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ABSTRACT: Waste, in particular, biowaste, can be a valuable source of novel carbon materials. Renewable carbon materials, such
as biomass-derived carbons, have gained significant attention recently as potential electrode materials for various electrochemical
devices, including batteries and supercapacitors. The importance of renewable carbon materials as electrodes can be attributed to
their sustainability, low cost, high purity, high surface area, and tailored properties. Fish waste recovered from the fish processing
industry can be used for energy applications and prioritizing the circular economy principles. Herein, a method is proposed to
prepare a high surface area biocarbon from glycogen extracted from mussel cooking wastewater. The biocarbon materials were
characterized using a Brunauer—Emmett—Teller surface area analyzer to determine the specific surface area and pore size and by
scanning electron microscopy coupled with energy-dispersive X-ray analysis, Raman analysis, attenuated total reflectance Fourier
transform infrared spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and transmission electron microscopy. The
electrochemical characterization was performed using a three-electrode system, utilizing a choline chloride-based deep eutectic
solvent (DES) as an eco-friendly and sustainable electrolyte. Optimal time and temperature allowed the preparation of glycogen-
based carbon materials, with a specific surface area of 1526 m* g™', a pore volume of 0.38 cm® g”', and an associated specific
capacitance of 657 F ¢! at a current density of 1 A g, at 30 °C. The optimal material was scaled up to a two-electrode
supercapacitor using a DES-based solid-state electrolyte (SSE@DES). This prototype delivered a maximum capacitance of 703 F g™
ata 1 A g of current density, showing 75% capacitance retention over 1000 cycles, delivering the highest energy density of 0.335 W
h kg™ and power density of 1341 W kg™'. Marine waste can be a sustainable source for producing nanoporous carbon materials to
be incorporated as electrode materials in energy storage devices.

Bl INTRODUCTION materials’ morphological properties (size, shape, surface

The journey to find new environmentally friendly energy morphology, pore diameters, and high surface area) is essential
systems is essential to minimize the impact associated with the
consumption of fossil fuel energy worldwide. Ground-breaking
devices must be developed to produce energy storage devices
with a higher capacity and a longer lifetime.' To accomplish this,
electrical double-layer capacitors (EDLCs), pseudocapacitors,”
and flexible solid-state supercapacitors’ are essential compo-
nents of a smart grid network.

Appropriate candidates for EDLC electrodes are different
types of carbon nanomaterials. The ability to control the

since it allows them to optimize their performance.” Carbon-
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based materials can adsorb and store many ions owing to the
excellent pore structure and large specific surface area, exhibiting
excellent electric double-layer capacitance performance. Carbon
presents three allotropes (graphite, diamond, and amorphous
carbon), with different hybridizations (sp, sp?, and sp®), and is
also the main component of carbon-based nanostructures:
carbon nanotubes (CNTs), graphene, carbon nanofibers,
nanorods, nanospheres, and activated carbons (AC).” Due to
their interesting morphological characteristics, higher capaci-
tance can be achieved using electrodes based on porous carbon
materials. Nowadays, the approaches to synthesizing AC give
the possibility to produce materials with specific surface areas up
to 3000—4000 m> g_l.ﬁ_9 Graphene oxide (GO),'”"" reduced
graphene oxide (rGO),"> and carbon nanotubes (CNTs),"” as
well as their hybrids, have shown great potential in energy
storage applications due to their unique physical and chemical
properties. These carbon materials present a high surface area
and excellent electrical conductivity, which make them ideal
materials for supercapacitors and batteries. The hybrid
combination (rGO and CNTs) improved the electrochemical
performance compared to either material alone.'* These
materials were also applied for sensing purposes, with GO and
rGO being quite studied for biosensing approaches for detecting
Alzheimer’s biomarkers'® and determining dopamine.'' How-
ever, finding sustainable carbon sources to decrease the world’s
need to rely on fossil fuels is becoming even more necessary.
Using carbon sources from waste must be the solution to obtain
more sustainable energy storage devices and improve the
circular economy. Recently, the synthesis of carbons using
biomass (energy source mostly referring to plant and animal-
derived materials) as a precursor has granted the design of
carbon-based energy storage systems with remarkable electro-
chemical and mechanical properties.””

Because biomass is present naturally on the planet, biomass-
derived materials were used in different applications, such as
catalysis and energy storage.'® Various carbonization methods
can be used for biomass conversion into carbon: pyrolysis and
hydrothermal carbonization, with/without activation methods
(chemical and physical activations).'” Among various biomass
resources, waste materials have drawn significant attention as a
valuable resource for the environmentally friendly preparation of
carbons with a high specific surface area and with a boosted
electrochemical supercapacitor performance.'®™>*

The synthesis and applications of carbon materials prepared
from biomass have been extensively reviewed,” "* while
biomass-derived carbons from marine waste were recently
reviewed by Lionetto et al.*” Several studies on the capability of
porous carbon-based electrodes from fish waste for super-
capacitor applications have been reported, using different types
of fish waste sources, from crab shells, fish and prawn scales, fish
bones, and others.'®**™** The obtained materials presented
Brunauer—Emmett—Teller (BET) surface areas ranging from
1670 to 962 m* g, with an associated specific capacitance
ranging from S8 F g ' at SAg ' to SI9 Fg'at 0.1 A g™
Considering the existing studies, the surface area and specific
capacitance are not always strictly correlated (both increasing or
decreasing), mainly because both can be affected by porosity and
the functional groups of porous carbons.>

