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Sustainability Spotlight statement

The electrochemical reduction of CO2 is a vital approach to mitigating climate change by 

converting greenhouse gases into valuable fuels and chemicals. This work highlights the 

sustainable advancement achieved through integrating MXenes—known for their exceptional 

electrical conductivity—and metal-organic frameworks (MOFs), which offer tunable porosity and 

active catalytic sites. The synergy in MXene/MOF composites enhances catalytic activity, 

selectivity, and stability, enabling efficient CO2 conversion into products like carbon monoxide 

and formic acid. Despite challenges in catalyst stability, scalability, and economic factors, 

advancements in material design, surface functionalization, and environmentally benign 

production methods present promising opportunities. This research aligns with the UN Sustainable 

Development Goals 7 (Affordable and Clean Energy), 9 (Industry, Innovation, and Infrastructure), 

13 (Climate Action), and 12 (Responsible Consumption and Production), contributing to a carbon-

neutral and sustainable future.
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Abstract 

The electrochemical reduction of carbon dioxide (CO2) represents a pivotal strategy for 

addressing climate change, and the integration of MXenes and metal-organic frameworks 

(MOFs) in this domain is garnering significant attention. This review provides a comprehensive 

overview of the emerging roles of MXenes and metal-organic frameworks (MOFs) as advanced 

materials for the electrochemical reduction of CO2. Recent advances highlight the synergistic 

integration of MXenes’ exceptional electrical conductivity and MOFs’ tunable porosity and 

active sites, leading to enhanced catalytic activity, selectivity, and stability. Innovative composite 

architectures, including heterojunctions and hybrid structures, have shown improved conversion 

efficiencies toward valuable products such as carbon monoxide and formic acid. Despite these 

promising developments, critical challenges remain in catalyst stability, durability, and 

scalability, alongside economic and environmental constraints related to complex synthesis 

methods and material costs. Future perspectives emphasize material design optimization through 

surface functionalization, machine learning–guided discovery, and environmentally benign 

scalable production, coupled with integration into renewable-powered electrolyzed systems. The 

purpose of this review is to critically evaluate the state-of-the-art MXene/MOF systems, identify 

bottlenecks, and outline research directions that facilitate the practical and sustainable 

implementation of electrochemical CO2 conversion technologies. This work aims to guide the 

development of efficient, durable, and economically viable next-generation catalysts for carbon-

neutral fuel and chemical production, contributing to global climate change mitigation efforts. 

Keywords: MXenes; Metal-organic frameworks (MOFs); Electrochemical CO2 reduction; 

Catalysts; MXene/MOF composites 
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1 Introduction

The continuous rise of atmospheric CO2 due to human activity poses severe environmental 

and societal risks, making its reduction a global imperative. Electrochemical CO2 reduction 

provides a promising route to mitigate greenhouse gas emissions while producing value-added 

chemicals and fuels using renewable electricity. This process converts CO2 into carbon 

monoxide (CO), formic acid, methane, ethylene, and other hydrocarbons, which can serve as 

feedstocks for industrial chemicals or carbon-neutral fuels such as methanol, diesel, and gasoline 

alternatives 1-3. By integrating CO2 conversion with renewable energy, this technology addresses 

both climate change mitigation and sustainable energy storage. Industrial-scale deployment, 

however, requires catalysts and electrolyzer systems that are highly efficient, selective, stable, 

and cost-effective, operating in flow cells or gas diffusion electrodes to achieve commercial 

viability 4-6. This approach offers promising solutions for carbon neutrality by coupling CO2 

conversion with renewable energy sources, contributing to climate change mitigation and 

sustainable industrial processes. Key challenges for large-scale deployment include improving 

the efficiency, stability, and cost-effectiveness of catalysts and electrolyzed systems, such as 

flow cells and gas diffusion electrodes, to achieve commercial viability in sectors like chemical 

manufacturing and fuel production 7-9. To meet these performance requirements, recent research 

has focused on developing electrocatalysts with optimized reaction kinetics, selectivity, and 

stability while minimizing overpotentials. Strategies include catalytic surface modification, 

alloying, and structural engineering, as well as tuning electronic structures to stabilize reaction 

intermediates and suppress competing reactions such as hydrogen evolution 10-12. Hybrid 

materials incorporating polymers, ionic liquids, and small organic molecules have also been 

explored to increase local CO2 concentration and regulate reaction microenvironments 13-15. 

Within this framework, MXenes and metal-organic frameworks (MOFs), particularly composites 

based on Ti3C2 MXene integrated with diverse MOF architectures, have emerged as promising 

candidates for CO2 electroreduction, with several studies reporting improved conversion 

efficiency and product selectivity 16-20. 

MOFs are crystalline porous materials characterized by exceptionally high surface areas, 

tunable chemical compositions, and structural versatility, which make them excellent candidates 

for catalysis 21. Their large porosity facilitates CO2 adsorption and provides abundant active sites 
22. MXenes, a family of two-dimensional (2D) transition metal carbides, nitrides and 
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carbonitrides, possess excellent electrical conductivity, hydrophilicity, and abundant surface 

terminations. These features enable rapid charge transfer and enhanced catalytic activity 23. 

Combining MOFs with MXenes can synergistically overcome the limitations of each component, 

resulting in composite catalysts that exhibit improved performance in electrochemical CO2 

reduction through enhanced charge transport and increased active sites 24, 25. These enhancements 

originate from the strong synergistic interaction between the two components, whereby the 

intrinsically high electrical conductivity of MXenes compensates for the poor charge-transport 

properties of MOFs, enabling rapid electron transfer to catalytically active metal centers and 

stabilizing key reaction intermediates. At the same time, the high surface area and tunable 

porosity of MOFs prevent MXene restacking, increase the density of accessible active sites, and 

promote efficient CO2 adsorption and diffusion. The formation of well-defined MXene/MOF 

heterointerfaces induces interfacial charge redistribution and electronic coupling, which 

optimizes the adsorption energies of intermediates such as *COOH and *OCHO, thereby 

lowering activation barriers and steering reaction pathways toward value-added products such as 

CO and formic acid. Moreover, the construction of binary and ternary heterojunctions within 

MXene/MOF composites further enhances catalytic activity by promoting charge separation, 

suppressing electron–hole recombination, and creating favorable reaction microenvironments. 

Collectively, these cooperative effects enable MXene/MOF composites to overcome the 

individual limitations of each material, resulting in superior catalytic efficiency, durability, and 

selectivity for CO2 electroreduction applications 26, 27. 

Despite recent advances, MXene/MOF hybrid catalysts still face critical material and 

operational challenges. MOFs exhibit limited electrical conductivity and chemical stability under 

electrochemical conditions, while MXenes require careful control of surface chemistry to prevent 

oxidation. Achieving scalable, cost-effective production of high-quality composites that maintain 

long-term selectivity and durability remains a major barrier to industrial deployment 27-29. 

Besides, most of the recent reports focus on the performance of hybrid materials without directly 

evaluating them against their individual MXene and MOF catalysts under identical 

electrochemical conditions, making it difficult to clearly attribute performance enhancements to 

true synergistic effects. Consequently, the respective contributions of MXene conductivity, 

surface termination chemistry, MOF metal-node activity, and interfacial electronic interactions 

remain unclear. Addressing this gap requires thoroughly designed studies that directly compare 
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single-component and hybrid catalysts to determine whether MXene–MOF composites offer 

genuine cooperative catalytic behavior or merely additive effects 30-32. Future research is likely to 

focus on refining composite structures to maximize active site accessibility and electronic 

interactions, enhancing stability under realistic operating conditions, and integrating these 

materials into flexible and scalable devices powered by renewable energy. Machine learning and 

high-throughput screening may accelerate the discovery of optimal MXene/MOF combinations, 

while mechanistic insights at the atomic scale will guide the rational design of next-generation 

catalysts 19, 24, 33-35. Enhanced understanding of reaction pathways and intermediate stabilization 

at the atomic scale will also guide the rational design of next-generation catalysts. Altogether, 

MXenes and MOFs represent a dynamic frontier with the potential to advance carbon-neutral 

fuel and chemical production technologies significantly.

So far, different reviews have explored MXene- and MOF-based materials; however, their 

scope differs markedly from that of the present work. For instance, a recent review was mainly 

addressed synthesis strategies and broad applications, with only limited attention to 

electrochemical CO2 reduction and little mechanistic discussion 29. In contrast, this review is 

dedicated specifically to electrochemical CO2 reduction, offering a focused analysis of catalytic 

activity, selectivity, durability, and the mechanistic roles of active sites, charge transfer, and 

interfacial effects in MXenes, MOFs, and their hybrid systems. Another review article critically 

examined MXenes as standalone electrocatalysts, focusing on surface chemistry, theoretical 

predictions, and intrinsic limitations 36. In contrast, the present review expands this perspective 

by incorporating MOFs and MXene-MOF hybrid systems, emphasizing synergistic interfacial 

effects, improved intermediate stabilization, suppression of hydrogen evolution, and practical 

considerations such as scalability, durability, and electrolyzed integration. By integrating 

mechanistic insights with considerations for technological integration and renewable-powered 

systems, this review aims to guide researchers toward efficient, sustainable, and scalable CO2 

conversion strategies, thereby contributing to the transition toward a carbon-neutral economy.

2 MXenes in electrochemical reduction of CO2

Since their discovery in 2011, MXenes have garnered significant attention as efficient 

catalysts. These 2D materials, characterized by their unique layered structure and abundant 

functional moieties, offer a large active surface area, which is advantageous for catalytic 

applications 37-40. Their distinctive properties result from the combination of beneficial 
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characteristics of metals and ceramics. From metals, they inherit high electrical conductivity, 

while from ceramics, they gain low density, high hardness and excellent corrosion resistance 41. 

One of the interesting fields of application of these compounds is their usage in CO2 reduction 36, 

42, 43 that results from their exceptional mechanical properties, high electrical conductivity, and 

distinct optical characteristics. The flexible surface chemistry and internal structure of MXenes 

provide a versatile platform for tailoring the binding conformations and strengths of 

intermediates, enabling precise modulation of their catalytic activity 44. This tunability makes 

MXenes highly effective as active and selective catalysts for CO2 reduction. 

2.1 Structural Characteristics of MXenes  

The specific structure of MXenes can significantly affect their catalytic efficiency 45. 

MXenes are among the latest additions to the family of two-dimensional materials, comprising 

transition metal carbides, nitrides, and carbonitrides. These materials follow the general formula 

Mn+1XnTx (n=1-3), where M denotes an early transition metal, n indicates the number of metal 

layers, X represents either a carbon or nitrogen atom, and T stands for the surface functional 

group (-O, -OH, or –F) 46, 47. Transition metals play a crucial role in the catalytic activity of 

MXenes. Their partially filled d orbitals enable participation in bonding, stabilization of 

intermediates, and facilitation of electron transfer- essential mechanisms in catalytic processes 48. 

Some MXenes contain more than one transition metal (M`), and the specific ordering of 

transition metals within MXene structure can affect their catalytic activity. MXenes can exhibit 

different structural configurations based on the arrangement of M elements. They may contain a 

single transition metal (mono-transition metal MXenes) or multiple transition metals. When two 

or more transition metals are incorporated, they are classified based on their elemental 

distributions into two structural categories: disordered solid solution structure and ordered 

diatomic structure. In solid solution MXenes, multiple elements are randomly distributed within 

the transition metal layers, whereas in ordered diatomic MXenes, the transition metals are 

orderly organized. Ordered structure can be further classified into out-of-plane ordered MXenes 

(o-MXene) and in-plane ordered MXenes (i-MXene). In out-of-plane ordering, two transition 

metals are arranged such that one occupies the external layers while the other fills the central 

layers. In contrast, in in-plane ordering, different elements are systematically arranged within the 

basal plane. Additionally, some MXene structures contain vacancies, which may be distributed 

in either a random or ordered manner within the MXene lattice. A schematic representation of 
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MXene structures is provided in Figure 1 49-51. By regulating key internal structural, such as 

vacancy distribution and component arrangement, the catalytic activity sites of MXenes can be 

fine-tuned, optimizing their overall catalytic performance. The surface chemistry of MXenes 

plays a crucial role in determining their chemical, physical, and electrical properties, particularly 

their catalytic activity and CO2 reduction selectivity 48, 52. 

