical prop-
erties of the nanocomposites were initially investigated using a
three-electrode configuration, with a 1 M Na,SO,4 aqueous
electrolyte (at room temperature), a Ag/AgCl reference elec-
trode, and a platinum wire coil as the counter electrode. Cyclic
voltammetry measurements, electrochemical impedance spec-
troscopy (EIS) and galvanostatic charge—discharge (GCD)
experiments were performed using a Gamry 1010 E potentio-
stat. In the two-electrode configuration, the electrodes were
prepared as per the method used for the working electrodes
in the three-electrode configuration. A glass fibre separator
was soaked in 1M Na,SO, electrolyte and sandwiched in
between two symmetrical working electrodes. The symmetrical
supercapacitor was aligned and pressed before setting it up for
electrochemical measurements.

3. Results and discussion

3.1. Effect of activation of starch and gelatin biopolymers

The starch and gelatin nanoparticles were first activated in the
presence of para-toluene sulphonic acid and ammonium chlo-
ride, then tested for energy storage applications. As reported in
previous works (Romero et al., 2013), the activation step leads
to p-type doping which creates structural distortions and
re-alignment of the polymer chains, and this results in the gener-
ation of radical cations (polarons) and double radicals (bipo-
larons). The activation was confirmed through conductivity
studies carried out using the four-probe method, where a four-
fold conductivity increase was obtained after activation. At a
temperature of 100 °C, the conductivity of starch moved from
6.02t030.05 uScm~" after activation, while that of gelatin moved
from 6.31 to 68.17 uScm~". Hence, the activation led to an over-
all increase in conductivity of the biopolymers (see Table 1).

At 30 °C, the effect of activation resulted in a conductivity
of 16. 31 uScem™" in starch, and 18.09 uScm~! in gelatin, indi-
cating that they will not lose their conductance at room tem-
perature, for energy applications. The activation blocks the
swelling points of starch and gelatin through ring attachments
and creates faster electronic transport channels. This will
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enable the starch and gelatin biopolymers to undergo numer-
ous, and possibly higher, charge and discharge cycles. This
can be observed in the conductivity values of the un-
activated starch and gelatin at temperatures of 90 and
100 °C, where a decrease from 6.10 and 6.37 to 6.02 and
6.31 were observed. This is because the un-activated (ordinary)
starch and gelatin biopolymers are now being distorted at high
temperatures, hence, they start losing their conductance. After
activation, both starch and gelatin retained their high conduc-
tivity behaviours, because all swelling points have been
blocked.

As depicted in the FTIR spectra presented in Fig. la of the
starch and gelatin before and after activation, the non-
activated starch displayed the expected bands for C—H
stretching (between 2750 and 3000 cm™!), C—O stretching,
C—H symmetric bending, CH, twisting (1250-1500 cm™"),
and C—C stretching (500-750 cm™'). After activation, a strong
peak was observed at 1708 cm ™! to confirm the oxidative prod-
ucts of the starch carbons. Sulphone peaks were also noted at
1311 cm™! and there was a general shift in the C—H vibra-
tional energies of the starch biopolymer into the lower wave-
length regions. Similar results were reported in the literature
(Fan et al., 2012; Warren et al., 2016). Similar observations
were seen with the activated gelatin at the fingerprint region,
there are new peaks due to the para-aromatic dopant.

The XRD results are presented in Fig. 2a and b. Two
prominent peaks were observed with the starch, before activa-
tion, at 19.4° and 22.8° 20, and the gelatin before activation
had wide characteristic peaks at 23.1°, 38.3°, 48.4° and 53.7°
20. After activation, the type-A starch was converted into
type-B starch. Type-B starches are more crystalline and
ordered, as seen with the additional peaks (Fig. 2a), and the
characteristic peaks of the type-B starch were noted at 22.8°,
33.3°, and 35.4° 20. In addition, after activation, the gelatin
also switched from type-B gelatin (or alkaline derived gelatin)
into type-A gelatin, which is an acid derived gelatin. The type-
A gelatin possess higher degree of crystallinity, as seen with the
increased number of peaks. The XRD confirms a phase transi-
tion in both the starch and gelatin after activation.

