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Abstract
The development of bismuth oxide (Bi₂O₃) for supercapacitor applications is often limited by 

its intrinsically low electrical conductivity and structural instability during cycling. Herein, a 

metal–organic framework (MOF)-derived strategy is employed to engineer ultra-microporous 

Bi₂O₃ architectures with tailored structural and electrochemical properties. Through a controlled 

solvothermal synthesis followed by calcination using terephthalic acid as an organic linker, a 

hierarchically porous Bi₂O₃ structure is obtained with an enhanced surface area of 117 m² g⁻¹ and 

dominant ultra-micropores centered at 0.42 nm. The engineered porous framework promotes 

efficient electrolyte infiltration and improved redox accessibility, resulting in a high specific 

capacitance of 876 F g⁻¹ at 0.5 A g⁻¹ in a three-electrode configuration. When assembled into a 

symmetric two-electrode supercapacitor operating within a 0-0.6 V window, the MOF-derived 

Bi₂O₃ electrode delivers a device-specific capacitance of 950 F g⁻¹, achieving a maximum energy 

density of 47.2 Wh kg⁻¹ at a power density of 150 W kg⁻¹. The device maintains 75.3% capacitance 

retention after 10,000 charge/discharge cycles with a Coulombic efficiency of 81.4%. These 

findings demonstrate that MOF-assisted structural engineering effectively enhances ion transport 

pathways and electroactive surface utilization, offering a viable strategy for improving the 

electrochemical performance of metal oxide-based supercapacitors.

Keywords: Bismuth Oxide; Metal-Organic Frameworks (MOFs); Ultra-Microporous 

Materials; Symmetric Supercapacitors; Energy Storage

Introduction
The growing demand for energy, coupled with the swift advancement of the global energy 

needs, reduction of fossil fuels, escalating environmental concerns, and the increasing need for 

portable electronic devices, has created an urgent need for clean, sustainable, and efficient energy 

storage and conversion technologies [1]. In numerous domains, batteries, fuel cells, and 

supercapacitors represent the most effective and applicable technologies for the storage and 

conversion of electrochemical energy. 

In recent decades, increasing attention has been directed toward supercapacitors due to their 

high-power density, rapid charge–discharge capability, and long cycle life. Their impressive 

electrochemical stability and fast energy delivery make them attractive for applications such as 

portable electronics, backup power systems, and hybrid electric vehicles [2]. 
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Among various electrode materials, bismuth oxide (Bi₂O₃) has emerged as a promising 

candidate for supercapacitor applications due to its multiple oxidation states, rich redox activity, 

and environmental benignity [3]. However, the practical electrochemical performance of pristine 

Bi₂O₃ is often constrained by its relatively low electrical conductivity and limited structural 

stability during repeated charge/discharge cycles. These factors can reduce the effective utilization 

of electrochemically active sites and hinder charge transport under high-rate conditions. To 

overcome these challenges, researchers have explored nanostructuring strategies and composite 

formation to improve ion diffusion pathways, surface accessibility, and electrical conductivity [4].

Metal-organic frameworks (MOFs) have gained considerable attention as versatile precursors 

for synthesizing nanostructured metal oxides owing to their high porosity, tunable morphology, 

and large specific surface area [5]. MOF-derived Bi₂O₃ nanostructures inherit these advantageous 

characteristics, enabling enhanced electrolyte penetration, shortened ion diffusion distances, and 

increased exposure of redox-active sites, all of which are critical for efficient supercapacitor 

performance [6]. By carefully controlling the pyrolysis conditions of Bi-based MOFs, the 

crystallinity, pore architecture, and surface chemistry of the resulting Bi₂O₃ can be tailored, 

thereby optimizing charge storage behavior and rate capability [7].

Recent studies have demonstrated that MOF-derived Bi2O3 nanostructures exhibit superior 

electrochemical properties compared to conventionally synthesized Bi2O3. For instance, porous 

Bi2O3 nanoflakes derived from Bi-MOFs have shown a high specific capacitance of 720 F g⁻¹  at 

1 A g⁻¹  along with excellent cycling stability [8]. The interconnected porous network facilitates 

electrolyte penetration, while the nanostructured morphology shortens ion diffusion paths, 

contributing to enhanced rate capability [8]. 

Additionally, the incorporation of conductive materials such as carbon nanotubes or 

reduced graphene oxide further improves charge transfer kinetics, making MOF-derived Bi2O3 

composites highly competitive for next-generation supercapacitors [9]. Despite these 

advancements, challenges remain in optimizing the synthesis parameters, understanding charge 

storage mechanisms, and scaling up production for commercial applications. 

However, the effect of MOF structure on the electrochemical performance of Bi2O3 in 

supercapacitor applications has not been properly investigated. The incorporation of MOF-derived 

architectures into Bi2O3 can induce unique electronic and structural modifications that may address 

the inherent limitations of pristine Bi2O3, such as its relatively low specific capacitance and 
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moderate electrical conductivity, which limit its effectiveness in energy storage devices [10]. By 

leveraging the structural features of MOF, it is anticipated to improve the electrochemical 

properties of Bi2O3, overcoming the limitations and unlocking its full potential for high-

performance supercapacitor applications. 

This study presents the synthesis of MOF-derived Bi2O3 through a solvothermal-calcination 

method as a high-performance electrode material for supercapacitors. By reacting BiCl3 with 

terephthalic acid (TPA) the resulting Bi2O3 MOF derivatives demonstrate enhanced 

electrochemical properties, including higher specific capacitance and improved charge storage, 

addressing the limitations of conventional Bi2O3. The electrochemical performance of Bi2O3 and 

its MOF derivatives is compared using different characterizations. MOF-derived Bi2O3 in 1 M 

KOH electrolyte demonstrated a specific capacitance of 950 F g⁻¹ at 0.5 A g⁻¹, excellent cyclic 

stability, high retention 75.3%, and a Coulombic efficiency of 81.4%, confirming it a promising 

symmetric supercapacitor candidate for efficient electrochemical energy storage devices.

Materials and Methods
Materials 

Bismuth chloride (BiCl3, 98%), benzenetricarboxylic acid (95%), and N,N-

dimethylformamide (DMF, 99.8% were obtained at Sigma-Aldrich and used directly in the 

synthesis of the Bi2O3 and its MOF derivatives. All experiments used deionized (DI) water with 

resistivity >18 MΩ.cm.