Even though carbon allotropes are the most explored
materials for application in energy storage, these materials still
present some drawbacks, such as scarcity, cost, agglomeration
during synthesis trend, large-scale production obstacles, high

hydrophobicity, and ineffective surface areas for charge storage
vs. electrolyte nature.*

All over the world, fish can be obtained through capture and/
or aquaculture. It is estimated that between 30 and 70% of the
raw material processed by the seafood industry are discarded as
solid waste. In the rejected biomass are the species undervalued
and underutilized, fish caught below the minimum size
(prohibited sale), spoiled or damaged fish, viscera, head,
bones, fillets, skin, and scales.’” Marine waste biocarbons are
nitrogen, oxygen, hydrogen, and sulfur-rich materials exhibiting
promising characteristics”” (strong hydrophilicity, sustainability,
biodegradability, and self-doping of heteroatoms). Additionally,
mussel processing canning industries generate a considerable
volume of highly polluting cooking wastewater (more than
300.000 m?® year™") that is not effectively dePurated by chemical
oxidation and/or anaerobic digestion.”® This stream is
composed of protein, mineral salts, and mainly glycogen.
Glycogen is a high-molecular-weight polysaccharide formed by
glucose chains linked by a-1,4-glycosidic bonds and branched
(with a-1,6-glycosidic bonds) by other glucose chains every 12—
18 units of the monosaccharide. This biopolymer is the natural
reservoir of glucose for animal tissues, including humans and
mussels, being an excellent source of carbon for microbial
bioproduction®*" and a valuable cosmetic ingredient.””

Even though the use of glycogen as a carbon precursor for
application as an electrode in energy storage devices was not
reported in the literature, starch is another polysaccharide that is
being reasonably addressed as a carbon precursor for application
in supercapacitors. Kasturi et al.”> prepared a high surface area
(1841 m* g™"), porous (1.18 cm® g™')-based activated carbon
obtained from Artocarpus heterophyllus seed-derived starch, with
a capacitance of 240 F ¢! at 0.5 mA and a capacitance retention
of 97% after 2000 cycles, using a starch-based solid-state
electrolyte. Pang et al.** fabricated a porous carbon from corn
starch with a high specific surface area of 1239 m* g™', delivering
a specific capacitance of 144 F g~' with a KOH electrolyte.
Regarding applying these materials to supercapacitors, focusing
on the electrolyte is also necessary. Numerous types of
electrolytes were tested for supercapacitor applica-
tions. @27 3234353745747 However, a prerequisite is the high
ionic concentration of the electrolyte, which improves its
capacitance. On one hand, ionic liquids (ILs) present the
required properties to be suitable candidates.***’ However,
their high production/purification costs drastically reduce their
attractiveness compared to conventional electrolytes. The
solution can be found using deep eutectic solvents (DESs),
which show similar physical properties. DESs were developed by
Abbott et al,”® consisting of a mixture of a quaternary
ammonium salt (choline chloride) with amides or glycols
(ethylene glycol, glycerol...) as hydrogen bond donors. This new
class presents several advantages compared to aqueous systems:
improved electrochemical stability, broader potential windows,
a greener effect on the ecosystem, etc., showing that DES systems
are promising green alternatives.”>>'~%*

Considering the above, the present investigation reports
biowaste materials to develop high-performance porous carbon
materials, followed by employing a DES as an eco-friendly
electrolyte.

The present work used glycogen extracted from mussel
cooking wastewater as the starting material. Biocarbons were
prepared by one-step carbonization in which temperature and
time were the objects of optimization. The resulting biocarbon
materials were characterized using a BET surface area analyzer
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Figure 1. Relationship between the adsorbed and desorbed volumes of N, by the glycogen-based carbons and the relative pressure. Glycogen
carbonized at 1000 °C for 1 h (a) and S h (b) and at 750 °C for 1 h (c). The black line and symbols represent adsorption, and the red line and symbols

represent desorption.

to determine the specific surface area and pore size and by
scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray (EDX) (SEM—EDX) analysis, Raman analysis,
attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy, X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), and transmission electron
microscopy (TEM). The electrochemical analysis was per-
formed using a three-electrode system, with a glassy carbon
(GC) electrode as the working electrode, through cyclic
voltammetry (CV) and galvanostatic charge/discharge (GCD)
measurements using a choline chloride-based DES, with
ethylene glycol as the hydrogen bond donor, as the electrolyte
(known as ethaline). The carbon material with the best
performance was used as an electrode for developing a
supercapacitor prototype using a solid-state electrolyte (SSE)
based on the previous DES used as the liquid electrolyte (SSE@
DES).

These materials derived from biowaste, associated with an
eco-friendly electrolyte, can be a step forward to developing safe
and reliable energy storage devices capable of charge and

discharge with a longer cycle life, bringing many benefits to the
world’s transition to clean energy. The presented research aims
to develop more cost-effective harvest storage systems based on
energy storage at an EDL carbon/electrolyte structure. Studying
charge storage mechanisms may lead to accessible energy for all,
with the development of more efficient harvest/storage systems
used daily by the general population. It meets the 7th, 11th, and
12th goals in the UN 2030 Agenda, targeting economic/societal
needs and scientific advances toward safer, non-polluting, more
affordable, and more efficient energy use.

