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Abstract: The increasing emphasis on eco-friendly energy options has accelerated 
the use of supercapacitors (SCs) due to their distinct advantages. Nonetheless, they 
face challenges, such as low power density and high self-discharge rates in practical 
applications. Metal-organic frameworks (MOFs) have been curated as superior 
candidate active components for enhancing SC performance stemming from their 
extensive surface areas, adjustable pore structures, and abundant accessible sites. 
This paper provides a thorough review of the application of multivariate defect 
MOFs (MTV-DMOFs) and vacancy engineering in SCs, emphasizing how various 
defect types (including metal and ligand defects) and their formation processes 
(such as etching, laser treatment, and pyrolysis) influence electrochemical 
performance. These defect-engineering strategies have significantly improved the 
energy density, power density, and cycling stability of SCs. 

 Keywords: supercapacitors; metal-organic frameworks; defect engineering; energy 
storage; electrochemical performance 

1. Introduction 

As humanity advances rapidly, the depletion of fossil fuels and substantial pollution resulting from their 
combustion have emerged as two critical global challenges. The concepts of ‘carbon peak’ and ‘carbon neutral’ 
underscore the necessity of advancing green and renewable energy sources [1–4]. Among the various technologies, 
electrochemical methods offer substantial benefits [5]. First, they eliminate the need for combustion by converting 
chemical energy into electrical energy through reactions on the electrode surfaces. Second, these processes can be 
tailored to specific requirements and do not emit pollutants [6–13]. Supercapacitors (SCs) are among the many 
electrochemical energy storage devices that are extensively utilized owing to their superior power density, long 
lifespans for charging and discharging, and broad operating temperature range [14–20]. However, in practical 
applications, SCs encounter challenges such as low power density and high self-discharge rate [21–23]. To 
overcome these performance limitations, metal-organic framework (MOF) materials have been used [24,25]. 

MOFs are crystalline porous materials with a periodic network structure formed by the self-assembly of 
metal nodes with organic ligands via coordination bonds [26–30]. Since Yaghi’s team first identified Cu(4,4′-
bpy)1.5NO3(H2O)1.25 as a MOF in 1995, these materials have garnered significant attention as an innovative 
substances [31]. Following the introduction of the MOF-5 prototype, research on novel MOFs has steadily 
increased [32]. MOFs offer numerous advantages, including adjustable pore sizes [33,34], large specific 
surface area [35–39], customizable crystal structures [40–43], and numerous active sites [44–46]. These 
features have facilitated the widespread application of MOFs in various fields, such as hydrogen storage [47–
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50], catalysis [51–58], drug delivery [59–63], sensors [64–67], and energy storage [68–72]. In SCs, the 
exceptionally high characteristic surface area of MOFs affords numerous active sites for charge storage, 
significantly enhancing these devices' energy density [73–76]. Additionally, a modifiable pore structure is 
advantageous for rapid ion transport, thereby improving power performance [77,78]. 

Defect engineering in MOFs is important for changing their structure and function [79]. Introducing 
defects makes it possible to enhance the material’s surface area and porosity while preserving its fundamental 
properties [80–83]. MOF defects are divided into metal defects [84] and ligand defects [85]. These defects 
(Figure 1) are not from outside changes or internal instability. They are added on purpose through careful design 
and control [86–89]. Defect sites in MOFs facilitate guest molecule diffusion through the framework [90,91] 
and enhance charge transport, making them good for supercapacitors. This review examines the utilization of 
defective MOFs in supercapacitors to evaluate how structural defects can enhance their performance. Studying 
the defects in supercapacitors will help future research on innovative supercapacitors with superior energy 
density and prolonged life, providing better solutions for storing and using green energy. 

 

Figure 1. Types of MOF defects and advantages of defective MOFs in SCs. 

2. MOFs and Defect Engineering 

MOFs can be synthesized using various methods, including solvothermal [92–98], microwave-assisted [99–104], 
and electrochemical synthesis [105–109]. The synthesis conditions significantly influence the types of defects exhibited 
by MOFs. These defects arise from misconnections and dislocations before crystallization or splitting after 
crystallization [110]. Flawless MOFs do not exist, and typical MOFs, such as MOF-5 [111], UiO-66 [112], and MIL-
101 [113], inherently possess defects. Wu and colleagues [114] demonstrated that these defects can be intrinsic or 
intentionally introduced. Recent studies have shown that deliberately introduced defects can impart new functional 
properties to MOF materials, such as increased catalytic activity [115–119], enhanced adsorption capabilities [120–122], 
and optimized electrochemical performance [123–126]. Consequently, researchers have intentionally created 
controllable defects in MOFs using specific techniques to achieve the desired modifications in material properties. 

Defective MOF materials in supercapacitors offer distinct advantages, including enhanced electrochemical 
performance, optimized pore configuration, and improved stability, as illustrated in Figure 1. Various 
methodologies can be employed to deliberately introduce defects into the MOF lattice, such as metal or non-metal 
doping, ligand competition, and vacancy engineering. The defects generated by these techniques will be analyzed 
in the context of specific supercapacitor applications. 
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3. Defective MOF-Based SCs  

SCs offer numerous advantages, including superior power density, high-speed charge, and discharge capabilities, 
extended cycle life, and excellent safety, thereby increasing their significance in energy-storage systems [127–131]. To 
boost the electrochemical competence of SCs, various methodologies have been employed, such as the identification of 
high-performance electrode materials [132–139], incorporation of heteroatom doping [140–142], and design of effective 
nanostructures [143–147], among others. Although MOFs lack inherent electrochemical advantages, their adjustable 
properties allow them to be utilized as high-performance electrode materials. By exploiting these defects, MOFs can be 
designed to address precise application requirements. The significant roles of the various defective MOFs in SCs are 
explored in detail below. 

3.1. Metal-Organic Frameworks with Multiple Defects (MTV-DMOF) in SCs 

A promising strategy for synthesizing MOFs is the mixed ligand/metal approach, which can be implemented 
in two principal ways: first, by directly combining varying quantities of metals or ligands during solvothermal 
synthesis; and second, through post-synthetic modification techniques [148]. These processes frequently result in 
specific defects owing to atomic radii or ligand length variations. Particular defective MOFs can be engineered by 
intentionally incorporating these defect structures. This method of constructing defective MOFs is referred to as 
Multivariate Defective Metal-Organic Frameworks (MTV-DMOF) (as illustrated in Figure 2a). In the context of 
synthesizing electrode materials for SCs, the MTV-DMOF approach can significantly enhance the surface 
characteristics of electrodes. The subsequent discussion explores the applications of MTV-DMOFs in the 
supercapacitor domain, focusing on two aspects: defect introduction through metal/non-metal doping and  
ligand competition. 