Synthesis of Bismuth Oxide (Bi2O3) Nanosheets

The step-by-step synthesis procedure of Bi2O3 nanosheets is illustrated in (Fig. 1a). Initially, 

1.2 g of bismuth chloride (BiCl₃) was dissolved in 35 mL of ethylene glycol (C₂H₆O₂) under 

magnetic stirring at ambient temperature for 30 minutes until a clear and homogeneous solution 

was obtained (Solution 1). Ethylene glycol acted as a coordinating solvent and structure-directing 

agent during synthesis. The hydroxyl groups of ethylene glycol interact with Bi³⁺ ions, regulating 

hydrolysis and crystal growth, thereby promoting anisotropic growth and nanosheet formation. 

Additionally, its high boiling point and viscosity help control nucleation kinetics and suppress 

particle aggregation. Separately, 3.43 g of potassium hydroxide (KOH) was dissolved in 35 mL of 

ethylene glycol under vigorous magnetic stirring to form a transparent homogeneous solution 

(Solution 2). Then (Solution 2) was added dropwise to (Solution 1) under continuous stirring using 
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a burette, resulting in the formation of Solution 3. After complete addition, the reaction mixture 

was further stirred for 30 minutes to ensure uniform mixing and controlled nucleation, producing 

(Solution 4). The resulting mixture (Solution 4) was transferred into a 100 mL Teflon-lined 

stainless-steel autoclave and subjected to solvothermal treatment at 140°C for 12 hours. After 

naturally cooling to room temperature, the yellow Bi₂O₃ precipitate was collected and washed 

several times with ethanol and deionized water to remove residual impurities and by-products. The 

product was then dried under vacuum at 80°C. Finally, the dried powder was annealed at 500°C 

for 4 hours under an argon atmosphere to obtain calcined Bi2O3 nanosheets with enhanced 

crystallinity. The calcination step was performed to enable a direct comparison between calcined 

Bi₂O₃ and MOF-derived Bi2O3. Since MOF-derived Bi2O3 is obtained by calcining the Bi2O3–

MOF at 500 °C for 4 hours under an argon atmosphere, the calcined Bi2O3 sample was prepared 

under similar thermal conditions to ensure a fair and systematic comparison of structural and 

electrochemical properties.

Synthesis of Bi2O3 Metal-Organic Framework Derivatives

The step-by-step synthesis procedure of MOF-derived Bi₂O₃ is illustrated in (Fig. 1b). 

Initially, 0.892 g of bismuth chloride (BiCl₃) was dissolved in 35 mL of N,N-dimethylformamide 

(DMF) under magnetic stirring for 30 minutes to obtain a clear and homogeneous solution 

(Solution A). Separately, 1.411 g of terephthalic acid (TPA) was dissolved in 35 mL of DMF and 

stirred for 30 minutes to form (Solution B). As shown in Fig. 1b, (Solution B) was slowly added 

to Solution A under continuous magnetic stirring. Upon mixing, coordination interactions occur 

between Bi³⁺ ions and the carboxylate groups of TPA. In the polar DMF medium, partial 

deprotonation of the carboxylic acid groups facilitates the formation of Bi–O–C coordination 

bonds, leading to the generation of homogeneous metal–ligand complexes and pre-nucleation 

clusters in solution (Solution C). Continuous stirring for an additional 1 hour ensures uniform 

coordination and prevents localized supersaturation, which is essential for controlled framework 

formation. The resulting homogeneous precursor solution (Solution C) was transferred into a 

Teflon-lined stainless-steel autoclave and subjected to solvothermal treatment at 150°C for 24 

hours, promoting coordination-driven self-assembly and crystallization of the Bi-based MOF 

framework. After naturally cooling to room temperature, the obtained MOF precursor was 

collected and washed thoroughly with DMF, deionized water, and ethanol to remove residual 

reactants and impurities. The purified product was then dried at 80°C under an inert atmosphere. 
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Finally, the dried MOF precursor was calcined at 500°C for 4 hours under an argon atmosphere. 

During calcination, the organic linker decomposes while the inorganic Bi–O framework is 

retained, yielding porous MOF-derived Bi₂O₃.

Fig. 1 Step-wise Solvothermal-Calcination synthesis flowchart of (a) Bi2O3 and (b) MOF-derived Bi2O3.

The physical characterization tools used in this work such as structural, morphological, 

compositional and textural analysis are all fully described in the (Supplementary Information File). 

Moreover, the specific guidelines to the electrode ink preparation, fabrication of a supercapacitor, 

and assembling a cell are also provided there. The underlying equations applied to calculate the 

structural parameters such as average Crystallite Size (nm), (%) Crystallinity, and electrochemical 

parameters like specific capacitance, energy density, power density, and impedance derived 

parameters are also reported in the (Supplementary Information) to make the results of the study, 

and the obtained results clear and reproducible.

Results and Discussions
Structural, Morphological and Elemental Analysis

The XRD patterns in (Fig. 2a) elucidate the structural evolution from the Bi-based MOF 

precursor to the final MOF-derived Bi₂O₃. The uncalcined sample (Bi-MOF) exhibits distinct 

diffraction peaks at 17.04°, 27.2°, and 41.89°, which correspond to the anorthic crystalline 

arrangement of terephthalic acid (TPA) linkers [11]. The presence of these organic linker peaks 

provides direct experimental evidence of a coordinated metal-organic framework structure, rather 

than a simple mixture of precursors. Upon calcination at 500°C, these TPA-related peaks 

completely disappear, confirming the thermal decomposition of the organic component. 

Concurrently, the pattern transforms to reveal the characteristic (110) peak of δ-Bi₂O₃ at 12.14°, 
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which aligns strongly with the cubic phase (PDF-2 # 00-005-0626). The retention of this typically 

metastable phase at room temperature is attributed to stabilizing factors such as oxygen-vacancy 

generation, kinetic trapping during cooling, and potential pinning by residual carbonaceous species 

from the decomposed MOF [12-16]. A detailed comparison with conventionally prepared Bi₂O₃ 

(Fig. 2b) reveals a systematic shift of diffraction peaks toward higher 2θ values in the MOF-

derived sample, indicating measurable lattice contraction due to thermal-induced oxygen loss and 

strain development from the MOF template [17, 18]. 