B MATERIALS AND METHODS

Biocarbon Derived from Fish Waste Preparation.
Industrial mussel cooking wastewater (MCW) was kindly
supplied by Valora Marine Ingredients (Grupo Jealsa, Boiro,
Galicia, Spain). Initially, MCW was concentrated by ultra-
filtration with membranes with a molecular weight cut-off of 100
kDa (spiral polyethersulfone, 0.56 m?* Prep/Scale-TFF,
Millipore Corporation, USA). Then, most of the protein
content in the concentrate was precipitated at the isoelectric

https://doi.org/10.1021/acsomega.3c00816
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Table 1. Features Obtained from the BET Analysis of Glycogen-Based Carbons at Different Times and Temperatures of
Carbonization”

BET analysis

T (°C) time (h) Sger (m*g™") Viniero (e’ g7') Vineso (cm® g7') Vietw (cm® g™) D, ()
glycogen-based carbons 1000 0.5 146.1 0.065 0.014 0.079 21.89
1 768.1 0.287 0.179 0.466 24.27
2 828.2 0.304 0.210 0.514 24.84
3 974.9 0313 0.252 0.565 23.99
4 1277 0.414 0.434 0.848 26.55
S 1526 0.377 0.520 0.897 33.21
6 909.5 0.409 0.085 0.494 21.72
7 627.7 0.216 0.140 0.356 20.11
500 1 42.0 0.023 0.028 0.051 10.12
750 93.0 0.039 0.028 0.067 13.32
900 123.1 0.051 0.222 0.273 21.66
1200 314 0.072 0.005 0.077 9.871

“Vinicro: Micropore volume; Vi ,: total pore volume; V,,,,: mesopore volume; and D,: particle diameter.
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Figure 3. SEM images of different carbonization times (30 min to 7 h), at 1000 °C, at X100 magnification; inset: at higher magnification, X1.00k.

point by adding S mol L' HCI until reaching pH 4.5 and
centrifuged (8000 g/30 min) to eliminate the protein material in
the sediment. The supernatant was treated with 96% ethanol (1
volume of supernatant/0.75 volume of ethanol, for 2 h, under
continuous agitation at 200 rpm), and the mixture was
centrifuged (8000 g/20 min) for the differential precipitation
of glycogen. Finally, the precipitated glycogen (purity: > 97.5%,
average molecular weight: 2551 kDa, and polydispersity index:
1.55) was dried in a laboratory oven (with forced convection) at
60 °C for 12 h.

The raw biomass was placed inside a tubular furnace at 1000
°C for 1 h with a 0.3 L h™" N, flow-controlled environment to
further collect the ashes (45 wt % recovery). The carbon
material will be characterized by considering the carbonization
time and temperature.

Morphological and Electrochemical Characteriza-
tions. The morphological characterization was performed
through BET surface area analysis, SEM—EDX (Hitachi SU
8230 equipment, Tokyo, Japan), Raman analysis (Ramos PA532
Ostec, Moscow, Russia), ATR-FTIR spectroscopy (Bruker
FTIR system Tensor 27 spectrophotometer, Massachusetts,
USA), XRD (Rigaku Corporation, Tokyo, Japan), XPS (Kratos
Analytical Ltd, Manchester, UK), and TEM (Hitachi model
HB8100, Tokyo, Japan). Characterization details are presented in
the Supporting Information.

Electrochemical characterization details of glycogen-based
carbon samples (three-electrode and two-electrode setups),
alongside the preparation of the liquid and solid DESs, are
presented in the Supporting Information.

B RESULTS AND DISCUSSION

The morphological characterization and the elemental compo-
sition of the glycogen-based carbons were studied to determine
how their capacitive behavior was affected, considering the
distinct carbonization parameters (time and temperature). The
electrochemical investigation included CV and GCD measure-
ments to validate the capacitive performance of the electrode.

Nitrogen Adsorption/Desorption Isotherms. The ad-
sorption—desorption isotherms were used to get qualitative and
quantitative knowledge about the materials’ surface area and
pore structure. The adsorption—desorption isotherms of the
glycogen-based carbons for different carbonization times and
temperatures were obtained, and as an example, three isotherms
are presented in Figure 1.

It is observed that the presented three isotherms show
different characteristics; however, the isotherms present the
same trends, being classified as Type IV class, given by the
Brunauer, Deming, and Teller (BDT) classification.”” The main
characteristic feature is their hysteresis loop, which is correlated
to capillary condensation in the mesopores. The microporous
structure of the material was confirmed by the fact that the pores
filled at relatively low pressures, as demonstrated in Figure 1a,b.

Table 1 presents the results obtained from the BET analysis of
glycogen-based carbons for different periods and temperatures
of carbonization.

As presented in Table 1, the mesopore volume increases with
the carbonization time (at the fixed temperature of 1000 °C),
reaching the highest value of 0.520 cm® g™ for § h. Considering
the temperature change, there is a maximum value of mesopore
volume of 900 °C, compared to lower and higher temperatures.
Cazetta et al.,>® Rodriguez—Sénchez et al,”” and Ozpinar et al®
produced activated carbons from the waste of coconut shells,
chestnuts, and hazelnut shells, respectively, presenting lower
values of mesopore volume. Porous materials are generally
divided into three groups: microporous (<20 A), mesoporous
(20—500 A), and macroporous (>S00 A), according to the
International Union of Pure and Applied Chemistry (IUPAC).
Considering this, most samples present mesoporous character-
istics, except for the carbonization at 500, 750, and 1200 °C.