Figure 1. Different structure of MXenes. Reprinted with permission from 41. Copyright 2019, 

Elsevier

2.2 Electrochemical Behavior and Activity

Since their discovery in 2011, MXenes have been employed as catalysts, not only for CO2 

reduction but also across various fields, owing to their high electrical conductivity and 

hydrophilicity. Significant research on CO2 reduction using MXenes has been conducted, 

particularly since 2016 53-56. Electrochemical CO2 reduction refers to the conversion of CO2 into 

valuable products using electricity. Materials utilized as electrocatalysts for CO₂ reduction must 

exhibit high electrical conductivity and a strong ability to absorb CO2, as electricity serves as the 

driving force for the reaction. In the cathodic half-reaction, CO2 is transformed into value-added 
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chemicals through electron consumption. MXenes with their high electrical conductivity and 

large exposed surface area, show great promise as catalyst for CO2 reduction 57. 

The electrochemical catalytic activity of MXenes originates from the transition metals 

present on MXenes’ surface and the central innermost transition-metals layer, which, through 

octahedral-coordination, accelerates electron transfer. Terminal metals on MXenes surface are 

reactive due to their vacant d-like electron shells, making them highly suitable for gas molecule 

capture and catalytic activity 58, 59. Capturing CO2 using MXene is essential for facilitating 

electrochemical reduction. Due to their stacked structure, MXenes possess a high interlayer 

spacing, providing a suitable environment for CO2 adsorption. Additionally, functional groups 

present on MXenes surfaces enhance the adsorption of gases like CO2 18, 60, 61. The 

electrochemical reduction of CO2 at MXenes-electrolyte interfaces occurs in three critical phases: 

a) Chemical adsorption of CO2 on the MXene surface, cleavage of C-O bonds in CO2, and 

formation of C-H bonds. b) Electron transfer and/or proton migration. c) Desorption of product 

species from electrode surface and diffusion into the electrolyte 44. 

A study investigated the electrochemical reduction of CO2 using M3C2-type MXenes. The 

process began with CO2 capture by M3C2 MXene via chemisorption reaction. Adsorption 

occurred through electron transfer from carbides to terminal metals, increasing the metal’s 

electronegativity and enabling interaction with the carbon in CO2. Following CO2 capture, 

activation was facilitated by modifications to the angular structure of CO2 molecules upon 

interaction with Mo3C2, enhancing CO2 reactivity. After activation, hydrogenation occurred, with 

hydrogen atoms being added to CO2 molecules, forming intermediates that were subsequently 

converted to valuable products (Figure 2) 18, 59.
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Figure 2. The proposed route for the interaction of CO2 with the surfaces of M3C2 MXene. 

Reprinted with permission from 62. Copyright 2017, American Chemical Society.

2.3 Recent Advances in MXenes for CO2 Reduction 

MXenes have emerged as promising electrocatalysts for the electrochemical reduction of 

carbon dioxide (CO₂RR) due to their high electrical conductivity, tunable surface chemistry, and 

abundant redox-active sites; however, the specific roles of the MXene components, the nature of 

the active sites, and the mechanisms that stabilize these sites under reaction conditions remain to 

be fully elucidated. The surface terminations (e.g., –O, –OH, –F) and intrinsic defects of MXenes 

could significantly influence CO2 adsorption and activation by modulating binding energies and 

facilitating charge transfer, which can direct intermediate formation (CO2, COOH, HCOO) and 

product selectivity 31, 63. Computational studies further suggest that metal centers and vacancies 

in MXenes act as the primary active sites for CO2 binding and reduction, and that heteroatom 

doping or structural modification can reduce reaction energy barriers and enhance selectivity 

toward specific products. However, most mechanistic insights remain theoretical, and direct 

experimental evidence identifying the exact active surface species under electrochemical CO2RR 

conditions, as well as the dynamic evolution of these sites during catalysis, is still limited and 

therefore, more studies are needed in this context 64.

Recent research has focused on exploiting these features to enhance the efficiency and 

selectivity of CO2 reduction 53, 56. Enhancing the catalytic activity of MXene through surface 
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modification and heteroatom doping is a key research focus aimed at improving the 

electrochemical reduction of CO₂ into value-added chemicals 65, 66. Precise regulation of 

electronic states by optimizing the coordination environment through metal-support interactions 

presents a promising strategy to enhance catalytic performance. However, the effectiveness of 

this approach is limited by the density of functional groups on the substrate. In this context, the 

effect of hydroxyl (–OH) group density of MXene on the efficiency of the electrochemical CO₂ 

reduction reaction was investigated. In this study, Ti3C2Tₓ MXene with –OH terminations were 

used as a support material for anchoring cobalt phthalocyanine (CoPc). A linear relationship 

between –OH density and catalytic performance was observed. Notably, at the highest –OH 

density, a Faradaic efficiency of 100% was achieved within the potential range of –0.9 to –1.0 V 

vs. reversible hydrogen electrode (RHE). These findings suggest that tuning the –OH density on 

MXene can significantly enhance the catalytic efficiency of CoPc for CO2 electroreduction 67. 

The strong van der Waals forces between stacked MXene layers lead to aggregation, 

resulting in a loss of surface area and active sites. Several approaches have been proposed to 

address this issue, including heteroatom doping, surface modification, and the use of interlayer 

spacers. To overcome this limitation, a 3D Cu-Pd/MXene aerogel was produced via a 

lyophilization process using the combination of Cu-Pd with 2D Ti3C2Tₓ nanosheets. This aerogel 

exhibited excellent catalytic efficiency for electrochemical reduction of CO2, achieving a 

Faradaic efficiency of 93% and a current density of 150 mA cm⁻². The conversion of CO2 to 

formate was accomplished with a selectivity exceeding 90%. Additionally, an overall energy 

efficiency of 47% was reported over five h of operation. Thus, the careful design and 

modification of the MXene catalyst surface can significantly enhance the electrochemical 

reduction of CO2 to formate (Figure 3) 68. 
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Figure 3. A) Schematic of Cu–Pd/MXene preparation. B) Faradaic efficiency comparison of I) 

Cu–Pd; and II) Cu–Pd/MXene at the same current density, C) I) long-term stability studies of 

Cu–Pd/MXene for CO2 electroreduction operated at 150 mA cm−2 for 5 h. II) The Faradaic 

efficiency of CO2 electroreduction to formate. III) Comparison of our work with previously 

published literature benchmarks. Reprinted from 68 under the terms of the Creative Commons CC 

BY license. Copyright 2023, Willey.

In a computational study, the potential of MXene as an anchoring platform for transition 

metals in the CO2RR was investigated. The study employed density functional theory (DFT) to 

explore a range of transition metals, including 3d (Sc, Ti, V, Cr, Mn), 4d (Y, Zr, Nb, Mo), and 5d 

(Hf) elements, as single-atom catalysts supported on oxygen-terminated Ti2CO2 MXene (denoted 

as TM@ Ti2CO2). The most stable configuration was found when the transition metal atom was 

positioned above the carbon atom in the MXene structure. A strong correlation was observed 

between the adsorption energy and several chemical properties, including average bond distance, 

Bader charge, work function, and the d-electron center of the metal. The interaction between 

CO2RR intermediates and the transition metal atoms anchored on MXene facilitated charge 

transfer from the metal to the surrounding oxygen atoms of the MXene, enhancing catalytic 
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activity. Among the tested metals, Ti exhibited superior CO2 reduction performance. 

Additionally, TM@Ti2CO2 structures demonstrated higher selectivity for CO2RR over the 

competing hydrogen evolution reaction. Overall, the computational results highlighted the 

promising potential of single-atom transition metal–anchored MXenes as efficient and selective 

catalysts for electrochemical CO2 reduction 69. 

Amorphous materials often exhibit enhanced catalytic activity due to their inherent 

structural characteristics, such as an abundance of defects and ligand-unsaturated atoms that 

provide accessible active sites for catalytic reactions. However, their low electrical conductivity 

and stability pose challenges in catalytic applications. MXenes, with their high electrical 

conductivity and stability, can overcome these limitations when used as composite materials. To 

check this feature, a catalyst composed of MXene and an amorphous material was introduced for 

electrochemical CO2 reduction to formate. The catalyst featured a core-shell structure consisting 

of a crystalline SnO2 core and an amorphous SnOx shell, supported on Ti3C2 MXene. This 

catalyst achieved CO₂ conversion to formate with a high Faradaic efficiency of 93% at -1.17 V. 

MXene not only improved the stability and electrical conductivity of the catalyst but also 

amplified the Raman signal of its components, facilitating the visualization of structural 

transitions during the catalytic process. CO2 interacted with the oxygen atoms in SnOₓ, forming 

*OCHO intermediates. These intermediates subsequently desorbed from the catalyst, leading to 

the formation of formate through electron and proton transfer. Thus, MXenes could be 

considered as promising materials for promoting electrochemical CO2 reduction to formate and 

tracing catalytic reaction mechanisms (Figure 4) 70. 
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Figure 4. (A) Schematic illustration of CO2 electroreduction by SnO2@SnOx/MXene. B) Free 

energy diagrams for HCOO−, CO, (C) (I−III) Linear sweep voltammetry (LSV) curves of SnO2, 

SnO2@SnOx, SnO2/MXene, and SnO2@SnOx/MXene in N2- and CO2-saturated 0.5 M KHCO3. 

(D) Potential-dependent Faradaic efficiencies of HCOO−, CO, and H2 for (I) 

SnO2@SnOx/MXene, (II) SnO2/MXene, (III) SnO2@SnOx. Reprinted with permission from 70. 

Copyright 2023, American Chemical Society.

Electrochemical CO₂ reduction can yield a variety of products, including CO, HCOOH, 

CH4, and others. Therefore, it is essential that catalysts used in this process selectively and 

efficiently produce a specific desired product. The design of MXene-based catalysts capable of 

selectively converting CO2 to targeted products has become the major focus of the current 
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research. Recently, several studies have explored the selective production of specific products 

from CO2 electroreduction using MXene-based catalysts. Cao et al. designed a MXene-based 

catalyst for the electrochemical reduction of CO2 to CO with high selectivity. The structure of 

Ti₃C₂Tₓ MXene was modified through sulfur doping, where sulfur substituted oxygen functional 

groups on the MXene, providing anchoring sites for Zn metal (Zn-S-MXene). This unique 

structural modification enhanced CO2 activation. The Zn-S-MXene catalyst demonstrated 

improved electrochemical CO2 reduction to CO, achieving a Faradaic efficiency of 89.7% at -0.9 

VRHE. Over a 20-hour period, the catalyst exhibited a minimal decrease in current density (0.5 

mA cm⁻²), while selectivity declined only slightly to 65%. Thus, this study demonstrated that 

modifying the MXene structure can effectively enhance the selectivity of electrochemical CO2 

reduction, enabling the targeted production of CO (Figure 5) 71.
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Figure 5. (A) Synthesis path diagram of Zn-S-MXene. (B) LSV curves under different 

atmospheres. (C) The capacitance of the double layer is measured by cyclic voltammetry curve. 

(D) Impedance test curve. (E), (F), (G) Faraday efficiency of product S-MXene, Zn-MXene, and 

Zn-S-MXene at different voltages. (H) Partial current density of CO. (I) The Tafel slope of the 

catalyst. (J) Zn-S-MXene stability test at fixed voltage. Reprinted with permission from 71. 

Copyright 2025, Wiley.