Furthermore, the pronounced broadening of the (110) and (200) reflections in the MOF-derived 

Bi₂O₃ signifies substantial lattice disorder. This broadening is attributed to the preservation of 

mesoporosity upon linker removal, the development of micro-strain from defect clusters, and 

possible carbon substitution at oxygen-deficient sites [19]. The anisotropic suppression of specific 

crystallographic planes further suggests directionally-dependent strain effects from the oriented 

attachment of MOF-derived fragments. These collective structural transformations quantified by 

crystallite size and percentage crystallinity in (Table 1) demonstrate the complex interplay between 

MOF precursor chemistry and thermal history in engineering advanced Bi₂O₃ materials with 

tailored defect structures and enhanced functionality [11]. 

To measure the textural characteristics and pore structure of the synthesized samples, nitrogen 

(N₂) adsorption–desorption analysis was conducted at 77 K, as shown in (Fig. 2c). The specific 

surface areas were calculated using the Brunauer-Emmett-Teller (BET) method within the relative 

pressure (P/P₀) range of 0.05-0.30, while the pore size distribution was derived using the non-local 

density functional theory (NLDFT) model. The measured BET surface areas were 19 m² g⁻¹, 15 

m² g⁻¹, 58 m² g⁻¹, and 117 m² g⁻¹ for pristine Bi₂O₃, calcined Bi₂O₃, Bi₂O₃-MOF precursor, and 

MOF-derived Bi₂O₃, respectively, indicating a substantial enhancement in surface area after 

MOF-assisted structural engineering. The MOF-derived Bi₂O₃ exhibits a hybrid Type I/Type IV 

isotherm with a pronounced hysteresis loop in the intermediate-to-high relative pressure region 

(P/P₀ > 0.4), confirming the coexistence of microporous and mesoporous structures. Furthermore, 

the gradual increase in nitrogen uptake as P/P₀ approaches 1.0 suggests the presence of 

macropores, likely formed due to interparticle voids and structural reconstruction during MOF 

decomposition and calcination. This confirms the formation of a hierarchical pore network 

consisting of ultramicropores, mesopores, and macropores [13-16]. A sharp uptake at low relative 

pressure (P/P₀ < 0.1) indicates significant microporosity. As shown in Fig. 2d, The NLDFT pore 
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size distribution reveals dominant ultramicropores centered at approximately 0.42 nm. From an 

electrochemical perspective, the relationship between pore size and electrolyte ion dimensions is 

particularly important. The hydrated diameter of K⁺ ions in aqueous 1 M KOH is approximately 

0.66–0.72 nm, which is larger than the measured ultramicropores size. However, under applied 

potential, partial desolvation of hydrated ions at the electrode/electrolyte interface may occur, 

allowing ion accommodation within confined pores. Additionally, OH⁻ ions, which possess 

comparatively smaller hydrated dimensions, may more readily access these ultramicroporous 

regions [13-16]. 

In this hierarchical architecture, ultramicropores contribute to enhanced surface charge 

accumulation and increased electrolyte/electrode interfacial interaction, while mesopores and 

macropores act as ion-buffering reservoirs and facilitate rapid ion diffusion and electrolyte 

penetration. This synergistic pore structure optimizes ion transport kinetics and charge storage 

efficiency, thereby improving electrochemical performance [20]. Such multiscale pore 

architectures have been widely reported to enhance charge storage behavior by maximizing 

accessible surface area while minimizing ion transport resistance [13-16]. These findings are 

consistent with recent reports on MOF-derived metal oxides possessing hierarchical porosity for 

advanced energy storage applications. The detailed BET surface area and pore parameters of the 

samples are summarized in (Table 1).
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Fig. 2 (a) XRD patterns of Bi2O3 and its MOF derivatives within (10 - 80°) 2θ range and (b) XRD patterns 
of Bi2O3 and its MOF derivatives within (10 - 80°) 2θ range, (c) Brunauer–Emmett–Teller (BET) isotherms 
and (d) pore size distribution (PSD) of Bi₂O3 and its MOF derivatives obtained through NLDFT model.

Table 1: Average crystallite size, % crystallinity, BET surface area and pore size distributions (PSD) of 
fabricated Bi2O₃ and its MOF derivatives.

S. No Samples Name
Average Crystallite 

Size (nm)

(%) Crystallinity BET Active-Surface 

Area (m² g-¹)

Pore Size 
(PSD)
(nm)

1 Bi2O3 25 69.5 19 14.5

2 Calcined Bi2O3 75 86.3 15 21.7

3 Bi2O3-MOF 24 75.7 58 1.40

4 MOF derived Bi2O3 59 81.4 117 0.42
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FT-IR spectroscopy was employed to investigate the bonding characteristics and surface 

functional groups of the synthesized samples. The FT-IR spectra are presented in (Fig. 3a). The 

characteristic absorption bands observed at approximately 512 cm⁻¹ and 877 cm⁻¹ are attributed 

to O–Bi–O stretching vibrations within the Bi₂O₃ lattice [21]. The band near 699 cm⁻¹ corresponds 

to octahedral vibration modes associated with Bi–O bonds in Bi₂O₃ [18]. A pronounced peak at 

approximately 1387 cm⁻¹ is assigned to surface-adsorbed carbonate species, which commonly 

arise from atmospheric CO₂ adsorption on metal oxide surfaces. A broad band observed at higher 

wavenumbers (around 3200–3500 cm⁻¹) is attributed to surface hydroxyl groups and/or physically 

adsorbed water molecules [22]. For the Bi-based coordination precursor (Bi₂O₃–MOF), additional 

vibrational bands appear in the range of 700–1500 cm⁻¹, which are absent in pristine Bi₂O₃. These 

bands correspond to aromatic C=C stretching vibrations and symmetric/asymmetric stretching of 

carboxylate (COO⁻) groups derived from the terephthalate linker [13-16]. The presence of these 

carboxylate-related peaks confirms coordination between Bi³⁺ ions and the organic linker during 

precursor formation [13-16]. After calcination at 500 °C, these organic-related vibrational bands 

disappear, indicating decomposition of the organic linker and formation of pure MOF-derived 

Bi₂O₃ [13-16]. A slight shift of Bi-O vibrational peaks toward higher wavenumbers in the calcined 

samples may be associated with improved crystallinity, reduced structural defects, and lattice 

rearrangement induced by thermal treatment. These observations are consistent with phase 

stabilization and structural refinement after annealing [23].

