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Abstract: The scientific community’s interest in developing sustainable carbon materials from
biomass waste is increasing steadily, responding to the need to reduce dependence on fossil fu-
els. Every day, different biomass sources are suggested for obtaining porous carbon materials with
characteristics for application in different areas. Porous carbon materials with a high specific surface
area are a subject of interest for application in energy storage devices. This work reports the use of
blue shark chondroitin sulfate and gelatine as precursors for developing porous carbon materials
for energy storage devices. Commercial chondroitin sulfate was used for comparison. The porous
carbons obtained in this study underwent various characterization techniques to assess their prop-
erties. A BET surface area analyzer measured the specific surface area and pore size. Additionally,
scanning electron microscopy (SEM) coupled with energy dispersive X-ray analysis (EDX), a high
resolution-scanning transmission electron microscope (HR-STEM), Raman spectroscopy, attenuated
total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy, X-ray diffraction (XRD), and X-
ray photoelectron spectroscopy (XPS) were employed to examine the morphology, composition, and
structure of the carbons. A modified glassy carbon (GC) electrode was used as the working electrode
for the electrochemical characterization. Cyclic voltammetry and galvanostatic charge/discharge
techniques were employed with ethaline, an environmentally friendly and sustainable electrolyte
based on choline chloride, to assess the electrochemical performance. Furthermore, the most promis-
ing samples were subjected to ball-milling to investigate the impact of this process on surface area
and capacitance. Blue shark chondroitin sulfate-based carbon presented a specific surface area of
135.2 m2 g−1, compared to 76.11 m2 g−1 of commercial chondroitin sulfate, both carbonized for 1 h at
1000 ◦C. Blue shark gelatine presented a specific surface area of 30.32 m2 g−1. The associated specific
capacitance of these three samples is 40 F g−1, 25 F g−1, and 7 F g−1. Ball-milling on these samples
increased the specific surface area and capacitance of the three studied samples with different optimal
milling times. This study presents the novel utilization of carbon materials derived from blue shark
(with and without ball-milling) through a one-step carbonization process. These carbon materials
were combined with an environmentally friendly DES electrolyte. The aim was to explore their
potential application in energy storage devices, representing the first instance of employing blue
shark-based carbon materials in this manner.

Keywords: marine biomass; chondroitin sulfate; gelatine; bio-carbon; carbonization process; deep
eutectic solvents; specific capacitance; ball-milling
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1. Introduction

The increasing need for high-performance energy storage devices, including super-
capacitors and lithium-ion batteries, has prompted extensive research efforts aiming to
develop advanced electrode materials. The objective is to enhance the energy storage
properties of these devices, driven by the growing demand in the industry. [1]. Porous
carbon materials have garnered significant attention due to their excellent electrical con-
ductivity, large specific surface area, and tunable pore structures, which enable efficient
charge transfer and high energy storage capacity [2]. Consequently, exploring sustainable
and cost-effective sources for synthesizing such materials has become imperative.

In recent years, using waste materials from diverse sources for producing functional
carbon-based materials has gained prominence in energy storage [3]. Blue sharks (Prionace
glauca) are widely distributed in oceans worldwide, and historically have been intensively
used as food source. However, the enormous volume of blue shark catches and their
processing generates large amounts of waste (~100,000 tons per year, according to the FAO
database [4]), which poses significant environmental challenges. This underscores the need
for innovative approaches to transform this waste into valuable resources [5].

Around 10–20% of the total weight of a shark is comprised of a by-product consisting
of vertebral discs and intervertebral fibrocartilage [6]. This by-product contains minerals
like apatite, proteins, and glycosaminoglycans. Despite being largely unexplored, the val-
orization of the shark skeleton is crucial for promoting the sustainability of shark fisheries.
Moreover, it could enable the recovery of valuable apatite and glycosaminoglycan fraction,
which has great potential for diverse pharmaceutical applications [7–9]. Chondroitin sul-
fate (CS), obtained from heads and skins, is a particularly abundant glycosaminoglycan
type. Its structure consists of a repeating sequence of glucuronic acid (GlcA) and N-acetyl
galactosamine (GalNAc), linked by alternating β-(1→4) and β-(1→3) glycosidic bonds [5].
Gelatine, partially hydrolyzed collagen, is a protein material that can also be obtained
from connective tissues of blue sharks like cartilage and skin, which are other relevant
by-products of shark filleting.

This research paper investigates the potential of biocompounds isolated from blue
shark wastes as a precursor for synthesizing porous carbon materials suitable for high-
performance energy storage devices. Converting these substrates into a valuable carbon-
based resource is essential for waste management and sustainability. It will allow us to
explore the resulting materials’ performance characteristics in energy storage applications.

The utilization of blue shark waste as a carbon precursor offers several advantages.
Firstly, blue shark waste is abundantly available due to commercial fishing activities and
can provide a consistent raw material source for large-scale production [10]. Secondly, the
unique composition of blue shark waste, rich in organic compounds, polysaccharides, and
proteins, presents an opportunity to engineer carbon materials with tailored structures
and properties. Moreover, repurposing blue shark waste for sustainable energy storage
applications can potentially reduce the ecological impact of waste disposal and promote
the efficient use of marine resources.

As far as the author’s knowledge goes, this is the first time that blue shark chondroitin
sulfate and gelatine have been used as precursors for producing carbon electrodes for
supercapacitor applications. Several published papers used marine waste-based carbons
for application as electrodes in energy storage devices, with promising results considering
capacitance and retention over time. Brandão et al. [11] recently presented glycogen (from
mussel cooking wastewater) and chitin [12] (from squid pen and prawn exoskeleton) as
precursors for producing carbons with a high porosity and specific surface area, up to
3.3 nm and 1526 m2 g−1, respectively. Glycogen-based carbon presented an associated
specific capacitance of 657 F g−1 at a current density of 1 A g−1, at 30 ◦C, with 99%
retention after 1000 cycles. Several precursors have been studied for producing carbon
materials, from crab shells [13], fish scales [14–16], prawn shells [17], and fish bones [18],
among others.
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In this work, the authors employ a one-step carbonization process to transform blue
shark biopolymers (chondroitin sulfate and gelatine) recovered from wastes into porous
carbon materials. Commercial chondroitin sulfate will be used for comparison. Mor-
phological characterization techniques and electrochemical evaluation, including specific
capacitance and cycling stability, will determine their suitability for high-performance
energy storage devices.

