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ABSTRACT 

Cobalt-doped praseodymium oxide (Pr1-xCoxO3) perovskite was successfully synthesized via the sol-gel method 

for enhanced electrochemical performance as supercapacitor electrodes. The doping strategy enabled precise control over 

the nanostructure, achieving an average particle size of approximately 20.65 nm with spherical, agglomerated morphology, 

as revealed by scanning electron microscopy. Energy-dispersive X-ray spectroscopy confirmed a uniform elemental 

distribution throughout the material. Brunauer–Emmett–Teller analysis showed a notable increase in surface area to 9.297 

m2/g and a decreased pore volume of 0.062 cc/g compared to undoped Pr oxide, facilitating improved electrolyte diffusion 

and charge transport. Fourier-transform infrared spectrum exhibited characteristic metal–oxygen vibrational bands at 

1554.82, 1410.10, and 657.96 cm-1, confirming the perovskite structure. X-ray photoelectron spectroscopy further validated 

the chemical states, identifying Pr3+ peaks at 933.84 and 944.04 eV, oxygen vacancies via O 1s peaks at 528.6 and 531.2 eV, 

and mixed Co2+ /Co3+  oxidation states through Co 2p peaks at ~780.1 and ~795.3 eV with satellite features. Electrochemical 

studies revealed a significant enhancement in specific capacitance, with the Co-doped material achieving 599 F/g at 3 A/g, 

substantially higher than the 270 F/g obtained for the undoped sample at 1 A/g. Furthermore, the electrode exhibited a high 

energy density of 27.5 Wh/kg and a power density of 4.9 kW/kg. These results demonstrate that cobalt incorporation 

effectively enhances charge storage capabilities, establishing Pr1-xCoxO3 perovskite as a highly promising candidate for next-

generation supercapacitor applications. 

Keywords: Cobalt-doped praseodymium oxide; Sol-gel; Cyclic voltammetry; Electrochemical impedance spectroscopy; 

Energy storage materials. 

1. INTRODUCTION

The growing demand for efficient and 

sustainable energy storage systems has spurred 

significant interest in developing advanced materials for 

supercapacitors and batteries. Supercapacitors are well-

regarded for their high power density, rapid charge-

discharge cycles, and long-term cycling stability (Naeem 
et al. 2023a; Pardeshi et al. 2024; Ejaz et al. 2024; Saha 

et al. 2024; Olabi et al. 2022). However, their relatively 

low energy density limits their broader application. In 

contrast, lithium-ion batteries offer high energy density 

but are hindered by slower charge rates and limited cycle 

life. To bridge this performance gap, recent efforts have 

focused on hybrid materials that integrate the advantages 

of both technologies, enabling enhanced power and 

energy densities for future generation storage systems 

(Yadlapalli et al. 2022; Lakshmi and Vedhanarayanan, 

2023; Naeem, 2024a; Naeem et al. 2023b). 

Among the various electrode materials 

investigated, transition metal oxides, particularly cobalt 

oxide (Co3O4), have attracted attention due to their high 

theoretical capacitance, favorable redox behavior, and 

moderate electrical conductivity. Nonetheless, cobalt 

oxide suffers from drawbacks such as poor cycling 

stability, low intrinsic conductivity, and limited charge 

storage efficiency, which challenge its practical 

deployment in supercapacitor devices (Naeem et al. 

2024b; Jiang et al. 2024; Wei et al. 2024; Xu et al. 2024; 

Gao et al. 2025). To address these issues, doping 

strategies using rare-earth elements have emerged as a 

viable route to tune the physicochemical and 

electrochemical properties of metal oxides. Rare-earth 

doping can introduce oxygen vacancies, enhance 

electronic conductivity, and modulate the local electronic 

structure, thereby improving overall electrochemical 

performance (Tian et al. 2024; Alenad et al. 2023; 

Althubiti et al. 2023; Seliem et al. 2024a; Aman et al. 