The specific surface area (Sggr), of the materials prepared at a
fixed temperature of 1000 °C, increased with the increase of the
carbonization time, reaching a maximum of 1526 m? g_1 at S h,
with a maximum pore diameter of 33.21 A. Regarding the
temperature variation, the highest value of Sgg 1 was obtained for
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Figure 4. TEM images of glycogen-based carbons (1 h at 750 °C and 1, 3, 4, and S h at 1000 °C).

1000 °C, while values between 500 and 900 °C, alongside 1200
°C, present very low values of Sggrt.

Surface Functional Groups. FTIR spectra of glycogen-
based carbons, at different carbonization times and temperatures
in the range of 4000—750 cm™’, are presented in Figure 2a,b.

Figure 2¢ presents the FTIR-ATR spectra of the raw glycogen
sample and the components obtained after carbonization of the
glycogen, which is received in the water of the collector flask.
Figure 2d presents the comparison between the raw glycogen
material and the analysis of the carbon obtained after 3 h of
carbonization and the elements trapped in the water of the
collector flask.

The raw glycogen spectra show a large band in the 3500 and
3000 cm ™' wavenumber range due to the stretching vibrations of
the hydroxyl (—OH) groups, which disappear with the
carbonization of the raw glycogen. Around 1000 cm™ is the
band assigned to the stretching vibration of the C—O group. The
functional groups having oxygen stimulate the hydrophilic
properties of the surface. Furthermore, the double band

observed between 1089 and 1043 cm™" in the spectrum of raw
glycogen, also visible in the carbonized samples (with much
lower intensity), is associated with the =C—O—C band
vibration in aromatic ether.>”

In all carbonized samples, the band observed between 2900
and 2800 cm™' belongs to the C—H bands of aliphatic
hydrocarbons, presenting a low intensity.””®" The band at
around 2350 cm ™" matches the aromatic ring (C=C) stretching
vibrations associated with CO,, always present in the carbonized
samples.®”

SEM—EDX and TEM Analyses. The morphology of the
glycogen-based carbons obtained at different carbonization
times (with a fixed temperature of 1000 °C) and carbonization
temperatures (with a specified time of 1 h) was verified by SEM,
and the images are shown in Figures 3 and S1 (Supporting
Information), respectively. Two magnifications were presented
at X100 and X1.00k.

EDX was also performed, which presents the most abundant
element, carbon (up to 98%), with traces of oxygen (up to 4%),
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Figure S. XPS survey spectra for glycogen-based carbon carbonized for S h at 1000 °C: (a) overall spectra, (b) C 1s, (c) O 1s, and (d) N 1s.

nitrogen (up to 5%), phosphorus (up to 2%), calcium (up to
4%), and sulfur (up to 2%), in weight %, which is expected taking
into consideration the organic source of the samples.

The organic elements in the raw material structure
decompose when heated during carbon synthesis. Conse-
quently, a porous structure with a superior carbon content is
formed as the volatile components split from the structure.”®

All images demonstrate a compact bulk structure, with all
morphologies being strongly correlated with time and temper-
ature. The porosity increases at a longer carbonization time.
However, that effect seems to disappear after 6 h of
carbonization. It is visible that the pore structure of the samples
presents several pores that expose a large, and activated surface
area. This allows the shortening of the ions’ diffusion paths,
which may improve the electrochemical properties of these
materials.*®

Regarding the change in temperature, at 500, 750, 900, and
1200 °C, carbonized for 1 h (Figure S1), at X100 magnification,
the structures are visibly less porous compared to the sample
carbonized at 1000 °C for 1 h (Figure 3). All samples, with
different times and temperatures of carbonization, present non-
uniform topographic structures with random indentations and
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protrusions. The surface morphology and pore structure of the
glycogen-based carbon samples were confirmed by TEM
analysis. The result of TEM micrographs at different
magnifications is shown in Figure 4.

The layer-like morphology is evident in all presented samples,
as is quite visible in glycogen-based carbon (4 h, 1000 °C). At Sh
carbonization, the well-defined pore structure is evident, which
can be quite beneficial for the electrolyte ions to move to the
carbon electrode (in the supercapacitor setup), achieving a high
specific capacitance and excellent performance.

XPS Analysis. The XPS spectra of the raw glycogen are
presented in Figure S2, with the associated deconvoluted peaks
for carbon, oxygen, and nitrogen.

The two dominant peaks at 284.9, 529.9, and 397.7 eV
binding energies correspond to C 1s, O 1s, and N 1s,
respectively.”” The XPS spectra of the glycogen carbonized for
S h at 1000 °C are presented in Figure 5, with the associated
deconvoluted peaks for carbon, oxygen, and nitrogen. Tables S1
and S2 (Supporting Information) show the related results for all
the analyzed samples.

The two dominant peaks reported at 290.7, 533.1, and 398.7
eV binding energies correspond to C 1s, O 1s, and N s,
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Figure 6. Raman spectra of glycogen-based carbon with (a) different carbonization times (30 min to 7 h), (b) 1% Raman region, and (c) 2" Raman

region for glycogen-based carbon carbonized for 5 h at 1000 °C.

respectively.”” These results showed that for all samples, there
are graphitic carbon, oxygen, and nitrogen-containing groups in
the structure of the carbon material.

