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Abstract: An environmentally friendly hydrogel based on gelatin has been investigated as a gel poly-
mer electrolyte in a symmetric carbon-based supercapacitor. To guarantee the complete sustainability
of the devices, biomaterials from renewable resources (such as chitosan, casein and carboxymethyl
cellulose) and activated carbon (from coconut shells) have been used as a binder and filler within the
electrode, respectively. The electrochemical properties of the devices have been compared by using
cyclic voltammetry, galvanostatic charge/discharge curves and impedance spectroscopy. Compared
to the liquid electrolyte, the hydrogel supercapacitors show similar energy performance with an
enhancement of stability up to 12,000 cycles (e.g., chitosan as a binder). The most performant device
can deliver ca. 5.2 Wh/kg of energy at a high power density of 1256 W/kg. A correlation between the
electrochemical performances and charge storage mechanisms (involving faradaic and non-faradaic
processes) at the interface electrode/hydrogel has been discussed.

Keywords: water processable; sustainable binder; gelatin; hydrogel electrolyte; carbon-based super-
capacitor; pseudocapacitive material; charge storage mechanisms; cycle stability

1. Introduction

The technological advances in consumer electronics and the rapid diffusion of related
products in our daily lives increase energy demands [1]. Electrochemical energy storage,
including batteries and supercapacitors, is the most practical and flexible strategy for
portable power devices for a plethora of applications and the industry is focused on
developing more efficient and cost-effective products [2—4]. The state-of-the-art Lithium-
Ion Batteries deliver a high specific energy density of 250-270 Wh kg~! and a relatively
low specific power density (<350 W kg~!) [5]. In contrast, commercial supercapacitors
show a high power density of up to 10 kW kg, but they have a low specific energy
density (<10 Wh kg~1) [6]. However, these energy sources contribute to the increment of
electronic waste that poses environmental concerns due to heavy metals and brominated
flame retardants in plastics [7] and the challenging recovery of valuable metals [8]. Thus, the
design and development of new electrochemical storage systems must consider abundant
and safe materials and sustainable production processes. Electrochemical capacitors or
supercapacitors (SCs) have suitable features in terms of performance (high power density
and long cycle life), versatility (shape, size and lightness) and environmental friendliness
to deliver power for modern and sustainable electronics [9-11]. In particular, carbon-based
SCs offer the opportunity to be fabricated from natural-derived materials or industrial by-
products. Great efforts by the research community have been devoted to the components
of supercapacitor electrodes in order (i) to produce activated porous carbon from plant
biomass [12,13] and (ii) to replace the fluorinated materials (poly(vinylidene difluoride
(PVDF) and polytetrafluoroethylene (PTFE)) generally used as binders with biopolymers
processable in water [14,15].

The choice of electrolyte is the key to achieve high and stable supercapacitor per-
formances. Based on different solvents, the electrolyte can be aqueous, organic or ionic
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liquid. Because of their high voltage window (2.6 to 2.9 V), devices based on organic
electrolytes are currently in the lead at commercial market [16], but they suffer from be-
ing flammable, volatile and toxic. Ionic liquids show even wide voltage windows up to
4.0 V but exhibit unsatisfactory conductivity and high viscosity, which results in poor rate
performances, especially at low temperatures [17]. Furthermore, organic and ionic liquids
are moisture-sensitive electrolytes, thus requiring complex and ultradry manufacturing
procedures for the fabrication of SCs. The application of aqueous electrolytes represents
the more sustainable and low-cost strategy [18], but as any liquid electrolyte, it can easily
leak and volatilize during packaging. Recently, gel electrolytes have attracted increasing
attention towards the realization of solid-state SCs. Gel polymer electrolytes (GPEs) allow
for multiple roles of the electrolyte, separator and binder in a SC to be fulfilled and are
generally composed of a polymer as a matrix and an electrolyte salt to provide mobile
ions [19].

Hydrogel based on synthetic polymer derived from petro-materials, such as poly(vinyl
alcohol) (PVA) and poly(ethylene oxide) (PEO), has been widely investigated for energy
storage applications due to their large intrinsic ionic conductivity value compared to the
solid electrolyte [20]. Among these polymers, PVA has been the most examined because
of its low cost, good electrochemical stability, good mechanical properties and non-toxic
nature [21,22]. More recently, to reduce the dependence on fossil fuels and to improve the
sustainability of the final devices, natural biopolymer-based gel obtained from renewable
resources (e.g., gelatin, cellulose, guar gum, agarose, chitosan, DNA, etc.) is drawing
much attention because of its large availability, low cost, biodegradability and lower
environmental footprint [23-27].

In the present study, carbon-based supercapacitors were fabricated by incorporating
sustainable binders (such as chitosan, carboxymethyl cellulose (CMC) and casein) and
activated carbon (AC) within the electrode. Here, the AC material comes from the carboni-
sation process of the coconut shells. Moreover, the water-processable hydrogel electrolyte
is based on a gelatin-glycerol blend doped with 2 M of NaCl. It is worth noting that
gelatin is a biodegradable polymer obtained from the hydrolysis of the fibrous insoluble
collagen present in bones and skin which is, currently, an abundant waste product of meat
processing [28].

The fabricated devices have been fully characterized in terms of electrochemical
performance and the advantages of using gel electrolytes with respect to liquid ones have
been highlighted. A clear correlation between the cycle stability, charge storage mechanisms
and dielectric properties at the interface electrode/hydrogel has been investigated in detail.

2. Materials and Methods
2.1. Materials Preparation

Supercapacitor test structures were fabricated onto polyethylene terephthalate (PET)
foils (Melinex ST 504, DuPont Teijin Films, Chester, VA, USA, thickness 125 pm) covered
with copper (Cu) tape (Kohree, City of Industry, CA, USA, thickness 40 pm). Henkel
Electrodag PF407C graphite ink was deposited on the PET/Cu substrates by blade coating
(Proceq ZAA 2300, Zehntner GmbH Testing Instruments, Sissach, Switzerland), and it
was thermally annealed at 90 °C for 30 min, resulting in films 50 um thick. The active
material of the electrode was prepared by dissolving activated carbon (Kuraray YP 80F,
Tokyo, Japan, with characteristic Vipicro < 2 nm = 0.652 cm3/g and specific surface area
(SSA) = 2093 m? g~ 1) obtained from coconut shells and binder in ultrapure water (Milli-Q)
according to the composition 95:5 wt.%. The investigated binders were CMC (Thermo
Fisher, carboxymethyl cellulose sodium salt, Waltham, MA, USA), chitosan (Sigma-Aldrich,
chitosan from shrimp shells, Saint Louis, MO, USA) and casein (TCI, casein sodium from
milk). Among these biomaterials, chitosan needed an acidic solution to be dissolved;
therefore, acetic acid was added to the formulation. The AC/binder mixture was stirred
until a homogeneous carbonaceous slurry was obtained. Then, the slurry was deposited on
the PET-Cu-Graphite stack by blade coating and dried at room temperature. At this stage,
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all the electrodes were weighed to obtain the AC mass loading which values were found
to range from 6 and 6.8 mg/cm?. In total, 20 samples were prepared for each binder. The
electrodes were sorted according to the m, mass and similar-mass electrodes were paired
up for the supercapacitor devices.

