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Synthesis and characterization 
of magnesium ferrite‑activated 
carbon composites derived 
from orange peels for enhanced 
supercapacitor performance
Reda.S. Salama 1*, Mostafa S. Gouda 1, Mohamed F. Aly Aboud 2*, Fares T. Alshorifi 3,4*, 
A. A. El‑Hallag 1 & Ahmad K. Badawi 5

Supercapacitors have emerged as highly efficient energy storage devices, relying on electrochemical 
processes. The performance of these devices can be influenced by several factors, with key 
considerations including the selection of electrode materials and the type of electrolyte utilized. 
Transition metal oxide electrodes are commonly used in supercapacitors, as they greatly influence 
the electrochemical performance of these devices. Nonetheless, ferrites’ low energy density poses a 
limitation. Hence, it is crucial to create electrode materials featuring unique and distinct structures, 
while also exploring the ideal electrolyte types, to enhance the electrochemical performance of 
supercapacitors incorporating magnesium ferrites (MF). In this study, we effectively prepared 
magnesium ferrites (MgFe2O4) supported on activated carbon (AC) derived from orange peels (OP) 
using a simple hydrothermal method. The resulting blends underwent comprehensive characterization 
employing various methods, including FTIR, XRD, TEM, SEM, EDX, and mapping analysis. Moreover, 
the electrochemical performance of MgFe2O4@AC composites was evaluated using GCD and CV 
techniques. Remarkably, the MF45-AC electrode material showed exceptional electrochemical 
behavior, demonstrating a specific capacitance of 870 F·g−1 within current density of 1.0 A g−1 
and potential windows spanning from 0 to 0.5 V. Additionally, the prepared electrodes displayed 
exceptional cycling stability, with AC, MF, and MF45-AC retaining 89.6%, 94.2%, and 95.1% of 
their initial specific capacitance, respectively, even after 5000 cycles. These findings underscore the 
potential of MF-AC composites as superior electrode materials for supercapacitors. The development 
of such composites, combined with tailored electrolyte concentrations, holds significant promise for 
advancing the electrochemical performance and energy density of supercapacitor devices.

Keywords  Magnesium ferrites nanoparticles, Activated carbon, Agricultural wastes, Orange peel, Energy 
storage, Supercapacitors

Throughout history, the conversion and storage of energy have held a prominent place in human civilization’s 
development. In the contemporary era, iPads, mobile phones, and personal computers are electronic devices 
relying on energy storage technologies, such as batteries, that enhance our daily lives and enable efficient access 
to information and communication1,2. Electrochemical capacitors, or supercapacitors (SCs), offer tremendous 
potential for energy storage due to their high efficiency, high power densities, extended cycle lives, environmental 
friendliness, and safety3,4. These devices have proven useful in various applications, including providing burst-
power generation for electronic devices, initiating power for fuel cells, acting as backup power sources, and 
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contributing to hybrid power systems5,6. Nevertheless, their potential as energy storage solutions is somewhat 
constrained by their energy densities. Consequently, the development of electrode composites characterized 
by high working voltages, large capacitances, and extended cycling lives is essential for advancing supercapaci-
tors toward higher energy densities7,8. These devices rely heavily on specific materials for their energy storage, 
with commonly used options including conducting polymers, carbon materials, and metal oxides9,10. Carbon 
materials are used in electrical double-layer capacitors (EDLCs), that only store charges physically. Metal oxides 
and conducting polymers, on the other hand, are utilized in pseudo capacitors, which store charges through 
electrochemical reactions. Pseudo-capacitors have higher specific capacitances and energy densities than EDLCs. 
Graphene, graphene oxides11,12, carbon nanofibers, carbon nanotubes and activated carbon13, are commonly 
used as electrode materials in EDLCs14,15. However, despite possessing a high reversibility, stability, excellent 
rate capability, and high specific surface area, supercapacitors exhibit low capacitance16–18. In contrast, transition 
metal oxides and conducting polymers like NiO19–21, ZnO22, MnO2

23, and Co3O4
24, are the primary electrode 

materials in pseudo-capacitor25,26. Although transition metal oxides showed high capacitance, they are expensive, 
rare, and have poor rate capability. By combining these two types of materials, however, we can obtain good rate 
capability higher capacitance, and stability27.

In recent years, AC–based materials derived from natural sources have become a popular choice for super-
capacitor electrodes. These materials offer various benefits, including ease of synthesis, abundance in nature, 
low cost, and stability28. Agricultural by-products such as coconut shells, wood chips, orange peels, and bamboo 
residues serve as abundant sources for producing activated carbon29–33. The activation process involves heating 
the raw material in the presence of a gas, typically steam or carbon dioxide, to create a porous structure. The 
resulting activated carbon exhibits high surface area, numerous micro and mesopores, and excellent adsorption 
capabilities34. These characteristics render it an ideal material for use in water treatment35, air purification, and 
energy storage devices like supercapacitors36,37. Additionally, the utilization of agricultural wastes for activated 
carbon production contributes to waste reduction, providing an environmentally sustainable solution with eco-
nomic benefits38. The electron transfer process in activated carbons during supercapacitor operation involves 
the adsorption and desorption of ions at the electrode surface. The nanoporous structure of AC offers a sub-
stantial surface area, facilitating the adsorption of ions, facilitating rapid charge and discharge cycles. As voltage 
is applied, ions are attracted to the porous surface of the activated carbon, leading to the storage of electrical 
energy in the form of charge. Subsequently, during discharge, the stored ions are released, resulting in the flow 
of electrical current. The efficient electron transfer in activated carbons contributes to the high performance 
and quick energy release essential for supercapacitor applications. Moreover, the sustainable nature of activated 
carbon derived from agricultural wastes aligns with the growing demand for eco-friendly energy storage solu-
tions. As the world explores cleaner and more sustainable energy alternatives, the use of activated carbon from 
natural resources in energy storage devices continues to demonstrate its potential in contributing to a greener 
and more efficient energy landscape39. In recent studies, various hybrid materials consisting of activated carbon 
and ceramic oxides have been developed for supercapacitors40.

The MgFe2O4 composites is ceramic oxide a with a crystalline system that is face-centered cubic41. In spinel 
structures, the typical configuration involves divalent ions enclosed by oxygens, forming tetrahedral sites, and 
trivalent ions surrounded by oxygens, creating octahedral sites42. However, in the case of MgFe2O4, this structural 
arrangement is not strictly adhered to, primarily due to the synthesis route or conditions, leading to a partially 
inverse spinel. In this arrangement, trivalent metal ions partially occupy tetrahedral sites, and divalent ions par-
tially occupy octahedral sites, thereby influencing the physicochemical properties of the ferrite43,44. The covalent 
nature of the magnesium-oxygen bond results in low mobility, whereas iron exhibits higher mobility within the 
MgFe2O4 structure45. The diverse applications of ferrites nanoparticles, particularly the MgFe2O4 spinel, due to 
their unique magnetic properties that offer various potential applications such as cancer therapy46, biosensors47, 
supercapacitors48 and water filtration49. MgFe2O4, due to its unique spinel structure and electrical properties, 
presents an intriguing candidate for supercapacitor applications. The ceramic nature of MgFe2O4 contributes to 
its stability, while the partially inverse spinel structure enhances its electrochemical properties. The utilization 
of MgFe2O4 as a supercapacitor material is driven by its potential to offer a combination of high capacitance, 
stability, and unique magnetic properties, making it a promising candidate for advancing the performance of 
supercapacitor devices. Atiq ur Rehman et al.50 have reported the use of silver spinel ferrite (AgFe2O4) and its 
composites AgFe2O4@ZnO for supercapacitor applications. They used AgFe2O4@10%ZnO composite to achieve a 
specific capacitance of 585.9 F/g with a power density of 720 W/kg and an energy density of 28 Wh/kg. Ala Mano-
har et al.51 have proposed the supercapacitor application of a composite of Ni0.35Mg0.65Fe2O4 to attain a specific 
capacitance of 119.04 F g-1 at a current density of 1 A g-1. Arun Kumar et al.52 have reported the use of transition-
metal-substituted manganese ferrites composites for supercapacitor applications. They used nanocomposite of 
Mn0.95Zn0.05Fe2O4 composite to achieve a specific capacitance of 829 F/g. Gyan Singh et al.53 have proposed the 
supercapacitor application of Nickel ferrite doped polyaniline composites to attain a specific capacitance of 758 F 
g-1 at molar ratio of 1:1 for PANI and Nickel ferrite electrode. Improving the specific surface area, conductivity, 
and ion transport of ferrites using predictable synthetic methods has proven to be challenging. Overcoming 
these challenges involves combining the advantages of other highly conductive materials, such as carbon-based 
materials, with ferrites to generate composites characterized by outstanding conductivity and a large surface area.

