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Abstract:  Supercapacitors (SCs) have gained significant attention as essential components of advanced 

energy storage systems, complementing renewable energy technologies and lithium-ion batteries. This study 

focuses on improving the performance of supercapacitors by investigating MnCuO₂, a transition metal oxide, 

doped with aluminum (Al) and magnesium (Mg). The influence of doping on the material's structural, 

electronic, and electrochemical properties is comprehensively analyzed using first-principles Density 

Functional Theory (DFT) and Finite Element Method (FEM)-based simulations. DFT calculations reveal that 

doping alters the crystal structure, bonding networks, and density of states, enhancing the electronic properties 

and stability of MnCuO₂. FEM simulations in COMSOL Multiphysics model the supercapacitor's 

performance under cyclic charging and discharging conditions. The findings establish that doping MnCuO₂ 

with Al and Mg improves specific capacitance, charge transport, and cycling stability, making it a promising 

electrode material for next-generation supercapacitors. This integrated computational approach provides a 

framework for the rational design of high-performance energy storage materials, with potential applications 

in sustainable energy systems. 

 

Index Terms - Supercapacitor, Machine Learning, Simulation, First principal 

1.INTRODUCTION 

Supercapacitors (SCs) have emerged as a critical technology for electrochemical energy storage, 

complementing renewable energy systems and lithium-ion batteries[1]. They are particularly suitable for 

applications demanding high power density, rapid charge-discharge cycles, and extended operational 

lifespans[2] [3]. Based on the electrode materials used, supercapacitors are classified into three categories: 

Electrochemical Double-Layer Capacitors (EDLCs), Pseudocapacitors, and Hybrid Supercapacitors, which 

integrate the properties of both[4–6]. 

 

EDLCs rely on carbon-based materials like graphene and carbon nanotubes (CNTs), storing charge through 

non-faradaic processes at the electrode-electrolyte interface. Pseudocapacitors, in contrast, involve faradaic 

charge transfer and utilize materials such as metal oxides and conducting polymers[4]. These materials 

contribute to higher energy storage but vary in performance due to their distinct electrochemical and structural 

characteristics. Combining carbon-based materials with conducting polymers and metal oxides has proven to 

be an effective strategy for enhancing the overall performance of supercapacitors, enabling improved 

capacitance, conductivity, and stability[7].  

CuMnO₂, a transition metal oxide, stands out as a promising electrode material for supercapacitors. Its unique 

crystal structure and electronic properties make it suitable for high-performance energy storage[8]. However, 

the inclusion of dopants like aluminum (Al) and magnesium (Mg) offers a pathway to further enhance its 

electrochemical characteristics by altering its electronic density of states, charge transport behavior, and 
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structural stability[9]. The interplay of these factors plays a crucial role in determining the material's specific 

capacitance, conductivity, and long-term cycling stability[10, 11]. 

To comprehensively understand and predict the behavior of such doped systems, advanced computational 

tools such as Density Functional Theory (DFT) and Finite Element Method (FEM) simulations have become 

indispensable[12, 13]. While DFT provides insights into the fundamental electronic and structural properties, 

FEM enables the modeling of device-scale phenomena, such as charge transport and electric potential 

distribution, under realistic operating conditions[14]. Furthermore, the incorporation of machine learning 

techniques into materials research facilitates the rapid screening and optimization of promising compositions, 

accelerating the discovery of next-generation energy storage materials. 

In this work, we investigate the structural, electronic, and electrochemical properties of CuMnO₂ doped with 

Al and Mg using a combination of first-principles DFT calculations and FEM-based simulations. The 

influence of doping on the crystal structure, density of states, and charge storage behavior is analyzed, 

providing a holistic understanding of its potential for supercapacitor applications. The FEM simulations 

conducted using COMSOL Multiphysics elucidate the transient response of supercapacitors under cyclic 

charging and discharging, offering practical insights into their performance. This integrated approach aims to 

establish a framework for the rational design of high-performance materials for energy storage technologies. 