The effect of time and temperature on carbonization was studied. The best-resulting
parameters (1 h at 1000 ◦C) for the three studied materials were chosen to proceed with the
characterization of the materials. The maximum specific surface area and pore size for blue
shark chondroitin sulfate, gelatine, and commercial chondroitin sulfate are 135.24 m2 g−1

and 1.44 nm, 30.32 m2 g−1 and 0.87 nm, and 76.11 m2 g−1 and 1.11 nm, respectively.
The effect of ball-milling on these materials’ surface area and porosity was also evalu-

ated. Ball-milling, a mechanical activation technique, has been proven effective in creating
porous carbon materials with controlled pore structures and increased surface area. This
technique can be sustainable for synthesizing porous carbon materials with tailored struc-
tures and enhanced electrochemical properties. The obtained results showed an optimal
specific surface area and pore size at different ball-milling times; however, in the three
materials, there is an increase in both parameters, up to 260 m2 g−1 and 1.55 nm for blue
shark chondroitin sulfate, 33.56 m2 g−1 and 0.91 nm for blue shark gelatine, and 125 m2 g−1

and 1.26 nm for commercial chondroitin sulfate. This increase in area and pore size is recog-
nizes as promoting the increase in capacitance, as already presented by Brandão et al. [19]
and evidenced in this work, with the best-resulting ball-milled samples subjected to the
electrochemical analysis and the three studied samples showing an increase in capacitance
(40 F g−1 to 122 F g−1 for blue shark chondroitin sulfate, 7 to 49 F g−1 for blue shark
gelatine, and 10 to 25 F g−1 for commercial chondroitin sulfate).

2. Materials and Methods
2.1. Preparation of Biocarbon from Fish Waste (Blue Shark Chondroitin Sulfate and Blue
Shark Gelatine)

By-products (heads and skins) generated in the industrial filleting of blue shark
(Prionace glauca) were kindly provided by Propegal S.L. (Vigo, Spain) and stored at −20 ◦C.
Chondroitin sulfate (CS) was isolated from head cartilage according to the procedure and
characterization reported in the works of Vázquez et al. [20] and Novoa-Carballal et al. [21],
with slight modifications. Briefly, to achieve this isolation, (a) the heads were heated in a
water bath (80 ◦C/30 min), and the cartilage was manually separated from the muscle after
cooking, and then milled; (b) this cartilaginous substrate was enzymatically digested by
alcalase, and the resulting hydrolysate after centrifugation (supernatant) was chemically
treated with the alkaline solution to improve protein proteolysis; (c) this impurified CS was
neutralized with HCl and purified by a combination of concentration–diafiltration stages
using a 30 kDa ultrafiltration membrane; (d) the concentrates of CS were finally dried in an
air-forced convection oven. CS reached a purity value of 90% (w/w) concerning protein
content, a richness of 75% (w/w) of CS regarding other glycosaminoglycans, a molecular
weight of 60 kDa, and a sulfation ratio (4S/6S) of 0.17.

Gelatin was recovered from the skins of blue shark using various chemical washes
and thermal extraction, as described in the work of Sousa et al. [22]. To summarize, frozen
skins were cut into 5 × 5 cm portions, washed with water to remove impurities on the skin
surface, and processed as follows. (a) Sequential alkaline (using NaOH) and two acids
(with sulphuric and citric acids) treatments were used, including washing between them;
(b) gelatin was extracted from treated skins by soaking them in slightly warm water; (c) the
gelatin solution was deodorized and purified via adsorption with active charcoal; (d) dried
gelatin was produced in an air-forced convection oven. The gelatin sample was composed
of 93% (w/w) of protein, 1% (w/w) fat, 4% (w/w) of moisture, and 2% (w/w) ash (salts and
minerals). The contents of amino acids in gelatins were (%, w/w of total amino acids): 32,
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10.3, and 8.5 of glycine, proline, and hydroxyproline, respectively. The strength of the blue
shark gelatin gel was 189 g [22].

Commercial chondroitin sulfate (chondroitin sulfate C sodium salt, N-acetyl galac-
tosamine sulfate linked β1,4 to glucuronic acid, Biosynth, Compton, UK) was used as
a comparison.

The raw biomass/commercial chondroitin sulfate was placed in a tube-shaped furnace
and subjected to a controlled environment with a flow of N2 gas at a rate of 0.3 L h−1.
Different combinations of time and temperature were tested to determine the optimal
conditions for carbonization. Among these, the best outcomes were observed at a tempera-
ture of 1000 ◦C and a duration of 1 h, resulting in the formation of carbonized materials,
which accounted for approximately 39% of the original weight. These specific parameters
were therefore selected for further investigation in this study. The detailed findings are in
Table S1, which is included in the Supplementary Materials.

2.2. Ball-Milling

The biomass-based carbon was modified by dry ball-milling using the Retsch Mixer
Mill MM500 Vibro machine (Retsch GmbH, Haan, Germany) (using 1 cm diameter stainless
steel (SS) balls, in a proportion of 0.02 g of carbon material per 5 SS balls, bouncing at
25 Hz).

2.3. Morphological Characterization of the Carbon Materials

The morphological characterization of the carbon materials was assessed through sev-
eral pieces of equipment and methods. Detailed information [23–25] about the equipment
and techniques is presented in the Supplementary Materials (Section A).

2.4. Electrochemical Studies

The electrochemical studies were conducted following the method previously pre-
sented by Brandão et al. [19]. The Supplementary Materials (Section A) provides detailed
information about the electrolytes’ and working electrodes’ preparation. The electrochemi-
cal characterization of the half-cell setup is also discussed, which includes specific details
regarding the parameters used for cyclic voltammetry, galvanostatic charge/discharge
curves, and electrochemical impedance spectroscopy.

To prevent the crystallization of the eutectic mixture (ethaline), the electrochemical
experiments were performed at 30 ◦C.

3. Results

The morphological characterization and the elemental composition analysis of the blue
shark chondroitin sulfate, blue shark gelatine, and commercial chondroitin sulfate, carbonized
for 1 h at 1000 ◦C (parameters already optimized, refer to Table S1 in Supplementary Materials),
were studied to determine how the different composition of these materials can influence
their capacitive behavior. The electrochemical investigation included cyclic voltammetry
and galvanostatic charge–discharge measurements to validate the capacitive performance
of the electrode.