In this study, we present a novel approach to address the challenges in supercapacitor technology by synthesiz-
ing magnesium ferrites (MgFe2O4) supported on activated carbon (AC) derived from orange peels (OP) through 
a straightforward hydrothermal method. This innovative synthesis not only offers an efficient and scalable route 
for electrode material production but also aligns with environmental sustainability, utilizing agricultural waste as 
a renewable resource. The choice of orange peels as the source material is motivated by their abundance and status 
as a readily available bio-waste resource. Our research involves a process that utilizes KOH chemical activation, 
leading to the formation of a 3D interconnected porous structure in the carbon material. The resulting MgFe2O4@
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AC composites underwent a meticulous characterization employing various techniques, including FTIR, XRD, 
TEM, SEM, EDX, and mapping analysis, providing a comprehensive understanding of their structural and mor-
phological features. Crucially, the electrochemical performance of these composites was systematically evaluated 
through galvanostatic charge–discharge (GCD) and cyclic voltammetry (CV) techniques.

Materials and methods
Materials
Hydrated ferric (III) chloride (FeCl3·6H2O, > 98.0%), hydrated magnesium nitrate (Mg(NO3)2·6H2O, > 99.0%), 
sodium hydroxide (NaOH, analytical grade), hydrochloric acid (HCL, 37%, analytical grade), and potassium 
hydroxide (KOH, analytical grade) were obtained from Merck. Polyvinylidene fluoride (PVDF), N-Methyl-
2-pyrrolidone (NMP), and carbon black were sourced from Alfa Aesar. Orange peels (OP) were collected from 
the farm in Damietta Governorate, Egypt, between October and December.

Synthesis of the activated carbon
Orange peels were performed as a biowaste precursor for the formulation of AC as a modified version of a 
previouslyy ppublished method28,35. The orange peels were initially cleaned by rinsing them with distilled water 
to remove any impurities and dusts. The peels were subjected to drying at 120 °C for 12 h. Subsequently, the 
resulting dried peels were mixed in stoichiometric ratio of 1:2 with potassium hydroxide at room temperature 
for an hour. Then, the resultant suspension was evacuated at 80 °C, and the resultant solid was subsequently 
dried overnight at 110 °C. The resultant powder was carbonized in a porcelain crucible under N2 flow for an 
hour at 600 °C. The generated activated carbon (AC) was iteratively neutralized using hydrochloric acid (1.0 M) 
and deionized water until the pH of the filtrate reached 7. Subsequently, it was dried overnight at 120 °C. The 
stoichiometric molar ratio of potassium hydroxide to orange peels (2:1) and the pH (7) of the solution during 
stirring were carefully controlled during the process.

Synthesis of the magnesium ferrites and magnesium ferrites @ AC
To synthesize magnesium ferrite powder, Mg(NO3)2·6H2O (0.512 g, 2 mmol) and FeCl3·6H2O (1.08 g, 4 mmol) 
were dissolved in distilled water and vigorously stirred for 1 h at a temperature of 60 °C. After 2 h, sodium 
hydroxide was poured drop by drop till the pH of Mixture reached to 10. The resulting precipitate was trans-
ferred to a hydrothermal Teflon-lined autoclave and maintained at 150 °C for 8 h. Following this, it underwent 
thorough washing and filtration with ethanol and distilled water. Subsequently, the dried powder was subjected 
to calcination at 550 °C for 3 h in an open-air atmosphere. On the other hand, to prepare various weight contents 
of magnesium ferrites supported on activated carbon was prepared by the same method using 2 g of AC that was 
added during the vigorous stirring process. The resulting samples were labeled as AC, MF, MF25-AC, MF45-AC, 
and MF65-AC for activated carbon, magnesium ferrites, and 25, 45, and 65 wt.% of magnesium ferrites supported 
on activated carbon, respectively.

Characterization techniques
Various analytical techniques were employed to characterize genuine and modified activated carbon. FT-IR 
analysis was performed to detect the different functional groups using the MATTSON FT-IR-5000S spectro-
photometer. The crystallinity and crystallite size of the prepared composites were assessed using a Philips X-ray 
diffractometer. The Scherrer equation was employed to determine the crystallite sizes (D) of the as-synthesized 
nanoparticles, as indicated in Eq. (1).

where K, λ, and β are constants related to crystallite shape, X-ray wavelength, and width of the diffraction peak 
profile at half maximum height, respectively. As well as, N2 sorption measurement was conducted at –196 °C 
to verify surface area and pore diameter of the prepared composites utilizing a BELSORP-mini II instrument. 
Scanning and transmission electron microscope were applied to reveal the morphology and average particle 
size through Jeol JSM-6510 and JEOL-JEM 2100 F, respectively. Also, their chemical composition was measured 
using EDX analysis.

Electrochemical measurements
A three-electrode configuration system was utilized to analyze the performance and stability of the materials. The 
electrolyte used for conducting cyclic voltammetry (CV) and galvanic charge–discharge measurements (GCD) 
was a 2.0 M solution of sodium sulfate (Na2SO4) in water. The working electrode slurry consisted of acetylene 
black, PVDF, and active materials in proportions of 80.0%, 10.0%, and 10.0% by weight, respectively54. This slurry 
was applied onto a graphite sheet measuring 1.0 cm2 in area, and subsequently dried at 80°C in an oven. In the 
electrochemical experiments, the reference electrode is a standard Ag–AgCl electrode and the counter electrode 
utilized is a platinum wire. All measurements, including CV and GCD, were conducted at room temperature 
using Metrohm Auto Lab Potentiostat/Galvanostat instruments. During CV, the scan rates varied from 5.0 to 
50.0 mV s-1. While, GCD was performed in 2.0 M aqueous Na2SO4, with specific current density ranging from 
1.0 to 20.0 mA cm-2. To calculate the capacitance of the prepared electrodes, the galvanostatic charge–discharge 
equation (Eq. 2) was employed55:

(1)D =

K�

βcosθ
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where t (sec), I (mA), V (V) and m (g) are the discharge time, discharge current, V is a potential window range, 
and m is the active material mass loading on a working electrode.

