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Impact of Acetate-Based Hydrogel Electrolyte on Electrical
Performance and Stability of Eco-Friendly Supercapacitors
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Giovanni Carapella,”” Sergio Pagano, Alessandro Lorenzo Palma,” Paolo Sdringola,” and

Giovanni Puglisi®™

The electrochemical characteristics and stability of hydrogel-
based environmentally friendly supercapacitors employing
sodium acetate as salt have been investigated. To ensure the
overall sustainability of the devices, chitosan (a biomaterial
from renewable resources) and activated carbon (derived from
coconut shells) have been used as a binder and filler within the
electrodes, respectively. Cyclic voltammetry, galvanostatic
charge/discharge, and impedance spectroscopy measurements
have been performed to compare the electrochemical proper-
ties of the fabricated devices. Compared to reference electro-
lytes containing NaCl, the utilization of sodium acetate

Introduction

The growing energy demand of human activities requires scientific
and technological efforts in the investigation of solutions for
sustainable energy production and rational usage. Among the
energy storage devices, supercapacitors (SCs), also referred to as
electrochemical capacitors, exploit the capacitive properties at the
interface between a porous electrode with high specific area and
an electrolyte solution."” The result is a higher power density
compared to batteries and a preferential use in applications
requiring a rapid charge-discharge process and larger number of
cycles®? The rapid development of connected and smart
electronic devices in the context of the Internet of Things (loT)
offers a great market potential for SCs due to their opportunity to

be flexible, lightweight, and miniaturized*” Moreover, the
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exhibited enhancements in energy performance and stability
up to 50000 cycles. The most efficient device has been
delivered approximately 10.6 Wh/kg of energy at a high-power
density of about 3940 W/kg. A comprehensive investigation of
the electrochemical performances has been carried out, consid-
ering both faradaic and non-faradaic processes as charge
storage mechanisms within the devices. A model has been
proposed to describe the storage mechanisms and to provide
insights into the ageing phenomena observed during the
cycling procedure.

possibility to prepare the components of SCs from sustainable and
green materials®® would represent a valuable alternative to the
proliferation of electron waste, that a pervasive loT would
generate with adverse effects on humans and the environment.”
Usually, electrodes for SCs are homogeneous slurries composed of
active materials and additives, coated, or printed on a current
collector. While the functional material is generally an activated
carbon (AC) derived from bio-based feedstocks,"® the conven-
tional additive is polyvinylidene fluoride (PVDF), a fluoropolymer
that acts as a binder. The drawback is the solubility of this polymer
in toxic and volatile organic compounds (e.g., N-methyl-2-
pyrrolidone (NMP)). For this reason, water-processable binders
originating from renewable sources are desirable for a safer and
more sustainable fabrication of electrodes.!"'? Materials like
cellulose and its derivatives, alginate, starch, and chitosan, have
been successfully applied as binding materials in carbon electro-
des for SCs."*™ In particular, chitosan, a polysaccharide extracted
from crustacean shells, has been employed without negatively
affecting SC performance."®'” The overall friendliness of SCs is also
improved by using water processing for electrolytes. Aqueous
electrolytes provide higher ionic conductivity and lower resistance
than organic electrolytes"®'¥ However, the evaporation of water
in case of non-optimal encapsulation causes precipitation of the
electrolytic salts and, consequently, performance degradation.””
Moreover, it is not possible to implement the devices in flexible
applications. An interesting approach to circumvent the above-
mentioned issues is the use of gel polymer electrolytes (GPEs) that
combine polymer separator and liquid electrolyte in a homoge-
neous gel phase, allowing more opportunities for structural design
and improvement of stability”*? Among them, hydrogels,
composed of an aqueous solution swollen within a polymer
matrix, are highly desirable because safe, environmentally friendly
and low-cost./2*¥ Recently, hydrogel based on gelatin has been
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used as an electrolyte in eco-friendly energy storage devices and
low-power sensors for loT applications.”*

In this paper, the fabrication of symmetric carbon-based
SCs, with natural polymers employed both in the electrode
slurry and electrolyte system has been reported. The latter is a
hydrogel containing sodium acetate (CH;COONa) as a highly
soluble, and widely available salt, and has already demonstrated
to be a beneficial aqueous electrolyte for SCs?**% but has been
applied for the first time within a GPE. The fabricated devices
have been fully characterized in terms of electrochemical
performance, emphasizing the advantages of employing so-
dium acetate in comparison to other reference electrolytes
based on NaCl. A detailed investigation has been conducted to
establish a clear correlation between cycle stability, charge
storage mechanisms, and dielectric properties at the electrode/
hydrogel interface for various electrolyte types. Additionally, a
model of the impedance spectra that describes the charge
storage and the ageing mechanisms within the supercapacitors
has been developed.

