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Abstract: Exploring the reduction of carbon dioxide to C1 products and C2 products has 

important environmental and economic significance. By effectively converting carbon 

dioxide into valuable chemicals, we can not only reduce greenhouse gas emissions and 

alleviate global warming, but also present new ways for the sustainable production of energy 

- related substances and chemical products. C1 products are widely used as basic chemicals 

in industry, while C2 products can serve as higher value fuels and chemical raw materials. 

Hence, the advancement of efficient catalysts and the fine - tuning of reaction pathways for 

carbon dioxide reduction play a crucial role in fostering the growth of green chemistry and 

renewable energy sources. By doing so, it can effectively lower the dependence on 

conventional fossil fuels, and its strategic significance is profound. SAC and DAC can reduce 

CO2 to C1(CH4,COHOH,CH3OH,C2H4) and C2 products, and reduce water to H2. 

Keywords: Carbon Dioxide Reduction, Single-Atom Catalysts, Double-Atom Catalysts, C1 

Products, C2 Products 

1. Introduction 

As the consumption of global fossil fuels keeps increasing without interruption, the atmospheric 

concentration of carbon dioxide (CO₂) is also on the rise. Correspondingly, the negative impact it has 

on the environment is growing more and more remarkable. In an effort to cut down on CO₂ emissions 

and combat climate change, renewable and clean energy forms, namely wind and solar energy, are 

steadily being regarded as replacements for fossil fuels. Nevertheless, because these energy sources 

are highly unpredictable, there is an urgent need for us to devise energy storage technologies that are 

both efficient and can be easily scaled up. In this context, electrochemical CO2 reduction reaction 

(CO2RR) has received widespread attention as a potential solution. CO2RR not only provides a 

method for capturing and converting CO2 into useful chemicals and fuels, but also enables energy 

storage and conversion, helping to maintain the balance of CO2 in the atmosphere. In this field, single 

atom catalysts (SACs) have attracted much attention due to their unique catalytic performance. Single 

- atom catalysts (SACs) have manifested outstanding performance across diverse catalytic reactions. 

They have remarkably cut down costs while enhancing catalytic activity. [1] [2] [3] [4] This not only 

enhances the economic performance of catalysts but also reduces waste generation, in line with the 

principles of green chemistry. And the active sites of SACs are evenly distributed [5] [6], effectively 
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avoiding the problem of uneven active sites in traditional catalysts, thereby improving catalytic 

efficiency. 

However, SACs can only provide isolated active sites, which limits their application in complex 

reactions and has become an urgent problem in the field of catalysis. In an attempt to break through 

the limitations of SACs and elevate the performance of catalysts to a greater extent, researchers have 

introduced a new - fashioned catalyst: Double Atom Catalysts (DACs). Double Atom Catalyst (DAC) 

is characterized as a catalytic site consisting of two neighboring isolated metal atoms, which can 

either directly or indirectly modify the activation energy of the reactants within the reaction pathway. 

It has evolved into a brand - new frontier in the domain of heterogeneous catalysis. Notably, the 

synergistic interaction between neighboring active sites is capable of remarkably boosting catalytic 

activity. [7] [8] Compared with SACs, DACs exhibit higher atomic utilization efficiency, selectivity, 

and stability [9] [10] [11]. The design of this diatomic structure not only provides new ideas for the 

optimization of catalysts, but also opens up new possibilities for the industrial application of reactions 

such as CO2RR. Through in-depth research on the catalytic mechanism and performance of DACs, 

we are expected to make significant progress in achieving carbon neutrality and the synthesis of 

sustainable chemicals. 

2. Research progress of SAC for CO2RR 

N-doped graphene can be prepared using nitrogen plasma treatment. N-graphene has much higher 

oxygen reduction and electrocatalytic performance for hydrogen peroxide than 

graphene[12][13][14],Its catalytic activity and catalytic activity far exceed the currently widely used 

platinum based catalysts. The special properties of nitrogen-containing functional groups and 

graphene materials, which are that N-graphene has excellent electrochemical properties. N-graphene, 

as a novel electrode material, has significant research value in fields such as fuel cells, metal air 

batteries, and biosensing. This paper investigates reduction catalysts based on nitrogen doped 

graphene. 