The X-ray Photoelectron Spectroscopy (XPS) survey spectrum of the MOF-derived Bi2O3 

sample offers a detailed analysis of the elemental composition and surface chemical states. The 

survey spectrum as shown in (Fig. 3b) reveals multiple distinct peaks that correspond to the core-

level photoemission lines of bismuth (Bi) and oxygen (O), thereby demonstrating the successful 

synthesis of Bi2O3 following thermal conversion from the metal-organic framework (MOF) 

precursor. The most significant peaks relate to the Bi 4f, Bi 4d, Bi 5d, and O 1s orbitals. Subtle 

characteristics in elevated energy regions correlate with Bi 4d as depicted in (Fig. 3c) and Bi 5d 

transitions, reinforcing the coherence of the oxide phase. The O 1s signal at around 530 eV as 

depicted in (Fig. 3d) signifies the existence of lattice oxygen associated with Bi atoms, confirming 

the stoichiometric establishment of Bi-O bonds. The lack of further impurity peaks (including 

nitrogen, or other metallic species) indicates that the surface of the MOF-derived Bi2O3 is 

chemically clean, devoid of substantial contamination or residual MOF ligands. The pronounced 
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and distinct Bi and O peaks signify a significant level of surface crystallinity and robust Bi–O 

bonding, which are essential for the improved electrochemical and catalytic efficacy of the MOF 

derived Bi2O3. The XPS survey substantiates the effective synthesis of high-purity Bi₂O₃, 

characterized by well-defined Bi³⁺ oxidation states and pristine surface chemistry, hence proving 

the efficacy of the MOF-derived synthesis method [24]. The valence band offset ∆𝐸𝑣 is defined 

by the equation

∆𝐸𝑣 = (4𝑓 ― 𝑉𝐵𝑀) +∆𝐸𝐶𝐿                                                                                                           (1)

where ECL represents the energy difference between the Bi 4f core levels in Bi2O3, as 

determined by XPS spectra for this sample [25].

Fig. 3 (a) Fourier transform infra-red Spectroscopy of Bi2O3 and MOF derivatives, (b) XPS survey spectrum 
of MOF-derived Bi2O3, (c) XPS spectrum of Bi 4d bands and (d) Oxygen (O 1s) band in MOF-derived 
Bi2O3.
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The surface morphologies of the synthesized samples were examined using scanning 

electron microscopy (SEM), as shown in (Fig. 4). The pristine Bi₂O₃ sample exhibits a two-

dimensional sheet-like morphology (Fig. 4a, b). The lateral dimensions of the nanosheets are 

difficult to determine precisely due to slight agglomeration among adjacent sheets [26]. The 

surfaces appear relatively rough and textured, which may be attributed to residual surface species 

or nanoscale structural irregularities commonly observed in hydrothermally synthesized metal 

oxides. In contrast, the calcined Bi₂O₃ sample (Fig. 4c, d) displays a more homogeneous and less 

distinct sheet-like morphology. The nanosheets appear partially fused, suggesting that sintering 

occurred during the 500 °C calcination process, leading to the formation of larger agglomerated 

structures [27]. The smoother surface texture observed after calcination is likely due to the removal 

of residual surface species and structural rearrangement induced by thermal treatment [27]. The 

Bi₂O₃–MOF (Fig. 4e, f) exhibits an irregular and aggregated morphology composed of 

interconnected nanosheets and particle-like structures [28]. The clustering behavior may be 

associated with coordination-driven assembly and the bridging effect of organic terephthalate 

linkers within the framework, resulting in a complex hybrid architecture. Notably, the morphology 

of the MOF-derived Bi₂O₃ (Fig. 4g, h) is distinctly different from the other samples. It consists of 

uniformly distributed short rod-like or quasi-spherical nanostructures with visible interparticle 

voids, indicating the development of a porous architecture. This morphological transformation is 

attributed to the controlled solvothermal synthesis at 150 °C, followed by thermal decomposition 

of the MOF precursor at 500 °C, which facilitates structural reconstruction and pore formation [29, 

30]. The resulting hierarchical structure is expected to enhance electrolyte accessibility and ion 

transport during electrochemical operation.
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Fig. 4 (a, b) Low and high-resolution scanning electron microscopy (SEM) images of Bi2O3, (c, d) Calcined 
Bi2O3, (e, f) Bi2O3-MOF and (g, h) MOF derived Bi2O3.

The elemental compositions of the synthesized samples were examined using energy-dispersive 

X-ray spectroscopy (EDS), and the corresponding spectra are presented in Fig. 5. The EDS results 

confirm that pristine Bi₂O₃, calcined Bi₂O₃, and MOF-derived Bi₂O₃ are composed exclusively 

of Bi and O elements, with no detectable impurity peaks, indicating the high purity of the 

synthesized nanostructures (Fig. 5a, b, and d) [31]. In contrast, the Bi₂O₃–MOF precursor exhibits 

additional carbon signals in both the EDS spectra and elemental mapping (Fig. 5c), which originate 

from the terephthalic acid (TPA) organic linker present in the coordination framework. This 

observation is consistent with the XRD results confirming the presence of the organic phase prior 

to calcination [32]. A gradual decrease in the relative oxygen signal intensity is observed after 

calcination and MOF integration. This change can be attributed to several factors associated with 

thermal treatment. During calcination at elevated temperatures, physically adsorbed water, 

hydroxyl groups, and organic linker components decompose and are released as volatile species 

such as H₂O and CO₂, thereby reducing the overall oxygen contribution detected by surface-

sensitive EDS measurements [33]. Additionally, structural densification and partial pore collapse 

during thermal treatment may limit oxygen detection from deeper regions due to the limited 

penetration depth of the EDS technique. The combined effects of dehydration, ligand 

decomposition, and structural reorganization during calcination contribute to the observed 

variation in oxygen intensity. Overall, the EDS analysis corroborates the successful formation of 

high-purity MOF-derived Bi₂O₃ and supports the structural evolution inferred from XRD and FT-

IR results [34].
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Fig. 5 Energy dispersive x-ray spectroscopy (EDS) spectra of (a) Bi2O3, (b) Calcined Bi2O3 (c) Bi2O3-MOF 
and (d) MOF derived Bi2O3.