All the samples were studied at different times and
temperatures of carbonization to search for various components,
such as C 1s, N 1s, O 1s, Na 1s, P 2p, S 2p, K 2p, and Ca 2p.

Tables S1 and S2 show that C 1s is the most abundant element
for all samples. N 1s is present in all samples, having the highest
value of 7.2 at% for the 5 h carbonization at 1000 °C. The
exception is the sample prepared at 30 min and the lowest
carbonization temperature (S00 °C), in which N 1s is non-
detected. The O 1s element is present in all studied samples,
with the highest value for 1 h carbonization at 1000 °C, 11.6 at%.

The remaining elements are also expected to be present in the
samples due to the organic sources of the raw material, glycogen,
being corroborated by the SEM—EDX analysis. The raw
glycogen was also analyzed, showing a considerably lower
amount of carbon, followed by oxygen which presents higher
values up to X10 before the carbonization process. The amount
of N is also lower, before carbonization, with the exception of the
7 h carbonized samples.

18789

Raman Analysis. The Raman spectra for different carbon-
ization times of glycogen-based carbons are presented in Figure
6a, with further analysis of the 1% and 2" Raman regions (for the
sample subjected to carbonization for 5 h at 1000 °C),
respectively, shown in Figure 6b,c. The D band (D, presented
in Figure 6b) appeared around 1470 cm™' related to the
structural deficiencies of a disturbed carbon structure. The G
band 21;(61510 cm™' is assigned with the structural graphitic

67

The Ip/I; ratio for different times and carbonization
temperatures are presented in Tables 2 and S3 (Supporting
Information), respectively. The results show a decrease in I,/I
with increased carbonization time, associated with a higher
graphitization degree.”® On the other hand, considering the
temperature variation, lower carbonization temperatures show
higher values of I,/Is. However, that tendency is only verified
between 500 and 1000 °C, with 1200 °C showing a significant
increase of Ip/I;.

Equation S1 allows the crystallite size (L,) calculation, with
the sample carbonized for S h at 1000 °C, presenting the highest
value of ~15.6 nm. The L, parameter increases with the
increasing of carbonization time, up to 5 h, showing a decrease
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Table 2. I)/I; and Crystallite Size Values of Different
Glycogen-Based Carbons (Different Carbonization Times)
through the Peak Deconvolution of the Raman Spectra in the
1st Raman Region

1000 °C time/h I/I; L,/nm
glycogen-based carbon 0.5 1.567 £ 0.002 12.265
1 1.563 + 0.004 12.292

2 1.554 + 0.001 12.370

3 1.405 £ 0.001 13.682

4 1.312 £ 0.002 14.651

S 1.233 + 0.003 15.592

6 1.343 + 0.00S 14.319

7 1.348 + 0.003 14.254

for longer times (6 and 7 h). The same tendency is observed with
increasing temperature from 500 to 1000 °C, showing a decline
at 1200 °C.

The change in crystallinity can lead to a change in the physical
properties of glycogen-based carbons, with increasing capaci-
tance closely related to the increase in crystallinity.*

XRD Analysis. Figure 7 shows the XRD patterns of glycogen-
based carbons with different carbonization times at a fixed
temperature (1000 °C) (Figure 7a) and with different
carbonization temperatures at a specified time (1 h) (Figure 7b).

The glycogen-based carbon samples prepared at different
times exhibit similar XRD patterns. All the samples are
amorphous and characterized by broad reflection peaks at 8,
23, and 43°. It is observed that the peaks at 8 and 23° exhibit a
decrease in their intensity as the preparation time is increased
from 1 hto 6 h.

The peaks reported at 26 = 23 and 43° may be correlated with
the (002) and (100) planes of graphitic carbon, respectively.”””"
The wide (002) diffraction band shows the presence of parallel-
stacked graphene sheets in the interior of carbon materials.*
Additionally, the existence of the (100) plane displays the
formation of sp* hybridized carbon with a honeycomb structure,
which can enhance the conductivity of the material,”* affecting
the electrochemical performance, which will be presented later.

The glycogen-based carbon samples prepared at different
temperatures during the same time exhibit similar XRD patterns.

At temperatures above 1000 °C, the broad peaks at 25 and 43°
are more evident.

Table S4 presents the peak summary of the diffraction pattern
for the glycogen-based carbons carbonized for 1 and S h at 1000
°C.

For the glycogen-based carbon carbonized for 5 h at 1000 °C,
the (100) band intensity is stronger than that of the glycogen-
based carbon carbonized for 1 h at 1000 °C. This means that the
glycogen-based carbon obtained under S h and 1000 °C
carbonization protocol requires a high density of pores inside
the solid-state graphitic carbon.”” The inter-layer spacing
determined from the (002) plane is 3.8 A, higher than the
3.35 A presented for pure graphite.”* The inter-graphene
distance varies with the type of carbon source, the synthesis
method, and the chemical treatment protocol.”

Therefore, considering the results presented above, it can be
advanced that the graphitic carbon nanoflakes have promising
features for the supercapacitor applications as electrode material
(high crystallinity, conductivity, and porosity).

