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A B S T R A C T

This study investigates the effect of pre-carbonization temperature on the energy storage properties of activated 
carbons derived from animal-origin precursors, specifically for application as supercapacitor electrodes. The 
objective was to develop materials with enhanced electrochemical performance. Pig hair, an abundant and 
sustainable carbon source, was utilized to synthesize a series of carbons with hierarchical porosity. The process 
involved pre-carbonization at temperatures of 350, 400, 450, and 500 ◦C, followed by chemical activation at 
800 ◦C using potassium hydroxide (KOH) at a biomass-to-KOH ratio of 1:3. The resulting carbons exhibited a 
disordered morphology with a high surface area, reaching up to 1002 m2/g, predominantly composed of micro- 
and mesopores. These structural features facilitated energy storage primarily through electric double-layer 
capacitance rather than faradaic processes. Detailed electrochemical testing revealed a clear dependence on 
pre-carbonization temperature, with electrode performance ranking in the order of 500 ◦C > 450 ◦C > 350 ◦C >
400 ◦C. This work underscores the critical role of pre-carbonization temperature in tailoring the structural and 
electrochemical properties of activated carbons derived from animal-based precursors. By systematically 
exploring this parameter, the study provides valuable insights into the design of sustainable, high-performance 
materials for energy storage, contributing to the broader development of eco-friendly energy solutions.

1. Introduction

Supercapacitors, sometimes referred to as electrochemical capaci
tors, are cutting-edge energy storage devices that are gaining traction 
due to their unique ability to bridge the gap between traditional ca
pacitors and batteries [1]. These devices are known for their exceptional 
power density, rapid charging and discharging capabilities, and long 
lifespan, making them highly suitable for diverse applications ranging 
from portable electronics to electric vehicles and renewable energy 
systems [2]. As the world moves towards more sustainable energy so
lutions, supercapacitors are emerging as a vital technology to address 
some of the limitations associated with conventional energy storage 
options. Supercapacitors are increasingly recognized for their sustain
able nature, especially when compared to traditional batteries. While 
conventional batteries often rely on scarce and environmentally 

damaging materials such as cobalt and lithium, supercapacitors can be 
made from more abundant and eco-friendly alternatives, like 
carbon-based electrodes [3,4]. Moreover, the extended cycle life of 
supercapacitors, often exceeding one million charge-discharge cycles, 
minimizes the frequency of replacements, thus reducing electronic 
waste.

A supercapacitor consists of two electrodes immersed in an electro
lyte and separated by a membrane. The performance of the device is 
highly influenced by the cell design, as well as the quality and charac
teristics of the electrodes, which are responsible for storing and releasing 
charge as needed [5]. Consequently, numerous researchers have inves
tigated various materials for electrode production, including metal ox
ides, conducting polymers, carbon nanotubes, graphene, and activated 
carbon which is an abundant and eco-friendly alternative.

The primary mechanism of energy storage in carbon materials is 
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through the electric double layer, which depends on charge separation 
at the interface between the electrode and electrolyte. This physical 
process necessitates the transport of ions into and out of the electrode. 
Therefore, a significantly large surface area is essential to facilitate ion 
transport and provide sufficient storage sites for ions generated from the 
electrolyte when voltage is applied to the electrodes [6].

Activated carbon materials possess essential properties, including a 
large surface area that facilitates ion mobility and electron transfer. 
These properties are developed through a process called activation, 
which creates pores on the material’s surface. Activation can be ach
ieved through various methods, including physical activation (using 
oxidizing gases such as CO2, steam, or oxygen) and chemical activation, 
which involves impregnating the precursor with activating agents. It is 
important to note that not all activation processes produce materials 
with the same characteristics, for instance, Barakat et al. [7] compared 
two activated carbons produced through chemical activation with 
phosphoric acid and potassium hydroxide. Also, they investigated single 
step and two-step activation process to obtain activated carbon. They 
reported 18 % increase in stability over a 1000 charge/discharge cycle 
compared to the alkali activated carbon. This trend was also observed 
with the capacitance of the materials, however, due to lower surface 
area, the capacitance was around 88.5 F/g for scan rate of 2 mV/s. 
Another study that used corncob and phosphoric acid to produce acti
vated carbon for supercapacitor electrode obtained very low surface 
area and consequent low capacitance of 41 F/g. Their device retained 
88 % capacitance over 2000 charge/discharge cycles at 10 A/g [8].