The electrolyte in the form of hydrogel was prepared by incorporating 2 g of gelatin
(Sigma-Aldrich, gelatin from porcine skin) into 15 mL of an aqueous 2 M NaCl solution
to achieve the highest gel electrolyte conductivity [29]. Successively, 1.5 mL of glycerol
was added to the solution while stirring at 65 °C until complete dissolution of the gelatin
powder. Glycerol acts as a plasticizer with the aim to reduce intermolecular forces in
the gelatin network, thus increasing the mobility of polymeric chains and improving
film flexibility [30]. To fabricate hydrogel at different molar concentrations of salt, an
aqueous solution of 0 M and 2 M NaCl was used, respectively. The supercapacitor was
completed by facing another electrode to form a sandwich structure. The electrode area A
was 2.5 x 4 cm?.

2.2. Electrochemical Characterization

The electrochemical characterizations such as cyclovoltammetry (CV), galvanostatic
charge—discharge (GCD) and electrochemical impedance spectroscopy (EIS) of the super-
capacitors were measured on a commercial platform (Arkeo—Cicci Research) at room
temperature. The devices were measured in a two-electrode geometry with an average area
of about 10 cm?. The EIS measurements were performed in the frequency range between
100 mHz and 10 kHz with an ac-signal amplitude of 50 mV at open-circuit voltage.

The gravimetric capacitance Cg (F/g) of the symmetric SC has been computed by
integrating the area under the CV curves according to the following equation [31]

Co=— 1 ./Vb i(V)dv (1)

mg'v'(vb — Vg) Va
where m, is the mass of the electrode, v is the scan rate, i(V) is the charging/discharging
current and V}, — V, is the potential window. From the GCD profiles, the equivalent series
resistance (ESR) can be estimated by

IRdrop
2-1p

ESR = @)

where IRy is the voltage drop between the first two points of the discharge plot and

Ip is the discharge current. Energy E (Wh/kg) and the power P (W /kg) densities of the
supercapacitors were computed by taking into account the equations

(Vmax = Vinin — IRdrop)z

. 1 2 1
E = 5-Cs-(AV)* = 5-Cs o €)
and
E
P = -3600 (4)
tdisc

where Vyuy is the maximum voltage applied to the device, Vi, is 0.1 V and ¢, in seconds
is the corresponding discharge period, respectively.

3. Results

To evaluate the influence on the dielectric properties and cycle stability of environ-
mentally friendly carbon-based supercapacitors with sustainable gel polymer electrolyte,
test structures have been fabricated. Figure la shows the cross section of the device
formed by a symmetric sandwich assembled following the sequence of the layers: PET/Cu-
Tape/Graphite ink/ Active material /Gel polymer electrolyte. The corresponding chemical
structures for the sustainable binders and biopolymer electrolyte are reported in Figure Sla.
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The top views of the half structure, before and after the deposition of the transparent
hydrogel, are displayed in Figure 1b,c, respectively. All the electrodes display relatively
homogeneous and dense surfaces without significant holes or cracks, except for the casein
where a micro-cracks are evident [32]. The blend between gelatin and water—-glycerol
molecule acts as an intrinsic protonic conductor with an ionic conductivity value ¢ ranging
between 0.4 and 0.7 mS/cm [3,33]. The addition of the NaCl salt to the pristine gelatin
blend increases the ¢ value. From the impedance spectra, the bulk ionic conductivity can
be estimated by o = L/(AZ,.,), where Z,,, is the real part of impedance when the phase
angle goes to zero, L is the thickness of the gel layer and A is the area of the device [3].
Figure S1b reports the impedance spectra measured for the hydrogels as a function of NaCl
content. Here, the measurement has been performed on a thin layer of hydrogel with a
thickness of L = 0.2 cm and area of 5 cm? contacted with two copper foils.
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Figure 1. (a) Cross section of the symmetric carbon-based supercapacitors fabricated with sustainable
materials; (b,c) photographs of the top view of the half structure of the device before and after the
deposition of the transparent hydrogel, respectively; (d) ionic conductivity at 300 K as a function of
the NaCl concentration within the hydrogel; (e) schematic diagram of a hydrogel polymer electrolyte
(gelatin/NaCl/H0) between two carbon electrodes. The cross section of the cell structure used to
perform the conductivity measurements within the electrolyte is shown in the inset.

The cell structure is shown in the inset of Figure 1d. As can be noted, the addition
of the NaCl salt leads to an enhancement of the bulk conductivity reaching a value of
about 50 mS/cm at 2 M. This value is in good agreement with what has been found in the
literature for gel polymer electrolytes [33,34]. Since the gelatin-based electrolyte exhibits
a temperature dependence of the ¢ value, all the measurements have been performed at
300 K [3,35].

Choudhury et al. reported that, by further increasing the amount of salt within the
hydrogel (e.g., 3 M of NaCl), a slight increment in the o value has been observed [33].
However, a large amount of hydrated anion and cation (C17-H,O and Na*-H,0O) nega-
tively affects the capacitance retention and the cycle stability of the supercapacitor during
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the charging and discharging test [16]. A schematic representation of the accumulation
and diffusion processes of the hydrated ions within the hydrogel during the operating
conditions is depicted in Figure le. Therefore, in the present study to guarantee stable
SC performance (e.g., high dielectric properties and long cycle life), a hydrogel based on
gelatin with 2 M NaCl has been taken into account. It is worth noting that above this
concentration, the mechanical properties of the gel deteriorate significantly and the gelation
process of the GPE occurs with difficulty.

The cyclovoltammetry curves of symmetric carbon-based supercapacitors fabricated
with different binders (such as chitosan, casein and CMC) and by using a hydrogel as
electrolyte are shown in Figure 2a,c,e. To avoid any chemical reactions due to the water
decomposition within the GPE, the operation voltage of the SCs has been limited to a
range of £1 V [36]. The experimental data related to the CV curves for different binders,
measured in the higher scan rate region (v > 100 mV/s), are shown in Figure S2a—c. As can
be observed from Figure 2a,c,e, the investigated devices exhibit a fairly rectangular shape
of the voltammetric curves at a lower scan rate region (v < 50 mV/s).

The clear absence of redox peaks indicates the formation of a double-layer capacitance
at the interface between the electrode and hydrogel [37]. Here, the slightly slanted trend
in the CV curves suggests the presence of a non-negligible ohmic contribution caused by
finite conduction through the electrolyte. Moreover, the deviation from the rectangular
shape for the structure having the CMC as a binder reveals a greater resistive contribution
from the carbon electrode. This could lead to an increase in the equivalent series resistance
for this sample [38].

By taking into account Equation (1), Cs can be calculated from the CV curves.
Figure 2b,d,f display a comparison of the Cg values as a function of the voltage scan
rates, which ranged between 10 mV /s and 500 mV /s, between the gel polymer and the
reference aqueous electrolytes with NaCl as salt. For both electrolytes, the computed
capacitance values decrease with the increase of v. At a low scan rate (v < 50 mV/s), the
ions have sufficient time to diffuse into the pores of activated carbon at the interface elec-
trode/electrolyte, leading to their accumulation. This phenomenon leads to a formation of
a double-layer charged at the electrodes characterized by a capacitance. As can be observed
in Figure 2b, the highest value of the Cg, which is 68.2 F/g at 10 mV/s, is obtained for
SC based on hydrogel with chitosan as a binder. By increasing the scan rate, the Cg value
decreases down to 11.9 F/g at 500 mV /s, corresponding to a reduction of 82.6%.