A ZnO–MXene nanocomposite catalyst was developed for the electrochemical reduction 

of CO2 to CO and CH₄. By tuning the ZnO:MXene ratio, product selectivity could be directed 
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toward either CO or CH₄. The catalyst demonstrated high selectivity for CH4 with a Faradaic 

efficiency of 79.3% at –0.56 V vs. RHE, and for CO with a Faradaic efficiency of 76.8% at –

0.78 V vs. RHE, while effectively suppressing competing hydrogen evolution. Additionally, 

modifying MXene with ZnO significantly improved the catalyst’s stability, maintaining a high 

Faradaic efficiency for CH4 (approximately 80%) over 24 h. These results indicated that the 

MXene-based catalysts enable dual selectivity for CO and CH4 with excellent long-term 

operational stability 72. 

The reduction of CO2 into high-value-added hydrocarbons, particularly those with high 

energy density such as propane (C3H8), is highly valuable from an energy perspective due to 

propane’s low global warming potential. This process is especially beneficial when achieved 

through electrochemical reduction under mild conditions utilizing renewable electricity. A 

performed electrochemical CO2 reduction was applied to propane using MXenes. A rational 

hybrid structure of Cu2O was incorporated into Ti3C2Tₓ (Cu2O/MXene) to facilitate the 

conversion of CO2 into multi-carbon products, with a particular focus on propane. The results 

demonstrated that this catalyst successfully converted CO2 to C₃H₈ with a Faradaic efficiency of 

3.3% at -1.3 V in an aqueous electrolyte. Furthermore, the current density of Cu2O/MXene 

increased in a CO2-purged electrolyte compared to argon (Ar)-purged electrolyte. Mechanistic 

analysis revealed the key steps and crucial intermediates involved in propane production via 

Cu2O/MXene. Initially, CO₂ was adsorbed onto Cu2O/MXene, forming *COOH. This 

intermediate underwent dehydration, producing *CO. The *CO species subsequently dimerized 

to form *OCCO on Cu2O. The resulting *OCCO intermediate was further hydrogenated to 

*OCCOH, which serves as the essential precursor for generating C₂ and C₃ hydrocarbons. 

Finally, hydrogenation of the C₃ intermediate led to the formation of propane 73. 

The ZnO/MXene-based catalyst was produced in a study, to electrochemically reduce 

CO₂ to CO. A stacked structure of N-doped Ti3C2Tₓ was employed as the supporting material for 

ZnO (ZnO/N-Ti3C2Tₓ). The catalyst demonstrated high catalytic activity for electrochemical CO₂ 

reduction, achieving a faradaic efficiency of 94.4% at -0.967 V, with a current density of 7.2 mA 

cm⁻². ZnO served as the active site for CO₂ electroreduction, while MXene enhanced textural 

properties and electrical conductivity, facilitating efficient CO₂ mass transfer and electron 

transport to ZnO 74.
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Gold nanoparticles (Au) were composited with Ti3C2Tₓ MXenes (Au/ Ti3C2Tₓ) to 

enhance the catalytic efficiency of Au in electrochemical CO₂ reduction to syngas. This binary 

system was designed such that MXene served as both a substrate and a secondary catalyst, while 

Au functioned as the primary electrochemical reduction catalyst. The composite exhibited 

superior catalytic activity compared to Au and MXene individually, with the electrode achieving 

a current density of 17.3 mA cm⁻² at a potential of -0.42 V. Additionally, a Faradaic efficiency of 

48.3% was observed in a CO₂-saturated medium. Furthermore, Electrochemical Impedance 

Spectroscopy (EIS) analysis demonstrated that the composite had a low charge transfer 

resistance compared to Au and MXene alone. Thus, the incorporation of noble metals into 

MXene composites can enhance electrocatalytic CO₂ reduction activity for syngas production 75. 

Beyond Ti3C2Tₓ, other types of MXenes were also used for the electrochemical reduction of 

CO2, which are summarized in the following Table (Table 1).

Table 1. Application of different types of MXene-based systems for CO2RR. 

MXene system Modification/ 
Active site

Target 
CO₂RR 

product(s)
Key mechanistic insight Study 

type Ref.

MXene-Ni-N4-C

Axial O 
coordination on 
Ni-N4 via MXene 
coupling

CO

MXene-induced spin polarization 
optimizes *COOH stabilization and 
lowers energy barrier for CO 
formation

Exp. + 
DFT

76

MXene-supported 
SACs (general)

Single metal 
atoms anchored 
on MXene

Hydrocarbon 
fuels (C₁/C₂)

MXene electronic structure enables 
stabilization of *CO and *CHO 
intermediates, facilitating C–C 
coupling

DFT 69

MXene (various 
compositions)

Surface electronic 
tuning CO/HCOOH

Breaking linear scaling relations 
between *COOH and *CO 
adsorption enhances intrinsic 
activity

DFT 56

Mo2CS2 MXene Non-noble metal 
single-atom sites CO/HCOOH

MXene lattice and S-termination 
synergistically stabilize *CO2⁻ and 
*COOH intermediates

DFT 77

Nb2CO2 MXene
Metal and 
nonmetal surface 
modification

C /HCOOH
Surface termination strongly governs 
adsorption energies and reaction 
pathways

DFT 57

Mo2C MXene
Embedded single 
transition-metal 
atoms

CO
Single-atom embedding tunes d-
band center, lowering limiting 
potentials

DFT 78

V₂C MXene S-terminally CO (C₁ S-termination promotes selective DFT 79
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MXenes have emerged as highly promising materials for the electrochemical reduction of 

CO2 due to their unique combination of high electrical conductivity, tunable surface 

functionalities, and structural versatility. Modifying MXenes through surface functionalization, 

heteroatom doping, and the incorporation of metal catalysts has been shown to significantly 

improve the activity, selectivity, and stability of CO2 reduction reactions. Strategies such as 

increasing -OH termination density, creating composite aerogels, anchoring single-atom 

catalysts, and integrating with amorphous or noble metal components have all demonstrated 

remarkable enhancements in Faradaic efficiency and product specificity. Importantly, these 

modifications enable selective production of value-added products including CO, formate, 

methane, and even propane. Computational studies further support the potential of MXene-based 

platforms in tuning electronic properties for optimal catalytic performance. Overall, the rational 

design and engineering of MXene-based electrocatalysts offer a powerful pathway toward 

efficient and selective CO2 conversion, contributing to sustainable energy and environmental 

technologies.

modified SAC products) *COOH formation and suppresses 
HER
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3 Metal-organic frameworks (MOFs) in electrochemical reduction of CO2 

The electrochemical reduction of carbon dioxide is now recognized as a suitable method for 

converting carbon dioxide molecules into fuels and valuable chemicals such as CO, formic acid, 

methanol, and hydrocarbons 80. This method reduces the environmental impact of increasing CO2 

levels and serves as a potential energy storage mechanism 81. However, the main challenge in 

carrying out the CO2 reaction is the presence of reaction overpotentials 82, necessitating the use 

of catalysts to enhance efficiency and direct conversion of CO2 toward the desired products 83. 

Among the materials explored for this purpose, MOFs have gained attention due to their high 

porosity, tunable architecture, and modular chemical functionality, making them well-suited for 

CO₂ reduction applications 84. MOFs are crystalline materials formed by organic ligands 

coordinating atomic centers (Figure 6) and have numerous advantages 85. The ability to control 

their structural parameters, such as pore size, synthesis approaches and morphological 

optimization, surface area and defect engineering, as well as the organization of metal nodes and 

organic ligands, are advantages of MOFs, which lead to the preparation of MOFs with high CO2 

adsorption capacity and increased electron transfer efficiency and reduced overpotential in the 

CO2RR 86. Another advantage of MOFs is their ability to combine the advantages of 

homogeneous and heterogeneous catalysts 87. In conventional homogeneous systems, the active 

sites are easily accessible and exhibit high activity, but their practical application is restricted due 

to catalyst degradation and complex separation processes 88. Conventional heterogeneous 

systems are more durable than homogeneous systems, but have lower uniformity and selectivity 

of active sites, which limits the effective activation of CO2 
87. MOFs effectively overcome these 

limitations by providing well-defined, ordered active sites in a stable and recyclable framework, 

which improves catalytic performance and selectivity and paves the way for the rational design 

of advanced electrocatalysts that balance activity, selectivity, durability, and stability 89. Further 

advantages of MOFs are their extremely high surface area (5000 m2/g) and well-defined pore 

geometry 90. Engineering the pore architecture and tuning the local catalytic environment (metal 

selection, ligand design, and post-synthesis modifications) can create conditions for CO2 

reduction with MOF catalysts that exhibit improved performance characteristics 91. For instance, 

integrating redox-active metals, such as copper into MOFs increases their Faradaic efficiency 

(FE) 92. 
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Figure 6. Different types of MOFs with different chemical structures. Reprinted with permission 

from 86. Copyright 2015, Royal society of chemistry.

Disadvantages of MOFs include their low conductivity and stability, which hinder their 

catalytic properties under practical conditions 93. To mitigate these drawbacks and enhance MOF 

functionality, techniques such as pyrolysis and the formation of conductive composites are used 
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94. In recent years, computational modeling has significantly advanced our understanding of the 

mechanisms underlying CO2 reduction in MOF-based catalysts 95. DFT simulations and machine 

learning (ML) are used to map the electronic structure of active sites and predict the adsorption 

energies of key reaction intermediates 96. In situ spectroscopy techniques, including Infrared and 

Raman spectroscopy, allow real-time monitoring of reaction intermediates and provide insight 

into the behavior of catalysts 97. The integration of these experimental and theoretical studies has 

clarified the relationship between their structural and catalytic performance properties and helped 

to synthesize more efficient and selective MOF- based catalysts 98. While challenges such as 

electrical conductivity, scalability, and long-term durability remain with MOFs, ongoing efforts 

in MOF-based catalyst design, post-synthesis modifications, and computational modeling are 

expected to provide new perspectives for the development of optimized catalysts for CO2 RR. In 

this section, we provide an overview of the structural and functional properties of MOFs, the 

factors limiting the conductivity and durability of MOFs, and recent advancements in the field.

3.1 Structural Features of MOFs

MOFs consist of metal nodes and organic ligands 99, where the metal nodes can be selected 

from a wide range of elements, including transition metals (e.g. iron, copper, cobalt, nickel) and 

lanthanides. The redox properties of the individual metals and coordination geometries influence 

the catalytic behavior of the resulting MOFs 100. For example, the copper- based MOF HKUST-

1, in which the copper is coordinated by benzene-1,3,5-tricarboxylate, facilitates electron transfer 

reactions, and enabling the selective production of hydrocarbons and alcohols 101. Common 

organic ligands include carboxylates, imidazolates, and pyridinates, which can be chemically 

modified to fine-tune their electron-donating and electron-accepting properties, thereby not only 

stabilizing the crystal lattice but also modulating electron transfer processes 102. The rational 

design of metal-organic ligand nodes in MOFs helps to synthesize porous crystal frameworks 

with a high surface area for the adsorption of CO2 and reduction 103. MOFs have a high internal 

surface area, which allows more CO2 to be adsorbed onto the structure and increases interaction 

with active catalytic sites 87. The hierarchical porosity is a characteristic of MOFs, which 

includes ultra-micropores (about 2 nm) and mesopores (2–50 nm) 85. Carbon dioxide interacts 

with the micropores, increasing the local CO2 concentrations near the active sites and promoting 

the formation of adsorbed intermediates such as *CO₂-, *COOH, or *HCOO for CO2 reduction 
98. Mesoporous porosity increases the molecular diffusion of the adsorbed CO2 (fast mass 
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transfer) and increases current density in the catalytic reaction 104. The functional importance of 

this pore hierarchy is validated by targeted synthesis studies, which show that deliberately 

regulating pore architecture in MOF-derived catalysts is a proven strategy to boost CO2 mass 

transfer and overall electrocatalytic efficacy. As a specific example, Jia et al. synthesized a 

hierarchically ordered porous single-atom Fe–N–C catalyst via a silica-templated method using 

ZIF-8 and iron salts 105. This process resulted in an interconnected network of micropores, 

mesopores, and macropores that markedly improved reactant accessibility and gas diffusion. 

