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Abstract. The conversion of renewable biomass waste into porous carbon materials 
is a promising approach for both efficient waste valorization and the development of 
environmentally sustainable electrode materials for modern electrochemical energy-
storage systems. Food waste, particularly orange peel, is of considerable interest as 
an abundant, renewable, and carbon-rich precursor. This study aimed to synthesize 
porous carbon materials from orange peel waste and to determine the effects of 
carbonization and chemical activation temperatures on their structural, elemental, and 
electrochemical properties. Porous carbon materials were prepared using a two-step 
process consisting of pre-carbonization followed by chemical activation. Carbonization 
was performed at 500, 600, and 700 °C, while activation was conducted at 700, 800, 
and 900 °C. The morphology and elemental composition of the resulting materials 
were characterized using scanning electron microscopy (SEM) and energy-dispersive 
X-ray spectroscopy (EDX), respectively, while their carbon structure was investigated 
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by Raman spectroscopy. The electrochemical characteristics and specific capacitance 
of the prepared electrode materials were also evaluated. SEM analysis revealed that 
increasing the activation temperature promoted the development of a heterogeneous and 
well-developed porous structure. EDX analysis confirmed carbon as the predominant 
element (83–90 wt%), with an oxygen content of 10–14 wt% and a small amount of 
residual potassium. Raman spectroscopy demonstrated that the carbon structure varied 
depending on the synthesis conditions. Among the investigated materials, OPA500/700 
exhibited the best electrochemical performance, delivering a specific capacitance of 
367.5 F g-1 at 0.1 A g-1 and 259.6 F g-1 at 2 A g-1, corresponding to retention of more than 
70% of the initial value. The results demonstrate that orange peel waste is a promising, 
readily available, and renewable precursor for producing high-capacitance porous 
carbon electrodes for supercapacitor applications.

Keywords: food waste, activated carbon, supercapacitor, orange peel, electrode 
material.
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Аннотация. Жаңартылатын биомасса қалдықтарынан кеуекті көмір 
материалдарын алу қалдықтарды тиімді кәдеге жарату және заманауи 
электрохимиялық энергия сақтау жүйелеріне арналған экологиялық тұрақты 
электродтық материалдарды әзірлеу тұрғысынан өзекті бағыт болып табылады. 
Тағам қалдықтары, соның ішінде апельсин қабығы, көміртекке бай, қолжетімді 
және жаңартылатын шикізат көзі ретінде ерекше қызығушылық тудырады. 
Зерттеудің мақсаты — апельсин қабығы негізінде кеуекті көмір материалдарын 
алу және карбонизация мен химиялық белсендіру температураларының олардың 
құрылымдық, элементтік және электрохимиялық қасиеттеріне әсерін бағалау. 
Кеуекті көмір материалдары екі сатылы әдіспен алынды: алдын ала карбонизация 
және кейінгі химиялық белсендіру. Карбонизация 500, 600 және 700 °C 
температураларда, ал белсендіру 700, 800 және 900 °C температураларда жүргізілді. 
Алынған үлгілердің морфологиясы мен элементтік құрамы SEM және EDX 
әдістерімен, ал көміртекті құрылымның ерекшеліктері Раман спектроскопиясы 
арқылы зерттелді. Сонымен қатар электродтық материалдардың электрохимиялық 
сипаттамалары мен меншікті сыйымдылығы анықталды. SEM деректері белсендіру 
температурасы жоғарылаған сайын кеуекті құрылымның айқын әрі біртекті емес 
сипатқа ие болғанын көрсетті. EDX талдауы бойынша көміртек мөлшері 83–90 
масс.%, ал оттек мөлшері 10–14 масс.% аралығында болды; кейбір үлгілерде 
аз мөлшерде қалдық калий анықталды. Раман спектроскопиясы көміртекті 
құрылымның реттелу дәрежесі карбонизация және белсендіру жағдайларына 
тәуелді екенін көрсетті. Зерттелген үлгілердің ішінде OPA500/700 ең жоғары 
электрохимиялық көрсеткіштерге ие болды: оның меншікті сыйымдылығы 0,1 
А/г ток тығыздығында 367,5 Ф/г, ал 2 А/г кезінде 259,6 Ф/г болды. Осылайша, 
ток тығыздығы артқан кезде бастапқы сыйымдылықтың 70%-дан астамы 
сақталды. OPA500/700 үлгісінің меншікті бет ауданы 1968 м²/г құрады. Алынған 
нәтижелер апельсин қабығы қалдықтарын суперконденсаторларға арналған 
жоғары сыйымдылықты кеуекті көмір электродтарын өндіруге қолжетімді және 
жаңартылатын шикізат ретінде пайдаланудың перспективалы екенін көрсетті.