The dual-electrode system configuration, as earlier outlined by Toyoko Imae et al.56, involves connecting the 
reference and counter electrode to one side of the cell, while the working-electrode sensing and power are con-
nected from the other side of the electrochemical workstation. In this system, two composite electrodes, which 
may have similar or different compositions, are enclosed in filter paper saturated with an electrolyte The filter 
paper plays a dual role in this setup. Firstly, it absorbs and holds the electrolyte, ensuring its presence within 
the system. Secondly, it acts as a barrier, separating the two composite electrodes from each other. The created 
electrodes underwent CV and GCD analysis to determine energy density, power density, and specific capacitance 
from the following Equations57,58:

Results and discussion
FTIR Spectra
FTIR Spectra of the composites were displayed in Fig. 1. Figure 1a displayed that all the bands attribute to the 
structure of pure activated carbon. A broad band were displayed at ca. 3398 cm-1 that associated to stretching 
vibrations of hydroxyl groups (OH) in adsorbed water molecules either on the surface or within the pores of acti-
vated carbon (AC). As well as, the weak peaks around 3000 and 2950 cm−1 in the IR spectrum can be attributed 
to C–H stretching vibrations. Specifically, the peak around 3000 cm−1 corresponds to the stretching vibrations 
of C–H bonds in aliphatic hydrocarbons, while the peak near 2950 cm−1 is associated with C–H stretching in 
methyl (CH3) and methylene (CH2) groups. The presence of these peaks is indicative of the organic nature of the 
precursor material used in the synthesis of activated carbon and its derivatives. These C–H stretching vibrations 
are commonly observed in biomass-derived carbonaceous materials, such as activated carbon derived from 
natural sources59,60. Moreover, the existence of a peak observed at 1631 cm-1 may be associated with the bend-
ing vibrations of OH in adsorbed water molecules or the stretching of C=O in carboxylic acids61–63. Additional 
peaks observed at 2316 and 2044 cm-1 are assigned to the stretching vibrations of C=C and C=N, respectively64. 
While the peak at 1437 cm-1 was related to C–H bending vibrations, both symmetric and asymmetric65. Another 
sharp peak was also seen at 1036 cm-1, that was assigned to the stretching vibrations of the C–H out-of-plane66. 
Alternatively, FTIR spectra of magnesium ferrite supported on AC were demonstrated in Fig. 1(b–d). The figure 
two major bands at wavenumber centered at 576 and 427 cm−1. The wavenumbers associated with MgFe2O4 
were assigned to two frequency bands, ν1 and ν2, which corresponded to the tetrahedral and octahedral sites, 
respectively, within the spinel structure67. The intensity of both bands increased as the ferrite content increased, 
reaching its maximum value at MF65-AC.

X‑ray diffraction pattern (XRD)
XRD patterns were performed on unmodified and modified activated carbon as shown in Fig. 2. XRD patterns 
of activated carbon (Fig. 2e) typically reveals two broad peaks centered around 2θ equal to 25° and 48°, which 
is indicative of its amorphous nature32. As well as, Fig. 2(a–d) showed the XRD patterns of pure and modified 
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Figure 1.   FTIR spectra of (a) pure AC, (b) MF25-AC, (c) MF45-AC, (d) MF65-AC and (e) Pure MF.
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magnesium ferrites supported on AC. The figure displayed that sharp Bragg peaks at 2Ɵ equal 30.47°, 36.97°, 
37.08°, 43.09°, 53.09°, 55.78°, and 63.05°, that are related to crystal planes of cubic spinel structure (220), (311), 
(400), (420), (511), and (440), respectively68. The intensity of the peaks was enlarged with a growth in the con-
tents of magnesium ferrites, which reveals crystallinity improvement. To determine the lattice constant, one 
can employ methods like X-ray diffraction analysis, with subsequent application of Bragg’s Law (nλ = 2d220sinθ) 
to interpret diffraction patterns. In our study, the lattice constants (ao = 2d220/√3) were calculated for various 
samples: MF, MF25-AC, MF45-AC, and MF65-AC. The resulting values were found to be 5.5, 4.9, 5.2, and 5.4 
Å, respectively, showcasing subtle variations in the lattice constants among these materials. These values signify 
the interatomic spacing within the crystal lattice, providing insights into the structural characteristics of each 
sample. As well as, the crystallite sizes of unsupported MF, MF25-AC, MF45-AC and MF65-AC were calculated 
from Scherrer equations and were found to be 15.74, 7.14, 7.61 and 11.47 nm, respectively. The main reason for 
decreasing the value of crystallite size in supported samples contrasted to pure MF could be attributed to the 
role of ACs in the dispersion of ferrites nanoparticles on its their surface. Also, the crystallite size increased with 
growing the content of magnesium ferrites because of the accumulation of MF NPs on AC surface until reached 
a maximum value at MF65-AC. On the other hand, the dislocation density and lattice strain can be calculated 
from Eqs. (5) and (6) 69,70and displayed in Table 1.

Nitrogen sorption measurements
The porosity including pore size and surface area of as-synthesized materials were measured at a temperature 
of –196 °C through N2 sorption isotherms as a standard tool for characterization and displayed in Fig. 3. The 
isotherms for pure and modified activated carbon using several weight percentages of magnesium ferrites have a 
Type I isotherm, which reveals that pure and modified AC were essentially microporous according to the IUPAC 
classification. As well as, the figure showed that most of pore volumes of AC, MF25-AC, MF45-AC and MF65-
AC were filled below P/Po equal 0.1, proving that the prepared samples were highly microporous. The specific 
surface area (SBET) of pure AC derived from orange peels reached 2134 m2 g–1, while pure MF has a surface area of 

(5)dislocation density(δ) =

(

1

D2

)

(6)lattice strain(α) =

(

2π2

45 ∗ (3tanθ)1/2

)

β

Figure 2.   XRD patterns of pure and modified magnesium ferrites supported on activated carbon composites.

Table 1.   surface and textural properties of pure AC, pure MF, MF25-AC, MF45-Ac and MF65-AC.

Sample name
Lattice constant 
(ao, Å)

Crystallite size 
(nm) by XRD

Lattice strain 
(10–3)

Dislocation 
density (δ) ×1015 SBET (m2/g) Pore diameter (Å)

Crystallite size 
(nm) by TEM

Specific 
capacitance (F/g) 
at 1 A/G

Pure AC – – – – 2134 18.7 – 96

Pure MF 5.5 15.47 25.7 4.18 178 6.8 16.14 402

MF25-AC 4.9 7.14 57.9 19.61 1897 17.4 8.35 516

MF45-AC 5.2 7.61 53.1 17.27 1645 16.1 9.64 870

MF65-AC 5.4 11.47 34.9 7.61 1223 13.5 12.1 800
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178 m2 g –1, which is well fitted with the previously published literatures32,71. After modification with magnesium 
ferrites, the SBET (Table 1) was reduced from 1897 to 1645 to 1223 m2.g–1 for MF25-AC, MF45-AC and MF65-AC, 
respectively. The noted reduction in specific SBET can be ascribed to the accumulation of MF-NPs on surface and 
within the pores of the activated carbon (AC). This deposition, in turn, leads to a decrease in nitrogen adsorp-
tion and a consequent decline in the overall surface area35. Moreover, the pore size distribution curves of AC, 
MF25-AC, MF45-AC and MF65-AC was studied using the pore volumes in the measurement of N2 desorption 
isotherms72. All the prepared models have a narrow pore size distribution with pore diameter less than 20 Å as 
displayed in Fig. 4, that confirm the micropores existed in the pure and modified activated carbons. The average 
pore diameter (Dp) (Table 1) decreased with increasing the contents of magnesium ferrites which was found to 
be 18.7, 6.8, 17.4, 16.1 and 13.5 Å for AC, MF, MF25-AC, MF45-AC and MF65-AC, respectively. This decrease 
can be due to the deposition of MF NPs in the pores of activated carbons63.