Furthermore, hemp fiber has been treated hydrothermally to remove 
the cellulose content and then activated using KOH to obtain activated 
carbon with characteristically high surface area. This material produced 
a capacitance of 255.1 F/g at current density of 1 A/g in a three- 
electrode system. The capacitance retention was 102 % in 10,000 cy
cles of charge/discharge with maximum power density of 75 W/kg [9]. 
Another interesting recent study used Mesua ferrea shell (a shell usually 
found in south India) with deep eutectic salts to produce activated 
carbon. They remarked that activation temperature significantly influ
enced the nitrogen content, structure and surface area of the carbon. At 
700 ◦C (BET: 570.917 m2/g), they realized a capacitance of 210 F/g, 
which is about 8 times higher than the capacitance of the sample pro
duced at 800 ◦C (BET: 250.798 m2/g) [10]. Among all the chemical 
activating agents, KOH has proven to be an excellent activating agent 
due to the reactions it carries out with the precursors, which result in 
highly developed porosity. These reactions are presented in Equations 
(1)–(6) [11]: 

6KOH+ 2C → 2K+2H2 + 2K2CO3 (1) 

6KOH+ 3CO2 → 3K2CO3 + 3H2O (2) 

K2CO3 → K2O + CO2 (3) 

CO2 +C→2CO (4) 

K2CO3 +C → 2K + 3CO (5) 

K2O+C → 2K + CO (6) 

In which respects to precursors, activated carbon can be produced 
from waste materials, reducing production costs and promoting a cir
cular bioeconomy. These waste sources can vary, including agricultural 
byproducts such as rice husk [12], agave leaves [13], rubber leaves [14], 
and others. Agricultural residues have emerged as a prominent resource 
for producing activated carbon for supercapacitor electrodes. These 
materials not only offer widespread availability but also present several 
compelling advantages. Converting biomass into carbon materials pro
vides an indirect approach to utilizing CO2 as a carbon feedstock, pro
moting the development of sustainable energy storage technologies 
while simultaneously contributing to pollution mitigation. In recent 

years, the demand for eco-friendly and sustainable materials has 
significantly increased, elevating the popularity of biomass-derived 
carbons. These materials are economically viable, environmentally 
sustainable, and rich in carbon content. They also demonstrate excellent 
electrical conductivity and exceptional physicochemical properties. 
Importantly, the distinctive structures of these carbon materials enhance 
their ability to facilitate the efficient transport of electrolyte ions within 
the electrodes, making them highly suitable for energy storage appli
cations [15–17].

Activated carbon materials offer several advantages as electrodes for 
supercapacitors compared to pure metal oxides, metal-organic frame
works (MOFs), covalent organic frameworks (COFs), and conducting 
polymers. Their high surface area and hierarchical pore structures pro
vide abundant sites for charge storage via electric double-layer capaci
tance, ensuring rapid ion transport and high-power density. Unlike pure 
metal oxides, which primarily rely on faradaic processes and can suffer 
from limited cycle life due to structural degradation, activated carbons 
exhibit excellent stability and durability over prolonged charge- 
discharge cycles. They are also more cost-effective and scalable than 
MOFs and COFs, which involve complex synthesis processes and 
expensive precursors. Furthermore, activated carbons demonstrate 
better chemical and thermal stability compared to conducting polymers, 
which often experience conductivity loss and mechanical degradation. 
These factors make activated carbon an ideal choice for reliable, high- 
performance, and economically viable energy storage systems [18–22].

