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Abstract 

Conductive diamond has been recognized as a promising electrode material for 

supercapacitors due to its excellent stability and broad electrochemical potential window. To 

enhance the performance of diamond-based supercapacitors, this study focuses on two key 

strategies: incorporating redox-active species on the electrodes and/or in the electrolytes to 

increase the capacitance, and constructing asymmetric supercapacitors to expand the 

operating voltage range. In this context, pseudocapacitive Co3O4@boron doped diamond 

(BDD) and Bi-Bi2O3@BDD were synthesized using metal-organic framework (MOF) 

decorated BDD of Co-MOF@BDD and Bi-MOF@BDD as precursor materials, respectively. 

An aqueous asymmetric supercapacitor was then assembled using a pseudocapacitive 

electrode/redox electrolyte system of Co3O4@BDD | 3.0 M KOH+0.05 M 

K3Fe(CN)6/K4Fe(CN)6 as the positive compartment, and Bi-Bi2O3@BDD | 3.0 M KOH as the 

negative compartment. The resulting device demonstrated a wide operating voltage of 1.7 V, a 

maximal energy density of 10.0 Wh L-1 at a power density of 333.2 W L-1. The remarkable 

performance can be attributed to the Faradaic redox reactions involving [Fe(CN)6]3-/4-, 

Co3+/Co4+, Bi0/Bi2+/Bi3+ in the electrode materials and electrolytes. This work presents a 

novel way for fabricating aqueous supercapacitors with high voltage, high energy and power 

densities, offering significant potential for various energy storage applications. 

 

Keywords: asymmetric supercapacitor, boron-doped diamond, MOF-derived compound, 

redox-active electrolyte 
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1 Introduction 

Supercapacitors (SCs), as one of the most promising candidates for electrochemical 

energy storage, have attained growing interests and been applied in various areas in recent 

years [1, 2]. Depending on charge storage mechanisms, SCs can be divided into electrical 

double layer capacitors (EDLCs), pseudocapacitors (PCs), and redox-electrolyte enhanced 

SCs (R-SCs) [3]. An EDLC stores charges via a non-faradaic process, where the charges 

adsorb/accumulate electrostatically at the electrode/electrolyte interfaces. For PCs and R-SCs, 

reversible faradaic reactions take place, bringing additional pseudocapacitance and 

redox-electrolyte induced capacitance (R-capacitance), respectively. In general, PCs and 

R-SCs are able to deliver higher capacitances and higher energy densities than EDLCs. The 

difference between PCs and R-SCs lies in the location of redox-active species added, which 

are immobilized on electrodes for PCs and dissolved in confined electrolytes for R-SCs. 

Hence, to develop SCs with high performance, the employment of novel electrode materials 

and electrolytes are highly required. 

Conductive diamond, especially boron doped diamond (BDD) has been regarded as 

one promising electrode material for SC applications. This is because a heavily boron-doped 

diamond demonstrates metal-like conductivity. Compared to other sp2 carbon materials, the 

sp3 conductive diamond possesses outstanding mechanical hardness, chemical inertness, and 

exceptional stability with maintained structure even under severe environmental and 

operational conditions (e.g., acidic or alkaline environments, high voltages and currents, and 

elevated temperatures). Moreover, BDD offers a wide electrochemical potential window, 

reaching up to 3.2 V in aqueous electrolytes and 4.6 V in organic electrolytes [4]. Additionally, 

diamond has diverse surface terminations and rich surface chemistry, which allows for 

controllable surface wettability and facilitates the loading of various pseudocapacitive 

materials. However, one shortcoming of a flat BDD electrode is its relatively low capacitance 

(3.6 - 7 µF cm-2 in 1.0 M Na2SO4) [5]. To solve this problem, several strategies have been 

proposed, namely the growth of diamond micro-/nanostructures with enlarged surface area 

using bottom-up overgrowth and top-down etching techniques, the formation of diamond 

hybrid materials by the combination of diamond with other sp2 carbon materials, and the 
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synthesis of diamond pseudocapacitive composites by decorating pseudocapacitive materials 

on the surface of diamond [6]. The incorporation of pseudocapacitive materials (e.g., metal 

derived compounds and conducting polymers) yields a significant boost in capacitance. For 

example, by electrodeposition of MnO2 on the surface of a flat BDD, a capacitance of 7.82 

mF cm-2 was achieved at a scan rate of 10 mV s-1 in a 1.0 M Na2SO4 solution [5]. However, a 

34% drop of the initial capacitance was observed for the MnO2/BDD electrode after 1000 

consecutive charging/discharging cycles at 100 mV s-1. A Mn ion implanted BDD film was 

synthesized by Mn ion implantation into the BDD film at a high dose (1015–1017 ions cm-2), 

followed by a post-annealing treatment at 750 °C [7]. The Mn-BDD electrode could deliver a 

capacitance of 0.16 mF cm−2 at 1 mV s−1 in a 1.0 M Na2SO4 aqueous solution. A Ni/porous 

BDD film was fabricated through electrodeposition of Ni nanoparticle on a flat BDD film, 

followed by hydrogen-argon plasma etching with Ni nanoparticles as catalysts [8]. As a 

pseudocapacitive electrode, its capacitance reached 9.55 mF cm-2 at 5 mV s−1 in a 0.1 M 

Na2SO4 aqueous solution. Another Ni(OH)2/BDD nanowires electrode was prepared through 

a two-step process: the deposition of a nickel metal layer on BDD nanowires via sputtering 

and the anodization of the Ni/BDD nanowires in NaOH solution [9]. This material 

demonstrated a high capacitance of up to 91 mF cm-2 at 5 mV s−1 in a NaOH aqueous solution, 

mainly due to the reversible redox reactions occurring between the nickel hydroxide and 

oxy-hydroxide groups. Nevertheless, the enhancement of capacitance by introducing 

pseudocapacitive electrode materials is accompanied by a considerable reduction in the 

operational potential windows, consequently limiting the energy density of associated SC 

devices [10]. One effective strategy to address this issue is the construction of asymmetric 

SCs (ASCs), which involves the utilization of distinct cathodic and anodic 

electrode/electrolyte systems possessing different potential windows [11]. 