Results and Discussion
Electrical properties

The cross-sectional view of the device, revealing a symmetrical
sandwich structure in accordance with the layer sequence: PET/
Cu-Tape/Graphite ink/Active material/Gel Polymer Electrolyte, is
illustrated in Figure 1(a). Scanning Electron Microscopy (SEM)
images of the electrode surface, captured at varying magnifica-
tions, are presented in Figures 1(b). All the observed electrodes

exhibit uniform and compact surfaces, characterized by the
absence of substantial voids or micro-cracks. The GPE consists
of a blend of gelatin and water-glycerol molecules with
CH;COONa salt. The estimation of the bulk ionic conductivity
opc from the impedance spectra can be found in the
supplementary materials. Figure S1(a) reports the impedance
spectra measured for various amounts of CH;COONa salt within
the hydrogel. The measurement has been performed on a thin
layer of hydrogel having a thickness of L=0.2 cm and an area
of 5cm” The GPE layer has been in contact with two copper
foils. The cross-section of the test structure is shown in the inset
of Figure 1(c). In the same figure, ionic conductivity values as a
function of the sodium acetate concentration within the hydro-
gel measured at 300K are shown. The o, values of the
undoped hydrogel range between 0.4 to 0.7 mS/cm, consistent
with findings reported in the literature.”’?" The incorporation of
the CH;COONa salt into the pristine gelatin blend changes the
value of ogpc. In particular, the ionic conductivity progressively
increases, reaching a value of 13.2 mS/cm at 2.5 M, and then
gradually decreases to 1.4 mS/cm at 4 M.

This finding highlights the importance of selecting the optimal
salt content of 25M to attain the utmost level of ionic
conductivity, thereby leading to the optimal performance of the
supercapacitor. This is further supported by the phase angle
dependence on the frequency, as displayed in Figure S1 (b).
Significantly, the GPE containing 2.5 M of CH;COONa salt exhibits
a sustained dielectric response in a higher frequency range
compared to the hydrogel with other acetate concentrations. It is
worth noting that the ionic conductivity value reported in the
literature for the aqueous electrolyte with 2.5 M sodium acetate is
approximately 75 mS/cm.”® The observed decrease in o, value,
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Figure 1. (a) Cross-sectional illustration of the symmetric carbon-based supercapacitors fabricated using environmentally friendly materials; (b) SEM images of
the surface morphology for the chitosan-based electrode at different scale bar, 10 um, 50 um, 100 pm and 200 pm, respectively; (c) Variations in ionic
conductivity values at 300 K with respect to the sodium acetate concentration within the hydrogel. The cross-sectional view of the experimental configuration

employed for the measurement of electrolyte conductivity is shown in the inset.
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when the hydrogel with salt serves as an electrolyte, can be
attributed to the lower mobility of the cation (Na*) and anion
(CH;CO0") species within the gel, in comparison to the aqueous
electrolyte®™ A similar decline has also been observed in gel
polymer electrolytes containing other salts, such as NaCl*?
Compared to other anions such as SO, and CI, the acetate
anion CH;COO~ possesses a smaller desolvated ionic radius,
typically within the range of a few angstroms (e.g. 0.15 nm in
water-electrolyte).®” Consequently, it is anticipated that the
acetate anion will readily fit into the majority of pores present in
activated carbon, which has an average pore size of 0.85 nm, at
the electrode/hydrogel interface.®®*? This characteristic should
enhance the dielectric and long-term stability properties of the
proposed symmetric carbon-based supercapacitor.”

Figure 2(a) shows the cyclovoltammetry (CV) profiles of
symmetric carbon-based supercapacitors, wherein the chitosan
is the electrode binder and the hydrogel with a 2.5M
CH;COONa solution is the gel polymer electrolyte. Here, an
almost rectangular shape of the curves, acquired at a low scan
rate level (¥ <50 mV/s), is observed for the investigated devices.
The experimental data corresponding to the CV profiles
collected under higher scan rate conditions (v>100 mV/s) are
reported in Figure S2 (a). The formation of a double-layer
capacitance at the interface between the electrode and hydro-
gel is evidenced by the distinct absence of redox peaks.* It is
important to note that a range of -1V has been chosen as a
limiting operation voltage for the SCs, in order to avoid any
chemical reactions due to the water decomposition within the
GPE."®

The gravimetric capacitance Cs (F/g) of the symmetric SC
can be calculated by integrating the area under the CV loops
using the equation®”
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Here, m, represents the mass of the electrode, v is the scan
rate, i(V) is the charging/discharging current, V, and V, refer to
the initial and final potentials, respectively.

