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Abstract: Environmentally friendly energy storage devices have been fabricated by using functional
materials obtained from completely renewable resources. Gelatin, chitosan, casein, guar gum and
carboxymethyl cellulose have been investigated as sustainable and low-cost binders within the
electrode active material of water-processable symmetric carbon-based supercapacitors. Such binders
are selected from natural-derived materials and industrial by-products to obtain economic and
environmental benefits. The electrochemical properties of the devices based on the different binders
are compared by using cyclic voltammetry, galvanostatic charge/discharge curves and impedance
spectroscopy. The fabricated supercapacitors exhibit series resistance lower than a few ohms and
values of the specific capacitance ranged between 30 F/g and 80 F/g. The most performant device
can deliver ca. 3.6 Wh/kg of energy at a high power density of 3925 W /kg. Gelatin, casein and
carboxymethyl cellulose-based devices have shown device stability up to 1000 cycles. Detailed
analysis on the charge storage mechanisms (e.g., involving faradaic and non-faradaic processes) at the
electrode/electrolyte interface reveals a pseudocapacitance behavior within the supercapacitors. A
clear correlation between the electrochemical performances (e.g., cycle stability, capacitance retention,
series resistance value, coulombic efficiency) ageing phenomena and charge storage mechanisms
within the porous carbon-based electrode have been discussed.

Keywords: water processable; sustainable binder; gelatin; carbon-based supercapacitor; pseudoca-
pacitive material; charge storage mechanisms; faradaic process; cycle stability; aging

1. Introduction

The rapid development and diffusion of electronic products in everyday life within
a broad application range imply an ever-increasing energy consumption. In this context,
the opportunity to store energy to deliver power on demand has become a crucial aspect
for the more efficient use of energy [1]. Among electrochemical energy storage devices,
supercapacitors, also known as electrochemical capacitors, are under intensive academic
and industrial investigations in recent years since they have distinct advantages such as
higher power density due to the fast charging/discharging rate and long-life stability
when compared to batteries and fuel cells [2]. Supercapacitors (SCs) are composed of a
medium sandwiched between two high-surface-area electrodes, thus a simple and highly
versatile structure that match the requirements for consumer electronics addressed to
be smaller, lighter, thinner, and flexible in the near future. Unfortunately, the growing
demand for consumer electronics led to large amounts of electrical and electronic waste
equipment that pose environmental concerns [3]. Hence, the need for environmentally
friendly next-generation smart electronics is urgent. Carbon-based supercapacitors offer
the advantage of being fabricated from non-hazardous materials. Residual biomasses such
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as agriculture and forestry residues and industrial by-products can be used as precursors
of the activated carbons adopted for the active material of electrodes [4,5]. Since such
materials are in powder form, it is necessary to add a binder to agglomerate the powder
particles and produce a slurry. Furthermore, the binder promotes the adhesion between
the slurry and the current collector and provides mechanical strength to the electrode.
Poly(vinylidene difluoride) (PVDF) is the most widely used binder, as it ensures good
electrochemical stability and optimal performances [6]. However, it is processed by using
a harmful organic solvent, N-methyl-2-pyrrolidone (NMP) [7], which is also expensive
and has a boiling point of about 203 °C, thus requiring high temperatures for its removal
during electrode fabrication [8]. Another common polymeric binder is polytetrafluoroethy-
lene (PTFE) that is processable as a dispersion in water but it is a fluorinated material as
PVDF [9]. Therefore, research has been focused to introduce sustainable binders in terms
of processability, chemical composition, large availability, and facile synthesis. Polyvinyl
acetate (PVA) and polyvinylpyrrolidone (PVP) have demonstrated comparable electro-
chemical performances [10,11]. Research has been focused on natural and naturally derived
polymers from renewable resources as well. In the last decade low-cost energy storage
devices, sensors and electronics have been developed with this purpose [12-14]. Cellulose
and its derivatives such as carboxymethylcellulose (CMC) have been extensively applied
as a green, abundant and cheap binder in supercapacitors and lithium-ion batteries [15,16].
Other examples range from chitosan [17] and sodium alginate [18], over starch [19] and
guar gum [20] to tragacanth gum [21], agarose [22] and casein [23]. Carbonaceous fillers
such as activated carbon, graphene or its down-grade form as reduced graphene oxide
have been used for the fabrication of electrodes for supercapacitors in sandwich and planar
structures [24,25].

In the present study, environmentally benign binders have been used in the active
material formulations for the electrode to fabricate water-processable symmetric carbon-
based supercapacitors with sodium chloride (NaCl) as an aqueous electrolyte. In particular,
three polysaccharides (CMC, chitosan, and guar gum) and two protein-based products
(casein and gelatin) have been employed. It is worth noting that gelatin, a renewable animal
derivative, has been investigated as a binder for supercapacitors for the first time. The
related electrochemical properties have been compared in terms of cycle voltammetry, gal-
vanostatic charge-discharge, and impedance spectroscopy measurements. To evidence the
pseudocapacitive behavior of the carbon-based supercapacitors, a detailed analysis regard-
ing the charge storage mechanisms (e.g., surface and diffusion-limited processes) and their
combination that contributes to the dielectric properties have been discussed. Additionally,
cycle stability and dielectric properties of the fabricated devices after 1000 cycles have been
compared to highlight the effect of the aging process at the electrode/electrolyte interface.