It is worth noting that devices fabricated with commercial activated carbon materials
have a specific capacitance of about 100-150 F/g (depending on the electrolyte used) [39].
Lupo et al. report values of Cs ranged between 32 and 52 F/g for similar devices fabricated
with chitosan as a binder and by using the same reference aqueous electrolyte [40]. By
considering the casein and the CMC as binders, the reported values in the literature of
Cg ranged between 20 and 25 F/g with a percentage weight fraction (wt.%) for the AC of
90% [15,41]. These values are lower than those displayed in Figure 2d,f in the lower scan
rate region. The difference can be related to the dissimilar values of the composition fraction
and mass loading of the active material within the electrode. In the present study, the
value of the wt.% of AC is 95%, whereas the mass loading values ranged between 6.0 and
6.8 mg/cm?. Moreover, supercapacitors based on casein and CMC (with hydrogel) show a
value of capacitance, as a function of the scan rate, higher than those observed for the same
device based on aqueous electrolyte. In particular, the electrode with the casein reports
a value of 45.4 F/g, whereas the use of CMC as a binder gives a lower value of 39.8 F/g
at 10 mV/s. Again, as the scan rate increases, a reduction in the dielectric properties has
been observed. To quantify the drop of the capacitance as a function of the voltage scan
rate, observed for all the devices investigated, the quantity L = 1 — (Cspp/Cyp) has been
computed. Here, C1p and Csgp correspond to the Cg values at 10 mV/s and 500 mV/s,
respectively. Figure S3 shows the percentage loss L of the capacitance Cg as a function of
the binder types for both electrolytes.
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Figure 2. (a,c,e) cyclic voltammetry curves of symmetric carbon-based supercapacitors investigated
in gel polymer electrolyte 2 M NaCl; (b,d,f) comparison of the corresponding gravimetric capacitance
values between gel polymer and aqueous-based electrolytes for chitosan, casein and CMC as electrode

binder, respectively.
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As can be seen, the SCs based on hydrogel show a more significant reduction of Cg
value of about 80% with respect to the reference system based on liquid electrolyte. This
finding can be related to the lower mobility of the ions within the hydrogel resulting in
a slow charge transfer and, therefore, minor ion adsorption at the electrolyte/electrode
interface [16]. The difference observed for the dielectric properties (Cs values) at lower
(slow dynamics) and higher (fast dynamics) scan rate ranges suggests v-dependent phe-
nomena in the devices. In the supercapacitors, the charges are stored at the interface active
material /electrolyte through faradaic (electron-transfer via redox reactions) processes or
by the accumulation of ions at an electrical double-layer (non-faradaic processes) or by a
combination of both [42]. In this latter case, the hybrid characteristics unravel the presence
of a pseudocapacitive behaviour at the interface between the hydrogel and the porous
carbon-based electrode. In order to distinguish between these mechanisms, the current
response i(V) of the electrochemical devices can be modelled as the sum of the surface-
controlled and diffusion-controlled components as i(V) = icapacitive + idif fusive, Where i(V')
is the current under fixed voltage [43].

Here, surface limited contribution icpacitive is related as o« v, whereas the diffusion-
limited contribution ig;fysive is proportional to o« v%°. Therefore, the i(V) can be written as

i(V) = kv 4 kpv®? (5)

where ki and k; are constants. In order to estimate these two contributions to the overall
capacitance value, Trasatti and Dunn provide a method to calculate the total charge stored
by the pseudocapacitive material under study [43,44]. The total voltammetric charge gs(v)
could be expressed as a function of scan rate through the following equation [43]

qs(v) = goo + kv 0° (6)

where kv~ represents charge storage related to semi-infinite diffusion, k is a constant
and g is the charge stored at a high scanning rate ( v — o0). The charges stored in the
double-layer, g4 (very similar to g«), can be estimated from the intercept at v-axis of g5 vs.
0703 (see Figure 3a).

Additionally, the total voltammetric charge, g5, can be extracted from the plot of 1/4s
as a function of v’ (see Figure 3b). In this framework, the pseudocapacitance charge, Ips,
can be computed from the difference between g5 and g4 [45]. The quantities C¢, Cg 4 and
Cs,ps correspond to the maximum total specific capacitance at v — 0, the double-layer
capacitance and pseudocapacitance, respectively. These values can be obtained by dividing
the charge by the potential window of CV (i.e., 2.0 V in this work).

Figure 3c shows the contributions of pseudocapacitance (diffusion-limited) and double-
layer capacitance (surface-limited) to the overall capacitance Cg for different binder types
with hydrogel as electrolyte. As expected, when v — 0 the total charge is stored both
with faradaic and double-layer charge storage mechanisms that occur concurrently at the
electrode/hydrogel surfaces. However, only the chitosan reports a higher value of the
double-layer contribution (more than 55%) to the total capacitance with respect to the other
binders suggesting a substantially pure capacitance behaviour. Conversely, the electrodes
based on casein and CMC show a merely pseudocapacitive behaviour, with more than 80%
of Cg originating from the fast faradaic reactions. The use of the hydrogel as an electrolyte
modifies the contribution of the double-layer capacitance with respect to the SCs fabricated
with the aqueous electrolyte [32], as evidenced in Figure 3c and Figure S4. It seems that the
GPE promotes the pseudocapacitive behaviour assisted by charge transfer. Here, the GPE
is based on a blend of gelatin and water—glycerol molecules and contains a large number of
polar functional groups, which can be influenced by an electric field polarization. Moreover,
gelatin is a protonic conductor and also contains a large number of divalent ions (i.e., Ca",
Cu?* and Fe?*) that can diffuse and participate in the storage mechanism. These ions can
act as a dopant with electrode materials (activated carbon and binder) and give origin
to pseudocapacitive behaviour. Additionally, the salt anions (Cl1™-H;O) interact with the
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hydrophilic -OH, -COOH and -NH,; groups in the structure of gelatin within the hydrogel,
thereby increasing solubility and the cation transport properties [34]. As expected, the
observed pseudocapacitance influences also the galvanostatic charge—discharge profiles.
The GCD curves measured at different current densities for the fabricated SCs are displayed
in Figure 4.
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Figure 3. (a) Dependence of gs on v~ and (b) of 1/g5 on v’"® for the binders investigated in hydrogel
2 M NaCl; (c) contribution of pseudocapacitance (diffusion-limited) and double-layer capacitance
(surface-limited) to the overall capacitance Cg for all the binders investigated. Here, g5 is the total
voltammetric charge. The yellow box area indicates the region where the linear fitting procedure
is performed.
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Figure 4. Galvanostatic charge and discharge curves at various current densities for the super-
capacitors based on (a) chitosan, (b) casein and (c¢) CMC with 2 M NaCl gel polymer electrolyte,
respectively.

Here, for SCs with a dominant capacitive contribution of the double-layer (such as
a chitosan electrode), linear charging and discharging curves have been observed. On
the other hand, devices fabricated with casein and CMC report non-linear GCD curves
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100

manifested as a curvature at the beginning of the discharge profile. This behaviour can be
related to the faradaic current that comes from the charge redistribution processes at the
electrode surface [46].