The pre-carbonization of precursors is a crucial step in the produc
tion of activated carbon, as it can significantly affect the final properties 
of the material. Recognizing its importance, this variable has been the 
subject of extensive research across various types of precursors. Notably, 
Kumari et al. [23] conducted a study in which carbon was derived from 
the incomplete combustion of soybean oil and waste engine oil using the 
flames of an oil-wick lamp. The resulting carbon was then activated with 
KOH at 800 ◦C, producing materials with desirable properties for energy 
storage in supercapacitors. In a subsequent study, Feng et al. [24] 
analyzed pre-carbonization at different temperatures, demonstrating 
that performing pre-carbonization of petroleum coke at elevated tem
peratures (ranging from 550 to 750 ◦C) had minimal impact on the 
properties of the resulting activated carbons. More recently, Deng et al. 
[25] conducted a study examining the effect of pre-carbonization tem
perature at lower temperatures (ranging from 400 to 600 ◦C) using an 
agricultural precursor to produce activated carbon with KOH for 
supercapacitor applications. Their findings revealed that the 
pre-carbonization temperature had a significant influence on the ma
terial properties, with 400 ◦C being identified as the optimal tempera
ture for this precursor.

Although agricultural wastes are the most commonly used for the 
production of activated carbon, less explored precursors, such as 
municipal wastes (for instance diapers [26]) or animal-origin wastes, 
can also be utilized. The pig is an animal widely used to produce various 
products, which in turn generate waste. Pork is a meat from pig, which is 
globally consumed in a large quantity. China, USA and European Union 
are the top 3 highest production of pork globally. In the year 2022, about 
34 % of the meat consumed is pork with production capacity of 123 
million tons [27]. Approximately 1 billion pigs are raised annually, and 
several wastes are generated including methane gas, feces, and the hair 
removed during processing and cleaning. These wastes could find ap
plications as fertilizer, fuel, and production of materials. Interestingly, 
studies have shown that pig hair contains dietary keratin protein and 
could be mixed with poultry feed up to 6 % [28]. The use of the pig hair 
was promoted by its abundance and the nutrient content to balance the 
amino acid in animal diets. However, the processing as food supplement 
follows an energy intensive step of conditioning, hydrothermal treat
ment and purifications.

Pig hair represents a unique and underutilized precursor for the 
production of activated carbon, offering several distinct advantages for 
sustainable material development. As an abundant byproduct of the 
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meat industry, pig hair provides a renewable and cost-effective feed
stock that aligns with the principles of waste valorization and circular 
economy. This approach not only addresses waste management chal
lenges but also contributes to the development of high-performance, 
eco-friendly energy storage materials.

To date, no studies have been published that specifically investigate 
the effect of pre-carbonization temperature on the properties of acti
vated carbon derived from animal-origin precursors for use in super
capacitor electrodes. This research gap is particularly significant given 
the unique characteristics of animal-based materials which can influ
ence the carbonization and activation processes. Beyond the practical 
benefits highlighted earlier, exploring this aspect offers a critical strat
egy for optimizing the production of activated carbon. By tailoring the 
pre-carbonization temperature, it is possible to control the structural 
and surface properties of the material, thereby enhancing its electro
chemical performance. This approach not only contributes to the 
development of sustainable energy storage materials but also supports 
the valorization of underutilized industrial byproducts, aligning with 
global efforts toward waste minimization and circular economy 
practices.

2. Materials and methods

2.1. Production activated carbon

Pig hair samples were obtained from a slaughterhouse facility. The 
pig hair was thoroughly washed with hot water and screened to remove 
any dirt or stones. The characterization of this precursor can be found in 
Ref. [29]. Briefly, the precursor contains 48.31 % carbon, 5.83 % 
hydrogen, 4.01 % nitrogen, 0.08 % sulfur, and 41.77 % oxygen, along 
with 1.77 % ash content and 7.97 % moisture. The cleaned material was 
then dried and subjected to pre-carbonization at various temperatures 
(350–500 ◦C) with a heating rate of 10 ◦C/min in a fixed-bed reactor. For 
each experiment, 500 mg of pig hair was processed in a tubular furnace 
under a high-purity nitrogen atmosphere, with a residence time of 1 h. 
The resulting pre-carbonized samples were impregnated with KOH at a 
carbon-to-activating agent ratio of 1:3. Specifically, 15 g of 
pre-carbonized material were mixed with 45 g of KOH in 150 mL of 
deionized water and stirred at room temperature for 16 h. After 
impregnation, the excess water was evaporated by drying the slurry in 
an oven at 100 ◦C. The dried sample was then activated in a fixed-bed 
reactor under a high-purity nitrogen flow (150 mL/min) at 800 ◦C for 
1 h, with a heating rate of 20 ◦C/min. The chosen activation temperature 
is supported by previous research which has demonstrated its suitability 
for the preparation of activated carbon via KOH activation [30–32]. 
Following activation, the samples were washed with 200 mL of 1 M HCl 
and rinsed with distilled water until a neutral pH was achieved. The final 
activated carbon samples were labeled as PH X-800, where X represents 
the pre-carbonization temperature.