Since Qiao et al. developed the Pt1/FeOx single atom catalyst (SAC) in 2011, SAC has received 

considerable attention[15].SAC is typically composed of metal centers that coordinate with non-

metallic atoms. Due to the fact that most metal sites can be exposed on the catalyst surface and they 

have unique electronic structures, SAC exhibits high catalytic activity[16]. 

The strong adsorption energy of CO on bulk Ni (111) makes it easy for CO * to adhere, resulting 

in a decrease in the catalytic performance of CO2RR at high potentials[17]. Ni single atoms 

(represented as Ni SAC NA) doped on carbon nanoarrays serve as electrodes without the need for 

additional catalysts to achieve efficient CO2RR. The unique nano array structure provides a higher 

specific surface area, more exposed active sites, and enhances electron/mass transfer due to its short 

diffusion path and ionomer free properties. Su et al. developed Ni Nx doped graphene (Ni-N-G) by 

rapid heat treatment (900 °C (1 min)) of nickel pentaethyl oxide graphene (GOs) [18], and found that 

Ni SAC had a high electrocatalytic activity selectivity of over 90% for CO2RR and CO, significantly 

better than N-doped graphene and Ni metal electrodes. Ni atoms in carbon materials can be stabilized 

by coordinating with N and/or C on the surface of the carbon material. DFT calculations show that 

the density of states around the Fermi energy on Ni single atoms is significantly higher than that on 

Ni (111), leading to a significant decrease in CO binding energy and promoting the conversion of 

carbon dioxide to CO. And it is proposed that the main active site of CO2RR is Ni atoms anchored 

within carbon defects in graphene vacancies, while N atoms promote the generation of defects to 

capture Ni atoms [19]. 
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Figure 1: SAC and DAC can reduce CO2 to C1 and C2 products, and reduce water to H2 

We undertook a succession of comparative experiments with the aim of probing into the 

mechanism through which the Bi - N - C single atom catalyst (SAC) and Bi nanosheets catalyze the 

transformation of CO₂ to formate. Additionally, another set of experiments focused on the catalytic 

reaction of the carbon dioxide and water system using a different single - atom catalyst (SAC here 

refers to a different one from the former) and DAC catalyst. Figure1 shows the product distribution 

results of this experiment. In the experiment, carbon dioxide and water were used as starting reactants. 

Under the action of SAC and DAC, substances such as ethylene, methanol, methane, and formic acid 

were respectively produced. Figure 1 clearly presents the types of products corresponding to different 

catalysts, providing an intuitive basis for analyzing the differences in the catalytic performance of the 

two catalysts. Through these experiments, we were able to reveal the different adsorption 

characteristics of the two catalysts towards the action potential (U). Specifically, Bi-N-C SAC 

exhibits typical chemical adsorption behavior towards CO2, which is in sharp contrast to the physical 

adsorption phenomenon on Bi nanosheets [20]. Due to this chemical adsorption characteristic, CO₂ 

molecules can be activated more effectively on the surface of the catalyst, which in turn decreases 

the energy barrier for the conversion reaction to CO or formate. This indicates that Bi-N-C SAC has 

higher selectivity than Bi nanosheets in catalyzing CO2 reduction reactions, and its excellent 

chemical adsorption capacity makes it an efficient catalyst for CO production. In addition, this study 

also revealed the unique advantages of single atom catalysts in promoting CO2 conversion, that is, 

by providing highly dispersed active sites, they can more effectively promote the activation and 

conversion of CO2[21][22][23]. 