2023). 

https://crossmark.crossref.org/dialog?doi=10.13074/jent.2025.09.2521579&domain=pdf&date_stamp=2025-09-30
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In this context, cobalt, a transition metal with 

notable redox activity, serves as an effective dopant in 

praseodymium-based oxides. Praseodymium, a rare-

earth element, acts as the parent material, offering a 

stable oxide framework with unique electronic and 

structural properties. The incorporation of cobalt into the 

Pr-based lattice introduces additional oxygen vacancies, 

enhances electronic conductivity, and facilitates ion 

diffusion, thereby improving the redox performance and 

cycling stability of the material. (Gao and Wang, 2024; 

Lakal et al. 2022; Lokhande et al. 2024). While 

perovskite oxides such as lanthanum cobalt oxide 

(LaCoO₃) (Moorthi et al. 2024) and cerium-doped Co₃O₄ 

(Ali et al. 2020) have been extensively studied, less 

attention has been paid to cobalt doping into rare-earth-

based oxides such as praseodymium oxide In particular, 

the structural and electrochemical behavior of cobalt-

doped praseodymium perovskites (Pr₁₋ₓCoₓO₃) remains 

largely unexplored. This study addresses that gap by 

systematically evaluating the structural and 

electrochemical properties of cobalt-doped 

praseodymium oxide, thereby introducing a novel and 

underexplored material system for supercapacitor 

applications. 

Fig. 1: Synthesis process of pure praseodymium oxide 

Perovskite materials are known for their high 

ionic and electronic conductivity, structural robustness, 

and flexible compositional tunability via A- and B-site 

substitutions. These characteristics enable them to 

support rapid charge transfer and diffusion kinetics, 

critical for high-performance supercapacitors (Naeem, 

2024c; Naeem et al. 2023c). By carefully selecting a 

substitution level of x = 0.2, the composition Pr1-xCoxO3 

was optimized to enhance redox activity without 

compromising structural stability. Excessive cobalt 

content could lead to phase segregation and reduced 

conductivity, whereas insufficient doping may not yield 

significant performance improvements. Literature 

reports suggest that ~20% substitution achieves a 

favorable balance between electrochemical activity and 

structural integrity. 

In this work, a novel Pr1-xCoxO3 perovskite was 

synthesized via a sol-gel route, enabling precise control 

over crystallinity, particle size and elemental dispersion. 

Compared to conventional hydrothermal or solid-state 

methods, the sol-gel process ensures improved material 

homogeneity and electrochemical performance.  

This study presents the first comprehensive 

evaluation of cobalt-doped praseodymium oxide 

(Pr1-xCoxO3) perovskites for supercapacitor applications. 

The novelty lies in the strategic use of cobalt substitution 

in a praseodymium-based perovskite matrix, an area 

previously underexplored in the context of energy 

storage.  

2. MATERIALS AND METHODS

2.1 Synthesis of Pure Praseodymium Oxide 
(Pr6O11) 

To synthesize pure praseodymium oxide 

(Pr6O11), 6.48 g of praseodymium nitrate hexahydrate 

(Pr(NO3)3·6H2O) was dissolved in 40 mL of deionized 

water under constant stirring to form a homogeneous 

solution. Then, 3 g of citric acid (as a complexing agent) 

and 5 mL of polyethylene glycol (PEG, as a polymerizing 

and structure-directing agent) were added to the solution. 

The mixture was heated at 80–90℃ to promote 

evaporation, leading to the formation of a viscous sol, 

which gradually transitioned into a gel. The obtained gel 

was dried at 120℃ for 2 hours in a hot air oven to 

eliminate residual moisture. The dried product was then 

ground into a fine powder and calcined at 800℃ for 3 

hours in air with a heating rate of 5℃/min to ensure 

complete crystallization. After cooling to room 

temperature, the calcined material was reground to obtain 

pure praseodymium oxide powder (Fig. 1). 

Fig. 2: Synthesis process of cobalt-doped praseodymium 
oxide 



A. Cathirin Preethi et al. / J. Environ. Nanotechnol., Vol. 14(3), 415-428 (2025) 

417 

2.2 Synthesis of Cobalt-doped Praseodymium 
Oxide  

For the preparation of cobalt-doped 

praseodymium oxide, 1.46 g of cobalt nitrate 

hexahydrate (Co(NO3)2·6H2O) was dissolved in 10 mL 

of deionized water and stirred to form a uniform cobalt 

solution. Separately, 8.78 g of praseodymium nitrate 

hexahydrate (Pr(NO3)3·6H2O) was dissolved in 20 mL of 

deionized water to prepare the praseodymium solution. 

The praseodymium solution was then slowly added to the 

cobalt solution with continuous stirring to ensure a well-

mixed precursor solution. Subsequently, 3 g of citric acid 

and 5 mL of PEG were added to the mixture. The solution 

was heated at 80–90℃ to evaporate the water content, 

resulting in a thick sol that eventually formed a gel. The 

gel was then dried at 120℃ for 2 hours to remove any 

remaining water. 

