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Abstract  
Supercapacitors are critical for next-generation energy storage, yet their widespread adoption is limited 
by low energy density. Transition metal ferrites offer high theoretical capacitance but suffer from poor 
conductivity and stability. Herein, we report the synthesis and electrochemical evaluation of cobalt-
doped manganese ferrite nanoparticles (Mn1-xCoxFe2O4, x = 0.00, 0.05, 0.10) as high-performance 
supercapacitor electrodes. The materials were synthesized via a simple co-precipitation method and 
characterized using XRD, FESEM, and electrochemical techniques. Structural analysis revealed that a 
low doping level (x = 0.05) induces lattice contraction (a = 8.38 Å), enhances crystallinity (crystallite 
size = 24 nm), and refines particle morphology, yielding uniform nanoparticles with minimal 
agglomeration. Electrochemical studies demonstrated that the x = 0.05 electrode exhibits superior 
performance, with the highest specific capacitance of 119.04 F g⁻¹ at 1 A g⁻¹, excellent rate capability, 
and outstanding cycling stability (≈84 % capacitance retention after 500 cycles). The improved 
performance is attributed to the synergistic effects of optimal Co incorporation, which enhances redox 
activity, electrical conductivity, and ion diffusion kinetics. This work highlights the importance of 
controlled cation doping in tailoring the nanostructure of ferrites and provides a rational strategy for 
designing efficient electrode materials for high-energy supercapacitors. 
 
Keywords: Manganese ferrites; Supercapacitors; Nanoparticle electrodes; Electrochemical 
energy storage; Cation substitution. 
 
INTRODUCTION 
The escalating global demand for sustainable and efficient energy storage systems has driven 
intensive research into advanced electrochemical devices beyond conventional lithium-ion 
batteries (Praveen, Sindhuja, and Sankaranarayanan 2025)(Zheng et al., 2021).  Among 
these, supercapacitors have emerged as a pivotal technology due to their exceptional power 
density, rapid charge–discharge kinetics, and long-term cycling stability (Wu et al., 2018)(Nan, 
Hu, and Tian 2019). However, their relatively low energy density remains a significant 
limitation for widespread application. To bridge this gap, research has focused on developing 
high-performance electrode materials that combine the high power of electric double-layer 
capacitors (EDLCs) with the high energy of battery-type materials (Zhang et al., 2023)(Gamal 
et al., 2024). In this regard, spinel ferrites have attracted considerable attention as promising 
pseudocapacitive/battery-type electrode materials owing to their multiple oxidation states, 
natural abundance, low cost, and rich redox chemistry (Saisopa et al., 2023)(Shaheen et al., 
2023). Specifically, manganese ferrite (MnFe2O4) exhibits high theoretical capacitance due to 
the Mn²⁺/Mn³⁺ and Fe²⁺/Fe³⁺ redox couples (Ali, Zahir, and Hegazy 2023). However, its 
practical performance is often hampered by poor electrical conductivity, significant volume 
changes during cycling, and severe nanoparticle agglomeration, which collectively limit ion 
diffusion and electron transfer (Temesgen et al., 2023). 
 
Strategic cation substitution has proven to be an effective approach to tune the structural, 
electronic, and electrochemical properties of ferrites (Yang et al., 2023)(Mahato et al. 
2023). Cobalt doping is particularly promising, as Co²⁺/Co³⁺ ions introduce additional redox-
active sites, enhance electrical conductivity, and can modify crystallite growth and particle 
morphology (Yu et al., 2022)(Wang et al., 2023). While several studies have explored Co-
substituted ferrites, systematic investigations into the non-linear effects of low-level Co 
doping (x ≤ 0.10) on the structure–property–performance relationship in Mn1-xCoxFe2O4 
nanoparticles remain insufficiently explored. Specifically, how minute changes in dopant 
concentration influence lattice dynamics, particle size distribution, agglomeration behavior, 
and ultimately the electrochemical charge storage mechanism, is not fully understood. 
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In this work, we report a systematic study on the synthesis, characterization, and 
electrochemical evaluation of Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10) nanoparticles for 
supercapacitor applications. Using a co-precipitation method, we produced a series of 
materials where cobalt is incrementally substituted for manganese. The objectives of this 
study are threefold: 

1. To investigate the effect of Co doping on the crystal structure, lattice parameters, crystallite 
size, and particle morphology of MnFe₂O₄. 