The pseudocapacitive behaviour at the electrode/hydrogel interfaces modifies the
coulombic efficiency of the devices. This quantity # can be calculated as the ratio between
discharging and charging times when the charge-discharge current densities are equal. In
Figure 5a, the 1 values computed from the GCD profiles at different current density values
are shown. As can be observed, the efficiency is lower than 100% indicating that the contri-
bution to the overall capacitance Cg from the pseudocapacitance is not negligible [46,47].
Here, 17 values for the CMC and the chitosan ranged between 85 and 95%. These values
are in good agreement with what is found in the literature for the same binders [32]. Con-
versely, the electrode based on casein shows a lower value of 77 of about 50%. This means
that the presence of non-linear curves, related to the pseudocapacitance, is caused by an
asymmetric behaviour within the device during the charging and discharging tests. Here,
the capacitance value is no longer a constant during the GCD under bias current. This
finding leads to a reduction in the discharge time, compared to the charging time, which
negatively affects the real capability of the device to store energy efficiently [48].

The equivalent series resistance values of the devices can be estimated from the voltage
drop observed in the GCD profiles by taking into account Equation (2). In Figure 5b, the
ESR values extracted as a function of the current densities for all the supercapacitors
investigated are shown. Electrodes based on chitosan and casein, which are characterized
by a near-rectangular shape of the CV loop, reveal lower values of the series resistance
ranging between 0.75 () and 1 Q). These values are lower than one order of magnitude than
those reported in the literature for similar binders [40,41]. These promising values of ESR
are related to the low resistance of the electrode, due to a large amount of activated carbon
within and by using a GPE with a conductivity of about 50 mS/cm.

Conversely, the device based on CMC shows an average value of the series resis-
tance of about 2.7 () similar to the ESR value estimated for SC based on an aqueous
electrolyte [32]. In this latter case, the greater ohmic contribution can be associated with
the non-homogeneous dispersion of the conductive filler (AC) and the binder within the
electrode [49]. This result confirms the behaviour of the CV loop reported in Figure 2e.
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Figure 5. Current dependence of the (a) coulombic efficiency and (b) equivalent series resistance
values as a function of the binders investigated, respectively; (c) Ragone plot of gravimetric power
density versus gravimetric energy density for the investigated electrodes in comparison with other
reported symmetric environmentally—friendly hydrogel carbon-based SCs with their associated time
constant regimes [19,20,29,50].
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In Figure 5c¢, the Ragone plot, representing the specific power as a function of specific
energy, for the devices under test is shown. The values of E and P have been calculated
by using Equations (3) and (4), respectively. All the SCs investigated report values in
good agreement with what is found in the literature for carbon-based SCs [50,51]. For
comparison, in Figure S5, the Ragone plot for SCs based on the reference aqueous electrolyte
is shown. As can be seen, the devices having the GPE as electrolyte show slight lower
values of specific power and energy densities compared to the same SCs fabricated with
an aqueous electrolyte. For both the electrolytes, the electrodes based on chitosan are the
most performant devices. In particular, the SCs based on hydrogel can deliver an average
value of energy and power densities of 5.2 Wh/kg and 1256 W /kg, respectively. Here, for
all the binders investigated, the operating time T = E/P ranges between 0.36 s and 36 s
depending on the discharging current, as expected by the SC applications.

In the literature, several authors report gel polymer electrolytes based on biodegrad-
able synthetic polymer (e.g., PVA and PEO) [21,22,48] and biopolymer obtained from
renewable resources (such as agar, guar gum, gelatin and starch) for supercapacitor applica-
tions [21,23,33,52,53]. However, for a reasonable comparison of the energy performance in
the Ragone plot, the reference data are selected with the same potential window (0-1 V) and
the same electrode material properties (e.g., activated carbon) used for the SCs fabricated.
Although environmentally friendly materials have been investigated in the last decade for
energy applications (e.g., Li-ion battery and supercapacitor), only a few studies are present
in the literature for devices fabricated with sustainable functional materials obtained from
renewable resources [40,51].

To best of our knowledge, only chitosan has been studied as a binder for fully eco-
friendly supercapacitors with liquid electrolyte [32,51]. Conversely, few preliminary results
have been found in the literature with the use of GPE [29]. For the other materials (e.g., CMC
and casein), the literature reports devices where the electrolyte is not sustainable. Therefore,
to make a comparison with the literature data for the energy performance, different devices
based on GPE obtained from natural and synthetic biomaterial have been considered.

As can be seen in Figure 5c¢, the chitosan-based device show an energy performance
higher than those observed for the PVA based-electrolyte with H3PO, and KOH as salts,
respectively [21,22]. Choudhury et al. reported a gelatin-based electrolyte with 3 M NaCl
with a value of E = 9.7 Wh/kg slight higher than that has been reported for our devices
in Figure 5b [33]. This difference can be related to the different amounts of salt that leads
to an enhancement of the ionic conductivity within the blend. However, the increase in
the NaCl concentration causes a faster degradation of the GPE resulting in lower cycle
stability. Moreover, the use of glutaraldehyde as a crosslinking agent for collagen-based
biomaterials (e.g., gelatin) increases the mechanical stability of the hydrogel but reduces its
sustainability being environmentally toxic. In addition, the use of the Li salt to a GPE based
on guar gum permits the fabrication of SCs with a value of specific energy density higher
than 10 Wh/kg [52]. However, LiClOy is very reactive and harmful to the environment and
human health.

Figure 6a shows the endurance of the devices under cycle voltammetry measurements
performed at 300 mV /s and in the voltage range between 0 and 1 V. It is worth noting that
the capacitance values measured for the SCs investigated are in good agreement with what
has been reported in Figure 2. As evidenced, the device with a dominant contribution of
the double-layer capacitance shows a stable behaviour of the dielectric properties up to
12,000 working cycles (e.g., chitosan as a binder). On the other hand, the casein and the
CMC-based supercapacitors, where the contribution of the faradaic reaction at the interface
is most significant, exhibit lower cycle stability estimated at 8832 and 6751, respectively.
These cycle number values are estimated by considering a reduction of 25% from its initial
capacitance value. Moreover, all the devices with hydrogel show an enhancement of the
dielectric properties ranging between 10 and 30% during the cycling test. This trend has
been already observed for the casein and the CMC as binder immersed in an aqueous
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electrolyte [32]. This finding is a further evidence that faradaic reactions at the electrode
interface are supported when the GPE is used.
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Figure 6. (a) Cycles stability of the SC-based gel polymer electrolyte 2 M of NaCl performed with
CV cycles at 300 mV/s in the voltage range between 0 and 1 V; (b) comparison of the endurance
test for the devices based on the hydrogel and the reference liquid electrolyte as a function of the
binder types.

Figure 6b displays the comparison to the cycling test for the devices based on the
hydrogel and the reference liquid electrolyte as a function of the binder types. As can be
noted, the use of the GPE permits to increase the cycle stability of the devices exceeding the
1000 cycles reported for the reference devices based on liquid electrolyte having similar
electrode properties. In Figure S6, the cycles stability properties for the SCs reported in
the literature based on eco-friendly GPE are shown. For comparison, only the reference
SCs based on PVA /KOH shows value of the cycle stability in the range of 10,000 working
cycles. The other devices based on PVA/H3PO, and guar gum/LiClO, hydrogels have
a lower endurance (<5000 cycles). Additionally, the hydrogel based on 3 M of NaCl
displays lower stability down to 1200 cycles. It should be noted that in the literature,
supercapacitors based on biopolymer hydrogel electrolytes with different electrode fillers
(such as graphene, MnO, and carbon nanotubes), conducting salts (e.g., Na;SOj, Li;SO4
and LiCl) and aqueous electrolyte (e.g, HySO4 and KOH) have values of stability lower
than 10,000 cycles [16,34]. Although electrolytes and salts that contain sulphur atoms are
expected to be benign for the environment, after combustion, they emit SO, that contributes
to acid rain. Therefore, they cannot be considered entirely eco-friendly [54].