2.2. Characterization of pig hair carbon

Nitrogen adsorption-desorption isotherms were measured at 77 K 
using a Quantachrome Nova 2200e physisorption analyzer. Prior to 
analysis, the samples were degassed at 250 ◦C for 16 h. The surface area 
of the samples was calculated using the Brunauer-Emmett-Teller (BET) 
method, while the pore size distribution was determined using the 
Quenched Solid Density Functional Theory (QS-DFT) model, analyzed 
with NovaWin software. Surface morphology was examined through 
scanning electron microscopy (SEM, Hitachi S-5500) operating at 5 kV, 
and elemental composition was determined using energy-dispersive X- 
ray spectroscopy (EDX) integrated with the SEM system, operating at 15 
kV. The crystalline phases of the activated carbon samples were char
acterized using powder X-ray diffraction (XRD) on a Rigaku Ultima IV 
diffractometer with CuKα radiation. Data were collected over a 2θ range 
of 10◦–70◦ at a scanning speed of 10◦/minute. Raman spectroscopy was 

performed using a Thermo Scientific spectrometer equipped with a 532 
nm laser to further analyze the structural features of the carbon 
materials.

2.3. Electrochemical performance analysis

The electrochemical performance of the samples was evaluated using 
a Biologic VMP-300 potentiostat. To prepare the electrode paste, a 
composition of 80 % pig hair-derived activated carbon, 10 % commer
cial carbon black (Timcal), and 10 % polytetrafluoroethylene (PTFE) 
was selected based on preliminary optimization studies. The activated 
carbon, carbon black, and PTFE were mixed with 10 mL of ethanol and 
stirred at 60 ◦C to achieve a homogeneous paste. The mixture was then 
pressed onto a stainless-steel mesh (1 cm2) at a pressure of approxi
mately 7 tons. After pressing, the electrodes were dried at room tem
perature, with an active mass of about 10 mg on each mesh.

For constructing a three-electrode system, pig hair activated carbon 
served as the working electrode, a graphite rod was the counter elec
trode, and a saturated sulphate electrode (SSE) was used as the refer
ence. The electrolyte solution was 0.5 M H2SO4. The electrochemical 
properties were characterized by cyclic voltammetry (CV) using various 
scan rates (5, 10, 20, 40, 60, 80, and 100 mV/s). 

Csp. =

∫
I⋅dV

m ⋅v⋅ΔV
(7) 

The specific capacitance (Csp, in F/g) was calculated based on the 
integral of the current-voltage curve (

∫
IdV, in A•s), the active mass (m, 

in grams), the scan rate (ν, in V/s), and the potential window width (ΔV, 
in volts) according to Equation (7) [33]. Similarly, galvanostatic charge 
and discharge was used to evaluate the performance of the materials 
under constant current conditions. The specific capacitance using this 
technique was calculated as shown in Equation (8) [34]. 

CGCD =
I⋅t

m⋅ΔV
(8) 

Where CGCD stands for the specific capacitance in F/g, I is the applied 
current (A), t is the discharge time (s), m is the active mass (g), and ΔV is 
the potential window (V). Electrochemical impedance spectroscopy 
(EIS) was employed to evaluate the real and imaginary components of 
capacitance for the most effective materials. The measurements were 
carried out with an amplitude of ±10 mV over a frequency range from 
100 kHz to 5 mHz, allowing the calculation of real and imaginary 
capacitance values, by Equations (9) and (10) [35]. 

CRe =
− Zʹ́ (2⋅π⋅f)

2⋅π⋅f |Z(2⋅π⋅f)|2
(9) 

CIm =
− Zʹ(2⋅π⋅f)

2⋅π⋅f |Z(2⋅π⋅f)|2
(10) 

Where CRe and Cim are the real and imaginary parts of the capacitance 
(F/g), Z′ and Z″ are the real and imaginary contributions of the imped
ance (Ω), and f is the frequency (Hz). The complex power of the mate
rials was determined through Equations (11) and (12) [36]. 