Figure 1 presents the chemical structures of chondroitin sulfate and gelatine, showing
the distinct backbone structures of the starting materials, which can influence the morpho-
logical and electrochemical characteristics. Due to the natural sources of chondroitin sulfate
and the gelatine derived from blue shark, it is impossible to predict the exact structure of
its molecules, so these structures can only be seen as estimative.
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the higher porosity of the chondroitin sulfate when studying the commercial version. 

Figure 1. Chemical structure of chondroitin sulfate [26] (a) and gelatine [27] (b). R1–R3 in chondroitin
sulfate structure are sulfate groups.

3.1. Structural Characteristics

The morphology of the chondroitin sulfate (blue shark and commercial) and gelatine
(blue shark)-based carbons obtained after carbonization under N2 flow for 1 h at 1000 ◦C
was demonstrated via SEM, and the images are shown in Figure 2.
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Figure 2. SEM images of blue shark chondroitin sulfate, commercial chondroitin sulfate, and
blue shark gelatine carbonized for 1 h at 1000 ◦C, at ×100 (a1–a3), ×1.00 k (b1–b3), and ×150 k
(c1–c3) magnification.
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There is a notorious difference in the morphology of the two chondroitin sulfate
samples (blue shark and commercial). The ×100 magnification (Figure 2(a1,a2)) shows
well-defined carbon flakes for the blue shark chondroitin sulfate-based carbon, while for the
commercial type, the morphology presents a spongy shape. With increasing magnification,
the images show a very distinct porous structure.

The ×100 magnification image of the blue shark gelatine-based carbon (Figure 2(a3))
presents an entirely different morphology from the chondroitin sulfate sample, with a
non-porous structure on the outer layer. At the same time, a porous morphology is visible
on the inside. The increase in the magnification makes the non-porous nature of this sample
more visible.

In Supplementary Materials, the EDX analysis was performed for the three carbon
samples, as presented in Figure S1a–c. Comparing the EDX results for the chondroitin
sulfate from both blue shark and commercial sources, both samples show a high carbon
and oxygen content.

The blue shark chondroitin-based carbon presents high calcium, sodium, magnesium,
sulfur, and potassium levels, characteristic of the natural precursor source used to obtain
this carbon. The commercial version of the chondroitin sulfate presents a high level of
carbon, with slight traces of the elements shown earlier. This may indicate the higher
porosity of the chondroitin sulfate when studying the commercial version.

3.2. XPS (X-ray Photoelectron Spectroscopy)

XPS was performed to better understand the elemental analysis obtained from the EDX
analysis. Figure 3 presents the overall XPS survey spectra for (a) blue shark chondroitin
sulfate, (b) blue shark gelatine, and (c) commercial chondroitin sulfate, carbonized for
1 h at 1000 ◦C under N2 flow. The deconvoluted peaks for carbon (C1s), oxygen (O1s),
nitrogen (N1s), and sodium (Na1s) are presented in Figures S2–S4 for the three studied
carbon-based samples.

The results of the elemental analysis of the two chondroitin sulfate and gelatine-based
carbons and raw materials are presented in Table 1. The atomic elements of the three
carbonized samples are consistent with the results obtained in the EDX analysis. All carbon
materials present a high carbon content, from 75.4% to 81.4% of the atomic percentage
(At%), compared to the raw precursors (respectively, 49.1% and 68.1%).

Table 1. At % (atomic percentage %) composition of the elements presented in the raw and based
carbons at 1000 ◦C for 1 h.

At %

Element Blue Shark Chondroitin Sulfate Commercial Chondroitin Sulfate Blue Shark Gelatine

Raw 1000 ◦C 1 h Raw 1000 ◦C 1 h Raw 1000 ◦C 1 h

C 1s 49.1 75.4 45.6 71.2 68.1 81.4
N 1s 0.1 0.5 0.1 0.7 0.9 2.2
O 1s 38.1 15.7 54.3 28.1 14.1 4.1

Na 1s 2.0 1.0 - - - -
P 2p - - - - - -
S 2p 5.1 3.2 - - 9.1 4.3
K 2p 4.4 3.0 - - 4.5 2.5
Ca 2p 1.2 1.2 - - 6.3 2.5

The significant peaks observed in the spectrum correspond to C1s, O1s, and N1s, as
reported in reference [28]. These findings indicate the presence of carbon, oxygen, and
nitrogen functional groups within the structure of the carbon material in all three samples.
Additional elements such as Na1s, S2p, K2p, and Ca2p were also examined, with N1s
exhibiting the highest intensity in the blue shark gelatine-based carbon. It is expected that
the remaining elements are present in the analyzed samples due to the natural origins of
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the raw blue shark-based materials. The analysis of the commercial chondroitin sulfate
revealed the presence of C1s, N1s, and O1s peaks associated with the pure compound.
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Figure 3. Overall XPS survey spectra for (a) blue shark chondroitin sulfate, (b) blue shark gelatine,
and (c) commercial chondroitin sulfate, carbonized for 1 h at 1000 ◦C under N2 flow.

3.3. Scanning Transmission Electron Microscope (STEM)

To obtain more in-depth information on the morphology of the carbonized sam-
ples, an ultra-high-resolution scanning transmission electron microscopy (UHR-STEM)
was performed.