Түйін сөздер: тағам қалдықтары, белсендірілген көмір, суперконденсатор, 
апельсин қабығы, электрод материалы
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Аннотация. Получение пористых углеродных материалов из возобновляемых 
отходов биомассы является актуальным направлением с точки зрения 
эффективной утилизации отходов и разработки устойчивых электродных 
материалов для современных систем электрохимического накопления энергии. 
Пищевые отходы, в частности апельсиновая кожура, представляют интерес как 
доступный, возобновляемый и богатый углеродом источник сырья. Целью работы 
являлись получение пористых углеродных материалов из апельсиновой кожуры 
и оценка влияния температур карбонизации и химической активации на их 
структурные, элементные и электрохимические свойства. Материалы получали 
двухстадийным методом, включающим предварительную карбонизацию и 
последующую химическую активацию. Карбонизацию проводили при 500, 600 и 
700 °C, а активацию - при 700, 800 и 900 °C. Морфологию и элементный состав 
образцов исследовали методами SEM и EDX, а структурные характеристики 
углеродных материалов - методом рамановской спектроскопии. Также 
определяли электрохимические характеристики и удельную ёмкость полученных 
электродных материалов. По данным SEM, повышение температуры активации 
сопровождалось развитием более выраженной и неоднородной пористой 
структуры. Результаты EDX показали, что содержание углерода составляло 83–90 
масс.%, а кислорода - 10–14 масс.%; в отдельных образцах выявлено небольшое 
количество остаточного калия. Рамановская спектроскопия показала зависимость 
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степени структурной упорядоченности углеродных материалов от условий 
карбонизации и активации. Наиболее высокие электрохимические показатели 
получены для образца OPA500/700: удельная ёмкость составила 367,5 Ф/г при 
плотности тока 0,1 А/г и 259,6 Ф/г при 2 А/г, что соответствует сохранению более 
70% исходной ёмкости. Удельная поверхность данного образца составила 1968 
м²/г. Полученные результаты свидетельствуют о перспективности использования 
отходов апельсиновой кожуры в качестве доступного и возобновляемого сырья 
для производства высокоёмкостных пористых углеродных электродов для 
суперконденсаторов.

Ключевые слова: пищевые отходы, активированный уголь, суперконденсатор, 
кожура апельсинов, материал электрода

Introduction. The rapid growth of the global population and the increasing demand 
for energy have led to a serious energy crisis. The generation of energy from non-
renewable resources over the past centuries has caused significant environmental 
damage. To address issues related to excessive fossil fuel consumption, severe 
environmental pollution, and global warming, the development of renewable and eco-
friendly energy resources has become an urgent priority. Considerable efforts have been 
devoted to the production and storage of energy from renewable materials with minimal 
CO₂ emissions. Among various energy types, electrochemical energy is considered one 
of the cleanest and most sustainable solutions. As a safe and environmentally friendly 
energy form, electrochemical energy can effectively contribute to solving environmental 
pollution problems. Significant research has focused on enhancing both the generation 
and storage of electrochemical energy from renewable sources.

Literary review. Electrochemical energy storage devices are typically classified into 
three types: batteries, supercapacitors, and hybrid systems (Ehsani et al., 2020). Modern 
electronic devices often require rapid energy delivery that conventional batteries cannot 
provide due to their limited charge–discharge rates. In such cases, supercapacitors are 
preferred. Although supercapacitors operate on principles similar to conventional capacitors, 
their fabrication methods and performance characteristics are significantly different. They 
combine the energy storage capacity of batteries with the high-power density and fast charge–
discharge properties of capacitors, offering advantages such as long cycle life, compactness, 
cost-effectiveness, and rapid energy transfer (Ajay et al., 2021).