3.1.1. Metal/Non-Metal Doping 

In materials research, doping with metals or non-metals is pivotal for enhancing the material properties within 
the MTV-DMOF framework. This methodology introduces defects in various ways, significantly influencing the 
microstructure and characteristics of materials. By incorporating metal ions with different radii, lattice stress can 
be induced, which increases the surface area and active sites and enhances the material's conductivity. These 
improvements help address low energy density and high self-discharge rates by providing more active sites for 
charge storage and facilitating faster ion transport [149–151]. For example, Dong and others [149] utilized Fe3+ 
and Fe2+ ions to contend with Ni2+ ions for coordination during the synthesis of NiFe-MOF. This competition led 
to the formation of thinner nanosheets and an increase in defects, thereby enhancing the capacitive abilities of the 
active electrode, as shown in Figure 2b. The optimized NiFe-MOF demonstrated a specific area capacitance of 
15.6 F cm−2 at 2 mA cm−2 and retained 86.3% of its capacitance after 5000 cycles. The irregular supercapacitor 
constructed with NiFe-MOF achieved an energy-density value of 0.75 mWh cm−2 under a power-density value of 
8.0 mW cm−2, rendering it an excellent superior-performing energy-storage material. 

In a separate study, Patil and colleagues [150] introduced Cu as a dopant into an Fe-based MOF during the 
synthesis of Cu@Fe-MOF, culminating in the fabrication of a Cu@Fe-MOF/NF thin-film electrode for 
supercapacitors, as shown in Figure 2c. The incorporation of Cu modified the crystal structure and electron 
distribution of the original Fe-MOF, which was attributed to the distinct coordination modes and electronic 
structures of different metal ions, thereby inducing defects within the material. These defects provide additional 
active sites for the charge storage. At 3 A g−1, the particular capacitance for the Cu@Fe-MOF/NF electrode, 
characterized by a micron-sized biconical structure, attains 420.54 F g−1, which is twice that of the nano-cubic 
structure Fe-MOF/NF electrode, measured at 210 F g−1. 

Wang et al. [151] synthesized Fe-doped folded Fe/NiS2 (as depicted in Figure 2d) through a straightforward 
hydrothermal method combined with an anion exchange approach. The formation of defects is associated with Fe 
doping because of the difference in the radii of Fe and Ni atoms, which induces local stress variations in the lattice 
when Fe ions are incorporated into the NiS2 lattice. Owing to its distinctive two-dimensional structure and the 
numerous defects introduced by Fe doping, this material parades a huge specific surface area and high 
conductivity. When the Ni:Fe molar ratio was 1:0.01, Fe0.01NiS2 achieved a particular capacitance of up to  
1965.9 F g−1 at 0.5 A g−1. 

Bu and coworkers [152] successfully synthesized two types of trimetallic sulfides, CNVS and CFVS, which 
were characterized by a heterogeneous structure, as illustrated in Figure 2e. They employed Co-MOF as the 
precursor through ion exchange and sulfidation processes. CNVS and CFVS exhibited unique hollow triangular 
arrays and rich mesoporous structures. Incorporating elements introduces numerous active centers, enhancing the 
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electron and electrolyte transport rates and improving the specific capacitance. Under certain conditions, the 
specific capacitance reached 6556 mF cm−2 for CNVS and 6195 mF cm−2 for CFVS. 

 

Figure 2. (a) MTV-DMOF strategy. (b) NiFe-MOF schematic [149]. Copyright 2024, Elsevier. (c) Cu@Fe-
MOF/NF thin-film electrode preparation [150]. Copyright 2023, MDPI. (d) Structure of Fe/NiS2 [151]. Copyright 
2023, Elsevier. (e) Synthesis of CNVS and CFVS [152]. Copyright 2022, Elsevier. (f) MnS@NiCoSeS-1 
composites [153]. Copyright 2025, Elsevier. (g) Synthesis method for Se-Co CoNi2S4 hollow nanospheres [154]. 
Copyright 2024, Elsevier. (h) Preparation process of CoFe-P-Se [155]. Copyright 2024, American Chemical 
Society. (i) Fabrication process of Fe3C@NiCo2S4 [156]. Copyright 2023, American Chemical Society. (j) Method 
for producing composites [157]. Copyright 2018, American Chemical Society. 

Ren and others [153] reported on a MnS@NiCoSeS-1 composite (Figure 2f) synthesized via a MOF-on-MOF 
oriented selenium-sulfur co-doping technique. This method involves the concurrent doping of Se and S, which is 
pivotal in defect formation during the material synthesis. Incorporating Se into transition metal sulfides (TMSs) 
facilitates the creation of additional defects and surface-active sites within the materials, thereby enhancing charge 
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carrier migration, increasing electrical conductivity, and providing more active sites during electrochemical 
processes. Electrochemical assessments indicated that MnS@NiCoSeS-1 delivered a high specific capacity (up to 
901.0 C g−1 at 1 A g−1) and exceptional cycling stability (82.6% capacity retention after 10,000 cycles) in a three-
electrode system, along with an exceptionally high energy density in a hybrid supercapacitor (HSC) configured in 
a two-electrode system. 

In the synthesis of selenium-doped cobalt-nickel sulfide (Se-CoNi2S4) hollow nanospheres, as described by Cao 
et al. [154] and illustrated in Figure 2g, defects primarily associated with selenium doping were observed. The 
integration of Se into CoNi2S4 induces significant electronic interactions near the Fermi energy level of the 
heterojunction, a phenomenon attributed to the considerable ionic radius and low electronegativity of Se. 
Electrochemical evaluations revealed that the Se-CoNi2S4 electrode demonstrates an elevated precise capacitance, 
excellent multiplicity capability, and robust cycling stability, achieving an exact capacitance of 1260 F g−1 at 1 A g−1 
in a three-electrode system. 

Cui and others [155] developed electrode materials incorporating Se doping and abundant P vacancies in 
CoFe-P-Se, as illustrated in Figure 2h. This was achieved using a MOF-on-MOF template approach and a one-pot 
phosphoselenide method. The generation of defects was primarily attributed to Se doping, which disrupted the 
original crystallization process of cobalt phosphide (CoP) and iron phosphide (Fe2P), thereby facilitating the 
formation of P vacancies. The CoFe-P-Se material demonstrates a specific capacitance of 8.41 F cm−2 at a current 
density of 2 mA cm−2, with a capacity retention rate of 76% after 5000 charge/discharge cycles. 