P= 2 ⋅ π ⋅ f ⋅CIm|ΔVrms|
2 (11) 

Q= − 2 ⋅ π ⋅ f ⋅CRe|ΔVrms|
2 (12) 

Where P and Q are the active and reactive power, respectively.

3. Results and discussions

The X-ray diffraction spectra of the four activated carbons produced 
from pig hair are shown in Fig. 1. All these spectra display the same 
signals, which appear at approximately 25◦ and 45◦ and correspond to 
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the (0 0 2) and (1 0 1) planes of graphite. However, the broadness of the 
peaks indicates that an amorphous structure predominates in all these 
materials [37]. In addition to these graphite-related responses, traces of 
silicon oxide (SiO2) are also observed, which are commonly found in 
various carbon materials due to the nature of the precursors or the 
location where they were obtained [38].

To further investigate the structural properties of the materials, 
Raman analysis of these activated carbons was conducted, yielding the 
spectra shown in Fig. 2a. These spectra exhibit the typical responses of 
carbon materials, consistent with the XRD observations, which corre
spond to two broad peaks observed at approximately 1370 and 1600 
cm− 1 [39].

It is important to highlight that, due to the broadness of the peaks, it 
can be affirmed that the observed materials are amorphous carbons. 
Therefore, the observed peaks are a sum of contributions from various 
overlapping signals. A deconvolution of these signals can be performed 
to identify the different contributions present. Fig. 2b shows a repre
sentative spectrum after its decomposition into five different signals, 
applying the model reported in Ref. [40]. These identified signals 
originate from the following bands: Peak I) C-H bonds present in aro
matic rings, Peak II) a breathing mode that occurs only in aromatic 

structures with defects and exhibits A1g symmetry, Peak III) breathing of 
C-H bonds present in aromatic rings, Peak IV) stretching of sp2 carbon 
bonds in aromatic rings, and Peak V) C=O bonds present in the carbon 
material.

The level of order in the carbon structures can be determined by the 
ratio between peaks II and IV [41]. In the case of amorphous carbons, a 
higher ratio, intensity of peak II/intensity of peak IV (II/IV), indicates a 
greater level of order within the structure. The II/IV ratios for these 
materials are 2.51, 2.63, 2.68, and 2.71 for PH 350–800, PH 400–800, 
PH 450–800, and PH 500–800, respectively. This suggests that 
pre-carbonization prior to activation has the effect of producing more 
ordered structures as it is carried out at higher temperatures, even 
though the activation was conducted at the same temperature for all 
samples.

After confirming the amorphous structure of the materials, their 
surface structure was examined using microscopy, resulting in the im
ages presented in Fig. 3. It can be observed that all the samples exhibit a 
porous structure, which is the result of the activation process carried out 
using KOH. This reagent reacted with the precursor during the thermal 
treatment, leading to the formation of pores on the surface. When 
comparing the structures of these materials to assess the effect of 
carbonization temperature, it is observed that PH 350–800 (Fig. 3a) 
exhibits a microstructured and compact surface with both porous areas 
and some regions free of pores. As the carbonization temperature is 
increased to 400 ◦C (PH 400–800, Fig. 3b), the pore-free zones become 
less prevalent, resulting in a more homogeneous surface morphology. In 
the PH 450–800 material (Fig. 3c), the structure becomes even more 
porous and less compact. Finally, in PH 500–800 (Fig. 3d), a highly 
porous, rough structure is evident, indicating that higher carbonization 
temperatures promote better pore development.

To gain a more detailed understanding of the pore structure, higher 
magnification images of the sample PH 500–800 were analyzed. At a 
magnification of 20,000× (Fig. 3e), the pores became more prominent, 
appearing uniformly distributed across the material’s surface. This 
uniformity suggests a consistent activation process and efficient devel
opment of the porous network. When the magnification was increased to 
50,000×, additional pores were observed within the channels of the 
material, revealing a more intricate and interconnected structure. This 
intricate porosity highlights the material’s high surface area, a critical 
attribute for applications such as energy storage.