Based on the energy storage mechanism, supercapacitors can be classified into 
two main types: electric double-layer capacitors (EDLCs), which utilize carbon-based 
materials, and pseudocapacitors, which employ metallic compounds and conductive 
polymers. Pseudocapacitors store and deliver energy through reversible redox reactions 
at the electrode–electrolyte interface, whereas EDLCs store energy via electrostatic 
attraction of opposite charges at the interface. EDLCs exhibit exceptional cyclic 
stability, high performance, low cost, and straightforward preparation methods (Kumar 
et al., 2022; Singh et al., 2025; Patel et al., 2024). 

The performance of EDLCs strongly depends on the electrode materials, particularly 
their porosity, which determines the effective surface area available for charge storage 
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(Lobato‑Peralta et al., 2024). Carbon-based materials, including activated carbon have 
been extensively studied as electrode materials for EDLCs. Among these, activated 
carbon has attracted significant attention due to its abundant raw material sources, 
excellent electrochemical properties, and scalability for industrial applications has 
attracted significant attention due to the wide availability of its precursor materials and 
its suitable electrochemical properties for EDLC applications.

Activated carbon electrodes can be synthesized from biowaste, making them 
economically viable and environmentally sustainable. offering a practical way to make 
use of biomass residues. Chemical activation is the most widely used method to produce 
activated carbon, with common activating agents including ZnCl₂ (Mardina, et al., 
2025), KOH (Li et al., 2016; Nazhipkyzy et al., 2024; Arkhipova et al., 2022), and 
H₃PO₄ (Fan et al., 2025; Quesada-Plata et al., 2016). Various biomass precursors have 
been employed, such as rice husk (Anusonthiwong et al., 2025; Gao et al., 2015), corn 
cobs (Dong et al., 2024; Andem et al., 2024), nut shells (Zou et al., 2024), and fruit 
peels (Yang et al., 2023; Ahmad et al., 2024; Nazhipkyzy et al., 2024). Carbon materials 
derived from biowaste often demonstrate excellent electrochemical properties, with 
high specific surface area and well-developed porosity being key factors for enhanced 
supercapacitor performance.

Therefore, the utilization of biowaste-derived activated carbon represents a 
sustainable, promising approach for electrode materials in supercapacitor applications.

Orange peel is one of the fruit-based biomass residues that can be used to produce 
activated carbon electrodes. As a readily available food waste, it can be converted 
into porous carbon through chemical activation. KOH-activated carbon prepared from 
orange peel has previously been investigated as an electrode material for supercapacitors 
(Ajay et al., 2021). The characteristics of biomass-derived activated carbon are closely 
related to the activation conditions, particularly the temperature, which can influence the 
morphology, pore structure, and electrochemical behavior of the resulting material. For 
this reason, examining the effect of activation temperature is useful for understanding 
how the properties of orange-peel-derived carbon change during its preparation.

In this work, activated carbon was prepared from orange peel using KOH activation at 
700, 800, and 900 °C. The resulting materials were examined using morphological, elemental, 
structural, and electrochemical analyses to determine how the preparation conditions affected 
their properties and their performance as supercapacitor electrode materials.

Materials and methods. The preparation of porous carbon materials was carried 
out in two stages: preliminary carbonization and chemical activation. To determine the 
optimal conditions for carbonization, parameters such as temperature and duration were 
systematically investigated.

Pyrolysis is an important method for the decomposition of organic matter—typically 
cellulose, hemicellulose, and lignin—from biowaste and its conversion into unique 
carbon materials. Carbon materials from various biowaste sources can be obtained 
either via a single-step high-temperature carbonization or a two-step process involving 
preliminary carbonization followed by activation. The activation process generates 
a high volume of pores—micro-, meso-, and macropores—which are differently 
associated with electrochemical properties.
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For preliminary carbonization, orange peels collected as household food waste after 
consumption of oranges in Kazakhstan were used as the raw material. The raw materials 
were washed several times with distilled water to remove impurities. The washed 
material was dried at 80 °C for 16 hours in a drying oven. The dried material was then 
mechanically ground to homogeneity using a porcelain mortar and pestle.