% Transmittance

o sulphone peak
Oxidative peak after activation
20 after activation

= Starch before activation
= Starch after activation

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)

3.2. The design of activated starch and gelatin nano-hybrids

Fig. 3 shows the FTIR spectra of all six fabricated nano-
hybrids, and biopolymer-based, electrode materials. Activated
starch and activated gelatin were first converted to nano-
forms, to make activated starch nanoparticles and activated
gelatin nanoparticles. These hybrids were fabricated to form
activated starch-gelatin nanohybrids, and three of them were
incorporated with TiO,. For the activated starch nanoparti-
cles, the transmittance peaks at 3408 and 2914 cm™' represents
the O—H and C—H stretch vibrations, while the bending
vibrations of the methylene groups are shown at 1431 and
1460 cm™! respectively for in and out-of-plane bends (see
Fig. 3). The C—O—C linkages of the glycosidic rings are con-
firmed from the 1068 cm ™! peak (Hoyos-Leyva et al., 2017;
Sondari et al., 2018).

The successful restructuring of the gelatin, to form
nanoparticles, was confirmed using FTIR. The vibrations of
amide A, amide 1 and amide II were seen at 2783 cm™',
1635cm™" and 1522 cm™! respectively, and these peak posi-
tions are similar to other literature reports (Subara et al.,
2018). The activated starch-gelatin nanohybrids showed no
change in the amide I peak environment indicating no major
change in the secondary structure of activated gelatin nanopar-
ticles after blending with the activated starch nanoparticles.
This is in agreement with the report of Chen et al., and Sharma
et al., but Kumar et al., further reported the formation of aldi-
mine as a result of the interactions between the carbonyl and
the amine groups of the gelatin biopolymers. The C—H over-
tones between 1400 and 800 cm ™' confirmed the mixed helices
of both biopolymers without a change in their transmittances
as shown from FTIR results (Chen et al., 2017; Kumar
et al., 2019; Sharma et al., 2018).

After the incorporation of TiO, nanoparticles, the O—H
and methylene groups displayed reduced intensities and trans-
mittances, which confirms intermolecular interactions between
the Ti—O, C—O and O—H bonds of the starch and gelatin
nano-hybrids. Some of the amide bands of the gelatin disap-
peared, but the glycosidic linkages remained intact and showed
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Fig. 1 (a) FTIR of starch, before and after activation (b) FTIR of gelatin, before and after activation.
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(I) FTIR and (II) XRD of the activated forms of (a) starch nanoparticles (b) gelatin nanoparticles (c) starch-gelatin naohybrids

(d) starch-TiO, nanohybrids (e) gelatin-TiO, nanohybrids (f) starch-gelatin-TiO, nanohybrids.

a shift towards the left at 907 cm™". The shift is an indication
of tight bonding interactions within and between the prepared
nano-architectures. The C—O—Ti bond was seen at 1054 cm ™"
confirming stable Ti—O functionalities after incorporation of
TiO,. Oleyaei et al., (Oleyaei et al., 2016) reported that electro-
static interactions between Ti°" and —OH groups of starch
caused wider and flattened bands at 450-800 cm™~' while
O—H and C—H stretching vibrations moved to longer
wavenumbers, similar observations were noted with the
nano-architectures prepared in this work. The electromeric
effect and hydrogen bonding between the amide groups of
gelatin and Ti*" further caused the reduced transmittance
and intensity observed in the FTIR spectra of the hybrid
nano-architectures, similar results were reported by W. Li
et al. (2019).