Among various pseudocapacitive materials, cobalt oxide and bismuth oxide have 

emerged as promising choices for positive and negative electrode materials, respectively, 

owing to their low cost, environmental friendliness, high theoretical capacitances and 

abundant resources [12, 13]. To achieve high actual capacitances of these materials, they 

should exhibit high surface areas, remarkable amounts of exposed electrochemically active 

sites, and a porous structure that facilitates ion diffusion. However, achieving controllable 
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growth of metal oxides presents a persistent challenge. Recently, metal-organic frameworks 

(MOFs) have demonstrated efficacy as templates for the fabrication of metal oxides with large 

surface areas, adducible porous structure and controlled shapes [14]. MOFs are formed by 

coordinating organic molecules to metal ions/clusters. By varying the organic species and 

metal-contained units, a wide variety of MOF can be synthesized, each with unique properties 

in surface areas, porosity, and redox activity [15]. Under heat treatment, MOFs easily undergo 

decomposition, leading to the formation of metal oxides and other metal-containing 

compounds while preserving their structures. To the best of our knowledge, the synthesis of 

BDD decorated with MOF-derived oxides and their application as SC electrodes have not 

been reported up to now. 

As another key component in the fabrication of SCs, the introduction of redox-active 

species into the electrolytes results in the formation of R-SCs [16]. Charges are stored through 

the diffusion-controlled redox reactions of these species at the surface or inside the porous 

cavity of the electrodes. In addition to the enhanced capacitance, R-SCs also show advantages 

of facile preparation and a full use of the selected electrodes [17]. For ASCs, achieving 

performance balance between positive and negative electrode/electrolyte systems is attainable 

by simply adjusting the type and concentration of dissolved redox species. Given the diverse 

redox potentials of various redox species, it is essential to select suitable ones to satisfy the 

working potential windows of related electrodes. 

In the present study, a BDD ASC was constructed by employing BDD coated with Co3O4 

derived from Co-MOF as the positive electrode, and BDD decorated with Bi-MOF derived 

Bi-Bi2O3 as the negative electrode (Fig. 1). A redox electrolyte of 3.0 M KOH + 0.05 M 

K3Fe(CN)6/K4Fe(CN)6 and an inert electrolyte of 3.0 M KOH were used as the catholyte and 

anolyte, respectively. Its performance has been systematically investigated. The proposed 

concept provides a new way for the construction of diamond based aqueous SCs with a large 

operating voltage.  
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Fig. 1 Schematic illustration for the fabrication of an ASC using BDD decorated with 

metal-organic framework-derived compounds.  

 

2 Experimental 

2.1 Preparation of electrode materials 

BDD films were grown on Si (100) wafers (2 inch) via microwave plasma assisted 

chemical vapor deposition technique. The deposition was conducted at a constant gas pressure 

of 45 Torr and a temperature of 800 ℃. A gas mixture with a flow rate of 300 sccm (standard 

cubic centimeter per minute) containing CH4, H2 and trimethylborane (B/C = 12821 ppm) was 

used as the main precursor. Trimethylborane was added during the growth process as the 

boron source. The charge carrier concentration was estimated to be 3.7 × 1021 cm-3 [18]. For 

further experiments, BDD films were immersed in a mixture of H2SO4 and HNO3 with a 

volume ration of 3:1 for 60 min, then cleaned in deionized water using ultrasound, and finally 

dried in a N2 atmosphere to change their wettability. 

To coat BDD with Co3O4 films, Co-MOF was first synthesized and immobilized on BDD 

films. Here BDD samples were immersed in a mixed solution prepared by adding a 0.4 M 

2-methylimidazole (2-MI) aqueous solution (15 mL) into a 0.05 M Co(NO3)2·6H2O aqueous 

solution (15 mL). The deposition process was carried out at a temperature of 25°C, employing 

varying reaction times (ti) of 15, 30, 45 and 60 min. After that, the BDD samples modified 

with Co-MOF was taken out, rinsed with deionized water, dried at 60 ℃ in air for 1 h, and 
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then annealed in air at 300 ℃ for 2 h to form Co3O4@BDD. 

Bi-MOF was synthesized on the surface of BDD via a hydrothermal method, using 

Bi(NO3)3 5H2O as the bismuth source and 1,3,5-benzenetricarboxylic acid (H3BTC) as the 

ligand. It was then utilized as the precursor, and calcined at high temperature to obtain 

Bi-Bi2O3@BDD. In detail, 0.75 g H3BTC and 0.15 g Bi(NO3)3 5H2O were dissolved in 60 mL 

CH3OH ultrasonically to form a transparent solution. Subsequently, it was transferred to a 100 

mL autoclave preloaded with BDD, where the hydrothermal reaction was conducted at 120 ℃ 

for 1 h. After the reaction, BDD loaded with Bi-MOF was taken out once the autoclave was 

cooled to room temperature. It was washed with deionized water, dried in oven at 60 ℃ for 1 

h, and finally subjected to calcination in a tubular furnace at 700 ℃ (heating rate: 5 ℃ min-1) 

for 1 h under nitrogen atmosphere to obtain Bi-Bi2O3@BDD. 

