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Abstract 

The urgent imperative to mitigate climate change has accelerated the development of carbon dioxide 

(CO2) reduction technologies. This chapter examines the role of earth-abundant metals as catalysts in 

CO2 reduction, emphasizing the benefits of utilizing metals such as copper (Cu), iron (Fe), nickel (Ni), 

zinc (Zn), cobalt (Co), and molybdenum (Mo), which are both widely available and cost-effective 

compared to precious metals. It provides an overview of CO2 reduction technologies, detailing the 

catalytic mechanisms and reaction pathways mediated by these metals. Particular focus is given to 

their catalytic efficiency, product selectivity, and operational stability in converting CO2 into value-

added chemicals and fuels. The chapter also reviews recent advancements in catalyst design, 

including single-atom catalysts, dual-atom systems such as alloys, and composite materials that 

enhance catalytic performance. Furthermore, it addresses the remaining challenges in optimizing 

these systems for large-scale and industrial applications. By integrating innovative strategies and 

interdisciplinary insights, this chapter aims to deliver a comprehensive understanding of the 

potential of earth-abundant metal catalysts in sustainable CO2 conversion and their broader role in 

advancing a circular carbon economy. 

Keywords: carbon dioxide reduction; earth-abundant metals; alloy; catalysts; electrochemical 

reduction; faradic efficiency 

 

1. Introduction 

Climate change and its associated impacts have led to profound environmental and economic 

consequences on a global scale. Among all greenhouse gases, carbon dioxide (CO2) is the most 

significant contributor, playing a central role in ecosystem disruption and global warming. The 

increasing urgency of the climate crisis has driven extensive research into strategies for mitigating 

greenhouse gas emissions, with a particular focus on CO2 due to its high atmospheric concentration 

and long-term persistence [1,2]. Effective management of CO2 emissions involves not only reducing 

its release at the source but also capturing and converting it into valuable products such as fuels, 

chemicals, and construction materials. Conventional catalysts used for CO2 reduction often rely on 

precious metals like gold and silver, which, despite their high catalytic efficiency, are expensive and 

scarce, limiting their practicality for large-scale applications [3]. 

This review focuses on the development and application of earth-abundant metal catalysts as a 

sustainable and cost-effective alternative for CO2 reduction. Metals such as copper, iron, nickel, zinc, 

manganese, and cobalt are readily available, economically viable, and exhibit a lower environmental 

impact, making them suitable candidates for scalable catalytic processes [4–11]. These metals possess 

unique electronic structures and catalytic properties that enable the efficient electrochemical or 

photochemical conversion of CO2 into useful products, including hydrocarbons, alcohols, and 
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organic acids [6,8,10]. Recent advancements in materials science, particularly in alloy design, Nano 

structuring, and surface modification, have significantly enhanced the catalytic performance of these 

earth-abundant metals. Such innovations have improved their selectivity, activity, and stability, 

bringing them closer to industrial applicability [12]. 

However, challenges remain. These include catalyst deactivation, limited selectivity toward 

specific products, and the complexity of post-reaction product separation and purification. 

Overcoming these limitations is essential for realizing the full potential of earth-abundant metals in 

CO2 conversion technologies. Therefore, this chapter provides a comprehensive overview of the role 

of earth-abundant metals in the electrochemical reduction of CO2, reviewing recent advances, 

mechanistic insights, and current research trends [13]. 

By emphasizing the promise of these materials, this work contributes to the broader goal of 

advancing sustainable energy technologies. Ultimately, the development of efficient, scalable CO2 

reduction methods based on earth-abundant metals can support global efforts to lower atmospheric 

CO2 concentrations and mitigate the adverse impacts of climate change. 

 

Figure 1. Electrochemical reduction of CO2 (Reproduced with permission from European Chemical Societies) 

[14]. 

2. CO2 Reduction Technologies 

As global awareness of climate change intensifies, the development of effective strategies to 

mitigate carbon dioxide (CO2) emissions has become a critical priority. CO2 is a major greenhouse gas 

primarily emitted through human activities such as the combustion of fossil fuels, industrial 

processes, and land-use changes. Its accumulation in the atmosphere contributes significantly to 

global warming, leading to widespread environmental, economic, and social consequences. 

Given the dramatic rise in atmospheric CO2 levels, there is an urgent need not only to reduce 

emissions at the source but also to capture and utilize existing CO2. Currently, three major strategies 

are being explored to address this challenge (Figure 2) [15]: 

1. CO2 Capture and Storage (CCS) 

2. CO2 Capture and Utilization (CCU) 

3. CO2 Conversion into Value-Added Products 

This section explores various innovative technologies for CO2 conversion and reduction, 

including thermochemical, electrochemical, photoelectrochemical, photocatalytic, biological, and 

direct air capture approaches. 
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Figure 2. CO2 Emission reduction technologies (Reproduced with permission from Jawaharlal Nehru Centre for 

Advanced Scientific Research). 

2.1. Mechanism of CO2 Reduction 

The mechanism of carbon dioxide (CO2) reduction involves a series of chemical reactions step 

by step that convert CO2into useful by products, such as hydrocarbons, alcohols, or other chemicals. 

The specific mechanism can vary depending on the method of reduction (e.g., thermo chemical, 

electrochemical, Photochemical and photocatalytic) and the catalysts used. Here we discuss the 

general mechanisms which involved in CO2 reduction. 

 

Figure 3. Methods of CO2 reduction (Reproduced with permission from Jawaharlal Nehru Centre for Advanced 

Scientific Research). 
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2.1.1. Thermochemical Processes 

High-Temperature Reduction: CO2 is reduced at high temperatures using energy sources such 

as solar or nuclear power. thermochemical CO2 conversion uses catalysts and a combination of heat 

and pressure to convert CO2 into valuable products such as fuels, chemicals, or other materials, aiding 

in carbon capture and utilization efforts shows in (Figure 4). A direct approach to generate syngas 

from solar thermal energy involves the thermolysis of water and CO2 molecules in one step. 

 

Figure 4. General schematic daigram of the two-step thermochemical cycle for CO2 reduction. (Reproduced with 

permission from Scientific Research) [22]. 

2.1.2. Electrochemical Reduction 

Excessive emission of CO2 resulting from over consumption of fossil fuels causes the green- 

house effect. The reduction of CO2 not only addresses the issue of elevated CO2 levels in the 

atmosphere but also enables the simultaneous production of valuable carbon-based chemicals and 

fuels. Electrochemical reduction of CO2 is a encouraging technology for converting carbon dioxide 

into value-added chemicals and fuels using electricity. In this process electrochemical cells are 

employed to convert CO2 into carbon monoxide (CO), methane (CH4), formic acid (HCOOH), 

methanol (CH3OH), ethylene(C2H4), ethanol (C2H5OH), etc: and Catalysts also play a critical role in 

electrochemical reduction, enhancing reaction rates and selectivity towards desired products. Till 

date different types of metal based electrocatalysts such as Au, Zn, Ag, Cu, Mn, Sn, and Co have been 

investigated regarding electrochemical CO2 reduction. As illustrated in Figure 5, electrochemical CO2 

reduction systems consist of an anode, a cathode, an aqueous electrolyte solution saturated with CO2, 

and a membrane, where the oxygen evolution reaction occurs at the anode and CO2 reduction takes 

place at the cathode 
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Figure 5. Electrochemical Reduction of CO2 (Reproduced with permission from MDPI) [23]. 