Using operando electrochemical impedance spectroscopy, the authors revealed that this 

hierarchical pore morphology drastically lowers mass transfer resistance to the isolated Fe active 

sites during the CO2 reduction reaction (CO2RR). This optimized structure led to superior 

performance in the mass-transfer-limited regime, achieving a maximum CO partial current 

density of approximately –19 mA cm-2 in a conventional H-cell configuration 105. These findings 

underscore the critical role of synthesis-controlled pore engineering in simultaneously optimizing 

reactant accessibility and current density, which is a key objective in CO2 electrocatalysis. Such 

hierarchical architectures are typically created by carefully tuning synthesis parameters including 

precursor composition, pyrolysis conditions, and the use of templating agents to control pore 

formation and connectivity across multiple length scales, thereby enhancing mass transport 

kinetics toward the catalytic active sites 106.

The structural properties and performance of MOFs depend on their synthesis techniques 

and the employed morphological control strategies 107. Traditional solvothermal and 

hydrothermal methods are commonly used for the synthesis of MOFs; however, these methods 

are associated with challenges such as high cost, scalability issues, and environmental impact 

due to toxic solvents and extended reaction times 108. Therefore, green synthesis methods with 

the advantages of using non-toxic solvents, short reaction times, and operating under mild 

conditions overcome the limitations of conventional methods and reduce environmental impact 

and manufacturing expenses 109. 

Important synthesis parameters such as temperature, reaction time, pH, and reactant 

concentration influence the pore architecture and crystallinity of MOFs 108. By tuning these 

parameters, highly porous structures can be produced for maximum CO2 uptake and reduced 

overpotential required for CO2 reduction reactions 110. For example, it was demonstrated in a 

study that the presence of water as a stable solvent, combined with methanol as a polarity 
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regulator, enabled better control over the size and morphology of PNU-25 crystals. The 

combination of water and methanol resulted in a structure with a higher specific surface area and 

more uniform distribution of pores for CO2 uptake compared to the use of each solvent alone 111. 

Maintaining the structural integrity of MOFs during CO2 reduction reaction is a critical 

challenge, particularly under dynamic conditions such as fluctuations in applied potential, pH 

variations, and changes in electrolyte composition. One strategy to address this issue is the 

precision selection of robust metal-ligand pairs to minimize the degradation of the framework 

over extended reaction times 98. Moreover, defect engineering has emerged as a promising 

approach to enhance MOF stability. Structural defects such as missing linkers act as additional 

active sites for CO2 adsorption and increase the efficiency of CO2 reduction. Optimizing the 

defect density enhances the reactivity of MOFs without compromising their durability 112. The 

extensive porosity, while advantageous for applications like gas adsorption, reduces the 

continuous pathways for electron transport and thus reduces conductivity 113. 

In MOFs, the metal centers are linked together by organic ligands that typically restrict 

electron flow 114. On the other hand, the type of functional groups present in the MOF structure 

can affect the conductivity of the structure, such that some groups facilitate charge transfer, but 

many of them hinder the movement of electrons. Since most of MOFs have inherently 

semiconducting behavior, structural modification or doping is required to increase their 

conductivity 115. In general, the problem can be solved using methods like incorporating 

conjugated organic binders, developing MOF-based composites, employing post-synthesis 

modification techniques, and fabricating two- dimensional structures.

In summary, the structural versatility of MOFs offers significant advantages for CO₂ 

electrocatalysis, including ultrahigh surface area, tunable porosity, and molecularly precise 

active sites. However, these benefits are counterbalanced by inherent challenges such as low 

electrical conductivity and limited stability under operational conditions. 

3.2 Tunability and Functionalization 

The ability of optimizing the performance of MOFs for electrocatalysis reduction of CO2, 

that includes CO2 adsorption capacity, electron density at the active sites, durability, and electron 

transfer efficiency, has attracted lots of attention 116. To optimize the catalytic properties of this 

structure, different functionalization of the frameworks could be applied including:
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3.2.1 Metal Node Engineering

Metal node engineering has been proposed as an important strategy to enhance the 

catalytic efficiency and electrocatalytic performance of MOFs. In this context, the careful 

selection of the composition and oxidation state of the metal centers is essential 117; for instance, 

utilizing copper based MOFs could mediate multi-electron transfer reactions 118. Cobalt- and 

nickel-based MOFs favor the production of CO and formate over CO2 reduction due to their 

unique redox properties 119. Bi- and trimetallic MOFs are employed to enhance the charge 

transfer kinetics and selectivity. These metal frameworks increased the efficiency of CO2 

electrocatalysts by promoting the formation of additional intermediate species 120, 121. For 

example, the trimetallic Cu-Zn-Pd MOF achieved a Faradaic efficiency of 95% for the 

production of CO at -0.75 V vs. RHE (Reference Hydrogen Electrode). The incorporation of Pd 

into the Cu-Zn framework increased the electrochemically active surface area, facilitated 

electron transfer, reduced overpotential, and enhanced current density 120. Recent advances 

include post-synthetic metal exchange, in which the original metal nodes are replaced with more 

redox-active ions that led to enhancing both catalytic efficiency and structural stability. The 

replacement of nickel ions with zinc ions, for example, showed a Faradaic efficiency of 71.9% 

for CO production and a current density of 10.48 mA/cm2 (Figure 7) 122.
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Figure 7. A) The schematic image of Ni SAs/N-C. B) LSV profiles recorded in N₂-saturated 

(dashed lines) and CO₂-saturated (solid lines) 0.5 M KHCO₃ electrolyte at a scan rate of 10 mV 

s⁻¹. C) Faradaic efficiencies for CO formation and D) corresponding partial CO current densities, 

normalized to the geometric surface area, along with turnover frequencies (TOFs) for Ni SAs/N-

C and Ni NPs/N-C measured at various applied potentials. E) Long-term electrochemical 

stability of Ni SAs/N-C evaluated at −1.0 V versus RHE over a continuous operation period of 

60 h. Reprinted with permission from 122. Copyright 2017, American Chemical Society.
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3.2.2 Organic Ligand Modifications

One strategy to optimize the electrocatalytic performance of MOFs is to modify the 

organic ligands that influence charge transfer, product selectivity, and stabilization of reaction 

intermediates 123. When CO2 is adsorbed on MOFs, electron transfer leads to the formation of 

*COOH and *HCOO intermediates whose stability ultimately directs the reaction toward 

producing either CO or formic acid 124.

A critical element in ligand modification is the introduction of electron-donating groups 

(NH2, OH) or electron-accepting groups (NO2, CF3) that affect the performance of the MOF 

structure. Electron-donating groups increase CO2 uptake and facilitate the electrochemical 

reduction of CO2, while electron accepting groups improve product selectivity 123, 125. For 

example, amino modifications of a cobalt-porphyrin-based MOF (H-Co-1) led to the production 

of a new MOF (NH2 -Co-1) that achieved a Faradaic efficiency of 99.4% for the conversion of 

CO2 to CO. The amine groups enhanced selectivity toward CO production by producing 

hydrogen bonds with CO2 molecules and suppressing the undesirable hydrogen evolution 

reaction 126. 

Advancing beyond simple pendant functional groups, the strategic incorporation of 

inherently conjugated organic linkers such as phthalocyanines and porphyrins provides a more 

profound method to structurally and electronically engineer the MOF backbone 127. These 

conjugated macrocycles create extended π-electron networks within the framework, facilitating 

long-range charge transport, enhancing electron delocalization at active sites, and thereby 

boosting electrocatalytic activity. This principle is demonstrated by several high‑performance 

catalysts:

• In phthalocyanine-based systems, the conductive two-dimensional 

MOF NiPc-NiO₄ achieves a high CO Faradaic efficiency of 98.4% and a large partial current 

density of 34.5 mA cm⁻², outperforming many non-conjugated analogues due to its efficient 

charge-transport network 127. Similarly, the CoPc-Cu-O catalyst, a cobalt phthalocyanine-based 

MOF that is layered with copper ions to form a π-core structure, exhibited an electrical 

conductivity of 2.12 S/m and achieved a Faradaic efficiency of 79% for CO production 128.

• In porphyrin-based systems, the framework PCN-222(Co), synthesized via solvothermal 

method, exhibits a high CO Faradaic efficiency of ~94% with reduced charge-transfer resistance, 

a direct benefit of its porphyrin linker's conjugated electron system 129.
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These examples illustrate that rational ligand design, particularly using conjugated 

macrocycles, can fundamentally tune the electronic properties of a MOF, creating an intrinsic 

pathway for efficient electron transfer without relying solely on external conductive additives. 

Secondary interactions, such as hydrogen bonding and π‑π stacking between these conjugated 

units, can further enhance stability and fine‑tune the local environment of active sites 130. 

3.2.3 Post-Synthesis Modifications

Post-synthesis modification (PSM) is a method to improve the efficiency of CO2 

reduction that allows fine-tuning of the MOF structures. This strategy includes metal ion 

substitution, modification of covalent bonds, and incorporation of guest molecules 131. Metal ion 

exchange is the selective replacement of metal nodes by controlling the oxidation state of the 

metal center while maintaining the overall stability of the framework 132, 133. For example, it was 

demonstrated that the replacement of Zn ions in Zn-based MOFs with nickel ions improved the 

adsorption of CO2 and reduced the activation energy for the formation of *COOH intermediates, 

thereby leading to a significant increase in the Faradaic efficiency of CO conversion by 95% 133.

Covalent modification of linkers broadens catalytic versatility by introducing redox-

active or protonic groups 134, 135. For example, by covalently attaching an unstable cyclic carbon 

(NHC) ligand to a UIO-66 framework and forming strong interactions with the metal centers, the 

uptake of CO2 was facilitated and additional active sites were provided. Moreover, the protonic 

groups in the structure contributed to the stabilization of the key intermediate species, resulting 

in raising the Faradaic efficiency for CO production from 50% in the unmodified structure to 

80.1% 134.

The incorporation of guest molecules, small molecules, or nanoparticles, into the pores of 

MOFs leads to the production of hybrid catalysts that combine the advantages of both 

homogeneous and heterogeneous catalysts 136. For example, researchers integrated copper oxide 

(Cu2O) nanoparticles into a MOF structure via incorporating nanoparticles into the pores that led 

to increasing the density of active sites and electron transport. Therefore, the Faradaic efficiency 

of 79.4% was reported for the production of hydrocarbons at a potential of -1.1 V vs. Ag/AgCl 
137. Advanced techniques in guest encapsulation, such as single molecule trapping and ionic 

liquid entrapment, resulted in uniform catalytic sites and enhanced current density. For instance, 

the introduction of ionic liquids into the pores of HKUST-1 led to an increase in the local 

Page 28 of 68RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 1
:4

4:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SU00740B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00740b


28

concentration of CO2 and an improvement in the thermodynamics of its conversion to methane, 

and a Faradaic efficiency of 65.5% during electrochemical reduction resulted 138.