Electrochemical Analysis. Cyclic Voltammetry Analysis.
CV analysis was performed to study the electrochemical
performance of the carbon samples within the accessible
potential window vs. a silver wire as reference electrode. The
cyclic behavior of the glycogen-based carbons is presented in
Figure 8, taking into consideration the time of carbonization
recorded at SO0 mV s~ (Figure 8a), the scan rate effect of the
glycogen-based carbon (S h, 1000 °C) (Figure 8b), the
temperature of carbonization at 50 mV s (Figure 8cl), and
the zoom-in image of the carbonized sample at 500 °C is shown
in Figure 8c2.

The carbon material electrodes exhibited pseudo-rectangular
voltammetric profiles, showing typical electric double-layer
capacitive behavior.”® In Figure 8a, it can be observed that there
is an increase in the current response, with the increase of the
carbonization time reaching a maximum at S h. With the best-
performing sample, the scan rate effect was studied (Figure 8b),
showing that the current response of the carbon electrode
increased with increasing scan rate.

Higher electrode capacitive behavior (higher area under the
voltammetric curve) was identified at higher scan rates.
However, at S0 mV s~ the quasi-rectangular shape, typical of
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Figure 7. XRD patterns for different (a) carbonization times (30 min up to 7 h at 1000 °C) and (b) temperatures (500 °C up to 1200 °C for 1 h).
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Figure 8. CV curves: (a) glycogen-based carbons at different carbonization times (50 mV s™'), (b) scan rate effect for the glycogen-based carbon
sample (5 h, 1000 °C), (c1) glycogen-based carbons at different carbonization temperatures (S0 mV s™'), and (c2) zoom-in image of (c1).

the capacitive behavior, has significantly decreased, which could
be ascribed to constraints related to the availability of the active
sites on the working electrode.”””® Nevertheless, the quasi-
rectangular shape maintained at higher scan rates suggests the
fast charge—discharge kinetics and good rate capabilities of the
glycogen-based carbon.”’

Electrochemical Impedance Spectroscopy Analysis. The
glycogen-based carbons’ electron transport and capacitive
properties at different times and carbonization temperatures
were studied through electrochemical impedance spectroscopy
(EIS) analysis at a frequency range of 20 kHz—0.1 Hz, at a fixed
potential of 0.5 V vs. Ag. The different carbons were coated on
the bare GC electrode, and tested using ethaline as the
electrolyte.

The impedance response of the prepared electrochemical cell
with the glycogen-based carbon (5 h at 1000 °C) as electrode is
presented in Figure 9. All samples subjected to EIS analysis
showed a similar impedance response as illustrated in Figure 9.

EIS spectra presented in Figure 9 reveal a depressed semi-
circle in the high-frequency area observed as a straight line in the
low-frequency zone, suggesting a linear diffusion of charged ions

100
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—— Fitting H
80

60+

-ZJQ
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20
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Figure 9. Impedance response in Nyquist format and its fit according to

the equivalent circuit presented in Scheme S1 for glycogen-based
carbon (5 h, 1000 °C).
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Figure 10. GCD curves in ethaline at 30 °C (1st cycle): (a) glycogen-based carbons at different carbonization times (1 A g™'), (bl) glycogen-based
carbons at different carbonization temperatures (1 A g™'), and (b2) zoom-in image of (b1).

occurring throughout the pores of the electrodes. This circuit is
defined with a constant phase element (CPE) loop and Warburg
diffusion (WD) impedance in an equivalent circuit model,
shown in eq S3 and Scheme S1.

The Ohmic resistance for all the systems present very similar
results, as presented in Table S5, since the electrolyte is the same
in all the systems. Comparing the charge-transfer resistances,
Rt’s, it is visible that the glycogen-based carbon (treated for 5 h
at 1000 °C) has a superior resistance value for the electro-
chemical reaction, and the CPE coefficient, Q, is higher as well,
implying a higher capacitive effect is occurring on the electrode
system. The higher value of Q suggests that the electrode can
also adsorb more ions on the electrode’s surface. All the
equations associated with these calculations are presented in the
Supporting Information (eqs S3—S5).

Balogun and Fayemi® recently published the effect of several
electrolytes on the EIS properties of nickel phthalocyanine
multiwalled carbon nanotube nanocomposite on a GC
electrode. The authors presented that a decrease in the Rt
parameter indicates fast electron transfer associated with
increased capacitance. Fu et al.®' presented a porous carbon
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material derived from the crab shell, presenting a similar Nyquist
plot, with a Warburg region, containing a semi-circle with a small
diameter, representing a low interfacial Rt, indicating good
electrical conductivity,”* which is beneficial for the capacitive
performance. Cai et al,*’
supercapacitor, in which a similar Nyquist plot was observed,
with a Warburg region, with excellent capacitive behavior. With
the help of these authors, it is possible to conclude that the
materials studied in this work present excellent characteristics
for application in supercapacitors.

The CPE exponential factor, ¢, is a parameter of the surface
roughness of the electrode. It typically presents a value between
0.5 and 1, and if its value is near 1, it suggests that the roughness
decreases and the current is well dispersed on the surface.”*

Considering the a values, it is evident that the electrode made
from glycogen-based carbon (prepared at 1000 °C for S h)
presents the most porous structure. The result obtained is in
good agreement with the SEM and BET analyses. Furthermore,
the current distribution varies among various locations on the
electrode surfaces that are distributed more homogeneously on
glycogen-based carbon (1 h, 1200 °C) electrodes due to their

also presented a carbon/TiO, micro-
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value being closer to 1. It is also observed that WD (which is
related to the diffusion of the electrolyte in the electrode
material) of the glycogen-based carbon (5 h/6 h/7 h, 1000 °C)
electrodes are the highest, implying that the impedance is less
controlled by mass transfer than the rest of the materials.