The dried gel was calcined at 800℃ for 3 hours 

in an air atmosphere using a ramp rate of 5℃/min to 

ensure uniform phase development and crystallinity. The 

cooled product was then ground to obtain fine Pr1-

xCoxO3 powder. The final product is a homogeneous Pr1-

xCoxO3 perovskite material (Fig. 2), which was 

characterized by X-ray diffraction (XRD) to analyze its 

crystalline phase, scanning electron microscopy (SEM) 

for morphology, and energy-dispersive X-ray 

spectroscopy (EDX) and XPS to verify the dopant 

distribution and elemental composition.  

3. RESULTS AND DISCUSSION

3.1 X-ray Diffraction 

Fig. 3: XRD patterns of pure praseodymium oxide and Cobalt 
doped praseodymium oxide 

The XRD patterns of the samples were 

examined using a Powder X-Ray Diffractometer (X' Pert 

Pro - PAnalytic). Fig. 3 compares the crystalline 

structures of Pr6O11 and PrCoO3, highlighting the 

difference in their phase composition and crystallinity. 

The diffraction peaks correspond to different 

crystallographic planes, indexed with Miller indices. 

Pr6O11 exhibits a cubic structure, space group Fm3m 

(225) (JCPDS Card 00-042-1121) (Matović et al. 2013), 

while PrCoO3 adopts a cubic perovskite structure, space 

group Pm-3m (221) (JCPDS CARD- 01-075-0280). The 

variation in peak intensity and positions between these 

two materials indicates distinct crystallographic 

arrangements, suggesting differences in lattice 

parameters and atomic positioning. The ionic radii of Pr³⁺ 

and Co3+ play a crucial role in stabilizing these structures. 

Praseodymium in Pr6O11 exists in mixed oxidation states 

(Pr3+/Pr4+), leading to oxygen vacancy formation, which 

affects the material's electrical and catalytic properties. 

On the other hand, in PrCoO3, cobalt exists in a low-spin 

Co3+ state, with praseodymium acting as a stabilizing A-

site cation, influencing the overall lattice distortion due 

to ionic size mismatch. The ionic radius of Pr3+ (~1.13 Å) 

is relatively larger than that of Co3+ (~0.545 Å), 

significantly impacting the bond angles and bond lengths 

within the perovskite framework (Naeem et al. 2023d). 

The calculated crystallite sizes of Pr6O11 (27.28 

nm) and PrCoO3 (20.65 nm), obtained using the Debye-

Scherrer formula, highlight their structural differences. 

The formula used is: 

      𝐷 = 𝑘𝜆/𝛽𝑐𝑜𝑠𝜃 … (1)

 where 

D is the crystallite size, 

K is the shape factor (typically 0.9), 

λ is the X-ray wavelength (1.5406 Å for Cu Kα 

radiation),  

β is the full width at half maximum (FWHM) of 

the diffraction peak (in radians), and  

θ is the Bragg angle. 

The larger crystallite size of Pr₆O₁₁ suggests 

better crystallinity with fewer grain boundaries, 

enhancing its thermal and electrical stability, making it 

ideal for solid oxide fuel cells (SOFCs) and oxygen 

transport membranes. The smaller crystallite size of 

PrCoO3 increases surface area, which is beneficial for 

catalytic applications like oxygen reduction and 

oxidation reactions. This variation in crystallite size, 

along with ionic radii and oxidation states, directly 

impacts their functional properties, making them suitable 

for energy and electronic applications (Zeshan et al. 

2024; Zahra et al. 2024a). 
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Table 1. Measured crystallite size from XRD analysis and comparison of XRD spectra with standard JCPDS cards 

Sample Phase Identified Crystallite Size (nm) 

Major Peak 

Positions (2θ, 

Degrees) 

Crystal 

Structure 

JCPDS Card 

Number 

Pure Pr 

(Pr6O11) 

Praseodymium 

Oxide (Pr6O11) 
27.28 nm 

28.5°, 33.2°, 

47.5°, 56.3° 

Cubic 

(Fm3m) 
00-042-1121 

Pr1-xCoxO3 

(where x = 

0.2) 

Cobalt doped 

Praseodymium 

Oxide (PrCoO3) 

20.65 nm 
23.6°, 32.4°, 

46.8°, 58.7° 

Cubic 

Perovskite 

(Pm-3m) 

01-075-0280 

3.2 Scanning Electron Microscopy 

Fig. 4: (a) Morphological analysis of pure praseodymium oxide, (b) cobalt-doped praseodymium oxide 

The SEM images were recorded on a SEM 

instrument with EDX (TESCAN OXFORD VEGA-3, 

INCA). They reveal the morphological differences 

between pure praseodymium oxide (Fig. 4a) and cobalt-

doped praseodymium oxide (Fig.  4b) samples at varying 

magnifications. The pure Pr6O11 sample displays fine, 

irregularly shaped particles with relatively smaller sizes, 

indicating a compact and dense morphology. These 

particles are slightly uniform in shape, suggesting that the 

crystallization process produces irregular structures with 

fine granularity. The Cobalt doped praseodymium oxide, 

shows significantly larger spherical particles that are 

agglomerated compared to the pure Pr6O11 sample.  