3.2.4 Enhancing Electrical Conductivity

Although MOF structures offer numerous advantages for CO2 reduction, they exhibit 

inherent low conductivity due to the insulating nature of the organic bonds and the spatial 

separation of metal centers 139. The search to overcome this challenge has focused on three 

complementary approaches: intrinsic structural engineering, the creation of composite materials, 

and post-synthesis modification methods. The first approach addresses the root cause through 

rational framework design. From a structural perspective, electrical conductivity in MOFs is 

governed by the intrinsic connectivity between metal nodes, the extent of π-conjugation in 

organic linkers, and the dimensionality of the framework rather than solely by the presence of 

external conductive additives 139. Efficient charge transport pathways can be realized through 

extended π-d conjugation and continuous coordination bonds between metal centers and 

conjugated organic linkers, which create delocalized electronic networks within the MOF 

architecture. Such design principles have been widely discussed in the context of conductive 

MOFs, where strategies like incorporating planar conjugated ligands, optimizing metal–ligand 

orbital overlap, and constructing two-dimensional (2D) frameworks with in-plane π conjugation 

significantly enhance electrical conductivity and facilitate electron hopping between adjacent 

sites 139, 140. Therefore, tuning conductivity is not only achieved by external additives but also by 

rational framework design, where modifying ligand chemistry, increasing π-electron 

delocalization, and reducing distances between conductive pathways can markedly improve 

charge carrier mobility and lower charge transfer resistance in electrocatalytic CO2 reduction 139.

To complement these intrinsic design strategies, MOF-based composites containing 

highly conductive materials (graphene, carbon nanotubes, and conductive polymers) have been 

introduced, which utilize high porosity and chemical versatility of MOFs in combination with the 

excellent electron mobility of the additives, to create efficient electron highways that enhance 

charge transport 141, 142. In such composite electrocatalysts, the individual components are not 

merely mixed but play distinct functional roles that synergistically enhance activity and 

selectivity. Specifically, the MOF framework acts as the primary catalytic platform, providing a 

high density of structurally defined metal–ligand active sites that facilitate CO2 adsorption and 

initial activation 143. Meanwhile, incorporating conductive supports such as graphene or carbon 
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nanotubes significantly enhances electron transport by forming continuous pathways between the 

electrode and the active centers, overcoming the inherently low conductivity of many MOFs 143, 

144. Furthermore, embedding metal nanoparticles within the MOF pores introduces additional 

catalytic interfaces and helps stabilize key reaction intermediates (e.g., •COOH and •HCOO) 

through electronic and geometric effects, while the porous MOF network prevents nanoparticle 

agglomeration and maintains a high dispersion of active sites 144. Finally, the confined porous 

environment of MOFs also contributes to the stabilization of adsorbed intermediates via 

coordination to metal nodes and secondary interactions such as hydrogen bonding or electrostatic 

effects, which collectively lower overall reaction barriers and improve kinetics 144. This 

cooperative interaction between the structural components and the conductive or metallic 

additives leads to enhanced charge transport, greater active site utilization, and significantly 

improved electrocatalytic performance for CO₂ reduction 143. These conceptual strategies are 

validated by experimental breakthroughs. For example, integrating polypyrrole molecules into 

the MOF structure (MOF-545-Co) led to an enhancement in the overall electrical conductivity of 

material and facilitated electron transport during CO2 reduction. The efficiency of CO production 

reached to about 98%, which was twice as high as the Faradaic efficiency of the pure MOF 142. 

Similarly, the principle of intrinsic conductivity engineering is demonstrated by modifying MOF 

structure with conjugated organic linkers that delocalize π-electrons and establish continuous 

electron pathways, thereby integrating adjacent metal centers, enhancing charge transport, 

lowering the overpotential required for CO2 reduction, and improving catalytic efficiency 145.

Further improvements can be achieved through post-synthesis modification methods, 

such as controlled thermal decomposition (pyrolysis), which converts MOFs into carbon-rich 

frameworks embedded with metal or metal oxide nanoparticles and increases conductivity while 

retaining the original porosity (Figure 8) 146. In 2020, carbonized copper-based MOFs, including 

HKUST-1 and PCN-62, were transformed into porous Cu–C composites that used as efficient 

catalysts for the electrochemical reduction of CO2 to isopropanol and delivered a partial current 

density of approximately 8 mA/cm2 for isopropanol production. The onset potential for CO2 

reduction shifted positively by around 100 mV, effectively lowering the overpotential required 

for the reaction. Over a one-hour period, HKUST-1 maintained at least 85% of its initial current 

and achieved a Faradaic efficiency of 72% for converting CO2 to isopropanol 147. 
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Figure 8. The schematic illustration of MOF catalyst preparation via pyrolysis. Reprinted from 
148 under the terms of the Creative Commons CC BY license. Copyright 2017, Springer.

3.3 Recent Advances in MOFs for CO2 Reduction

In recent years, the electrochemical reduction of CO2 has made significant progress thanks 

to the unique capabilities of MOFs 149. Due to their tunable structural features and uniformly 

distributed active sites, considerable advancements have been achieved in enhancing the catalytic 

activity for CO2 reduction and improving product selectivity, while eliminating challenges such 

as the low conductivity and limited stability of such structures 125. To broaden the perspective 

beyond the most commonly studied Cu-, Co-, and Zn-based systems, several other promising 

MOF families have emerged. For instance, Zr-based frameworks such as UiO-66 and its 

derivatives are widely recognized for their exceptional structural and chemical stability under 

electrochemical conditions. When employed as coatings or templates, they can improve product 
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formation and catalytic durability in CO₂RR systems 150. Similarly, MOFs incorporating 

earth-abundant transition metals such as Fe and Mn provide redox-active centers that facilitate 

CO2 activation and offer alternative pathways to value-added products, a trend highlighted in 

recent analyses of diverse transition-metal MOF catalysts 151. In addition, porphyrinic and 

two-dimensional conjugated MOFs (2D c-MOFs) represent an emerging class of materials for 

electrocatalysis. These frameworks combine extended π-conjugated networks which grant high 

intrinsic electronic conductivity with well-defined active sites, offering new opportunities for 

efficient and selective CO2 conversion beyond traditional systems 129, 140. These developments 

underscore the expanding material palette for MOF-based CO2RR electrocatalysts and highlight 

opportunities for tailoring active sites, conductivity, and stability across diverse coordination 

environments.

Several studies have demonstrated that pristine MOFs with redox active sites such as 

copper, zinc, cobalt, etc. showed promising performance in converting CO2 into the products like 

CO, methane, formic acid, or even more complex compounds. When CO2 adsorbs onto the 

catalyst surface, one metal center initiates the reaction by donating an electron, converting CO2 

into a reactive radical intermediate. Rather than allowing this intermediate to remain unstable, a 

neighboring metal center provides a second electron or a proton, thereby accelerating the 

reaction and lowering the required energy. This cooperative mechanism facilitates the cleavage 

of strong chemical bonds and stabilizes key intermediates throughout the process. Even more 

effectively, the metals often share the same surrounding environment, which spatially aligns 

reactive sites to facilitate efficient electron and proton transfer. The organic linkers within the 

framework provide an additional level of stabilization by forming hydrogen bonds that anchor 

reactive intermediates, thereby preventing their diffusion or participation in undesired side 

reactions. This well-designed architecture within MOFs enhances CO2 activation, facilitates 

multi-step reaction pathways, and improves selectivity toward value-added products such as CO, 

formate, and hydrocarbons 152, 153.

A novel gas-diffusion electrode (GDE) was developed using CuTz-1 (a type of MOF), 

blended with ethanol and Nafion, and spray-coated onto a specially treated carbon paper. This 

creates a porous, layered structure that prevents flooding, maintaining efficient contact between 

CO2, electrolyte, and the electrode, facilitating smooth movement of gases in and out during 

reactions, and anchored the MOF securely for long-term stability. At -0.8 V vs RHE, the setup 
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delivered 62.7% efficiency for converting CO2 to CO, with a sustained partial current of -35.1 

mA/cm2 over 10 h and minimal performance loss. Impedance spectroscopy showed low 

resistance (~30 Ω), indicating seamless electron transport via molecular linkers. Capacitance 

measurements pointed to a very active surface area (~12 cm2 per 1 cm2 of electrode), reflecting a 

dense network of reactive sites. Thus, these results highlight how the structured arrangement of 

Cu5tz6 clusters not only improves efficiency but also stabilizes crucial reaction intermediates, 

making it a standout solution for sustainable CO2 reduction 152.

MOF-74 frameworks were synthesized with copper and zinc using a solvothermal 

approach and evaluated for their efficiency in converting CO2 to CO via electrochemical 

reduction. When subjected to LSV under CO2 atmosphere, Cu-MOF-74 demonstrated an onset 

reduction potential of -0.60 V vs. RHE, roughly 150 mV more positive than that of Zn-MOF-74. 

At a fixed potential of -0.80 V vs. RHE, chronoamperometric measurements revealed a peak CO 

Faradaic efficiency of 82% for Cu- MOF-74, significantly outperforming Zn-MOF-74, which 

achieved 45%. The copper-based MOF also maintained a stable current density of around 14 

mA/cm 2 over 6 h. Tafel slope analysis indicated more favorable reaction kinetics for Cu-MOF-

74, with a slope of 108 mV/dec compared to 163 mV/dec for Zn-MOF-74. Electrochemical 

impedance spectroscopy further supported this, revealing a lower charge-transfer resistance of 

~42 Ω for Cu-MOF-74 versus ~78 Ω for its zinc counterpart. Brunauer–Emmett–Teller (BET) 

surface area measurements showed that Cu-MOF-74 offered a larger accessible area (1,450 m²/g) 

compared to Zn-MOF-74 (1,188 m²/g), which correlated with its enhanced electrochemical 

activity. Finally, density functional theory calculations suggested that the superior performance 

of Cu-MOF-74 stems from a lower activation energy by 0.15 eV for the formation of the 

*COOH intermediate in the rate-limiting step of CO2 reduction 153.

To solve the problem of low electrical conductivity of MOFs, researchers have introduced 

conductive composite materials. A copper-based MOF (Cu-THQ) integrated with edge-

functionalized graphene (EFG), showed a Faradaic efficiency of 31.7% for formate production at 

a low voltage of -0.25 V vs. RHE and a current density of 3 mA/cm2. Continuous operation at -

0.25 V for 6 h resulted in minimal loss of current or selectivity, demonstrating stability. The 

enhanced conductivity and plate-like structure of EFG improved CO2 accessibility and facilitated 

efficient electron transfer compared to graphene oxide, which significantly reduced both the 

onset potential and overpotential. Surface hydroxyl and carboxyl groups on EFG serve as 
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anchoring sites for Cu-THQ nanoplates, preventing their aggregation and ensuring greater 

exposure of active sites. EIS data indicated that the Cu-THQ-EFG composite exhibited 

approximately half the charge-transfer resistance of the GO-supported counterpart. The near-

equilibrium onset potential suggested that Cu-THQ-EFG effectively stabilized the *HCOO 

intermediate with minimal energy input, promoting highly selective formate production (Figure 

9) 154.

Similarly, conductive polymer-MOF composites were used to suppress competing 

hydrogen evolution reactions (HER). In this context, the incorporation of polyaniline into 

TcPcCo, a cobalt tetra-β-carboxyphthalocyanine, resulted in a Faradaic efficiency of 95% within 

the potential range of -0.5 to -0.95 V. The presence of polyaniline reduced the activation energy 

required for forming the *COOH intermediate at the Co-N4 site, which facilitated the CO2 

reduction while simultaneously suppressing the side reactions of hydrogen production and 

increasing the selectivity for CO production 155.
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Figure 9. A) The schematic of the preparation process of the pristine and modified MOF (Cu-

THQ MOF and Cu-THQ-EFG composite). B) LSV curves, C) EIS data, D) current density, and 

E) faradaic efficiency for Cu-THQ, Cu-THQ-GO and Cu-THQ-EFG. Reprinted with permission 

from 154 under the terms and conditions of the Creative Commons Attribution (CC BY) license. 

Copyright 2022, MDPI.

The incorporation of metal nanoparticles into MOFs is a powerful method to improve 

catalytic activity. A composite electrocatalyst featuring silver nanoparticles (Ag NPs) embedded 

in thiol-functionalized, defect-engineered UiO-66 metal–organic frameworks (Ag@UiO-66-SH) 

was produced. Through coordination modulation, structural defects and thiol groups were 
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introduced to serve as stable anchoring sites for Ag NPs, minimizing aggregation and 

maximizing active surface area. This catalyst demonstrated a Faradaic efficiency of 74% for CO 

production at -1.1 V versus RHE and maintained a steady reduction current over 10 h, 

demonstrating exceptional catalytic stability and a mass-specific activity of 218 A/g. 