Numerous examples exist of defective MOFs synthesized through metal or non-metal doping, as previously 
discussed, for application in supercapacitors. For instance, Nwaji and colleagues [156] developed Fe3C@NiCo2S4 
nanopins to function as electrode materials by utilizing cobalt-doped Fe-MIL-88B as a sacrificial template via a 
chemical surface transformation method (illustrated in Figure 2i), achieving a unique capacity of 1894.2 F g−1 at 
1 A g−1. Similarly, Mei et al. [157] employed a bimetallic Co/Ni MOF as a sacrificial template (Figure 2j) to 
fabricate accordion-like ternary NiCo2O4/β-NixCo1–x(OH)2/α-NixCo1–x(OH)2 couniquemposites for supercapacitor 
applications, which achieved a remarkable capacity of 1315 F g−1 at 5 A g−1. Liu and coworkers [158] produced 
an electrode with a considerable specific capacitance of 614 mC cm−2 at 1 mA cm−2 by uniformly incorporating 
in-situ P-doped Co3O4 nanoparticles into the conductive P-Co3O4@PNC. In summary, metal/non-metal doping 
primarily relies on variations in atomic radii to generate different defects, thereby providing more reaction centers 
for electrochemical reactions by introducing additional surface-active sites through these defects [159,160]. 
However, excessive doping may induce lattice strain or disrupt electronic conductivity. Thus, doping 
concentrations must be optimized to avoid counterproductive effects on electrochemical kinetics. In the MTV-
DMOF approach, in addition to metal/non-metal doping, competition among ligands of varying lengths and 
structures can facilitate defect formation, and unexpected outcomes can be achieved through strategic planning. 

3.1.2. Ligand Competition 

In the MTV-DMOF approach, in addition to modifying the defect structure of MOFs through metal or non-
metal doping, ligand competition emerges as an effective and versatile strategy for defect engineering. 
Incorporating mixed ligands with distinct geometric differences or coordination capabilities makes it feasible to 
deliberately induce unsaturated coordination, lattice distortion, or even metal iron deficiency defects within the 
MOF framework [161,162]. Recently, researchers have successfully developed a variety of defective MOF 
materials by adjusting the ligand types, ratios, and synthesis conditions, significantly enhancing their charge 
storage capacity and stability in supercapacitors. For instance, Yue et al. [163] employed a combination of 1,3,5-
benzenetricarboxylic acid (H3BTC) and 4,4′-bis(imidazole-1-yl) biphenyl (BIBP) to synthesize six isostructural 
MOFs (d5-d10 transition-metal-based MOFs) with a 3D porous structure. As illustrated in Figure 3a, these MOFs 
were derivatized with three types of carbon morphologies: porous carbon (PC), graphitized carbon (GC), and 
carbon (C), which were subsequently tested and compared. PC-Zn exhibited the most substantial specific surface 
area and highest specific capacitance. 

Zhang and others [164] utilized a one-step solvothermal synthesis method to fabricate Ni-BTC/IPA, as 
illustrated in Figure 3b. In this synthesis, H3BTC and IPA (isophthalic acid) functioned as mixed ligands. However, 
due to the limited number of carboxylate groups in IPA, it could not form a complete and saturated ligand structure 
with Ni2+ as H3BTC could. This limitation results in unsaturated coordination at the metal nodes. These defects are 
instrumental in modulating the electronic structure, pore structure, and active surface sites of MOFs. Electrochemical 
evaluations indicated that the specific capacitance of Ni-BTC/IPA-3 reached 1209 F g−1 at 0.5 A g−1, with a 
multiplicity performance of 70.8%. 
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Lin et al. [165] employed the cost-effective benzoic acid (BA) as both a conditioner and ligand in the 
production of Ni/Co-MOF/NF nanostructured materials, as illustrated in Figure 3c. A significant distinction lies 
in the difference in the carboxyl group count between BA and the original ligand, terephthalic acid (TPA). During 
the reaction, BA competes with TPA for metal ions, acting as a non-bridging ligand that partially replaces multi-
ligand-bridged TPA. This substitution induces charge repulsion among the MOF layers, resulting in lattice 
distortion and the formation of defects. These defects increase the number and size of micropores within the MOF, 
thereby enhancing the surface extent of the electrode. Consequently, the specific capacity of this sample reached 
352.3 mAh g−1 at a current density of 1 A g−1 while maintaining superior cycling steadiness. 

Ferhi and others [166] developed an innovative method for integrating polyaniline (PANI) into the 
nanopores of a defective type MOF-808 (d-MOF-808), as illustrated in Figure 3d. Defective dMOF-808 was 
prepared by utilizing monocarboxylic acid as a conditioner, with a surfactant self-assembly technique in the 
reaction. The 60:1 dMOF-808@PANI composite demonstrated the uppermost capacitance of 188 F g−1 at  
30 mV s−1 in a 1 M KOH electrolyte. 

Wang and colleagues [167] initially identified a specific defect termed a ligand-induced metal iron deficiency 
defect. They engineered a porous three-dimensional framework comprising truncated octahedral cage subunits 
designated as SCNU-Z3. The ligand H2IPBT, notably, possesses two geometrically analogous end-groups, which 
achieve more precise coordination upon interaction with Mn2+ to form SCNU-Z3. This framework is distinguished 
by a ligand-induced metal-ion deletion defect, which occurs when the homotopic ligand is replaced with a 
geometrically similar allosteric ligand. 

In addition to the individual applications of metal/non-metal doping or ligand-ligand competition within the 
MTV-DMOF framework, these methodologies can be integrated into the synthesis of MOFs. For instance, Salehi 
and coworkers [168] developed a sequence of three-dimensional copper-based MOFs incorporating various metal 
ions (Co, Zn, and Ni) and different proportions of amine-based functional groups through a solvothermal 
technique. This was achieved by employing a mixed-metal/ligand strategy, as illustrated in Figure 3e. During the 
formation of mixed-metal/ligand MOFs, the simultaneous coordination of different metal ions and ligands during 
crystal growth complicates the formation of a perfectly ordered structure, resulting in defects. Electrochemical 
testing reveals that the mixed-metal/ligand MOF (Cu–Co (NH2/50)) demonstrates superior performance, achieving 
a particular capacitance reaching up to 320.2 F g−1 at a current density of 2 A g−1. 