To investigate the correlation between the dielectric properties and the charge storage
mechanisms within the supercapacitors for both the electrolytes, electrochemical impedance
spectra measurements have been performed. This non-destructive technique has been
extensively used in the literature for electrochemistry and energy applications from genera-
tion to storage energy [42,55-57].

Figure 7 reports the Nyquist plots representing the imaginary part, -Z;;,g, as a function
of the real part, Z,,;, of the complex impedance for the binders and electrolytes taken into
account. As expected for the supercapacitors, all the spectra have a long tail at lower
frequencies which is a typical shape observed for the charge storage mechanisms of the
capacitive and pseudocapacitive materials and their associated interfacial phenomena [42].
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In the literature, several studies report electrochemical impedance spectroscopy
models that describe the interface kinetics between the porous electrodes and the elec-
trolytes [42,56,58,59].

Devices characterized with a pure capacitive behaviour (only charge accumulation
without any transfer) show a simple vertical line that can be modelled as a series combina-
tion of resistive and capacitive elements. Here, the delay angle of the imaginary part of the
impedance approaches the theoretical value of 90°. A small difference to the ideal case can
be attributed to the porosity of the carbon-based electrode [42,60].

Conversely, when faradaic reactions occur at the surface, a second slope of the imag-
inary part of the impedance in the low-frequency region has been reported [56,58]. For
all the devices fabricated, the resulting value of the frequency shift decreases in a range
between 30° and 44.5°, confirming the presence of a major pseudocapacitive contribution
arising from the diffusion [27]. This behaviour can be related to the presence of a large
number of polar functional groups within the gelatin that can be influenced by the electric
field polarization [61]. Moreover, the pseudocapacitance behaviour observed at the elec-
trode interface is also influenced by the binders that contain atoms (such as Na in casein
and CMC) and functional groups (e.g., carboxyl, hydroxyl and amino) that interact with the
activated carbon at the interface with the gel electrolyte [32]. Therefore, the appearance of a
semicircle in the spectra can be ascribed to these interactions [42,59]. In this framework, the
diffusion-limited /capacitive response can be easily described and modelled by a Randles
equivalent circuit model [28].

As evidenced by the ESR values extracted at 1 kHz from the impedance spectra in
Figure 7, the use of the GPE in place of the liquid electrolyte produces an increase in
the ohmic contribution for the chitosan and the CMC binders. Here, the devices show
experimental spectra shifted towards a higher resistance range (1-4 (). This means that
a diffusion layer near the electrode interface is present with a non-negligible resistance
value [62].

It is worth noting that only for the casein, the SC with hydrogel shows lower ohmic
contribution with respect to the same device with reference liquid electrolyte. This finding
is in good agreement with what has been reported in Figure 2d and confirms the better
dielectric properties observed for the GPE sample. Moreover, the device based on CMC
shows a clear semicircle loop with a diameter of about 1 (), lower than that observed
for the liquid electrolyte (1.9 Q)), suggesting an increase in the exchange current from the
charge-transfer processes at the electrode/hydrogel interface [63].

In Figure 8a, a comparison in terms of the lifespan (cyclic number), energy and
dielectric performances of the investigated supercapacitor by varying the binder types and
for both the electrolytes is reported. Aqueous electrolytes are superior, compared the other
ones, in terms of their ionic conductivity, interfacial wettability, safety and environmentally
benign nature [16]. The experimental data indicate that hydrogel enhances the stability of
the final device increasing the endurance up to 12,000 cycles (e.g., for chitosan as binder
with GPE). Although the internal resistance increases with the gel-like electrolyte the
dielectric properties, in terms of specific capacitance and energy performances, still remain.
Here, the chitosan used as a binder shows better properties compared to the other binders
with hydrogel as an electrolyte.
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Figure 8. Radar plot to compare the performance of the supercapacitors based on gel polymer and
reference liquid electrolytes with (a) chitosan, (b) casein and (¢) CMC as an electrode binder.

4. Conclusions

Hydrogel based on gelatin and doped with 2 M of NaCl has been used as a gel poly-
mer electrolyte in symmetric carbon-based supercapacitors with sustainable electrodes.
Biodegradable materials obtained from renewable resources such as chitosan, casein and
carboxymethyl cellulose have been employed as binders within the electrode in combi-
nation with activated carbon extracted from the coconut shell. In order to evaluate the
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influence of the hydrogel on the device performance, reference supercapacitors have been
fabricated with the aqueous electrolyte with 1 M of NaCl for all the binders investigated.

The most performant supercapacitors with gel-like electrolytes are characterized
by a gravimetric capacitance value ranging between 80 and 100 F/g, a series resistance
contribution lower than 1 (2 and good coulombic efficiency. However, a marked capacitance
loss as a function of the voltage scan rate has been observed for all the binders taken into
account. By using the partition method, pseudocapacitance behaviour has been found at
the electrode/electrolyte interface. As evidenced, different charge storage mechanisms take
place within the SCs where the surface and diffusion-limited processes are concurrent at
the electrode interface.

Compared to the devices with reference aqueous electrolytes, supercapacitors based
on hydrogel show a major contribution of the diffusion component to the dielectric re-
sponse. The diffusion component also influences the impedance spectra where a long tail
at a low-frequency region in the Nyquist plots has been observed. Here, chitosan-based
devices show a capacitive-like dielectric response similar to an electrochemical double-
layer capacitor. Conversely, for the CMC and casein-carbon-based electrodes, the diffusion
contribution to the overall capacitance is dominant.

In terms of cyclability, the hydrogel enhances the cycle life of the supercapacitor
showing an endurance higher than 12,000 cycles (without attenuation) for the chitosan-
based electrode. A similar trend has been found for both the casein and CMC binders
showing cycle stabilities up to 7000 and 9000, respectively. The best-performing device can
deliver ca. 5.2 Wh/kg of energy at a high power density of 1256 W /kg.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /polym14204445/s1, Figure S1: (a) Cross-section of the symmetric
carbon-based supercapacitors with the corresponding chemical structures of the sustainable materials
used as binder and polymer electrolyte. (b) Nyquist plots for the pristine and the doped hydrogels as
a function of the NaCl content; Figure S2: Cyclic voltammetry curves of symmetric carbon-based
supercapacitors investigated in gel polymer electrolyte 2 M NaCl for (a) chitosan, (b) casein and
(c) CMC as electrode binder. The voltage scan rate is ranged between 100 and 500 mV/s; Figure
S3: Capacitance percentage loss as a function of the binder types for aqueous and gel polymer
electrolytes; Figure S4: Contribution of pseudocapacitance (diffusion-limited) and double layer
capacitance (surface-limited) to the overall capacitance C¢ for all the binders investigated with
aqueous electrolyte; Figure S5: Ragone plot of gravimetric power density versus gravimetric energy
density for the investigated electrode with aqueous electrolyte; Figure S6: Cycles stability for the SCs
reported in the literature based on gel-polymer electrolyte.