 

2.2 Characterization 

The morphology and structure of prepared samples were investigated with field emission 

scanning electron microscopy (FE-SEM, Hitachi SU8010) and transmission electron 

microscopy (TEM, JEOL JEM-F200). For TEM examination, the Co3O4 nanostructures were 

collected from BDD substrate by mechanical scratching, and then dispersed ultrasonically in 

ethanol. After that, several drops of ethanol containing Co3O4 nanostructures were dropped on 

a copper grid, and dried in air. The chemical element analysis was conducted by energy 

dispersive X-ray spectroscopy (EDX, Hitachi SU8010). X-ray photoelectron spectroscopy 

(XPS, Thermo Scientific K-Alpha) with an Al Kα radiation was employed to investigate the 

elemental compositions and chemical states of the prepared films. The XPS spectra were 

analyzed using Thermo Scientific Avantage software. The binding energies (BEs) were 

calibrated by reference to the C 1s (284.80 eV) signal. The Raman spectra of Co3O4@BDD 

films were recorded on a Renishaw inVia Confocal Raman spectrometer, using a solid-state 

laser at 532 nm as the excitation source. The XRD patterns of collected sample powders were 

recorded using a Rigaku Ultma IV X-Ray diffractometer or an XD-6 X-Ray diffractometer 

with Cu Kα radiation.  

 

2.3 Electrochemical measurements 
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Electrochemical measurements were carried out on a CHI760E electrochemical 

workstation (Shanghai Chenhua Inc., China). A standard three-electrode system was firstly 

employed to examine the electrochemical performance of Co3O4@BDD and Bi-Bi2O3@BDD 

films, where an Ag/AgCl (3.0 M KCl) electrode was used as the reference electrode and a 

coiled Pt wire as the counter electrode. Aqueous solutions of 3.0 M KOH and 3.0 M KOH + 

0.05 M K3Fe(CN)6/K4Fe(CN)6 were utilized as the electrolytes. Two-electrode ASC devices 

were assembled using Co3O4@BDD | 3.0 M KOH with/without 0.05 M 

K3Fe(CN)6/K4Fe(CN)6 and Bi-Bi2O3@BDD | 3.0 M KOH as the positive and negative 

compartments, respectively. A Nafion® membrane (Alfa Aesar) was employed as the 

separator. The effective area of used capacitor electrodes was 0.05 cm2. Cyclic 

voltammograms (CV) at different scan rates, galvanostatic charging/discharging (GCD) 

curves at different current densities, and Nyquist plots at open circuit potentials over a 

frequency range from 1 Hz to 1 MHz with a small amplitude of 5 mV were recorded for 

different SCs. The specific capacitances (C, F cm−2), energy densities (E, Wh L−1), and power 

densities (P, W L−1) were calculated according to the reported methods [19-21]. 

 

3 Results and discussion 

3.1 Characterization 

The SEM image of a BDD film is shown in Fig. S1a. A Co-MOF film was then deposited 

on BDD film via the reaction of a metal source of Co(NO3)2·6H2O and a ligand of 

2-methylimidazole. Considering that the highest capacitance was obtained on Co3O4@BDD 

electrodes synthesized with a ti of 45 min (see following section), the characterization was 

focused on these samples. As shown in Fig. S1b, Co-MOF with a 2D sheet-like form has been 

coated uniformly on the surface. The XRD pattern of the Co-MOF in Fig. S1c confirms the 

formation of Co-ZIF, which matches well with ZIF-L crystals [22-24]. After thermal treatment 

of the Co-MOF@BDD film at 300 ℃ in air for 2 h, the MOF precursor has been decomposed 

and oxidized with a release of gas molecules, leading to the formation of Co3O4 film in 

flower-like structure with thinner and rougher nanosheets (Fig. 2a). Such a morphology 

brings large specific surface area of the film and allows facilitated electrolyte penetration and 
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electron transfer. The inset image in Fig. 2a presents the cross section of the Co3O4@BDD 

film, where Co3O4 and BDD are both uniformly deposited with regular section. The 

thicknesses of the BDD and Co3O4 layers were measured to be about 2.0 and 2.5 µm, 

respectively. Furthermore, the full removal of N element during the thermal treatment of 

Co-MOF@BDD is confirmed by comparing the EDX spectra collected from Co3O4@BDD 

film (Fig. 2b) and Co-MOF@BDD precursor (Fig. S1d), indicating the full transformation of 

Co-MOF. The EDX element mapping of the Co3O4@BDD film (Fig. 2c-f) demonstrates 

uniform distributions of the component elements, including C, O and Co, throughout the film. 

 

Fig. 2 (a) FE-SEM image, (b) EDX spectrum and (c-f) EDX element mapping of 

Co3O4@BDD films. The inset image in (a) shows the cross-section of the film. (g) TEM 

image and (h) HRTEM image of Co3O4 nanostructures. The inset image in (h) shows SAED 

pattern of Co3O4.  