Experimental studies showed that the optimal temperatures for preliminary 
carbonization under an inert argon atmosphere were 500, 600, and 700 °C, with an 
average argon flow rate of approximately 0.005 L/min. Heating was performed at a 
controlled rate of 7.5 °C/min in all experiments. To determine the optimal duration, 
preliminary carbonization was carried out for 60–120 minutes, and it was found that 2 
hours was optimal for producing porous carbon materials. The carbonization time was 
fixed at 2 h based on conditions reported for biomass-derived carbon materials and was 
kept constant for all samples.

Thus, the optimal conditions for synthesizing porous carbon material (carbonizate) 
from orange waste were established as follows: carbonization temperature – 500, 600, 
700 °C; duration – 2 hours; heating rate – 7.5 °C/min; argon flow rate – ~0.005 L/min.

Chemical activation of the pre-carbonized orange peel samples was performed under 
the following conditions: activation temperature ranged from 700 to 900 °C, KOH was 
used as the chemical activating agent with a carbonizate-to-KOH ratio of 1:2, argon gas 
served as the inert atmosphere, and the activation duration was 2 hours. Activation was 
carried out in the same setup used for carbonization. The resulting activated carbon (AC) 
was cooled to room temperature and ground. To remove residual KOH, the product was 
washed with 1 M HCl, followed by multiple washes with distilled water until neutral 
pH was achieved. Finally, the product was dried at 60 °C for 16 hours in a drying oven. 

The carbonization yield was calculated using the following equation:

                                                     (1)

where (mc) is the mass of the carbonized material (g) and (mo) is the initial mass of 
orange peel (g). The carbonization yields were 27.3%, 24.7%, and 32.2% at 500, 600, 
and 700 °C, respectively.

The activation yield was calculated using the following equation:

                                                      (2)

where (ma) is the mass of the activated carbon (g) and (mc,a) is the mass of carbonized 
material used for activation (g). For the samples carbonized at 500 °C, the activation 
yields at 700, 800, and 900 °C were 51.8%, 48.3%, and 45.2%, respectively. For the 
samples carbonized at 600 °C, the corresponding yields were 59.8%, 60.5%, and 53.3%, 
respectively. For the samples carbonized at 700 °C, the activation yields were 42.9%, 
42.5%, and 42.0% at 700, 800, and 900 °C, respectively.



341

Volume 3, Number 468 (2026) 

The obtained activated carbon materials were characterized by scanning electron 
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), Raman spectroscopy, 
and nitrogen adsorption–desorption analysis. SEM images were obtained using a JSM-
6490LA scanning electron microscope (JEOL Ltd., Tokyo, Japan), while EDX analysis 
was performed using an EDX system (JEOL Ltd., Tokyo, Japan). Raman spectra were 
recorded using a SENTERRA II Raman spectrometer (Bruker Optik GmbH, Ettlingen, 
Germany) with 532 nm excitation. The specific surface area of the selected sample was 
determined from N₂ adsorption–desorption isotherms using a TriStar II 3020 analyzer 
(Micromeritics Instrument Corp., Norcross, GA, USA).

The electrodes were prepared as follows: activated carbon (75 wt%) was mixed with 
polyvinylidene fluoride (PVDF) as a binder (15 wt%), acetylene black (10 wt%), and 
2–3 mL of N-methyl-2-pyrrolidone. The resulting mixture was thoroughly ground in 
an agate mortar until a homogeneous mass was obtained. The suspension was then 
rolled into thin sheets, cut into pieces on titanium foil with an area of 2 cm², and dried 
at 130 °C for 12 hours.

An R-40X potentiostat was used to determine the capacitive characteristics of the 
samples. A 6 M KOH solution was selected as the electrolyte for the two-electrode 
cell. Two identical electrodes, separated by a separator (Whatman™ filter paper, Cat. 
No. 1001-110), were placed in a symmetric electrochemical cell. Cyclic voltammetry 
(CV) tests were conducted at scan rates ranging from 5 to 160 mV s-1 within a potential 
window of 0.0–1.0 V. Galvanostatic charge-discharge tests were performed at current 
densities of 0.1, 0.25, 0.5, 1.0, and 2.0 A g-1 within a potential window of 0.0–1.0 V.