2.1.3. Photocatalytic Reduction 

Photocatalytic reduction of CO2 is a promising technology that uses light energy, typically from 

the sun, to convert carbon dioxide into useful chemicals or fuels. Uses light energy (solar) to drive 

the reduction of CO2. Photocatalysts, such as semiconductors, metals, metal oxides or nanomaterials, 

are employed to facilitate the conversion of CO2 into useful chemicals under light irradiation. 

Mechanism of photocatalytic reduction of CO2 on a metal/semiconductor as photocatalyst 

involves several key steps, primarily generation electron-hole pair’s takes place due to expose of light 

on photocatalyst showed in (Figure 6). Here’s a breakdown of the process: 

1. Light adsorption (hv>Eg) by the photocatalysts: In this step photocatalysts adsorb photon light 

from sun light, promoting the generated electrons from valance band to conduction band and 

leaving behind holes in valance band so this step creation electron- hole pairs. 

2. Charge separation: this step prevents the recombination of generated electron- hole pairs, 

through catalyst modification such as Surface modifications or the introduction of co-catalysts 

can enhance this separation. 

3. Surface Reactions (Redox reaction): In this step reduction and oxidation both processes take 

place. 

Reduction of CO2: The conduction band electrons are utilized to reduce CO2 molecules adsorbed 

on the catalyst surface, reduction pathway depends on various factors such as the catalyst used, 

reaction conditions, and the presence of other reactants (like water). 

CO2 + 2e− + 2H+ → HCOO− + H2O 

CO2 + 6H+ + 6e− → CH3OH + H2O 

CO2 + 8H+ + 8e− → CH4 + 2H2O 

Oxidation Reactions: Holes in the valence band can oxidize water (H2O) to produce protons (H+) 

and oxygen (O2), providing the necessary protons for the reduction of CO2. 

2H2O → O2 + 4H + + 4e- 

After the reduction, the products (like methanol or methane) desorb from the catalyst surface, 

allowing for new reactants (CO2 and H2O) to adsorb and continue the cycle. 
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Figure 6. Photocatalytic reduction mechanism of CO2 using Metal /semiconductor as catalyst under solar light 

irradiation (Reproduced with permission from American Chemical Society) [24]. 

2.2. Role of Earth-Abundant Metals in CO2 Reduction 

Earth-abundant metals have emerged as vital components in the advancement of efficient and 

sustainable carbon dioxide (CO2) reduction technologies. Metals such as iron (Fe), copper (Cu), nickel 

(Ni), zinc (Zn), and cobalt (Co) offer key advantages including wide natural abundance, low cost, and 

reduced environmental impact compared to traditionally employed precious metals. Owing to their 

diverse electronic structures and versatile catalytic properties, these metals are well-suited for a range 

of CO2 conversion pathways, including electrochemical, thermochemical, and photocatalytic 

processes. In electrochemical CO2 reduction, copper is particularly notable for its unique ability to 

catalyze the formation of hydrocarbons and oxygenates, positioning it as a central material for 

renewable fuel production. Nickel and cobalt have demonstrated considerable activity in the 

thermochemical hydrogenation of CO2, enabling the conversion of CO2 into valuable fuels and 

chemicals under elevated temperatures and pressures. In photocatalytic and photoelectrochemical 

systems, earth-abundant metals function effectively as co-catalysts, single-atom catalysts (SACs), or 

charge transfer mediators, thereby enhancing light harvesting, charge separation, and overall 

reaction efficiency. For example, cobalt-based frameworks such as DQTP COF-Co have exhibited 

high CO production rates in photocatalytic CO2 reduction, illustrating their promise for solar-to-

chemical energy conversion [25,26]. 

Beyond CO2 reduction, these metals also play crucial roles in broader energy-related catalytic 

processes, including the hydrogen evolution reaction (HER), oxygen reduction reaction (ORR), and 

water oxidation reaction (OER). Their incorporation into SACs, bimetallic alloys (e.g., Cu–Ni), and 

composite materials can harness synergistic interactions to enhance catalytic activity, selectivity, and 

long-term stability. Alloying strategies can effectively tune the electronic structure of active sites, 

while composite architectures facilitate improved charge transport and structural robustness under 

reaction conditions. Furthermore, the integration of these metals with conductive supports such as 

carbon-based materials or metal oxides enables the formation of well-dispersed and mechanically 

stable catalyst systems, improving reactant accessibility and electron mobility. 

Recent research efforts have increasingly emphasized advanced catalyst design strategies, 

including nanostructuring, surface modification, and molecular-level tuning, to optimize the 

physicochemical characteristics of earth-abundant metal catalysts. These approaches aim to improve 

reaction kinetics, enhance product selectivity, and reduce catalyst deactivation. Coupling earth-

abundant metals with visible-light photosensitizers or molecular catalysts represents a promising 

avenue for the development of next-generation CO2 reduction systems capable of operating under 

ambient conditions. Continued exploration of the unique catalytic properties of earth-abundant 

metals is paving the way for more efficient, selective, and scalable CO2 conversion technologies that 

align with global sustainability and circular economy objectives. 

3. Earth – Abundant Metals as Catalysts 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 July 2025 doi:10.20944/preprints202507.0273.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0273.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 29 

 

Recent studies have identified several earth-abundant metals including iron (Fe), copper (Cu), 

nickel (Ni), molybdenum (Mo), zinc (Zn), cobalt (Co), and manganese (Mn) as promising candidates 

for CO2 reduction catalysis. These metals have been incorporated into diverse catalyst architectures, 

such as single-atom catalysts (SACs), alloy and composite systems, and supported metal catalysts, 

each offering distinct advantages in terms of catalytic activity, product selectivity, and operational 

stability. 

3.1. Molecular and Single Atom-Based Catalysts and Their Roles in CO2 Reduction 

Earth-abundant metal-based molecular catalysts play a crucial role in the electrochemical 

reduction of carbon dioxide (CO2) to valuable products, such as carbon monoxide (CO), methane 

(CH4), and various hydrocarbons. These catalysts are gaining attention due to their potential for 

advancements in green chemistry and renewable energy technologies. These catalysts, composed of 

readily available elements such as iron, nickel, copper, and cobalt, not only present a cost-effective 

alternative to precious metal catalysts but also exhibit remarkable versatility in promoting the 

transformation of CO2 into useful chemicals and fuels [26]. 

Among various approaches for CO2, reduction Single-metal catalysts (SACs) play a promising 

role in the reduction of carbon dioxide (CO2) due to their unique properties and high selectivity and 

stability. In single atom catalysts (SACs), metal atoms are dispersed on supports where they are 

coordinated with non-metals, demonstrating remarkable performance for CO2 electroreduction due 

to their strong interactions with the support, optimal metal utilization, and exceptional catalytic 

activity. When using earth-abundant metals, as single atom- metal catalysts offer low-cost, 

sustainable and high-performance metals for fuel and chemical production. Due to the majority of 

metal sites being accessible at the catalyst’s surface and their distinct electronic structure, SACs 

exhibit high intrinsic catalytic activity [26,27]. In the photo and electrochemical CO2 reduction, SACs 

exhibit encouraging performance in terms of catalytic activity, product selectivity, and stability. The 

most common metals used in SACs include Pt, Au, Pd, Rh and First-row transition metals Ni,Co, Fe, 

Cu, Zn, Bi, Mn and Sn (Figure 7) [28]. 