It is imperative to ensure that the number of defects introduced through ligand competition is appropriate, as 
an excessive number of defects can lead to structural collapse, thereby necessitating control over the creation of 
an ‘optimal structure’. For example, Ni/Co-MOF/NF doped with 10% BA maintains a suitable structure, whereas 
an excess of BA results in structural collapse, and insufficient BA fails to significantly enhance the performance 
[165]. In conclusion, when implementing the MTV-DMOF strategy, careful selection selects the appropriate 
doping targets or competing ligands and to precisely determine the specific range of the ‘optimal structure’. This 
approach allows the ‘defects’ to be utilized effectively for their intended purpose. Only by doing so can the 
‘defects’ be employed appropriately. 

3.2. Application of Vacancy Defects in SCs 

Vacancy engineering has been employed to optimize materials by introducing specific vacancy defects to 
modify their properties. This approach is commonly adopted in sectors like energy storage [169–173]. In this 
paper, the primary focus is on the application of vacancy engineering in SCs. 

3.2.1. Oxygen Vacancy 

In compounds containing transition metals, oxygen vacancies significantly enhance their electrochemical 
properties. This improvement is attributed to the vacancies’ capacity to augment OH- absorption and electronic 
conductivity, thereby increasing the Faraday reaction activity [174]. Numerous examples have demonstrated the 
utilization of oxygen vacancies to enhance the performance of SCs. For instance, Zhu et al. [175] developed 
double-defect-modulated MOF-derived P-Co3O4@NC@Ov-NiMnLDH heterostructures through P doping and the 
creation of oxygen vacancies. In this context, oxygen vacancies were generated via a wet chemical reduction 
method, wherein the prepared electrode was immersed in a NaBH4 solution for a specified duration. This process 
exploits the reducing properties of NaBH4 to interact with surface oxygen atoms onto the composite, causing some 
to detach from the crystal lattice and form oxygen vacancy defects. Electrochemical evaluations indicated that this 
double-defect modulated electrode outperforms both single-defect and defect-free electrodes, achieving a specific 
capacity of up to 285.56 mA h g−1 at 1 A g−1. 
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Wei and others [176] have developed a composite material by integrating NiCo-LDH with MXene, which is 
derived from MOF. MXene surfaces contain abundant functional groups with high electronegativity, such as –F,  
–OH, and –O. These groups enhance the attraction of the hydroxyl groups to the metal ions during MXene etching. 
When combined with NiCo-LDH, the hydroxyl groups on the MXene surface attracted Ni and Co ions with 
unsaturated coordination from NiCo-LDH, displacing some ions from their original lattice sites and forming oxygen 
vacancies. Theoretical calculations suggest that these oxygen vacancies facilitate charge carrier migration, enabling 
the MXene@NiCoLDH electrode to achieve a particular capability of 163.25 mA h g−1 at 1 A g−1. Furthermore, the 
energy density of the resulting supercapacitor is 46.10 Wh kg−1 at a power density of 1170.38 W kg−1. 

Chettiannan et al. [177] successfully synthesized NiO/Co3O4/NiCo2O4 composites by meticulously 
controlling the mass ratio between Ni-MOF and Co-MOF. Notably, the NC41 composite, produced with a 4:1 
ratio, demonstrates high crystallinity (as depicted in Figure 3f), a distinctive microstructure, a substantial specific 
surface area, and numerous surface oxygen defects, culminating in a certain volume of 1108.9 C g−1. 

Guo and colleagues [178] synthesized ZnCoO/C composites by varying the Zn/Co ratio. During the synthesis 
process, the Zn atoms progressively replaced the Co atoms in Co3O4, forming ZnCo2O4. As the proportion of Zn 
atoms increased, oxygen vacancies were introduced into the ZnCo2O4 crystals, as illustrated in Figure 3g. The 
ZnCoO/C-2 electrode demonstrated a certain volume of 356.3 F g−1 at 1 A g−1, with exceeding 77% capacitance 
fade resistance after 10,000 cycles, indicating excellent cycling stability. 

 

Figure 3. (a) A collection of isostructural MOFs and their resulting carbon formations [163]. Copyright 2018, John 
Wiley and Sons. (b) Method for creating Ni-BTC/IPA [164]. Copyright 2024, Elsevier. (c) Process for synthesizing 
Ni/Co-MOF/NF [165]. Copyright 2024, American Chemical Society. (d) Procedure for developing dMOF-
808@PANI [166]. Copyright 2022, American Chemical Society. (e) Detailed method of the mixed metal/ligand 
approach [168]. Copyright 2022, Elsevier. (f) Various proportions of NiO/Co3O4/NiCo2O4 as determined by XRD 
[177]. Copyright 2024, Elsevier. (g) Left: configuration of ZnCo2O4; Right: oxygen vacancies within ZnCo2O4 
crystals [178]. Copyright 2024, Elsevier. (h) Diagram of Zn/Co-S@CeO2//AC [179]. Copyright 2023, Elsevier. 

Xu and coworkers [179] developed a self-supporting Zn/Co-S@CeO2 heterostructured nanosheet array 
electrode by incorporating CeO2 nanoparticles onto the surface of Zn/Co-S derived from a MOF. The fabrication 
of this electrode involved three stages: the creation of Zn/Co-MOF nanoarrays, sulfurization to form Zn/Co-S, and 
the addition of CeO2. The defects primarily pertain to oxygen vacancies in CeO2, which are significantly influenced 
by the metastable characteristics of CeO2 and the preparation method. As illustrated in Figure 3h, the asymmetric 
supercapacitor (ASC) fabricated with the as-obtained composite and negative AC (activated carbon) exhibits an 
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elevated energy-density value of 42.4 Wh kg−1 and outstanding cycling durability. It maintains 91.1% of its 
capacitance even after 8000 charge-discharge cycles. 

Chen et al. [180] successfully synthesized defect-rich NiMo-LDH/MOF-1 nanoflower heterostructures via a 
two-step solvothermal method (as depicted in Figure 4a), employing Ni-MOF as a template and incorporating 
oxygen vacancies. NiMo-LDH/MOF-1 demonstrated a specific capacitance of 2516 F g−1 at 1 A g−1, indicating an 
exceptional multiplicity performance. The fabricated NiMo-LDH/MOF-1//AC ASC achieved an energy density 
of 58.6 Wh kg−1 at a power density of 800 W kg−1, retained 83.8% of its capacitance after 9000 cycles, and 
exhibited a Coulombic efficiency of 100%. 