Specific capacitance (Cs) was calculated from the cyclic voltammetry curves of the 
two-electrode cell using the following equation:

                                                              (3)                                 

where A is the integral of the CV curve (C);
m is the mass of the active material of a single electrode (g);
k is the scan rate (mV s-1);
V2 − V1 is the potential window (V).
Specific capacitance was also calculated from the galvanostatic charge-discharge 

curves of the two-electrode cell using the equation:

                                                         (4)                       

where I is the current density (A g-1);
t is the discharge time (s);
m is the mass of the active material of a single electrode (g);
V2 − V1 is the potential window (V).
Results
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To investigate the structural and morphological characteristics of the obtained 
activated carbon materials, studies were conducted using scanning electron microscopy 
(SEM), energy-dispersive X-ray spectroscopy (EDX), and Raman spectroscopy.

The effect of carbonization and subsequent activation temperatures on the morphology 
and microstructure of activated carbons derived from orange peel was investigated using 
scanning electron microscopy (SEM). The orange peel was carbonized at 500, 600, and 
700 °C, and the resulting carbon materials were subsequently activated at 700, 800, and 
900 °C (Figure 1, a-i).

For the samples carbonized at 500 °C and activated in the range of 700–900 °C, the 
SEM images revealed a higher number of pores with increasing activation temperature 
and a more heterogeneous pore distribution. In addition, the proportion of smaller 
pores increased, and the material surface exhibited noticeable morphological changes, 
forming a more wrinkled and rough structure.

SEM images of the samples carbonized at 600 °C (OPA600/700 and OPA600/800) 
showed a large number of pores of various sizes ranging from approximately 4 to 13 
μm. In contrast, the OPA600/900 sample demonstrated a more heterogeneous structure 
with a predominance of amorphous carbon and the presence of smaller pores with sizes 
ranging from 880 nm to 1.5 μm in the synthesized material. 
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Figure 1 — SEM images of activated carbon samples derived from orange peel: a) OPA500/700; b) 
OPA500/800;c)OPA500/900; d) OPA600/700; e) OPA600/800; f) OPA600/900; g) OPA700/700; h) OPA700/800; i) 

OPA700/900 

 
All images of samples OPA700/700, OPA700/800, and OPA700/900 revealed irregular and 

non-uniform porous structures. 
Table 1 shows the elemental composition of activated carbons derived from orange peel. 

Figure 1 — SEM images of activated carbon samples derived from orange peel: a) OPA500/700; b) 
OPA500/800;c)OPA500/900; d) OPA600/700; e) OPA600/800; f) OPA600/900; g) OPA700/700; h) 

OPA700/800; i) OPA700/900
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All images of samples OPA700/700, OPA700/800, and OPA700/900 revealed 
irregular and non-uniform porous structures.

Table 1 shows the elemental composition of activated carbons derived from orange peel. 

  Table 1 — Elemental composition of activated carbons derived from orange peel (EDX analysis)
Sample Carbon C (wt%) Oxygen O (wt%) Potassium K (wt%)

OPA500/700 88.12 11.88        –
OPA500/800 89.91 10.09                    –
OPA500/900 87.05 11.12                  1.83
OPA600/700 87.89 11.34     0.77
OPA600/800 86.89 11.72     1.39
OPA600/900 84.04 14.38     1.58
OPA700/700 88.18 11.11     0.71
OPA700/800 85.02 11.84     3.14
OPA700/900 83.65 13.54     2.81

The elemental composition of the activated carbon samples derived from orange 
peel was investigated using energy-dispersive X-ray spectroscopy (EDX). 

The results indicate that the carbon content in the activated carbons varies between 
83 and 90 wt%. Oxygen content ranges from 10 to 14 wt%, confirming that carbon and 
oxygen are the main elements present in all synthesized samples.

For the samples carbonized at 500 °C, the carbon content remained relatively high 
(87–90 wt%), while oxygen was detected at approximately 10–12 wt%. A small amount 
of potassium appeared in the sample activated at 900 °C, likely originating from the 
activating agent used during the chemical activation process.

In the samples carbonized at 600 °C, a gradual decrease in carbon content was 
observed with increasing activation temperature, accompanied by a slight increase in 
oxygen and potassium concentrations. The carbon content decreased from 87.9 wt% to 
84.0 wt%, while oxygen increased up to 14.38 wt%.