 

The TEM image in Fig. 2g reveals that Co3O4 nanosheets are composed of aggregated 

nanoparticles with particle size of about 10 nm. Nano-sized pores are found at the grain 

boundaries, providing interconnected ion diffusion pathways with reduced length, leading to 

facilitated ion transport and enhanced charge storage. The high-resolution TEM (HRTEM) 
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image of Co3O4 (Fig. 2h) shows clear lattice fringes with interplanar spacing of 0.290 and 

0.246 nm, corresponding to the (220) and (311) planes of Co3O4 [25, 26]. The selected area 

electron diffraction (SAED) pattern presented in the inset of Fig. 2h are used to examine the 

crystalline nature of Co3O4 nanostructure. The presence of discontinuous diffuse rings in 

SAED pattern indicates the polycrystalline nature of Co3O4. 

XPS measurements were carried out to investigate the atomic composition and the 

chemical states of a prepared Co3O4@BDD film. Its XPS survey spectrum (Fig. 3a) shows 

the presence of C, O and Co elements in the sample. The absence of peaks corresponding to 

nitrogen further confirms the removal of this element during the thermal treatment of the 

Co-MOF@BDD film. The high-resolution XPS spectrum of O 1s core level (Fig. 3b) is 

deconvoluted into three peaks. The major peak at the lowest BE of 529.8 eV is associated 

with the Co-O bonding in the Co3O4 phase [27, 28]. The high-resolution XPS spectrum of Co 

2p core level is presented in Fig. 3c. Two main peaks are observed at BEs of 794.7 and 779.7 

eV, with a spin-energy separation of 15 eV. Each peak is accompanied by a shakeup satellite. 

These two peaks are assigned to Co 2p1/2 and 2p3/2 states, respectively, which are typical 

characteristics of a Co3O4 phase [29, 30]. Upon deconvolution of the Co 2p XPS spectrum, 

the peaks centered at 794.7 and 779.7 eV correspond to the Co3+ state, while those located at 

796.5 and 781.3 eV are assigned to the Co2+ state [31, 32]. In the Raman spectrum of a 

Co3O4@BDD film (Fig. 3d), four obvious peaks located at around 467, 508, 603 and 669 

cm-1 are assigned to the Eg, Fଶ୥
ଵ , Fଶ୥

ଶ , and A1g modes of Co3O4 crystalline phase, respectively, 

similar as those reported in literature [33, 34]. The band centered at approximately 669 cm-1 

(A1g mode) is attributed to the characteristics of the octahedral CoO6 sites. Compared to bulk 

Co3O4, the peak positions of the four Raman-active modes observed here exhibit a downward 

shift to lower wavenumbers by approximately 14 – 22 cm-1 [35]. This is because of the optical 

phonon confinement effect that occurs in nanostructures and structural defects, resulting in 

uncertainty of the phonon wave vectors and consequently a downshift of the Raman peaks 

[36]. Besides, the peak detected at around 1328 cm-1 with low intensity corresponds to the 

first-order Raman mode of diamond substrate [37]. 
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Fig. 3 (a) XPS survey spectrum, (b, c) high resolution XPS spectra of (b) O 1s and (c) Co 2p 

core levels, and (d) Raman spectrum of Co3O4@BDD films. 

 

According to the FE-SEM image of Bi-MOF@BDD (Fig. 4a), Bi-MOF exhibits a 

hexagonal rod structure with smooth surface, accompanied by the presence of nanosheets. 

After calcination at high temperature in nitrogen atmosphere, the obtained Bi-Bi2O3 still 

maintains the morphology of Bi-MOF (Fig. 4b). The densely distributed particles observed on 

the surface of Bi-Bi2O3@BDD might be elemental Bi. The interweaving of rod-like and 

sheet-like structures in Bi-Bi2O3 leads to the formation of a three-dimensional network with 

continuous pores, facilitating the transport of charged particles. Additionally, the presence of 

the metallic bismuth effectively enhances the conductivity of the material, and provides rich 

active sites for electrochemical processes. The thicknesses of BDD and Bi-Bi2O3 layers were 

measured to be approximately 2.0 µm and 37.9 µm, respectively (inset image in Fig. 4b). 

According to EDX elemental mapping images of Bi-Bi2O3@BDD film (Fig. 4c-f), the 

elements C, O and Bi are uniformly distributed throughout the film. The presence of carbon in 

Bi-Bi2O3 suggests that during the pyrolysis of Bi-MOF, some organic ligands were 

transformed into carbon materials and deposited within the film layer. The formation of 
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carbon materials is beneficial for improving the conductivity and stability of the material [38].  

 

Fig. 4 FE-SEM images of (a) Bi-MOF@BDD and (b) Bi-Bi2O3@BDD. The inset image in (b) 

shows the cross-section of Bi-Bi2O3@BDD. (c) FE-SEM image and (d-f) corresponding EDX 

elemental mapping images of Bi-Bi2O3@BDD. (g) XRD patterns of Bi-MOF and Bi-Bi2O3. 

 

The XRD patterns of Bi-MOF and Bi-Bi2O3 are shown in Fig. 4g. The characteristic 

peaks in the XRD pattern of Bi-MOF align well with the simulated XRD pattern of CAU-17 

Bi-MOF [39], confirming the successful synthesis of Bi-MOF precursor. In the XRD pattern 

of Bi-Bi2O3, peaks located at 27.2°, 38°, 39.6°, 48.7°, 62.2° and 64.5° can be attributed to 

(012), (104), (110), (202), (116) and (122) crystal planes of Bi (PDF# 44-1246), while peaks 

centered at 28°, 46.3°, and 54.8° correspond to (012), (041), and (-241) crystal planes of 

Bi2O3 (PDF# 44-1246). The broad peak observed between 26.5 - 30° corresponds to carbon 

[40]. This result confirms the presence of Bi, Bi2O3 and carbon in the derived product of 

Bi-MOF, consistent with SEM results. 