TEM Images and particle distribution histogram
Figure 5 displayed the TEM images of AC, MF, MF25-AC, MF45-AC and MF65-AC. According to the TEM 
images, AC was appeared as a sheet like structure with obvious micropores observed on the surface of it (Fig. 5a). 
While, MgFe2O4 nanoparticles in Fig. 5b has a spherical nanoparticle like composition with a particle size ranged 
from 12.4 to 17.7 nm and there are some rods were detected in the TEM images. After adding magnesium ferrites 
to AC (Fig. 5c–e), the spherical and rods nanoparticles were found to be well dispersed on the surface of AC and 
with increase the contents of MF, the particles were accumulated on the surface that could block the pores of AC 
as shown in MF65-AC sample and these results were fitted with BET analysis. On the other hands, image J soft-
ware was used to investigate the average nanoparticle size of MF in pure MF and other supported MF samples 
were and exhibited in Fig. 5f–i. The average particle size histograms displayed that the average particle sizes of 
MgFe2O4 NPs (Table 1) were equaled to be 16.14, 8.35, 9.64, and 12.1 nm for pure MF, MF25-AC, MF45-AC, 
and MF65-AC, respectively. These findings were well matched with XRD results.

Figure 3.   N2 sorption isotherms of AC, MF, MF25-AC, MF45-AC and MF65-AC.

Figure 4.   curves depicting the distribution of pore sizes of AC, MF, MF25-AC, MF45-AC, MF65-AC and Pure 
MF.
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SEM images, energy dispersive spectroscopy (EDX) and EDX‑mapping analysis
The surface morphology was studied using SEM images, while EDX analysis was applied to study their chemi-
cal composition. Pure activated carbon (Fig. 6a) has a layer like structure with high porosity as was previously 
reported30. While, other supported AC displayed highly distributed spherical nanoparticles on the surface of AC 
which were further enlarged in size upon increasing their percentage content as were shown in Fig. 6b–d. These 
reveals that MgFe2O4 NPs were successfully homogenously supported on ACs with high dispersion character-
istics as was supported from the EDX mapping. Figure 6e displayed that magnesium and iron were randomly 
distributed in structure of the prepared composites. This good dispersion could responsible for the excellent elec-
trochemical performance that will be displayed later. Also, EDX analysis was displayed in Fig. 6f, which showed 
that only four peaks were observed in MF45-AC spectrum that were attributed to carbon, oxygen, magnesium 
and iron. These results reveal that MF45-AC was successfully prepared without contaminations.

Electrochemical performance
The electrolyte used for conducting cyclic voltammetry (CV) and galvanic charge–discharge measurements 
(GCD) encompassed three different media: a 2.0 M solution of sodium sulfate (Na2SO4) for neutral condi-
tions, sulfuric acid (H2SO4, 2.0 M) for acidic conditions, and potassium hydroxide (KOH, 2.0 M) for alkaline 
conditions. These electrolytes were selected based on their compatibility with the materials under investigation 
and their relevance to supercapacitor research, allowing for a comprehensive evaluation of the electrochemical 
performance across different pH environments. The electrochemical performances (CV) were examined at a 
scan rate of 20 mV/sec over the MF45-AC composite using these electrolytes, and the results are depicted in 
Fig. 7a. Comparing Na2SO4 solution to the other solutions, a greater electrochemical active region was discov-
ered. Therefore, Na2SO4 was chosen as the most appropriate electrolyte. As well as, GCD behavior of MF45-AC 

Figure 5.   TEM images of (a) pure AC, (b) pure MF, (c) MF25-AC, (d) MF45-AC and (e) MF65-AC; (f–i) 
particle size histogram of MF, MF25-AC, MF45-AC and MF65-AC.
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nanocomposite using different electrolytes (KOH, H2SO4, and Na2SO4) was investigated through galvanostatic 
charging and discharging (GCD) tests (Fig. 7b). demonstrated distorted triangular or quasi-triangular curves, 
indicative of the redox behavior of magnesium ferrite nanoparticles supported on activated carbon. The specific 
capacitance of MF45-AC was calculated from Eq. (2) and was found to be 292, 598 and 870 F g-1 at a current 
density of 1.0 A g-1 in KOH, H2SO4, and Na2SO4 solutions, respectively. The results of GCD curves were fitted with 
the CV data confirming that Na2SO4 (2.0 M) was the most suitable electrolyte in electrochemical measurements.

The cyclic voltammetry measurements of MF45-AC electrode were tested in a 2.0 M Na2SO4 electrolyte 
concentration at various scan rates ranging from 5.0 to 50.0 mV s-1 as shown in Fig. 8a. The figure displayed 
that there is an increase in current intensity with scanning rate, indicating good rate capability. Also, MF45-AC 
showed exceptional redox peaks at 0.091 and 0.238 V, that could responsible for the excellent electrochemical 
performance. This observation indicates the presence of significant Faradaic redox reaction effects, suggesting a 
considerable influence on the capacitance and pseudocapacitive properties of the electrode material. The Faradaic 

Figure 6.   (a–d) SEM images of AC, MF25-AC, MF45-AC and MF65-AC; (e) EDX-Maps of MF45-AC; and (f) 
EDX spectrum of MF45-AC.
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reactions contribute to the overall electrochemical behavior, showcasing the involvement of redox processes 
that can enhance the capacitive performance and pseudocapacitive characteristics of the MF45-AC composite. 
Alternatively, Fig. 8b displayed the GCD curves of MF45-AC at different current density ranged from 1.0 to 
3.0 A g-1 at the same potential windows. The quasi-triangular shape evident in all galvanostatic charge–discharge 
(GCD) curves further confirms the redox behavior of the prepared materials, consistent with the observations 
in cyclic voltammetry (CV) curves. The specific capacitance of MF45-AC was found to be 870, 790, 668, 585, 
and 396 F·g−1 at current densities of 1.0, 1.5, 2.0, 2.5, and 3.0 A·g−1, respectively. This characterization provides 
insights into the dynamic response and energy storage capabilities of the MF45-AC composite under various 
operational conditions. As well as, Fig. 8c illustrates the cyclic voltammetry (CV) curves of AC, MF, MF25-AC, 
MF45-AC, and MF65-AC at a scan rate of 20.0 mV/s. The CV curves of AC exhibit rectangular shapes within 

Figure 7.   (a) cyclic voltammetry (CV) and (b) galvanostatic charge–discharge (GCD) curves of MF45-AC in 
various electrolyte solutions (KOH, H2SO4, and Na2SO4).