Figure 2(b) displays a comparative analysis of the C; values
with respect to various voltage scan rates, spanning from
10 mV/s to 500 mV/s, for the gel polymer containing 2.5 M
CH;COONa and the reference electrolytes employing NaCl as
the ionic salt. For all the electrolytes, the computed capacitance
values decrease with increasing v. Here, the highest C; value,
86.8 F/g at 10 mV/s, is attained by the SC utilizing the hydrogel
with 2.5 M of CH;COONa as the electrolyte. By increasing the
scan rate, the C; value decreases to 34.7 F/g at 500 mV/s,
representing a 60% reduction. Compared to the aqueous
electrolyte, the utilization of hydrogel increases the capacitance
loss as a function of the scan rate, including for the acetate
electrolyte. In the case of the aqueous electrolyte with 1M
NaCl, the capacitance loss is only 389%, as indicated in
Figure 2(b). However, acetate enhances ion accumulation and
pore filling at the electrodes due to the smaller radius of the
acetate anion, compared to the SC with GPE + NaCl.

It is important to note that the observed capacitance drop
as a function of the scan rate, which is 60% (from 86.8 F/g to
34.7 F/q) for the hydrogel with 2.5 M CH;COONa, is lower than
the reduction of 82.6% reported for the gelatin-based electro-
lyte with NaCl as the salt.*®

This means that effectively the acetate-based hydrogel
positively affects the dielectric response with greater capaci-
tance value and better retention for the SC evaluated. In terms
of Cs, the capacitance value for the GPE with acetate is
consistent with findings reported in the literature for SCs with
aqueous electrolytes.?**”

In supercapacitors, the storage of charges occurs at the
interface between the active material and electrolyte through
two distinct processes: faradaic processes involving electron
transfer via redox reactions, and non-faradaic processes involv-
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Figure 2. (a) Cyclic voltammetry curves of symmetric supercapacitors with gel polymer electrolyte with 2.5 M CH;COONa, acquired within the lower scan rate
range (v<50 mV/s); (b) Comparative evaluation of corresponding gravimetric capacitance values between gel polymer and aqueous-based electrolytes, both

utilizing chitosan as the electrode binder.
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ing the accumulation of ions at an electrical double-layer. In
certain cases, a combination of both mechanisms can be
observed.™ In the latter case, the system exhibits hybrid
characteristics, indicating the presence of pseudocapacitive
behaviour at the interface between the hydrogel and the
porous carbon-based electrode.

Figure 3 illustrates the diffusion-limited (pseudocapacitance)
and surface-limited (double-layer capacitance) contributions to
the overall capacitance, computed for low scan rate and
denoted as C:, for the chitosan-based electrode when employ-
ing hydrogels and water as the electrolyte. A comprehensive
analysis of the current response modelling in supercapacitors,
to discern surface and diffusion contributions and their depend-
ence on v, can be found in the supplementary materials. As
anticipated, at low scan rate values (v — 0), the total charge is
stored through the simultaneous occurrence of faradaic and
double-layer charge storage mechanisms at the hydrogel/
electrode interfaces. The implementation of the hydrogel as an
electrolyte reduces the contribution of the double-layer
capacitance compared to supercapacitors fabricated with
aqueous electrolytes,” as shown in Figure 3. However, in all
the devices, the double-layer contribution prevails (over 57.1 %)
in the total capacitance, indicating a predominantly capacitive
behaviour for the chitosan-based electrode. Specifically, the
addition of acetate to the hydrogel enhances the double-layer
contribution, approaching a value (67%), similar to that
observed for the aqueous electrolyte (74.2%). The extracted
value of C: is approximately 100 F/g, higher than that
measured for the other electrolytes. This finding further
demonstrates the increased ion adsorption and pore filling at
the electrode/electrolyte interface for the device containing
CH,COONa.
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Figure 3. Diffusion-limited (pseudocapacitance) and surface-limited (double-
layer capacitance) contributions to the overall capacitance C; for the
electrolytes investigated: GPE with 2.5 M of sodium acetate, GPE with 2 M
NaCl and aqueous electrolyte with 1 M NaCl.