STEM presents several advantages when compared to conventional TEM. One of the
most relevant is that it can deploy a focused beam to scan the specimen’s surface and
analyze the scattered signal. A high-angle dark-field detector (HAADF) almost eliminates
diffraction contrast. It has become the most widely used imaging method in STEM because
of its efficiency and ease in interpreting the obtained images [29]. Figures 4–6 present
the UHR-STEM analysis, with EDX mapping analysis (a), SEM (b), Z-contrast (c), and
STEM (d) modes, and HR-STEM with an interplanar distance graph (e) for the three
carbonized samples.
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Figure 6. ZC image (a) with EDX mapping analysis at ×80 K magnification (b); (c) SEM mode
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The STEM images reveal a three-dimensional porous network for the blue shark
and commercial chondroitin sulfate-based carbons at SEM, Z-contrast, and STEM images.
On the other hand, the blue shark gelatine-based carbon presents a completely distinct
morphology in which overlayered sheets are visible. Regarding the compositional analysis,
the EDX mapping evidences the uniform distribution of calcium in the blue shark and
commercial chondroitin sulfate carbon-based samples. However, the presence of calcium
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in the blue shark gelatine sample is not so evident. The results agree with the EDX
analysis performed in SEM, wherein clearly, this sample showed the lowest calcium content
(Figure S1). Figures 4–6 (e) present the HR-STEM analysis with the determination of the
interplanar distance (d). The blue shark chondroitin sulfate-based carbon presents a d
value of 2.6 ± 0.2 Å, followed by the commercial chondroitin sulfate-based carbon with
a d value of 2.9 ± 0.1 Å, while the blue shark gelatine-based carbon presents a d value of
3.4 ± 0.05 Å.

The interplanar distance is the distance between adjacent graphene layers in a stack of
graphene sheets. In pure graphene, the interplanar distance is approximately 3.35 Å [30].
This value is often called the “ideal” or “equilibrium” interplanar distance for graphene.
However, it is worth noting that the interplanar distance in graphene can be influenced by
various factors such as intercalation, strain, and doping. By introducing foreign atoms or
molecules between graphene layers or applying mechanical strain, it is possible to modify
the interplanar distance [31]. The blue shark gelatine-based carbon is the only material in the
study with similar values (3.41 ± 0.05 Å). Both the blue shark and commercial chondroitin
sulfate-based carbons present lower values (2.6 ± 0.2 Å and 2.9 ± 0.1 Å, respectively),
indicating that the presence of doped atoms (N and O) can change the interplanar distance.

3.4. ATR-FTIR and Raman Spectra Analysis

The ATR-FTIR spectra of the blue shark and commercial chondroitin sulfate-based
carbons, and the blue shark gelatine-based carbon (as well as their precursors) were studied
in the range of 4000–600 cm−1, and are presented in Figure 7.
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Figure 7. FTIR-ATR spectra of gelatine and chondroitin sulfate-based carbons (dashed line) and raw
gelatine and chondroitin sulfate (solid line).

The spectra of raw blue shark chondroitin sulfate exhibit a clear and notable band
between 3500 and 3250 cm−1, which can be assigned to the stretching vibrations of the
hydroxyl (-OH) groups [12]. However, this band is absent after the carbonization process.
Additionally, the intensity of this peak is less prominent in commercial chondroitin sulfate
and blue shark gelatine. A prominent peak at approximately 1000 cm−1 in the raw blue
shark chondroitin sulfate corresponds to the stretching vibration of the C-O group. This
indicates the presence of oxygen-containing functional groups. These functional groups’
existence contributes to the surface’s hydrophilic nature.

The spectrum of the raw materials reveals a double band between 1089 and 1043 cm−1,
with a more noticeable presence in the blue shark chondroitin sulfate. This double band
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is attributed to the vibration of the =C-O-C bond in the aromatic ether [32]. This same
band is also visible in both carbonized samples, albeit with reduced intensity. With low
intensity, the C-H bands of aliphatic hydrocarbons can be assigned to the band noted
between 2900 and 2800 cm−1 in all three biocarbon samples [33,34]. The peak detected at
around 2350 cm−1 arises from the C=C stretching vibrations [35].

The Raman spectra measured for the three biocarbons are presented in Figure 8.
Ilnicka et al. [36] developed nitrogen-rich carbon materials from gelatine precursors show-
ing similar D and G peaks in the first Raman region. The same comparison could not
be presented for the chondroitin sulfate-based carbons due to the lack of information in
the literature.
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Figure 8. Raman spectra of (black) blue shark chondroitin sulfate-based carbon (1000 ◦C, 1 h), (red)
blue shark gelatine-based carbon (1000 ◦C, 1 h), and (blue) commercial chondroitin sulfate-based
carbon (1000 ◦C, 1 h).

An assessment of the first and second Raman regions for the blue shark chondroitin
sulfate-based carbon is presented in Figure 9a,b. The first and second Raman regions for
the blue shark gelatine and commercial chondroitin sulfate-based carbons are shown in
Figure S5 in Supplementary Materials.

After the deconvolution analysis, different peaks are presented in the first Raman
region [37–39]. The D1, D2, D3, and D4 (D peaks) correspond to the breathing mode of
carbon atoms in graphene or carbon-based materials, and it is associated with defects and
disorders in the crystal lattice. The G peak is a prominent feature in the Raman spectrum of
carbon-based materials, particularly graphene. It arises from the stretching mode of the
carbon-carbon (C-C) bonds in the hexagonal lattice of graphene. The G peak is sensitive to
the sp2 hybridization of carbon atoms and is used to determine the number of graphene
layers and the level of graphitic carbon in a sample.

In the second Raman region [37–39], the D1+G peak combines the D1 peak (related
to defects and disorder in carbon-based materials) and the G peak (associated with the
stretching mode of carbon-carbon bonds in the hexagonal lattice of graphene). The 2D1
peak provides information about the number of layers and the stacking order of graphene
sheets. The D2+G peak results from the D2 peak (related to defects and disorder) and the
G peak. It also indicates the coexistence of disorder and graphitic carbon in the material.
The G* peak is a variation of the G peak that arises when graphene is under strain or in a
highly doped state.
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Figure 9. First Raman region (a) and second Raman region (b) of the blue shark chondroitin sulfate-
based carbon (1000 ◦C, 1 h).

Figure 9a displays the first Raman region subjected to Gaussian fit deconvolution
analysis. The appearance of the D band around 1470 cm−1 suggests the presence of
structural defects and a disordered carbon structure. In contrast, the G band observed at
1510 cm−1 indicates the presence of structural graphitic order in the material [40,41].

The standard Raman shifts for carbon, the D peak around 1350 cm−1 and the G peak
around 1582 cm−1, are commonly observed in Raman spectra of carbon materials such as
graphene and carbon nanotubes. However, it is essential to note that the exact Raman shift
values can vary depending on various factors, leading to differences in observed values, as
can be observed in Figure 9a.

Several factors can contribute to variations in Raman shift values for carbon materials,
from the chemical composition of the material and the presence of strain and defects.