Figure 8.   (a) CV curves at different scan rates and (b) GCD curves at different current density of MF45-AC, (c) 
CV curves of AC, MF, MF25-AC, MF45-AC, and MF65-AC at a scan rate of 20.0 mV/s, and (d) GCD curves of 
all prepared electrode at 1.0 A. g-1.
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a potential window of − 1.0 to 0 V, indicating their typical double electric layer behavior and ideal capacitive 
characteristics. In contrast, the CV curves of the other ferrite composites, namely MF, MF25-AC, MF45-AC, 
and MF65-AC, reveal faradaic-type capacitive behavior. This behavior arises from the oxidation or reduction 
processes of active materials occurring at the electrode interface, indicating the involvement of redox reactions in 
the electrochemical performance of these composite materials as shown in Fig. 8d. AC demonstrates triangular-
shaped GCD curves, which are characteristic of double electric layer behavior and ideal capacitive properties as 
confirmed by the CV curves. On the contrary, the ferrite samples display quasi-triangular-shaped galvanostatic 
charge–discharge (GCD) curves, a characteristic that signifies their redox behavior. This observation suggests 
the involvement of redox reactions in the charge storage mechanism of the ferrite samples, distinguishing them 
from the ideal capacitive behavior typically associated with double-layer capacitors. The specific capacitance was 
calculated using Eq. (2) and found to be 96 F·g-1 for AC, 402 F·g-1 for MF, 516 F·g-1 for MF25-AC, 870 F·g-1 for 
MF45-AC, and 800 F·g-1 for MF65-AC at a current density of 1.0 A·g-1. The specific capacitance increases within 
the composites and continues to rise with increasing magnesium ferrite content until reaching a maximum value 
at 45.0 wt.%. After this point, the specific capacitance starts to decrease again. This decrease can be attributed to 
the accumulation of ferrite nanoparticles on the surface of activated carbon, which obstructs the porous structure 
of AC and hinders the diffusion of ions from the electrolyte within the electrode materials.

To evaluate the electrode’s practical performance, CV analysis of the asymmetric MF45-AC electrode was con-
ducted within a potential window spanning from 0.0 to 0.5 V, employing various scan rates from 5.0 to 50.0 mV/s, 
as depicted in Fig. 9a. The shape of the CV curves for MF45-AC appears distorted and rectangular, indicating 
significant contributions from Faradaic redox reactions and pseudocapacitive properties. Additionally, the GCD 
curves of the asymmetric MF45-AC electrode were acquired under various current densities (1.0 to 3.0 A·g-1) 
and displayed in Fig. 9b. This analysis was crucial in assessing the electrode’s performance and energy storage 
capabilities at different operational conditions. The obtained GCD curves offer valuable information about the 
charge and discharge behavior, as well as the stability and efficiency of the asymmetric MF45-AC electrode under 
diverse current density regimes. The specific capacitances of MF45-AC were calculated at 1.0, 1.5, 2.0, 2.5, and 
3.0 A·g-1 using Eq. (2) and found to be 448, 381, 352, 325, and 276 F·g-1, respectively. The Ragone plot, depicting 
the relationship between energy density and power density, was generated for the asymmetric MF45-AC electrode 
based on the galvanostatic charge–discharge (GCD) curves obtained at different current densities, as illustrated 
in Fig. 9c. The maximum energy density of MF45-AC was identified at 15.56 W·h·kg−1 with a corresponding 
power density of 250 W·kg−1. This energy density value proves to be comparable to or even superior to those 
reported for other asymmetric devices, underscoring the favorable performance of the MF45-AC electrode in 

Figure 9.   (a) CV curves at various scan rates, (b) GCD curves at various current density, (c) Ragone plot of 
ASC MF45-ACelectrode, and (d) cyclic stability of AC, MF, MF25-AC, and MF45-AC electrodes.
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balancing energy storage and delivery in practical applications73–75. As well as, cycle stabilities of the pure AC, 
pure MgFe2O4, and MF45-AC electrodes at current density equal 3.0 A g−1 is presented in Fig. 9d. According to 
Fig. 9d, all the prepared samples showed an increase in the electrochemical performance in the first 500 cycle, 
which could be due to the activation process of the electrode. After 5000 cycles, the performance of the electrodes 
displays a decrease in specific capacitance until reached to 86.1, 378.4, and 826.5 F. g–1 in case of pure AC, pure 
MgFe2O4, and MF45-AC electrodes, respectively. According to these results, the capacitance retention of pure AC, 
pure MgFe2O4, and MF45-AC electrodes was founded to be 89.6%, 94.2%, and 95.1%, respectively. These results 
suggested that the prepared electrodes displayed excellent cycle stability even after 5000 cycles and MF45-AC 
has the highest electrochemical performance and cycle stability. The electrochemical performance of our recent 
study (MgFe2O4/activated carbon nanocomposites electrodes) is compared with others related supercapacitor 
electrodes published in the previous literatures and illustrated in Table 2. The results show that MF45-AC nano-
composite act as effective and promising supercapacitors in terms of electrochemical performance.

Conclusion
Activated carbon was successfully prepared from orange peels as agricultural wastes, then modified with different 
weight contents of magnesium ferrites (25, 45 and 65 wt.%) through simple solvothermal technique. The as-syn-
thesized composites were characterized by different characterization techniques, in which the surface area of AC 
was calculated from nitrogen adsorption isotherms and founded to be 2134 m2 g–1 and decreased with increasing 
the ferrites contents until reached to 1423 m2 g–1 at MF65-AC. Additionally, SEM and TEM images prove that 
the ferrites nanoparticles was exceptionally well dispersed on the surface of AC. The electrodes synthesized in 
their as-prepared state exhibited significant enhancements in electrochemical performance, demonstrating a 
notable improvement as the magnesium ferrite content increased in the MF45-AC composite. This observation 
underscores the positive impact of incorporating magnesium ferrites on the overall electrochemical properties 
of the composite electrode. This optimum compositional content showed highest Cs with value of 870.0 F g-1 at 
current density of 1.0 A, and exceptional retention with 95.1% of its initial specific capacitance even after 5000 
cycles. Also, it showed asymmetric specific capacitance equal to 448 F g–1 at current density of 1.0 A g-1 and 
the energy of this asymmetric electrode was reached to 15.56 W h kg-1 at power density 250 W kg-1. Increasing 
the content beyond the 45 wt.% up to 65 wt. % demolished the electrochemical performance due to excessive 
clogging of the pores of AC by ferrites nanoparticles as confirmed by TEM images as well as the pronounced 
decrease in the surface area. Our future research endeavors will focus on exploring alternative synthesis routes 
and modifying the composite formulations. Additionally, we aim to investigate the mechanistic aspects of the 
redox reactions, understanding the dynamics that contribute to the exceptional capacitance observed. By sys-
tematically investigating and optimizing these parameters, we anticipate advancing the design of magnesium 
ferrite-activated carbon composites for enhanced energy storage applications.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author upon 
request.

Received: 17 January 2024; Accepted: 19 February 2024

References
	 1.	 Li, Y.-L. et al. Hierarchical two-dimensional conductive metal–organic framework/layered double hydroxide nanoarray for a 

high-performance supercapacitor. Inorg. Chem. 57, 6202–6205 (2018).
	 2.	 Fang, Z. et al. Hybrid NiO–CuO mesoporous nanowire array with abundant oxygen vacancies and a hollow structure as a high-

performance asymmetric supercapacitor. J. Mater. Chem. A 6, 21131–21142 (2018).
	 3.	 Mahamad Yusoff, N. F., Idris, N. H. & Noerochim, L. Review on recent progress in Manganese‐based anode materials for sodium‐

ion batteries. Int. J. Energy Res. 46, 667–683 (2022).
	 4.	 Çelikbilek, Z., Can, S., Lökçü, E. & Anik, M. Effect of rGO loading on the electrochemical performance of Li22Si5/rGO composite 

anodes for lithium-ion batteries. Int. J. Energy Res. 46, 1137–1145 (2022).