ChemElectroChem 2023, 10, 202300443 (4 of 10)

The observed faradaic contribution can be attributed to
charge transfer phenomena occurring between functional
groups present within chitosan and gelatin, particularly with
cationic species such as Na*. In our device, chitosan features
hydroxyl (OH) and amine (NH,) functional groups, enhancing
the wettability of the carbon electrode surface.""'® This
enhancement facilitates charge transfer processes and pro-
motes ion adsorption."'?**® Additionally, gelatin contains
carboxyl (COOH) and amine (NH,) groups that can interact with
the activated carbon at the electrode-electrolyte interface.""*”
Furthermore, during the denaturation process of native colla-
gen, gelatin may also contain a lower concentration of divalent
cations, such as Ca’*, Cu®*, and Fe?*. Numerous studies in the
literature have reported interactions between these functional
groups (COOH, NH, and OH) and cationic species, such as Na*
ions originating from the acetate salt present in the electrolyte.
These interactions have been shown to initiate redox transitions
at the electrode surface."'**=" For example, amine and hydroxyl
groups have been observed to induce faradic redox reactions
when employed with activated carbon electrodes derived from
mango kernels.’® These charge transfer mechanisms probably
contribute to the observed pseudocapacitance behavior de-
picted in Figure 3.

The galvanostatic charge-discharge (GCD) curves, acquired
at various current densities for the chitosan-based supercapaci-
tor with 2.5 M CH;COONa gel polymer electrolyte, are shown in
Figure 4(a). As expected, the dominant capacitive contribution
of the double layer result in linear charging and discharging
curves. The gravimetric capacitance (CSGCD) extracted from the
charge-discharge profiles can be determined by using equa-
tion (2), whereas the coulombic efficiency (CE) of the devices
can be calculated as the ratio between the charge stored during
the charging phase and the charge released during the
discharge phase. Furthermore, the equivalent series resistance
(ESR) can be evaluated from the voltage drop observed in the
GCD profiles by considering equation (3).

Figure 4(b), and (c) display the current dependence of the
C¥® and CE values, respectively. As can be observed, the C3%°
values fall within a range consistent with what is reported in
Figure 2(b). The CE shows a value of about 90%, with an
increase observed at higher currents, reaching a value of
approximately 100%. These values are consistent with findings
reported in the literature for performing devices.”>*®

In Figure 4(c) the current dependence of the extracted ESR
values for all the supercapacitors investigated are shown.
Notably, supercapacitors based on hydrogel with acetate, which
are characterized by a near-rectangular shape of the CV loop,
reveal low series resistance values of about 0.8 Q. These values
are less than one order of magnitude than those documented
in the literature for comparable binder materials.**

It is worth noting that the reference SCs with aqueous and
hydrogel electrolytes with NaCl as salt have a value of ESR of
0.25 Q and 1.0 Q, respectively. For more details, see Table S1.
Figure 5 shows a Ragone plot presenting the specific power
versus specific energy for the examined devices. The quantifica-
tion of energy (E) and power (P) has been achieved employing
equations (4) and (5), respectively. For an effective energy
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Figure 4. (a) Galvanostatic charge and discharge profiles at different current
densities for the supercapacitor employing chitosan as the binder with 2.5 M
CH,COONa gel polymer electrolyte; Corresponding current dependence of
the extracted (b) gravimetric capacitance, (c) coulombic efficiency, and (d)
equivalent series resistance values, respectively.
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Figure 5. Ragone plot for the fabricated devices, compared with other
symmetric eco-friendly carbon-based supercapacitors with hydrogel re-
ported in the literature.

performance comparison on the Ragone plot, reference data
points have been chosen based on a consistent potential
window (0-1V) and employing the same electrode material
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03 Al properties utilized in the fabrication of the SCs. The SC
1.0+ : incorporating chitosan as a binder and the hydrogel doped
with acetate salt as a GPE demonstrates superior performance
0.8 compared to the other investigated devices.
< Specifically, the hydrogel-based supercapacitors achieve a
: peak energy density of 10.6 Wh/kg and a maximum power
g 08 density of 3940 W/kg. These values are higher than those
=) reported for the same device doped with NaCl based on
* 04 hydrogel (6.1 Wh/kg and 1256.2 W/kg) and aqueous electrolyte
(5.2 Wh/kg and 3925 W/kg) used as reference structures in this
0.2 study.
To the best of our knowledge, for the acetate-based system
the device incorporating 0.5 M of CH;COONa in an aqueous
00 0 ' 6‘0 ' 150 ' ,";0 ' 240 electrolyte, reported in the literature, exhibits only half the
i values of energy and power compared to the GPE-based
Time (s) system.”” Furthermore, Lupo et al. report a value of 5.9 Wh/kg
A0 bl PP G for a potential window of 1V in an aqueous electrolyte
" ol - - containing 1 M NaCl.2%*”
'.‘Wo... The only comparable study reported by Choudhury et al.
? 60 = 60 508 involves a gelatin-based electrolyte using 3 M NadCl, yielding an
g ;T o energy value of 9.7 Wh/kg. This value is lower than our energy
RS © 40 £ 0. performance shown in Figure 5.5" Other GPEs based on differ-
ent polymer hosts,>*? such as polyvinyl alcohol (PVA),”* corn-
1 207 21 derived starch™ and carboxymethylcellulose,® have reported
i () i B | I I ) lower energy values. For instance, a PVA-based electrolyte,
00t 28 .42 an 25 42 00, & 28 42 incorporating H;PO, and KOH salts, demonstrates a maximum
Current (A/g) Current (A/g) Current (A/g) [43]

energy value of approximately 4.3 Wh/kg.

