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Abstract. With the emergence of the global energy crisis and global climate change, renewable 

energy systems, such as fuel cells that turn off energetic oxygen and carbon cycles, are becoming 

increasingly important. Carbon dioxide reduction reaction ( 𝐶𝑂2𝑅𝑅   is an important 

electrocatalytic process on the gas diffusion electrode of 𝐶𝑂2 electrolyzer, which has been paid 

more and more attention by researchers. The problems of high cost, low efficiency, weak 

selectivity and stability of the carbon dioxide reduction reaction (𝐶𝑂2𝑅𝑅  also continue to be 

solved. Catalysts are considered a viable way to solve these problems. The Cu-based 

nanomaterial catalyst has been proven to have a good positive effect on the reaction. In this paper, 

the current research results of Cu-based nanomaterials on 𝐶𝑂2𝑅𝑅  were reviewed, and the 

catalytic effects of several different Cu-based nanomaterials on 𝐶𝑂2𝑅𝑅  reactions were 

compared. This paper collected the researches on the catalytic effect of copper-based 

nanomaterials on carbon dioxide reduction reactions in the past ten years, and found that most 

copper-based nanomaterials can improve the efficiency of the reactions and show good 

selectivity. The aim of this paper is to provide a possible catalytic direction for the improvement 

of carbon dioxide reduction reactions in industry 

Keywords: Carbon Dioxide Reduction Reaction (𝐶𝑂2𝑅𝑅) , Electrochemical Reaction, Cu-

Based Nanoalloys, Cu-Based NP Catalysts. 

1.  Introduction 

Carbon dioxide is a very abundant carbon resource on Earth, accounting for about 0.04% of the 

atmosphere. Carbon dioxide produced under natural conditions is a necessary resource for plant growth 

and other biological functions. Under ideal conditions, carbon dioxide production and consumption 

should reach a dynamic balance [1]. However, carbon dioxide is also a greenhouse gas. Excessive carbon 

dioxide can change the thermal balance of the atmosphere, absorb the infrared radiation of the earth, and 

cause the temperature of the atmosphere near the ground to increase, thus causing the greenhouse effect. 

With the development of society, energy consumption is increasing day by day. A large proportion of 

today's energy generation and consumption comes from burning chemical fuels, but the carbon dioxide 

produced by combustion leads to increasing concentrations of carbon dioxide in the air [2]. At the 

beginning of the 19th century, the concentration of carbon dioxide in the atmosphere was about 270 ppm, 

but it had increased to 401.3 ppm by July 2015. What is more worrying is that it is expected to reach 

600 ppm by the end of the century. Studies have shown that the safety limit for atmospheric 

CO2 concentration is about 350 ppm, and this uncontrolled increase in CO2 concentration has caused 
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widespread concern [3]. Therefore, the capture and conversion of carbon dioxide into useful products 

will become the focus of scientific and technological development now and in the future. 

Electrochemical carbon dioxide reduction reaction (𝐶𝑂2𝑅𝑅  is a viable carbon dioxide utilization 

process and is an important component of energetic oxygen and carbon cycles (Figure 1 . However, the 

conversion efficiency of this conversion is not considerable, and the product-free energy obtained by 

electrochemical carbon dioxide in the reduction process can only reach 30%-40% of the free energy of 

the product consumed [4]. At the same time, because the kinetic chemical potential required for the 

reduction reaction of carbon dioxide is too large, it is difficult to control the selectivity of chemical 

products and the stability of the reaction. Especially in the energetic oxygen and carbon cycles, it will 

compete with the hydrogen evolution reaction in the water environment, reducing the atomic conversion 

rate of energy conversion [2]. Therefore, researchers try to find catalysts to improve the efficiency and 

stability of the reaction. Studies have shown that low-cost copper (Cu  catalysts are a viable option. 

However, Cu increases competition with hydrogen evolution and requires a large overpotential to reduce 

carbon dioxide to hydrocarbons [5]. Therefore, scientists have tried to improve the efficiency of catalysts, 

and Cu-based nano-material catalysts have become a better choice. This paper mainly focuses on Cu-

based nano-material catalysts and explores how the development of such catalysts in recent years has 

improved the efficiency and selectivity of 𝐶𝑂2𝑅𝑅. 