Author Contributions: Conceptualization, G.L.; methodology, G.L. and L.L.N.; software, G.L.;
validation, G.L.; formal analysis, G.L.; investigation, G.L. and L.L.N.; data curation, G.L. and L.L.N.;
writing—original draft preparation, G.L. and L.L.N.; writing—review and editing, G.L., L.L.N,,
A.L.P. and G.P; visualization, G.L.; supervision, G.L.; project administration, G.L. and G.P; funding
acquisition, G.L. and G.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Accordo di Programma MiSE-ENEA 2019-2021, under grant
number CUP: 134119005780001.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Lucio Cina and Bas de Jong from Cicci Research are kindly acknowledged for
the technical support on the ARKEO platform. Maria Grazia Maglione from ENEA (Italy) is gratefully
acknowledged for the constructive and fruitful discussions.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/polym14204445/s1
https://www.mdpi.com/article/10.3390/polym14204445/s1

Polymers 2022, 14, 4445 17 of 19

References

1.  Guo, W, Yu, C;Li, S.; Qiu, J. Toward commercial-level mass-loading electrodes for supercapacitors: Opportunities, challenges
and perspectives. Energy Environ. Sci. 2021, 14, 576-601. [CrossRef]

2. Schiitter, C.; Pohlmann, S.; Balducci, A. Industrial Requirements of Materials for Electrical Double Layer Capacitors: Impact on
Current and Future Applications. Adv. Energy Mater. 2019, 9, 1900344. [CrossRef]

3. Landi, G,; Granata, V.; Germano, R.; Pagano, S.; Barone, C. Low-Power and Eco-Friendly Temperature Sensor Based on Gelatin
Nanocomposite. Nanomaterials 2022, 12, 2227. [CrossRef] [PubMed]

4. Landi, G.; Neitzert, H.-C. Application of a Bio-Nanocomposite Tissue as an NIR Optical Receiver and a Temperature Sensor. ACS
Appl. Electron. Mater. 2021, 3, 2790-2797. [CrossRef]

5. Li,J.,; Fleetwood, J.; Hawley, W.B.; Kays, W. From Materials to Cell: State-of-the-Art and Prospective Technologies for Lithium-Ion
Battery Electrode Processing. Chem. Rev. 2022, 122, 903-956. [CrossRef]

6. Yassine, M.; Fabris, D. Performance of Commercially Available Supercapacitors. Energies 2017, 10, 1340. [CrossRef]

7. Singh, N.; Duan, H,; Tang, Y. Toxicity evaluation of E-waste plastics and potential repercussions for human health. Environ. Int.
2020, 137, 105559. [CrossRef]

8. Nithya, R; Sivasankari, C.; Thirunavukkarasu, A. Electronic waste generation, regulation and metal recovery: A review. Environ.
Chem. Lett. 2021, 19, 1347-1368. [CrossRef]

9. Xie, Q.; Bao, R.; Zheng, A.; Zhang, Y.; Wu, S.; Xie, C.; Zhao, P. Sustainable Low-Cost Green Electrodes with High Volumetric
Capacitance for Aqueous Symmetric Supercapacitors with High Energy Density. ACS Sustain. Chem. Eng. 2016, 4, 1422-1430.
[CrossRef]

10. Zhao, Z.; Xia, K.; Hou, Y,; Zhang, Q.; Ye, Z.; Lu, ]J. Designing flexible, smart and self-sustainable supercapacitors for
portable/wearable electronics: From conductive polymers. Chem. Soc. Rev. 2021, 50, 12702-12743. [CrossRef]

11.  Thangavel, R.; Kannan, A.G.; Ponraj, R.; Thangavel, V.; Kim, D.W,; Lee, Y.S. High-energy green supercapacitor driven by ionic
liquid electrolytes as an ultra-high stable next-generation energy storage device. J. Power Sources 2018, 383, 102-109. [CrossRef]

12.  Abioye, A.M.; Ani, EN. Recent development in the production of activated carbon electrodes from agricultural waste biomass for
supercapacitors: A review. Renew. Sustain. Energy Rev. 2015, 52, 1282-1293. [CrossRef]

13. Khan, A.; Arumugam Senthil, R.; Pan, J.; Sun, Y.; Liu, X. Hierarchically Porous Biomass Carbon Derived from Natural Withered
Rose Flowers as High-Performance Material for Advanced Supercapacitors. Batter. Supercaps 2020, 3, 731-737. [CrossRef]

14. Bresser, D.; Buchholz, D.; Moretti, A.; Varzi, A.; Passerini, S. Alternative binders for sustainable electrochemical energy
storage—The transition to aqueous electrode processing and bio-derived polymers. Energy Environ. Sci. 2018, 11, 3096-3127.
[CrossRef]

15.  Ruschhaupt, P; Varzi, A.; Passerini, S. Natural Polymers as Green Binders for High-Loading Supercapacitor Electrodes. Chem-
SusChem 2020, 13, 763-770. [CrossRef] [PubMed]

16. Pal, B; Yang, S.; Ramesh, S.; Thangadurai, V.; Jose, R. Electrolyte selection for supercapacitive devices: A critical review. Nanoscale
Adv. 2019, 1, 3807-3835. [CrossRef]

17. Zhong, C.; Deng, Y.; Hu, W,; Qiao, J.; Zhang, L.; Zhang, ]. A review of electrolyte materials and compositions for electrochemical
supercapacitors. Chem. Soc. Rev. 2015, 44, 7484-7539. [CrossRef]

18. Liu, ]J.-C.; Huang, Z.-H.; Ma, T.-Y. Aqueous Supercapacitor with Ultrahigh Voltage Window Beyond 2.0 Volt. Small Struct. 2020,
1, 2000020. [CrossRef]

19. Peng, X,; Liu, H.; Yin, Q.; Wu, J.; Chen, P; Zhang, G.; Liu, G.; Wu, C.; Xie, Y. A zwitterionic gel electrolyte for efficient solid-state
supercapacitors. Nat. Commun. 2016, 7, 11782. [CrossRef]

20. Senthilkumar, S.T.; Selvan, R.K.; Ponpandian, N.; Melo, ].S. Redox additive aqueous polymer gel electrolyte for an electric double
layer capacitor. RSC Adv. 2012, 2, 8937. [CrossRef]

21. Rapisarda, M.; Marken, F; Meo, M. Graphene oxide and starch gel as a hybrid binder for environmentally friendly high-
performance supercapacitors. Commun. Chem. 2021, 4, 169. [CrossRef]

22. Zhang, R;Jing, X.; Chu, Y.; Wang, L.; Kang, W.; Wei, D.; Li, H.; Xiong, S. Nitrogen/oxygen co-doped monolithic carbon electrodes
derived from melamine foam for high-performance supercapacitors. J. Mater. Chem. A 2018, 6, 17730-17739. [CrossRef]

23. Guo, Y,; Wang, T; Chen, X.; Wu, D. Agar-based porous electrode and electrolyte for flexible symmetric supercapacitors with
ultrahigh energy density. J. Power Sources 2021, 507, 230252. [CrossRef]

24. Moon, W.G.; Kim, G.P; Lee, M,; Song, H.D.; Yi, J. A biodegradable gel electrolyte for use in high-performance flexible supercapac-
itors. ACS Appl. Mater. Interfaces 2015, 7, 3503-3511. [CrossRef] [PubMed]