3. Research progress of DAC for CO2RR 

The inherent linear relationship of adsorption free energy on SAC often limits catalyst activity. For 

example, in CO2RR, due to the correlation of adsorption energies of various C1 reaction intermediates 

on a single metal site, it is not possible to guarantee the adsorption of all intermediates in the most 

ideal state at the same time. Double atom catalysts (DACs) have the potential to address, to some 

extent, the linear correlation between the catalytic activity restricted by single - atom catalysts (SACs) 

and the adsorption free energy. Moreover, they can engage in a synergistic interaction between two 

metal atoms to modulate the electronic structure, thereby demonstrating superior catalytic 

performance. Consequently, they have increasingly captured the attention of researchers. In recent 

years, the development of double - atom catalysts (DACs) has witnessed remarkable acceleration. In 

their experiments, Yang and his colleagues fabricated a DAC, which consists of O - coordinated W - 

Mo heterodimers incorporated into N - doped graphene (W1Mo1 - NG). [24] [25] Furthermore, for 

double - atom catalysts (DACs), attaining high reactivity while preserving high stability under high 

loads poses a formidable challenge. Leveraging atomic layer deposition (ALD) technology, Lu et al. 

They resolved this issue by means of synergistic metal - carrier interactions and spatial constraints. 

This approach enabled the production of high - loaded atomic nickel (3.1 wt%) and dense atomic 

copper clamps (8.1 wt%) on graphite nitride carbon carriers (Ni₁Cu₂/g - C₃N₄). [26] Besides 
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heteronuclear double - atom catalysts (DACs), Yan et al. also managed to successfully prepare 

homonuclear Pt₂ diatomic catalysts via a two - step atomic layer deposition (ALD) process. 

Meanwhile, Tian et al. synthesized highly - dispersed Fe₂ bimetallic catalysts supported on 

mesoporous carbon nitride (mp g - C₃N₄) by adopting the "precursor pre - selection" impregnation 

method. UN et al. presented a novel design of discrete Zn/Co bimetallic sites that are supported on 

nitrogen - doped carbon (Zn/CoN - C). This was achieved through a competitive complexation 

strategy implemented at high temperature. [27] [28] Wang et al. explored the impact of the (Fe, Co)-

NC system on oxygen reduction reaction (ORR) performance. Their findings showed that the 

synergistic action of the two transition metal (TM) atoms is conducive to enhancing catalytic activity. 

Moreover, they experimentally verified the precise locations of these two TM atoms and the adjacent 

nitrogen atoms. [29] Theoretical investigations have likewise identified ideal catalysts for the oxygen 

reduction reaction (ORR) and nitrogen reduction reaction (NRR) centered around paired transition - 

metal (TM) atoms. Regarding the carbon dioxide reduction reaction (CO2RR), experimental results 

indicate that the dual TM atoms at the Ni - Fe sites exhibit high selectivity for carbon monoxide (CO) 

production. Specifically, the CO Faraday efficiency exceeds 90% across a broad potential range. 

The Fe₂N₆ catalyst with the same core has drawn extensive attention on account of its outstanding 

performance in the electrocatalytic carbon dioxide reduction reaction (CO₂RR). To be more precise, 

when the potential is - 0.6 V (relative to the standard hydrogen electrode, RHE), this catalyst is 

capable of attaining a CO Faraday efficiency as high as 96.0%. This implies that at this particular 

potential, nearly all electron transfer is utilized for the generation of the product, carbon monoxide 

(CO). This efficiency level far exceeds the level that single atom Fe catalysts can achieve, 

demonstrating the significant advantages of homonuclear Fe₂ N₆ catalysts in selectivity and catalytic 

activity. For the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER), the Fe - Co 

- N - C type of double - atom catalyst (DAC) is more active than single - metal N - C single - atom 

catalysts (SACs). The difference in charge density and Bader charge analysis indicate that Fe and Co 

double atoms can synergistically promote moderate interactions between active centers and 

frameworks, balance structural stability and catalytic activity, and thus improve catalytic efficiency. 