Complementary density functional theory calculations highlighted the improved CO2 reduction 

reaction energetics of the modified material compared to its pristine form. These findings 

highlight the potential of metal NP-MOF hybrids with minimal metal loading as efficient and 

durable catalysts for selective CO2 conversion to CO 156.

To engineer an efficient electrocatalyst for CO2 reduction, a molecular coordination 

strategy was employed to recombine bismuth and indium, forming Bi/In bimetallic MOFs. Upon 

calcination, these MOFs transformed into Bi/In bimetallic oxide nanoparticles, uniformly 

embedded within conductive carbon networks derived from decomposed organic linkers. This 

tailored architecture benefits from the synergistic interaction between Bi and In species, 

alongside a high surface area, optimized pore size distribution, and a defect-rich carbon matrix 

that offered superior electrical conductivity. Electrochemical evaluations demonstrated 

impressive formate production performance, with onset potentials as low as -0.45 V vs. RHE and 

Faradaic efficiencies reaching up to 91% at -0.90 V. The catalyst also delivered a high partial 

current density of 22 mA/cm2 and a mass activity of 4900 mA/mg, maintaining over 91% 

efficiency over 48 h of continuous operation, which confirmed the stability of fabricated 

compound. Notably, the Bi–In oxide interfaces could modulate the binding energy of *OCHO 

intermediates, promoting high selectivity for formate while suppressing competitive hydrogen 

evolution. Coupled with enhanced CO2 transport and electron mobility offered by the carbon 

matrix, the material demonstrated exceptional catalytic efficiency and long-term durability in 

CO2 electroreduction applications 157.

A promising approach to enhance MOF conductivity is designing two-dimensional 

structures. Two-dimensional nickel phthalocyanine (NiPc-NiO4) MOF exhibited higher 

conductivity than its conventional counterparts. The nanosheet catalyst exhibited an onset 

potential of -0.50 V vs. RHE and achieved a peak Faradaic efficiency of 98.4% for CO 

production at -0.80 V. At -0.90 V, the CO partial current density reached 34.5 mA/cm2. The 

catalyst also demonstrated impressive long-term stability, maintaining over 90% Faradaic 

efficiency across 8 h of continuous operation. Mechanistic insights supported by DFT 
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calculations identified the Ni–N4 coordination site within the phthalocyanine ring as the primary 

active center, which binds CO2 and stabilizes the *COOH intermediate with a low energy barrier. 

The extended π-conjugated framework of the phthalocyanine backbone enabled rapid electron 

transfer from the electrode to the Ni sites, effectively lowering overpotential requirements 127. 

Another effective strategy is converting MOFs into highly active and stable catalysts through 

thermal treatment methods (pyrolysis). In this process, the organic ligands decompose and form 

a porous carbon matrix in which metal or metal oxide nanoparticles are evenly distributed. The 

pyrolysis of Ni-ZIF-8 produced Ni-Nx-C structures that exhibited a Faradaic efficiency of 98.2% 

for converting CO2 to CO at a potential of -0.8 V vs. RHE and a current density of 200 mA/cm2. 

DFT calculations showed that this transformation reduced the required activation energy of the 

formation of key intermediates during CO2 production and thus improved the selectivity and 

overall catalytic activity 158.

A novel hierarchical 1D/3D nitrogen-doped porous carbon (1D/3D NPC) was synthesized 

by carbonizing Zn-MOF-74 grown in situ on a melamine sponge, resulting in a conductive 

framework enriched with graphitic and pyridinic nitrogen sites. This architecture comprises one-

dimensional carbon rods embedded within a three-dimensional porous scaffold, forming an 

interconnected network of macro-, meso-, and micropores that promote efficient CO2 diffusion 

and uniform reactant distribution (Figure 10). Spatial confinement within the 3D structure 

directed the growth of ultrathin carbon domains, which host positively charged carbon atoms 

adjacent to graphitic nitrogen key active sites for CO2 electroreduction. Temperature- controlled 

carbonization enabled tunable nitrogen speciation and precise regulation of CO/H2 output 

without altering the catalyst composition. The presence of nitrogen dopants and adjacent 

positively charged carbon sites lowered the activation energy required for CO2 adsorption and 

formation of the key *COOH intermediate. Moreover, the conductive carbon network 

accelerated electron transfer to the active sites, enhancing overall catalytic efficiency. At -1.0 V 

vs. RHE, a current density of -60 mA/cm2 was recorded, with a Faradaic efficiency of 75% for 

CO and 25% for H2, resulting in a CO/H2 ratio of 3.00. Long-term chronoamperometry at -0.8 V 

vs. RHE maintained impressive stability, with 95% current retention and 94% Faradaic 

efficiency retention over 10 h. These results indicated that under optimized conditions, nearly 

two-thirds of electrons were efficiently directed toward CO formation, with the remainder 

contributing to hydrogen evolution 159.
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Figure 10. Schematic illustration of the synthesis of 1D/3D NPC. Reprinted from 159 under the 

terms of the Creative Commons CC BY license. Copyright 2023, Wiley.

One of the advances that has attracted the attention of many researchers in recent years is 

the integration of computational tools like machine learning and density functional theory to 

accelerate the design and optimization of MOF catalysts. Machine learning models can easily 

predict the electrochemical behavior of MOFs based on key parameters such as pore size, central 

metal ions, and functional groups. This approach enables the identification and selection of 

promising MOF candidates for CO2 reduction. For instance, researchers have integrated 

molecular dynamics (MD) simulations, active learning, and machine learning techniques to 

effectively predict the diffusion coefficients of molecules involved in CO2 conversion in MOFs 

to facilitate the rational design of catalysts with enhanced performance 160. Molecular dynamics 

simulations are employed to calculate mean squared displacements, enabling the estimation of 

diffusion coefficients through the Einstein relation. To encompass a wide range of pore 

structures and transport characteristics, an initial set of approximately 100 MOFs is simulated. 
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Key structural and chemical descriptors such as pore limiting diameter, accessible surface area, 

void fraction, elemental composition metrics, and framework charge distributions are selected to 

characterize each MOF. Using these descriptors, an ensemble of random forest models predicts 

both the average diffusion rates and their associated uncertainties for MOFs not yet simulated. 

To strategically enhance the dataset, MOFs exhibiting either the highest prediction uncertainty or 

exceptionally high or low predicted diffusivity are selected for further MD simulations. This 

active learning (AL) strategy accelerates discovery by prioritizing informative samples. After 

three AL iterations (~400 simulations), prediction errors are reduced by a factor of 

approximately three compared to random sampling. The final machine learning model swiftly 

evaluates thousands of MOFs, pinpointing those with optimal diffusion profiles. By integrating 

diffusivity data with catalytic performance metrics, the framework identified MOFs that 

simultaneously maximize active site density and facilitated efficient molecular transport. 

Ultimately, this AL–ML approach dramatically curtails the need for costly MD simulations 

while enabling rapid, large-scale screening of MOFs. Accelerated identification of frameworks 

with finely tuned pore architectures and chemical properties for enhanced CO₂ conversion and 

reagent mobility 161. Despite substantial progress, there are some challenges in scaling up MOFs 

for industrial applications. For instance, long-term stability of these catalysts is an issue, as 

MOF-based structures degrade during long-term operation and compromise their durability. 

Researchers have recently developed a scalable and efficient method for integrating MOFs into 

practical electrochemical systems for CO2 reduction. They used the electrosynthesis method to 

synthesize MOF-based electrodes, which increased the electrical conductivity and improved the 

electrochemical performance. A recent study introduced an innovative method for growing the 

indium-based MOF, MFM-300(In), directly on metal foil using an applied electrical potential. 

This electrosynthesis approach dramatically improved the material’s electronic conductivity by 

nearly tenfold compared to traditional thermal synthesis thanks to two key structural changes. 

Electrochemical deposition created coordinated acetate vacancies and additional In3+ centers, 

which acted as promising sites for charge carriers. Simultaneously, the formation of smaller and 

more uniform octahedra shortened electron transport paths and increased exposure of defect-rich 

surfaces, effectively lowering bulk resistance. These enhancements enabled the 

electrosynthesized electrode to deliver a high current density of 46.1 mA/cm² at -2.15 V vs 

Ag/Ag⁺ and a Faradaic efficiency of 99.1% for formic acid production over a 2 h duration 162.
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Impressively, the device maintained stable performance over time, with only minimal 

overpotential drift; after 10 h, the current density remained strong at 44.8 mA/cm² and Faradaic 

efficiency held at 98.5%, far outperforming the thermally synthesized version, which dropped 

below 8 mA/cm2 and ~70% efficiency. Ultimately, the enhanced conductivity not only improved 

charge transport and lowered operational overpotentials, but also reduced heat generation and 

protected against bond cleavage, underscoring the impressive stability and efficiency of this 

electrosynthesized framework 163. A recent study demonstrated that targeted molecular design 

combined with intelligent electrode engineering can effectively reduce the common degradation 

issues associated with MOF-based CO2 reduction catalysts. Here, the Bi-BTC-D MOF featured a 

robust topology, where Bi3+ centers were securely connected to tricarboxylate ligands through 

strong Bi-O bonds. When tested under continuous electrolysis at -0.86 V versus RHE, the 

catalyst maintained a formate Faradaic efficiency above 90% for 12 h, with effectively no drop 

in current density. Supporting this performance, DFT calculations indicated that under-

coordinated Bi sites facilitate CO2 activation by lowering the energy barrier, while maintaining 

thermodynamic stability during operation. Importantly, these active sites enhanced catalytic 

behavior without significantly disrupting the overall Bi–O coordination network, ensuring long-

term performance and resilience 164.

Traditional MOFs used for CO2 electroreduction often face challenges such as limited gas 

uptake and high activation barriers at their active sites. To overcome these limitations, 

researchers have developed a honeycomb-like heterostructure by using a porous MOF core as a 

template. This architecture significantly boosted CO2 adsorption capacity and, according to DFT, 

helped stabilize the *COOH intermediate while lowering its formation energy. These features 

accelerated the rate-limiting step in CO2-to-CH4 conversion. The study revealed that bulk MOF 

crystals tend to conceal numerous catalytic centers within their framework, limiting overall 

activity. To unlock these hidden sites, an ultrathin covalent organic framework (COF) shell was 

grown directly onto the MOF surface. The COF coating introduced a rich network of accessible 

active sites, with honeycomb pores extending throughout the entire particle ensuring that even 

interior surfaces actively contribute to catalysis. Moreover, the COF layer prevented MOF 

degradation during electrolysis, preserving site availability and structural integrity. This design 

resulted in a much higher catalytic site density than either material could achieve alone. Poor 

conductivity and sluggish mass transport typically reduced current output in MOF-based 
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electrodes. The honeycomb heterostructure directly addressed this by forming continuous 

pathways for rapid electrolyte and CO2 diffusion. It also established tight MOF–COF interfaces 

that significantly reduce charge-transfer resistance measured as low as ~3.3 Ω and elevated the 

current density to -398 mA/cm² at -1.0 V. Conventional MOFs often struggle to distinguish 

between CO₂ reduction and hydrogen evolution, but MCH-3’s synergistic MOF@COF design 

tips the balance in favor of CO₂ conversion. This structure improved CO2 adsorption while 

suppressing local proton concentration, leading to a CH₄ Faradaic efficiency of 76.7% a notable 

improvement over non-honeycomb analogs (≤47.7%) and physical mixtures (≤38.0%). Finally, 

long-term performance is often hindered by MOF collapse, metal ion leaching, and binder 

failure. The rigid COF shell mechanically reinforced the MOF crystals, shielding them from 

shear forces generated by gas bubbles. As a result, the electrode maintains more than 65% CH₄ 

Faradaic efficiency and a current density of -359 mA/cm² over 90 min of operation, with no 

detectable loss of crystallinity (Figure 11) 165.
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Figure 11. A) linear scan voltammetry curves of HMUiO-66-NH2, COF-366-OH-Cu, and MCH-

3. B) Faradic efficiency CH4 calculated over potential range from -0.7 to -1.1 V. C) Partial CH 4 

current density. D) Capacitive current at 0.05 V as a function of scan rate for HMUiO-66-NH2, 

COF-366-OH-Cu, and MCH-3. E) Faradaic efficiencies of MCH-3 at different applied 

potentials. Reprinted with permission from 165. Copyright 2022, Wiley.
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It is expected that with ongoing innovation and the integration of advanced synthesis 

methods, MOFs will evolve into increasingly efficient, scalable, and commercially viable 

electrocatalysts for practical CO₂ reduction applications.