25. Mitta, S.B.; Harpalsinh, R; Kim, J.; Park, H.S.; Um, S.H. Flexible Supercapacitor with a Pure DNA Gel Electrolyte. Adv. Mater.
Interfaces 2022, 9, 2200133. [CrossRef]

26. Yang, H.; Liu, Y.; Kong, L.; Kang, L.; Ran, F. Biopolymer-based carboxylated chitosan hydrogel film crosslinked by HCI as gel
polymer electrolyte for all-solid-sate supercapacitors. J. Power Sources 2019, 426, 47-54. [CrossRef]

27. Landi, G.; Sorrentino, A.; Iannace, S.; Neitzert, H.C. Differences between graphene and graphene oxide in gelatin based systems
for transient biodegradable energy storage applications. Nanotechnology 2017, 28, 054005. [CrossRef]

28. Landi, G.; Sorrentino, A.; Fedi, F,; Neitzert, H.C.; Iannace, S. Cycle stability and dielectric properties of a new biodegradable

energy storage material. Nano Energy 2015, 17, 348-355. [CrossRef]


http://doi.org/10.1039/D0EE02649B
http://doi.org/10.1002/aenm.201900334
http://doi.org/10.3390/nano12132227
http://www.ncbi.nlm.nih.gov/pubmed/35808063
http://doi.org/10.1021/acsaelm.1c00368
http://doi.org/10.1021/acs.chemrev.1c00565
http://doi.org/10.3390/en10091340
http://doi.org/10.1016/j.envint.2020.105559
http://doi.org/10.1007/s10311-020-01111-9
http://doi.org/10.1021/acssuschemeng.5b01417
http://doi.org/10.1039/D1CS00800E
http://doi.org/10.1016/j.jpowsour.2018.02.037
http://doi.org/10.1016/j.rser.2015.07.129
http://doi.org/10.1002/batt.202000046
http://doi.org/10.1039/C8EE00640G
http://doi.org/10.1002/cssc.201902863
http://www.ncbi.nlm.nih.gov/pubmed/31815362
http://doi.org/10.1039/C9NA00374F
http://doi.org/10.1039/C5CS00303B
http://doi.org/10.1002/sstr.202000020
http://doi.org/10.1038/ncomms11782
http://doi.org/10.1039/c2ra21387g
http://doi.org/10.1038/s42004-021-00604-0
http://doi.org/10.1039/C8TA06471G
http://doi.org/10.1016/j.jpowsour.2021.230252
http://doi.org/10.1021/am5070987
http://www.ncbi.nlm.nih.gov/pubmed/25622040
http://doi.org/10.1002/admi.202200133
http://doi.org/10.1016/j.jpowsour.2019.04.023
http://doi.org/10.1088/1361-6528/28/5/054005
http://doi.org/10.1016/j.nanoen.2015.09.006

Polymers 2022, 14, 4445 18 of 19

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

Railanmaa, A.; Lehtiméki, S.; Lupo, D. Comparison of starch and gelatin hydrogels for non-toxic supercapacitor electrolytes.
Appl. Phys. A 2017, 123, 459. [CrossRef]

Rivero, S.; Garcia, M.A.; Pinotti, A. Correlations between structural, barrier, thermal and mechanical properties of plasticized
gelatin films. Innov. Food Sci. Emerg. Technol. 2010, 11, 369-375. [CrossRef]

Esawy, T.; Khairy, M.; Hany, A.; Mousa, M.A. Flexible solid-state supercapacitors based on carbon aerogel and some electrolyte
polymer gels. Appl. Phys. A 2018, 124, 566. [CrossRef]

Landi, G.; La Notte, L.; Palma, A.L.; Sorrentino, A.; Maglione, M.G.; Puglisi, G. A Comparative Evaluation of Sustainable Binders
for Environmentally Friendly Carbon-Based Supercapacitors. Nanomaterials 2021, 12, 46. [CrossRef] [PubMed]

Choudhury, N.A.; Sampath, S.; Shukla, A.K. Gelatin Hydrogel Electrolytes and Their Application to Electrochemical Supercapaci-
tors. . Electrochem. Soc. 2008, 155, A74. [CrossRef]

Xu, T; Liu, K; Sheng, N.; Zhang, M.; Liu, W.; Liu, H.; Dai, L.; Zhang, X.; Si, C.; Du, H.; et al. Biopolymer-based hydrogel
electrolytes for advanced energy storage/conversion devices: Properties, applications, and perspectives. Enerqy Storage Mater.
2022, 48, 244-262. [CrossRef]

Landi, G.; Neitzert, H.C.; Sorrentino, A. Temperature-dependent dielectric properties of a thermoplastic gelatin. In Proceedings
of the AIP Conference Proceedings, Kedah, Malaysia, 11-13 April 2016; Volume 1736, p. 020165.

Zang, X.; Shen, C.; Sanghadasa, M.; Lin, L. High-Voltage Supercapacitors Based on Aqueous Electrolytes. ChemElectroChem 2019,
6,976-988. [CrossRef]

Zhu, Y,; Murali, S.; Stoller, M.D.; Ganesh, K.J.; Cai, W.; Ferreira, PJ.; Pirkle, A.; Wallace, R M.; Cychosz, K.A.; Thommes, M.; et al.
Carbon-Based Supercapacitors Produced by Activation of Graphene. Science 2011, 332, 1537-1541. [CrossRef]

Boonpakdee, D.; Guajardo Yévenes, C.E; Surareungchai, W.; La-o-vorakiat, C. Exploring non-linearities of carbon-based
microsupercapacitors from an equivalent circuit perspective. J. Mater. Chem. A 2018, 6, 7162-7167. [CrossRef]

Galek, P.; Frackowiak, E.; Fic, K. Interfacial aspects induced by saturated aqueous electrolytes in electrochemical capacitor
applications. Electrochim. Acta 2020, 334, 135572. [CrossRef]

Lehtimaiki, S.; Railanmaa, A.; Keskinen, J.; Kujala, M.; Tuukkanen, S.; Lupo, D. Performance, stability and operation voltage
optimization of screen-printed aqueous supercapacitors. Sci. Rep. 2017, 7, 46001. [CrossRef]

Varzi, A.; Raccichini, R.; Marinaro, M.; Wohlfahrt-Mehrens, M.; Passerini, S. Probing the characteristics of casein as green binder
for non-aqueous electrochemical double layer capacitors’ electrodes. J. Power Sources 2016, 326, 672—679. [CrossRef]

Mathis, T.S.; Kurra, N.; Wang, X.; Pinto, D.; Simon, P.; Gogotsi, Y. Energy Storage Data Reporting in Perspective—Guidelines for
Interpreting the Performance of Electrochemical Energy Storage Systems. Adv. Energy Mater. 2019, 9, 1902007. [CrossRef]
Ardizzone, S.; Fregonara, G.; Trasatti, S. “Inner” and “outer” active surface of RuO; electrodes. Electrochim. Acta 1990, 35, 263-267.
[CrossRef]

Wang, J.; Polleux, J.; Lim, J.; Dunn, B. Pseudocapacitive Contributions to Electrochemical Energy Storage in TiO; (Anatase)
Nanoparticles. J. Phys. Chem. C 2007, 111, 14925-14931. [CrossRef]