A similar trend was observed for the samples carbonized at 700 °C. The carbon 
content decreased from 88.18 wt% to 83.65 wt% as the activation temperature increased 
from 700 °C to 900 °C, whereas oxygen content increased to approximately 13.5 wt%. 
Potassium was detected in all samples with concentrations up to 3 wt%.

Figure 2 presents the Raman spectra of activated carbon samples prepared at 
different carbonization (500–700 °C) and activation (700–900 °C) temperatures. All 
samples show two characteristic peaks: the D band at around 1350 cm-¹ and the G 
band at approximately 1580–1600 cm-¹. And all samples except OPA 600/700 and OPA 
700/700 show a 2D peak at approximately 2700 cm⁻¹. As can be seen in the figure, there 
are virtually no defects in the OPA 500/700°C sample. Of all the samples, the 2D peak 
is clearly visible in the OPA 700/900 sample. 
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Figure 2 — Raman spectra of samples

Table 2 presents the Raman parameters of activated carbons derived from orange peel. 
Samples carbonized at 600 °C exhibit the highest ID/IG ratios (0.89–0.94), indicating 
a predominantly amorphous carbon structure. In contrast, samples carbonized at 500 
°C and 700 °C and activated at 900 °C show relatively lower ID/IG values, suggesting 
the development of more ordered graphitic domains. The increased intensity of the 2D 
band (~2700 cm⁻¹) in the OPA500/900 and OPA700/900 samples further supports the 
formation of a more graphitized carbon structure at higher activation temperatures.

Table 2 — Raman parameters of activated carbons derived from orange peel
            Sample D band (cm⁻¹) G band (cm⁻¹) ID/IG Structural interpretation

OPA500/700 ~1350 ~1560 0.17 Higher graphitization
OPA500/800 ~1350 ~1560 0.62 More disordered structure

OPA500/900 ~1350 ~1560 0.27 Relatively ordered carbon 
structure

OPA600/700 ~1350 ~1560 0.93 Highly amorphous structure
OPA600/800 ~1350 ~1560 0.94 Highly disordered carbon

OPA600/900 ~1350 ~1560 0.89 Amorphous carbon 
structure

OPA700/700 ~1360 ~1580 0.86 High structural disorder
OPA700/800 ~1360 ~1580 0.89 High defect density
OPA700/900 ~1360 ~1580 0.48 Higher graphitic ordering

The CV and GCD curves of the activated carbon samples derived from orange peel 
are shown in Figure 3.
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                                      a)                                                                               b)

Figure 3 — Electrochemical characterization of the samples: a) Galvanostatic charge–discharge curves of 
the electrode materials at 2 A g−1 ; b) Cyclic voltammetry at 160 mV s−1

The electrodes were evaluated using the galvanostatic charge–discharge (GCD) 
method at current densities of 0.1, 0.25, 0.5, 1, and 2 A g−1. Figure 3a shows the GCD 
curves of the samples at 2 A g−1. 

The electrochemical performance of the electrodes was assessed using cyclic 
voltammetry (CV) at scan rates of 5, 10, 20, 40, 80, and 160 mV s−1. The results at 160 
mV s−1 are shown in Figure 3, b. 

The highest specific capacitance of 281.9 F g−1 at a scan rate of 5 mV s−1, and 213,2 
at 160 mVs−1 is achieved when the orange peel is first carbonized at 500 °C and then 
activated at 700 °C.

The highest specific capacitance of 367.5  F g−1 at a current density of 0.1 A g−1 

was achieved for the electrode sample OPA500/700. The specific capacitance of the 
same sample at 2  A g−1 was 259.6  F g−1, corresponding to more than 70 % capacitance 
retention at increased current density. The average capacitance retention for the other 
electrodes in this series, synthesized from orange peel, was 94.4 %, indicating high 
stability under high charge–discharge current densities.

OPA500/700 showed the highest specific capacitance among the prepared samples. 
Therefore, this sample was selected for nitrogen adsorption–desorption analysis. Its 
specific surface area was 1968 m² g⁻¹.

Discussion
The SEM analysis showed that with increasing activation temperature, the 

porosity of the material significantly increased, and the surface structure became more 
complex. Overall, the results indicate that increasing both carbonization and activation 
temperatures significantly influences the microstructure of the carbon materials, 
promoting the development of porosity, altering pore size distribution, and increasing 
the structural complexity of the surface.