 

Figure 7. Reduction of CO2 on the surface of the single atom catalysts. 

In this section of chapter discuss the use of Fe, Cu, Ni, Mn, Co, Mo and other metals as molecular 

and single atom catalysts (SACs) for CO2 electrochemical and photocatalytic reduction. 

3.1.1 Iron based catalysts (Fe-SACs) for CO2 reduction. Iron is the most earth- abundant 

transition metal has been extensively studied as a potential catalyst for various and diverse chemical 

reactions. Molecular iron-based complexes are among the most efficient catalysts for CO2 reduction. 

Zhang et al. [29] introduced a water-soluble iron–porphyrin complex (Figure 8) as an electrocatalyst 

for the reduction of CO2 to CO, achieving 90% CO production under an applied potential of −0.97 V 

vs. NHE. Solubility of Fe-porphyrin catalyst is attributed due to the four positively charged N,N,N,-
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trimetthyl-4-ammoniumphenyl substituents in porphyrin ring which showed excellent catalytic 

activity and selectivity toward electrocatalytic reduction of CO2 to CO in aqueous solution. Busch et 

al. [30] studies investigated the electrochemical reduction of CO2 over the Fe-porphyrin catalyst 

system using DFT. They find the H2 evolution reaction is suppressed by the high activation barrier 

over Fe-porphyrin. Fe(I)-porphyrin support the reduction of HCO3– and H2CO3 reduction. Direct CO2 

reduction is hindered by a high activation barrier on Fe-porphyrin. Jung and Saito et al. [31] report 

the synthesis of Fe- Complex with Bipyridyl which is supported by two phosphine molecules. 

Synthesized F- complex ligand catalysed photocatalytic reduction of CO2 to CO and HCOOH 

combined with Ir(ppy)3 as a photosensitizer. The bulky phosphine moieties stabilized the catalyst 

and enhanced its durability for up to 72 hours. 

 

Figure 8. Schematic representation of the photochemical catalysis of (PNNP)Fe-BuOK complex to convert CO2 

to CO. (Reproduced with permission from American Chemical Society) [29]. 

Among other metals Iron-based single atom metal catalysts (Fe-SACs) have emerged as 

promising materials for the electrochemical reduction of CO2 due to their high catalytic activity, 

stability, high mechanical strength, strong conductivity and cost-effectiveness (Figure 9)[32]. Iron-

based catalysts have also been investigated for their application in the Fischer-–Tropsch processes, 

which converts syngas into hydrocarbons and oxygenated hydrocarbons. 

 

Figure 9. Different Iron-based single atom metal catalysts (Reproduced with permission from Royal Chemical 

Society) [32]. 
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Recent research still has focused on the developing of iron-based catalysts. Zhang et al. [32] 

report the synthesis of series Fe-based catalysts which was obtained by fabrication through the 

hydrogen reduction on MgFeAl-layered double hydroxide nanosheets at temperature 300-700oC. 

Synthesized catalysts showed photothermal reduction of CO2 to C2+ hydrocarbons under UV-vis light 

irradiations. Xu et al. [33] prepared the nitrogen-doped graphene (Fe/NG) single-atom catalyst which 

offer efficient electrocatalytic reduction of CO2 to CO. Fe/NG has a low reduction over potential with 

high Faradic efficiency up to 80%. Geng and Zeng et al. [34] prepared highly active Fe single-atom 

catalysts (Fe–N5/Fe–N6) by tuning the coordination number of Fe with N towards CO2 

electroreduction. The faradaic efficiency for CO with Fe–N5 surpassed 90% within the range of −0.35 

to −0.65 V versus the reversible hydrogen electrode (vs. RHE) during CO2 electroreduction (Figure 

10). Cheng et al. [35] report the electrocatalytic reduction of CO2 using novel electrocatalysts Fe-N/P-

C, synthesized catalysts Fe–N/P–C showed outstanding performance in the electrochemical 

reduction of CO2 to CO, with a high Faradaic efficiency of 98% and a high mass-normalized turnover 

frequency of 508.8 h–1 at a low overpotential of 0.34 V. 

 

Figure 10. CO2 electroreduction catalytic performance of Fe–N5 and Fe–N6. (a) Faradaic efficiency of CO at 

different potentials. (b) jCO in 1.0 M KOH electrolyte (c)TEM image of Fe–N6 and Fe–N5 (Reproduced with 

permission from Royal Chemical Society) [34]. 

Fang et al. [36] reported Fe–N–C electrocatalysts towards electrocatalytic reduction of CO2 to CO 

with Faradaic efficiency of about 98% at −0.68 vs. RHE. Zhang et al. [37] research study focused on 

the electrocatalytic reduction of CO2 using Fe-Based Single Atom Catalyst. In this catalyst, single Fe 

atom is coordinated with one S and three N atom, denoted as Fe−S1N synthesized catalyst exhibited 

an outstanding performance for converting CO2 to CO with Faradaic efficiency around 99.02% and 

exhibited a high intrinsic activity TOF of 7804.34 per h. Fe−S1N3 catalyst showed remarkable stability. 

Lyu et al. [38] prepared single atom Fe-N-C based electrocatalyst via novel one-step calcination 

method. Synthesized showed excellent efficiency toward reduction of CO2 to CO and H2, with a total 

Faradaic efficiency of 100% and Tafel slope of 68 mv dec-1. Fe-N-C material had promising catalytic 

activity and good stability. Ren et al. [39] designed and synthesized a series of Fe- based single atom 

catalyst coordinated with B named as FeBxCy, results reveal a great potential of coordination tuning 
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for reduction CO2, and provide a new theoretical perspective for rational design of high activity, 

selective CO2 reduction catalysts. 

 

 

Figure 11. Fe–N4 as effective active sites for the CO2RR to CO. (a) Free energy vs. reaction path graph for the 

CO2RR to CO on different Fe–N4 centers for the Fe/NG catalyst. (b) Top view-scheme of the Fe/NG catalyst 

highlighting the Fe–N4 center (Fe atom in red, N atoms in blue) and the potential nitrogen-substitute atoms (c) 

(Reproduced with permission from Elsevier) [36–39]. 

Table 1. Iron based catalyst for CO2 reduction. 

Sr. No Name of Metal 

Catalyst 

Type of catalysts Conversion Form Conditions Faradaic 

efficiency

References 

1. Iron–porphyrin 

complex 

Electrocatalyst CO2 to CO −0.97 V 90% [30] 

2. Fe- Complex with 

Bipyridyl 

Electrocatalytic 

reduction 

CO2 to CO and 

HCOOH 

-0.91 V 86% [31] 

3. Fe-SACs Electrocatalyst CO2 to CO -0.89 V 92% [32] 

4. Fe/NG Electrocatalytic 

reduction 

CO2 to CO -0.57V 80% [36] 

5. Fe–N6 Electroreduction CO2 to CO −0.35 to −0.65 

V 

>90% [33] 
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6. Fe–N/P–C Electrochemical 

reduction 

CO2 to CO 0.34 V 98% [35] 

7. Fe–N–C 

 

Electrocatalytic 

reduction 

CO2 to CO −0.68 98% [38] 

8. FeBxCy Electrocatalytic 

reduction 

CO2 to CO -0.45 V 99.02% [39] 

3.1.2. Cupper (Cu) Based Catalysts for CO2 Reduction 

Copper-based catalysts have emerged as promising candidates for the electrochemical and 

photochemical reduction of CO2 due to their unique electronic properties and ability to produce fuels 

and valuable chemicals. 