Electrochemical Analysis
To demonstrate the electrochemical analysis, cyclic voltammetry (CV) analysis was carried 

out  for synthesized samples performed at scan rates from (5 to 100 mV s⁻¹) within a potential 

window of (0 to 0.6 V) as shown in (Fig. 6a-d), demonstrates pseudo-capacitive behavior, with 

clear oxidation and reduction peaks at both ends of the scan, resulting in a duck-shaped curve. As 

the scan rate increases, the active area beneath the CV curves broadens due to a heightened current 

response. However, the charge storage capacity diminishes with faster scan rates, which restrict 

ion diffusion into the deeper active sites of the electrode, making the process more dominated by 

surface interactions. The redox peaks identified in the CV curves indicate the reversible 

transformation between (Bi3+/Bi5+) [44], represented by the reaction:

Bi2O3+ H₂O ↔ 2BiOOH + 2e⁻                                                                                               (2) 

[44]

This emphasizes the Faradaic charge storage mechanism. The characteristic duck-like shape 

of the CV curves further supports the coexistence of capacitive and diffusion-controlled processes, 

typical of pseudo-capacitive materials. The oxidation peak (anodic) indicates the formation of 

BiOOH, while the reduction peak (cathodic) represents the return to Bi2O3, demonstrating a 
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complete reversible electrochemical redox reaction at the electrode/electrolyte interface. This 

behavior underscores the potential of Bi2O3 as an electrode material in electrochemical energy 

storage devices, where the interplay between rapid surface reactions and bulk redox activity 

dictates its electrochemical performance [12]. These redox reactions at the electrode-electrolyte 

interface account for the observed super-capacitive behavior. Among the synthesized samples, the 

MOF-derived Bi2O3 demonstrates the highest charge storage capacity, with a high current value 

due to its extensive specific surface area resulting from its ultra-microporous structure, as shown 

in (Fig. 6d). This facilitates greater involvement in electrochemical reactions, the integration of 

MOFs with Bi2O3 leads to an ultra-micropores, mesopores, and macropores structure that enhances 

the surface-to-volume ratio, resulting in a nanoscale morphology defined by nanoporous and 

agglomerated structures. This configuration improves ion diffusion efficiency and allows adequate 

time for electrolyte ions to undergo the electrochemical redox reaction at the surface, thus 

optimizing electrochemical performance [45]. 

Furthermore, to gain a deeper understanding of the electrochemical reaction kinetics associated 

with Bi2O3 and its MOF derivatives, Randles-Sevcik correlations were conducted, as depicted in 

(Fig. 6e-h). The Randles-Sevcik equation (equation 4 Supplementary information) was employed 

to analyze the electrochemical behavior of various Bi2O3 samples by correlating their peak currents 

with scan rates in CV measurements conducted within the (0-0.6 V) potential window. The 

synthesized Bi2O3 exhibited decreasing electrochemical performance compared to MOF-derived 

Bi2O3, with a sublinear correlation between peak current and scan rate, suggesting restricted charge 

transfer due to factors such as grain boundary resistance, defect ordering, or limited electronic 

conductivity. In contrast, calcined Bi2O3 displayed a weak peak current, attributed to insulating 

grain boundaries and reduced active surface area caused by particle agglomeration during high-

temperature treatment [46]. The Bi2O3-MOF demonstrated significantly moderate peak currents, 

in comparison with calcined Bi2O3  owing to its high surface area and porous framework, which 

facilitated efficient ion diffusion and rapid redox kinetics. The best performance was observed in 

the fully porous MOF-derived Bi2O3, which exhibited the highest peak current due to its 

interconnected conductive pathways, maximized electrode-electrolyte contact area, and minimal 

diffusion barriers, optimizing charge storage and electron transfer kinetics [47].

The correlation coefficients (R²) are derived from the linear fit applied on peak current 

versus scan rate in Randles-Sevcik plots, as presented in (Table 2).
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Fig. 6 Cyclic voltammetry curves of (a) Bi2O₃ (b) Calcined Bi2O₃ (c) Bi2O₃-MOF, (d) MOF derived Bi2O₃ 
within (0-0.6) potential window: Randle-Sevcik correlations of (e) Bi2O3, (f) calcined Bi2O3, (g) Bi2O3.-
MOF and (h) MOF derived Bi2O3.

Capacitive limited and diffusion limited regions were analyzed using CV for both Bi2O3 

and MOF-derived Bi2O3 samples as depicted in (Fig. 7), to comprehend the detailed 

electrochemical activity at the electrode/electrolyte interface within three-electrode 

configurations. The regions were analyzed using a linear fit on the cathodic peak observed in the 

CV curves, employing Dunn's model to differentiate between the diffusion and capacitive regions 

within the CV curves. (Fig. 7a-f) illustrates the cathodic peak fit, capacitive and diffusion regions, 

along with a bar representation of these regions for Bi2O3 and MOF derived Bi2O3. The distinct 

redox peaks indicate a battery-type, Faradaic charge storage mechanism driven by reversible 

chemical reactions. The primary diagnostic method involves constructing log (peak current) versus 

log (scan rate) plots. The slope of the linear fit provides a critical b-value, which indicates the 

charge storage mechanism. The calculated b-values were 0.2 for pristine Bi₂O₃ and 0.5 for MOF-

derived Bi₂O₃. A b-value close to 0.5 suggests a diffusion-controlled charge storage mechanism, 

whereas values approaching 1.0 indicate surface-controlled capacitive behavior. The relatively low 

b-value (0.2) for pristine Bi₂O₃ indicates a dominant diffusion-controlled limitation. In contrast, 

the MOF-derived Bi₂O₃ exhibits a b-value of 0.5, suggesting improved charge transfer kinetics 

and reduced diffusion constraints compared to pristine Bi₂O₃, although the process remains 

primarily diffusion-controlled [13-16, 35]. 