Histograms displaying the size distributions for the pre-
pared nano-architectural samples are presented in Fig. 4.
The activated starch nanoparticles showed an average size of
13 nm, the activated gelatin nanoparticles showed an average
size of 79 nm, and the hybrids formed (activated starch-
gelatin nanohybrid) had an average particle size of 66 nm.
After incorporating TiO,, the starch-TiO, nanohybrid showed
an average particle size of 74 nm, the gelatin-TiO, nanohybrids

had an average size of 93 nm, and the activated starch-gelatin-
TiO; nanohybrid showed average sizes of 87 nm. The size dis-
tributions revealed the nano-hybrids have good dispersibility
and low aggregation, favouring a fast electron transfer and
kinetics behaviour during impedance studies.

The statistics of the particle sizes indicated a normal distri-
bution, this was similar to the study by Liu et al., 2009. From
Gu et al., normal size distributions confirms good capacitive
behaviour of the activated polymer matrixes (Gu et al.,
2019). In addition, previous works have shown that uniform
coating of electrodes can be achieved when the polymers exist
at nano-size dimensions; retention capacity decreases quickly
when particle sizes are too large. In addition, interfacial impe-
dance of nano-sized electrodes, which have incorporated tran-
sition metal oxides and hydroxides are very low during
electrode dependant applications (Capone et al., 2019; Hu
and Lei, 2007; Wu et al., 2018).

The XRD of the activated starch nanoparticles (Fig. 31I)
showed characteristic diffraction peaks at 19.4° and 22.7° as
a singlet and doublet respectively to represent the [111] and
[220] crystal planes (JCPDS 64-1453). The gelatin nanoparti-
cles showed predominant peaks at 26.1°, 38.3° and 49.5° for
[111], [200] and [220] respective crystal planes (Marvizadeh
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Fig. 5 TEM of the activated forms of (a) starch nanoparticles (b) gelatin nanoparticles (c) starch-gelatin nanohybrids (d) starch-TiO,
nanohybrids (e) gelatin-TiO, nanohybrids (f) starch-gelatin-TiO, nanohybrids.
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Fig. 6 (Three electrode configuration) CV of the activated forms of (a) starch nanoparticles (b) gelatin nanoparticles (c) starch-gelatin

nanohybrids (d) starch-TiO, nanohybrids (e) gelatin-TiO, nanohybrids (f) starch-gelatin-TiO, nanohybrids, at scan rates of 5, 10, 20, 50,
100 and 200 mVs ™.

et al., 2017; Xia et al., 2015). The diffraction peaks at 26.3°, The percentage crystallinity of the starch nanoparticle helix
35.7° and 46.1° confirms the incorporation of titanium dioxide remained constant after the blending of both starch and gelatin
nanoparticles for [10 1], [004] and [200] crystal planes (JCPDS biopolymers together. A crystallinity of 74 and 71.8% for
card no. 78-2486) (Soliman and Furuta, 2014). starch was obtained from the XRD peaks before and after
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blending. Although, the intensity of the characteristic crys-
talline peak of the starch helices remained fairly constant,
the intensity of the triple helical structure in the crystalline
gelatin at 26.1° decreased progressively with blending
(Mendes et al., 2016). The XRD patterns for the TiO, incorpo-
rated into the various nano-architectures (Fig. 3(II), patterns
d, e, and f) appeared to be very similar, and this is due to
the strong effect of the TiO, crystallinity over the biopolymers.

The TEM analysis was used to establish the successful
design of the nano-structured starch and gelatin based archi-
tectures. Fig. 5a shows the activated starch nanoparticles with
well arranged lamellar and no traces of internal aggregations.
The activated gelatin nanoparticles were seen to be oval
nanocrystals, and similar to other observation reported in
the literature (Jeong and Park, 2014). The absence of aggrega-
tion in both activated starch and gelatin nanoparticles corre-
sponds with the particle size distribution results obtained in
Fig. 4. In the activated starch-gelatin nanohybrids, the gelatin
were seen to be encapsulated within the starch lamellar (Kaslik
et al., 2018; Yang et al., 2013). After TiO, incorporation, The
TiO, nanoparticles stayed in well-spaced localized regions
within the lattices of the activated starch and gelatin nanopar-
ticles. This good dispersion of the TiO, nanoparticles is
required for better transfer and storage of charges within
supercapacitors (Liu et al., 2009, 2017).