The atomic composition and chemical states of Bi-Bi2O3@BDD film were analyzed by 

XPS. Its XPS survey spectrum (Fig. 5a) indicates that the sample consists of elements C, O, 

and Bi. In the high-resolution XPS spectrum of Bi 4f (Fig. 5b), four characteristic peaks 

corresponding to the two oxidation states of Bi3+ and Bi2+ can be obtained by fitting the two 
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recorded peaks at 158.8 and 164.1 eV. The deconvoluted peaks at 164.6 and 159.3 eV 

correspond to Bi3+ 4f5/2 and Bi3+ 4f7/2, respectively, while those appearing at 164.0 and 158.7 

eV are attributed to Bi2+ 4f5/2 and Bi2+ 4f7/2, respectively [38]. Besides, the peaks measured at 

162.1 and 156.8 eV are assigned to Bi0 4f5/2 and Bi0 4f7/2, respectively [41]. The 

high-resolution XPS spectrum of C 1s in Fig. 5c can be deconvoluted into three peaks located 

at 284.8, 286.1 and 289.5 eV, corresponding to the C-C, C-O and O-C=O bonds, respectively. 

In the high-resolution XPS spectrum of O 1s (Fig. 5d), the fitted peaks at 529.6, 532.0 and 

533.7 eV can be ascribed to Bi-O, C-O and O-C=O bonds, respectively [42-45].  

 

Fig. 5 XPS spectra of Bi-Bi2O3@BDD: (a) survey spectrum, high-resolution spectra of (b) Bi 

4f, (c) C 1s, and (d) O 1s. 

 

3.2 Electrochemical performance 

3.2.1 Electrochemical performance of Co3O4@BDD  

The electrochemical performance of Co3O4@BDD electrodes synthesized with different ti 

of 15 – 60 min was evaluated and compared, by recording their CVs in 3.0 M KOH aqueous 

electrolyte in a potential window of 0 - 0.5 V (vs. Ag/AgCl) at a scan rare of 100 mV s-1 (Fig. 

6a). One pair of apparent anodic and cathodic peaks at ca. 0.4 and 0.36 V (vs. Ag/AgCl), 
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respectively, are observed in all CV curves, representing the reversible surface faradaic 

reactions between different valance states of cobalt associated with OH– [46]: 

Co3O4 + OH– + H2O ↔ 3CoOOH + e–      (1) 

CoOOH + OH– ↔ CoO2 + H2O + e–      (2) 

The slight shifts in the redox peaks of these CVs are attributed to variations in the loading 

amount of Co3O4, which influence the ion/electron transfer rates, the reaction kinetics, and the 

current response during the cyclic voltammetry test. Compared to the CV of a BDD film 

measured under the same conditions (Fig. 6a), the CV of the BDD electrode is displayed as a 

line, indicating a significant improvement of the capacitance by immobilizing 

pseudocapacitive Co3O4 on BDD. The highest peak currents and capacitive currents are 

observed on the Co3O4@BDD electrode with ti of 45 min, an indication of its highest 

performance. The decrease of the current intensity in case of a ti of 60 min might be due to the 

relatively poor conductivity of the metal oxides. Such phenomena was also observed on 

MnO2 coated BDD electrodes [5]. Therefore, the Co3O4@BDD electrode with ti of 45 min has 

been selected for further SC application. Its CVs recorded in 3.0 M KOH are illustrated in Fig. 

S2a. Small shifts in redox peaks are observed in CVs at different scan rates, which is mainly 

due to polarization effects [47]. At lower scan rates, the redox reaction is given sufficient time 

to reach equilibrium, resulting in relatively weak polarization. Conversely, as the scan rate 

increases, the reaction kinetics are challenged to match the rapid changes in potential, leading 

to enhanced polarization effects, which in turn affect the specific positions of the redox peaks. 

Here, with the increase of the scan rate from 20 to 100 mV s-1, the potential separation 

between the redox peaks increases from 0.021 to 0.05 V. Such a small change in the potential 

separation demonstrates the good reaction kinetics on the electrode. Meanwhile, the 

corresponding GCD curves (Fig. S2b) at different current densities are non-linear with 

plateaus in the charging and discharging sections, confirming the redox reaction of Co3O4. 