The EDX results confirm that carbon is the dominant element in all synthesized 
activated carbons, while oxygen and residual potassium originate from surface 
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functional groups and activation reagents. The carbon content confirms the successful 
carbonization of the biomass precursor. The oxygen content can be attributed to the 
presence of oxygen-containing functional groups on the carbon surface. The detected 
oxygen may be associated with oxygen-containing surface functional groups; however, 
EDX analysis alone does not allow the chemical or structural state of oxygen to be 
determined. The potassium detected in the samples may be attributed to incomplete 
neutralization or washing of the alkaline activating agent after the activation process.

The D-band is associated with defects and structural disturbances in the carbon 
matrix. The G-band is associated with vibrations of sp²-bonded graphitic carbon 
atoms. The shape and position of the 2D peak provide information about the degree of 
graphitization and the multilayered nature of the material’s structure.

The presence of the D and G peaks indicates that all samples contain both amorphous 
and graphitic carbon structures. Although the peak positions are identical in all samples, 
slight differences in peak intensity indicate that heat treatment has affected the structural 
properties.

The Raman analysis demonstrates that the structural ordering of the activated carbons 
strongly depends on both carbonization and activation temperatures. 

Overall, the combined SEM, EDX, and Raman analyses demonstrate that increasing 
carbonization and activation temperatures significantly affect the microstructure, surface 
composition, and structural ordering of the activated carbons derived from orange peel. 
Higher activation temperatures promote the development of porous structures and may 
enhance the formation of graphitic domains within the carbon matrix.

Figure 3 shows that the CV curves of the prepared electrodes retain a quasi-
rectangular shape, which is characteristic of electric double-layer capacitors. No distinct 
redox peaks are observed within the investigated potential range. This indicates that 
charge storage occurs mainly through the formation of an electric double layer at the 
electrode–electrolyte interface, although a minor contribution from surface functional 
groups cannot be completely excluded.

The higher capacitance observed at lower scan rates is associated with more effective 
ion transport within the porous carbon structure. When the potential is varied slowly, 
electrolyte ions have sufficient time to enter the pores and reach a larger portion of the 
internal electrode surface. At higher scan rates, access to narrow or less accessible pores 
becomes limited. As a result, only part of the available surface contributes to charge 
storage, leading to a decrease in the measured capacitance.

The galvanostatic charge–discharge curves are nearly symmetric and triangular and 
show an approximately linear relationship between potential and time. These features 
are consistent with predominantly capacitive behaviour and good reversibility during 
repeated charging and discharging. Among the investigated samples, OPA500/700 
exhibited the longest discharge time at the same current density, in agreement with its 
higher specific capacitance.

The activation temperature has a direct influence on the morphology and pore 
structure of biomass-derived activated carbon and, therefore, on its electrochemical 
properties. During KOH activation, increasing the temperature intensifies the interaction 
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between KOH and the carbon matrix, resulting in the formation and enlargement of 
pores. At excessively high temperatures, however, intensive etching may damage the 
carbon framework and reduce the number of pores that are suitable for electrolyte-
ion transport and charge storage. When the temperature becomes too high, however, 
excessive etching of the carbon framework can occur, which may adversely affect 
the resulting porous structure. A similar temperature dependence was reported for 
corncob-derived activated carbon (Dong et al., 2024), where changes in KOH activation 
temperature altered the pore structure; micropores contributed to charge storage, while 
mesopores favored electrolyte-ion transport. Thus, the activation temperature needs 
to be controlled to promote pore formation without causing excessive modification of 
the carbon framework. The differences in morphology, structural characteristics, and 
electrochemical behavior observed for the samples activated at 700, 800, and 900 °C 
may therefore be related to temperature-dependent changes occurring during KOH 
activation.

The specific surface area of OPA500/700 was 1968 m² g⁻¹, confirming the highly 
porous nature of the material. A large surface area can increase the contact between 
the carbon surface and electrolyte ions, which may contribute to the high specific 
capacitance observed for this sample.

To evaluate the electrochemical performance of the obtained activated carbon, its 
specific capacitance was compared with those of biomass-derived activated carbon 
electrodes reported in the literature (Table 3).

Table 3 — Comparison of the electrochemical performance of this work with reported biomass-
derived activated carbons.