3.3. Three electrode configuration electrochemical study

The electrochemical properties of the nano-hybrids prepared
were evaluated using a three electrodes configuration. Cyclic
voltammetry (CV), galvanostatic charge—discharge (GCD)
experiments, and electrochemical impedance spectroscopy
(EIS) were done in a 1 M Na,SOq electrolyte solution. As seen

in Fig. 6, the CV curve shows quasi rectangular shapes from 5
to 200 mV/s, indicative of supercapacitive behaviour of the
nano-hybrids (Xu et al., 2019). This also shows that the fabri-
cated nano-starch-gel-TiO; is free of structural and conforma-
tional defects (Xu et al., 2019).

In general, any redox peaks that may be observed with
polymer based nanohybrids are due to the presence of polar-
ons and free electrons created after activation (Wang et al.,
2015). The CV curves of the electrodes were recorded in the
potential range of —0.8 to —0.4 V at scan rates of 5, 10, 20,
50, 100 and 200 mV/s. Surface faradaic reactions, which are
responsible for the good performance of the electrodes, include
interactions between TiO,, H", and polarons to form TIOOH
complex, interaction between TiO,, N—H and O—H from
starch and gelatin to form charge storage domains in excited
states (Nagamuthu et al., 2013).

Specific capacitance values were obtained using the area of
the CV curves, scan rates and potential windows. Activated
starch nanoparticles had specific capacitances (Cp,) values of
41, 89, 128, 174, 206 and 237 Fg~! at scan rates of 200, 100,
50, 20, 10 and 5 mVs™' respectively. Activated gelatin
nanoparticles had Cg, of 77, 96, 125, 169, 212 and 246 Fg_'.
Activated starch-gelatin nanohybrids had higher specific
capacitance values than those of activated starch and gelatin
nanoparticles respectively, showing Cg, values of 129, 146,
228,273, 301 and 349 Fg~'. Values are summarised in Table 2.

After TiO, incorporation, activated starch-TiO, nanohy-
brid showed Cg, values (Table 2) of 380, 487, 517, 549, 609
and 686 Fg™'. The effect of TiO, incorporation led to a greater
than five-times increase in the specific capacitance values, with
the activated starch. Activated gelatin-TiO, nanohybrid
showed Cg, values of 397, 461, 522, 593, 641 and 691 Fg’l,
while activated starch-gelatin-TiO, nanohybrids showed Ci,

Table 2 Specific capacitance, energy density and constant phase element (CPE) model parameters for the respective nanohybrids

prepared, in three electrode configurations.

Sample Scan rate (mVs ")

200 100 50 20 10 5
AS-NPs 41 89 128 174 206 237
AG-NPs 77 96 125 169 212 246
ASG-NH 129 146 228 273 301 349
AS-TiO, NH 380 487 517 549 609 686
AG-TiO, NH 397 461 522 593 641 691
ASG-TiO, NH 286 502 581 644 726 808

Energy density (Wth’l)
AS-NPs 12.3 19.7 22.8 36.1 57.3 80.6
AG-NPs 12.9 24.8 26.143.5 43.5 70.41 108.3
ASG-NH 19.1 26.2 26.8 59.2 93.6 126.5
AS-TiO, NH 30.8 38.7 43.2 71.0 103.8 137.2
AG-TiO, NH 36.3 424 49.0 78.6 109.3 159.4
ASG-TiO, NH 52.1 61.9 73.6 92.1 145.7 208.3