 

Figure 12. Different nanostructure form of Cu-Based electrocatalyst for CO2  reduction. 

Copper is an effective catalyst for catalytic reduction of CO2 to produce high- molecular weight 

products such as alcohols and hydrocarbon. From the previous reported research work found that 

Cu as single atoms catalysts can selectively only for the CO formation in CO2 reduction. Deng et al. 

[40] report the Cu based single atoms catalyst named Cu-N-C with Cu–N3 coordination showed good 

electroreduction of CO2 to CO with high faradaic efficiency of 98% at −0.67 V vs. RHE as well as 

superior stability over 20h. The same catalyst achieved Faradaic Efficiency of 99.9% for CO at −0.67 

V vs. RHE when tested in an electrolyte cell flow, due to the three unoccupied N sites were 

spontaneously saturated by protons during the CO2 reduction. With the help of DFT study find the 

reason for improved performance of the catalyst in the electrolyte cell with configuration. For 

instance, Xu et al. [41] report the synthesis of Cu–N4– NG through two step pyrolysis method, in this 

synthesis process single Cu atom lodged into 2D N-doped graphene. synthesized Cu–N4–NG 

catalysts showed excellent selectivity toward electrocatalytic reduction of CO2 in CO with Faradaic 

efficiency 80.6% for CO at −1.0 V vs. RHE as compare to bulk Cu catalyst which showed low 

selectivity towards CO, while Cu–N4– NG facilitate the higher CO2 activation due to the presence of 

Cu–N4 sites in catalyst, whereas the graphene substrate provides protons through the water 

dissociation, which involved in the CO2 reduction process. 

Cheng et al. [42] demonstrated the effectiveness of the Cu–N4 site for catalysing the CO2 

reduction reaction to CO, as it ensures optimal binding energy for the COOH and CO intermediates, 

thereby enhancing CO production. Notably, the authors successfully synthesized Cu single atoms 
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dispersed on an N–C support using a MOF-assisted method (referred to as Cu-N4-C/1100). The 

resulting catalyst achieved a maximum CO Faradaic efficiency of 98% at –0.9 V vs. RHE, maintaining 

high stability for at least 40 hours during the test. Chen et al. [43] developed Cu single atoms on a 

nitrogenated carbon-based catalyst known as Cu–N–C. The Cu–N3 sites in this catalyst were shown 

to significantly enhance CO* desorption. In a gas-tight H-type cell, Cu–N–C achieved a high CO 

Faradaic efficiency of 98% at −0.67 V vs. RHE, with impressive durability (Faradaic efficiency 

remaining above 90% over 20 hours of testing). The same catalyst was also evaluated in an electrolyte 

flow cell configuration, demonstrating an even higher CO Faradaic efficiency of 99.9% at −0.67 V vs. 

RHE, attributed to the improved rate of CO2 diffusion. DFT calculations explained the enhanced 

performance of the catalyst: the Cu–N3 site was positioned on an extended carbon plane with six 

nitrogen vacancies that stabilize the active site, while three unoccupied N sites were naturally 

saturated by protons during the CO2 reduction process. Zhu et al. [44] reported the development of 

single-atom Cu-embedded carbon dots (Cu-CDs) coordinated with two nitrogen and two oxygen 

atoms, marking the first introduction of N and O ligands. (Figure 13). 

 

Figure 13. (a) Current density of Single-atom Cu-embedded carbon dots (Cu-CDs) and (b) Faradaic efficiency of 

Cu-CDs. [44]. 

As a result, the catalyst demonstrated exceptional selectivity for the electrochemical reduction 

of CO2 to CH4 across a wide potential range from −1.14 to −1.64 V vs. RHE (reversible hydrogen 

electrode), with over 99% of the CO2 reduction products being CH4. Additionally, Cu-CDs exhibited 

a high CH4 Faradaic efficiency of 78% and a turnover frequency of 2370 h−1 at −1.44 and −1.64 V, 

respectively. Density functional theory (DFT) calculations revealed that the separation of the CH4 

limiting potential from other products allows for the exclusive production of CH4. Luo et al. [45] 

prepared catalyst Cu3N-derived Cu nanowires were shown to be an effective electrocatalyst for the 

electrochemical reduction of CO2 to C2 products. The synthesized catalyst displays outstanding 

activity and selectivity for producing C2 products, achieving a maximum Faradaic efficiency of 86% 

at −1.0 V, and maintaining long-term stability over 28 hours of electrolysis. Cheng et al. [46] 

synthesized Cu- Nx-C catalysts (x no of coordinated N atoms) via a Facile one step thermal pyrolysis 

method at different temperature range, author successfully synthesized Cu-N4-C/1100 and Cu-N3-

C/800 through dispersion of single metal atom Cu on the N-C support. Prepared catalyst Cu-N4- 

C/1100 showed excellent catalytic activity and selectivity for CO2 reduction to CO as compare to Cu-

N3-C/800 catalyst, noticed 90% faradaic efficiency from −0.6 to −1.1 V vs. RHE. At −0.9 V vs. RHE 

achieved 98% faradaic efficiency. Cu-N4-C/1100 exhibited superior stability up to 40 h during 

reduction process [46].  
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Figure 14. (a, b) showed the Sem micrograph of CuN2O2 catalyst and (c) showed the faradaic efficiency of Cu-

N3-C/800 and Cu-N3-C/1100 catalysts. [46,47]. 

Zhu et al. [47] proposed synthesis of single atom Cu- embedded carbon dots and coordinated 

with two N and two O atoms, catalyst named CuN2O2, it was first time introducing O atom with Cu-

N. The catalyst exhibited exceptional catalytic activity and selectivity for the electrochemical 

reduction CO2 to CH4 with 99% Faradaic efficiency over a wide potential range −1.14 to −1.64 V vs. 

RHE. While Faradaic efficiency of CH4 achieved only 78% at −1.44 to −1.64 V when using Cu-CD as 

catalyst for CO2 reduction. Synthesized CuN2O2 found a promising candidate towards 

electrochemical CO2 reduction due to maximized atomic utilization. Liu et al. [48] prepared 

electrocatalyst Cu3N-derived Cu nanowires revealed high efficiency towards electrochemical 

reduction of CO2 to C2 products. The prepared catalyst showed maximum faradaic efficiency 86% of 

C2 products at −1.0 V. The catalyst CuN2O2 demonstrates outstanding activity and selectivity for 

producing C2 products, maintaining long-term stability over 28 hours. 

Table 2. Copper (Cu) based catalysts for CO2 reduction. 