Mofokeng and coworkers [181] synthesized Ni-MOF utilizing a microwave-assisted solvothermal method 
and subsequently produced Ni/MOFDC and AT-Ni/MOFDC (as illustrated in Figure 4b) through processes of 
carbonization and acid treatment. Acid treatment, also known as the etching process, induces the formation of 
numerous oxygen vacancies in AT-Ni/MOFDC, thereby enhancing its electrochemical performance. Compared to 
Ni/MOFDC, which possesses a specific capacity of 92 mAh g−1, AT-Ni/MOFDC demonstrates a reduced series 
resistance and an increased specific capacity of 199 mAh g−1. 

Yang et al. [182] synthesized two distinct morphologies of Bi2O3 powders: c-Bi2O3, produced via calcination, 
and h-Bi2O3, developed through a two-step hydrothermal process, for application in supercapacitor electrodes. 
During the hydrothermal synthesis of h-Bi2O3, an elevated concentration of OH− ions facilitated the formation of 
additional oxygen vacancies. The increased partial pseudo capacitance and conductivity, attributed to the higher 
prevalence of VBi″VO″VBi″ defects (as depicted in Figure 4c), enabled h-Bi2O3 to achieve a particular capability of 
up to 1043 F g−1 at 1 A g−1, with a capacitance retention of up to 93% after 2000 cycles at 50 A g−1. 

Wei and others [183] utilized a bottom-up methodology to synthesize ZIF-67 nanosheets, which were 
subsequently converted into Co3O4 ultrathin nanonets through in situ heat treatment, as illustrated in Figure 4d. 
Throughout the annealing procedure, the atomic proportion of Co2+/Co3+ and the appearance of oxygen vacancies 
were fine-tuned to uphold the electrical neutrality of the entire framework, thereby bringing about the emergence 
of oxygen defects. 

Numerous studies have shown that oxygen vacancies can be exploited to boost the performance of SCs. For 
example, Wang et al. [184] developed CoAlLDH with oxygen vacancies through NaBH4 treatment, achieving a 
specific capacity of 799.2 F g−1, which surpasses that of the original CoAlLDH. Wei and others [185] employed 
MXene as a substrate to cultivate NiCo-MOF (depicted in Figure 4e). The hydroxyl sites on MXene facilitate the 
adsorption of metal ions through weak coordination, giving rise to oxygen deficiencies and an increased electron 
transfer rate. Li and coworkers [186] created NiMnMg-LDH@3DG using 3D graphene foam as a template 
(illustrated in Figure 4f), which resulted in an impressive specific capacity and commendable cycling stability. 
Moreover, oxygen vacancies boost the electrode’s affinity for OH−, enhancing electrolyte ion mobility. Tang et al. 
[187] produced NiMn LDH with oxygen vacancies (referred to as Ov-LDH, with the preparation process shown in 
Figure 4g) through mild H2O2 treatment, achieving a peak specific capacity of 1183 C g−1, significantly better than 
untreated NiMn LDH. Chen and coworkers [188] synthesized NiCo-LDH via in-situ growth and incorporated 
oxygen vacancies to modify the electronic structure (the material with oxygen vacancies was named OvIS-LDH, 
and the preparation process is depicted in Figure 4h), which reduced charge transfer resistance and achieved a 
remarkable capacity of 1111 C g−1 at 1 A g−1. In conclusion, the incorporation of oxygen vacancies can modify the 
electronic configuration of the material, thereby increasing electrical conductivity, the number of active surface 
sites, and improving the degree of structural stability [189,190], making it an effective strategy to exploit defects 
for improving SC performance. Besides oxygen vacancies, other types of vacancies, such as sulfur and phosphorus 
vacancies, can also enhance the SC performance to a certain degree. 
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Figure 4. (a) NiMo-LDH/MOF-1 preparation process [180]. Copyright 2025, Elsevier. (b) Ni/MOFDC and AT-
Ni/MOFDC preparation [181]. Copyright 2020, American Chemical Society. (c) Diagram illustrating the pseudo-
capacitance origin of h-Bi2O3 [182]. Copyright 2021, Elsevier. (d) M-Co3O4 ultrathin nanonets preparation [183]. 
Copyright 2018, American Chemical Society. (e) MXene@NiCo-MOF preparation [185]. Copyright 2024, 
Elsevier. (f) Diagram showing the preparation of NiMnMg-LDH@3DG [186]. Copyright 2024, Elsevier. (g) Ov-
LDH preparation [187]. Copyright 2020, John Wiley and Sons. (h) OvIS-LDH preparation [188]. Copyright 2024, 
Elsevier. 

3.2.2. Sulphur Vacancy 

Research has indicated that introducing sulfur vacancies into electrode materials can enhance their electrical 
conductivity and electrochemical characteristics [191]. Concurrently, an embedded electric field arises owing to 
the uneven redistribution of charges, which facilitates the migration of ions and electrons [192]. For instance, 
Wang et al. [193] described a straightforward and efficient method (Figure 5a) for creating phosphorus-doped CoS 
(P-CoS1−x) nanosheets with sulfur defects, which were deposited on carbon nanotube thin films (CNTs) through a 
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one-step hydrothermal process involving sulfurization, phosphorylation, and reduction. In this process, phosphorus 
doping and sulfur defects contributed to improvements in the oxygen evolution reaction (OER) and 
electrochemical properties of CoS. The resulting flexible asymmetric supercapacitor (P-CoS1−x//CoS@PPy) also 
demonstrated an elevated energy density of 0.18 m Wh cm−2 and excellent bending stability. 

Nwaji and others [194] successfully synthesized cubic cobalt-based MOFs with Fe additives and 
subsequently transformed them into core-shell hollow-tubes with S vacancies through a straightforward method at 
room temperature. The presence of numerous S vacancies, a porous architecture, multi-metallic species, and Fe 
component in the Fe-Co2S3@CoMo2S4 composition results in a unique nanostructure that facilitates Faraday redox 
reactions, thereby enhancing charge transfer pathways and significantly reducing the opposition of the material. 
This causes a specific capacitance of 980.5 F g−1 at a current intensity of 1 A g−1, along with excellent rate 
performance and cycling steadiness. 

Chen and colleagues [195] developed r-NiCo2S4 hollow microsphere electrode material characterized by 
sulfur vacancies, as depicted in Figure 5b, through a procedure encompassing ligand substitution and chemical 
deoxidization. The generation of sulfur vacancies was accomplished via a chemical reduction method, specifically 
a NaBH4 treatment. During this procedure, some Co3+ were partially reduced to Co2+, while the concentration of 
Ni2+ increased, facilitating electron transfer and forming sulfur vacancies. In a three-electrode system, r-NiCo2S4 
demonstrated a high specific capacitance of up to 1406.4 F g−1 (1 A g−1), with a multiplicity performance of 90.03% 
and a capacitance maintenance of 87.5% after 10,000 cycles. 