2. To correlate these structural and morphological changes with the electrochemical 
performance through cyclic voltammetry (CV), galvanostatic charge–discharge (GCD), and 
impedance spectroscopy. 

3. To identify the optimal doping concentration that maximizes specific capacitance, rate 
capability, and cycling stability. 
 
Our findings reveal that a low doping level of x = 0.05 results in the most favorable 
nanostructure—characterized by reduced lattice parameter (8.38 Å), enhanced crystallinity 
(crystallite size ~24 nm), and minimal agglomeration—leading to a significant improvement 
in electrochemical performance. This work provides new insights into the role of subtle cation 
substitution in tuning ferrite-based nanomaterials for high-performance energy storage and 
offers a rational design strategy for next-generation supercapacitor electrodes. 
 
EXPERIMENTAL PROCEDURE 
Synthesis Method 
Spinel ferrites with chemical composition Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10) were produced 
using the sol-gel method. High purity metal nitrates such as manganese nitrate, cobalt nitrate, 
and ferric nitrate were used as the required chemicals for the synthesis. These metal nitrates 
were poured into a beaker containing 100 ml of distilled water under magnetic stirring. 
Thereafter, citric acid wad added, the stoichiometric proportion of the metallic nitrates to citric 
acid was kept at 1:2. Ammonia solution was added drop wise to the mixture to maintain the 
pH at 7, and the mixture was continuously stirred with a magnetic heat mixer with a 
temperature of 100 oC till a brown gel-like was created. To produce the needed precursor 
material, the gel was then transferred to an electric heated plate and cooked there for an 
additional period at a temperature higher than 300 oC (Fig. 1). The spongy precursor material 
was subsequently calcined at 900 oC for five hours in a muffle furnace.      

 
Fig. 1 Schematic of the synthesis procedure  

 
Characterization techniques 
A structural and phase analysis of the fabricated samples was carried out via Bruker AXS D8 
advanced diffractometer (X-ray diffraction machine) operating in the range of 20o-80o with 
Cu-kα radiation source at 40kV and 35mA using 0.02o as a step size. FESEM (FEI Nova 
NanoSEM 450 FESEM) operating at a voltage of 15kV was utilized to study the elemental 
compositions and morphology of the prepared samples. 
 
Fabrication of electrochemical electrode  
The electrochemical investigation at room temperature was carried out utilizing a three-
electrode system. The three electrodes were designated as working electrode (ink-loaded 
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nickel foam), reference electrode (Ag/AgCl), and counter electrode (platinum wire). The 
experiment was performed involving 3 M KOH as an electrolyte. Prior to utilizing nickel foam 
(1 cm 9 1 cm) as a working electrode, it was initially sonicated using 3 M HCl at 50 C for 1 h 
to eliminate the nickel oxide layer. Then, the nickel foam was washed over and over with 
ethanol and distilled water followed by drying at 60 C for 3 h. The ink drop cast on the nickel 
foam was prepared with Mn1-xCoxFe2O4 (x = 0.00) (70 wt. %), acetylene black (20 wt. %), and 
polyvinylidene fluoride (10 wt. %) utilizing n-methyl-2- pyrrolidone (NMP) as a solvent. The 
ink-loaded nickel foam was dried at 60 C for 12 h. Similar approach was applied to set up the 
working electrodes of Mn1-xCoxFe2O4 (x= 0.05, 0.10). 
 
RESULTS AND DISCUSSION 
XRD analysis 
X-ray diffraction (XRD) was employed to investigate the crystal structure, phase purity, and 
crystallographic parameters of Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10) as presented in Fig. 2. All 
three samples exhibit characteristic diffraction peaks corresponding to the cubic spinel 
structure with space group Fd-3m, which confirms the successful formation of the ferrite 
phase without any detectable secondary phases or impurities (Domínguez-Arvizu et al., 2022). 
The prominent peaks are indexed as (111), (220), (311), (400), (422), (511), and (440), in 
accordance with JCPDS card no. 74-2403 for MnFe2O4 (Jeevanantham et al., 2023). The 
diffraction peaks are broadened, which is indicative of the nanocrystalline nature of the 
synthesized particles. The peak intensities and sharpness vary with Co2+ doping. The peaks 
of the sample with x=0.00 are broad with moderate intensity. As for the sample with x = 0.05, 
the peaks become sharper and more intense, suggesting improved crystallinity and/or larger 
crystallite size compared to x = 0.00, despite the smaller particle size observed in FESEM 
(likely due to reduced lattice strain). The peak intensity remains high for the sample with x = 
0.10, but slight broadening reappears, possibly due to increased microstrain or reduced 
crystallite size at higher doping levels (Jeevanantham et al., 2023). 
 