The observed increase indicates that the distinctive ultra-micropores, mesopores, and 

macropores structure derived from the MOF precursor significantly improves kinetics by 
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promoting a larger capacitive contribution, suggesting accelerated ion transport and enhanced 

charge storage at the electrode-electrolyte interface. The figure demonstrates that nanostructuring 

through MOF derivation effectively alters the material electrochemical profile, resulting in a 

hybrid electrode with enhanced battery-like capacity and capacitor like rate capability, which is 

advantageous for high-performance energy storage devices [36].

Fig. 7 (a) Cathodic peak fit, (b) Capacitive and diffusion regions, (c) scan rate vs distribution (%) of Bi2O3, 
(d) Cathodic peak fit, (e) Capacitive and diffusion regions, (f) scan rate vs distribution (%) of MOF-derived 
Bi2O3.

To study the electrochemical kinetics at the electrode/electrolyte interface, the 

electrochemical impedance spectroscopy (EIS) technique was used, and (Fig. 8a) shows the 

Nyquist plots of the prepared samples and the equivalent circuit diagram. The spectra observed 

were successfully modeled by an equivalent circuit that included solution resistance (Rs), constant 

phase element (CPE), charge transfer resistance (Rct) and Warburg impedance (W), as shown as 

an inset of (Fig. 8a). The high-frequency intercept in the Nyquist representation is proportional to 

the value of Rs, which had a zero impact in the comparative analysis, whereas the semicircular 

diameter in the medium-frequency band directly relates to the value of the Rct, the kinetics of 

charge transfer across the electrode/electrolyte interface [37]. The element of the Warburg that is 

found in the low frequencies area in the electrode structure reflects the finite diffusion of ions in 

the electrode structure. The trends of the Rct values as shown in (Table 3) are as follows: calcined 
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Bi2O3 has the highest Rct of 655 Ω, then pristine Bi2O3 with Rct of 523 Ω and Bi2O3-MOF 573 Ω, 

and MOF-derived Bi2O3 with Rct of 345 Ω. The progressive decrease in Rct indicates improved 

interfacial charge-transfer kinetics based on its wide ultra-micropores, mesopores, and macropores 

structure and optimal specific surface area, which sum up to provide numerous electroactive sites 

of the fast redox reaction [38]. 

To extend the electrochemical kinetics analysis, the Bode plots also give more information 

about the impedance behavior at different frequencies, and can be seen to follow a systematic trend 

that is highly correlated with the values of Rct (Fig. S1 Supplementary information). The 

impedance modulus |Z| in the low-frequency region (10-1 to 10-2 Hz) of the Bode magnitude plot 

is mostly the total cell resistance of the combination of the Rs and Rct, and the high-frequency 

plateau (10-4 to 10-5 Hz) corresponds to mostly the uncompensated solution resistance. In line with 

the trend of Rct, the sample of calcined Bi2O3 with the highest Rct of 655 Ω has the highest possible 

|Z| throughout the frequency range, indicating significantly sluggish charge transfer rate constants 

with a low intrinsic conductivity and low electroactive surface area. Continuing with the trend, the 

pure Bi2O3 sample would have intermediate values of the |Z| in the range of the values of Z that 

relate to moderate Rct of 523 Ω that the metal-organic framework does not offer efficient charge 

carrier motion [38]. The lowest Rct of 345 Ω MOF-derived Bi2O3 is most prominently observed 

as a sharp fall in |Z| within mid-to-high frequencies and a pronounced phase angle maximum peak 

occurring at the higher frequencies. This time-dependent variation is indicative of elevated charge 

transfer kinetics, in which the time constant of relaxation reduces significantly, and the electrode 

surface is capable of faster faradaic processes. 

This increase in the progressive trend is further supported by the phase angle plots: 

materials with high Rct such as calcined Bi2O3 exhibit larger and more pronounced phase angle 

peaks which are evidence of more resistive capacitive behavior and slower electrode kinetics. Also, 

as the Rct decreases over the series, the phase angle response gets narrower and narrower, with the 

MOF-derived Bi2O3 having the most narrowed phase angle response indicating transition to 

resistive-dominated behavior at higher frequencies because the electron transport is facilitated and 

interfacial charge buildup is reduced. This negative relationship between falling Rct values and 

the overall systematic decrease in impedance modulus throughout the Bode plots proves that the 

synthetic pathway utilizing MOF has been effective in fabricating Bi2O3 with a favorable 

microstructure. The increased porosity, increased specific surface area and better electrical 
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connectivity all reduce the activation energy size of charge transfer and consequently increase the 

rate of electrochemical reactions, thus making the MOF-derived Bi2O3  the better electrode 

substance between the samples that were synthesized [37].

To examine the charge discharge behavior of Bi2O3 and its MOF derivatives, galvanostatic 

charge discharge (GCD) tests were conducted under different current densities of 0.5 to 10 A g-1 

(Fig. 8b-e). Charge discharge profiles of all samples are relatively symmetric which means that 

electrochemical reversibility of the process is good and the charge storage characteristics of the 

samples are stable. Both the discharge time varies with current density and at a given current 

density, the higher the current density the lower the discharge time, leading to a smooth decline in 

specific capacitance as shown in the (Fig. 8f). The trend is in line with the negative dependence 

between current density and discharge time (Equation 3, Supplementary Information). The quasi-

triangular but a little nonlinear GCD profiles imply that both the electric double-layer capacitance 

(EDLC) and Faradaic redox processes coexist. The deviation of an ideal linear triangular shape 

proves the role of pseudocapacitive behavior related to reversible Bi3+/Bi5+ redox transitions in 

alkaline electrolyte. 

The MOF-derived Bi2O3 electrode has the largest specific capacitance and has a 

capacitance of 876 F g-1 at 0.5 A g-1 as indicated in (Table 2). Such high performance is credited 

to its ultra-microporous structure that it inherits the MOF building block. The porous system 

minimizes ion diffusion distances and enhances the speed of charge transfers and increases the 

electrochemically active surface area. Moreover, the hierarchical pore structure promotes effective 

penetration of the electrolytes, and the effective utilization of the redox-active sites in Bi position. 