2. Materials and Methods
2.1. Material Preparation

Polyethylene terephthalate (PET) foil (Melinex ST 504, DuPont Teijin Films, Chester,
VA, USA, thickness 125 um) covered with copper (Cu) tape (Kohree, City of Industry, CA,
USA, thickness 40 pm) was used as substrate. Henkel Electrodag PF407C graphite ink was
deposited on the substrate using a blade coater (Proceq ZAA 2300, Zehntner GmbH Testing
Instruments, Sissach, Switzerland) followed by thermal annealing at 90 °C for 30 min,
resulting in films with a thickness of about 50 pum. The active material of the electrode
was prepared by dissolving activated carbon (Kuraray YP-80F, Tokyo, Japan) obtained
from coconut shells and binders in ultrapure water (Milli-Q). The electrode material was
prepared according to the following composition: 95 wt.% activated carbon (Kuraray YP
80F, Tokyo, Japan, with characteristic Vipicro < 2 nm = 0.652 cm®/g and specific surface area
(SSA) = 2093 m? g’l) and 5 wt.% of binder. 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), casein (TCI, casein sodium from
milk), guar gum (Sigma Aldrich, guar) and gelatin (Sigma-Aldrich, gelatin from porcine
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skin gel). These biomaterials are water soluble, however, the chitosan needs an acidic
solution, therefore acetic acid was added to the formulation. Moreover, the gelatin blend
was prepared by adding glycerol to improve its mechanical properties. The gelatin powder
was dissolved in a mixture of water and glycerol at 80 °C to obtain a gelatin solution
with a concentration of 4.75 wt.%. For more information about the fabrication process, the
reader can refer to [24]. The carbonaceous slurry was deposited by blade coating on the
PET-Cu-Graphite stack and dried at room temperature. The electrodes were then weighed
to obtain the AC mass; the mass loading values were found to range from 3 and 5 mg/ cm?.
In total, 16 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 consisted of an aqueous 1 M NaCl solution, which was drop cast onto a
separator made of 40 pm thick Dreamweaver Silver AR40 cellulose paper. The separator
was soaked with 250 puL for 5 min. The supercapacitor was completed by facing another
electrode to form a sandwich structure. The electrode area was 2.5 x 4 cm?.

2.2. Morphology Characterization

The morphology of the sample surface was investigated with a scanning electron
microscope (FE-SEM), FEI Phenom desktop scanning electron microscope (Eindhoven, The
Netherlands). The high conductive nature of the graphite-based material has allowed sam-
ples observation without any preparation, except for the electrical grounding of the surface.

2.3. Electrochemical Measurements

The electrochemical characterizations such as cyclovoltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) of the su-
percapacitors were done on a commercial platform (Arkeo-Cicci Research S.r.1.) 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
specific capacitance Cg (F/g) of the symmetric SC was computed by integrating the area
under the CV curves according to the following equation [26]

_ 2'Ccell

C
S -

)

where C, = m “,i” i(V)dV is the capacitance of device investigated and m, is the

mass of the electrode and it is the sum of the masses of the binder (5%) and activated carbon
(95%), respectively. Here, v is the scan rate, i(V) is the charging /discharging current and
Vy, — V, is the potential window. From the GCD profiles, the equivalent series resistance
(ESR) can be estimated by
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where IR,y 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:
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where V;, is the maximum voltage applied to the device, V,,;;, is 0.1 V and t4, is the
corresponding discharge period, respectively.
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3. Results

In order to evaluate the dielectric properties of the biomaterials, as alternative and
environmentally friendly binders, within low-cost carbon-based supercapacitors a test
structure has been used. Figure 1a shows a cross-section of the device formed by a symmet-
ric sandwich structured following the layers sequence: PET/Cu-Tape/Graphite ink/Active
material/separator. Moreover, to guarantee the safety of the final device and a low envi-
ronmental impact, a 1 M NaCl electrolyte has been used. The thickness of the active layer
based on AC and biopolymer as a binder has a thickness between 60 and 80 pum, depending
on the binder types. In Figure 1b, the image of the components (electrodes and separator) of
the device before the assembling are shown. Figure 1c shows the SEM images of the active
materials, including the different binders, deposited on the PET/Cu-Tape/Graphite stack.
All the samples display relatively homogeneous and dense surfaces without significant
holes or cracks; the well-dispersed formulations and the room temperature drying have
facilitated the formation of uniform microstructures. Micro cracks are evident only in the
case of casein whereas a distinctive morphology is shown when using gelatin due to its
gelling properties.

(a ) Plastic Substrate — PET ( b)
Cu-Tape

Graphite ink

Binder + Activated carbon

e a Separator 0 -

Binder + Activated carbon

Graphite ink

Cu-Tape
Plastic Substrate — PET

Guar Gum Chitosan Casein

(c)

cMC Gelatin

Figure 1. (a) Cross-section of the symmetric carbon-based supercapacitors fabricated; (b) Photograph
of the fabricated device before the assembling; (c) SEM images of the surface morphology for the
guar gum, chitosan, CMC, casein, and gelatin-based supercapacitors, respectively.

3.1. Electrochemical Characterization

The CV curves of symmetric carbon-based supercapacitors fabricated with different
binders (such as guar gum, chitosan, casein, CMC, and gelatin) are shown in Figure 2. To
avoid any chemical reactions due to the decomposition of the water within the aqueous
electrolyte, the bias voltage has been limited to a range of +1 V [27]. All the experimental
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data related to the CV curves, measured with a scan rate from 10 mV /s to 500 mV /s for
the devices under investigation, are shown in Figures S1-S5. As can be observed from
Figure 2a,b, the investigated devices exhibit a fairly rectangular shape of the voltammetric
curves for low (10 mV/s) and high (500 mV /s) sweeping rates, respectively. This shape,
without the presence of redox peaks, is a clear indication of the formation of a double-
layer capacitance at the interface between electrode and electrolyte [28]. A slightly slanted
behavior in the CV curves observed at 500 mV /s suggests the presence of a non-negligible
ohmic contribution of the parallel resistance caused by finite conduction through the
electrolyte. Moreover, the disappearance of the rectangular shape at 500 mV /s implies
the presence of a few ohms of series resistance arising from the ohmic contribution of the
carbon electrode [29]. These features can be observed for all the devices investigated, except
for the chitosan and the gelatin-based ones, where the dielectric properties of the system
are still present even at higher scan rate values.

0.8 15
—s— Guar Gum —— Chitosan

0.6 -Casein ——CMC
Gelatin

Current (A/g)
o
b

&S & & &6 o

m e b 8
Current (Alg)
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10mV/s (a) A5 . 50t|]mWs (h)I
1.0 0.5 00 05 10 1.0 05 0.0 0.5 1.0
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Figure 2. Cycle voltammetry curves of symmetric carbon-based supercapacitors investigated in 1 M
NaCl electrolytes measured at (a) 10 mV/s and (b) 500 mV /s, respectively.