The specific capacitance increases with the decrease of the applied current densities, namely 

22.6, 26.8, 30.2 and 33.2 mF cm-2 at 10, 5, 3, and 2 mA cm-2, respectively. These values are 

about three orders of magnitude higher than that of a flat BDD electrode [6]. This is mainly 

due to the additional pseudocapacitance provided by the Co3O4 film with porous structure and 

enlarged surface area. 
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To further improve the performance of Co3O4@BDD based PC, a pair of redox species of 

0.05 M K3Fe(CN)6/K4Fe(CN)6 was introduced in 3.0 M KOH aqueous solution for the 

construction of a R-SC. The faradaic redox reaction of Fe(CN)6
3−/4− during the 

charging/discharging processes is expected to contribute additional R-capacitance [3]. Figure 

S2c illustrates the recorded CVs at scan rate of 20 to 100 mV s-1 within a potential window of 

0 - 0.5 V (vs. Ag/AgCl)，where a broad oxidation peak (ca. 0.4 V vs. Ag/AgCl) and a 

reduction peak (ca. 0.26 V vs. Ag/AgCl) are observed. These peaks refer to the redox 

reactions of Fe(CN)6
3−/4− in the electrolyte and Co3O4 coated on the electrode surface. The CV 

of the R-SC is compared to the theoretical CV, in which the currents are calculated by the 

direct sum of the CV currents recorded on Co3O4@BDD based PC in 3.0 M KOH, and BDD 

based R-SC in 3.0 M KOH + 0.05 M K3Fe(CN)6/K4Fe(CN)6, under a fixed scan rate of 100 

mV s-1 (Fig. 6b). The anodic and cathodic peaks in the tested CV cover those of Co3O4 and 

Fe(CN)6
3−/4−, and the peak intensities are also stronger. Furthermore, the integrated area of the 

CV tested is quite higher than that of the CV calculated. Therefore, the coated Co3O4 film not 

only provides extra pseudocapacitance, but also promotes synergistically the redox reaction of 

Fe(CN)6
3−/4−. The shape of GCD curves (Fig. S2d and Fig. 6c) further prove the involvement 

of redox reactions, which is in agreement with those observed on CVs. At the current density 

of 5 mA cm-2, the discharging time of Co3O4@BDD obtained in KOH + 

K3Fe(CN)6/K4Fe(CN)6 is about 5 times as high as that obtained in KOH solution (Fig. 6c). 

According to the GCD curves, the capacitances of Co3O4@BDD based R-SC were calculated 

to be 54.0, 65.7, 86.0 and 138.5 mF cm-2 at 20, 15, 10, and 5 mA cm-2, respectively, much 

larger than those of the Co3O4@BDD PC. The Nyquist plots of a Co3O4@BDD film in the 

inert solution of 3.0 M KOH and in the redox electrolyte of 3.0 M KOH + 0.05 M 

Fe(CN)6
3−/4− were recorded at open circuit potentials and compared (Fig 6d). After adding 

redox species to the electrolyte, the internal resistance increases from 4.4 to 4.7 Ω, whereas 

the charge transfer resistance decreases from 21.4 to 12.7 Ω, leading to an 8.4 Ω reduction in 

the overall impedance. The slight increase in internal resistance might be due to the reduced 

transfer rate of the redox species inside the electrode pores. The significant decrease in charge 

transfer resistance indicates an accelerated electron transfer at the electrode/electrolyte 

interfaces after the introduction of redox species. Moreover, the Nyquist plot for the 
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Co3O4@BDD based R-SC exhibits a notably smaller slope in the low and medium frequency 

region compared to that for the Co3O4@BDD based PC, owing to a significant enhancement 

of the diffusion-controlled process. Furthermore, at low frequencies, the line in the Nyquist 

plot of the Co3O4@BDD based R-SC shows a slight deviation from a straight line. This might 

be attributed to the presence of an additional time constant, arising from the diffusion 

limitation of redox-active ions, especially within the narrow pores and internal channels of the 

electrode material [48, 49].  

 
Fig. 6 (a) CVs of Co3O4@BDD films prepared with ti of 15, 30, 45 and 60 min, as recorded at 

100 mV s-1 in 3.0 M KOH aqueous solution. (b-d) Performance of Co3O4@BDD films with ti 

of 45 min: (b) comparison of the CV tested in 3.0 M KOH + 0.05 M Fe(CN)6
3-/4- aqueous 

solution, and the theoretical CV calculated by the addition of the CV currents recorded on 

Co3O4@BDD/3.0 M KOH and BDD/3.0 M KOH + 0.05 M Fe(CN)6
3-/4- electrode/electrolyte 

systems, where the applied scan rate was 100 mV s-1; comparison of (c) the GCD curves at 5 

mA cm-2 and (d) Nyquist plots in different electrolytes. The inset in (d) shows the equivalent 

electric circuit for the analysis of Nyquist plots, where Rs denotes the internal resistance, Rct 

the charge transfer resistance, W the Warburg impedance and CPE the constant phase element. 

 

3.2.2 Electrochemical performance of Bi-Bi2O3@BDD 
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The electrochemical performance of Bi-Bi2O3@BDD electrode was evaluated in 3.0 M 

KOH aqueous solution using a three-electrode system. The selected potential window was 

-1.2 - 0 V (vs. Ag/AgCl). In CVs (Fig. 7a) recorded at different scan rates (10 - 100 mV s-1), 

two oxidation peaks observed at about -0.61 and -0.45 V (vs. Ag/AgCl) are originated from 

the oxidation reactions of Bi0 → Bi2+ (metastable phase) → Bi3+. Meanwhile, the reduction 

peaks located at around -1.0 and -0.8 V (vs. Ag/AgCl) are due to the reduction reactions of 

Bi3+→Bi2+→Bi0. Therefore, Bi-Bi2O3@BDD exhibits typical pseudocapacitive behavior in 

KOH electrolyte. As the scan rate increases, the positions of these redox peaks shift slightly, 

which may be caused by the polarization effect of the electrode material [40, 50]. The Faraday 

redox reactions involving Bi3+, Bi2+ and Bi0 (Eq. 3-5) can contribute additional 

pseudocapacitance, thus significantly improving the electrochemical performance of BDD 

electrodes [51-53]. 