 

Figure 1. Energetic oxygen and carbon cycles [2]. 

Oxygen reduction reaction (ORR  and carbon dioxide reduction reaction (𝐶𝑂2𝑅𝑅  are important 

electrocatalytic processes that occur on the gas diffusion electrode of hydrogen fuel cells and 𝐶𝑂2 

electrolyzers, respectively. 

2.  Electrochemical carbon dioxide reduction reaction 

In the past ten years, various carbon dioxide reduction methods have been widely studied, including: 

electrochemical, photochemical, biochemical and thermochemical methods, among which the 

electrochemical carbon dioxide reduction reaction (𝐶𝑂2𝑅𝑅  can store renewable energy in chemical 

form has been widely concerned. However, in order for the 𝐶𝑂2𝑅𝑅  to be feasible in industry, four 

requirements must be considered: (1  The chemical potential of the reduction is low enough to provide 

energy conversion efficiency. (2  Improve the Faraday efficiency (FE , which can save energy and 

reduce the cost of separating byproducts; (3  Allow the carbon dioxide to react completely as much as 

possible, reducing the amount of carbon dioxide in the air. (4  Electrochemical cells should be scaled up 

to wear out other industrial processes [6]. 

Table 1 shows the equilibrium electrode potentials against the standard hydrogen electrode for 

𝐶𝑂2𝑅𝑅 to different products. According to these data, the equilibrium electrode potentials of 𝐶𝑂2𝑅𝑅 

are very close to the equilibrium electrode potentials of 𝐻2 evolution from water. Because hydrogen is 

mainly found in acidic media, and carbon dioxide molecules are difficult to exist in alkaline media, the 

vast majority of 𝐶𝑂2𝑅𝑅 occurs in neutral media. Therefore, the formation of carbon monoxide, formate, 

methanol or other hydrocarbons through electrochemical reduction reactions is a viable way to use 

carbon dioxide. 
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Table 1. Equilibrium potentials for CO2 reduction reactions at pH=7 against water reduction reaction 

[6]. 

𝐶𝑂2𝑅𝑅 𝑃𝐻 = 7 Equilibrium potential/V vs SHE 

𝐶𝑂2 + 𝐻2𝑂 + 2𝑒− ⇌ 𝐶𝑂 + 2𝑂𝐻− 

𝐶𝑂2 + 𝐻2𝑂 + 2𝑒− ⇌ 𝐻𝐶𝑂𝑂− + 𝑂𝐻− 

𝐶𝑂2 + 5𝐻2𝑂 + 6𝑒− ⇌ 𝐶𝐻3𝑂𝐻 + 6𝑂𝐻− 

𝐶𝑂2 + 8𝐻2𝑂 + 12𝑒− ⇌ 𝐶2𝐻4 + 12𝑂𝐻− 

𝐶𝑂2 + 9𝐻2𝑂 + 12𝑒− ⇌ 𝐶2𝐻5𝑂𝐻 + 12𝑂𝐻− 

𝐶𝑂2 + 13𝐻2𝑂 + 18𝑒− ⇌ 𝐶3𝐻7𝑂𝐻 + 18𝑂𝐻− 

𝐶𝑂2 + 6𝐻2𝑂 + 8𝑒− ⇌ 𝐶𝐻4 + 8𝑂𝐻− 

-0.52 

-0.43 

-0.39 

-0.34 

-0.33 

-0.32 

-0.25 

Water reduction reaction PH=7 Equilibrium potential/V vs SHE 

𝐻2𝑂 + 2𝑒− ⇌ 𝐻2 + 2𝑂𝐻− -0.31 

3.  Cu-based nano-material catalysts 

The products of CO2RR reactions on different metal surfaces can generally be divided into three 

categories: (1  reduction of 𝐶𝑂2to CO, (2  reduction of 𝐶𝑂2to formic acid (HCOOH , and (3  reduction 

of CO or carbon oxides to hydrocarbons or alcohols. The scientists added hydrogen, the likely main 

product, to the classification. Metals for the electrochemical reduction of carbon dioxide are classified: 

as products other than 𝐻2, CO, formic acid and CO*. CO* represents that after CO is generated in the 

reaction, CO will be further reduced to hydrocarbons, where the asterisk indicates that the CO 

intermediate will be adsorbed on the metal surface. 