By taking into account Equation (1), the gravimetric capacitance (Cs) can be calculated
from the CV curves. Figure 3 displays the values of Cg as a function of the voltage scan
rates, which range from 10 to 500 mV s~!. Here, the capacitance values decrease with the
increase of the scan rate. At a lower scan rate region (v < 50 mV/s) the ions have sufficient
time to diffuse into the pores of activated carbon at the electrode/electrolyte interface,
leading to their accumulation. This phenomenon leads to the formation of a double layer
charged at the electrodes, characterized by a capacitance Cs. As can be observed in Figure 3,
the highest value of the Cg, which is 82.2 F/g at 10 mV /s, is obtained for Cg having the
guar gum as a binder in the electrodes. By increasing the scan rate the Cs value decreases
down to 11.9 F/g at 500 mV /s, corresponding to a reduction of 85.6%. Moreover, the device
fabricated with chitosan shows a value of 63 F/g at 10 mV /s that decreases only by 37.8%,
reaching a stable value of 39.1 F/g at 500 mV /s. The other binders (e.g., casein, CMC, and
gelatin) show values of the specific capacitance between 30 and 36 F/g at 10 mV/s that
decrease down to 3.8 and 11.6 F/g at 500 mV /s.
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Figure 3. The gravimetric capacitance of the electrode binders investigated as a function of the

scan rate.

It is worth noting that devices fabricated with commercial ACs have a specific ca-
pacitance of about 100-150 F/g (depending on the electrolyte in the system) [30]. Lupo
et al. report values of Cs for single electrode ranged between 32 and 52 F/g for similar
devices fabricated with chitosan as a binder and by using the same aqueous electrolyte 1 M
NaCl [17]. By considering the CMC and the casein as binders, the values of Cs reported in
the literature ranged between 20-25 F/g, characterized by a percentage weight fraction for
the AC of 90% [20,23]. These values are lower than those displayed in Figure 3 in the lower
scan rate region. This difference can be related to the different values of the composition
fraction and mass loading of the active electrode. In the present study, the value of the wt.%
of AC is 95%, whereas the mass loading values are ranged between 3 and 5 mg/cm?. To
the best of our knowledge, the gelatin has been only used as an alternative binder in the
electrodes within the lithium-ion batteries [31]. Moreover, the guar gum has been employed
as a binder within the electrode of SC only in combination with other biomaterials such as
starch [20]. Therefore, no reference data have been found in the literature for similar device
structures for comparison. As can be seen in Figure 56, all the SCs show a marked reduction
of Cg value of about 80% for casein, CMC, and guar gum. Conversely, the chitosan and
gelatin-based devices exhibit a drop of only 37.8% and 61.4%, respectively. In the latter case,
the mechanism involved in the charge storage at the electrodes results to be more efficient
compared to the other binders. The large difference between the Cg values computed at
lower (slow dynamics) and higher (fast dynamics) scan rate ranges suggests v-dependent
phenomena in the devices. This means that different charge storage mechanisms could
take place within the SCs.

3.2. Revealing the Charge Storage Mechanisms in the Carbon-Based Supercapacitors

In the energy storage devices (such as supercapacitor/pseudocapacitor and battery)
the active material stores charge through a faradaic (electron-transfer via redox reactions)
processes, or by the accumulation of ions at an electrical double layer (non-faradaic pro-
cesses) or by a combination of both [32]. In this latter case, the hybrid characteristics unravel
the presence of a pseudocapacitive behavior within the porous carbon-based electrode. In
the literature, different methods can be used to estimate and distinguish between these
mechanisms by using the electrochemical characterizations (i.e., CV and GCD) toward the
calculation of the total charge stored by the electrode material [32,33]. By assuming that the
current response i(V) of the devices follows a power-law relationship with the sweep rate,
the current signal can be written as

i(V) =au® ©)

where the constants 4 and b are adjustable values depending on potential V, sweep rate,
and charge storage mechanisms [32]. For a pure capacitive contribution, the exponent b is
equal to 1 and the current response result to be linearly proportional to scanning rate (i o v),
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which is characteristic of surface-controlled behavior. On the other hand, if the value of b
is 0.5, the current signal becomes proportional to the square root of the scan rate (i « v%)
due to diffusion-controlled processes. The resulting i(V) response of the devices is given by
the sum of the contributions from the surface-controlled and diffusion-controlled currents
and can be written as i(V) = igif fusive + Lcapacitive [33]- It should be noted that battery-like
electrodes involve diffusion-controlled processes while capacitive and pseudocapacitive
electrodes are associated with surface-controlled processes. Values of b ranged between 0.5
and 1 are in a transition area from diffusive-like to capacitive-like responses and, therefore,
becomes difficult to discriminate between the two behaviors. However, several authors
report that for b values ranging between 0.8 to 1, the surface reactions play a dominant role
over diffusion-controlled processes [32,34,35]. As a consequence, the dielectric response of
the system is capacitive-like similar to an electrochemical double-layer capacitor (ECDL).

Figure 4a shows the current values measured at +1 V for all the binders investigated
and for low (v < 50 mV/s) and intermediate (100 < v < 500 mV/s) scan rate ranges,
respectively. By using Equation (5), the fitting procedure on the experimental data has
been performed. As can be observed, for v < 50 mV/s the resulting b values lie in the
range between 0.8 and 0.9 except for the casein-based supercapacitor where the exponent
shows a value of 0.65. Moreover, at higher scan rates the best-fitting parameters reveal
that b values are close to 0.5 for the guar gum, casein and the CMC binders. Only for the
chitosan and the gelatin-based devices, the exponent values remain constant at 0.9 and
0.8 in the whole sweeping range investigated, respectively. More in detail, the contribution
of the capacitive part is dominant at lower scan rate values whereas by increasing the v
the storage mechanism becomes diffusion controlled with b approaching 0.5. Here, the
devices fabricated are not battery devices, the exponent values of 0.5 means that at the
interface electrode/electrolyte the absorbed ions transfer charge with the electrode coming
from de-solvated and adsorbed ions. These faradaic reactions take place on the surface or
near-surface of the electrode materials and are characterized by a fast sequence of reversible
surface-controlled electrochemical reactions redox or electrosorption processes [36]. These
findings suggest that the near-rectangular CV profile, reported in Figure 2, arises from a
pseudocapacitance behavior with the occurrence of both of the charge storage mechanisms
within the active electrode [37].