Table 2.   electrochemical performance of different supercapacitor electrode materials based on activated 
carbon and metals oxides supported on different supports reported in previous works.

Active material Electrolyte Substrate Specific capacitance Capacitance retention [Ref]

Activated carbon derived from orange peel 1.0 m H2SO4 – 460.0 f g-1 98% 76

Activated carbon 0.1 m H2SO4 Glassy carbon 275.0 f g-1 – 77

Magnesium ferrite 3.0 m KOH Nickel foam 250.0 f g-1 – 78

Magnesium ferrite – – 190.0 f g-1 – 79

MgO2/activated carbon 1.0 m H2SO4 – 579.7 f g-1 – 80

MgO2/activated carbon paper 1.0 m Na2SO4 – 485.4 f g-1 85% 81

ZnFe2O4/activated carbon 3.0 m KOH Nickel foam 609.0 f g-1 91% 82

MnFe2O4/activated carbon PVA/KOH gel Nickel foam 420.0 f g-1 98% 83

MgFe2O4/activated carbon 2.0 Na2SO4 Graphite sheet 870.0 f g-1 95.1% our work



12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:8223  | https://doi.org/10.1038/s41598-024-54942-9

www.nature.com/scientificreports/

	 5.	 Nagaraj, G., Chinnaiah, K., Kannan, K. & Gurushankar, K. Nano-sized neem plant particles as an electrode for electrochemical 
storage applications. Ionics 28, 3787–3797 (2022).

	 6.	 Chinnaiah, K. et al. Electrical and electrochemical characteristics of Withania somnifera leaf extract incorporation sodium alginate 
polymer film for energy storage applications. J. Inorg. Organomet. Polym. Mater. 1–13 (2022).

	 7.	 Chinniah, K. et al. Electrochemical performance of plant trace element incorporated silver nanoparticles synthesis from Datura 
metel L. Indones. J. Biotechnol. 28, 94–101 (2023).

	 8.	 Chinnaiah, K., Kannan, K., Krishnamoorthy, R. & Gurushankar, K. Datura metel L. leaf extract mediated sodium alginate polymer 
membrane for supercapacitor and food packaging applications. Int. J. Biol. Macromol. 125112 (2023).

	 9.	 Wang, Q. et al. Preparation of MOFs derived nitrogen self-doped porous carbon and its electrochemical performance in mixed 
electrolytes. Appl. Surf. Sci. 500, 143936 (2020).

	10.	 Samuel, E. et al. Hierarchical zeolitic imidazolate framework-derived manganese-doped zinc oxide decorated carbon nanofiber 
electrodes for high performance flexible supercapacitors. Chem. Eng. J. 371, 657–665 (2019).

	11.	 Li, J. et al. Polydopamine-assisted NiMoO4 nanorods anchored on graphene as an electrode material for supercapacitor applica-
tions. J. Energy Storage 50, 104639 (2022).

	12.	 Chen, Y. et al. Tailoring defective vanadium pentoxide/reduced graphene oxide electrodes for all-vanadium-oxide asymmetric 
supercapacitors. Chem. Eng. J. 429, 132274 (2022).

	13.	 Liu, Y. et al. Hierarchical flaky porous carbon derived from waste polyimide film for high-performance aqueous supercapacitor 
electrodes. Int. J. Energy Res. 46, 370–382 (2022).

	14.	 González, A., Goikolea, E., Barrena, J. A. & Mysyk, R. Review on supercapacitors: Technologies and materials. Renew. Sustain. 
Energy Rev. 58, 1189–1206 (2016).

	15.	 Pan, H., Li, J. & Feng, Y. Carbon nanotubes for supercapacitor. Nanoscale Res. Lett. 5, 654–668 (2010).
	16.	 Salama, R. S., El-Sayed, E.-S.M., El-Bahy, S. M. & Awad, F. S. Silver nanoparticles supported on UiO-66 (Zr): As an efficient and 

recyclable heterogeneous catalyst and efficient adsorbent for removal of Indigo Carmine. Colloids Surf A Physicochem. Eng. Asp. 
626, 127089 (2021).

	17.	 El-Hakam, S. A. et al. Synthesis of sulfamic acid supported on Cr-MIL-101 as a heterogeneous acid catalyst and efficient adsorbent 
for methyl orange dye. RSC Adv. 8, 20517–20533 (2018).

	18.	 Salama, R. S., El-Hakama, S. A., Samraa, S. E., El-Dafrawya, S. M. & Ahmeda, A. I. Adsorption, equilibrium and kinetic studies 
on the removal of methyl orange dye from aqueous solution by using of copper metal organic framework (Cu-BDC). Int. J. Mod. 
Chem 10, 195–207 (2018).

	19.	 Chinnaiah, K., Kannan, K., Krishnamoorthi, R., Palko, N. & Gurushankar, K. Nanostructured Ag/NiO composites for supercapaci-
tor and antibacterial applications, and in-silico theoretical investigation. J. Phys. Chem. Solids 184, 111730 (2024).

	20.	 Chinnaiah, K. et al. Bioengineered Ag/NiO nanocomposites as advanced battery-supercapacitor electrodes for highly efficient 
symmetric hybrid devices. Ionics (Kiel). 1–17 (2023).

	21.	 Chinnaiah, K., Kannan, K., Sivaganesh, D. & Gurushankar, K. Electrochemical performance and charge density distribution analysis 
of ag/NiO nanocomposite synthesized from Withania somnifera leaf extract. Inorg. Chem. Commun. 141, 109580 (2022).

	22.	 Pradeeswari, K. et al. Study on the electrochemical performance of ZnO nanoparticles synthesized via non-aqueous sol-gel route 
for supercapacitor applications. Mater. Res. Express 6, 105525 (2019).

	23.	 Pang, S., Anderson, M. A. & Chapman, T. W. Novel electrode materials for thin-film ultracapacitors: comparison of electrochemical 
properties of sol-gel-derived and electrodeposited manganese dioxide. J. Electrochem. Soc. 147, 444 (2000).

	24.	 Kandalkar, S. G., Gunjakar, J. L. & Lokhande, C. D. Preparation of cobalt oxide thin films and its use in supercapacitor application. 
Appl. Surf. Sci. 254, 5540–5544 (2008).

	25.	 Meng, C., Liu, C., Chen, L., Hu, C. & Fan, S. Highly flexible and all-solid-state paperlike polymer supercapacitors. Nano Lett. 10, 
4025–4031 (2010).

	26.	 Saraf, M., Natarajan, K. & Mobin, S. M. Emerging robust heterostructure of MoS2–rGO for high-performance supercapacitors. 
ACS Appl. Mater. Interfaces 10, 16588–16595 (2018).

	27.	 Meng, Q., Cai, K., Chen, Y. & Chen, L. Research progress on conducting polymer based supercapacitor electrode materials. Nano 
Energy 36, 268–285 (2017).

	28.	 Gouda, M. S., Shehab, M., Helmy, S., Soliman, M. & Salama, R. S. Nickel and cobalt oxides supported on activated carbon derived 
from willow catkin for efficient supercapacitor electrode. J. Energy Storage 61, 106806 (2023).

	29.	 Rufford, T. E., Hulicova-Jurcakova, D., Zhu, Z. & Lu, G. Q. Nanoporous carbon electrode from waste coffee beans for high perfor-
mance supercapacitors. Electrochem. commun. 10, 1594–1597 (2008).