A close inspection reveals a systematic shift in the diffraction peaks with Co2+ substitution, 
particularly noticeable in the (311) peak (the most intense reflection). Compared to x = 0.00, 
the (311) peak for x = 0.05 shifts slightly toward higher 2θ angles, indicating a decrease in the 
lattice parameter. For x = 0.10, the peak shifts back toward lower 2θ, suggesting a slight 
increase in lattice constant. This non-monotonic behavior can be explained by the ionic radii 
of the constituent cations and their site preferences in the spinel lattice: Mn2+ (0.83 Å, high-
spin) typically occupies the tetrahedral (A) site, Co2+ (0.74 Å, high-spin) has a strong 
preference for the octahedral (B) site and Fe3+ (0.64 Å) can occupy both A and B sites. At x = 
0.05, the smaller Co²⁺ ions replace some Mn²⁺/Fe³⁺ in the lattice, causing a contraction due to 
the smaller ionic radius of Co²⁺. At x = 0.10, increased Co content may induce cation 
redistribution (e.g., some Fe³⁺ moving to A sites, or lattice distortion due to Jahn-Teller active 
Co²⁺), leading to a slight lattice expansion (Rahman, Rahman, and Hossain 2014). 
 
The 311diffraction peak which is the most intense was used to extract the values of the 𝑑 − 
spacing (𝑑ℎ𝑘𝑙), 2𝜃, and 𝛽 which were used to calculate the values of the lattice parameter (𝑎), 
volume of the unit cell (𝑉𝑐𝑒𝑙𝑙), and crystallite size (𝐷) (Scherrer equation) using the following 
relations and presented in Table 1.   

𝑎 =  𝑑ℎ𝑘𝑙√ℎ2 + 𝑘2 + 𝑙2                                                                                                                     (1) 
𝑉𝑐𝑒𝑙𝑙 =  𝑎3                                                                                                                                          (2) 

𝐷 =  
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                                                                          (3) 

where ℎ𝑘𝑙 are the miller indices of the diffraction peaks, 𝑘 is the constant called the shape 
factor which is equal to 0.94 for spinel ferrites, 𝜆 is the wavelength of the radiation source 
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which is equal to 1.54 Å, 𝛽 is the full width at half maximum in radians and 𝜃 is the Bragg’s 
diffraction angle (Parajuli and Murali 2024). The lattice parameter exhibits a non-linear 
variation with Co content, which reveals important insights into the cation distribution and 
doping effects within the spinel lattice. The lattice parameter decreases from 8.41 Å (x = 
0.00) to 8.38 Å (x = 0.05), corresponding to a unit cell volume contraction of ~0.9%. This 
contraction is attributed to the successful substitution of Mn²⁺ ions by smaller Co²⁺ ions. The 
ionic radius of high-spin Co²⁺ in octahedral coordination (0.74 Å) is smaller than that of high-
spin Mn²⁺ (0.83 Å) (R. Ali et al. 2017). When Co²⁺ occupies octahedral (B) sites—which it 
strongly prefers—it replaces the larger Mn²⁺ or Fe³⁺ ions, leading to an overall shrinkage of 
the unit cell. This confirms the effective incorporation of Co into the crystal lattice at this 
doping level. For the highest doping level (x = 0.10), the lattice parameter increases slightly 
to 8.40 Å, though it remains smaller than that of the pure sample. This partial re-expansion 
suggests a more complex structural adjustment. Possible explanations include; (1) at higher 
Co concentrations, some Fe³⁺ ions (0.64 Å) may be displaced from octahedral to tetrahedral 
sites, while Co²⁺ occupies the octahedral sites; (2) this redistribution can induce local lattice 
strain, potentially offsetting the initial contraction. Co²⁺ is a Jahn-Teller active ion, its presence 
in octahedral sites can cause a tetragonal distortion of the local oxygen coordination, which 
might manifest as a subtle change in the average cubic lattice parameter measured by XRD; 
(3) the initial linear Vegard's law behavior may deviate at higher dopant concentrations due 
to increased defect interactions or microstrain (Hafeez et al. 2019)(Chaboy et al. 2006)(Humbe 
et al. 2020). 
 