10"

10° 140

(b) [ Diffusion contribution C, ,,
120 [_]Double-layer contribution C, ,
< 100
> 3= K —_
-— - y o 80+
‘- o 5 ™
< . I 20 L
c . .- O 80
qt, =2 v e =05_ -1
5 v - slop®_ - a0
o T
= Casein 204 I
107 ] v CMC
Lo - Gu_ar Gum . 291 % 74.0%| | 156 % 33.0%| | 62.3%
z e Chitosan Gelatin |, 0 T T T ; —
J J I L T T o 10 Guar Chitosan Casein CMC Gelatin
10 20 30 40 50 100 200 300 400500

Gum

Scan rate (mV/s) Binder types

Figure 4. (a) Dependence of the current values measured at 1 V for the binders used in the carbon
electrode at lower (left y-axis) and (right y-axis) intermediate scan rate regions, respectively; (b) Con-
tribution of pseudocapacitance (diffusion-limited) and double layer capacitance (surface-limited) to
the overall capacitance C for all the binders investigated. Solid and dashed lines are referred to the
capacitive and diffusion-controlled mechanisms, respectively.

Since the device structure, AC amount, and the electrolyte are the same for all the SCs
investigated, only the different types of binder could lead to the formation of pseudocapaci-
tance behavior at the electrode. The polymer structure of the binders studied contains many
carboxyl, hydroxyl, and amino groups on the backbone that could modify the physical
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and chemical properties of the carbon surface (e.g., polarity and wettability) [38—40]. As re-
ported in the literature, this mechanism causes a beneficial effect on the device performance,
generating a pseudocapacitance behavior due to the faraday redox reaction [38].

The diffusion-limited contribution ig;f fysive is 022, whereas surface limited contribu-
tion icgpacitive 18 o v; therefore, Equation (5) can be written as [41]:

i(V) =kiv+ szO'S (6)

where k; and kj are suitable values. The kv contribution is due to the capacitive part
while kyv% is the diffusion-limited part, respectively. To estimate and distinguish between
these two contributions Trasatti and Dunn provide a method to calculate the total charge
stored by the pseudocapacitive material under study [33,35]. Similarly to Equation (6), the
total voltammetric charge q(v) could be expressed as a function of scan rate through the
following equation [33]

45(0) = qoo + kv~ (7)

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 — o). The double-layer charge, g4
(very similar to o), can be estimated from the extrapolation of gs vs. v~ (see Figure S7a).
In the partition procedure, the total voltammetric charge, g, can be extracted from the
plot of 1/gs vs. v%° (see Figure S7b). Accordingly, the pseudocapacitance charge, gps,
can be obtained from the difference between g5 and g4 [42]. In addition, the quantity
Cs, Cs,q1, and Cs ys-corresponding to the maximum total specific capacitance at v — 0,
double-layer capacitance, and pseudocapacitance-can be obtained by dividing the charge
by the potential window of CV (i.e., 2.0 V in this work), which are displayed in Figure 4b.
Here, the extracted values obtained by the partition method are in good agreement with
what is reported in Figure 3.

Figures 3 and 4a right y-axis suggest that by increasing the sweep rate (v > 100 mV/s)
the total charge is stored electrostatically in the double layer (blue filled histograms in
Figure 4b) because faradaic reactions are too slow to occur. Furthermore, when the sweep
rate approaches zero, the total charge storage can be estimated as the sum of both faradaic
and double layer charge storage mechanisms that can occur concurrently at the elec-
trode surfaces. However, only the chitosan and the gelatin report a higher value of the
double-layer contribution (at least 60%) to the total capacitance that suggests a merely
pure capacitance behavior. This result validates the good retention properties shown
in Figure S6. Conversely, the other binders such as guar gum, casein, and CMC show a
marked pseudocapacitance behavior with more than 70% of Cg originated by the fast
faradaic reactions. This latter mechanism induces better dielectric performances but lower
retention values. These findings justify the higher values of Cg reported for v <50 mV/s
and the capacitance drop at the intermediate (100 < v < 500 mV /s) scan rate region.

Similar to the CV curves, the presence of a pseudocapacitance contribution modifies
the galvanostatic charge-discharge profiles. The GCD curves measured at different current
densities for the investigated supercapacitors are displayed in Figures 5 and 6. As displayed
in Figure 5, for devices with a dominant capacitive contribution of the double layer (e.g.,
chitosan and gelatin-based electrodes) linear charging and discharging curves have been
observed. On the other hand, devices fabricated with guar gum, casein, and CMC report
non-linear GCD curves, manifested as a curvature at the beginning of the discharge profile,
as indicated by arrows in Figure 6. This behavior is originated from the faradaic current
that comes from the charge redistribution processes in the electrode surface [43]. Further
evidence of the pseudocapacitive behavior at the electrode/electrolyte interfaces is revealed
in the coulombic efficiency 1 of the devices. This quantity 1 can be calculated as the ratio
between discharging time and charging time when the charge—discharge current densities
are equal. In Figure 7b, the 1 values computed from the GCD profiles as a function of the
current density are shown. As can be observed, the efficiency is lower than 100%, indicating
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that some contributions to the capacitance Cs arise from the pseudocapacitance [43,44].
Here, the 11 values are ranged between 80 and 95% for all the binders under investigation.
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Figure 5. Galvanostatic charge and discharge curves at various current densities for the (a) chitosan
and (b) gelatin-based supercapacitors in 1 M NaCl electrolytes, respectively.
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Figure 6. Galvanostatic charge and discharge curves at various current densities for the (a) guar gum,
(b) casein and (c¢) CMC-based supercapacitors in 1 M NaCl electrolytes, respectively.
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Figure 7. Current dependence of the (a) Coulombic efficiency and (b) equivalent series resistance
values as a function 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 aqueous carbon-based SCs with their associated time
constant regimes. The references [A] and [B] correspond to [45,46], respectively.
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By considering the IR drop observed in GCD profiles, the ESR value can be estimated.
In Figure 7a, the ESR values extracted from Equation (2) as a function of the current
densities for all the supercapacitors investigated are shown. Devices characterized by a
near-rectangular shape of the CV loop, based on chitosan and gelatin as a binder, reveal
lower values of ESR that are 0.25 ) and 0.75 (), respectively. These values are lower
than one order of magnitude compared to those reported in the literature for similar
binders [17,23]. Furthermore, the other biomaterials (e.g., guar gum, casein, and gelatin)
show series resistance values ranging between 2.5 () and 3 (). 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 the use of a 1 M aqueous electrolyte.