GCD Analysis. The GCD curves for the glycogen-based
carbons at different carbonization times and temperatures are
presented in Figure 10a,b(1),b(2).

The symmetrical triangle shape of the curves demonstrated
the electric double-layer capacitor behavior and excellent
reversibility of the carbon electrodes.”> The glycogen-based
carbon produced at 1000 °C, with a 5 h preparation time, has a
distinct plateau in the charge region, indicating the Faradaic
nature of this carbon material.*® This was expected due to the
higher nitrogen-containing groups of this sample, endorsed by
the results of surface composition and functional group
analyses,” also observed earlier in the XPS analysis.

Table 3 presents the specific capacitance (calculated through
eq S2) and the capacitance retention after 1000 cycles of

Table 3. Specific Capacitance of Glycogen-based Carbons at
Different Carbonization Times and Temperatures (1 A g™')

carbonization electrochemistry 30 °C ethaline,
parameters 1Ag™
temperature/ C(EFgh % retention after
°C time/h  Ist cycle 1000th cycle
glycogen-based 1000 0.5 34+08 91+3
carbons
1 98 +2 9+1
2 109 +3 9+ 1
3 387+ 3 9+1
4 421 +2 99+ 1
N 657 £3 100 + 2
6 452 + 4 100 +2
7 225+2 98 +1
500 1 4+£2 88 +1
750 15+4 92+2
900 32+4 97+2
1200 69 £6 96+ 3

different glycogen-based carbon samples, with other times and
temperatures of carbonization. The higher specific capacitance
was obtained for the glycogen-based carbon for S h at 1000 °C at
a current density of 1 A g™,

The higher specific capacitance value can be associated with
the higher specific surface area of 1526 m* g~' and micropore
volume of 0.377 cm?® g_1 , allowing contact of more Cl™ ions from
the eutectic electrolyte with the pores, as previously stated by
Brandio et al.*’ The higher specific capacitance was probably
originated as a consequence of the enhanced surface properties
(elemental composition and functional groups).

To better understand the many characteristics analyzed in this
paper, Figure S3 was elaborated to better display the effect of the
carbonization time on five studied parameters: Sppy, specific
capacitance, Vi In/Ig and N 1s (at%).

The analysis of Figure S3a,b clearly shows that an optimal
point can be found at a carbonization time at 5 h, where the
capacitance, the surface area, and the nitrogen content present
the highest values, followed by the I/I; presenting its lowest
value. All these parameters are associated with the highest value
of specific capacitance.

Symmetric Supercapacitor Prototype. To accomplish a
practical application of the glycogen-based carbon electrodes, a

prototype of a symmetric supercapacitor cell was assembled, and
the electrochemical performance was studied using an SSE
based on ethaline. The thickness of the SSE@DES was 2.1 mm,
and the electrode’s mass was ~0.0121 g.

Figure 11 presents the preliminary results regarding the
application of these materials in symmetric supercapacitors,
using an SSE instead of a liquid electrolyte for the assembly of
the cell. Figure 1la shows the images of the symmetric
supercapacitor prototype and the 10 V LED light-based circuit
assembly pre-charged by a 12 V battery. The video of the
battery-SSE-LED prototype is presented in the Supporting
Information. The video shows the prototype being charged for 3
min and then disconnected through a switch from the power
source, which was able to power the LED light for almost 51 s.
This experiment demonstrates that glycogen-based carbon
materials can be an excellent resource for developing suitable
conducting electrodes for application in supercapacitors.

Figure 11b illustrates the CV curves at different scan rates
(20—200 mV's™!). The quasi-rectangular shape of all four curves
indicates an EDLC behavior, as previously observed in the half-
cell setup.

Figure 11c shows the Nyquist plots before and after 1000
cycles. It is possible to observe that a sloping line in the low-
frequency domain and a semi-circle in the high-frequency
domain are obtained before cycling. After cycling, the semi-circle
is not so well defined. Applying the equivalent circuit model
presented in Scheme S1, the fitted data shows a higher resistance
(298 to 412 Q) after cycling. This can be attributed to the
electrode structural changes.

The GCD curves of the assembled supercapacitor prototype,
between 0.1 and 10 A g~', are presented in Figure 11d. The
perfect triangular shape is evident, indicating good EDLC
behavior, which echoes the results of CV analysis.

The gravimetric capacitances of the symmetric supercapacitor
prototype were calculated using eq S6, considering the discharge
time of the charge—discharge curves. The gravimetric
capacitance for different current densities is presented in Figure
11e, showing a consistent decline with increasing current density
from 0.01 to 10 A g™" (802 F g™' to 468 F g7, respectively). In
this supercapacitor prototype, the specific capacitance and
capacitance retention at 1 A g~' was 703 F ¢! and it remained
75% after 1000 cycles.

Ragone plot for different studied current densities is
presented in Figure 11f. An energy density (eq S7) of 0.24 W
h kg™' can be achieved at a current density of 1 A g™'.
Furthermore, the power density (eq S8) was as high as 1342 W
kg™' at 10 A g™/, while the energy density was 0.33 W h kg™".
Figure 11g presents the power density/energy density ratio at
different current densities, showing an increase in the ratio with
the increase of the current density.