Conversely, pure Bi2O3, calcined Bi2O3 and Bi2O3-MOF composites have relatively lower values 

of capacitance, which may be explained through less easy accessibility to the surface and less 

optimized architecture of pores. The capacitance values of all samples decrease in a progressive 

manner as the current density increases indicating characteristic rate-related restrictions of ion 

diffusion. The measured electrochemical character can be seen to indicate that the structural 

engineering through MOF templating strongly increases ion transport routes, redox access, and 

total charge storage ability. The additive value of the electric double-layers and reversible Faradaic 

reactions leads to enhanced capacitance and rate capability of the MOF-derived Bi2O3 electrode.

The results of the detailed capacitance at various current densities are summarized in (Table 

2).
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Fig. 8 (a) EIS Nyquist spectra (b) Galvanostatic charge/discharge curves of Bi2O3 (c) Calcined Bi2O3 (d) 
Bi2O3-MOF (e) MOF derived Bi2O3 (f) Current density (A.g-1) vs specific capacitance (F.g-1).

Table 2: Specific capacitance vs current densities, charge transfer resistance and Correlation factor (R2) of 
Bi2O3, Calcined Bi2O3, Bi2O3-MOF and MOF derived Bi2O3.

S. No Sample Current density 
(A g-1)

Specific 
capacitance 

(F g-1)

Rct 
(Ω)

Correlation 
Factor

0.5 464
1 362
2 340
3 315
4 290
5 260

1 Bi2O3

10 200

523 0.92

0.5 323
1 278
2 230
3 170
4 112
5 87

2 Calcined Bi2O3

10 61

655 0.83

0.5 433
1 325
2 310
3 280
4 240
5 210

3 Bi2O3-MOF

10 150

573 0.87

0.5 876
1 720
2 610
3 540
4 480

4 MOF derived 
Bi2O3

5 430

345 0.98
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10 320

Symmetric Device Configuration

For practical validation of electrochemical stability and structural durability, a symmetric 

supercapacitor device was assembled using MOF-derived Bi₂O₃ as both the positive and negative 

electrodes, as illustrated in (Fig. 9a). The cyclic voltammetry (CV) profiles of the fabricated 

symmetric device are presented in (Fig. 9b), recorded at scan rates of 10, 20, 30, 50, 75, and 100 

mV s⁻¹ within a potential window of 0-0.6 V. When the operating voltage was extended beyond 

0.6 V, noticeable distortion in the CV and GCD profiles was observed, accompanied by increased 

polarization and a decline in coulombic efficiency. These changes indicate the onset of parasitic 

water-splitting reactions, including oxygen evolution (OER) and hydrogen evolution (HER), under 

alkaline conditions. Therefore, 0–0.6 V was selected as the optimal and stable operating window 

to ensure reversible charge storage and suppress undesired side reactions. With increasing scan 

rate, the enclosed area of the CV curves gradually decreases, reflecting reduced charge storage 

capability at higher scan rates. This behavior is attributed to kinetic limitations, where rapid 

potential sweeping restricts electrolyte ion diffusion into deeper active sites, leading to partial 

utilization of the electrochemically active surface. The symmetric MOF-derived Bi₂O₃ device 

exhibits distinct anodic and cathodic peaks, characteristic of faradaic redox processes associated 

with the reversible Bi³⁺/Bi⁵⁺ transformation in alkaline electrolyte [36]. The quasi-rectangular yet 

redox-featured CV profiles confirm the pseudocapacitive nature of the charge storage mechanism. 

The observed behavior suggests that the energy storage process involves a synergistic contribution 

from surface-controlled redox reactions and diffusion-assisted ion transport within the hierarchical 

porous structure of the electrode material.

(Fig. 9c) presents the Nyquist plot of the symmetric MOF-derived Bi₂O₃ device along 

with the corresponding equivalent circuit model employed to fit the impedance data. The 

equivalent circuit consists of the solution resistance (Rs), a constant phase element (CPE), 

charge-transfer resistance (Rct), Warburg impedance (W), and a capacitive element (C). In the 

high-frequency region, the intercept on the real axis represents the solution resistance (Rs), 

which arises from the intrinsic resistance of the electrolyte, current collectors, and electrical 

contacts. The semicircular arc observed in the intermediate frequency region corresponds to the 

charge-transfer resistance (Rct) at the electrode/electrolyte interface, reflecting the kinetics of 

faradaic reactions. In the low-frequency region, the inclined linear tail is attributed to the 

Page 21 of 31 Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/8

/2
02

6 
9:

25
:0

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5YA00376H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00376h


22

Warburg impedance, indicating diffusion-controlled ion transport within the porous electrode 

structure. The symmetric MOF-derived Bi₂O₃ device exhibits an Rct value of 433 Ω (Table 3). 

Although the absolute Rct appears relatively high compared to highly conductive carbon-based 

electrodes, this is primarily attributed to the intrinsic semiconducting nature of Bi₂O₃, which 

possesses lower electronic conductivity. Furthermore, impedance measurements performed in a 

symmetric two-electrode configuration inherently include the combined interfacial resistances of 

both electrodes, the separator, and electrolyte contributions, resulting in higher apparent 

resistance values. Importantly, the comparative analysis among the synthesized samples reveals a 

systematic decrease in Rct for the MOF-derived Bi₂O₃, indicating improved charge-transfer 

kinetics. The reduced semicircle diameter and lower diffusion impedance suggest enhanced ion 

transport and interfacial electrochemical activity. This improvement is attributed to the 

hierarchical porous architecture and increased electrochemically active surface area of the MOF-

derived Bi₂O₃, which facilitate efficient electrolyte penetration and accelerate faradaic redox 

reactions at the electrode/electrolyte interface [39].