 

2. METHODS 
 

2.1 Density functional Theory Calculation  

 

The first-principles calculations were performed using the SIESTA (Spanish Initiative for Electronic 

Simulations with Thousands of Atoms) package[15]. The crystallographic information files (CIFs) for 

MnCuO2, MnAlCuO2 and MnAlCuO2 were obtained from the Materials Project database, with structures 

corresponding to their respective space groups. The Perdew-Burke-Ernzerhof (PBE) scheme within the 

framework of the Generalized Gradient Approximation (GGA) was used as the exchange-correlation 

functional for structural optimization and electronic property calculations. The structural optimization was 

performed using the conjugate-gradient (CG) technique, with energy minimization carried out until the forces 

on each atom were less than 0.001 eV/Å and the energy convergence reached 0.0001 Ry. A U value of 4 eV 

was used, consistent with previous studies on similar compounds. This method ensured a more accurate 

representation of the electronic structure and density of states. 

 

2.2 FEM simulation in COMSOL 

 

The performance of the supercapacitor was modeled using COMSOL Multiphysics. A 2D cross-sectional 

model was created with symmetric geometry, representing the supercapacitor's structure. The model included 

the central region for the electrolyte and separator and the outer regions corresponding to the anode and 

cathode. Triangular meshing was applied to ensure computational accuracy, as shown in Figure 3[16]. 

The simulation parameters used for the study are summarized in Table 2. These include the geometric 

dimensions of the electrodes, electrolyte, and separator, as well as the electrical conductivities of the materials. 

Key parameters include a cathode and anode length of 150 µm, an electrolyte thickness of 100 µm, and 

conductivities of 6.5 S/m for the electrolyte and 0.01 S/m for the electrodes. 

The electric potential distribution across the supercapacitor was simulated, as shown in Figure 4. The color 

gradient in the results depicts the electric potential, with higher values near the cathode (red) and lower values 

near the anode (blue). The arrows represent the vector field of the current density, with direction and 

magnitude indicating charge transport behavior. 

A transient study was conducted to analyze the supercapacitor's electrochemical performance under cyclic 

charging and discharging conditions. The results, illustrated in Figure 5, include the time-dependent cell 

potential and current. The potential oscillates between 0 V and 2.6 V, showing a nearly linear trend typical of 

capacitive behavior. The current alternates between +0.01 A and -0.01 A, following a square-wave profile, 

indicating periodic charge and discharge cycles. The smooth curves demonstrate stable and controlled 

operation, providing insight into the supercapacitor's performance. 
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3. RESULTS AND DISCUSSION 

 

3.1  Crystal Structure configurations of MnCuO2 with Al, Mg doping 

 

Figure 1 depicts crystal structures for different configurations of MnCuO2 with Al, Mg doping. The structures 

highlights interactions or bonding between various elements. Figure 1(a) shows an interaction between 

manganese (Mn), copper (Cu), and oxygen (O) atoms. It forms a framework with Mn1 and Mn2 connected to 

oxygen atoms (O7 and O5) and Cu atoms (Cu3 and Cu4). The oxygen atoms at the base (O6 and O8) are 

terminating or connected to another system. Figure 1(b) adds aluminum (Al1) to the system, replacing Mn1 

in Figure 1(a). The Al atom forms bonds with oxygen atoms (O7 and O5), connected to copper atoms (Cu3 

and Cu4). This structure shows an alternative configuration with aluminum interacting within a Mn-Cu-oxide 

framework, emphasizing changes in the material's properties due to the substitution of Al. Figure 1 (c) has 

magnesium (Mg1) replaces Mn1 or Al1 in the previous structures, interacting with Mn2, copper (Cu3 and 

Cu4), and oxygen atoms (O7 and O5). This configuration represents another substitution or doping scenario, 

to study the influence of magnesium on the material's structure and properties. The substitution or doping of 

these elements impacts the electronic, structural, or electrochemical properties of the material which is 

relevant in fields of energy storage. 

 

 
                      Figure 1 Optimized Crystal Structure of (a) MnCuO2 (b) MnCuO2 with Al and (c) MnCuO2 

with Mg 

 

3.2   Density of states for MnCuO2 with Al, Mg doping 

 

Figure 2 compares the density of states (DOS) for two materials: MnCuO2 (a) and MnAlCuO2 (b). Both 

graphs plot the DOS as a function of energy, with the Fermi level located at E=0. In MnCuO2, the DOS shows 

prominent peaks below the Fermi level (in the negative energy region) around -4 eV and -2 eV, suggesting 

the presence of significant electronic states from occupied orbitals. Above the Fermi level, the DOS decreases, 

indicating fewer available states in the conduction band. In contrast, MnAlCuO2 exhibits a similar general 

shape but displays sharper and more defined peaks around -4 eV and -2 eV, possibly due to the addition of 

aluminum altering the electronic structure. The peaks are also slightly shifted, which may indicate a 

modification in the bonding and orbital contributions. Overall, the inclusion of aluminum appears to affect 

the electronic states, potentially enhancing the material's electronic properties, such as its conductivity or 

catalytic activity. 