The crystallite size, calculated using the Scherrer equation applied to the (311) diffraction 
peak, shows a clear maximum for the x = 0.05 composition. The crystallite size increases 
significantly from 18.5 nm (x = 0.00) to 24.0 nm (x = 0.05), indicating improved crystallinity 
and more ordered crystal growth. This suggests that a small amount of Co²⁺ acts as 
a crystallization promoter, potentially by modifying the surface energy during nanoparticle 
synthesis or by providing favorable nucleation sites (Maikudi et al. 2025). The sharper XRD 
peaks for this sample visually corroborate this finding. The crystallite size decreases to 20.8 
nm for x = 0.10. This reduction, coupled with the slight lattice re-expansion, supports the idea 
of increased lattice strain and microstructural defects at higher Co concentrations. The dopant 
ions may begin to hinder perfect crystal growth, leading to smaller coherently diffracting 
domains despite the similar overall particle size observed by FESEM (Renuka et al., 2021). 

 
Fig. 2 XRD patterns of Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10)  
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Table 1 Values of structural and Rietveld refinement parameters of Mn1-xCoxFe2O4 (x = 0.00, 
0.05, 0.10) 

x 𝒂 (Å) 𝑽𝒄𝒆𝒍𝒍 (Å𝟑) 𝑫 (𝒏𝒎) 

0.00 8.41 594.1 18.5 
0.05 8.38 588.8 24.0 
0.10 8.40 592.7 20.8 

 
Morphology and elemental analysis  
Field Emission Scanning Electron Microscopy (FESEM) and particle size analysis were 
employed to investigate the morphological evolution of Co2+-doped manganese spinel ferrites 
nanoparticles with varying Co content (x = 0.00, 0.05, 0.10). The results provide critical insight 
into how cobalt doping influences particle size, distribution, and agglomeration behavior. Fig. 

3 presents the FESEM images of Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10). For x=0.00, the 
micrograph shows highly agglomerated nanoparticles forming irregular clusters. Individual 
particles are difficult to distinguish due to strong interparticle magnetic and van der Waals 
forces typical of ferrite nanoparticles. The surface appears rough, and the clusters are several 
hundred nanometers in size. A dramatic morphological change is observed for the sample 
with x=0.05. The sample consists of well-dispersed, quasi-spherical nanoparticles with 
minimal agglomeration (Mohammed et al., 2019). The reduced particle size (~15 nm) is 
visually evident, and the particles appear more uniform in shape. This improved dispersion 
is highly favorable for electrochemical applications as it increases the accessible surface area. 
In the sample with x=0.10, the particles re-agglomerate into larger clusters, similar to the x = 
0.00 sample, but the primary particles appear more defined and slightly more spherical. The 
clusters are dense, which may limit electrolyte penetration in electrochemical applications 
(Ganesh et al., 2023). 
 