The comparison of the specific capacitance and the
capacitance retention of this prototype and the half-cell study
shows that even though the SSE@DES/carbon prototype
presents a higher value of specific capacitance, it loses up to
25% retention ability after 1000 cycles. This indicates that the
supercapacitor prototype still needs to be improved: the
thickness of the SSE needs to be optimized to decrease the
resistance and further increase the capacitance. The loss of
capacitance with cycling is an issue that also needs to be
addressed and improved for further application in energy storage
devices.

Analogous results have been found in the literature. Other
marine wastes have been used as precursors to obtain carbon

https://doi.org/10.1021/acsomega.3c00816
ACS Omega 2023, 8, 18782—18798


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00816/suppl_file/ao3c00816_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00816/suppl_file/ao3c00816_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00816/suppl_file/ao3c00816_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00816/suppl_file/ao3c00816_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00816/suppl_file/ao3c00816_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00816/suppl_file/ao3c00816_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00816/suppl_file/ao3c00816_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00816/suppl_file/ao3c00816_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00816/suppl_file/ao3c00816_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EN VAg'

Energy density/ W h kg™

0 omvst
1320 H
1100 H
880 -
660
440 4

220

-220

-440 4

0!4 0.6
E/V vs. Ag

(b)

T
0.2 0.8 1.0

0.8

0.6

0.4

0.2

0.0 T T T

T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Time/s

(d)

0.35
®
/.
@
0.25 /
Va
o
/
i
0204 ®
T : . . . . . T
0 200 400 600 800 1000 1200 1400
Power density/ W kg™

®

60

= Before cycling °
50 4 ® After cycling c -
L]
G
N}
70
z/0
(c)
850
8004 @ 01Ag"!
750 4 \
o
AN
700 o
o 650 \
w ) [}
&
&' 6004 \
550 4 L4
10Ag"
500 o
®
450
T T T T T T
0 2 4 6 8 10
Current density/ A g”'
(e)
4000 )
)
2
‘@
S 3000
©
3 ®
2
5 2000 -
= [ ]
% /
=4
3 1000 - /0
s s
g | &
0 2 4 6 8 10
Current density/ A g

(g

Figure 11. Electrochemical performance of a symmetric ethaline-based SSE/carbon cell at room temperature: (a) representation of the cell and
prototype; (b) CV curves at various scan rates from 20 to 200 mV s™'; (c) Nyquist plot before and after cycling (at a frequency range of 20 kHz—0.1 Hz,
at a fixed potential of 0.5 V vs Ag); (d) charge—discharge curves at 10 A g™" for the first 8 cycles; (e) gravimetric capacitance of the symmetric device at
various current densities (0.1 A g™" to 10 A g™'); (f) Ragone plot (E vs P); and (g) ratio of power density/energy density at various current densities.

materials for supercapacitors, as presented in Table S6, for easier

comparison.

According to the literature, it is possible to obtain excellent
outcomes from the waste that comes from the fish industry, as
shown in the works of Liu et al*® and Chen et al*® They

18794

developed mesoporous carbon structures from crab shells and
fish scales, respectively.

The parameters of each step were designed to boost the
surface area and enhance the electrochemical performance, as
stated in Table S6.
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The outstanding electrochemical performance of fish waste-
derived carbon materials in supercapacitors comes from the best
possible combination of DPorosity, surface functionality, and
conductivity.”” Gao et al."® analyzed various carbonization and
activation processes at different temperatures to get nitrogen-
doped activated carbon materials from prawn shells with
application in high-performance supercapacitors, discoverin%
that the specific capacitance was around 280 F g™'. Wang et al.’
also achieved a high capacitance value (306 F g') with
nitrogen/oxygen/sulfur-doped activated carbon materials with
100% capacitance retention at 1000 cycles. These excellent
results regarding the capacitance and capacitance retention may
be due to the ideal arrangement of an electric double-layer
capacitance and pseudocapacitance resulting from a high
specific surface area and a moderate amount of N in the samples.

B CONCLUSIONS

A facile and sustainable strategy was proposed and optimized to
prepare porous carbon materials from glycogen originating from
seafood waste. The porous carbon material was obtained by
controlling different parameters, such as carbonization time and
temperature.

This work shows that the glycogen-based carbons from
seafood waste, prepared in an easy and sustainable way, without
further activation, present higher capacitance and surface area
values compared to similar materials described in the literature,
and can successfully be applied as electrode materials for high-
performance supercapacitor applications.

The glycogen-based carbon material, with a carbonization
time and temperature respectively of S h and 1000 °C, presents
naturally doped nitrogen atoms and a Sygy surface area of 1526
m?* g~!, delivering a specific capacitance of 657 Fg™'at 1 A g™!
current density (half-cell setup), along with an extraordinary
capacitance retention of 99% at 1000 continuous charge—
discharge cycle which makes this carbon material suitable for
practical applications. The upscale to a symmetric super-
capacitor prototype, using an SSE, allowed to achieve promising
results for developing this electrochemical system. A symmetric
SSE@DES/carbon cell was assembled, delivering a capacitance
of 703 F g~', with a 75% capacitance retention over 1000 cycles.
In both cases (half-cell and full-cell setups), excellent electro-
chemical performance was obtained, which can be attributed to
the well-distributed carbon structure that acts as a reservoir for
the electrolyte and provides an ion-transfer network.
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