The chemical composition of the materials, determined by EDX, is 
presented in Table 1. As expected, these materials are primarily 
composed of carbon, with a significant amount of oxygen, which may 
facilitate energy storage through faradaic processes. Similarly, these 
materials contain silicon, which is typical for activated carbons derived 

Fig. 1. XRD spectra of pig hair activated carbons.

Fig. 2. Raman analysis of pig hair activated carbons. a) Original Raman spectra, b) Representative deconvoluted Raman signal.
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from biomass [42,43].
To quantitatively analyze the porosity, nitrogen physisorption 

analysis was conducted, and the resulting isotherms are presented in 
Fig. 4a. According to the latest IUPAC classification [44], these iso
therms are a combination of Type I(b)/IV(a), indicating that the 

materials consist of both micropores (pores smaller than 2 nm) and 
mesopores (between 2 and 50 nm). Additionally, the increase in 
adsorption volume at high relative pressures suggests the presence of 
some macropores (>50 nm). The pore size distribution is presented in 
Fig. 4b, where it is evident that the materials are predominantly 
microporous, with pores primarily in the sizes of 0.6 nm and 1.6 nm.

The isotherms also enable the determination of the specific surface 
area of the materials through the application of adsorption models. 
Using the Brunauer-Emmett-Teller (BET) model, specific surface areas of 
1002 m2/g for PH 500–800, 795 m2/g for PH 450–800, 761 m2/g for PH 
400–800, and 117 m2/g for PH 350–800 were calculated. These differ
ences in surface area account for the varying nitrogen adsorption vol
umes observed for each sample, indicating that the higher carbonization 
temperature promoted the development of a larger specific surface area, 

Fig. 3. SEM images of pig hair activated carbons, obtained at 1500 magnifications a) PH 350–800, b) PH 400–800, c) PH 450–800, d) PH 350–800. Detail of PH 
500–800 sample at e) 20,000 magnifications, f) 50,000 magnifications.

Table 1 
Chemical composition of pig hair activated carbons.

Activated carbon C (at.%) O (at.%) Si (at.%)

PH 350-800 68.05 26.06 5.88
PH 400-800 72.72 21.16 6.12
PH 450-800 55.06 35.81 9.13
PH 500-800 67.72 26.78 5.50
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which correlates with the increased porosity observed in Fig. 3. Com
parison of the specific surface areas obtained in this study with those 
reported in the literature for various precursors reveals that our results 
are consistent with the expected range [45–48]. This finding suggests 
that pig hair can be a viable precursor for the production of high surface 
area materials.

The previously described physicochemical characterization revealed 
that the pig hair-derived carbons exhibit suitable properties for energy 
storage. To assess the performance of these materials for this applica
tion, voltammetric analysis was first conducted (see Fig. 5). Fig. 5a 
representatively shows the voltammetric profiles of one of the activated 
carbons derived from pig hair. It is observed that at lower scan rates, the 
material exhibits a quasi-rectangular shape, characteristic of electrical 
double layer storage [49]. This indicates that electrolyte ions accumu
late on the electrode surface through electrostatic attractions [50]. 
Additionally, some distortions in the profile are noted as the scan rate 
increases. These distortions are attributed to the ions having less time to 
penetrate the pores of the material, leading to mass transport resistance. 
Similarly, the deviation from a perfect rectangular profile on the elec
trode suggests that the active material is also undergoing charge transfer 
processes, i.e., chemical reactions, which can be attributed to the pres
ence of oxygen detected on the surface [51].

A comparison of the profiles of the four activated carbons derived 
from pig hair is presented in Fig. 5b. This figure shows that all these 
materials exhibit similar electrochemical profiles, though with different 
current intensities. The difference in current intensities indicates that 
the materials store varying amounts of energy, which can be primarily 
attributed to the difference in specific surface area due to the porosity of 

the materials. In other words, materials with a higher specific surface 
area have more space to accommodate a larger number of ions in their 
structure [52], making PH 500–800 the material with the highest cur
rent intensity. In quantitative terms, the specific capacitance of these 
materials is presented in Fig. 5c. The specific capacitance shown here is 
directly proportional to the current intensity and, consequently, to the 
number of ions stored on the material’s surface. The descending order of 
capacitance among the materials is as follows: PH 500–800, PH 
450–800, PH 400–800, and PH 350–800 being 110, 84, 80 and 41 F/g, 
respectively at the lowest scan rate (5 mV/s). These capacitances 
decrease to 52, 46, 38 and 22 F/g at the highest scan rate. This indicates 
that the carbonization temperature prior to chemical activation is 
directly proportional to the capacitance of the materials.