Bi2O3 + H2O + 2e- ↔ Bi2O2 + 2OH-      （3） 

Bi2O2 + 2H2O + 4e- ↔ 2Bi0 + 4OH-      （4） 

Total reaction：Bi2O3 + 3H2O + 6e- ↔ 2Bi0 + 6OH-   （5） 

 

 

Fig. 7 Electrochemical performance of Bi-Bi2O3@BDD electrode in 3.0 M KOH aqueous 

solution: (a) CVs at different scan rates and (b) GCD curves at different current densities. 

 

Fig. 7b shows the GCD curves of Bi-Bi2O3@BDD at various current densities. Plateaus 

related to the redox reactions of Bi0/Bi2+ and Bi2+/Bi3+ are evident in all curves, which pass 

well with the redox peaks in CVs. It should be noted that, sharp peaks are observed within the 

potential range of -0.7 to -0.9 V (vs. Ag/AgCl) in the GCD curves (Fig. 7b), corresponding to 

the sharp peaks observed at similar potentials in the CVs (Fig. 7a). The appearance of sharp 
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peaks instead of plateaus in the GCD curves can be attributed to the rapid and reversible 

nature of the electrochemical reactions taking place at the electrode surface. This facilitates a 

concentrated and immediate electron transfer during the redox process, leading to a sharp 

fluctuation in current within a narrow potential window. Similar phenomena have also been 

observed in the GCD curves of other Bi2O3 based electrodes [42, 50, 52, 54]. Based on the 

GCD curves, the capacitance of Bi-Bi2O3@BDD was calculated to be 84.6, 121.6, 148.5, 

189.9 and 213.0 mF cm-2 at 30, 20, 15, 10 and 8 mA cm-2, respectively. The high specific 

capacitance and good rate performance of Bi-Bi2O3@BDD may be attributed to the following 

factors: i) pseudocapacitive behavior of Bi-Bi2O3; ii) improved conductivity and active 

electrochemical sites due to presence of metallic Bi; iii) the three-dimensional porous 

structure of the film, facilitating mass transport and charge transfer during 

charging/discharging processes; iv) enhanced conductivity provided by carbon material 

deposited within Bi-Bi2O3, promoting rapid charge transfer. 

 

3.2.3 Electrochemical performance of ASC devices 

ASCs were fabricated using Co3O4@BDD and Bi-Bi2O3@BDD as the cathode and 

anode, 3.0 M KOH with/without 0.05 M K3Fe(CN)6/K4Fe(CN)6 and 3.0 M KOH as the 

cathodic and anodic electrolytes, respectively. The cathodic and anodic compartments were 

separated by a Nafion ion-selective membrane. These ASCs achieve a wide voltage window 

of 0 - 1.7 V, much higher than that provided by a symmetric supercapacitor of Co3O4@BDD | 

3 M KOH | Co3O4@BDD (about 0.5 V) (Fig. 8a, Fig. S3a and b). The voltage window 

extension achieved by replacing one Co3O4@BDD electrode with Bi-Bi2O3@BDD is due to 

the distinct electrochemical potential windows of the electrodes in the KOH aqueous 

electrolyte: the Co3O4@BDD electrode operates within 0 – 0.5 V (vs. Ag/AgCl), while the 

Bi-Bi2O3@BDD electrode spans -1.2 – 0 V (vs. Ag/AgCl). However, in the ASC of 

Co3O4@BDD | KOH | Bi-Bi2O3@BDD, a mismatch between the Co3O4@BDD | KOH and 

the Bi-Bi2O3@BDD | KOH electrode/electrolyte systems is found, especially at scan rates 

higher than 20 mV s-1 (Fig. S3b). This issue was addressed by incorporating [Fe(CN)6]3/4- 

redox species into the positive Co3O4@BDD electrode/electrolyte system (Fig. 8a). 

Additionally, the recorded CV currents for the redox electrolyte-enhanced ASC (R-ASC) are 



19 
 

higher than those without the redox species, indicating an enhanced capacitance after the 

addition of the redox species to the electrolyte. Several pairs of distinct redox peaks appear in 

the CV curves of the R-ASC at different scan rates ranging from 10 to 100 mV s-1. They are 

caused by the Faraday reactions of redox-active species in the electrode materials and 

electrolytes ([Fe(CN)6]3-/4-, Co3+/Co4+, Bi0/Bi2+/Bi3+) during the charging and discharging 

processes. Moreover, the shape of CV curves maintains well at all scan rates, indicating stable 

electrochemical behavior of the R-ASC.  

Fig. 8b shows the GCD curves of the R-ASC at different current densities. At the current 

density of 10 mA cm-2, the Coulombic efficiency reaches 95.1%. With increasing current 

density, the Coulombic efficiency of the R-ASC slightly decreases, and still maintains 85.4% 

at 1 mA cm-2, demonstrating good reversibility of the device. In comparison, the ASC of 

Co3O4@BDD | KOH | Bi-Bi2O3@BDD exhibits relatively low Coulombic efficiencies at 

different current densities, with values of 82.3% at 10 mA cm-2 and 35.6% at 2 mA cm-2 (Fig. 