The role of ionic radii is key to understanding 

these changes. Praseodymium ion (Pr3+) has a 

significantly larger ionic radius (~1.13 Å in eight-fold 

coordination) compared to cobalt (Co³⁺, ~0.545 Å in six-

fold coordination) (De et al. 2024). When Co is 

introduced into the Pr lattice, it alters the lattice 

parameters, inducing structural distortions that affect 

particle growth and agglomeration behavior. The larger 

Pr ions modify the crystallization dynamics, potentially 

leading to the formation of oxygen vacancies and 

changes in the electronic structure, which can enhance 

the material’s electrochemical properties (Mahato et al. 

2023; Manzoor et al. 2023). The observed change in 

morphology, characterized by larger, spherical, and more 

agglomerated particles, suggests that co doping promotes 

enhanced particle growth and aggregation. Pure Pr6O11 

particles exhibit a small size range of approximately 28 

nm, with an irregular and fine-grained morphology. In 

contrast, cobalt-doped praseodymium oxide particles are 

significantly larger (~78 nm), forming spherical and 

agglomerated structures that enhance surface area and 

charge transport. 

Table 2. Morphology analysis of particles 

Sample 
Particle 

Size (nm) 
Shape Observation 

Pure 

praseodym-
ium oxide 

Small 
(~28nm) 

Irregular, fine-
grained 

Compact and dense 

morphology with 

slightly uniform 
structures. 

Cobalt-

doped 

praseodym-
ium oxide 

Larger 
(~78 nm) 

Spherical, 
agglomerated 

Co doping promotes 

particle growth and 

aggregation, 

enhancing surface 
area and charge 

transport. 

These modifications can improve critical 

characteristics such as surface area, conductivity, and 

porosity, which are essential for applications in energy 

b)a) 
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storage devices like supercapacitors. Therefore, the 

observed differences in particle size and shape between 

the pure- and Co-doped praseodymium oxide samples 

highlight the potential of Co doping to optimize 

crystallization behavior, ultimately improving 

electrochemical performance and catalytic activity for 

energy storage applications.  

3.3 EDX Analysis of Pr oxide and Co-doped Pr 
oxide 

 Fig. 5(a): EDX for pure praseodymium nanoparticles 

Fig. 5(b): EDX of cobalt doped praseodymium oxide 
nanoparticles 

The Energy Dispersive X-ray Spectroscopy 

analysis of the pure and Co-doped praseodymium oxide 

samples reveals distinct compositional differences and 

elemental distributions. The EDX spectrum for pure 

Pr6O11 (Fig. 5a) shows characteristic peaks 

corresponding to praseodymium (Pr), oxygen (O), carbon 

(C), and trace amounts of copper (Cu), with atomic 

percentages of 7% Pr-L, 34% O-K, and 59% C-K. The 

prominent Pr peaks at various energy levels indicate the 

successful synthesis of the praseodymium-based 

material, while the oxygen content suggests the 

formation of oxide phases. In comparison, the cobalt- 

doped praseodymium oxide sample (Fig. 5b) exhibits 

additional peaks corresponding to cobalt (Co), with a 

modified elemental distribution showing 3% Pr-L, 33% 

O-K, 63% C-K, and 1% Co-K. The appearance of Co 

peaks and their relative intensities confirms the 

successful incorporation of cobalt into the praseodymium 

matrix. Both spectra share similar peak positions for Pr, 

indicating that the basic crystal structure is maintained 

after Co doping, but with notable changes in peak 

intensities reflecting the modified elemental 

composition. The high carbon content in both samples 

likely originates from the carbon substrate used for EDX 

analysis or the carbon-based components in the synthesis 

process (Zahra et al. 2024b; Hussain et al. 2024a). The 

presence of trace Cu peaks in both spectra might be 

attributed to the sample holder or instrumental 

background. The consistent oxygen content around 33-

34% in both samples suggests similar oxidation states 

and oxygen coordination environments. The relatively 

low atomic percentage of Co in the doped sample aligns 

with the intended dopant concentration, demonstrating 

precise control over the material's composition during 

synthesis. These compositional characteristics play a 

crucial role in determining the electrochemical properties 

and performance of these materials in supercapacitor 

applications. 