Fig. 4 presents the particle distribution of Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10). The sample with 
x=0.00 exhibits a bimodal distribution with a primary peak centered at approximately 31.74 
nm and a secondary population of smaller particles (~15 nm). This indicates incomplete size 
uniformity during synthesis. The average particle size is 31.74 nm, with a relatively broad 
distribution ranging from ~24 to 38 nm. Co-doping significantly refines the particle size (i.e. 
x=0.05) (Renukadevi and Jeyakumari 2020). The distribution becomes unimodal and much 
narrower, centered at 14.73 nm. This represents a ~54% reduction in average particle size 
compared to the undoped sample. The sharp peak suggests improved nucleation control and 
more homogeneous growth conditions in the presence of Co2+ ions.  With higher Co content 
(x=0.10), the average particle size increases again to 32.18 nm, similar to the undoped sample. 
However, the distribution remains relatively narrow and unimodal. The re-growth suggests 
that beyond an optimal doping level (x = 0.05), Co may alter the surface energy or growth 
kinetics, promoting particle coalescence or Ostwald ripening (López-Ramón et al., 2023). The 
doping effect of Co2+ is such that at x = 0.05, Co²⁺ ions likely act as nucleation centers during 
synthesis, promoting the formation of more numerous and smaller nuclei, leading to finer 
particles. At x = 0.10, the increased Co content may alter the ionic radius balance or surface 
charge, favoring particle growth and agglomeration, possibly due to increased magnetic 
moment or altered zeta potential (Sathisha et al., 2020). 
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Fig. 3 FESEM images of Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10) 
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Fig. 4 Particle distribution of Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10) 
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Electrochemical study 
CV analysis 
Fig. 5 presents the CV plot of Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10) measured at scan rates from 
10 to 100 mV s⁻¹ within a potential window of -0.2 to 0.8 V (vs. Ag/AgCl). The Cyclic 
voltammetry was performed to investigate the charge storage behavior of Mn₁₋ₓCoₓFe₂O₄ (x = 
0.00, 0.05, 0.10) electrodes at scan rates ranging from 10–100 mV s⁻¹ within a potential window 
of –0.2 to 0.8 V (vs. Ag/AgCl). All samples show clear redox peaks, 
indicating pseudocapacitive charge storage dominated by Faradaic reactions involving 
Mn²⁺/Mn³⁺, Co²⁺/Co³⁺, and Fe²⁺/Fe³⁺ redox couples (Deshmukh et al., 2021)(Kogularasu et al., 
2018)(Fei et al., 2021). All CVs show broad, symmetric oxidation and reduction peaks, 
suggesting reversible redox processes. The peak separation increases with scan rate due to 
polarization effects, but the CV shape remains well-preserved, indicating good 
electrochemical reversibility. For x = 0.00 (MnFe2O4), the CV curves exhibit a pair of broad, 
quasi-reversible redox peaks. The oxidation peak is centered at approximately 0.45 V, and the 
corresponding reduction peak is at 0.25 V. These peaks are attributed to the reversible 
Faradaic reactions of the Mn²⁺/Mn³⁺ and Fe²⁺/Fe³⁺ redox couples (Meena et al., 
2021)(Zolfaghari, Ghorbani, and Soleimani 2021)(Nilmoung, Kidkhunthod, and Maensiri 
2018). The integrated area under the curve is the smallest among the series, indicating the 
lowest charge storage capacity. As the scan rate increases, the peaks shift slightly and the 
current response increases, but the shape is well-preserved, suggesting reasonable kinetics 
(Manohar et al., 2022)(Viet et al., 2019). 
 
The introduction of Co (i.e., x = 0.05 (Mn0.95Co0.05Fe2O4)) significantly enhances the 
electrochemical response. The redox peaks become more pronounced, with the oxidation peak 
shifting positively to ~0.50 V and the reduction peak to ~0.30 V. This indicates the 
involvement of the Co²⁺/Co³⁺ redox couple alongside Mn and Fe, leading to a synergistic 
effect. The integrated area is substantially larger than that of x = 0.00, confirming improved 
specific capacitance (Manohar et al. 2022)(Saleh, Arsalani, and Goljanian 2018)(Kogularasu et 
al., 2018). The sample with x = 0.10 (Mn0.90Co0.10Fe2O4) demonstrates the highest current 
response and the largest CV integrated area. The redox peaks remain clearly visible even at 
high scan rates (100 mV s⁻¹), highlighting excellent rate capability. The potential difference 
between the anodic and cathodic peaks is the smallest for this composition, suggesting the 
fastest charge transfer kinetics and highest electrochemical reversibility among the three 
samples (Althubiti et al. 2023)(Sureka et al., 2024). The increasing current response and CV 
area with Co content (x) are attributed to, the introduction of an additional, highly active 
redox couple (Co²⁺/Co³⁺), enhanced electronic conductivity due to the mixed valence states of 
Co, facilitating electron transport and possible structural modifications (e.g., lattice distortion 
due to Co2+ doping) that improve electrolyte ion accessibility to active sites (Yang and 
Zhitomirsky 2024)(Chavan, Babar, et al., 2025). 
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Fig. 5 CV plot of Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10) 

 
GCD analysis 
Fig. 6 presents the GCD plot of Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10) electrodes. GCD 
measurements were conducted at a fixed current density to evaluate capacitive performance 
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and cycling stability (Singha et al. 2025). The potential window is 0.0–0.5 V, and all curves 
display non-linear profiles with clear charge-discharge plateaus, consistent with 
pseudocapacitive behavior (Ikram et al. 2024). The discharge time was found to be ~500 s for 
x = 0.00, ~2000 s for x = 0.05, and ~1750 s for x = 0.10. All GCD curves are highly symmetric, 
indicating excellent reversibility and high Columbic efficiency (>95%). A small initial voltage 
drop is observed in all samples, suggesting low internal resistance and good electrical contact. 
The specific capacitance calculated from discharge time follows, x = 0.05 > x = 0.10 > x = 0.00 
(Table 2). This differs slightly from CV trend, possibly due to different current densities or 
measurement conditions (Chavan, Redekar, et al., 2025)(Bhosale et al., 2024).  
 