The chemical composition and structure of the carbon material can influence the
Raman shifts. Graphene, amorphous carbon, and carbon nanotubes, for example, can
exhibit variations in peak positions due to their distinct lattice structures and levels of
disorder [37]. The presence of strain or defects in the carbon lattice can cause shifts in
the Raman peaks. Strain can arise from mechanical deformation or interactions with the
substrate, while defects can result from impurities, lattice vacancies, or edges. It is also
necessary to refer to the instrumental effect, in which laser power, wavelength, and spectral
resolution can influence the Raman shifts. Calibration errors or differences in instrument
configurations can contribute to discrepancies in the observed peak positions [42].

Even though these are not the only factors that can affect Raman peak positions, it is
necessary to consider that these peaks can present different Raman shifts (cm−1).

Table 2 presents the intensity ratio between the two characteristic bands (ID/IG)
mentioned earlier and calculated using the D1 and G peaks from the first Raman region.
The Blue shark gelatine-based carbon has a higher ID/IG ratio (2.11) than the blue shark
chondroitin sulfate-based carbon, which has a ratio of 1.55, with crystallite sizes of 9 and
12 nm, respectively.

Table 2. ID/IG and crystallite size values of the blue shark and commercial-based carbons throughout
the peak deconvolution of the Raman spectra in the first Raman region.

Carbon Source R2 ID/IG La/nm

Blue shark chondroitin sulfate 0.999 1.56 ± 0.02 12.40
Commercial chondroitin sulfate 0.998 1.84 ± 0.06 10.29

Blue shark gelatine 0.995 2.09 ± 0.04 9.13
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Comparing the two chondroitin sulfate samples, the blue shark source sample exhibits
a lower ID/IG value of 1.56 ± 0.02 and a higher crystallite size of 12.40 nm in contrast to the
commercial version, which has an ID/IG ratio of 1.84 ± 0.06 and an La value of 10.29 nm. A
decrease in the ID/IG ratio may indicate an increase in the graphitization degree [43]. The
ID/IG for the blue shark gelatine-based carbon is 2× higher (2.09 ± 0.04) compared to the
values presented by Ilnicka et al. [36] (0.96–0.97), probably reflecting distinct characteristics
in the gelatine precursors.

The observed changes in crystallinity among the three analyzed samples have the
potential to cause modifications in the physical properties of the biocarbon. Conversely, in-
creasing crystallinity can be associated with improving the reported capacitance value [44].

In particular, the comparison between chondroitin sulfate derived from natural and
commercial sources shows a noticeable difference between the two carbonized samples.
The presence of residual compounds in the blue shark chondroitin sulfate sample could
explain the crystallinity disparity between the two samples.

3.5. XRD Analysis

Figure 10 shows the XRD patterns of the three biocarbons. The biocarbon samples
exhibit similar X-ray diffraction patterns.
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Figure 10. X-ray diffraction (XRD) patterns for gelatine and chondroitin sulfate-based carbons (1 h
at 1000 ◦C).

The three samples display a structure that lacks a definite pattern, known as an
amorphous structure. They also exhibit broad reflection peaks at approximately 8, 26, and
45 degrees. Specifically, the peaks observed at 2θ values of 24 and 44/45 degrees match
the (002) and (100) planes, respectively. These findings have been supported by previous
research [45,46]. The broad diffraction pattern observed for the (002) plane indicates the
presence of graphene sheets stacked parallel to each other in the carbon materials [47].

Additionally, the presence of the (100) plane suggests the existence of sp2 hybridized
carbon arranged in a honeycomb structure. This arrangement enhances the material’s
conductivity [48,49]. These characteristics are expected to impact the electrochemical
properties and the morphology of the composite electrodes made from the biocarbon
material and the interface with the electrolyte.

Table S2 reviews the peaks obtained from the diffraction pattern of the three biocarbons,
all carbonized for 1 h at 1000 ◦C. Notably, the blue shark chondroitin sulfate sample exhibits
a significantly higher intensity in the (100) plane, indicating a higher density of pores
within the solid-state graphitic carbon [30,50]. The interlayer spacing, calculated from
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the (002) plane, is 2.8 Å for chondroitin sulfate derived from blue shark and 3.5 Å for
the commercial source. For blue shark gelatine, the value is 3.5 Å. The interlayer spacing
for pure graphene is 3.35 Å [51], with the blue shark chondroitin sulfate-based carbon
displaying a lower value.

Determining the interlayer spacing of a material, such as carbon, through X-ray
diffraction (XRD) can provide valuable information about its structure. However, the
interlayer spacing calculation accuracy depends on several factors, including the broadness
of the XRD peak. XRD is based on the principle of Bragg’s Law, which relates the X-ray
diffraction angles to the crystal lattice’s interplanar spacing. In the case of layered materials
like graphite or graphene, the interlayer spacing can be determined by measuring the angle
at which the diffraction peak occurs [52].

When the XRD peak is broad, it suggests that the material has a high degree of disorder
or a relatively large distribution of interlayer spacing. In such cases, accurately determining
the interlayer spacing becomes more challenging due to the overlapping diffraction patterns.
The broadening can result from various factors, including stacking faults, lattice strain, or
the disordered stacking of layers [53].

The XRD peak should ideally be sharp and well-defined to obtain accurate interlayer
spacing calculations. A broad peak indicates that the interlayer spacing may not be ac-
curately determined from the diffraction pattern alone. The interplanar distance values
determined by XRD agree with those obtained from the UHR-STEM analysis. For blue
shark-based samples, the d spacing is nearly identical; for the commercial sample, the
interplanar spacing obtained via UHR-STEM is significantly lower. Considering the broad
character of the peaks, determining the interplanar distance may not be as accurate using
the X-ray diffraction technique as it is with UHR-STEM. A comparison between the two
methods can be observed in Table 3.

Table 3. Interplanar distances (d) calculated using UHR-STEM and XRD techniques.