In addition to the previously mentioned examples, numerous other applications exist for S defects in SCs. 
For instance, Wang et al. [192] generated S vacancies in NiCo2S4 through plasma introduction, yielding a capacity 
significantly greater than that of NiCo2S4 without S vacancies. Huang and others [196] produced NiS@C hollow 
structures with S vacancies (Figure 5c), achieving a high reversible specific capacity of 1728 F g−1 at 1 A g−1. In 
summary, S vacancies can enhance material conductivity, increase active sites, and promote charge redistribution 
to generate an inherent electric field, thereby improving electron/ion diffusion during reactions [197]. The strategic 
utilization of S vacancies in supercapacitors can facilitate the targeted preparation of high-performance materials. 

3.3. Application of Other Defect Methods in SCs 

In addition to conventional methodologies, such as MTV-DMOFs and vacancy engineering, emerging 
techniques, including etching, laser-assisted processing, and pyrolysis-induced defects, present novel 
opportunities for defect modulation in MOFs. These innovative approaches have significantly enhanced the 
specific capacity, energy density, and cycling stability of SCs by precisely modifying the pore structure, surface 
chemistry, and electronic properties of the materials. The most recent advancements in defect engineering 
strategies are delineated below. 

3.3.1. Etching Techniques 

Etching is a technique employed to isolate a target defective material through chemical or physical methods 
[198–200]. This process is classified into chemical, electrolytic, and dry etching, with chemical etching being 
commonly utilized for inducing defects in MOFs. Chemical etching includes approaches such as acid, alkaline, 
and oxidative etching. By selecting an appropriate etchant and modifying the etching conditions, specific 
components within MOF materials can be selectively removed or their surface structures modified, thereby 
enabling accurate control over the pore volume, morphology, and surface characteristics of MOFs [201,202]. This 
discussion focuses on the predominant methods of acid and alkaline etching. 

Acid etching is a rapid process typically conducted using acidic solutions, such as sulfuric and hydrochloric 
acids [203,204]. For example, Gao and others [205] introduced defects in graded porous Zr-MOFs (HP-UiO-66) 
by removing acid-sensitive ZnMOFs through acid treatment involving immersion in a hydrochloric acid solution 
with a pH of 1.0 (Figure 5d). This acid etching altered the crystalline framework of the material, yielding a 
particular capacitance of 849 F g−1 at a current density of 0.2 A g−1 for HP-UiO-66. This value far surpasses the 
101.5 F g−1 of pristine UiO-66. The improved performance can be ascribed to the hierarchical porous architecture, 
large specific surface area and pore volume, and surface irregularities. Xiong and colleagues [206] developed 
Ni/NiO/CoO-CW-x electrode material by etching it with HNO3 (Figure 5e). The solid-state supercapacitor based 
on this electrode exhibited an energy density of 0.67 mWh cm−2 (8.38 mWh cm−3) and demonstrated excellent 
cycling stability, retaining 96.21% of its capacitance after 10,000 cycles. 

Alkaline etching, recognized for its slower rate and enhanced safety, typically employs various solutions, 
such as sodium hydroxide and copper hydroxide [207,208]. Lu and others [209] synthesized mesoporous cobalt 
carbonate hydroxide nanosheets by utilizing NaOH as an etchant to remove Al3+ from CoAl-LDH, achieving a 
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maximum capacitance of 1075 F g−1 at a current density of 5 mA cm−2. Yue et al. [210] fabricated a ZnCoNiP-D 
metal phosphide electrode (Figure 5f) using a bimetallic organic framework, Zn/Co-MOF, as a self-sacrificing 
precursor. This procedure involved a hydrothermal reaction, alkaline etching with NaOH, and low-temperature 
phosphitylation, resulting in a capacity of 770.4 C g−1 at 1 A g−1 and a capacity maintenance of 81.8% after 5000 
charge/discharge cycles. 

In addition to the conventional use of specific acid and alkali etchants for etching, this process can be achieved 
under certain conditions. For example, Hassan et al. [211] developed supercapacitor-type electrodes, N-MXene, 
by self-assembling Cu-BTC MOF on N-Ti3C2Tx MXene and conducting in situ etching, which resulted in a high 
specific capacity. 

 

Figure 5. (a) Process for preparing P-CoS1−x nanosheets [193]. Copyright 2022, Elsevier. (b) Method for 
synthesizing r-NiCo2S4 [195]. Copyright 2022, Elsevier. (c) Procedure for creating NiS@C hollow structures [196]. 
Copyright 2021, Elsevier. (d) Methodology for producing HP-UiO-66 [205]. Copyright 2017, American Chemical 
Society. (e) Process for fabricating Ni/NiO/CoO-CW-x [206]. Copyright 2025, Elsevier. (f) Preparation technique 
for ZnCoNiP-D [210]. Copyright 2023, Elsevier. 

3.3.2. Other Defect Methods in SCs 

As advancements in science and technology continue, a growing array of innovative defect engineering 
methods is being explored. Beyond conventional approaches, novel techniques such as pyrolysis, laser treatment, 
template transformation, and composite design have significantly enhanced the charge storage capacity and cycling 
stability of supercapacitors. This enhancement is achieved through the modification of the pore structure, surface 
defects, and component synergies of the materials. These approaches boost the specific surface area and electrical 
conductance of electrode materials by inserting gradient pores, metal-excess imperfections, or non-uniform 
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structures, thus presenting multiple routes for developing high-performance energy storage apparatuses. Each of 
these methods is elaborated upon in the following sections. 

The pyrolysis process facilitates the removal of specific ligands, resulting in the formation of pores of 
diverse sizes and the establishment of a hierarchical pore structure. This structural modification can enhance 
the specific surface area of the material, thereby providing additional active sites [212,213]. In the study 
conducted by Chen et al. [214], the synthesis of N-doped bimetallic sulfide hollow spheres (HN2CMS), as 
illustrated in Figure 6a, was achieved through the pyrolysis of organic components, leading to the formation of 
a hollow shell structure. The HN2CMS electrode demonstrated a definite capacitance of 938.1 C g−1 at 1 A g−1 
in a 3M KOH electrolyte, maintaining a capacitance retention rate of 85.0% after 5000 cycles, with low 
resistance and excellent cycling stability. 