	30.	 Balathanigaimani, M. S. et al. Highly porous electrodes from novel corn grains-based activated carbons for electrical double layer 
capacitors. Electrochem. commun. 10, 868–871 (2008).

	31.	 Subramanian, V. et al. Supercapacitors from activated carbon derived from banana fibers. J. Phys. Chem. C 111, 7527–7531 (2007).
	32.	 Wang, K. et al. Promising biomass-based activated carbons derived from willow catkins for high performance supercapacitors. 

Electrochim. Acta 166, 1–11 (2015).
	33.	 Xie, L. et al. Hierarchical porous carbon microtubes derived from willow catkins for supercapacitor applications. J. Mater. Chem. 

A 4, 1637–1646 (2016).
	34.	 Yu, M., Li, J. & Wang, L. KOH-activated carbon aerogels derived from sodium carboxymethyl cellulose for high-performance 

supercapacitors and dye adsorption. Chem. Eng. J. 310, 300–306 (2017).
	35.	 Saleh, T. S., Badawi, A. K., Salama, R. S. & Mostafa, M. M. M. Design and development of novel composites containing nickel 

ferrites supported on activated carbon derived from agricultural wastes and its application in water remediation. Materials 16, 
2170 (2023).

	36.	 Godillot, G. et al. High power density aqueous hybrid supercapacitor combining activated carbon and highly conductive spinel 
cobalt oxide. J. Power Sources 331, 277–284 (2016).

	37.	 Shen, H. et al. A novel activated carbon for supercapacitors. Mater. Res. Bull. 47, 662–666 (2012).
	38.	 Abdelaziz, G. B. et al. Experimental study of activated carbon as a porous absorber in solar desalination with environmental, 

exergy, and economic analysis. Process Saf. Environ. Prot. 147, 1052–1065 (2021).
	39.	 Tian, W. et al. Bio-inspired beehive-like hierarchical nanoporous carbon derived from bamboo-based industrial by-product as a 

high performance supercapacitor electrode material. J. Mater. Chem. A 3, 5656–5664 (2015).
	40.	 Jayalakshmi, M. & Balasubramanian, K. Simple capacitors to supercapacitors-an overview. Int. J. Electrochem. Sci 3, 1196–1217 

(2008).
	41.	 Sinhamahapatra, S., Das, P., Dana, K. & Tripathi, H. S. Magnesium aluminate spinel: Structure, properties, synthesis and applica-

tions. Trans. Indian Ceram. Soc. 81, 97–120 (2022).
	42.	 Gautam, A. & Sharma, P. Ferrites: Properties, Synthesis & Applications. Prop. Synth. Appl. 1.
	43.	 Wangchhuk, J. & Meher, S. R. Structural, electronic and magnetic properties of inverse spinel NiFe2O4: DFT+ U investigation. 

Phys. Lett. A 443, 128202 (2022).
	44.	 Paunović, N. et al. Revealing plasmon-phonon interaction in nanocrystalline MgFe2O4 spinels by far-infrared reflection spec-

troscopy. Mater. Sci. Semicond. Process. 149, 106889 (2022).
	45.	 Hassan, S. et al. Structural, magnetic and electrochemical properties of Al-substituted Ni ferrites for energy storage devices. J. 

Energy Storage 55, 105320 (2022).



13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8223  | https://doi.org/10.1038/s41598-024-54942-9

www.nature.com/scientificreports/

	46.	 Mokhosi, S. R., Mdlalose, W., Nhlapo, A. & Singh, M. Advances in the synthesis and application of magnetic ferrite nanoparticles 
for cancer therapy. Pharmaceutics 14, 937 (2022).

	47.	 Wu, H. et al. Mechanism and application of surface-charged ferrite nanozyme-based biosensor toward colorimetric detection of 
L-cysteine. Langmuir 38, 8266–8279 (2022).

	48.	 Reghunath, B. S. et al. Fabrication of bismuth ferrite/graphitic carbon nitride/N-doped graphene quantum dots composite for 
high performance supercapacitors. J. Phys. Chem. Solids 171, 110985 (2022).

	49.	 Jarusheh, H. S., Yusuf, A., Banat, F., Haija, M. A. & Palmisano, G. Integrated photocatalytic technologies in water treatment using 
ferrites nanoparticles. J. Environ. Chem. Eng. 108204 (2022).

	50.	 Ur Rehman, A. et al. Impact of ZnO on structural and electrochemical properties of silver spinel ferrites for asymmetric superca-
pacitors. J. Electroanal. Chem. 931, 117206 (2023).

	51.	 Manohar, A., Vijayakanth, V., Vattikuti, S. V. P. & Kim, K. H. Electrochemical investigation on nickel-doped spinel magnesium 
ferrite nanoparticles for supercapacitor applications. Mater. Chem. Phys. 301, 127601 (2023).

	52.	 Kumar, A. et al. Transition-metal-substituted nanoporous manganese ferrites Mn0.95M0.05Fe2O4 (M: Co, Cu, and Zn) as electrode 
materials for high-performance supercapacitors in redox-active nonaqueous electrolytes. Energy Fuels 37, 6810–6823 (2023).

	53.	 Singh, G., Kumar, Y. & Husain, S. Nickel ferrite doped polyaniline composites: Synthesis and analysis for a high‐performance 
symmetric pseudo‐supercapacitor. Energy Storage e525 (2023).

	54.	 Raphael Ezeigwe, E. et al. MOF-deviated zinc-nickel-cobalt ZIF-67 electrode material for high-performance symmetrical coin-
shaped supercapacitors. J. Colloid Interface Sci. 574, 140–151 (2020).

	55.	 Ramadan, A., Anas, M., Ebrahim, S., Soliman, M. & Abou-Aly, A. Effect of Co-doped graphene quantum dots to polyaniline ratio 
on performance of supercapacitor. J. Mater. Sci. Mater. Electron. 31, 7247–7259 (2020).

	56.	 Fite, M. C., Wang, P.-J. & Imae, T. Symmetric and asymmetric supercapacitors of ITO glass and film electrodes consisting of carbon 
dot and magnetite. Batteries 9, 162 (2023).

	57.	 Khairy, M., Bayoumy, W. A., Qasim, K. F., El-Shereafy, E. & Mousa, M. A. Ternary V-doped Li4Ti5O12-polyaniline-graphene 
nanostructure with enhanced electrochemical capacitance performance. Mater. Sci. Eng. B 271, 115312 (2021).

	58.	 Qasim, K. F. & Mousa, M. A. Effect of oxidizer on PANI for producing BaTiO3@ PANI perovskite composites and their electrical 
and electrochemical properties. J. Inorg. Organomet. Polym. Mater. 1–13 (2022).

	59.	 Liu, Y. et al. Efficient adsorption of sulfamethazine onto modified activated carbon: A plausible adsorption mechanism. Sci. Rep. 
7, 12437 (2017).

	60.	 Baganizi, D. R., Nyairo, E., Duncan, S. A., Singh, S. R. & Dennis, V. A. Interleukin-10 conjugation to carboxylated PVP-coated 
silver nanoparticles for improved stability and therapeutic efficacy. Nanomaterials 7, 165 (2017).