Figure 2 shows a portion of the periodic table, and different colors represent the end products and 

Faraday efficiencies of different monometallic catalysts in 𝐶𝑂2𝑅𝑅. The main product classification of 

the metal catalysts used in the experiment for the electric reduction of carbon dioxide, the figure shows 

only a part of the periodic table of chemical elements, marked with different colors, and shows the 

Faraday efficiency of the main product. Four groups were identified:𝐻2(red , formic acid (yellow , CO 

(blue  and CO* (cyan , which will be applied throughout the work. Since Ga does not follow the product 

trend of the periodic table, metals are omitted, while Ti - due to strong binding - is represented by arrows 

in the classification diagram below [7]. 

 

Figure 2. The end products and Faraday efficiencies of different monometallic catalysts in 𝐶𝑂2𝑅𝑅 [7]. 

Obviously, copper is the most eye-catching element, because copper is the only metal that binds CO 

on the catalyst surface, it is neither too strong nor too weak, thus further reducing it to several 

hydrocarbon. 
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3.1.  Cu-based nanoparticle (NP) effect 

Most 𝐶𝑂2 reduction electrocatalysts fall into three broad categories: metallic, non-metallic, and 

molecular catalysts (Figure 3 . Among them, nanomaterials in the classification of metal catalysts have 

received extensive attention. Compared to bulk metals, nanomaterial metals have better particle size 

distribution, drug release, stability and particle shape [8]. At the same time, because of the increased 

surface area of the nanomaterial, it can provide more surface active sites than the bulk metal materials. 

Moreover, nanostructured catalyst surfaces usually contain a large number of marginal/low coordination 

sites, indicating that different catalytic reactions may occur than the planar/full coordination sites in the 

block [9]. 

 

Figure 3. Three major categories of electrocatalysts for 𝐶𝑂2 reduction [8]. 

The effect of catalyst is affected by the size of the Cu NP. On the surface of nanomaterials, the energy 

of chemical interaction is different because of the different coordination number of angular atoms, edge 

atoms and crystal surface atoms. Because of the low coordination number of the metal surface, it is 

easier to form chemical bonds to reduce the surface free energy. The strong interaction between the 

metal surface and the adsorbed molecules will promote the cracking and recombination of chemical 

bonds to form new substances. Then, if the force between the metal nuclei is relatively small, the product 

will break away from the metal catalyst and proceed to the next reaction [10]. 

The scientists placed the Cu (100 , Cu (110  and Cu (111  electrodes in a solution of 0.1M 𝐾𝐻𝐶𝑂3 

and performed the 𝐶𝑂2𝑅𝑅 reaction on the electrodes with a constant current density of 5 𝑚𝐴 𝑐𝑚−2. 

The experimental results show that 𝐶2𝐻4 is mainly generated on Cu (100  and tends to 𝐶𝐻4 on Cu 

(111 , while Cu (110  is selective to intermediate products (Table 2  [11]. 

Table 2. The efficiency of products of 𝐶𝑂2𝑅𝑅 at Cu single crystal electrodes at different planes [11]. 

Electrode 
Potential(V) 

vs NHE 
𝐶𝐻4 𝐶2𝐻4 CO 𝐻𝐶𝑂𝑂− MeCHO EtOH 𝐻2 Total 

Polycrystal -1.44 33.3% 25.5% 1.3% 9.4% 1.1% 5.7% 20.5% 103.5% 

(100) -1.42 25.0% 31.7% 0.0% 5.1% 1.9% 9.8% 23.3% 96.9% 

(110) -1.55 49.5% 15.1% 0.0% 6.6% 3.1% 7.4% 18.8% 100.4% 

(111) -1.56 38.9% 4.7% 0.0% 4.8% 0.0% 0.9% 56.5% 105.7% 

In addition to size and crystal plane of the Cu-based NP, the effect of catalyst will be also determined 

by Cu-alloy, Cu-based core/shell, support on the Cu NP catalysis and the shape of the Cu-based NP [9]. 