Laser-assisted processing is a technological method that harnesses laser energy to accomplish specific objectives 
in material preparation or alteration and is now also employed in defect creation. For instance, Aashi and others [215] 
generated defects in CuZn–BTC MOF materials through laser irradiation (Figure 6b). In this scenario, the laser 
irradiation energy influences the structure of the material, leading to an increased electrode surface area and improved 
specific capacitance. Among the various laser power levels (2 W, 5 W, 7 W, 10 W, 12 W), the optimized CuZn-
MOF-P7 (laser power is 7 W) exhibits the highest performance, achieving a particular capacitance of 3.7 F cm−2 at a 
current density of 1 mA cm−2 and maintaining 97% of its capacitance after 16,000 cycles. 

Cao and colleagues [216] developed highly oriented octagonal nanohybrid materials of cobalt-doped Cu-
MOF/Cu2+1O through an in situ reverse transformation method, utilizing vertically aligned Cu(OH)2 nanorod 
arrays as both templates and precursors. During this transformation, the chemical environment of elemental copper 
changes, causing excessive amount of copper within the Cu2O lattice, resulting in the formation of Cu2+1O with 
unique properties. The optimized (0.1Co/Cu-MOF/Cu2+1O) electrodes demonstrate a significant areal capacity of 
1.548 F cm−2 (equivalent to 518.58 F g−1) and exhibit excellent cycling stability, retaining 97.26% of their capacity 
after 5000 cycles. 

Zheng et al. [217] successfully synthesized Cu2+1O@Cu-MOF cluster arrays in situ using a gas-phase 
technique. In this process, the Cu(OH)2 nanorods on Cu foam is used as both precursors and templates, and were 
exposed to sublimated terephthalic acid ligand gases (Figure 6c). During the thermal transformation from Cu(OH)2 
to Cu2+1O, changes in the crystal structure occur, resulting in excess metal defects. The resultant material exhibits 
a specific capacitance of up to 2.5 F cm−2 within a three-electrode system. 

Gao and coworkers [218] successfully synthesized MnS2/MnSe@HCMs, which are sulfur and selenium co-
doped hollow porous carbon microsphere-encapsulated MnS2/MnSe2 heterostructure nanoparticles, via a one-step 
sulphation/salination process utilizing Mn-MOF as the precursor material (as illustrated in Figure 6d). This 
material demonstrated an outstanding specific capacity of 1340.2 C g−1 under a current density of 10 A g−1, 
maintaining 85.8% of its capacity following 10,000 cycles. 

Wu et al. [219] synthesized MIL101(Fe) derivatives utilizing carbonization and continuous 
carbonization/oxidation technique, as illustrated in Figure 6e. In this methodology, a lower carbonization temperature 
leads to a less-ordered carbon structure and the formation of additional defects. The MIL101(Fe)-C electrode, 
carbonized at 800 °C, exhibited the highest specific capacitance of 95.7 F g−1 at a scan rate of 20 mV s−1. This superior 
performance is attributed to its rough surface, hollow structure, and optimal defect-to-graphitization ratio. 

In addition to the distinctive treatment of materials, the performance of SCs may be improved by integrating 
them with specific specialized materials. During the fabrication of these composites, certain defects may be 
introduced to immobilize specific metal ions. Su and others [220] developed an aerogel with a uniform 
microporous structure (PEDOT:PSS) through directional freezing. UiO-66 was cultivated within this structure, 
and Mn sites were immobilized to form a Mn-UiO-66/PEDOT:PSS composite aerogel, which was subsequently 
employed in SCs (the preparation process is illustrated in Figure 6f). 

Li et al. [221] successfully engineered a porous, nest-like structure on activated carbon cloth (ACC) for the 
positive electrode, while concurrently employing nitrogen-doped ACC (NAC) for the negative electrode, as 
depicted in Figure 6g. The ASC fabricated from these materials achieved an energy density of 1.09 mWh cm−2 
and a power density of 17 mW cm−2 within a voltage range of 0 to 1.65 V. It exhibited remarkable cycling stability, 
maintaining 89.43% of its capacitance after 7000 cycles. 



Fu et al.   Sustain. Eng. Novit 2025, 1(1), 2 

https://doi.org/10.53941/sen.2025.100002  13 of 25  

 

Figure 6. (a) The method for preparing HN2CMS [214]. Copyright 2023, Elsevier. (b) A schematic representation 
of CuZnMOF subjected to lasers with varying power levels [215]. Copyright 2024, American Chemical Society. 
(c) The process for creating Cu2+1O@Cu-MOF [217]. Copyright 2021, John Wiley and Sons. (d) The method for 
synthesizing MnS2/MnSe@HCMs [218]. Copyright 2024, Elsevier. (e) The procedure for producing MIL101(Fe) 
derivatives [219]. Copyright 2022, Elsevier. (f) The preparation of Mn-UiO-66/PEDOT:PSS [220]. Copyright 
2025, American Chemical Society. (g) The process for forming positive and negative electrodes on activated carbon 
cloth (ACC) [221]. Copyright 2024, Elsevier. 

Defect engineering is a crucial method for boosting the performance of MOF-based supercapacitors. Using 
techniques such as acid/alkali etching, oxidative etching, laser processing, pyrolytic conversion, and composite 
strategies, researchers can precisely introduce graded pores, metal-excess defects, or heterostructures. These 
modifications enhance the ion diffusion kinetics, electron conduction, and exposure of the active sites. A more 
profound understanding of the structure, particularly concerning defect modulation, leads to improved 
performance of SCs. To systematically summarize the performance and mechanisms of defect-engineered MOFs 
in supercapacitors, key cases from recent studies are compiled in Table 1, which compares specific capacitance, 
cycling stability, and defect-induced enhancements across different strategies. This synthesis highlights the 
synergistic effects between structural defects and electrochemical performance, providing a roadmap for future 
material design. 
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Table 1. Summary of defect engineering applications in MOF-based supercapacitors (partial). 

Defect Type Material/Structure Key Performance 
Metrics Mechanism of Enhancement Ref. 