S.R. No.Name of Metal 

Catalyst 

Type of catalysts Conversion 

Form 

Conditions Faradaic 

efficiency 

References 

1. Cu-N-C electroreduction CO2 to CO −0.67 V 98% [40] 

2. Cu–N4– NG electrocatalytic 

reduction 

CO2 in CO −1.0 V 80.6% [41] 

3. Cu–N4 electrocatalytic 

reduction 

CO2 to CO –0.9 V 98% [42] 

4. Cu-CDs electrochemical 

reduction 

CO2 to CH4 −1.64 V 99% [44] 

5. Cu3N-derived 

Cu nanowires

electrocatalyst CO2 to C2 −1.0 V 86% [45] 

6. Cu- Nx

catalysts 

electrocatalyst CO2 reduction 

to CO 

−1.1 V 90% [46] 

7. CuN2O2 electrochemical 

reduction 

CO2 to C2 −1.0 V 86% [48] 

3.1.3. Nickel Based Single Atom Catalysts (Ni-SACs) for CO2 Reduction 

The electrochemical reduction of CO2 to valuable chemicals is a critical area of research for 

addressing climate change. Nickel-based catalysts have gained significant attention due to their 

unique electronic properties, high activity, and selectivity for various reduction products, including 
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hydrocarbons and alcohols. This literature review summarizes the recent advancements in the 

synthesis, and performance of Ni- based catalysts in CO2 reduction. Wang et al. [49] reports the 

synthesis of Ni single atom catalyst (Ni-SACs) on the support of carbon black particles, The Ni- single 

atomic sites exhibit an extraordinary performance for reduction of CO2 to CO, with nearly 99% 

Faradaic efficiency for CO at 0.681 V in KHCO3 aqueous solution. Xu and Mu et al. [50] report Ni 

based molecular catalyst which showed outstanding performance under the photocatalytic reduction 

of CO2 to CO under visible light irradiations. The author synthesized three Ni-based molecular 

catalysts known as Ni(II)-bipyridine complexes: Ni-1 ([NiCl2(4,4′-dichloro-2,2′-bipyridine)2]), Ni-2 

([NiCl2(4,4′-dibromo-2,2′- bipyridine)2]), and Ni-3 ([NiCl2(4,4′-diphenyl-2,2′-bipyridine)2]). Among 

these Ni complexes, Ni-1 exhibited superior catalytic performance compared to traditional 

homogeneous Ni-bipyridine catalysts. 

Hu et al. [51] report a novel Ni based single atom catalyst via incorporation Ni single atom into 

carbon paperwork as a self-standing electrocatalyst for CO2 reduction (Figure 16). From the 

characterization results and DFT calculation confirm that the catalyst consists of one Ni atom which 

was coordinated with three N, and one S atoms on the surface of commercially available carbon 

paper. Catalyst showed excellent efficiency towards electroreduction of CO2 with optimal selectivity 

(91%) at 0.6 V and activity (3.4mA cm−2) for CO, also showed good stability up to 14h. Li et al. [52] 

developed a Ni-N-C based sustainable catalyst of efficient electrochemical reduction of CO2 to CO. 

For the synthesis of catalyst author using cheap cornstarch and doping with Nikel (Ni) with without 

need of acid was post-treatment. Synthesized cornstarch-based Ni- Catalyst exhibited high faradaic 

efficiency (FE) of 92% for CO production at –0.8 V vs RHE current density of CO 11.6 mA/cm2. Author 

also discusses the electrochemical reduction of CO2 to CO using Ni catalyst which was prepared by 

normal conventional method show low reduction efficiency with a lower FE (CO) at 81%. as compare 

to sustainable Ni-based catalyst. Wang et al. [53] report the synthesis Ni-based single atom catalyst 

on the surface of commercially available carbon black particles through simple and scalable method 

(Figure 15). Ni- SACs Catalyst showed promising efficiency towards reduction CO2 to CO via 

traditional H-cell with faradic efficiency 99% at –0.681V RHE in aqueous solution of 0.5 M KHCO3. 

(Figure 15) Importantly, current densities exceeding 100 mA cm−2 with nearly 100% CO production 

were achieved on an anion MEA, which is approximately 10 times higher than the current densities 

observed in an H-cell. An ultra-high CO/H2 ratio of 114 was attained, defined as “relative selectivity” 

when CO selectivity approaches 100% and H2 remains below 1% as measured by gas chromatography 

(GC), while sustaining a significant current of 74 mA cm−2. Furthermore, after 20 hours of continuous 

operation at an average current density of approximately 85 mA cm−2, the CO formation Faradaic 

efficiency remained around 100%, with H2 levels still below 1%.  

 

Figure 15. Synthesis of Ni- SACs Catalyst on the surface of commercially available carbon black particles and 

Faradaic efficiency towards reduction CO2 to CO via traditional H-cell [53]. 

Fujita et al. [54] prepared a series of Ni based molecular catalyst using support of macrocycle 

(Cyclam = 1,4,8,11- tetra azacyclotetradecane). Synthesized [Ni(cyclam)]2+ material has been used as 
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electrocatalyst for the electrocatalytic reduction of CO2 to CO in aqueous solution at working 

electrode of mercury (Figure 16). 

 

Figure 16. (a) Incorporation Ni single atom into carbon paperwork as a self-standing electrocatalyst for CO2 

reduction, [51] (a) (b) [Ni(cyclam)]2+ material used as electrocatalyst for the electrocatalytic reduction of CO2 to 

CO in aqueous solution at working electrode of mercury. [54]. 

Su et al. [55], developed Ni-CTF catalyst modified with Covalent triazine frameworks (CTF). Ni-

CFT showed much higher efficiency towards the electrocatalytic reduction of CO2 as compared to Ni-

porphyrin (using TPP: tetraphenyporphyrin) due to the low coordination number support in Ni-CFT. 

Ni-CFT exhibited high faradaic efficiency 90% of the CO during reduction of CO2 at over potential 

−0.8 V versus RHE. Another study of the same author reports the electrochemical reduction of CO2 to 

CO using Ni-SACs named Ni-N-Gr catalysts. In this Ni atom dispersed on the N-doped graphene 

under rapid heat treatment at 900 °C, 1 min, Ni- SACs turned highly selective towards reduction of 

CO2, with a CO FE of over 90% at −0.70 V vs. RHE. 

Yang et al. [56] synthesized atomically dispersed Ni single atom of the surface of graphene via 

doping and without doping of S atom via pyrolysis method and designed catalyst as A–Ni–NG and 

A–Ni–NSG respectively. The prepared catalyst exhibits high reduction efficiency with CO FE of 97% 

at around −0.5 V and shoed good stability during test up to 100 hr with only 2% loss. Jiang et al. [57] 

reports the synthesis of Ni single atoms coordinated in a graphene shell work as a active center for 

efficient artificial photosynthesis. Synthesized catalyst favors the CO2 reduction to CO with high 

selectivity more than 90%. Author also reports the synthesis of Ni single atom catalyst via the doping 

of Ni atom in graphene nanosheet. Prepared electrocatalyst revealed high electrochemical reduction 

of CO2 to CO with high FE 93.2 % at over potential at–0.82 V under significant current density ∼60 

mA/mg. Yuan et al. [58] proposed Semi- sacrificial template synthesis of Single atom Ni coordinated 

with N doped hollow carbon nanosphere as support. Prepared catalyst named as SA–Ni/N–CS 

showed efficient and stable electrocatalytic reduction of CO2 (Figure 58) The SA–Ni/N–CS catalyst 

showed excellent faradaic efficiency 95.1% of CO at −0.8 V vs. RHE with outstanding stability for 24 

h with loss of any current. Li et al. [59] developed a catalyst featuring exclusive Ni–N4–C active 

moieties via a top-chemical transformation method (Figure 17). The Ni–N4–C catalyst achieved a 

maximum CO Faradaic efficiency of 99% at −0.81 V vs. RHE, with a total current density of 28.6 

mA/cm2, also adopted MOFs which assist the synthesis of Single Ni atom catalyst with exclusive Ni–

N4–C active moieties via ion exchange between the Zn rod and Ni rod. Synthesized single Ni atom 

catalyst Ni–N4–C exhibited a maximum faradaic efficiency 99% of CO at –0.81V vs. RHE and current 

density of 28.6 mA/cm2. 
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Figure 17. (a) Synthesis of Ni–N4–C active moieties via a top-chemical transformation method [59], and catalyst 

c Ni–N4–C exhibited a maximum faradaic efficiency 99% of CO at –0.81V. 