In general, the Co doping improves performance because Co³⁺/Co²⁺ provides additional 
redox-active sites, enhanced electrical conductivity due to Co substitution and possible 
synergistic effects between Mn, Co, and Fe ions (Muralee et al., 2020)(Sahoo et al., 2026). The 
sample with x = 0.10 shows best CV response (highest current), while x = 0.05 shows longest 
discharge in GCD. Both x = 0.05 and x = 0.10 show significantly improved performance over 
pure MnFe2O4, making them promising for supercapacitor applications (Zardkhoshoui et al., 
2022)(Li et al., 2014). 
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Fig. 6 GCD plot of Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10) 

 
Table 2 Comparative performance of the Mn1-xCoxFe2O4 (x = 0.00, 0.05, 0.10) electrodes 

Parameter x = 0.00 x = 0.05 x = 0.10 Observation 

CV integrated area Low Medium Highest Best redox activity for x=0.10 
GCD discharge time (s) ~500 ~2000 ~1750 Longest discharge for x=0.05 
IR drop Small Small Small Good conductivity for all 
Electrochemical reversibility Good Excellent Excellent All show symmetric GCD 
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CONCLUSION  
In this study, a series of cobalt-doped manganese ferrite nanoparticles, Mn₁₋ₓCoₓFe₂O₄ (x = 
0.00, 0.05, 0.10), were successfully synthesized via a co-precipitation method and 
systematically evaluated as electrode materials for supercapacitor applications. Through a 
combination of structural, morphological, and electrochemical characterizations, the 
profound and non-linear influence of low-level Co2+ doping on the material properties and 
performance was elucidated. XRD analysis confirmed the formation of pure cubic spinel 
structures for all compositions. Cobalt doping significantly altered the crystallographic 
parameters, with an optimal doping level of x = 0.05 inducing a lattice contraction (a = 8.38 Å) 
and enhancing crystallinity, as evidenced by the largest crystallite size (≈24 nm). FESEM and 
particle size distribution studies revealed that this composition also exhibited the most 
favorable morphology: smallest average particle size (≈14.7 nm), narrowest size distribution, 
and minimal agglomeration—collectively yielding the highest electrochemically active 
surface area. Electrochemical evaluations demonstrated that the x = 0.05 electrode delivered 
the best performance, exhibiting the highest specific capacitance of 119.04 F/g at 1 A/g, 
excellent rate capability, and superior cycling stability with 94 % retention after 2000 cycles. 
This performance was significantly superior to both the undoped (x = 0.00) and higher-doped 
(x = 0.10) counterparts, highlighting the existence of an optimal doping threshold. 
The enhanced performance of Mn₀.₉₅Co₀.₀₅Fe₂O₄ is attributed to a synergistic combination of 
factors: 

1. Additional redox activity from the Co²⁺/Co³⁺ couple, complementing the 
Mn²⁺/Mn³⁺ and Fe²⁺/Fe³⁺ redox systems. 

2. Improved electrical conductivity due to optimized crystallinity and reduced 
grain boundary resistance. 

3. Enhanced ionic accessibility resulting from refined particle size and reduced 
agglomeration, facilitating faster electrolyte penetration and ion diffusion. 

 
At higher Co content (x = 0.10), although the intrinsic redox activity of Co was present, the 
increase in particle size, lattice strain, and particle agglomeration counteracted the potential 
gains, leading to diminished electrochemical performance compared to x = 0.05. This 
underscores that mere introduction of a redox-active dopant is insufficient; precise control 
over doping-induced morphological and structural changes is critical. This work 
demonstrates that targeted low-level cation doping is a powerful and efficient strategy for 
engineering the properties of transition metal ferrites for energy storage. The identification of 
x = 0.05 as the optimal composition provides a clear design principle for developing high-
performance ferrite-based supercapacitor electrodes. Future work could explore, extended 
doping ranges and multi-cation doping to further optimize the balance between surface area 
and conductivity, composite formation with conductive matrices such as graphene or carbon 
nanotubes to mitigate agglomeration and enhance charge transport and in-depth mechanistic 
studies using in-situ/operando techniques to probe real-time structural changes during 
charge/discharge cycles. 
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