Impedance spectroscopy

To investigate the correlation between dielectric properties,
charge storage mechanisms and cycling stability of the super-
capacitors for the electrolytes investigated, electrochemical
impedance spectroscopy (EIS) measurements have been con-
ducted. This non-invasive technique has been widely utilized in
the literature to study energy-related devices, ranging from
generation to storage applications.!*"

The Nyquist plots, reporting the imaginary part, -Z;,,,, as a
function of the real part, Z.,, of the complex impedance, are
displayed in Figure 6(a) for supercapacitors with different
electrolytes. The spectra obtained for the supercapacitors show
a characteristic extended tail at lower frequencies, a common
feature observed in the charge storage mechanisms of dielectric
materials, along with their associated interfacial phenomena.™

Devices exhibiting a purely capacitive behaviour, character-
ized by ion accumulation without any charge transfer, display a
distinct vertical line in impedance spectra. This behaviour can
be accurately described by employing a series configuration of
resistive and capacitive components. In such a case, the
imaginary part of the impedance undergoes a frequency shift
approaching the theoretical value of 90°. However, a slight
deviation from the ideal response can be observed and it is due
to the porous nature of the carbon-based electrode.™#**¥
Therefore, the dielectric response can be described with a
constant phase element (CPE) having phase angles equal to
n-90°, where n ranges from 0 to 1 (practically 0.75 to 1). Here,
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Figure 6. (a) Comparison of the impedance spectra and (e) corresponding phase angle as a function of the frequency for supercapacitors with GPE with 2.5 M
of sodium acetate, GPE with 2 M NaCl and aqueous electrolyte with 1 M of NaCl, respectively; (b) Equivalent ac circuit used for fitting the impedance spectra
of the investigated supercapacitors, (c) simplified versions for a purely capacitive and (d) pseudocapacitance behaviour, respectively. The resultant curves
obtained from the fitting procedure, indicated as solid lines, are attained from the equivalent ac circuit. The dotted lines are the corresponding simulated

curves at low-frequency region.

the impedance associated with the CPE is Zq = 1/(jw)"Q.
When n=1, the CPE is an ideal capacitor, and Q is its
capacitance. Otherwise, the CPE deviates from a capacitor and
for n close to 0.5 becomes a pure Warburg impedance Z,,. The
presence of the Z, suggests the occurrence of faradaic
reactions or diffusion processes within the active electrode
material and at the interface with the electrolyte” The
transport mechanism of the electrolyte within the porous
structure manifests as Warburg-type impedances, resulting in a
complete capacitive response observed at the lower frequency
range.”*"

Given that the accumulation of total charge within the
system involves the concurrent presence of faradaic and
double-layer charge storage mechanisms at the interfaces
between the hydrogel and electrodes, the impedance spectra
can be effectively represented by a series connection of two
distinct contributions, denoted as Z, and Z,.

Z, represents the impedance associated with the capacitive/
double-layer response, which is modelled as a series combina-
tion of a constant phase element (CPE,) and a resistance (Rg).*
On the other hand, Z, describes the pseudocapacitance/
diffusion-limited behaviour, represented by a parallel branch
consisting of a constant phase element (CPE,) and the charge-
transfer resistance (R,). The ac equivalent circuit employed to
model the impedance spectra is illustrated in Figure 6(b). The
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corresponding fitting curves are displayed in Figure 6(a) as solid
lines. The resultant optimal parameters from the fitting process
are shown in Table S2.

In this framework, the faradaic contribution modelled with
the impedance Z, exhibits distinct behaviours for the inves-
tigated electrolytes. In the case of electrolytes containing NaCl
as the salt, the parameter n, presents values lower than 0.3, and
the corresponding CPE impedance transforms into an ohmic
contribution Z, =~ 1/Q,. Since 1/Q, is significantly smaller than
R, the diffusion contribution of Z, can be considered negligible.
Consequently, the overall impedance is predominantly influ-
enced by the impedance Z,, where n, approaches 1 indicating
a purely capacitive behaviour. The simplified ac equivalent
circuit is depicted in Figure 6(c).