R ESR R W CPE n
AS-NPs 0.15 0.110 0.43 2.76 0.151 0.51
AG-NPs 0.15 0.107 0.40 2.71 0.143 0.58
ASG-NH 0.15 0.104 0.39 2.65 0.142 0.59
AS-TiO, NH 0.14 0.101 0.34 2.20 0.118 0.61
AG-TiO, NH 0.14 0.101 0.31 2.20 0.114 0.63
ASG-TiO, NH 0.12 0.087 0.29 1.97 0.112 0.65
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Fig. 7 (a) EIS (b) GCD (c) Retention capacity of the activated
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gelatin-TiO, nanohybrids (f) starch-gelatin-TiO, nanohybrids, at
scan rates of 5, 10, 20, 50, 100 and 200 mVs~'.

values of 286, 502, 581, 644, 726 and 808 Fg’l. Whenever the
activated starch and gelatin nano-hybrids were combined,
there was an increase in the amount of surface oxygen avail-

able, hence, higher pseudo-capacitive faradaic charges which
contributes to their higher specific capacitance values. This is
the first time such a high specific capacitance has been reported
for electrochemical tests utilising negative voltages for superca-
pacitor applications. This confirms that our conductive
biopolymer-based nano-architecture can be applied in areas
which depend on negative voltages like op-amp circuits, signal
control systems, smart switches, and corrosion inhibition.

At scan rates of 200, 100, 50, 20, 10 and 5 mVs™', the acti-
vated starch nanoparticles showed energy density (E4) values
of 12.3, 19.7, 22.8, 36.1, 57.3 and 80.6 WhKg~'. The activated
gelatin nanoparticles showed E4 values of 12.9, 24.8, 26.1, 43.5,
70.41 and 108.3 WhKg~'. The nanohybrids of both the acti-
vated starch and gelatin nanoparticles showed E4 values of
19.1, 26.2, 26.8, 59.2, 93.6 and 126.5 WhKg~'. After TiO,
incorporation, activated starch-TiO, nanohybrid had E4 val-
ues of 30.8, 38.7, 43.2, 71.0, 103.8 and 137.2 WhKg', acti-
vated gelatin-TiO, hybrid had Eq4 values of 36.3, 42.4, 49.0,
78.6, 109.3 and 1594 Wth_l, while activated starch-
gelatin-TiO, nanohybrid had E4 values of 52.1, 61.9, 73.6,
92.1, 145.7 and 208.3 WhKg™' (Table 2).

High energy densities in supercapacitors, which are based
on conductive polymers, are a result of the presence of permis-
sive polarons and bipolarons which gives room for fast elec-
tronic kinetics and diffusion (Ramadoss and Kim, 2014)
(Xiong et al.,, 2016). The power density was 2704, 2791,
2912, 3461, 3813, and 4213 WKgf1 for the respective activated
forms of starch nanoparticles, gelatin nanoparticles, starch-
gelatin nanohybrids, starch-TiO, nanohybrid, gelatin-TiO,
nanohybrid, starch-gelatin-TiO, nanohybrid. In Table 2, W
is the Warburg impedance, which estimates the diffusional
behaviour of the electrodes, CPE is constant phase element,
which estimates the capacitance of an unsmooth electrode sur-
face, and n is a CPE index which shows the capacitive capabil-
ity of the electrode system.

Nyquist plots can be used to investigate the electron trans-
fer kinetics within supercapacitor electrodes (Kim et al., 2016),
Fig. 7 presents the Nyquist plots for the biopolymer-based
nano-hybrids in 1 M-Na,SO,4. The EIS showed ohmic resis-
tance values of 0.110, 0.107, 0.104, 0.101, 0.101, 0.087 ohms
corresponding to the equivalent series resistances for the
nano-hybrids a to f. The diameter of the semicircles at the
moderate frequency region indicates the type of ionic diffusion
and level of charge transfer resistance (Xu et al., 2015). Gener-
ally, high charge transfer resistances also known as electro-
chemical system resistance show low capacitances. The
charge transfer resistances of starch-TiO, nanohybrid,
gelatin-TiO, nanohybrid, starch-gelatin-TiO, nanohybrid were
0.34, 0.31, and 0.29 micro-ohms, which is relatively lower when
compared with 0.43, 0.40, 0.39 micro-ohms of starch nanopar-
ticles, gelatin nanoparticles, starch-gelatin nanohybrids with-
out TiO, (see Fig. 7).