The Fe - Co - N - C type of DAC exhibits particularly remarkable performance in the ORR. This is 

because the heteronuclear combination of iron (Fe) and cobalt (Co) is able to offer a more intricate 

electronic structure. As a result, it optimizes the adsorption energy of reaction intermediates, 

facilitating a smoother reaction pathway. [30] 

Moreover, theoretical computations suggest that the synergistic catalysis occurring at the Co - Cu 

bimetallic sites leads to a reduction in the activation energy and facilitates the formation of the 

intermediate *COOH. [31] This research shows that incorporating an additional metal atom into 

single - atom catalysts (SACs) can notably influence the electronic structure, thus boosting the 

catalytic activity of SACs. The performance of Ni - Co heteronuclear double - atom catalysts (DACs) 

in the electrocatalytic carbon dioxide reduction reaction (CO₂RR) is also better than that of Co - Co 

or Ni - Ni homonuclear DACs. The electrocatalytic activity of Ni₂ - N₃C₄ for reducing carbon dioxide 

is substantially increased, and it is better than the relevant single - atom nickel catalyst (Ni - N₂C₂). 

This provides additional evidence that heteronuclear double - atom catalysts (DACs) are capable of 

furnishing more efficient electron transfer pathways, and consequently, enhancing catalytic activity. 

In experimental research, it has been found that nitrogen doped graphene/PtSn composites have 

high electrocatalytic activity and stability, and these materials exhibit excellent performance in 

CO₂RR. The advantage of PtSn composite materials is that the heteronuclear combination of platinum 

(Pt) and tin (Sn) can provide multiple active sites, promote the adsorption and conversion of reaction 

intermediates, and thus improve catalytic efficiency. Meanwhile, nitrogen doped graphene as a carrier 

not only provides abundant active sites, but also enhances the overall stability of the catalyst, making 

PtSn composite materials perform outstandingly in practical applications[32]. 
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In addition, the research on NiCu bimetallic catalysts also provides valuable insights for the 

development of low-cost bimetallic electrocatalysts. Nickel (Ni) and copper (Cu), as relatively 

inexpensive metals, make up DACs that not only approach or surpass precious metal catalysts in 

catalytic performance, but also have significant advantages in cost control. These research results not 

only promote the design of catalysts, but also lay the foundation for industrial applications. By 

optimizing the synthesis process of NiCu DACs, their stability and repeatability can be further 

improved, paving the way for industrial scale CO₂ conversion[33]. 

At present, typical literature on CO₂RR on M1M2 − N − C indicates that CO is the main product 

of almost all homonuclear and heteronuclear DACs, while the yield of multi carbon products is 

relatively low [34][35][36]. In addition, competition in hydrogen evolution reactions is also one of 

the major challenges faced by carbon dioxide coupling processes [37].There are some electrode 

catalysts that can promote the generation of C2 products, but their efficiency is usually low - they 

require a large overpotential to increase the reaction rate, and the selectivity for the desired products 

is usually low[38][39][40][41]. 

4. Summary 

Designing bimetallic dimer catalysts (DACs) to generate important C₂ products such as ethanol and 

acetic acid is a highly challenging task in the fields of catalytic science and green chemistry. Not only 

does it require us to deeply explore the unique characteristics of bimetallic catalysts, including their 

synergistic effects, electron transfer mechanisms, and interface effects, but it also requires us to 

conduct precise and comprehensive analysis of the entire reaction process through theoretical 

calculations. 

Faced with the possibility of a large number of metal combinations, traditional trial and error 

methods are difficult to comprehensively and systematically study the performance of DACs in terms 

of time and cost. The first principles calculation method provides us with an efficient approach for 

exploring the CO₂ reduction reaction (CO₂RR). This method can help us identify and screen catalysts 

with lower activation energy barriers, thereby effectively improving the yield of C₂ products. In 

addition, calculating the Gibbs free energy of reaction intermediates is crucial for a deeper 

understanding and mastery of the CO₂RR process. By constructing an energy change map of the entire 

reaction pathway, not only can the intrinsic mechanism of the reaction be revealed, but also the key 

factors affecting catalytic activity can be determined. Through theoretical calculations, the various 

steps of CO₂RR can be systematically decomposed to comprehensively evaluate the stability and 

selectivity of DACs in the reaction process, which helps to more efficiently screen and optimize 

potential efficient bimetallic catalysts. 

In summary, the reduction of CO2 to multi carbon products still faces many challenges. This 

project will continue to study the mechanism of CO₂ reduction and coupling, identify bottlenecks, 

and provide direction for the development of DAC for C-C coupling reactions. 
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