Figure 7c shows the Ragone plot of specific power versus specific energy for the
devices under test. The diagonal dashed-dotted lines represent the characteristic operation
timescales, obtained by dividing the energy by the power (t = E/P). 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
(green area in Figure 7c) [45,46]. Moreover, the resulting operation time T is ranged between
a few seconds to tens of seconds, as expected by the SC applications. Although the green
and alternative materials have been investigated in the last decade for energy applications
(e.g., in Li-ion batteries and supercapacitors), only a few studies are present in the literature
for devices fabricated entirely with sustainable binders and aqueous electrolytes [17,46]. To
the best of our knowledge, only chitosan has been studied as a binder for fully eco-friendly
supercapacitors [46]. For the other materials (e.g., CMC and casein), to improve the voltage
window and, therefore, the energy performance, the literature works report devices where
the electrolyte is not environmentally friendly. Moreover, the guar gum has been used only
in combination with potato starch [20]. On the other hand, gelatin has been not yet used as
a binder in carbon-based supercapacitors. As a consequence, the reference data for these
biomaterials are not reported in Figure 7c.

As can be seen, the guar gum and the chitosan-based supercapacitors are the most
performant devices. Both the SCs can deliver an average value of energy and power
densities of 3.6 Wh/kg and 3925 W /kg, respectively. The gelatin, which is the new material
used as a binder within a symmetric carbon-based supercapacitor, shows an average value
of energy and power densities of 3.0 Wh/kg and 1000 W /kg, respectively. Here, for all the
binders investigated, the operating time ranges between 3.6 s and 36 s depending on the
discharging current. However, to enhance the device performance further investigations on
the electrode composition (e.g., use of new binders and conductive fillers) and electrolytes
(e.g., use of hydrogel) will be carried out.

3.3. Analysis of the Cycle Stability and the Ageing Phenomena within the
Carbon-Based Supercapacitors

Figure 8a shows the endurance of the devices under cycle voltammetry measurements
performed at 300 mV /s and in the voltage range +1. The capacitance values measured for
the SCs investigated are in good agreement with what has been reported in Figure 3. As
evidenced in Figure 8b, the supercapacitors based on CMC, casein, and gelatin highlight
a stable behavior of the dielectric properties up to 1000 working cycles. In addition, the
CMC and the casein show an increase in the capacitance value ranging between 20 and
40% at the end of the cycling procedure. This trend has been already observed in the
literature for systems where faradaic reactions occur near the electrode surface immersed in
electrolyte [47,48]. This phenomenon can be related to the slow insertion of the electrolyte
into the bulk structure of the electrode material. Here, the diffusion of ions causes a
formation of a greater number of active sites within the electrode material and, therefore,
an enhance of the cyclability. Conversely, the chitosan and guar gum-based SCs reveal
a monotonic decrease of the Cg values as the cycle number increases. In particular, the
decrement for the chitosan is about 50% compared to its initial value; whereas, the decrease
for the guar gum is about 80%. For the gelatin and the chitosan-based devices, the dominant
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charge storage mechanism is surface limited and they work as a double-layer capacitor.
However, the cycle stability for both supercapacitors is different. It seems that for the
devices investigated, the cycle stability is not directly correlated to the charge storage
mechanisms (e.g., surface and diffusion controlled) at the electrode/electrolyte interface
but depends only on the biomaterial used as a binder in the electrodes.
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Figure 8. (a) Cycles stability of the SCs investigated in 1 M of NaCl performed with 1000 CV cycles at
300 mV/s in the voltage range between 0 and 1 V; (b) comparison of the capacitance retention after
1000 cycles at 300 mV/s as a function of the binder types.

In order to investigate the interplay between the surface and the diffusion processes
that contribute to the overall capacitance value, the impedance spectra for the fabricated
devices have been measured. The impedance spectroscopy has been extensively used
in electrochemistry and energy applications from generation to storage (e.g., solar cells,
batteries, and supercapacitors) [32,49,50]. Figure 9 shows the Nyquist plots—presenting the
imaginary part, —Zimag, as a function of the real part, Z,.,), of the complex impedance—as
a function of the binder types for the fresh state devices. As expected, all the curves have a
long tail at lower frequencies that is a typical shape observed for the charge storage mech-
anisms of the capacitive and pseudocapacitive materials and their associated interfacial
phenomena [32]. In the literature, several studies report EIS models that describe porous
electrodes in electrolyte solutions [32,50-52]. When the porous carbon electrodes physically
store charges without any transfer (only charge accumulation) the resulting impedance
spectra do not contain the semicircle in the high-frequency region. A supercapacitor can be
modeled using a combination of resistive and capacitive elements. In this case, a simple
vertical line can be observed in the Nyquist plot. However, for pseudocapacitance behavior
where a faradaic reaction occurs at the surface, a second slope of the imaginary part of
the impedance in the low-frequency region has been reported [50,51]. It should be noted
that when functional groups or dopants at the surface of the carbon materials contribute to
charge transfer events or some faradaic reactions occur in pseudocapacitive materials, a
semicircle could appear in the spectra [32,52].
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Figure 9. Comparative Nyquist plots for the SCs with (a) chitosan, gelatin, (b) guar gum, casein, and
(c) CMC as the electrode material binder in the fresh state.

Devices where the double layer contribution to the overall capacitance is dominant,
such as chitosan and gelatin, display a vertical straight line nearly parallel to the imaginary
axis (—Zimag) at a lower frequency range. Here, the different values of the frequency shift
of the imaginary part of the impedance from the theoretical 90° of a pure double-layer
capacitance are attributed to the porosity of the carbon-based electrode [32]. As can be
noted in Figure 9, the frequency shift is 70° and 60° for the chitosan and gelatin, respectively.
Moreover, the lower value of the resistance (<1 () suggests high electrode conductivity and
good electron-transfer rates [52]. On the other hand, when the charge transfer processes
become less efficient, the resistance increases and the diffusion contribution to the Cg value
becomes dominant.