Table 3. Elemental composition from EDX analysis 

Element 

Pure Pr6O11 

(% Atomic 

composition) 

Cobalt-doped 

praseodymium 

oxide (%Atomic 

composition) 

Pr (Praseodymium) 7% 3% 

Co (Cobalt) 0% 1% 

O (Oxygen) 34% 33% 

C (Carbon) 59% 63% 

3.4 Fourier Transmission Infrared Spectroscopy 

Fourier-transform infrared spectrum was 

recorded in Bruker Alpha spectrophotometer in 4000– 

400 cm−1 frequency region. 

The provided FTIR spectra illustrate the 

vibrational analysis of Pr6O11 and Pr1-xCoxO3 (Fig. 6), 

showing their characteristic absorption peaks. The broad 

absorption bands around 3433.94        cm-1 and 3429.51 

cm-1 in both samples correspond to the stretching 

vibrations of O-H groups, indicating moisture or 

hydroxyl groups. The peaks observed around 2961–2928 

cm-1 are attributed to C-H stretching vibrations, likely 

due to residual organic compounds from synthesis. In 
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Pr6O11, the peaks at 1549.39 cm-1 and 1466.85 cm-1 

correspond to stretching vibrations of metal-oxygen 

bonds, while the fingerprint region below 1100 cm⁻¹ 

exhibits characteristic metal-oxygen vibrations, 

particularly at 1077.30 cm-1, 845.34 cm-1, and 672.47 cm-

1. In Pr1-xCoxO3 (where x = 0.2), strong absorption bands

at 1554.82 cm-1 and 1410.10 cm-1 also confirm the 

presence of metal-oxygen interactions. The peaks at 

1085.74 cm-1, 841.69 cm-1, and 657.96 cm-1 suggest Co-

O and Pr-O vibrational modes, confirming the perovskite 

structure. Comparing both spectra, Pr1-xCoxO3 exhibits 

better-resolved vibrational peaks in the low-wavenumber 

region, particularly in the metal-oxygen stretching 

region, making it superior for vibrational analysis. The 

sharper and more distinct peaks in Pr1-xCoxO3 indicate 

well-defined bonding structures, making it more suitable 

for precise structural characterization (BaQais et al. 

2023). 

Fig. 6: FTIR analysis of pure Pr6O11 and cobalt-doped 
praseodymium oxide 

3.5. BET Analysis 

Brunauer-Emmett-Teller (BET) analysis was 

recorded in BELSORP-maxII (BELSORP series) model 

and Microtrac BEL Corp: BELCONTROL software. The 

nitrogen adsorption–desorption isotherms reveal (Fig.7a 

and 7b) that pure praseodymium oxide exhibits 

mesoporous characteristics with a higher adsorbed 

volume, while cobalt-doped praseodymium oxide 

demonstrates a more uniform and well-developed porous 

structure. Interestingly, the specific surface area of 

cobalt-doped praseodymium oxide (9.297 m2/g) is higher 

than that of the pure form (5.198 m2/g), indicating that 

cobalt doping significantly alters the textural properties. 

This increase in surface area is attributed to structural 

rearrangements and the generation of oxygen vacancies 

caused by the incorporation of Co3+ ions, which also lead 

to lattice distortion (BaQais et al. 2023). These effects 

enhance ion diffusion, redox activity, and electrical 

conductivity. Additionally, the smaller crystallite size and 

reversible Co3+/ Co2+ redox reactions contribute to 

improved charge storage, making cobalt-doped 

praseodymium oxide a more efficient material.     

The pore volume of pure praseodymium oxide 

was measured at 0.122 cc/g, while that of cobalt-doped 

praseodymium oxide decreased to 0.062 cc/g (Fig. 8). 

This further confirms the structural modifications 

induced by doping. The pore size distribution analysis 

revealed that pure praseodymium oxide has a broader 

distribution with a peak at 800 nm, while cobalt-doped 

praseodymium oxide shows a sharper distribution with 

dominant pores below 50 nm, facilitating enhanced ion 

diffusion.     