Conversely, the presence of sodium acetate in the hydrogel
reveals a clear faradaic diffusion process at the porous
electrode, characterized by an n, value of approximately 0.5. As
shown in Figure 6(a), an additional slope of the imaginary part
of the impedance is observed in the low-frequency region due
to the occurrence of faradaic processes at the electrode surface.
The resulting faradaic impedance Z, can be seen as a
frequency-dependent resistance, Ry, = o/w’?, in series with a
psuedocapacitance Cy, = 1/(0w)*?, where o = Q, represents
the Warburg constant. The corresponding simplified ac equiv-
alent circuit is presented in Figure 6(d).
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By analyzing the impedance spectra and the corresponding
fitting parameters, the models confirm the predominant
contribution of double-layer capacitance for all investigated
electrolytes, as already shown in Figure 3.

However, the addition of sodium acetate in the hydrogel
enhances the faradaic contribution at the porous carbon
electrode resulting in a significant increase in overall capaci-
tance.

This further contribution, observed specifically for the GPE
4+ 2.5M CH;COONa in Figure 2(b) compared to the other
electrolytes, can be attributed to the presence of C,, modelling
the presence of pseudocapacitance.

The comparison of phase angle at various frequencies for
the investigated SCs is depicted in Figure 6(e). It is a valuable
tool for understanding the capacitive characteristics of elec-
trode materials: a phase angle approaching —45° suggests the
presence of a pseudocapacitive behaviour.”?

The relaxation time constant (z,) is defined as the shortest
time interval necessary for the complete charge or discharge of
energy from a device while maintaining an efficiency exceeding
50%.°? It can be calculated as follows 7, = (f,) ', where the
value of f, is determined from the phase angle plot at —45°.%
From Figure 6(b), f, at the phase angle of —45° for the SCs with
GPE + sodium acetate and GPE + NaCl are found to be 0.14 Hz
and 0.06 Hz and the corresponding 7, are about 7.1s and
16.7 s, respectively. These values are consistent with that found
in the literature for the supercapacitor based on activated
carbon material.”’

Although the hydrogel reduces the mobility of the ions, the
SC containing sodium acetate shows 7, value close to the
water-electrolyte, that is 2.9 s.

Cyclability

The endurance of the devices during cycle voltammetry
measurements, performed at 300 mV/s within the voltage range
of 0 and 1V, is shown in Figure 7(a). Here, the capacitance
values computed for the studied SCs are in agreement with
those presented in Figure 2(b). As evidenced, the devices with
GPE exhibit more stable dielectric properties compared to the
device with aqueous electrolyte (stability below 1000 cycles). In
particular, the GPE with NaCl is stable up to 12000 working
cycles, whereas the device containing sodium acetate shows
extended stability up to 50000 cycles with only a 39% reduction
in its initial capacitance value.

This finding exceeds cyclability reported in the literature for
SCs based on eco-friendly GPEs.'*>* For instance, only the SCs
based on PVA/KOH demonstrate stability within the range of
10000 working cycles.®™ Conversely, devices based on biode-
gradable polymers obtained from renewable resources (similar
to gelatin) as polymer host within the hydrogel (e.g. guar gum)
has a lower endurance (< 5000 cycles).®® It is worth noting that
the hydrogel incorporating 3 M of NaCl exhibits even lower
stability, limited to 1200 cycles.®" Furthermore, devices utilizing
gel polymer electrolytes combined with conducting salts (e.g.,
Na,SO,, Li,SO,, and LiCl) or aqueous electrolytes (e.g. H,SO,
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Figure 7. (a) Cycle stability of the SC-based GPE carried out with CV cycles at
300 mV/s within the voltage range of 0 to 1V for the GPE with 2.5 M of
sodium acetate, GPE with 2 M NaCl and aqueous electrolyte with 1 M NaCl;
(b) Comparison of the impedance spectra during the cycle stability test of
the device based on GPE with 2.5 M of sodium acetate. The best-fitting
curves, shown as solid lines, are obtained from the ac equivalent circuit in
Figure 6(b).

and KOH) and employing different fillers (such as graphene,
MnO,, and carbon nanotubes) within the electrodes, exhibit
stability values below 10000 cycles.®**>*” |t is worth noting that
the addition of the CH;COONa within the hydrogel not only
enhances the dielectric properties but also contributes to
improved cyclic stability.

To understand the ageing mechanisms during the cycling
procedure the impedance spectra have been measured after
30000 and 50000 cycles, respectively. Figure 7(b) shows the
comparison of the impedance spectra for the supercapacitor
having GPE + 2.5 M CH;COONa measured during the cycle
stability test conducted at 300 mV/s within the voltage range of
Oto1V.