In Figure 9b,c, the impedance spectra for the CMC, guar gum, and casein are shown.
In good agreement with what has been reported in Figure 7b, the devices characterized
with a higher value of ESR show experimental spectra shifted towards a higher resistance
range (2-4 (3). This means that a diffusion layer near the electrode interface is present
with a non-negligible resistance value [53]. The resulting value of the frequency shift
decreases down to 40°, compared to the chitosan reference device, suggesting the presence
of a major contribution originated by the diffusion. Depending on the time constant of
the electrode kinetics, a semicircle at an intermediate frequency range could appear in the
Nyquist plot. Here, only the curve related to the CMC-based supercapacitor shows a clear
semicircle loop with a diameter of about 1.9 () in the frequency range investigated. This low
value means that charge-transfer processes occur at an electrode interface. Moreover, the
decreasing of the phase shift down to 40° suggests a diffusion-limited/capacitive response
that can be easily described and modeled by a Randles equivalent circuit model [12]. In
our devices, the binders contain atoms (such as Na in casein and CMC) and functional
groups (e.g., carboxyl, hydroxyl, and amino) that could interact with the activated carbon
within the electrolyte. Several authors report interactions between hydroxyl ions and cation
species (e.g., Na* through the aqueous electrolyte), that originate redox transitions at the
electrode surface [31,44]. For example, carboxyl and hydroxyl groups in CMC can release
O content that can lead to a self-doping of the carbon materials [38-40,54]. These findings
confirm that the pseudocapacitance behavior observed at the electrode interface, for the
SCs investigated, is also related to the binder type employed.

The effect of the cycling procedure performed on the devices for 1000 cycles has been
evaluated by using impedance spectroscopy measurements. In Figure 10a, the impedance
spectra measured of the cycled devices for different binders have been reported. Addition-
ally, a comparison of the ESR values estimated from the impedance spectra at 1 Hz between
the fresh and cycled SCs is shown in Figure 10b. It is well known that an increase of the
resistance after cycling stress suggests that faradaic reactions take place on the electrode
surface corresponding to corrosion of the surfaces and/or oxidation of the electrolyte [55].
In our samples, the endurance test after CV cycles has led to an overall increase in electrical
resistance. All the devices undergo an accelerated aging process induced by repetitive
cycles that leads to a modification of the CV loop. As a result, the devices become more



Nanomaterials 2022, 12, 46

13 of 16

resistive and the impedance spectra shift towards higher resistance. Chitosan and guar
gum-based supercapacitors, which are characterized by a prominent capacitance loss, show
a marked increase in the ESR values, one and two orders of magnitude compared to the
fresh devices, respectively. On the other hand, the casein, CMC, and the gelatin electrodes
show a minor change of the capacitance value notwithstanding an increment of the ESR
values. The presence of a long tail at a low-frequency region in the Nyquist plots suggests
that a pseudocapacitance behavior persists within the aged supercapacitor. Here, a residual
phase shift value between 20° and 30°, is still present indicating the existence of light
diffusion processes within the devices at lower frequencies.
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Figure 10. (a) Nyquist plots of the supercapacitors investigated after the cycling procedure; (b) Com-
parison of the ESR value at 1 Hz as a function of the binder types extracted from the impedance
spectra for the fresh and the cycled devices, respectively.

4. Conclusions

Symmetric carbon-based supercapacitors with environmentally friendly binders, such
as gelatin, chitosan, casein, guar gum, and carboxymethyl cellulose have been fabricated by
using a simple and low-cost water solution process. Among the biomaterials investigated,
gelatin is a novel binder used to fabricate electrodes. Aqueous NaCl electrolyte guarantees
safety and a low environmental impact of the final devices, compared to flammable and
harmful organic electrolytes. The resulting supercapacitors have gravimetric capacitance
values between 30 and 80 F/g with few ohms of series resistance and good coulombic
efficiency. The large difference between the capacitance values computed at lower (slow
dynamics) and higher (fast dynamics) scan rate ranges suggests v-dependent phenomena
in the devices. By using the partition method, a pseudocapacitance behavior has been
found at the electrode/electrolyte interface. Different charge storage mechanisms take
place within the SCs where the surface and diffusion-limited processes are concurrently at
the electrode interface. Gelatin and chitosan-based devices show a capacitive-like dielectric
response similar to an electrochemical double-layer capacitor. Conversely, for the CMC,
casein, and guar gum-carbon-based electrodes, the diffusion contribution to the overall
capacitance result was found to be dominant. The pseudocapacitance behavior also affects
the impedance spectra with the presence of a long tail at a low-frequency region in the
Nyquist plots. Only the gelatin and the chitosan-based devices show impedance spectra
similar to a double-layer capacitor. After an accelerated aging procedure performed on the
devices for 1000 voltammetry cycles, the dielectric properties, and the pseudocapacitance
behavior change. The devices become more resistive suggesting modifications of the elec-
trode surface due to the irreversible faradaic reactions and /or oxidation of the electrolyte.
The lower value of the residual phase shift indicates that the diffusion processes within the
cycled devices are still present. An increased capacitance retention rate for the casein and
CMC-based devices of 120% and 140% after 1000 cycles have been observed, respectively.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/1nano012010046/s1, Figure S1. Cycle voltammetry curves of symmetric carbon-based superca-
pacitors fabricated with Guar gum as a binder in 1 M NaCl electrolytes measured at (a) lower and
(b) intermediate scan rate regions, respectively. Figure S2. Cycle voltammetry curves of symmetric
carbon-based supercapacitors fabricated with chitosan as a binder in 1 M NaCl electrolytes measured
at (a) lower and (b) intermediate scan rate regions, respectively. Figure S3. Cycle voltammetry curves
of symmetric carbon-based supercapacitors fabricated with casein as a binder in 1 M NaCl electrolytes
measured at (a) lower and (b) intermediate scan rate regions, respectively. Figure S4. Cycle voltamme-
try curves of symmetric carbon-based supercapacitors fabricated with CMC as a binder in 1 M NaCl
electrolytes measured at (a) lower and (b) intermediate scan rate regions, respectively. Figure S5.
Cycle voltammetry curves of symmetric carbon-based supercapacitors fabricated with gelatin as
a binder in 1 M NaCl electrolytes measured at (a) lower and (b) intermediate scan rate regions,
respectively. Figure S6. Capacitance percentage loss as a function of the binder types. Figure S7.
(a) Dependence of g5 on v=%5 and (b) of 1/ gs on v05 for the binders investigated in 1 M NaCl

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., L.L.N. and A.S.; 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.,
ALP, AS, M.GM. and G.P; visualization, G.L.; supervision, G.L.; project administration, G.L.,
M.G.M. and G.P; funding acquisition, G.L., M.G.M. 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.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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

Acknowledgments: Lucio Cina and Bas de Jong of Cicci Research s.r.l. are kindly acknowledged for
the technical support on the ARKEO platform. Authors wish to thank Soteria Battery Innovation
Group for the donation of the Dreamweaver Silver AR40 cellulose paper.