Fig. 7: BET analysis of (a) pure praseodymium oxide and (b) cobalt-doped praseodymium oxide 

(a) (b) 
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Fig. 8: Pore volume for pure Pr oxide and Co-doped Pr oxide 

Fig. 9(a): XPS analysis of Pr 

A well-balanced pore structure, as analyzed by 

BET, is essential for efficient charge storage in 

supercapacitors, as it enables rapid ion transport and 

minimizes resistance (Gouadria et al. 2025). The 

observed modifications in surface area and porosity 

suggest that cobalt doping can tune the electrochemical 

properties of praseodymium oxide, potentially enhancing 

its energy storage capabilities by improving charge 

transfer kinetics and ion accessibility. 

3.6 XPS 

The X-ray photoelectron spectroscopy analysis 

provides detailed insights into the elemental states and 

chemical environments of praseodymium oxide before 

and after cobalt doping. The Pr 3d spectrum shows (Fig. 

9a) two prominent peaks at 933.84 eV (Pr 3d5/2) and 

944.04 eV (Pr 3d3/2), which correspond to the spin-orbit 

doublet of Pr in the +3 oxidation state. These sharp and 

symmetric peaks indicate the presence of a stable 

praseodymium oxide phase with well-defined electronic 

structure and crystallinity. 

Fig. 9(b): XPS analysis of oxygen 

The O 1s region (Fig.  9b) offers further 

confirmation of cobalt doping effects. In the spectrum, 

two distinct peaks are observed: OI (~528.5 eV), 

associated with lattice oxygen (O2-), and OII (~531.5 eV), 

attributed to surface-adsorbed oxygen species or oxygen 

vacancies. A clear distinction is visible between pure 

praseodymium oxide (black line) and cobalt-doped 

praseodymium oxide, where the latter exhibits 

significantly higher intensity in the OII peak. This 

increase suggests a greater concentration of oxygen 

vacancies and surface defects induced by cobalt 

incorporation, which enhances the material’s redox 

reactivity and surface chemistry.  

Fig. 9(c): XPS analysis of Cobalt 

The Co 2p spectrum (Fig. 9c) confirms the 

successful doping of cobalt into the praseodymium oxide 
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matrix. It displays two main peaks at approximately 780 

eV (Co 2p₃/₂) and 795 eV (Co 2p₁/₂), along with well-

defined satellite peaks around 786 eV and 802 eV. These 

satellite features are characteristic of high-spin Co2+ and 

Co3+ states, indicating a mixed-valence environment 

typical of cobalt in oxide lattices such as CoO or Co3O4

(Alenad et al. 2023; Alshammari et al. 2024). The 

satellite structures result from shake-up transitions, 

affirming the presence of cobalt in a chemically active 

state. Cobalt doping introduces significant modifications 

to the praseodymium oxide structure. It leads to the 

formation of oxygen vacancies, alters the electronic 

environment, and enables potential Pr–O–Co interactions 

within the lattice. These changes contribute to enhanced 

electronic conductivity, increased surface reactivity, and 

improved electrochemical properties, making the doped 

material more suitable for energy storage or catalytic 

applications. 

(a) (b) 

Fig. 10: (a) CV analysis of pure praseodymium oxide (b) cobalt-doped praseodymium oxide 

3.7 Cyclic Voltammetry 

The cyclic voltammetry (CV) analysis 

comparing pure praseodymium oxide (Fig. 10a) and 

cobalt-doped praseodymium oxide (Fig. 10b) samples 

reveals significant insights into their electrochemical 

performance for supercapacitor applications. Both 

samples were tested across various scan rates from 10 

mV/s to 200 mV/s, showing distinct electrochemical 

behaviors. The pure praseodymium oxide sample 

exhibits quasi-rectangular CV curves with current 

responses ranging from -0.00003 to 0.00003 A within a 

potential window of -1.5 to 1.5 V, demonstrating typical 

double-layer capacitive behavior with some 

pseudocapacitive characteristics. In comparison, the 

cobalt-doped praseodymium oxide sample shows notably 

enhanced performance with higher current responses 

(approximately ±0.00004 A) and a wider potential 

window (-2.0 to 2.0 V vs Ag/AgCl), indicating improved 

charge storage capability. The specific capacitance, 

which can be calculated from the integrated area of the 

CV curves, appears significantly higher for the cobalt-

doped praseodymium oxide sample due to its larger 

enclosed area. The CV curves of PrCoO3 exhibit greater 

stability and consistency at higher scan rates, reflecting 

improved rate capability and quicker ion diffusion inside 

the electrode material.  