The equivalent ac circuit employed to model the impedance
spectra is illustrated in Figure 6(b). The corresponding fitting
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curves are shown in Figure 7(b) as solid lines. The resulting
best-fitting parameters are reported in Table S3. As shown in
Figure 7(b), during the cycling procedure the device becomes
more resistive. A notable increment of the R, values (e.g., by
one order of magnitude after 50000 cycles), which justifies a
shifting of the spectra towards a higher resistance range as a
function of the cycle number, has been observed. During
extended cycling of the device, various aging phenomena occur
within the SC. These processes result in the formation of
degradation products that have the potential to obstruct the
pores of the electrode or lead to the creation of a passivating
layer on the electrode surface. Furthermore, these physical and
chemical modifications have a detrimental effect on the charge
carrier accumulation at the electrode/electrolyte interface. *”
Nevertheless, the shape of the spectra characterized by a long
tail at lower frequencies suggests the persistence of a capacitive
contribution. As reported in Table S3, the double-layer contribu-
tion modelled with the CPE, indicates a deviation from ideal
capacitor behaviour (n, = 1) with a decrease in the n, parameter
to 0.75. This decrease explains the decline in the phase angle at
a lower frequency range. Here, the contribution of the
pseudocapacitance is strongly reduced, as evidenced by the
significant drop in the Q, parameter. This reduction as a
function with the cycles explains the four distinct descent steps
in Figure 7(a). Consequently, the cycling test shows that the
supercapacitor with GPE and sodium acetate as salt possesses
long stability (up to 50000 cycles) with capacitance retention
(ca. 61%) that can primarily be attributed to the double-layer
component. This value is consistent with what has been
reported in Figure 3 from the estimation of the *double—layer
contribution (ca. 67 %) to the overall capacitance C; for the GPE
with acetate. It should be noted that the capacitance loss,
related solely to the double-layer contribution, is only 6 %.
Figure 8(a) report a comparative analysis of the cycle
stability, energy and dielectric performance of the investigated
SCs. These devices have been fabricated by using different
electrolyte types and employing chitosan as the electrode

—— GPE + CH,COONa, —®— GPE + NaCl, —C— Aqueous electrolyte + NaCl
c, (Fig)

f,(Hz) _ =
o )0-35\ Max Power

Density (W/kg)

CE (%) o Energy
Density (Wh/kg)

Figure 8. Radar plot comparing the dielectric properties of the super-
capacitors utilizing GPE with 2.5 M of sodium acetate, GPE with 2 M NaCl
and 1 M of NaCl in aqueous electrolytes with chitosan as an electrode
binder, respectively.
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binder material. While aqueous electrolytes possess superior
characteristics in terms of ionic conductivity, interfacial wett-
ability, safety, and environmental friendliness,®? the experimen-
tal data indicate that the incorporation of a hydrogel boosts the
stability of the ultimate device, thereby extending operational
lifespan of up to 50000 cycles (e.g., GPE + acetate). Moreover,
the addition of acetate as a salt additive improves the specific
energy density to 10.6 kWh/kg with a value of internal
resistance lower than 1 Q.

Despite the increase of the internal resistance associated
with the gel polymer electrolyte and higher 7,, the dielectric
properties stay unaffected compared to aqueous electrolytes.

Conclusions

A hydrogel composed on gelatin and incorporating 2.5 M of
CH;COONa has been utilized as a gel polymer electrolyte in
symmetric carbon-based supercapacitors, with chitosan serving
as a sustainable binder in the electrode. To assess the influence
of sodium acetate on the device performance, a comparison
analysis with reference structures based on aqueous and gel-
based electrolytes with NaCl has been made. The most efficient
supercapacitors, utilizing sodium acetate and hydrogel, exhibit
a gravimetric capacitance value of approximately 100 F/g, a
series resistance of 0.8 Q, and higher coulombic efficiency.

The electrode interface experiences both faradaic and
double-layer mechanisms of charge storage. The presence of
acetate enhances the double-layer component, which becomes
the predominant charge storage mechanism at the electrode/
electrolyte interface. Moreover, the increased ion adsorption
and pore filling at the electrode/electrolyte interface diminishes
the loss of capacitance as a function of the scan rate.
Impedance spectra modelling further confirms the roles of both
charge storage mechanisms and provides evidence of pseudo-
capacitance.

In terms of cyclability, the addition of acetate increases
cycle life enabling the supercapacitors to endure up to 50000
cycles, surpassing the performance of hydrogel with NaCl
(12000 cycles). After prolonged cycling, the modelling of the
impedance spectra indicates increased device resistance and a
substantial reduction in the pseudocapacitance contribution.
Only the double layer contribution remains with a value of
about 30 F/g after 50000 cycles, corresponding to a retention of
61% from its initial uncycled value. Notably, the capacitance
loss, related solely to the double-layer contribution, is only 6 %.
Here, the best-performing device delivers about 10.6 Wh/kg of
energy at a high-power density of 3940 W/kg.