Carbon Source
Interplanar Distance (d)

UHR-STEM XRD

Blue shark chondroitin sulfate 2.6 ± 0.2 Å 2.8

Commercial chondroitin sulfate 2.9 ± 0.1 Å 3.5

Blue shark gelatine 3.41 ± 0.05 Å 3.5

3.6. BET Analysis

The N2 adsorption/desorption isotherms for the blue shark-based carbons (chon-
droitin sulfate and gelatine) and the commercial chondroitin sulfate-based carbon are
shown in Figure 11. The isotherms of both samples correspond to Type IV classifica-
tion based on the Brunauer, Deming, and Teller (BDT) classification system [54]. These
isotherms display a hysteresis loop attributed to capillary condensation in the mesopores,
and a saturation uptake at higher P/P0 values.

Table 4 reviews the BET surface area, microporous and mesoporous volume, total pore
volume, and mean pore diameter for the three biocarbons. The investigation reveals that
the chondroitin sulfate-based carbon derived from blue shark exhibits a BET surface area
of ~135 m2 g−1 and a pore diameter of 1.44 nm, compared to the ~76 m2 g−1 and 1.11 nm
from the commercial precursor. On the other side, the blue shark gelatine-based carbon
presents the lowest values, ~30 m2 g−1 and 0.87 nm, respectively.
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Figure 11. Relationship between the volume of N2 adsorbed and desorbed by the gelatine and
chondroitin sulfate-based carbons and the relative pressure.

Table 4. Features obtained from the BET analysis of the gelatine and chondroitin sulfate-based
carbons at 1000 ◦C for 1 h.

BET Isotherm Analysis

Carbon Source SBET
(m2 g−1)

Vmicro
(cm3 g−1)

Vmeso
(cm3 g−1)

Vtotal
(cm3 g−1)

Dp
(nm)

Blue shark chondroitin sulfate 135.24 0.023 0.044 0.067 1.44
Blue shark gelatine 30.32 0.011 0.019 0.030 0.87

Commercial chondroitin sulfate 76.11 0.019 0.024 0.043 1.11

The obtained values indicate that the precursors’ nature can significantly affect the
porosity of the carbon materials, allowing the enhancement of their characteristics.

As previously stated, Table S1 presents the effect of time and temperature on the
SBET results. For the three studied carbon precursors, optimal parameters were obtained,
showing a maximum value of SBET. The trend of an increase and then a decrease in specific
surface area (SBET) with carbonization time can be attributed to changes in the structure
and chemical components of the carbon material during the carbonization process. These
effects rely on several facts.

During carbonization, the carbon material undergoes a structural transformation as
volatile components, such as hydrogen, oxygen, and nitrogen, are progressively removed,
forming a more graphitic carbon structure. With shorter carbonization times, the removal of
volatile components may not be completed, resulting in a partially carbonized material with
more amorphousness. This can increase the specific surface area, as the amorphous carbon
structure possesses a more significant number of surface sites and defects that contribute to
the higher surface area. As carbonization time increases, the remaining volatile components
are further expelled, and the carbon structure becomes more graphitic and ordered [55].
This increased graphitization leads to the growth of larger graphitic domains, which can
reduce the overall surface area, causing a decrease in SBET. The chemical composition of
the carbon material can significantly influence its properties. With shorter carbonization
times, a higher content of non-carbon elements, such as oxygen and hydrogen, may be
present due to incomplete removal. These elements can introduce functional groups and
surface functionalities, increasing the surface area through increased surface roughness
and oxygen-containing groups [56]. As the carbonization time increases, these non-carbon
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elements are gradually eliminated, resulting in a decrease in the concentration of surface
functional groups and an associated reduction in specific surface area. The carbonization
process affects the formation and development of the pore structure within the carbon
material. During the initial stages of carbonization, as volatile components are expelled, the
material undergoes expansion and the formation of small micropores. This expansion and
the presence of volatile species can contribute to a higher specific surface area. However,
as carbonization progresses, the growth of graphitic domains can lead to the closure or
coalescence of smaller pores, forming larger micropores or mesopores. These larger pores
may have a reduced surface area compared to the initial small micropores, leading to a
decrease in specific surface area [57,58].

3.7. Electrochemical Characterization

The functioning of carbon composite electrodes with a high surface area in a super-
capacitor setup depends on developing an electrochemical double layer at the boundary
between the electrode and the electrolyte. The double layer enables enhanced adsorption
and desorption of ions from the electrolyte due to the larger surface area. A cyclic voltam-
metry analysis was carried out to evaluate the electrochemical performance of the three
carbon composite electrodes and determine their stability compared to a reference electrode
made of silver wire, through a three-electrode cell (a half-cell setup). This setup allows an
accurate measurement due to the presence of a reference electrode and good control, which
minimizes unwanted side reactions. This ensures better control over the reaction kinetics
due to the separation of the counter and working electrodes. Some limitations also need to
be considered when moving from a complex setup, and when applying the setup in a real
system. The two-electrode setup (full-cell setup) is an important way of evaluating how
the electrode–electrolyte system behaves in setup that closely mimics commercial super-
capacitors. However, in this work, the authors focused on the study in a three-electrode
setup to understand the electrode (coated carbon materials)–electrolyte interface. In the
future, the full-cell configuration will be properly addressed in the scale-up process.

Figure 12 illustrates the voltammetric behavior of GC electrodes modified by the three
biocarbons when scanned at a rate of 50 mV s−1.
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Figure 12. Cyclic voltammetry curves (30 ◦C, ethaline, 50 mV s−1) for gelatine and chondroitin
sulfate-based carbon electrodes.
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All the cyclic voltammograms exhibited quasi-rectangular voltammetric profiles, sug-
gesting an electric double-layer capacitive behavior [59].

The variations in the shape and current intensity of the curves can be attributed to
the differences in the chemical composition, surface structure, and morphology of the
carbon materials. Factors such as the degree of graphitization and porosity can contribute
to these differences. In general, the shapes of the cyclic voltammograms offer valuable
insight into the distinct electrochemical properties of the materials, which can facilitate the
development and optimization of materials for various energy storage applications.

Figure 13 presents the charge–discharge curves obtained from high-specific-area mate-
rials used in a supercapacitor configuration. These curves illustrate the correlation between
the electrode potential and the charge stored or released during the charging and discharg-
ing. These curves are essential for understanding and improving supercapacitor systems
for various applications.
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Figure 13. Galvanostatic charge–discharge curves in ethaline at 30 ◦C (1st cycle) for gelatine and
chondroitin-based sulfate-based carbons.