The cobalt doping has effectively enhanced the 

electrochemical properties, as evidenced by the 

pronounced redox peaks and better curve symmetry in 

the cobalt-doped praseodymium oxide sample. These 

characteristics are particularly advantageous for 

supercapacitor applications, as they indicate improved 

energy storage capacity, better rate capability, and 

enhanced charge-discharge reversibility. The quasi-

rectangular shape with distinct redox peaks suggests a 

beneficial combination of double-layer capacitance and 

pseudocapacitive effects, while the maintained symmetry 

across scan rates indicates excellent reversibility of the 

charge storage process (Kashif et al. 2024a). Overall, 

these results strongly support the positive impact of 

cobalt doping on the electrochemical performance of 

praseodymium, making it a promising material for high-

performance supercapacitor applications. 

The galvanostatic charge-discharge (GCD) 

curves presented for pure praseodymium oxide and 

cobalt-doped praseodymium oxide (Fig. 11) illustrate the 

electrochemical performance of these materials for 

supercapacitor applications. In the case of pure 

praseodymium oxide, the charge-discharge times are 

relatively short, with discharge durations of 

approximately 70 seconds at 1 V, 80 seconds at 2 V, and 

90 seconds at 3 V, indicating a limited energy storage 

capacity. The calculated specific capacitance values for 

pure praseodymium oxide are around 175 F/g at 1 V, 190 

F/g at 2 V, and 210 F/g at 3 V, suggesting moderate 

capacitive behavior but suboptimal charge retention. This 

could be attributed to low electrical conductivity and a 

lack of redox-active sites, which limits charge storage 

efficiency. Cobalt-doped praseodymium oxide exhibits 
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significantly extended charge-discharge durations, 

demonstrating a remarkable improvement in 

supercapacitive performance. The discharge times for the 

doped material reach approximately 400 seconds at 1 V, 

450 seconds at 2 V, and over 600 seconds at 3 V, which 

directly correlates with an enhanced charge storage 

capacity. The corresponding specific capacitance values 

increase significantly to approximately 270 F/g at 1 V, 

386 F/g at 2 V, and 599 F/g at 3 V, indicating a substantial 

improvement compared to pure praseodymium oxide. 

This enhancement can be attributed to the presence of 

cobalt, which likely increases electrical conductivity, 

provides additional redox-active sites, and improves ion 

diffusion kinetics, ultimately leading to superior charge 

retention and higher capacitance (Czagany et al. 2024; 

Jadhav et al. 2023; Xu et al. 2021). 

Table 4. Comparison studies of previous works 

Material Synthesis Method 

Specific 

Capacitance 

(F/g) 

Scan Rate 

(mV/s) 

Energy Density 

(Wh/kg) 

Power Density 

(kW/kg) 

Ag-doped Co3O4 Chemical Synthesis 470 5 25.2 4.3 

Mn-doped Co3O4 Hydrothermal 380 10 17.4 3.1 

Ni-Co Layered 

Double hydroxide 
Electrodeposition 450 5 22.1 3.9 

Fe-doped Co3O4 Solvothermal 420 10 20.5 3.4 

Cobalt Manganese 

oxide 
Solid-State 375 5 16.8 3.0 

MoS2/ 

Co3O4Composite 
Hydrothermal 460 10 24.0 4.1 

LaCoO3 Nanoflakes Hydrothermal 410 10 19.8 3.2 

Ce-doped 

Co3O4Nanoflakes 
Hydrothermal 350 10 15.6 3.0 

CoFe2O4/Graphene/ 

Polyaniline 
Sol-Gel 495 10 26.0 4.5 

Cobalt-doped 

praseodymium oxide 

(Present Work) 

Sol-Gel 599 10 27.5 4.9 

Fig. 11: GCD studies of pure praseodymium oxide and cobalt-doped praseodymium oxide 

3.8 Galvanostatic Charge Discharge

The comparison between the two materials 

clearly demonstrates that cobalt doping significantly 

enhances the electrochemical performance of 

praseodymium oxide, making it a much more effective 

electrode material for high-performance supercapacitors. 

The prolonged discharge times, higher capacitance, and 

improved charge retention suggest that cobalt-doped 

praseodymium oxide could be a promising candidate for 

next-generation energy storage devices. 
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Fig. 12: Specific capacitance calculation 

Fig. 13: EIS analysis of pure Pr oxide and Co-doped Pr oxide 

The comparison between pure praseodymium 

oxide and cobalt-doped praseodymium oxide clearly 

demonstrates that Co-doped praseodymium oxide (Fig. 

12) is superior material for supercapacitor applications.