 
 

Figure 2 Density of States (DOS) for MnCuO2 (a) and MnAlCuO2 (b), highlighting the influence of 

aluminum substitution on the electronic structure near the Fermi level. 
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3.3  COMSOL simulation Results 

Figure 3 represent the meshing of a model in COMSOL Multiphysics for the supercapacitor simulation. It 

shows a 2D or cross-sectional triangular mesh applied to supercapacitor geometry. The central region 

represents the electrolyte and separator and the outer regions on both the sides correspond to the electrodes. 

The geometry and meshing are symmetric about the vertical axis, typical for supercapacitor models assuming 

a uniform or symmetric design. 

 
Figure 3 Triangular Meshing of supercapacitor model 

 

Table 2 Shows the parameters used in the COMSOL Simulation which summarizes the geometrical and 

material parameters used in the COMSOL simulation to model the supercapacitor. 

 

Table 2: COMSOL Simulation Parameters 

 

Symbol Value Details 
r_in 0.1[mm] Inner radius 

l_c 150[um] Cathode length 

l_a 150[um] anode length 

l_e 100[um] electrolyte 

h_cap 500[um] Height of supercapacitor 

sigma_e 6.5[S/m] Conductivity of electrolyte 

sigma_a_c .01[S/m] Conductivity of Anode Cathode 

 

 

Figure 4 represents the results of a COMSOL simulation for a supercapacitor, showing the distribution of 

electric potential across the device. The color gradient indicates the variation in electric potential across the 

supercapacitor. The red regions signify higher values, likely near the cathode, while the blue regions represent 

lower values, possibly near the anode. The central gradient (from red to blue) corresponds to the electrolyte 

region, where the field or charge transfer occurs between the electrodes. The arrow directions indicate the 

flow direction of field, while the arrow length or density represent the magnitude. 

         

 
Figure 4  Spatial distribution of the electric potential (a) and the corresponding vector field of current 

density (b) across the electrodes and electrolyte 
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Figure 5 show results from a COMSOL simulation of a supercapacitor's performance under specific operating 

conditions. Transient study or electrochemical analysis, displaying the behavior of the cell potential (voltage) 

and cell current over time. The cell potential oscillates between approximately 0 V and 2.6 V. The periodic 

behavior suggests that the system might be subjected to cyclic charging and discharging, typical in 

supercapacitor analysis. The smooth nature of the curve indicates controlled charge and discharge cycles 

without significant instability. The current oscillates between approximately +0.01 A and -0.01 A. The 

periodic, sharp transitions indicate alternating charge and discharge currents applied to or drawn from the 

supercapacitor. The potential ramps up during charging and decreases during discharging, following a nearly 

linear trend (suggesting a capacitive behavior typical of supercapacitors). The square-wave current profile 

aligns with a charge-discharge cycling setup where constant current is applied. 

 
Figure 5 Transient study (a) Cell Potential and (b) Cell current over time 

 

4. CONCLUSION 

 

This study investigates the structural, electronic, and simulation-based properties of MnCuO₂ doped with 

aluminum (Al) and magnesium (Mg), with a focus on their potential applications in energy storage devices 

like supercapacitors. The crystal structure analysis reveals how the substitution of Mn with Al and Mg alters 

the bonding network, providing insights into the material's stability and performance. The density of states 

(DOS) analysis shows that doping with aluminum shifts the electronic structure, potentially enhancing the 

material's electronic properties such as conductivity, which is beneficial for energy storage applications. 

Furthermore, the COMSOL simulations highlight the design and performance of a supercapacitor model, 

showing the distribution of electric potential and current density within the device. The symmetric meshing 

and the simulation results emphasize how the material's properties can be optimized for better energy storage 

performance. Overall, the findings suggest that doping MnCuO₂ with Al and Mg can significantly modify its 

structural and electronic properties, making it a promising candidate for improving the efficiency of 

supercapacitors and other energy storage technologies. Future work could focus on experimentally validating 

these simulations and exploring other doping elements for further enhancement of performance. 
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