Metal Doping 

NiFe-MOF nanosheets 

Specific area capacitance: 
15.6 F cm−2 at 2 mA cm−2 

Capacitance retention: 
86.3% after 5000 cycles 

Fe3+/Fe2+ doping induces lattice stress, 
forming thinner nanosheets with increased 

active sites 
[149]

Cu@Fe-MOF/NF thin film Specific capacitance: 
420.54 F g−1 at 3 A g−1 

Cu doping modifies electron distribution 
and creates coordinative defects [150]

Fe-doped NiS2 (Fe0.01NiS2) Specific capacitance: 
1965.9 F g−1 at 0.5 A g−1 

Fe doping introduces lattice stress and 
defects due to atomic radius mismatch [151]

Non-metal Doping 
(Se/P) 

Se-CoNi2S4 hollow 
nanospheres 

Specific capacitance: 1260 
F g−1 at 1 A g−1 

Se doping induces electronic interactions 
near Fermi level and creates sulfur 

vacancies 
[154]

CoFe-P-Se (Se-doped, P 
vacancies) 

Specific capacitance: 8.41 
F cm−2 at 2 mA cm−2 

Retention: 76% after 5000 
cycles 

Se doping disrupts crystallization, forming 
P vacancies and enhancing charge transport [155]

Ligand 
Competition 

Ni-BTC/IPA (H3BTC + IPA 
ligands) 

Specific capacitance: 1209 
F g−1 at 0.5 A g−1 

Rate performance: 70.8% 

IPA’s limited carboxylate groups cause 
unsaturated metal coordination and 

improved porosity 
[164]

Ni/Co-MOF/NF (BA-doped) Specific capacity: 352.3 
mAh g−1 at 1 A g−1 

BA competes with TPA, inducing lattice 
distortion and increasing micropore density [165]

Oxygen Vacancies 

P-Co3O4@NC@Ov-
NiMnLDH heterostructure 

Specific capacity: 285.56 
mAh g−1 at 1 A g−1 

(superior to single-defect 
counterparts) 

NaBH4 reduction creates oxygen vacancies, 
enhancing OH− adsorption and conductivity [175]

MXene@NiCoLDH 
composite 

Specific capacity: 163.25 
mAh g−1 at 1 A g−1 

Energy density: 46.10 Wh 
kg−1 

MXene’s hydroxyl groups induce oxygen 
vacancies via metal ion displacement [176]

NiO/Co3O4/NiCo2O4 (NC41 
composite) 

Specific volume: 1108.9 C 
g−1 

Controlled mass ratio induces surface 
oxygen defects and high crystallinity [177]

Sulfur Vacancies r-NiCo2S4 hollow 
microspheres 

Specific capacitance: 
1406.4 F g−1 at 1 A g−1 
Retention: 87.5% after 

10,000 cycles 

NaBH4 treatment reduces Co3+ to Co2+, 
creating sulfur vacancies and enhancing 

electron transfer 
[195]

Etching 
(Acid/Alkali) 

HP-UiO-66 (HCl-etched Zr-
MOF) 

Specific capacitance: 849 
F g−1 at 0.2 A g−1 

(8× higher than pristine 
UiO-66) 

Acid etching removes ZnMOF, creating 
hierarchical pores and surface irregularities [205]

ZnCoNiP-D (NaOH-etched 
Zn/Co-MOF) 

Specific capacity: 770.4 C 
g−1 at 1 A g−1 

Retention: 81.8% after 
5000 cycles 

Alkaline etching removes Al3+, forming 
mesoporous metal phosphides with defect-

rich surfaces 
[210]

Pyrolysis/Laser 
Treatment 

HN2CMS 

Specific capacitance: 
938.1 C g−1 at 1 A g−1 

Retention: 85% after 5000 
cycles 

Pyrolysis decomposes MOF ligands, 
creating hollow shells and gradient pores 

for fast ion transport 
[214]

CuZn-MOF-P7 (laser-
irradiated) 

Specific capacitance: 3.7 F 
cm−2 at 1 mA cm−1 

Retention: 97% after 
16,000 cycles 

Laser energy disrupts MOF lattice, 
increasing surface area and defect density [215]

4. Conclusions 

This study investigates the advancements in defect engineering within metal-organic framework (MOF) 
materials to enhance the performance of supercapacitors (SCs). MOFs are regarded as an outstanding option for 
SC electrode materials due to their extensive specific surface area, customizable pore architecture, and abundant 
active sites. By employing defect engineering techniques, such as metal/non-metal doping, ligand competition, 
and vacancy defects, the electronic structure, ion transport kinetics, and surface-active sites of MOFs can be 
optimized to significantly improve the energy density, power density, and cycling stability of SCs. The use of a 
multivariate defect MOF (MTV-DMOF) and vacancy engineering, including oxygen and sulfur vacancies, offers 
innovative approaches for boosting SC performance. Furthermore, new methods, such as etching, laser-assisted 
processing, and pyrolysis-induced defects, have introduced novel possibilities for defect modulation in MOFs. In 
addition, although not covered in detail in this review, nitrogen and carbon vacancies have also been shown to 
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potentially influence the electrochemical performance of MOF-based materials, according to relevant studies. 
Future research could focus on exploring the effects of these vacancies, which might provide new insights into 
improving the performance of supercapacitors. 

Future research should explore defect-electrochemistry relationships and address inherent limitations of 
defect engineering. For instance, excessive defects may induce structural fragility (e.g., ligand competition-
induced framework collapse) or electronic disorder (e.g., sulfur vacancy-mediated charge trapping). Developing 
in situ characterization tools to monitor defect dynamics during operation and establishing defect tolerance 
thresholds will be crucial for designing robust MOF-based energy storage systems. Additionally, integrating in 
situ characterization with computational simulations to elucidate the dynamic changes in defects will establish a 
novel framework for designing high-performance MOF-based energy storage materials. 

Beyond fundamental studies, practical applications demand scalable synthesis methods. Recent advances in 
modular synthesis, such as flow chemistry and 3D printing of MOF composites, show promise for industrial-scale 
production of defect-engineered MOFs. Moreover, coupling defect engineering with hybrid architectures (e.g., 
MOF/graphene heterostructures or MXene@MOF hybrids) could further enhance charge transfer kinetics and 
mechanical stability, addressing challenges in flexible and wearable energy storage devices. For instance, 
lightweight MOF-based micro-supercapacitors integrated into smart textiles or IoT sensors could revolutionize 
portable electronics. Environmentally sustainable strategies, such as bio-MOFs derived from natural ligands or 
recyclable MOF templates, should be prioritized to align with global carbon neutrality goals. Finally, exploring 
multi-defect synergy (e.g., oxygen vacancies coupled with sulfur defects) and their interfacial interactions with 
electrolytes may unlock unprecedented energy densities (>50 Wh kg−1) while maintaining ultrahigh power 
densities (>10 kW kg−1), bridging the gap between batteries and conventional capacitors. These efforts will 
accelerate the transition from laboratory-scale breakthroughs to commercial energy storage solutions. 
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