As previously mentioned, the total capacitance is the sum of con
tributions from the electric double layer (an electrostatic process) and 
from faradaic charge transfer processes. Both contributions can be 
identified using the model proposed by Dunn et al. [53]. Fig. 6 shows the 
deconvolution for the best-performing material (PH 500–800) and the 
material with the lowest specific capacitance (PH 350–800), at a scan 
rate of 20 mV/s. This figure reveals that the primary contribution of the 
materials to energy storage comes from the electric double layer, which 
accounts for its superior performance compared to the other materials. 
Additionally, there is a significant contribution from faradaic processes, 
mainly attributed to the functional groups present in these materials, 
being slightly higher for PH 350–800. Based on what is observed in this 
figure, the pre-carbonization temperature does not have a significant 
influence on the contributions to the total capacitance in these activated 
carbons.

Fig. 4. Nitrogen physisorption analysis of pig hair activated carbons. a) Adsorption/desorption isotherms, b) Pore size distribution.

Fig. 5. Analysis of pig hair activated carbons through cyclic voltammetry. A) Representative voltammogram at different scan rates, b) Comparative cyclic vol
tammograms at 20 mV/s, c) Specific capacitance vs scan current.
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Similarly, the behavior of these carbon materials was also evaluated 
using the galvanostatic charge-discharge technique (Fig. 7), where the 
materials are charged and discharged at a constant current. Fig. 7a 
representatively shows the charge-discharge profiles of the PH 500–800 
material at various applied currents. It can be observed that as the 
current intensity increases, the cycling time becomes shorter, allowing 
less time for the ions to accumulate on the material’s surface.

The comparison between the charge-discharge profiles is shown in 
Fig. 7b, where the charge and discharge times exhibit a direct propor
tionality to the carbonization temperature, in good agreement with the 
cyclic voltammetry results. Similarly, the profiles display a semi- 
rectangular shape, which again indicates that the primary energy stor
age mechanism is through the electric double layer, as also suggested by 
Fig. 6. The same trend observed in Fig. 5c is reflected in the specific 
capacitances determined through GCD, as shown in Fig. 7c, with PH 
500–800 being the most capacitive material and PH 350–800 the least 
capacitive.

Electrochemical impedance spectroscopy analysis allows for the 
determination of resistive parameters and complex behavior (in the real 
and imaginary planes) of electrodes made of activated carbons [54]. 
Fig. 8a presents a representative Nyquist plot for these materials, where 
the impedances are shown on the real axis (resistance) and the imagi
nary axis (reactance). The profile exhibited by this material aligns with 
the expected behavior of a supercapacitor. Initially, a semicircle appears 
at high frequencies (see inset in Fig. 8a), which represents the intrinsic 
resistance due to system connections (first intersection with the real 
axis) as well as the resistance at the electrode/electrolyte interface 

(diameter of the semicircle). Subsequently, at intermediate frequencies, 
a region showing a combination of resistive and capacitive behavior is 
observed as an inclined line. Finally, at the lowest frequencies, there is 
sufficient time for ions dissolved in the electrolyte to properly penetrate 
the pores of the material, resulting in capacitive behavior, which is 
typically represented as a vertical line in the Nyquist plot.

The capacitive behavior observed through electrochemical imped
ance spectroscopy can be calculated across any portion of the material’s 
potential window, as illustrated in Fig. 8b. As shown, the profile ob
tained by calculating capacitance using this technique mirrors the shape 
of the profiles determined via cyclic voltammetry, thereby validating the 
results obtained by both methods. Similarly, the trend in capacitance 
values aligns with those observed through cyclic voltammetry and gal
vanostatic charge-discharge, reaffirming for the third time that the 
carbonization temperature is directly proportional to the material’s 
specific capacitance.