4 Combination of MXenes and MOFs 

The integration of two-dimensional (2D) materials is gaining advancement as a promising 

strategy for constructing multifunctional composites with improved properties. Among various 

2D materials, MXenes exhibit remarkable features such as high surface area, redox activity, 

electrical conductivity, and tunable interlayer spacing. However, their practical application is 

often hindered by issues such as aggregation of sheets and oxidative degradation, which diminish 

their surface accessibility and overall stability (Table 2). Another type of 2D materials is MOFs 

that exhibit remarkable characteristics such as high porosity, adjustable pore dimensions, and 

significant redox capabilities, making them attractive candidates for applications in sensing, 

electrocatalysis, energy storage, water purification, and biomedicine (Table 2). 

Table 2. Advantages and disadvantages of application of MOFs and MXenes-based materials for 

CO2RR.

Material Advantages Disadvantages

Exceptionally high surface area and 

tunable porosity for efficient CO₂ 

adsorption and enhanced mass transport 98, 

166.

Low intrinsic electrical conductivity of many 

pristine MOFs, which impedes charge transfer 

and requires composite engineering 98, 167.

Unprecedented chemical and structural 

tunability via rational selection of metal 

nodes and organic linkers to tailor activity, 

selectivity, and stability 166.

Limited long-term electrochemical 

stability under operating conditions, 

particularly in acidic or alkaline media, 

leading to framework degradation 167, 168.

Atomically uniform and high-density 

dispersion of catalytic sites (e.g., single 

metal atoms or clusters) within the ordered 

framework 98, 166.

Mass transfer limitations within 

predominantly microporous structures, 

necessitating the design of hierarchical 

porosity for efficient diffusion 167.

M
O

Fs

Precise engineering of the local catalytic 

environment (e.g., secondary coordination 

Insufficient chemical stability for some MOFs 

in aqueous or reactive electrochemical 
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spheres) to control intermediate binding 

and direct reaction pathways 166.

environments, risking dissolution or ligand 

displacement 167, 168.

Versatile precursor functionality for 

conversion into MOF-derived materials 

(e.g., doped carbons, alloys) that retain 

favorable porosity while gaining enhanced 

conductivity and stability 98, 167.

Scalability and cost challenges associated 

with the synthesis of advanced, stable MOFs, 

limiting their practical, large-scale application 
166, 167.

MXenes exhibit metallic conductivity that 

facilitates rapid electron transfer during 

multi-electron CO2RR steps, which can 

improve catalytic activity 31.

MXenes can restack or degrade under 

electrochemical conditions, reducing active 

surface area and long-term performance 169. 

MXene edges, defects, and terminations 

provide multiple active sites for CO2 

adsorption and reduction 31.

In some MXenes, the density of inherently 

active sites may be insufficient without 

dopants, composites, or heterostructures 170

The layered structure provides a high 

surface area favorable for catalyst 

dispersion 31.

Conventional etching uses HF or similar 

corrosive reagents, posing safety, 

reproducibility, and scalability challenges for 

large-scale catalyst production 169.

Surface functional groups (–O, –OH, –F, –

Cl) can be engineered to modulate CO2 

adsorption and intermediate binding, 

offering pathways to tailor selectivity 32.

Achieving precise and stable control of 

surface terminations during synthesis is 

difficult, leading to variability in performance 

and challenges in rational catalyst design 169

MXenes can support single-atom catalysts 

or be integrated into hybrid materials to 

potentially enhance catalytic performance 
171 

M
X

en
es

MXenes can effectively adsorb and 

activate CO2, with some showing favorable 

energetics for CO2RR pathways 172

MXenes are prone to oxidation in air or under 

electrochemical conditions, degrading 

performance over time 169.
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Nonetheless, their limited electrical conductivity and moderate stability restrict their broader 

use. The hybridization of MXenes with MOFs has emerged as a synergistic approach to 

overcome these individual limitations. By inserting MOF structures between MXene layers, 

aggregation is reduced and stability is enhanced, while also introducing additional porosity and 

redox-active sites. This complementary interaction not only preserves but also enhances the 

desirable attributes of both components, leading to MXene@MOF composites with superior 

physicochemical, mechanical, and electrochemical performance. The ability to fine-tune the 

composition and architecture of these hybrid systems opens new avenues for designing smart 

materials tailored to next-generation applications 173-176. Beyond structural complementarity, the 

enhanced CO2 electroreduction performance of MXene–MOF composites arise from well-

defined mechanistic synergy between the two components. In these hybrid systems, MXenes 

primarily act as highly conductive electron transport platforms, enabling rapid charge transfer to 

catalytically active sites, while their surface terminations (–O, –OH, and –F) facilitate CO2 

adsorption and contribute to the stabilization of key reaction intermediates through electrostatic 

interactions and hydrogen bonding 31. At the same time, MOFs provide atomically dispersed 

metal nodes with tailored coordination environments that function as the principal catalytic 

centers, where CO2 activation and product selectivity are governed by metal-ligand interactions 
177. Importantly, the formation of MXene–MOF interfaces generate unique interfacial active sites 

characterized by electronic coupling and charge redistribution, which modulate the electronic 

structure of MOF metal centers and lower the energy barriers for intermediate formation. Such 

interfacial effects play a crucial role in stabilizing critical CO2 reduction intermediates, including 

*CO2⁻, *COOH, and OCHO species, thereby enhancing reaction kinetics, suppressing 

competing hydrogen evolution, and enabling improved selectivity toward desired carbon-based 

products. These mechanistic aspects underscore that the superior performance of MXene@MOF 

composites originates not from a simple additive effect but from cooperative interfacial catalysis, 

which will be discussed in detail in the following sections 32, 178. Different methods have been 

introduced for the fabrication of MXene@MOF composites some of them are mentioned in 

Table 3.
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Table 3. Different methods that were used for production of MXene@MOF composites, their advantages and disadvantages.

Synthesis 

Method
Brief Description Sample Advantages Disadvantages Refs.

In Situ 

Synthetic 

Approach

MOF grows directly on 

MXene sheets via 

interdiffusion of metal salts 

and organic linkers in a 

solvent medium. 

CoBDC/Ti3C2Tx

- Preserves structures of both 

components 

- Improved structural and 

hydrothermal stability 

- Strong MOF-MXene interactions 

- Enhanced catalytic activity (e.g., 

OER)

- May involve long synthesis 

times or hydrothermal 

conditions 

- Sensitive to solvent 

composition and synthesis 

conditions

179-181

Direct Mixing 

Method

Simple physical mixing of 

pre-synthesized MOF and 

MXene, followed by mild 

processing

PCN-224 MOF 

/Ti3C2Tx  

- Scalable and easy to perform 

- Mild conditions 

- Preserves individual MOF and 

MXene properties 

- Flexible substrate compatibility

- Weak interfacial bonding (van 

der Waals, H-bonding) 

- Random distribution of 

components 

- Limited structural integration

182-184

MOF-Derived 

Composites

MOF@MXene hybrids are 

thermally treated to derive 

new materials

CoOx-

NC/TiO2C

- Produces functional materials 

with high surface area, redox 

activity

- Hierarchical porous structures

Applicable for electrocatalysis 

and energy storage

- Tunable compositions and 

- High-temperature treatment 

may degrade structure

- Possible oxidation of MXene

Complex synthesis routes

185, 186
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morphologies

Electrostatic 

Assembly 

Strategy

Positively charged are 

assembled with negatively 

charged MXene nanosheets 

via electrostatic 

interactions, then thermally 

annealed 

Co-ZIF-9/Ti3C2 

- Enables formation of hollow and 

porous structures

- Maintains charge balance for 

uniform coating

- Suitable for building composite 

films and nanostructures

- Requires careful control of 

surface charges (zeta potential)

- Possible agglomeration during 

drying or annealing

187, 188

Electrochemical 

Synthesis

MOF films or layers are 

electrodeposited directly 

onto MXene substrates 

using an electrochemical 

workstation. This involves 

using the MXene-covered 

electrode as working 

electrode while metal ions 

and organic linkers deposit 

in situ under controlled 

potential conditions.

MXene-ZIF-8 

membranes

MXene-Ni-

Co@NiCo-

MOF/NF

- Precise control over layer 

thickness and morphology 

- Mild, rapid synthesis conditions 

- Real-time monitoring and 

scalability 

- Strong adhesion between MOF 

and MXene

- Minimizes restacking and 

oxidation of MXene

- Produces conductive composite 

electrodes suited for capacitors 

or electrocatalysis

- Requires electrochemical setup 

and optimization of deposition 

parameters

- Limited to conductive 

substrates and electrode 

applications

- May form thin or uneven 

coatings if conditions are not 

optimized

- Not yet widely reported 

specifically for MOF-

on-MXene combinations 

189-191
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As mentioned earlier, lowering atmospheric CO₂ levels has become a critical global 

priority, as CO₂ is a major driver of climate change and related environmental issues. To address 

this challenge, different methods have been developed and studied to reduce the 

microenvironmental level of CO₂ 30, 192, 193. These CO₂ molecules could be considered as a 

renewable source for producing chemical compounds using photocatalytic or electrocatalytic 

reactions. In other words, these clean fuels could act as the alternatives of oil source in producing 

valuable materials. Therefore, different types of catalytic methods have been introduced to 

capture and convert CO₂ molecules, even at low amounts 30, 180, 194. 

In another study, MXene–MOF hybrid catalysts was produced through the synthesis of a 

MXene/ZIF-8 composite, in which ZIF-8 nanocrystals were uniformly grown on MXene 

nanosheets via a layer-by-layer assembly strategy. This architecture effectively prevented 

MXene restacking while enhancing the electrical conductivity of the MOF component and 

increasing the accessibility of catalytically active sites. Electrochemical evaluation revealed that 

the composite exhibited markedly improved performance compared to its individual constituents, 

demonstrating high capacitance and excellent cycling stability when employed as a 

supercapacitor electrode. More importantly, in electrocatalytic CO2 reduction, the MXene/ZIF-8 

hybrid achieved a high Faradaic efficiency for syngas (CO + H2) production at significantly 

lower overpotentials than the pristine MOF. The enhanced CO2RR activity was attributed to 

synergistic effects arising from the conductive MXene framework, which facilitated rapid 

electron transfer, and the porous ZIF-8 structure, which provided abundant metal–ligand active 

sites and promoted CO2 adsorption. This study highlights how interfacial coupling in MXene–

MOF composites can effectively regulate charge transport and reaction kinetics, thereby 

improving catalytic efficiency and selectivity 195.