Galvanostatic charge/discharge (GCD) measurements were performed to evaluate the 

charge storage behavior and electrochemical performance of the fabricated symmetric MOF-

derived Bi₂O₃ device. The GCD profiles were recorded at various current densities to assess rate 

capability and charge/discharge characteristics (Fig. 9d). The curves exhibit a nearly symmetric 

triangular shape with slight deviations, indicating predominantly pseudocapacitive behavior with 

minor resistive contributions. At a current density of 0.5 A g⁻¹, the symmetric device demonstrated 

an extended discharge time, corresponding to a high specific capacitance of 950 F g⁻¹. Based on 

this value and an operating voltage window of 0.6 V, the device achieved a maximum energy 

density of 47.2 Wh kg⁻¹ with a corresponding power density of 150 W kg⁻¹, as summarized in 

(Table 3). With increasing current density, the specific capacitance gradually decreased to 358 F 

g⁻¹ at 10 A g⁻¹, while the power density increased to 3000 W kg⁻¹, demonstrating good rate 

capability. The enhanced electrochemical performance is attributed to the synergistic effect of the 

faradaic redox activity of Bi₂O₃ and the hierarchical porous structure derived from the MOF 

precursor. The multiscale pore network provides abundant electroactive sites and facilitates 

efficient ion transport, thereby improving charge storage efficiency and power performance. These 

results demonstrate that MOF-derived Bi₂O₃ is a promising electrode material for high-

performance pseudocapacitor applications.
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Fig. 9 (a) fabricated symmetric device schematic (b) Cyclic voltammetry (CV) curves (c) EIS Nyquist fitted 
spectra with equivalent fitting circuit and (d) Galvanostatic charge/discharge GCD curves.

The electrochemical stability of the fabricated symmetric supercapacitor was evaluated 

through 10,000 continuous galvanostatic charge–discharge (GCD) cycles, as shown in Fig. 10. 

The device retained 75.3% of its initial capacitance after 10,000 cycles, with a Coulombic 

efficiency of 81.4% (Table 3), demonstrating acceptable long-term stability for a metal oxide-

based pseudocapacitor. The observed stability is attributed to the hierarchical porous architecture 

inherited from the MOF precursor, which promotes efficient electrolyte diffusion, minimizes 

polarization effects, and alleviates structural stress during repeated charge–discharge cycling. The 

synergistic contribution of electric double-layer capacitance and reversible faradaic redox 

reactions further supports sustained charge storage performance. The interconnected 

ultramicroporous and mesoporous framework enhances ion–electrode interactions while 
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maintaining structural integrity, thereby contributing to stable electrochemical behavior over 

prolonged cycling [40].

Fig. 10 Cyclic Stability Retention (%) and Coulombic efficiency (%) of fabricated symmetric 
device over 10,000 cycles.
Table 3: Cs, Energy density, power density,  Diffusion co-efficient, Rct, and Cyclic Stability Retention 

(%) and Coulombic efficiency (%) of the fabricated Symmetric MOF derived Bi2O3 supercapacitor device.

Device
Current 
density
(A.g-1)

Specific 
Capacitance

(F g-1)

Energy 
density

(Wh Kg-

1)

Power 
density

(W Kg-1)

Diffusion 
co-efficient

(cm²/s)

Rct
(Ω)

Retention 
(%) Coulombic 

efficiency (%)

0.5 950 47.2 150
1 720 39 300
2 618 36 600
3 590 31 900 81.4%
4 517 25 1200
5 478 21 1500

Symmetric 
Device

10 358 18 3000

3.8 × 10-12 433 75.3%

The performance of the MOF-derived Bi₂O₃ symmetric device is benchmarked against 

other Bi₂O₃-based supercapacitors in the Ragone plot shown in (Fig. 11). This plot clearly 

illustrates the device's competitive performance, navigating the classic trade-off where increasing 

power density leads to a decrease in achievable energy density.
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Fig. 11 Ragone plot illustrating the relationship between energy density and power density of the 
fabricated MOF-derived Bi₂O₃ symmetric supercapacitor device, compared with previously 
reported Bi₂O₃-based electrodes in aqueous electrolytes [41-45].

Conclusion
This study systematically investigated the electrochemical performance of bismuth oxide 

(Bi₂O₃) and MOF-derived Bi₂O₃ nanoporous frameworks as electrode materials for 

supercapacitor applications. The materials were successfully synthesized via a solvothermal–

calcination strategy and comprehensively characterized using X-ray diffraction (XRD), Brunauer–

Emmett–Teller (BET) analysis, X-ray photoelectron spectroscopy (XPS), Fourier transform 

infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), and energy-dispersive X-ray 

spectroscopy (EDX).

XRD analysis confirmed the formation of δ-Bi₂O₃, while the MOF precursor exhibited 

additional diffraction peaks corresponding to the terephthalate (TPA) organic linker, consistent 

with FT-IR results. BET measurements revealed surface areas of 19, 15, 58, and 117 m² g⁻¹ for 

Bi₂O₃, calcined Bi₂O₃, Bi₂O₃–MOF, and MOF-derived Bi₂O₃, respectively. The MOF-derived 

Bi₂O₃ exhibited a hybrid Type I/Type IV isotherm with a pronounced hysteresis loop, indicating 

a hierarchical pore structure composed of dominant ultramicropores (0.42 nm), mesopores, and 

macropores. XPS analysis confirmed the presence of Bi³⁺ and lattice oxygen species with well-
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defined Bi–O bonding, while SEM observations demonstrated a morphological evolution from 

nanosheets to uniformly distributed porous rod-like nanostructures after MOF-derived 

transformation.

Electrochemical evaluation in a three-electrode configuration revealed an inverse 

relationship between specific capacitance (Cₛ) and charge-transfer resistance (Rct). The MOF-

derived Bi₂O₃ achieved a high specific capacitance of 876 F g⁻¹ at 0.5 A g⁻¹ with a reduced Rct 

of 345 Ω, attributed to its enlarged surface area and hierarchical porous architecture that enhances 

ion accessibility and redox utilization. When assembled into a symmetric device operating within 

a 0–0.6 V window, the electrode delivered a device-specific capacitance of 950 F g⁻¹ at 0.5 A g⁻¹, 

an energy density of 47.2 Wh kg⁻¹, and a power density of 150 W kg⁻¹. The device retained 75.3% 

of its initial capacitance after 10,000 cycles, with a Coulombic efficiency of 81.4%, demonstrating 

acceptable long-term stability.

Overall, the results confirm that MOF-assisted structural engineering effectively enhances 

pore architecture, ion transport pathways, and electroactive surface utilization in Bi₂O₃-based 

electrodes. This strategy provides a viable route for improving the electrochemical performance 

of metal oxide materials in advanced supercapacitor applications.
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