The electrochemical performances of the nanohybrids were
investigated using galvanostatic charge—discharge (GCD). The
GCD curves are shown in Fig. 7 (b) at 1 Ag™! current density.
Generally, all the GCD curves showed nearly symmetrical pat-
terns indicating a good super-capacitive behaviour (Kumar
et al., 2019; Nagamuthu et al., 2013). At 1 Ag™', the activated
starch nanoparticles, gelatin nanoparticles, and starch-gelatin
nanohybrid showed iR drop of 0.2, 0.16 and 0.13 ohms. After
TiO, incorporation, Starch-TiO,, gelatin-TiO, and starch-
gelatin-TiO, nanohybrids showed a lower iR of 0.13, 0.08,
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Table 3 Specific capacitance, energy density and constant phase element (CPE) model parameters for the respective nanohybrids

prepared, in two electrode configurations.

Sample Scan rate (mVs ')
Activated forms of: 200 100 50 20 10 5
AS-NPs 47 83 106 148 171 194
AG-NPs 70 107 122 156 173 204
ASG-NH 133 170 204 238 260 287
AS-TiO, NH 203 355 427 515 531 541
AG-TiO, NH 231 356 431 522 540 570
ASG-TiO, NH 286 371 442 537 548 617
Energy density (WhKg ™)
AS-NPs 9.6 12.4 16.0 26.5 34.2 57.9
AG-NPs 10.8 19.2 25.5 38.4 S51.8 89.5
ASG-NH 13.8 25.1 31.0 49.7 76.9 105.7
AS-TiO, NH 17.1 334 42.7 63.6 94.8 122.6
AG-TiO, NH 20.1 40.8 44.2 69.1 105.9 138.7
ASG-TiO, NH 22.3 53.1 65.0 79.6 116.4 147.4
R, ESR Ry w CPE n
AS-NPs 0.23 0.152 0.91 2.96 0.13 0.42
AG-NPs 0.23 0.150 0.90 2.92 0.11 0.47
ASG-NH 0.22 0.150 0.88 2.84 0.11 0.52
AS-TiO, NH 0.21 0.146 0.68 2.49 0.10 0.57
AG-TiO, NH 0.20 0.142 0.65 2.41 0.08 0.60
ASG-TiO, NH 0.18 0.115 0.51 2.16 0.07 0.62

0.06 ohms respectively. Also, the potential drop decreases as
the ESR decreases for all the nanohybrid electrodes due to
rapid diffusion pathways (Sun et al., 2018), which was con-
firmed from the previously EIS experiments (see Fig. 7(a)).
The relatively high polarization resistance might be due to
uneven distribution of active materials at higher charging
levels, higher viscosity of the electrolyte as the biopolymers
are leached into the electrolyte rates (Kim et al., 2016;
Zhang et al., 2019). This can be reduced through use of solid
electrolytes.

The cycling stabilities of the nanoarchitectures were studied
by using 5000 cycles. After 5000 cycles, a capacitance retention
of 95.5, 94, 92, 87, 83, 81% was observed for the six respective
nanoarchitectures fabricated. The capacitance loss in nano-
hybrids without TiO, incorporation has been demonstrated
to arise from the volume swelling and the structure relaxation
of the materials caused by the intercalation and dissociation of
dopant anions during the long-time charging and discharging
processes (Xu et al., 2011, 2015). Although, TiO, frameworks
helped to stabilize starch-gelatin templates thereby reducing
the swelling and shrinking rate of the starch and gelatin, dur-
ing the charging/discharging period.