In another study, in-based porphyrin frameworks (In-TCPP) were produced on the 

surface of Ti3C2Tx MXenes. Presence of porphyrin in the structure of this composite could 

building blocks for making MOF-based electrocatalysts with large π-conjugated systems that 

help in stabilizing the structure of MOF and allowing electrons to move more easily during 

reactions. They also had good redox properties, which support reactions involving the transfer of 

multiple electrons, especially useful in CO2 reduction into the HCOOH. Additionally, the rigid 

structure of porphyrins led to creating larger pores in the material, which improved the exposure 
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of active sites and enhanced catalytic performance. Besides, the interaction between In-TCPP 

and MXene led to a significant charge redistribution, which altered the electronic structure of the 

indium (In) sites and improved the adsorption of CO2 molecules, that further enhancing the 

reaction process. The fabricated composite showed Faraday efficiency of about 94% for HCOO− 

and high stability during 15 h electrolysis 196. 

5. Challenges and limitations 

Although MXenes and MOFs have shown great promise as catalysts and composite 

materials for CO2 electroreduction, several critical challenges limit their practical 

implementation. One major challenge is the inherently low electrical conductivity of MOFs, 

which restricts efficient charge transfer during catalysis 197, 198. This is partly overcome by 

integrating MXenes, which possess excellent electrical conductivity, but synthesis of stable and 

well-integrated composites remains complex 19, 26, 33. Both materials face stability issues under 

harsh electrochemical conditions, MXenes are prone to surface oxidation that degrades the 

metallic layers essential for conductivity 199-201, while MOFs can suffer from structural 

degradation and instability in aqueous and electrochemical environments 202. Additionally, 

controlling the selectivity of CO2 reduction to desirable products remains difficult due to 

competing side reactions, including hydrogen evolution, limiting efficiency and product yield 203.

Stability and durability are among the most critical challenges for MXene/MOF catalysts 

in electrochemical CO2 reduction. MXenes tend to undergo irreversible oxidation, which 

degrades their metallic carbide or nitride layers, leading to reduced electrical conductivity and 

catalytic performance over time. This oxidation diminishes electron transfer efficiency, 

eventually causing catalyst deactivation 199-201, 204. On the MOF side, many frameworks suffer 

from chemical instability under the harsh reductive or acidic conditions typical in CO2 

electroreduction, leading to collapse or dissolution of the MOF structure. The repeated cycling 

and prolonged operation can exacerbate these effects 22, 205. Researchers are actively exploring 

surface modifications, protective coatings, and heterostructure engineering (e.g., Schottky 

junctions with MXenes) to improve stability and prolong the catalytic lifetimes of these 

materials.

Scalability of composite synthesis remains a significant hurdle. Achieving strong and 

stable coupling between MXenes and MOFs is critical for efficient charge transfer and catalytic 
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synergy, but controlling these nanostructures reproducibly at scale is nontrivial. Conventional 

MXene synthesis involves harsh etching processes, typically with fluoride-containing chemicals, 

which pose challenges for large-scale, cost-effective, and environmentally safe production 206, 207. 

Similarly, MOFs often require long reaction times, high temperatures, specialized equipment, 

and large volumes of organic solvents to achieve high crystallinity, porosity, and chemical 

stability. While emerging techniques such as microwave-assisted, spray-drying, 

mechanochemical, and microfluidic synthesis enable gram-scale production 208, 209. reproducible 

industrial-scale synthesis (kilogram or larger) remains largely untested. Furthermore, integrating 

MXene/MOF composites into durable electrodes and electrolyzer systems capable of continuous 

operation is still in early stages, with mass transport, catalyst loading, and electrode architecture 

posing additional obstacles.

From an industrial translation perspective, the aforementioned challenges become 

significantly more severe under commercially relevant operating conditions. Industrial CO2 

electrolysis typically requires high current densities (>200–500 mA cm-2), continuous operation 

over hundreds to thousands of hours, and integration into gas diffusion electrodes (GDEs) or 

membrane electrode assemblies (MEAs). Under such conditions, the degradation mechanisms of 

MXene/MOF catalysts, including MXene oxidation, MOF framework collapse, catalyst 

delamination, and loss of active surface area, are markedly accelerated due to intensified local 

pH gradients, Joule heating, gas bubble accumulation, and mechanical stresses. Notably, most 

reported MXene- and MOF-based CO2 reduction studies evaluate stability over relatively short 

durations (tens of hours) and at low current densities, which do not adequately reflect industrial 

durability requirements. Furthermore, stabilization strategies effective at the laboratory scale, 

such as surface passivation layers, complex heterostructure engineering, or multi-step synthesis 

routes, may substantially increase material complexity and production costs, posing additional 

barriers to large-scale manufacturing and commercialization. Therefore, bridging the gap 

between laboratory demonstrations and industrial CO2 electrolysis necessitates the development 

of intrinsically robust catalyst architectures, scalable electrode fabrication strategies, and 

standardized durability testing protocols under industrially relevant conditions 210-214.

Economic factors play a crucial role in the deployment of MXenes and MOFs for 

electrochemical CO2 reduction. The cost of raw materials, complex synthesis routes, and post-

processing steps make these materials expensive when compared to traditional catalysts. 
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Strategies to improve economic viability include using cheaper metal nodes or organic linkers in 

MOFs, developing greener etching processes for MXenes, and adopting scalable continuous-

flow synthesis methods. A holistic evaluation of industrial feasibility should consider not only 

catalyst costs but also electrodes, device fabrication, energy input, and product value to ensure 

competitiveness with existing CO₂ capture and conversion technologies. Additionally, the long-

term durability issues could lead to frequent catalyst replacement, increasing operational costs. 

To be commercially viable, these catalysts must not only exhibit high activity and selectivity but 

also offer low production costs and robust lifetimes. Developing cost-effective synthesis 

methods, such as greener etching processes for MXenes, and using cheaper metal centers or 

organic linkers in MOFs are important research directions. Besides, economic assessments must 

consider the entire system cost, including catalyst, electrodes, and device manufacturing, 

alongside energy input and product value, to ensure the technology can compete with existing 

CO2 capture and conversion methods 19, 24, 25, 215.

Beyond the major challenges of stability, scalability, and economics already discussed, 

several other notable challenges exist in the electrochemical reduction of CO2 using MXenes and 

MOFs. One key issue is the intrinsic poor selectivity and controlling the product distribution 

during CO2 reduction. The complex multi-electron and proton transfer pathways can lead to a 

variety of reduction products, including hydrogen from competing hydrogen evolution reaction 

(HER), which lowers the efficiency of CO2 conversion and complicates the separation and use of 

products. Precise tuning of the surface chemistry and electronic structure of MXenes and MOFs 

to selectively stabilize intermediates for desired products remains difficult. Notably, the inherent 

metallic nature of pristine MXenes makes them unable to absorb solar energy efficiently in 

photocatalytic CO2 reduction, requiring modifications to induce semiconducting behavior or 

careful composite design 16, 216. The complexity of balancing electronic properties, stability, and 

catalytic activity in these hybrid materials is a continuing research challenge. Lastly, device 

integration challenges remain, including mass transport limitations and catalyst stability under 

realistic operating conditions of electrolyzed or photoelectrochemical cells. Efficient transport of 

CO2 to active sites and removal of products, while maintaining catalyst integrity under prolonged 

cycling, are necessary for real-world applications but still require significant engineering 

advances.
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6. Future perspectives 

The synergistic integration of MXenes, especially Ti3C2, with MOFs enhances electrical 

conductivity, catalytic activity, and stability, opening new frontiers for highly efficient CO2 

conversion. Research is increasingly focusing on engineering binary and ternary composites and 

heterojunctions that optimize charge separation and transfer, thereby improving selectivity 

towards valuable products like CO and formic acid. Additionally, an important direction for 

future studies is overcoming current stability and durability issues by modifying surface 

chemistries and developing protective coatings or heterostructures. MXenes are prone to 

oxidation, while MOFs face structural degradation in harsh electrochemical environments. 

Future research will likely leverage advanced surface functionalization and design strategies to 

prolong catalyst lifetime while maintaining activity. Utilizing machine learning and high-

throughput computational screening to identify optimal MXene/MOF combinations with 

enhanced robustness and catalytic efficiency is a growing trend anticipated to accelerate 

discoveries and reduce experimental trial-and-error.

Scaling up synthesis methods for producing high-quality MXene/MOF composites at 

industrially relevant scales is another critical future challenge. Current MXene production 

involves harsh chemical etching processes that pose safety, environmental, and cost issues. 

Emerging scalable synthesis approaches, such as continuous flow processes and greener 

chemistries, alongside integration with existing industrial platforms, are expected to drive wider 

application. Similarly, developing cost-effective, reproducible, and scalable MOF production 

will be crucial for commercial viability. Progress in scalable fabrication will be paired with 

advances in electrode and electrolyzed system engineering to realize durable, high-performance 

devices for real-world CO2 conversion.

From an application standpoint, integrating MXene/MOF-based catalysts into flexible, 

modular, and renewable-powered electrolyzed systems presents a path toward sustainable 

carbon-neutral fuel synthesis. Future systems may combine CO2 reduction with other renewable 

energy conversion and storage technologies. Advances in reactor design that improve mass 

transport, enhance CO2 accessibility, and facilitate product separation will further enhance 

process efficiency. Such integrated, well-engineered platforms can enable decentralized, small-

to-medium scale CO2 conversion units suitable for various industrial and environmental settings, 

greatly expanding impact. Notably, economic and environmental considerations will drive future 
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research to enhance the overall sustainability of these technologies. Efforts to reduce raw 

material costs, extend catalyst lifetimes, and improve energy efficiency will be essential to 

compete with conventional processes. Research will also focus on minimizing environmental 

impact through green synthesis methods and lifecycle assessments. 

7. Conclusion 

MXenes and MOFs have emerged as highly promising materials for advancing the 

electrochemical reduction of CO2, owing to their complementary properties. MOFs offer 

extraordinary porosity, tunable chemistry, and abundant active sites, while MXenes provide 

excellent electrical conductivity and surface functionalization that facilitate rapid charge transfer. 

The integration of these materials into composites has demonstrated synergistic effects, leading 

to improved catalytic activity, selectivity, and stability for CO2 reduction to valuable products 

such as CO and formic acid. Recent breakthroughs in designing heterojunctions and hybrid 

structures underscore the potential of MXene/MOF systems to address performance limitations 

that have traditionally hindered electrochemical CO2 conversion.

Despite these encouraging developments, significant challenges remain to be solved 

before MXene/MOF-based catalysts can be broadly applied at an industrial scale. Stability and 

durability under harsh electrochemical conditions, particularly MXenes’ susceptibility to 

oxidation and MOFs’ chemical degradation, continue to limit long-term usability. The 

complexity and costs associated with synthesizing high-quality MXene/MOF composites, 

alongside concerns around scalability, mass transport limitations, and electrode integration, 

present further obstacles. Moreover, economic considerations including material costs and 

catalyst lifetimes must be carefully balanced against activity and selectivity enhancements to 

achieve commercial viability. Addressing these multifaceted challenges requires a concerted 

effort across materials engineering, green chemistry, and device fabrication.

The future of MXenes and MOFs in CO2 electroreduction is very promising, fueled by 

advances in material design, computational modeling, and synthesis techniques. Emerging 

strategies such as advanced surface functionalization, protective coatings, and machine learning-

guided screening are expected to yield catalysts with enhanced stability and tailored catalytic 

properties. Development of scalable and environmentally benign production methods for 

MXene/MOF composites will be essential to facilitate their practical deployment. 
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Simultaneously, integrating these catalysts into flexible, efficient electrolyzer systems powered 

by renewable energy could pave the way for decentralized and sustainable CO2 conversion 

technologies that contribute meaningfully to carbon neutrality goals. The dynamic interaction 

between fundamental materials innovation and applied engineering will dictate the successful 

translation of MXene/MOF catalysts from laboratory research to real-world applications. With 

additional explorations, these materials hold great promise for enabling efficient, selective, and 

durable electrochemical CO2 reduction, helping to transform greenhouse gases into valuable 

fuels and chemicals. This progress aligns strongly with global efforts toward mitigating climate 

change and fostering a sustainable energy future.
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