S3c). This discrepancy is attributed to an imbalance in charge storage between the positive 

and negative compartments. Moreover, the discharging durations of this ASC are quite 

smaller than those of the R-ASC at same current densities, demonstrating an increase in 

capacitance with the introduction of redox species to the electrolyte. The capacitance of the 

R-ASC was calculated to be 9.7, 13.4, 17.7, 22.8, and 32.0 mF cm-2 at current densities of 10, 

5, 3, 2, and 1 mA cm-2, respectively. Further calculations of the energy and power densities of 

the R-ASC device (Fig. 8c) reveal that at the power density of 333.2 W L-1, the R-ASC 

achieves the maximum energy density of 10.0 Wh L-1. When the power density increases to 

3668.7 W L-1, its energy density remains at 3.4 Wh L-1. The significant decrease in power 

density concurrent with the increase in energy density might be attributed to the relatively 

high impedance of the entire system. To address this issue, the following strategies are worth 

exploring: developing porous electrode materials with enhanced electrical conductivity, 

selecting and designing innovative redox-active electrolytes that are more compatible with 

electrode materials, and engineering SC configurations with minimized dead space. 

Nevertheless, the energy and power densities are still larger than those of most BDD based 

SCs [55, 56]. Compared to other ASC devices based on Bi2O3 anodes and/or Co3O4 cathodes 

reported in literature, the ASC device assembled in this work demonstrates superior or 
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comparable energy and power densities (Table S1).  

As a crucial factor for the practical application of the R-ASC, its cycling stability was 

evaluated using GCD technique at a current density of 20 mA cm-2 (Fig. 8d). After 1500 

cycles, 89% of the initial capacitance remains, indicating the good stability of the R-ASC. The 

Nyquist plot of the R-ASC after the cycling test was examined and compared to that recorded 

before the test (Fig. S4a). The internal resistance of the device increases after the lifetime test, 

which might originate from changes in the chemical state and structure of the MOF-derived 

compounds, as well as a deterioration in electrode-electrolyte interactions. The XPS analyses 

of the negative and positive electrode materials were performed after the cyclic test. In the Co 

2p XPS spectrum, the two prominent peaks corresponding to the Co 2p1/2 and 2p3/2 states have 

shifted to higher BE values of 795.1 and 780.0 eV, respectively (Fig. S4b). This demonstrates 

an increase in the proportion of the Co2+ oxidation state after 1500 charging/discharging 

cycles. The Bi 4f XPS spectrum reveals a decrease in the intensity of the peaks associated 

with Bi0 (Fig. S4c), suggesting that a significant amount of elemental bismuth has been 

oxidized to a higher oxidation state. 

 

Fig. 8 Electrochemical performance of the R-ASC in a voltage window of 0 - 1.7 V: (a) CVs 

at different scan rates, (b) GCD curves at different current densities, (c) Ragone plot, and (d) 

capacitance retention at a current density of 20 mA cm-2. 
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4 Conclusion 

In this work, two pseudocapacitive electrodes were synthesized by decorating 

MOF-derived compounds on BDD. Co3O4@BDD was prepared by the thermal pyrolysis of 

Co-MOF@BDD. The Co3O4 film exhibited flower-like structure consisting of thin and rough 

nanosheets, which was beneficial for ion and electron transfer. By using redox-active 

electrolyte of 3.0M KOH + 0.05 M K3Fe(CN)6/K4Fe(CN)6, Co3O4@BDD showed a high 

capacitance of 138.5 mF cm- 2 at 5 mA cm-2. In Bi-Bi2O3@BDD obtained by the thermal 

pyrolysis of Bi-MOF@BDD, Bi-Bi2O3 possessed interweaved rod-like and sheet-like 

structures. The electrode could provide a capacitance of 213.0 mF cm-2 in 3.0 M KOH. An 

R-ASC device was designed and developed by employing Co3O4@BDD | 3.0 M KOH+0.05 

M K3Fe(CN)6/K4Fe(CN)6 and Bi-Bi2O3@BDD | 3.0 M KOH as the positive and negative 

electrode/electrolyte systems, respectively. The device could be operated over a wide voltage 

window of 0 - 1.7 V. It achieved a maximal energy density of 10.0 Wh L-1 at a power density 

of 333.2 W L-1, and a maximal power density of 3668.7 W L-1 at an energy density of 3.4 Wh 

L-1. These values are higher or comparable to those of most BDD-based SCs, as well as ASCs 

using Bi2O3 anodes and/or Co3O4 cathodes. Therefore, this work provides a novel way for the 

construction of high-performance supercapacitors. It should be noted that the BDD used in 

this study is a flat diamond with a relatively low specific surface area, limiting the area 

available for depositing MOF-derived compounds. To further improve the performance of 

MOF-derived compound/BDD composites, it is necessary to enhance the specific surface area 

of BDD by synthesizing advanced diamond nanostructures, such as porous diamond, diamond 

fiber, and diamond foam, etc. These diamond nanostructures maintain the intrinsic properties 

of BDD while also providing a large surface area for energy storage and for loading 

pseudocapacitive materials. The development of flexible BDD is also desired to expand the 

application area of BDD electrode. This can be achieved by depositing BDD onto flexible 

substrates (e.g., carbon fibers). Moreover, despite the ongoing issue of high production costs 

for diamond, it surpasses other cost-effective electrodes in terms of longevity. Nonetheless, 

the primary challenge for future research on conductive diamond remains the development of 
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cost-efficient synthesis and processing methods to produce high-quality diamond in various 

forms. For industrial applications, the construction of ASC devices on a large scale and a 

further evaluation of their electrochemical performance are necessary. 
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