These findings highlight the significant impact of sodium
acetate on the electrochemical performance of supercapacitors,
emphasizing its potential for improving the energy storage
capabilities of sustainable devices.
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Experimental Section

Materials preparation

Test structures for supercapacitors were manufactured on poly-
ethylene terephthalate (PET) foils (Melinex ST 504, DuPont Teijin
Films, Chester, VA, USA, thickness 125 um) that were coated with
copper (Cu) tape (Kohree, City of Industry, CA, USA, thickness
40 pm). Henkel Electrodag PF407 C graphite ink was deposited
onto the PET/Cu substrates using blade coating (Proceq ZAA 2300,
Zehntner GmbH Testing Instruments, Sissach, Switzerland), fol-
lowed by thermal annealing at 90°C for 30 minutes. This results in
50 um thick films. The electrode active material was formulated by
dissolving activated carbon (Kuraray YP 80F, Tokyo, Japan, with
characteristic Vo <2 nm=0.652 cm’/g and specific surface area
(SSA)=2093 m?’g~") derived from coconut shells, along with a
binder, in ultrapure water (Milli-Q), following the composition of
95:5wt.%. The binder under investigation is chitosan (Sigma-
Aldrich, chitosan from shrimp shells, Saint Louis, MO, USA), which
necessitated an acidic solution for dissolution. Therefore, acetic acid
was incorporated into the formulation. The AC/binder mixture was
stirred until a uniform carbonaceous slurry was achieved. Sub-
sequently, the slurry was applied onto the PET—Cu - Graphite stack
through blade coating and allowed to air dry at room temperature.
During this phase, the electrodes were weighed to ascertain the AC
mass loading m,, which ranged from 6 to 6.8 mg/cm? A total of 15
samples were prepared and the electrodes were paired up based
on similar mass for the supercapacitor devices.

The gel polymer electrolyte was formulated by mixing 2 g of gelatin
(Sigma-Aldrich, gelatin from porcine skin) with 15ml of a 2.5 M
CH;COONa aqueous solution, aiming to achieve optimal gel electro-
lyte conductivity. Subsequently, 1.5 ml of glycerol was introduced
into the solution while stirring at 65°C until the complete
dissolution of the gelatin powder was achieved. In order to reduce
intermolecular forces in the gelatin network, glycerol was added as
a plasticizer. This increases the mobility of polymeric chains and
improves film flexibility.*® Hydrogels with different molar salt
concentrations were fabricated using OM, 1M, 25M and 4 M of
sodium acetate aqueous solutions. The supercapacitor was com-
pleted by sandwiching another electrode to form a structure. The
electrode area A was 2.5x4 cm?,

Morphology characterization

The morphology of the sample was investigated by a Field Emission
SEM (FeSEM), model INSPECT F from FEIl. The FeSEM images were
acquired by using a secondary electrons (SE) detector with an
acceleration voltage of 30 kV, a working distance of 15 mm, and a
nominal resolution of 1.3 nm at 20 kV.

Samples observation without any preparation, except for the
electrical grounding of the surface, was allowed by the high
conductive nature of the graphite-based material.

Electrochemical characterization

The electrochemical analyses, including cyclic voltammetry, galva-
nostatic charge-discharge, and electrochemical impedance spectro-
scopy, were conducted using a commercial platform (Arkeo - Cicci
Research) at ambient temperature. The measurements were
performed in a two-electrode configuration, utilizing supercapacitor
devices with an average area of approximately 10 cm? Electro-
chemical impedance spectroscopy measurements were performed
across a frequency range from 100 mHz to 10 kHz, employing an
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alternating signal with an amplitude of 50 mV at the open-circuit
voltage.

The galvanostatic discharge curves were used to determine the
specific capacitances of the symmetric supercapacitors, through the
following equation®

Ip - At
my - AV’ 2

GCD _
" =
a

where At, AV and I, represent the interval for full discharge, the
operating potential difference of a SC and the discharge current,
respectively.

The equivalent series resistance can be estimated by®*

IR drop

ESR =547 3)

where IR, signifies the voltage drop between the initial two
points of the discharge plot.

The energy E (Wh/Kg) and the power P (W/Kg) densities of
supercapacitors were calculated by considering the following
equations®”

1 GCD 2 1 GCD (Vmax - Vmin - ”'-"drop)2
= —- = —. . 4
E=5 C{P-(AV) =5 CS = , @)
and
E
P=—-3600, (5)

disc

where V. and V,,, refer to the maximum and minimum applied
voltage to the device, respectively, while t,. represents the
corresponding discharge period.
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