The specific capacitance of cobalt-doped praseodymium 

oxide is significantly higher, increasing from 270 F/g at 

1 A/g to 599 F/g at 3 A/g, whereas pure Pr exhibits a 

much lower capacitance range of 175 F/g to 210 F/g 

under the same conditions. This substantial enhancement 

in capacitance can be attributed to the improved electrical 

conductivity and additional electroactive sites introduced 

by cobalt doping, which facilitate better charge transfer 

kinetics and efficient ion diffusion. Furthermore, cobalt-

doped praseodymium oxide exhibits excellent rate 

capability, as indicated by its steep increase in 

capacitance with rising current density, making it highly 

suitable for high-power applications requiring rapid 

charge-discharge cycles (Yang et al. 2022). In contrast, 

the slower capacitance increase in pure Pr suggests 

higher internal resistance and limited charge storage 

efficiency, restricting its effectiveness as a supercapacitor 

electrode. Overall, the superior electrochemical 

performance, enhanced charge storage capacity, and 

better conductivity of cobalt-doped praseodymium oxide 

make it the optimal choice for innovative 

supercapacitors, ensuring both high energy density and 

power capability for advanced energy storage 

applications (Wang et al. 2011; Hussain et al. 2024b; 

Hussain et al. 2024c). 

3.9 Electrochemical Impedance Spectroscopy 

The Nyquist plot analysis provides valuable 

insights into the electrochemical characteristics of pure 

Pr and cobalt-doped praseodymium oxide perovskite 

materials (Fig. 13) for supercapacitor applications. The 

results demonstrate that both materials exhibit favorable 

charge transfer and ion diffusion properties, with cobalt-

doped praseodymium oxide showing slightly enhanced 

performance. The smaller semicircle diameter in the 

cobalt-doped praseodymium oxide sample indicates 

reduced charge transfer resistance, suggesting better 

electronic conductivity and faster charge-discharge 

capabilities compared to pure Pr6O11. This improvement 

can be attributed to the synergistic effect between 

praseodymium and cobalt atoms, creating additional 

active sites for charge storage and transfer. The well-

defined transition from the semicircular region to the 

linear Warburg portion indicates efficient double-layer 

capacitance formation and good ion diffusion 

characteristics, essential for high-performance 

supercapacitors (Zeshan et al. 2025). The similar 

impedance patterns between both materials, coupled with 

the relatively small solution resistance, suggest that 

incorporating cobalt maintains the fundamental charge 

storage mechanisms while potentially offering cost 

advantages. These characteristics make these materials 

particularly suitable for applications requiring rapid 

energy storage and release, such as in electric vehicles or 

grid energy storage systems, where high power density, 

fast charge-discharge rates, and long-term stability are 

crucial. The improved electrochemical performance of 

cobalt-doped praseodymium oxide, combined with the 

cost benefits of using less praseodymium, presents a 

promising direction for developing more efficient and 

economically viable supercapacitor materials (Kashif et 

al. 2024b; Seliem et al. 2024b). 

4. CONCLUSION

Cobalt-doped praseodymium oxide was 

successfully synthesized via the sol-gel method, 

demonstrating substantial improvements in 

physicochemical and electrochemical properties 

compared to pure praseodymium oxide. The 

incorporation of cobalt enabled better control over 

particle size (~20.65 nm) and morphology, as evidenced 

by SEM, with EDX analysis confirming uniform 

elemental distribution. Surface area (BET) increased 
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significantly from 5.198 m2/g to 9.297 m2/g, enhancing 

electrolyte accessibility and ion diffusion, although with 

reduced pore volume. Structural and compositional 

characterization using FTIR and XPS confirmed metal–

oxygen bonding and the presence of Pr3+, mixed 

Co2+/Co3+ states, and abundant oxygen vacancies, all of 

which are conducive to enhanced redox behavior. The Co 

2p peaks (~780.1 eV and ~795.3 eV) with satellites, and 

O 1s peaks (~528.6 eV and ~531.2 eV), indicate 

improved defect chemistry and active redox centers due 

to cobalt doping. Electrochemical testing revealed that 

cobalt-doped praseodymium oxide achieved a high 

specific capacitance (599 F/g at 3 A/g) with excellent rate 

performance. The device also exhibited an energy density 

of 27.5 Wh/kg and a power density of 4.9 kW/kg, 

underscoring its potential for high-performance 

supercapacitor applications. Overall, cobalt doping plays 

an important role in enhancing the surface area, oxygen 

vacancy concentration, and electrochemical activity of 

praseodymium oxide, thereby making Pr1-xCoxO3 a 

promising electrode material for next-generation energy 

storage devices. 
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