Hatzell, K.B.; Beidaghi, M.; Campos, J.W.; Dennison, C.R.; Kumbur, E.C.; Gogotsi, Y. A high performance pseudocapacitive
suspension electrode for the electrochemical flow capacitor. Electrochim. Acta 2013, 111, 888-897. [CrossRef]

Noori, A.; El-Kady, M.F,; Rahmanifar, M.S.; Kaner, R.B.; Mousavi, M.F. Towards establishing standard performance metrics for
batteries, supercapacitors and beyond. Chem. Soc. Rev. 2019, 48, 1272-1341. [CrossRef] [PubMed]

Rajkumar, M.; Hsu, C.T.; Wu, TH.; Chen, M.G.; Hu, C.C. Advanced materials for aqueous supercapacitors in the asymmetric
design. Prog. Nat. Sci. Mater. Int. 2015, 25, 527-544. [CrossRef]

Yang, P.; Mai, W. Flexible solid-state electrochemical supercapacitors. Nano Energy 2014, 8, 274-290. [CrossRef]

Nobile, M.R.; Valentino, O.; Morcom, M.; Simon, G.P,; Landi, G.; Neitzert, H.-C. The effect of the nanotube oxidation on the
rheological and electrical properties of CNT/HDPE nanocomposites. Polym. Eng. Sci. 2017, 57, 665-673. [CrossRef]

Gogotsi, Y.; Simon, P. True Performance Metrics in Electrochemical Energy Storage. Science 2011, 334, 917-918. [CrossRef]
Keskinen, J.; Railanmaa, A.; Lupo, D. Monolithically prepared aqueous supercapacitors. J. Energy Storage 2018, 16, 243-249.
[CrossRef]

Sudhakar, Y.N.; Selvakumar, M.; Bhat, D.K. Tubular array, dielectric, conductivity and electrochemical properties of biodegradable
gel polymer electrolyte. Mater. Sci. Eng. B 2014, 180, 12-19. [CrossRef]

Jezowski, P.; Kowalczewski, PL. Starch as a Green Binder for the Formulation of Conducting Glue in Supercapacitors. Polymers
2019, 11, 1648. [CrossRef] [PubMed]

Dyatkin, B.; Presser, V.; Heon, M.; Lukatskaya, M.R.; Beidaghi, M.; Gogotsi, Y. Development of a green supercapacitor composed
entirely of environmentally friendly materials. ChemSusChem 2013, 6, 2269-2280. [CrossRef] [PubMed]

Subbiah, V.; Landi, G.; Wu, ].].; Anandan, S. MoS 2 coated CoS 2 nanocomposites as counter electrodes in Pt-free dye-sensitized
solar cells. Phys. Chem. Chem. Phys. 2019, 21, 25474-25483. [CrossRef] [PubMed]

Bisquert, J.; Garcia-Belmonte, G.; Bueno, P.; Longo, E.; Bulhoes, L.O. Impedance of constant phase element (CPE)-blocked
diffusion in film electrodes. J. Electroanal. Chem. 1998, 452, 229-234. [CrossRef]

Vijaya, S.; Landi, G.; Wu, ].J.; Anandan, S. Ni3Ss/CoS, mixed-phase nanocomposite as counter electrode for Pt-free dye-sensitized
solar cells. J. Power Sources 2020, 478, 229068. [CrossRef]

Diard, ].P; Le Gorrec, B.; Montella, C. Linear diffusion impedance. General expression and applications. J. Electroanal. Chem. 1999,
471,126-131. [CrossRef]


http://doi.org/10.1007/s00339-017-1068-1
http://doi.org/10.1016/j.ifset.2009.07.005
http://doi.org/10.1007/s00339-018-1967-9
http://doi.org/10.3390/nano12010046
http://www.ncbi.nlm.nih.gov/pubmed/35009996
http://doi.org/10.1149/1.2803501
http://doi.org/10.1016/j.ensm.2022.03.013
http://doi.org/10.1002/celc.201801225
http://doi.org/10.1126/science.1200770
http://doi.org/10.1039/C8TA01995A
http://doi.org/10.1016/j.electacta.2019.135572
http://doi.org/10.1038/srep46001
http://doi.org/10.1016/j.jpowsour.2016.03.072
http://doi.org/10.1002/aenm.201902007
http://doi.org/10.1016/0013-4686(90)85068-X
http://doi.org/10.1021/jp074464w
http://doi.org/10.1016/j.electacta.2013.08.095
http://doi.org/10.1039/C8CS00581H
http://www.ncbi.nlm.nih.gov/pubmed/30741286
http://doi.org/10.1016/j.pnsc.2015.11.012
http://doi.org/10.1016/j.nanoen.2014.05.022
http://doi.org/10.1002/pen.24572
http://doi.org/10.1126/science.1213003
http://doi.org/10.1016/j.est.2018.02.008
http://doi.org/10.1016/j.mseb.2013.10.013
http://doi.org/10.3390/polym11101648
http://www.ncbi.nlm.nih.gov/pubmed/31614451
http://doi.org/10.1002/cssc.201300852
http://www.ncbi.nlm.nih.gov/pubmed/24136900
http://doi.org/10.1039/C9CP04592A
http://www.ncbi.nlm.nih.gov/pubmed/31714567
http://doi.org/10.1016/S0022-0728(98)00115-6
http://doi.org/10.1016/j.jpowsour.2020.229068
http://doi.org/10.1016/S0022-0728(99)00262-4

Polymers 2022, 14, 4445 19 of 19

59.

60.

61.

62.

63.

Portet, C.; Taberna, P.L.; Simon, P.; Laberty-Robert, C. Modification of Al current collector surface by sol-gel deposit for carbon-
carbon supercapacitor applications. Electrochim. Acta 2004, 49, 905-912. [CrossRef]

Di Giacomo, R.; Maresca, B.; Angelillo, M.; Landi, G.; Leone, A.; Vaccaro, M.C.; Boit, C.; Porta, A.; Neitzert, H.C. Bio-Nano-
Composite Materials Constructed With Single Cells and Carbon Nanotubes: Mechanical, Electrical, and Optical Properties. IEEE
Trans. Nanotechnol. 2013, 12, 1026-1030. [CrossRef]

Teixeira Silva, F.; Sorli, B.; Calado, V.; Guillaume, C.; Gontard, N. Feasibility of a Gelatin Temperature Sensor Based on Electrical
Capacitance. Sensors 2016, 16, 2197. [CrossRef]

Mei, B.A.; Munteshari, O.; Lau, J.; Dunn, B; Pilon, L. Physical Interpretations of Nyquist Plots for EDLC Electrodes and Devices.
J. Phys. Chem. C 2018, 122, 194-206. [CrossRef]

Bredar, A.R.C.; Chown, A.L,; Burton, A.R.; Farnum, B.H. Electrochemical Impedance Spectroscopy of Metal Oxide Electrodes for
Energy Applications. ACS Appl. Energy Mater. 2020, 3, 66-98. [CrossRef]


http://doi.org/10.1016/j.electacta.2003.09.043
http://doi.org/10.1109/TNANO.2013.2285438
http://doi.org/10.3390/s16122197
http://doi.org/10.1021/acs.jpcc.7b10582
http://doi.org/10.1021/acsaem.9b01965

	Introduction 
	Materials and Methods 
	Materials Preparation 
	Electrochemical Characterization 

	Results 
	Conclusions 
	References