Analyzing the complex behavior of the material is crucial for un
derstanding its response to alternating current. Fig. 9a,d displays the 
real and imaginary components of capacitance. The real capacitance 
reflects the material’s ability to store energy in a supercapacitor, while 
the imaginary capacitance represents energy losses in the form of heat 
[36]. At high frequencies, the materials do not exhibit any of these ca
pacitances, as the behavior is purely resistive, as seen in the Nyquist 
plot. Conversely, as the frequency decreases, both capacitances tend to 
increase, although not in the same manner; the real capacitance 
continuously rises until it reaches a value similar to that determined 
through cyclic voltammetry and galvanostatic charge-discharge, being 

Fig. 6. Deconvoluted cyclic voltammograms of the pig hair activated carbon with the highest and lowest specific capacitance.

Fig. 7. Analysis of pig hair activated carbons through GCD. A) Representative GCD profiles at different specific currents, b) Comparative GCD profiles at 0.5 A/g, c) 
Specific capacitance vs applied current.
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higher for PH 500–800 than for PH 350–800. In contrast, the imaginary 
capacitance increases until it reaches a peak, which corresponds to the 
frequency at which capacitive and resistive contributions are balanced, 
and then decreases as the frequency continues to drop.

The complex behavior is also illustrated in the power response 
(Fig. 9b,e). In this graphs, P/S represents the normalized real power 
contribution, while Q/S represents the normalized reactive power 
contribution. At high frequencies, when the materials act as a resistor, 
the real power (P/S) tends to be dissipated almost entirely (which only 
occurs in an ideal system). Conversely, as the frequency decreases, the 
material predominantly exhibits reactive power (Q/S), which is the 
expected behavior for a supercapacitor [36].

Finally, Fig. 9c,f presents the Bode plots for PH 500–800 and PH 
350–800. These diagrams simultaneously show the change in the 
magnitude of impedance and the phase angle with respect to frequency. 
These two variables intersect. In an ideal double-layer capacitor, this 

intersection occurs at a phase angle of 45◦; however, since these mate
rials also exhibits faradaic processes, the angles are slightly shifted to 
− 39◦ for PH 500–800 and to − 52◦ for PH 350–800. The frequency at 
which this crossover occurs is known as the characteristic frequency, 
and the inverse of its magnitude represents the shortest time in which 
the material can discharge while delivering at least 50 % of its energy as 
electricity [55]. In this particular case, the time corresponds to 15.6 s, 
indicating the high power of PH 500–800, and 45.5 s for PH 350–800 
indicating a lower power for this material.

4. Conclusions

This study represents the first investigation into the effect of pre- 
carbonization at temperatures of 350, 400, 450, and 500 ◦C on the en
ergy storage properties of activated carbons derived from pig hair, a 
sustainable and abundant precursor. Potassium hydroxide was 

Fig. 8. Impedance analysis of pig hair activated carbons. a) Representative Nyquist plot, b) Specific capacitance calculated at different potentials.

Fig. 9. Complex behavior of PH 500–800 & PH 350–800 activated carbons. a,d) Complex capacitance, b,e) Complex power, c,f) Bode plot.
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employed as the activating agent to create materials suitable for appli
cation as supercapacitor electrodes. The pre-carbonization process was 
found to play a pivotal role in determining the structural and electro
chemical properties of the resulting activated carbons. Higher pre- 
carbonization temperatures yielded materials with a greater degree of 
structural order, larger surface areas, and enhanced conductivity. These 
attributes directly contributed to improved energy storage performance, 
primarily through electric double-layer capacitance, by providing more 
accessible surface area for ion adsorption and charge accumulation. In 
addition to the observed capacitive behavior, the presence of oxygen- 
containing functional groups imparted by the precursor contributed 
significantly to faradaic processes, further enhancing the energy storage 
capacity of the materials. This synergistic effect underscores the 
importance of optimizing pre-carbonization conditions to balance 
structural and chemical properties for superior electrode performance. 
Finally, this study demonstrates that pre-carbonization under controlled 
conditions is a crucial step in the production of high-performance acti
vated carbons from animal-origin precursors. The findings provide 
valuable insights into the development of sustainable materials with 
enhanced energy storage properties, paving the way for eco-friendly 
advancements in supercapacitor technology.
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