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

References

1.  Ostfeld, A.E.; Gaikwad, A.M.; Khan, Y.; Arias, A.C. High-performance flexible energy storage and harvesting system for wearable
electronics. Sci. Rep. 2016, 6, 1-10. [CrossRef] [PubMed]

2. Chatterjee, D.P.; Nandi, A.K. A review on the recent advances in hybrid supercapacitors. . Mater. Chem. A 2021, 9, 15880-15918.
[CrossRef]

3.  Tsydenova, O.; Bengtsson, M. Chemical hazards associated with treatment of waste electrical and electronic equipment. Waste
Manag. 2011, 31, 45-58. [CrossRef] [PubMed]

4. 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]

5. Suarez, L.; Centeno, T.A. Unravelling the volumetric performance of activated carbons from biomass wastes in supercapacitors. J.
Power Sources 2020, 448, 227413. [CrossRef]

6.  Arunkumar, M.; Paul, A. Importance of Electrode Preparation Methodologies in Supercapacitor Applications. ACS Omega 2017, 2,
8039-8050. [CrossRef]

7. Cholewinski, A.; Si, P.; Uceda, M.; Pope, M.; Zhao, B. Polymer Binders: Characterization and Development toward Aqueous
Electrode Fabrication for Sustainability. Polymers 2021, 13, 631. [CrossRef]

8. Marshall, J.E.; Zhenova, A.; Roberts, S.; Petchey, T.; Zhu, P; Dancer, C.E.].; McElroy, C.R.; Kendrick, E.; Goodship, V. On the
Solubility and Stability of Polyvinylidene Fluoride. Polymers 2021, 13, 1354. [CrossRef]

9.  Kennedy, G.L. Toxicology of Fluorine-Containing Monomers. Crit. Rev. Toxicol. 1990, 21, 149-170. [CrossRef]

10. 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]

11.  Aslan, M.; Weingarth, D.; Jackel, N.; Atchison, J.S.; Grobelsek, I.; Presser, V. Polyvinylpyrrolidone as binder for castable

supercapacitor electrodes with high electrochemical performance in organic electrolytes. J. Power Sources 2014, 266, 374-383.
[CrossRef]


https://www.mdpi.com/article/10.3390/nano12010046/s1
https://www.mdpi.com/article/10.3390/nano12010046/s1
http://doi.org/10.1038/srep26122
http://www.ncbi.nlm.nih.gov/pubmed/27184194
http://doi.org/10.1039/D1TA02505H
http://doi.org/10.1016/j.wasman.2010.08.014
http://www.ncbi.nlm.nih.gov/pubmed/20869229
http://doi.org/10.1016/j.rser.2015.07.129
http://doi.org/10.1016/j.jpowsour.2019.227413
http://doi.org/10.1021/acsomega.7b01275
http://doi.org/10.3390/polym13040631
http://doi.org/10.3390/polym13091354
http://doi.org/10.3109/10408449009089877
http://doi.org/10.1002/cssc.201300852
http://www.ncbi.nlm.nih.gov/pubmed/24136900
http://doi.org/10.1016/j.jpowsour.2014.05.031

Nanomaterials 2022, 12, 46 15 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

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]

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]

Oliviero, M.; Rizvi, R.; Verdolotti, L.; Iannace, S.; Naguib, H.E.; Di Maio, E.; Neitzert, H.C.; Landi, G. Dielectric Properties of
Sustainable Nanocomposites Based on Zein Protein and Lignin for Biodegradable Insulators. Adv. Funct. Mater. 2017. [CrossRef]
Jeong, S.S.; Bockenfeld, N.; Balducci, A.; Winter, M.; Passerini, S. Natural cellulose as binder for lithium battery electrodes. J.
Power Sources 2012, 199, 331-335. [CrossRef]

Bockenfeld, N.; Jeong, S.S.; Winter, M.; Passerini, S.; Balducci, A. Natural, cheap and environmentally friendly binder for
supercapacitors. J. Power Sources 2013, 221, 14-20. [CrossRef]

Lehtimaki, 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]

Zeng, ].; Wei, L.; Guo, X. Bio-inspired high-performance solid-state supercapacitors with the electrolyte, separator, binder and
electrodes entirely from: Kelp. J. Mater. Chem. A 2017, 5, 25282-25292. [CrossRef]

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

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

Scalia, A.; Zaccagnini, P.; Armandi, M.; Latini, G.; Versaci, D.; Lanzio, V.; Varzi, A.; Passerini, S.; Lamberti, A. Tragacanth Gum as
Green Binder for Sustainable Water-Processable Electrochemical Capacitor. ChemSusChem 2021, 14, 356-362. [CrossRef]

Lai, C.-C,; Hsu, E-H.; Hsu, S.-Y.; Deng, M.-].; Lu, K.-T.; Chen, ].-M. 1.8 V Aqueous Symmetric Carbon-Based Supercapacitors with
Agarose-Bound Activated Carbons in an Acidic Electrolyte. Nanomaterials 2021, 11, 1731. [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]

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]

Furio, A.; Landi, G.; Altavilla, C.; Sofia, D.; lannace, S.; Sorrentino, A.; Neitzert, H.C. Light irradiation tuning of surface wettability,
optical, and electric properties of graphene oxide thin films. Nanotechnology 2017, 28, 054003. [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]

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.F,; 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]

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]
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]

Liu, J.; Wang, J.; Xu, C,; Jiang, H.; Li, C.; Zhang, L.; Lin, J.; Shen, Z.X. Advanced Energy Storage Devices: Basic Principles,
Analytical Methods, and Rational Materials Design. Adv. Sci. 2018, 5, 1700322. [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]