Biomass 
precursor

Activation / 
preparation method

BET 
surface 
area, m² 

g⁻¹

Electrolyte

Specific 
Capacitance
(F g−1) and 

current density

Ref. 

Rice husk

KOH activation; 
carbonization at 800 

°C; hydro-thermal post-
treatment

1847

3 M H₂SO₄ 242.1 F g−1 at 0.5 
A g⁻¹

Anusonthiwong 
et al., 2025

Corncob
KOH activation; 

carbonization/activation 
at 700–900 °C; 

1945,7
6 M KOH 260 F g−1 at 1 

A g-1

Dong et al., 
2024

Rice husk KOH activation; 
carbonization

3145 6 M KOH 367 F g−1 at 5 
mVs-1

Gao et al., 2015

Corncob
Hydrothermal treatment 

+ H₃PO₄ activation; 
carbonization at 400 °C

68.54 — 41 F g−1 at 1 A g⁻¹ Andem et al., 
2024,

Pecan shell Self-activation/
carbonization at ~1050 

°C

1554 6 M KOH 269 F g−1 at 2 
A g⁻¹

Zou et al., 2024

Watermelon 
peel

H₃PO₄-assisted 
carbonization; 700 °C, 2 

h; N/P-doped

— 6 M KOH 135 F g−1.2 at 1 
A g⁻¹

Yang et al., 
2023
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Melon peel Pretreatment + 
activation; hydrothermal 

pretreatment

500 LiCF₃SO₃/
EMIMCF₃SO₃ 
gel electrolyte

161 F g−1   at 1 
A g⁻¹

Ahmad et al., 
2024

Orange peel KOH activation — 0,5 M H2SO4 41,6 F g−1 at 1 
A g⁻¹

Madhusre et al., 
2023

Orange peel Carbonization; KOH 
activation

1968 6 M KOH 259.6 F g−1 at 2 
A g⁻¹

This study

As shown in Table 3, the obtained activated carbon exhibits a specific capacitance 
of 259.6 F g⁻¹ at a current density of 2 A g⁻¹ in 6 M KOH. This value is comparable to 
those reported for several biomass-derived activated carbon electrodes under similar 
electrochemical conditions.

Thus, electrode materials were fabricated from activated carbons synthesized via 
chemical activation of carbonizates at 700 °C, 800 °C, and 900 °C. All samples exhibited 
good capacitive performance when used as supercapacitor electrodes.

Conclusion
In this study, porous activated carbons were obtained from orange peel waste 

by combining carbonization with subsequent KOH activation. The carbonization 
temperature was varied between 500 and 700 °C, while activation was performed at 
700, 800, and 900 °C. This allowed us to examine how the selected synthesis conditions 
affected the structure and electrochemical behavior of the resulting carbons.

SEM observations showed that the materials developed a porous structure during 
activation. Changes in activation temperature were accompanied by noticeable 
differences in the pore morphology, including the appearance of a more heterogeneous 
network with a larger number of smaller pores. EDX analysis confirmed that carbon was 
the main component of all samples, with a content of 83–90 wt%. Oxygen and small 
amounts of residual potassium were also present. The oxygen detected by EDX may be 
related to oxygen-containing groups on the carbon surface, although this technique does 
not provide information about their specific chemical or structural state. The Raman 
results also showed differences in the degree of structural ordering depending on the 
synthesis conditions. In particular, the samples activated at higher temperatures showed 
a more pronounced graphitic character.

All of the obtained carbons showed electrochemical behavior typical of electric 
double-layer capacitors. The best result was obtained for OPA500/700, which delivered 
367.5 F g−1 at 0.1 A g−1 and 259.6 F g−1 at 2 A g−1. The relatively high capacitance retained 
at the higher current density also indicates good rate performance of this sample.

The differences between the samples suggest that the carbonization and activation 
temperatures affect both the carbon structure and its electrochemical response. During 
KOH activation, temperature influences the development of the porous carbon 
framework, which in turn affects the accessibility of the electrode surface to electrolyte 
ions. At the same time, excessive activation can alter the pore structure of the carbon 
matrix. Under the conditions investigated here, the OPA500/700 sample provided the 
highest specific capacitance. Its combination of porous structure and electrochemical 
performance makes this material a promising candidate for supercapacitor electrodes.
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