Recording charge–discharge curves from high-specific-area materials, such as bio-
carbon derived from marine waste, is particularly important, since it provides crucial
insight into the electrochemical properties and performance of the electrode material. By
analyzing these curves, researchers can better understand how the material behaves during
supercapacitors’ energy storage and release processes. This knowledge can then be applied
to optimize the design and performance of supercapacitor systems for enhanced efficiency
and suitability in different applications.

Galvanostatic charge–discharge (GCD) curves of the biocarbon composite electrodes
exhibit a symmetrical triangular shape, with distinct charge and discharge time scales.
However, their performance (as shown in Table 5) varies, indicating the behavior of electric
double-layer capacitors and the high reversibility of the carbon electrodes [60]. Notably,
the blue shark chondroitin sulfate-based carbon showcases higher capacitance (40 F g−1)
compared to the commercial chondroitin sulfate-based carbon (25 F g−1), followed by the
blue shark gelatine-based carbon (7 F g−1), at a current density of 1 A g−1.
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Table 5. Galvanostatic charge–discharge analysis of the marine biopolymer-based carbons from
different waste sources (carbonized for 1 h at 1000 ◦C).

Galvanostatic Charge–Discharge Analysis

Source Carbon Source SBET (m2 g−1) C (F g−1) %C Retention Reference

Blue shark
Chondroitin sulfate 135.24 40 ± 2 71 @5000 cycles

This workGelatine 30.32 7 ± 1 71 @5000 cycles
Commercial Commercial chondroitin sulfate 76.11 25 ± 3 86 @5000 cycles

Squid β-Chitin 149.3 20 ± 1 96 @1000 cycles
[12]Prawn α-Chitin 85.0 15 ± 2 92 @1000 cycles

Mussel Glycogen 768.1 98 ± 2 99 @1000 cycles [11]

Table 5 summarizes the electrochemical studies of the three materials studied in
this work. For comparison, other fish waste-based carbons studied by this group were
considered. The authors addressed different biopolymers recovered from marine waste
sources as carbon precursors for application in energy storage devices. In this case, for the
sake of comparison, the carbonization parameters (1000 ◦C for 1 h, under N2 atmosphere)
and the electrolyte conditions and setup during the electrochemical studies were kept
constant. Within the literature, it is very difficult to find similar or identical carbonization
protocols for biomass precursors for comparison, since the carbonization process leads to
different characteristics in the obtained carbon materials.

High-specific-area materials have a greater surface area per unit mass, allowing them
to store and discharge more charge more effectively than low-specific-area materials.
Brandão et al. [11,12,19] showed that the higher the specific capacitance, the larger the
surface area of carbons. An increased surface area can accommodate more electrolyte ions,
leading to a more significant amount of stored charge. This statement is consistent with the
results presented in Table 5, except with the blue shark chondroitin sulfate-based carbon
and the squid chitin-based carbon [12], which present a higher surface area and consequent
lower capacitance. This may be due to the entirely different morphology of the materials.

Numerous investigations have established a correlation between an augmented surface
area and pore volume, which results in the availability of more active surface sites for
charge accumulation [61–63]. Alongside its high specific surface area, the carbon derived
from blue shark chondroitin sulfate also possesses a highly porous structure characterized
by a substantial volume of pores. The porous structure in the biocarbon material contributes
to its high specific capacitance. The pores create an additional surface area, allowing for
more efficient charge storage. Moreover, the pores facilitate the movement of ions in and
out of the electrode, enabling efficient ion diffusion.

The capacity of electrolyte ions to penetrate and access the pores of biocarbon-based
materials is a crucial factor that directly impacts the performance of these materials in
energy storage devices. The easy accessibility of the pores to the electrolyte ions allows for
effective charge transfer, leading to improved energy storage capabilities and overall device
performance. Regarding capacitance retention, the blue shark precursors (chondroitin
sulfate and gelatine) exhibited a value of 71% after 5000 cycles, while the commercial
chondroitin sulfate precursor demonstrated a value of 86%. This may be evidence of
the presence of more easily degradable residuals in the materials extracted from blue
shark wastes.

Figure 14 shows the Nyquist (Z” vs. Z’) plots for blue shark chondroitin sulfate,
gelatine, and commercial chondroitin sulfate-based carbons coated on the GC electrode.
The presented plots are associated with one fixed potential (0.5 V).
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Figure 14. Nyquist plots for blue shark chondroitin sulfate (a), commercial chondroitin sulfate (b),
and blue shark gelatine (c) -based carbons (+0.5 V vs. Ag). R(RQ) and RQ fitted to experimental data.
(d) Differential capacitance (F cm−2) curves measured at the carbon/DES interface in the accessible
potential window (0–1 V).

The equivalent circuit used to adjust the data for the electrodes modified with blue
shark and commercial chondroitin sulfate-based carbons is an RRQ equivalent circuit. In
contrast, an RQ is the most suitable fitting circuit for the blue shark gelatine-based carbon.
The extraction of the differential capacitance through the equivalent circuits is presented
in the Supplementary Materials (Section A). These results allow the determination of
the differential capacitance (F cm−2) for the different potentials from 0 to 1 V, presented
in Figure 14d, showing a U-shape curve for both carbons. This shape regarding the
GC/carbon/electrolyte interface was previously obtained by Brandão et al. [19]. Using this
method for capacitance calculation shows a higher capacitance for blue shark chondroitin
sulfate-based carbon, as seen in the galvanostatic charge–discharge method presented
earlier, even though the capacitance units are different.

3.8. Preliminary Results: Ball-Milling Effect

Several methods, such as chemical functionalization, doping with heteroatoms, chemi-
cal activation during carbonization, and ball-milling, are used to enhance carbon materials’
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performance by changing the materials’ characteristics (e.g., increasing their surface area,
porosity, conductivity, etc.).