Jiang, Y.; Liu, J. Definitions of Pseudocapacitive Materials: A Brief Review. ENERGY Environ. Mater. 2019, 2, 30-37. [CrossRef]
Song, Z.; Miao, L.; Ruhlmann, L.; Lv, Y,; Zhu, D.; Li, L.; Gan, L.; Liu, M. Self-Assembled Carbon Superstructures Achieving
Ultra-Stable and Fast Proton-Coupled Charge Storage Kinetics. Adv. Mater. 2021, 33, 2104148. [CrossRef]

Shu, Y.; Bai, Q.; Fu, G.; Xiong, Q.; Li, C.; Ding, H.; Shen, Y.; Uyama, H. Hierarchical porous carbons from polysaccharides
carboxymethyl cellulose, bacterial cellulose, and citric acid for supercapacitor. Carbohydr. Polym. 2020, 227, 115346. [CrossRef]
Lin, L.; Xie, H.; Lei, Y.; Li, R;; Liu, X.; Ou, J. Nitrogen source-mediated cocoon silk-derived N, O-doped porous carbons for high
performance symmetric supercapacitor. J. Mater. Sci. Mater. Electron. 2020, 31, 10825-10835. [CrossRef]

Bonnaillie, L.M.; Zhang, H.; Akkurt, S.; Yam, K.L.; Tomasula, PM. Casein films: The effects of formulation, environmental
conditions and the addition of citric pectin on the structure and mechanical properties. Polymers 2014, 6, 2018-2036. [CrossRef]
Zheng, X.; Miao, L.; Song, Z.; Du, W.; Zhu, D.; Lv, Y; Li, L.; Gan, L.; Liu, M. In situ nanoarchitecturing of conjugated polyamide
network-derived carbon cathodes toward high energy-power Zn-ion capacitors. . Mater. Chem. A 2022. [CrossRef]


http://doi.org/10.1016/j.nanoen.2015.09.006
http://doi.org/10.1021/acsaelm.1c00368
http://doi.org/10.1002/adfm.201605142
http://doi.org/10.1016/j.jpowsour.2011.09.102
http://doi.org/10.1016/j.jpowsour.2012.07.076
http://doi.org/10.1038/srep46001
http://doi.org/10.1039/C7TA08095F
http://doi.org/10.3390/polym11101648
http://doi.org/10.1002/cssc.201902863
http://doi.org/10.1002/cssc.202001754
http://doi.org/10.3390/nano11071731
http://doi.org/10.1016/j.jpowsour.2016.03.072
http://doi.org/10.1088/1361-6528/28/5/054005
http://doi.org/10.1088/1361-6528/28/5/054003
http://doi.org/10.1007/s00339-018-1967-9
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/10.1039/C8EE00640G
http://doi.org/10.1002/aenm.201902007
http://doi.org/10.1016/0013-4686(90)85068-X
http://doi.org/10.1002/advs.201700322
http://doi.org/10.1021/jp074464w
http://doi.org/10.1002/eem2.12028
http://doi.org/10.1002/adma.202104148
http://doi.org/10.1016/j.carbpol.2019.115346
http://doi.org/10.1007/s10854-020-03634-x
http://doi.org/10.3390/polym6072018
http://doi.org/10.1039/D1TA07350H

Nanomaterials 2022, 12, 46 16 of 16

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Hatzell, K.B.; Beidaghi, M.; Campos, ].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.E; 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]

Rajkumar, M.; Hsu, C.T.; Wu, T.H.; 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]

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]

Liu, X.Y,; Zhang, Y.Q.; Xia, X.H.; Shi, S.J.; Lu, Y.; Wang, X.L.; Gu, C.D.; Tu, ].P. Self-assembled porous NiCo,Oy4 hetero-structure
array for electrochemical capacitor. . Power Sources 2013, 239, 157-163. [CrossRef]

Prasad, K.; Rajasekhara Reddy, G.; Rajesh, M.; Babu, P.R.; Shanmugam, G.; Sushma, N.J.; Pratap Reddy, M.S.; Deva Prasad Raju,
B.; Mallikarjuna, K. Electrochemical Performance of 2D-Hierarchical Sheet-Like ZnCo,04 Microstructures for Supercapacitor
Applications. Crystals 2020, 10, 566. [CrossRef]

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

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]

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

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]

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]

Xue, D.; Zhu, D.; Duan, H.; Wang, Z.; Lv, Y.; Xiong, W.; Li, L.; Liu, M.; Gan, L. Deep-eutectic-solvent synthesis of N/O self-doped
hollow carbon nanorods for efficient energy storage. Chem. Commun. 2019, 55, 11219-11222. [CrossRef]

Lee, G.; Kang, S.-K.; Won, S.M.; Gutruf, P; Jeong, Y.R.; Koo, ].; Lee, S.-S.; Rogers, ].A.; Ha, ].S. Fully Biodegradable Microsuperca-
pacitor for Power Storage in Transient Electronics. Adv. Energy Mater. 2017, 7, 1700157. [CrossRef]


http://doi.org/10.1016/j.electacta.2013.08.095
http://doi.org/10.1039/C8CS00581H
http://doi.org/10.1016/j.pnsc.2015.11.012
http://doi.org/10.1126/science.1213003
http://doi.org/10.1016/j.est.2018.02.008
http://doi.org/10.1016/j.jpowsour.2013.03.106
http://doi.org/10.3390/cryst10070566
http://doi.org/10.1039/C9CP04592A
http://doi.org/10.1016/S0022-0728(98)00115-6
http://doi.org/10.1016/S0022-0728(99)00262-4
http://doi.org/10.1016/j.electacta.2003.09.043
http://doi.org/10.1021/acs.jpcc.7b10582
http://doi.org/10.1039/C9CC06008A
http://doi.org/10.1002/aenm.201700157

	Introduction 
	Materials and Methods 
	Material Preparation 
	Morphology Characterization 
	Electrochemical Measurements 

	Results 
	Electrochemical Characterization 
	Revealing the Charge Storage Mechanisms in the Carbon-Based Supercapacitors 
	Analysis of the Cycle Stability and the Ageing Phenomena within the Carbon-Based Supercapacitors 

	Conclusions 
	References