 

Figure 18. (a) N doped hollow carbon nanosphere as electrocatalyst for CO2 reduction to CO [58]. Prepared 

catalyst named as SA–Ni/N–CS N- doped carbon nanotube (Ni-NCTs) for electroreduction of CO2 [60]. 

Hou et al. [60] successfully synthesized Ni based single atom catalyst via automatically 

dispersion of Ni atom on the surface of N- doped carbon nanotube (Ni-NCTs) for electroreduction of 

CO2. Ni/NCTs catalyst showed nearly100% selectivity of CO at potential –0.6V RHE, with current 

density 34.3 mA/cm2. Zhu et al. [61] study introduced Ni-based catalyst for production of synthesis 

gas through electrocatalytic reduction of CO2 In this Ni –based catalyst, Ni Single atom and Ni 

nanoparticles attached on support of N-doped carbon nanorods (named as Ni-CNRs and NiNPs-

CNRs respectively) and both synthesized catalysts display excellent selectivity towards CO2 

reduction to CO and HER respectively. 

Table 3. Nickel based single atom catalysts (Ni-SACs) for CO2 reduction. 
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Sr. NoName of Metal 

Catalyst 

Type of catalysts
Conversion 

Form 

Conditions Faradaic 

efficiency 

References 

1. Ni-SACs electrochemical 

reduction 
CO2 to CO 0.681 V 99% [49] 

2. Ni-N-C electrochemical 

reduction 
CO2 to CO. 0.6 V 98% [52] 

3. Ni- SACs electrochemical 

reduction 
CO2 to CO –0.681V 99% [53] 

4. [Ni(cyclam)]2+ electrocatalyst 
CO2 to CO 0.6 V 99% [54] 

5. Ni-CTF electrocatalytic 

reduction 
CO2 to CO −0.8 V 90% [55] 

6. SA–Ni/N–CS electrocatalytic 

reduction 
CO2 to CO −0.8 V 95.1% [58] 

7. The Ni–N4–C electrocatalytic 

reduction 
CO2 to CO −0.81 V 99% [59] 

3.1.4. Cobalt Based Single Atom Catalysts (Co-SACs) for CO2 Reduction 

Cobalt-based catalysts are gaining recognition for their potential in CO2 reduction, which is 

crucial for addressing climate change and producing renewable fuels. Recently, cobalt-based 

molecular catalysts have been investigated for there their application in the electrochemical and 

photochemical reduction of protons to hydrogen [62,63]. These catalysts have shown promising 

activity and stability under a wide range of various conditions; making them attractive, they are 

attractive candidates for the development of developing sustainable hydrogen production 

technologies. Cobalt-based catalysts have also been explored for their potential use in the 

electrocatalytic reduction of carbon dioxide to folate, a valuable chemical Products [64].  

Sakai et al. [65] reports the highly efficient cobalt porphyrin based molecular catalyst for 

photocatalytic reduction of CO2. Synthesized cobalt porphyrin molecular catalyst named as CoTPPS 

([{meso-tetra(4-sulfonatophenyl) porphyrin to}cobalt (III)], work as catalyst in photocatalytic 

reduction of CO2 to CO with 90% selectivity Ru(bpy)3]2+ as a photosensitizer using under visible light 

irradiation in aqueous solution. Robert et al. [66] reports the CO2 electrochemical catalytic reduction 

with a highly active cobalt phthalocyanine and CO production occurs with excellent selectivity 

(ca.95%), and good stability with a maximum partial current density of 165 mA cm−2 (at −0.92 V vs. 

RHE), The CO2RR was investigated by using a single-atom cobalt catalyst (Co-Typ-C) by Hou and 

coworkers [67] via the pyrolysis of Co-terpyridine (TPY) organo-metallic complex. The Co-TPy 

catalyst noticed high Faradaic efficiency > 95% of CO with potential over range from −0.7– 1.0 V (vs 

RHE). Catalyst exhibited low FE CO with single Co catalyst without Typ ligand. Fernández et al. [68] 

explained both electro- and photocatalytic CO2 reduction electro- and photocatalytic CO2 reduction 

using cobalt aminopyridine molecular catalyst. Recently Co coordinated with nitrogen doped 

carbon-based material received promising catalytic activity towards the CO2RR to CO. Wang et al. 

[69] synthesized a series of Co based catalyst via atomically dispersion Co on N doped carbon sheet 

and explore their performance towards electrocatalytic reduction of CO2. From the reduction 

performance author noticed that the Co coordinated with two N atoms achieved superior catalytic 

activity and high selectivity with 94% FE of CO at an over potential –0.5 V. 
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Figure 19. (a) molecular structure of cobalt porphyrin molecular catalyst named as Co-TPPS ([{meso-tetra(4-

sulfonatophenyl)porphyrin to}cobalt (III)], [65] and (b) Electro- and photocatalytic CO2. 

Pan et al. [70] synthesized Co single atoms anchored on polymer-derived hollow N-doped 

porous carbon spheres featuring Co–N5 active canters (referred to as Co–N5/HNPCSs), which 

demonstrated a CO Faradaic efficiency of 99.2% at −0.73 V vs. RHE and 99.4% at −0.79 V vs. RHE. 

Amal et al. [71] report the synthesis of Co-single-atom-decorated, N-doped graphitic carbon shells 

encapsulating a Co NPs core (Co@CoNC-900) demonstrated the ability to maintain a stable H2/CO 

ratio ranging from 0.25 to 1 within the −0.3 V to −0.8 V vs. RHE potential range. Song et al. [72] 

proposed Electrochemical production of syngas using catalyst Co–C2N2 moieties, while other 

nitrogen functionalities like graphitic and pyridinic N, can promote hydrogen evolution reaction 

(HER). He et al. [73] investigated the catalytic activity of different metal (e.g., Ag, Co, Pt, and Pd) 

based Single atom catalyst for electroreduction of CO2 in to value added product. For the preparation 

of this catalyst single atom dispersed on the defective graphene support for electrochemical CO2 

conversion in to CO, HCHO, COOH, C1, CH4 and CH3OH using the selected five transition metals 

(i.e., Ag, Co, Cu, Pt, and Pd). 
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Figure 20. (a) Synthesis scheme of polymer-derived hollow N-doped porous carbon spheres featuring Co–N5 

active canters (referred to as Co–N5/HNPCSs) [70], and (b) Faradaic efficiency of Co@CoNC-900. [71]. 