3.4. Two electrode configuration electrochemical study

The supercapacitive performance of the novel materials was
also studied using two electrode systems to establish the
specific capacitance, energy density, power density and reten-
tion capacity of the starch-gelatin-TiO, nano-hybrids. A sym-
metric supercapacitor assembly was designed to achieve this
study. Overall, the specific capacitances followed similar trends
as was observed with the three electrode configurations, and
the cyclic voltammetry curves that were quasi rectangular
maintained their shape even at higher scan rates. Activated

starch nanoparticles had Cg, of 47, 83, 106, 148, 171 and 194
Fg~!. The activated gelatin nanoparticles had Cp, of 70, 107,
122, 156, 173, and 204 Fgfl. The activated starch-gelatin
had C,, of 133, 170, 204, 238, 260, and 287 Fg~!. After TiO,
incorporation, activated starch-TiO, had a Cg, of 203, 335,
427, 515, 531 and 541 Fg~!, while the activated gelatin-TiO,
showed Cj, of 231, 356, 431, 522, 540 and 570 Fg’l, and the
starch-gelatin-TiO, nanohybrids showed C,, of 286, 371,
442, 537, 548 and 617 Fgfl. The data is summarised in
Table 3.

Elmouwabhidi et al., prepared a series of carbon xerogels
doped with different percentages of TiO,. A high specific
capacitance of 137F/g at 0.250 A/g was obtained for 20%
TiO, incorporation. He further reported a retention capacity
of 66-80%. Naeem et al., reported an energy density of 81
Wh/Kg and a specific capacitanc eof 2332F/g for a TiO,
nano-memberane with controlled thickness fabricated by
atomic layer deposition. Our work showed a higher specific
capacitance and energy density than most of the similar litera-
tures available on carbons, starch, gelatin and TiO, nanomate-
rials. This is as a result of the activation process carried out to
reduce the overall resistance of the biopolymers used. This suc-
cesful electrochemical testing on two electrode configurations
at negative potential windows has helped to confirm that
supercapcitors can now be applied in areas of voltage amplifier
circuits which depends on negative voltages for gain stability
and decreased output impedance. The effect of positive charges
at the oxygen vacancy sites within the starch-gelatin-TiO, bio-
nanoarchitectures also contributes to this high electrochemical
performance at two electrodes configurational level
(Elmouwahidi et al., 2018; Fukuhara et al., 2016; Naeem
et al., 2019) (see Fig. 8).

In the two-electrode configuration, at scan rates of 200,
100, 50, 20, 10 and 5 mVs ™!, the activated starch nanoparticles
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showed energy density (Eq) values of 9.6, 12.4, 16.0, 26.5, 34.2
and 57.9 WhKg~'. The activated gelatin nanoparticles showed
Eq values of 10.8, 19.2, 25.5, 38.4, 51.8 and 89.5 WhKg™',
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Fig. 9 (a) EIS (b) GCD (c) Retention capacity of the activated

forms of (a) starch nanoparticles (b) gelatin nanoparticles (c)
starch-gelatin nanohybrids (d) starch-TiO, nanohybrids (e)
gelatin-TiO, nanohybrids (f) starch-gelatin-TiO, nanohybrids, at
scan rates of 5, 10, 20, 50, 100 and 200 mVs™".

while activated starch-gelatin-nanohybrid showed E4 values
of 13.8, 25.1, 31.0, 49.7, 76.9, and 105.7 WhKg~'. After
TiO, incorporation, activated starch-TiO, had E4 values of
17.1, 33.4, 42.7, 63.6, 94.8, and 122.6 WhKg~'. The activated
gelatin-TiO, nanoparticles had Eg4 values of 20.1, 40.8, 44.2,
69.1, 105.9 and 138.7 WhKg~'. The activated starch-gelatin-
TiO, nanohybrid had E4 values of 22.3, 53.1, 65.0, 79.6,
116.4, and 147.4 Wthfl, as summarised in Table 3. The
power density values were 1983, 2554, 2804, 3005, 3527 and
3742 WKg~! for the six respective nanohybrids,.