	61.	 Ibrahim, A. A., Salama, R. S., El-Hakam, S. A., Khder, A. S. & Ahmed, A. I. Synthesis of sulfated zirconium supported MCM-41 
composite with high-rate adsorption of methylene blue and excellent heterogeneous catalyst. Colloids Surf. A Physicochem. Eng. 
Asp. 616, 126361 (2021).

	62.	 Bakry, A. M., Alamier, W. M., Salama, R. S., El-Shall, M. S. & Awad, F. S. Remediation of water containing phosphate using ceria 
nanoparticles decorated partially reduced graphene oxide (CeO2-PRGO) composite. Surf. Interfaces 31, 102006 (2022).

	63.	 El-Yazeed, W. S. A., El-Hakam, S. A., Salama, R. S., Ibrahim, A. A. & Ahmed, A. I. Ag-PMA supported on MCM-41: Surface acidity 
and catalytic activity. J. Sol-Gel Sci. Technol. 102, 387–399 (2022).

	64.	 Lu, Y. et al. Mesoporous activated carbon materials with ultrahigh mesopore volume and effective specific surface area for high 
performance supercapacitors. Carbon N. Y. 124, 64–71 (2017).

	65.	 Elmouwahidi, A. et al. Activated carbons from agricultural waste solvothermally doped with sulphur as electrodes for supercapaci-
tors. Chem. Eng. J. 334, 1835–1841 (2018).

	66.	 Sayğılı, H. & Güzel, F. High surface area mesoporous activated carbon from tomato processing solid waste by zinc chloride activa-
tion: process optimization, characterization and dyes adsorption. J. Clean. Prod. 113, 995–1004 (2016).

	67.	 Qin, H. et al. Spinel ferrites (MFe2O4): Synthesis, improvement and catalytic application in environment and energy field. Adv. 
Colloid Interface Sci. 294, 102486 (2021).

	68.	 Kadam, R. H., Alone, S. T., Bichile, G. K. & Jadhav, K. M. Measurement of atomic number and mass attenuation coefficient in 
magnesium ferrite. Pramana 68, 869–874 (2007).

	69.	 Murugesan, R., Sivakumar, S., Karthik, K., Anandan, P. & Haris, M. Structural, optical and magnetic behaviors of Fe/Mn-doped 
and co-doped CdS thin films prepared by spray pyrolysis method. Appl. Phys. A 125, 1–13 (2019).

	70.	 Karthik, K., Pushpa, S., Naik, M. M. & Vinuth, M. Influence of Sn and Mn on structural, optical and magnetic properties of spray 
pyrolysed CdS thin films. Mater. Res. Innov. (2019).

	71.	 Konno, K., Ohba, Y., Onoe, K. & Yamaguchi, T. Preparation of activated carbon having the structure derived from biomass by 
alkali activation with NaOH, and its application for electric double-layer capacitor. Tanso 2008, 2–7 (2008).

	72.	 Ibrahim, A. A., Salama, R. S., El-Hakam, S. A., Khder, A. S. & Ahmed, A. I. Synthesis of 12-tungestophosphoric acid supported 
on Zr/MCM-41 composite with excellent heterogeneous catalyst and promising adsorbent of methylene blue. Colloids Surf A 
Physicochem. Eng. Asp. 631, 127753 (2021).

	73.	 Xuan, H. et al. Preparation of biomass-activated porous carbons derived from torreya grandis shell for high-performance super-
capacitor. J. Solid State Electrochem. 21, 2241–2249 (2017).

	74.	 Gogotsi, Y. & Simon, P. True performance metrics in electrochemical energy storage. Science 334, 917–918 (2011).
	75.	 Wen, Z. et al. Crumpled nitrogen-doped graphene nanosheets with ultrahigh pore volume for high-performance supercapacitor. 

Adv. Mater. 24, 5610–5616 (2012).
	76.	 Subramani, K., Sudhan, N., Karnan, M. & Sathish, M. Orange peel derived activated carbon for fabrication of high-energy and 

high-rate supercapacitors. ChemistrySelect 2, 11384–11392 (2017).
	77.	 Dhelipan, M., Arunchander, A., Sahu, A. K. & Kalpana, D. Activated carbon from orange peels as supercapacitor electrode and 

catalyst support for oxygen reduction reaction in proton exchange membrane fuel cell. J. Saudi Chem. Soc. 21, 487–494 (2017).
	78.	 Malaie, K., Ganjali, M. R., Alizadeh, T. & Norouzi, P. Hydrothermal growth of magnesium ferrite rose nanoflowers on Nickel foam; 

application in high-performance asymmetric supercapacitors. J. Mater. Sci. Mater. Electron. 29, 650–657 (2018).
	79.	 Palani, H., Gopalakrishnan, T. & Rastogi, A. Structural and electrochemical characterization of MgFe2O4 as electrode for aqueous 

supercapacitors. in AIP Conference Proceedings vol. 2995 (AIP Publishing, 2024).
	80.	 Xue, C.-F. et al. High-rate electrochimcal supercapacitor with attractive energy density assembling from infused-undaria-pinnat-

ifida-based activated carbon. J. Energy Storage 80, 110362 (2024).
	81.	 Qiu, Y. et al. Electrodeposition of manganese dioxide film on activated carbon paper and its application in supercapacitors with 

high rate capability. Rsc Adv. 4, 64187–64192 (2014).
	82.	 Mandal, M. et al. Facile synthesis of new hybrid electrode material based on activated carbon/multiwalled carbon nanotubes@ 

ZnFe2O4 for supercapacitor applications. Inorg. Chem. Commun. 123, 108332 (2021).
	83.	 Ahmed, F. et al. Fabrication of high-performance asymmetric supercapacitors using rice husk-activated carbon and MnFe2O4 

nanostructures. Nanomaterials 13, 1870 (2023).



14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:8223  | https://doi.org/10.1038/s41598-024-54942-9

www.nature.com/scientificreports/

Acknowledgements
The researchers wish to extend their sincere gratitude to the Deanship of Scientific Research at the Islamic Uni-
versity of Madinah for the support provided to the Post-Publishing Program (2).

Author contributions
Reda. S. Salama: Project administration, Supervision and Resources, Validation and Writing—Review & Editing, 
formal analysis, funding; Mostafa S. Gouda: Formal analysis, Data Curation, Software, Visualization; Mohamed 
F. Aly Aboud: Formal analysis, Data Curation, Software, Writing—Review & Editing, funding; Fares T. Al-shorifi: 
Formal analysis, Data Curation, Software, Writing—Review & Editing; A. A. El-Hallag.: Writing first draft, 
Formal analysis, Data Curation, Software, methodology; Ahmad K. Badawi: Conceptualization, Methodology, 
Investigation, funding.

Funding
The researchers wish to extend their sincere gratitude to the Deanship of Scientific Research at the Islamic Uni-
versity of Madinah for the support provided to the Post-Publishing Program (2).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.S., M.F.A.A. or F.T.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024, corrected publication 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Synthesis and characterization of magnesium ferrite-activated carbon composites derived from orange peels for enhanced supercapacitor performance
	Materials and methods
	Materials
	Synthesis of the activated carbon
	Synthesis of the magnesium ferrites and magnesium ferrites @ AC
	Characterization techniques
	Electrochemical measurements

	Results and discussion
	FTIR Spectra
	X-ray diffraction pattern (XRD)
	Nitrogen sorption measurements
	TEM Images and particle distribution histogram
	SEM images, energy dispersive spectroscopy (EDX) and EDX-mapping analysis
	Electrochemical performance

	Conclusion
	References
	Acknowledgements