Table 4. Cobalt based catalysts for CO2 reduction. 

Sr.No. Name of 

Metal 

Catalyst 

Type of catalystsConversion 

Form 

Conditions Faradaic 

efficiency 

References 

1. CoTPPS photocatalytic 

reduction 

CO2 to CO −0.92 V 90% [65] 

2. CO2RR photocatalytic 

reduction 

CO2 to CO -0.94 V > 95% [68] 

3. Co–N5  photocatalytic 

reduction 

CO2 to CO −0.73 V 99.2% [70] 

3.1.5. Zinc Based Single Atom Catalysts (Zn-SACs) for CO2 Reduction 

Zinc (Zn) is an earth-abundant metal that can be used as catalyst to reduce carbon dioxide (CO2) 

to CO. Stamatelos et al. [74] develop Zn-based catalysts for the reduction of CO2 to CO with different 

structural form of Zn such as Zn-nanoparticles and ZnO nanorods. Results found that ZnO nanorods 

exhibited higher reduction of CO2 as compared to Zn nanoparticles with faradaic efficiency 80% of 

CO in current density range of 50–160 mA cm2 in both flow- cell and membrane electrode assembly 

(MEA) reactors. Yang et al. [75] report highly efficient CO2 electroreduction using Zn–N–C type 

single atom catalyst. In this synthesis Zn atom was dispersed on the surface of 4N coordinated carbon 

sheet (ZnNx/C) and forming Zn–N4 active sites for catalytic reduction. The prepared catalyst showed 

high catalytic performance for CO2RR to CO, with CO FE of 95% at 0.43 V vs. RHE, and exhibited 

good stability up to 75h without any current losses. Zhang et al. [76] synthesized Zn–dipyrrin 

complexes (Figure 18), used for the first time for CO2 photo reduction and the influence of the SBCT 

efecton CO2 reduction. Guo et al. [77] reported the synthesis of a fibrous Zn catalyst (Zn-CO2) that 

demonstrates high electrochemical activity and stability. The Zn-CO2 catalyst achieves a Faradaic 

efficiency of 73.0% for CO at −1.2 V vs. RHE, (Figure 18) with CO selectivity remaining nearly 

unchanged over 6 hours at that potential. 
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Figure 21. (a) The Zn-CO2 catalyst achieves a Faradaic efficiency [80], (b) Structure of synthesized Zn–dipyrrin 

complexes [76], and (c) Sem image of ZnO nanorods and showed higher reduction of CO2 as compared to Zn 

nanoparticles with faradaic efficiency 80% [74]. 

Table 5. Zinc based catalysts for CO2 reduction. 

Sr.No. Name of Metal 

Catalyst 

Type of catalysts Conversion 

Form 

Conditions Faradaic 

efficiency 

References 

1. Zn-nanoparticleselectrocatalytic 

reduction 

CO2 to CO −0.77 V 80% [77] 

2. Zn–dipyrrin 

complexes 

photo reduction CO2 to CO −1.2 V 73.0% [79] 

3.1.6. Molybdenum Based Single Atom Catalysts (Mo-SACs) for CO2 Reduction 

Huang et al. [78] proposed Mo-NG electrocatalyst used for reduction of CO2 into formate. In this 

electrocatalyst single Mo atom loaded on the N doped ultrathin graphene sheet (Figure 22) Prepared 

electrocatalyst exhibited excellent electrocatalytic reduction of CO2 into formate using 4% ionic liquid 

as an electrolyte. The faraday efficiency of CO was found 100% and formate yield of 747 mmol/(gcatal 

h). Author noticed that Mo-NG electrocatalyst showed higher reduction with ionic liquid than N 

doped graphene.  
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Figure 22. Synthesis of Mo-NG catalyst, single Mo atom loaded on the N doped ultrathin graphene sheet used 

for reduction of CO2 into formate [78]. 

Khojinet al. [79] reports the electrochemical reduction of CO2 under to compartment using the 

M o S 2 catalyst within an ionic liquid with three electrode electrochemical cell. The MoS2 catalyst 

exhibited a notably high current response of (65 mA cm–2 at an over potential of 654 mV) along with 

strong selectivity for CO production with Faradaic efficiency of approximate 98%. Reddy et al. [80] 

formulated low-cost Molybdenum carbide (Mo2-C) catalyst for the reduction of CO2 to CO (selectivity 

68%). Zhuo et al. [81] prepared metal carbides based 2D multilayered Mo2C catalyst for 

hydrogenation of CO2 with high selectivity and stability. the synthesized two- dimensional (2D) 

multilayered 2D-Mo2C material showed CO2 hydrogenation the activity and product selectivity (CO, 

CH4, C2–C5 alkanes, methanol, and dimethyl ether), (Figure 23) highest selectivity towards CO with 

94% faradaic efficiency at 430oC and showed excellent stability up to 100 h without deactivation. 

 

Figure 23. synthesized two- dimensional (2D) multilayered 2D-Mo2C material showed CO2 hydrogenation the 

activity and product selectivity towards CO, CH4, C2–C5 alkanes, methanol, and dimethyl ether. [81]. 

3.1.7. Other Metal-Based Catalysts for CO2 Reduction 

There are several other metal-based catalysts which also shown promise effect for CO2 reduction 

into value added products. Manganese was also the key element in the reduction of CO2 Feng et al. 

[82] Prepared single Mn based catalyst was embedded on N4 coordinated graphitic carbon nitride (g- 

C3N4) on carbon nanotubes (named as Mn–C3N4/CNT). Synthesized Mn–C3N4/CNT electrocatalyst 

exhibited higher Faradaic efficiency 98% of CO in aqueous electrolyte with current density 

14.0 mA/cm2 at a low over potential of 0.44 V vs. RHE, outperforming all the Mn–N4-based SACs 

previously reported in the literature. Pan et al. [83] synthesized Mn–N–C and Co–N–C catalysts by 

pyrolyzing a solid obtained from drying a water mixture of urea, citric acid, and a metal precursor. 

The Mn-based and Co-based single- atom catalysts demonstrated similar maximum CO Faradaic 
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efficiencies (72% and 70%, respectively), although the overpotential required for the Mn–N–C to 

achieve maximum CO selectivity was 260 mV lower than that of the Co–N–C. Overall, both Mn and 

Co displayed lower catalytic performance for CO production compared to other single-atom 

catalysts. 