The EIS (Fig. 9), was carried out to analyse the electrostatic
contribution and the resistance elements of the nano-hybrids
prepared in the symmetric supercapacitor forms from 0.1 Hz
to 1 MHz. The data fitted well into a vertically linear Nyquist
plot as produced by the Constant Phase Element model used.
Also, from Fig. 9, a rapid increase in the imaginary impedance
was seen as compared with the real impedance at the lower fre-
quency regions (Srivastava and Karna, 2015). This capacitive
behaviour near the —90° phase angle is a clear confirmation
that the starch-gelatin-TiO, based supercapacitive nano-
hybrids are good materials for supercapacitor fabrication.
The charge transfer resistance is 0.91, 0.90, 0.88, 0.68, 0.65
and 0.51 ohms; for the six respective nanohybrids.

The GCD plot in Fig. 9 showed similar shapes to those
observed with the three electrode configurations, and the
charge—discharge times decreased after the incorporation of
nano-TiO,. The increased charge-discharge time after the
nano-TiO, incorporation is due to the abundance of nano-
level tunnels, which are being filled up by the diffusion of
polaron and solitons, formed from the diffusion of oxygen rad-
icals within the starch-gelatin-TiO, nano-hybrids. The iR
drops reduced after the nano-TiO, was incorporated, and
minor deviations were observed from the GCD linearity,
which is expected for supercapacitors because of the rapid ano-
dic oxidation peaks of the oxygen groups in the biopolymers
used. The discharge times for all the prepared nanohybrids
were shorter than the charge time, typical for energy devices
with fast power delivery.

The effect of the rapid anodic oxidation before titanium
oxide nanoparticles incorporation was clearly seen in the reten-
tion capacity plot. The starch and gelatin nano-architectures
had lower retention capacities of 81, 83, and 85% compared
with 88, 92, 95% after nano-TiO, incorporation. This is
because of charge leakages, cracks, surface tears and most
importantly rapid anodic oxidation of the available oxygen
species, which are slowed down apparently after the oxidation.
The retention capacities obtained generally were very good
when compared with past works on the use of starch biopoly-
mers for energy storage applications. This high capacity might
be due to the use of all our biopolymers in the nano-scale since
the quantum-size effect helps to further strengthen the internal
interactions thereby improving the overall strength of capaci-
tance retention in the nano-hybrids (Liu et al., 2017).

4. Conclusion

This research shows that new and sustainable supercapacitor
electrodes can now be fabricated from starch and gelatin
biopolymers to achieve capacity retention as high as 95%.
The high charge storage performance in our polymer-based
electrodes is as a result of high conductivity from activation,
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phase transition of the polymers to more ordered state, and as
a result of activation. These biopolymers have good superca-
pacitive performances at negative potential windows when
activated, modified and optimized with pseudo-capacitive
nanoparticles. Hence, they can be further applied in signal con-
trol systems and smart switches. TiO, stabilized starch-gelatin
templates, thereby reducing the swelling and shrinking rate of
the starch and gelatin during charging and discharging period.
The activated starch-gelatin-TiO, nanoarchitectures had better
structural and electrochemical performance more than other
nanoarchitectures designed. The two electrodes configura-
tional electrochemical properties further help to prove the
validity of these nano-hybrids for supercapacitor application
with higher time constants and lower charge-transfer resis-
tances obtained after activation. Higher energy and power
densities obtained in this work make this research a very
important one, which can be built upon to further maximize
the performance of starch, and gelatin based supercapacitors.
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