Although the electrochemical performance of the blue shark-based carbon materials
presents lower capacitance values when compared to commercial carbons [64,65], these
sustainable carbons can provide a starting point for the application of techniques to enhance
their characteristics. In a previous paper [12], the authors successfully used chemical
activation of the carbon precursor (prawn and squid chitins) during the carbonization
process to improve the surface characteristics and electrochemical performance of the
carbon materials. In this work, a different approach was taken by using ball-milling, a
greener route to modification of carbon materials [66,67], thereby avoiding the use of wet
chemistry processes. The ball-milling of the bio-carbon samples was performed, fixing the
bouncing frequency (25 Hz) and size of the stainless steel balls (1 cm). The ball-milling times
applied were up to 5 h. A BET analysis was performed for all the new ball-milled samples,
with the results in Tables S3–S5 in the Supplementary Materials. Figure 15 presents the
SBET and Dp for the different milling times and the galvanostatic charge–discharge curves
for the higher surface samples.
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The maximum surface area is reached at different times for the different biocarbons.
Figure 15a,b show that the blue shark chondroitin sulfate-based carbon reaches the max-
imum surface area and pore diameter after 3 h of ball-milling. In contrast, commercial
chondroitin-based carbon takes 1 h, and blue shark gelatine-based carbon takes only 15 min.
After the maximum values are achieved, they start to decrease, and the particles tend to
agglomerate, leading to a decrease in surface area (breakage/rewelding process), as already
stated by Welham et al. [68] and Brandão et al. [19]. Considering these results, a GCD
analysis was performed with the materials presenting a higher surface area and pore size.
Figure 15c presents the GCD analysis with the blue shark chondroitin sulfate, commercial
chondroitin sulfate, and the blue shark gelatine-based carbons (1000 ◦C for 1 h) before
milling (continuous line) and after milling (line-dot-line). These studies were performed
using the same electrolyte and conditions presented earlier.

Figure 16 presents the comparison between the specific capacitance of non-milled
and ball-milled materials, showing that the ball-milling applied to these carbons can
significantly increase the specific capacitance of these materials, with an increase of ×3 in
the case of the blue shark chondroitin sulfate-based carbon, followed by the rise of×5 in the
blue shark gelatine-based carbon, and ×2.5 for the commercial chondroitin sulfate-based
carbon. The difference in the optimal ball-milling time and the rate of increase in the
specific capacitance can be associated with the distinct characteristics of the three carbon
precursors. No changes are observed when comparing the capacitance retention before and
after the milling process.
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Figure 16. Comparison between the specific capacitance of non-milled and ball-milled (BM) materials
(with the highest specific surface area).

Increasing the specific surface area and porosity of carbons is desirable because it can
lead to more active surface sites being available for charge accumulation. A larger surface
area per unit mass allows for more efficient charge storage and release. Additionally, the
pores can provide additional surface area for charge storage, and facilitate the diffusion of
ions into and out of the electrode.

Even though, to the best of our knowledge, there are no reports in the literature about
the use of organic materials extracted from blue shark discards (gelatine and chondroitin
sulfate) for the preparation of carbon electrodes for application in energy storage devices,
several marine waste precursors have been used for this application, such as glycogen [11],
crab shells [13], fish scales [14–16], prawn shells [17], fish bones [18], and squid pens [12].
These studies present higher specific surface areas, pores, and specific capacitances than
the present results. Albeit porous carbon materials generated from blue shark gelatine
and chondroitin sulfate underperform in the previously listed materials, it is essential to
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study their use as porous carbon materials’ precursors to fully understand the potential of
fisheries’ discards as a source of valuable resources to enhance the circular economy and
contribute to further research.

4. Conclusions

A straightforward and sustainable protocol strategy was proposed to prepare porous
biocarbon materials from chondroitin sulfate and gelatine extracted from blue shark waste
products. This work obtained porous carbon materials with a one-step carbonization
process for 1 h at 1000 ◦C without any further chemical activation treatment. A commercial
chondroitin precursor was used for comparison.

Blue shark chondroitin sulfate-based carbon presented a specific surface area of
135.2 m2 g−1, compared to the 76.11 m2 g−1 are of the commercial chondroitin sulfate,
with both carbonized for 1 h at 1000 ◦C. Blue shark gelatine presented a specific surface
area of 30.32 m2 g−1. The associated specific capacitance of these three samples is 40 F g−1,
25 F g−1, and 7 F g−1, using a sustainable electrolyte and choline chloride-based deep
eutectic solvent, ethaline.

The preliminary results regarding the ball-milling method’s effectiveness in increasing
the surface area and porosity of the three studied materials allowed the determination of an
optimal ball-milling time and an associated optimal specific capacitance. Further studies
are required for a deeper understanding of the impact of the ball-milling method on the
interfacial structure and performance of the carbon–DES interface.

While the surface area and capacitance of blue shark-based biocarbons may be lower
when compared to other published results, it is still a significant finding that these materials
have potential as replacements for carbon electrodes derived from fossil fuels in superca-
pacitors, especially when paired with eco-friendly electrolytes, to promote sustainable and
effective energy storage. Nonetheless, remaining challenges must be addressed to establish
protocols that enable the production of marine waste-derived biocarbons that can compete
with conventional materials for use in electrode production.
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https://www.mdpi.com/article/10.3390/app13158676/s1, Table S1: Carbonization time and tem-
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associated SBET, capacitance, and % retention; Table S2: Peaks extracted from the diffraction patterns
in Figure 10; Table S3: SBET, Vmicro, Vmeso, and Dp parameters for blue shark chondroitin sulfate-
based carbon at different ball-milling times; Table S4: SBET, Vmicro, Vmeso, and Dp parameters
for blue shark gelatine-based carbon at different ball-milling times; Table S5: SBET, Vmicro, Vmeso,
and Dp parameters for commercial chondroitin sulfate-based carbon at different ball-milling times;
Figure S1: EDX analysis of (a) Blue shark chondroitin sulfate, commercial chondroitin sulfate, and (c)
blue shark gelatine; Figure S2: Deconvolution of the peaks of the XPS survey spectra for blue shark
chondroitin sulfate carbonized for 1 h at 1000 ◦C: C1s (a), O1s (b), N1s (c) and Na1s (d); Figure S3:
Deconvolution of the peaks of the XPS survey spectra for blue shark gelatine carbonized for 1 h at
1000 ◦C: C1s (a), O1s (b), and N1s (c); Figure S4: Deconvolution of the peaks of the XPS survey spectra
for commercial chondroitin sulfate carbonized for 1 h at 1000 ◦C: C1s (a), O1s (b), and N1s (c); Figure
S5: First Raman region (a–c) and second Raman region (b–d) of the Raman spectra of the blue shark
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