Li et al. [84] prepared a dual atom Ag2–G electrocatalyst for electrochemical reduction of CO2 to 

CO. Synthesized Ag2–G catalyst showed superior properties toward reduction of CO2 as compared 

to Ag-nanoparticles (Ag-NPs) and the single-atom Ag1/graphene (Ag-G). The Ag2–G active site 

consists of two adjacent Ag atoms; each is coordinated with three N atoms (AgN3–AgN3) further 

linked with the graphene matrix via Ag-C strong bond. Synthesized electrocatalyst Ag2–G showed 

higher reduction of CO2 to CO with FE CO up to 93.4% at over potential of −0.25 V vs. RHE, with a 

current density of 11.87 mA/cm2 at −0.7 V vs. RHE, and catalyst exhibited good stability for 36 h of 

tests. He et al. [85] prepared an N-doped carbon- supported Pd single-atom catalyst (referred to as 

Pd-NC) with a low Pd loading of 2.95 wt%. Through various characterization techniques and DFT 

calculations, the authors highlighted the unique coordination of Pd atoms with N atoms in the Pd–

N4 active centers, which aids in stabilizing and activating the adsorbed CO2, thereby ensuring CO 

production at low overpotentials. Compared to commercial palladium on carbon (Pd/C), which 

shows high selectivity for the hydrogen evolution reaction (HER), the Pd-NC demonstrated moderate 

selectivity for the CO2 reduction reaction (CO2RR) to CO, achieving a CO Faradaic efficiency of 55% 

at −0.50 V vs. RHE. Podyacheva et al. [86] reports the single Pd atom-based catalyst, in which Pd 

particles was dispersed on N-doped carbon-supported (named as Pd-NC) with a low Pd loading of 

2.95 wt%. Through DFT calculation characterization results showed that the Pd atom was 

coordinated with four N atoms i.e., Pd–N4 active centers, which helps stabilize and activate the 

adsorbed CO2, hence guaranteeing CO generation at low overpotentials. From the reduction results 

found that the commercially available Pd/C exhibited higher selectivity towards CO2RR to CO as 

compared to Pd-NC, While Pd-NC electrocatalyst showed a moderate selectivity for CO2 reduction 

to CO with faradaic efficiency 55% at over potential –0.50 V vs. RHE. 

Table 6. Other metal based catalysts for CO2 reduction. 

Name of Metal 

Catalyst 

Type of catalysts Conversion 

Form 

Conditions Faradaic 

efficiency 

References 

Mo-NG electrocatalyst CO2 into formate-0.96 100% [81] 

Molybdenum 

carbide 

electrocatalyst CO2 to CO -0.92 98% [83] 

Mn–C3N4/CNT electrocatalyst CO2 to CO 0.44 V 98% [85] 

Ag2–G electrochemical 

reduction 

CO2 to CO −0.25 V 93.4% . [87] 

3.2. Alloy and Dua Atom Catalysts: Towards Better Selectivity 

Lee et al. [87] synthesized a Pd–Mo MMO catalyst by adjusting with its size and composition. 

prepared bimetallic Pd-Mo mixed metal oxides showed efficient properties towards the 

electroreduction of CO2 to CO. From the result found that the CO2 electrocatalytic performance 

increases as amount of Pd are increased in Pd–Mo MMO catalyst Pd–Mo MMO catalyst (Figure 24). 

Mougel et al. [88] investigated the electrocatalytic reduction of CO2 to formate using a bimetallic 

complex of Mo-Cu, known as [(bdt)MoIVS2CuICN]2− (where bdt = benzenedithiolate). In this complex, 

Mo and Cu atoms are linked by two sulfide ligands, mimicking the active site of the Mo–Cu carbon 

monoxide dehydrogenase (CODH2) active site (Figure 24). Infrared Spectro electrochemical (IR-SEC) 

studies combined with density functional theory (DFT) calculations revealed that the complex serves 

only as a pre-catalyst, with the active catalyst formed upon reduction in the presence of CO2. The 

two-electron reduction of [(bdt)MoIVS2CuICN]2− initiates the transfer of the oxo moiety to CO2, 
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resulting in the formation of CO and the complex [(bdt)MoIVS2CuICN]2−, while an additional one-

electron reduction is required to generate the active catalyst. Protonation of this catalyst produces a 

reactive MoVH hydride intermediate, which then reacts with CO2 to yield format. 

  

 

Figure 24. (a) Pd-Mo mixed metal oxides showed efficient properties towards the electroreduction of CO2 to CO, 

[87] (b) Bimetallic Ni-Based catalyst with Fe, Co, Cu, Ru, Rh, Pt, Pd, Re for the CO2 reduction into methane [90], 

and (c) Mo–Cu carbon monoxide dehydrogenase (CODH2) active site for CO2 reduction to CO. [86]. 

Wang et al. [89] report the synthesis of bimetallic Zn-Cu electrocatalyst for electroreduction of 

CO2. In this study catalyst Zn-Cu was prepared by facile galvanic-exchange synthesis procedure, and 

showed high selectivity (95%) for reduction CO2 to CO, which is superior than that of pure Cu or Zn. 

Guola et al. [90] reports the bimetallic Ni-Based catalyst with Fe, Co, Cu, Ru, Rh, Pt, Pd, Re for the 

CO2 reduction into methane. Symes et al. [91] explained the electroreduction of CO2 using Cu 

bimetallic catalyst. Author found that among the other metals Cu bimetallic based materials are most 

promising materials for CO2 electro-reduction. Choi et al. Prepared bimetallic Cu-Ag nanowire by 

galvanic replacement (Figure 25). Synthesized Cu-Ag catalyst showed excellent performance toward 

the production of CO by electrochemical reduction of CO2.  

 

Figure 25. Schematic of the preparation of Cu-Ag nanowires by galvanic replacement. [91]. 
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4. Challenges and Future Directions 

This chapter is focused on optimizing the performance of earth-abundant metal-based catalysts 

such as single atom-based catalyst, molecular catalyst and bimetallic catalyst through different 

techniques like nano-structuring and surface modification, which can enhance their catalytic activity 

and stability toward the catalytic reduction of CO2 into value added products. Now current research 

will be focused to exploring the unique properties of earth-abundant metals may lead to the discovery 

of new pathways for CO2 reduction that are more efficient or selective than existing methods. 

Research will be focused on designing more effective and stable catalyst from earth-abundant metals, 

also discuss the difficulties in scaling laboratory to industrial-scale processes. Analyze the 

environmental impact and economic viability of using earth-abundant metals compared to other 

options. 

Future Directions 

Further research is needed to improve the efficiency, stability and application of earth-abundant 

metal catalysts. Also focus on the development of more efficient synthesis methods, the exploration 

of novel alloy systems, and focus on the possible future advancements in catalyst design, process 

optimization, and scaling up. Highlight any new technologies or approaches that are emerging in 

reduction of CO2 into energy and fuels for creating a sustainable energy future. 

Conclusions 

In this chapter, we have explored the promising potential of earth-abundant metals as catalysts 

for the photochemical and electrochemical reduction of CO2. Through a comprehensive review of 

recent advancements, we highlighted various earth-abundant metal-based catalysts, including iron, 

copper, nickel, cobalt, zinc, molybdenum etc., which have demonstrated significant efficacy in 

converting CO2 into valuable chemical products. 

The advantages of using these metals lie not only in their availability and cost-effectiveness but 

also in their ability to achieve high Faradic efficiencies and selectivity for specific products. We 

examined various strategies for enhancing the catalytic performance of these metals, such as 

optimizing their electronic structures through alloying, doping, and the use of nanostructure 

supports. Overall, the research on earth-abundant metals for CO2 reduction holds significant promise 

for the development of sustainable and economically viable technologies aimed at mitigating climate 

change and facilitating the transition to a carbon-neutral economy. Continued innovation in this area 

could pave the way for more effective catalysts that contribute to global efforts in reducing 

greenhouse gas emissions. 
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