These aspects are worthy of attention and further study. 

3.2.  Cu-based nanoalloys catalysts  

Single metallic NP catalysts have certain limitations. The main product of gold (Au  and silver (Ag  in 

𝐶𝑂2𝑅𝑅 reaction is CO [12, 13]. This is because the molecular force between the two metals and CO is 

relatively small, and the degree of intermolecular bonding is low, so CO molecules are relatively easy 
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to escape from the surface of nanomaterials and there is no way to carry out the next reaction. At the 

same time, gold (Au  and silver (Ag  are both precious metals, which require high costs and cannot be 

applied in industry. When the metal catalyst is platinum (Pt , nickel (Ni  or palladium (Pd , the reaction 

is more inclined to produce hydrogen, because 𝐶𝑂2𝑅𝑅 is at a disadvantage in the competition with 

hydrogen evolution reaction, hydrogen atoms are more easily combined with the surface of the metal 

NP, reaction. Therefore, chemical selectivity, catalyst activity and ability to compete with hydrogen 

evolution reactions are all challenges faced in the selection of 𝐶𝑂2𝑅𝑅 catalysts. Hence, trying to 

combine copper (Cu  with another metal to make a nanoalloy is a feasible way to enhance the catalyst 

3.2.1.  Cu-In Alloy. Indium (In  mainly generates formate in the reaction of CO2RR, and studies have 

shown that this metal can inhibit the hydrogen evolution reaction to a large extent, and the adsorption 

amount of hydrogen atoms on the surface of metallic NP materials can be ignored [14]. Therefore, it is 

a feasible method to alloy copper (Cu  and indium (In  to limit the occurrence of hydrogen evolution 

reaction. 

The experimental results show that the 𝐶𝑢11𝐼𝑛9 nano-alloy catalyst is more inclined to produce CO 

in 𝐶𝑂2𝑅𝑅. Figure 4 shows that In is preferentially located at the edge of Cu atoms rather than the angular 

or plane positions, and the electronic properties of d orbitals In Cu are not affected, but the absorption 

of hydrogen atoms by Cu atoms adjacent to In atoms is weakened, so the reaction is more inclined to 

produce CO with efficiency to be 95% [15]. Meanwhile, other studies have shown that when the ratio 

of copper (Cu  to Indium (In  is 94:6, the reaction tends to produce CO, but when the ratio is 25:75, the 

main product of the reaction is formate [16]. 

 

Figure 4. Electron and geometric arrangement on 𝐶𝑢11𝐼𝑛9 catalyst surface [15]. 

3.2.2.  Cu-Zn Alloy. Cu-Zn is a kind of excellent metallic nanomaterials catalyst to reduce CO2 to CO 

or > 2e− products, and most reports on Cu-Zn alloy catalysts have proved that the catalyst has high 

selectivity for 2e - transfer products such as CO [17]. Figure 5 displays that the Cu-Zn catalyst is a kind 

of “two-site” catalyst where the Zn site produces CO, after that CO spillovers and inserts into Cu site 

for further reduced [2]. With this special catalyst structure, the main product of the reaction is ethanol, 

and the Faradaic efficiency is increased to 29%. 
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Figure 5. Mechanism for a Cu-Zn system [2]. 

In addition, Cu-Zn catalyst can also increase the yield of formate. Yin et al used Cu-Zn-modified 

𝐶𝑎𝐹𝑒2𝑂4 (CFO  as the cathode and 𝑊𝑂3 as the anode to construct a Z-scheme system. The yield of 

HCOOH was significantly improved, and the Faraday efficiency reached 53.6-56.1%, in which the 

oxygen produced by the anode was almost the average of the reduction products (Figure 6 . This proves 

that the Z-scheme system is driven by water molecules providing electrons to drive carbon dioxide 

reduction [18]. 

 

Figure 6. The oxygen produced by the anode (a  Mass production of HCOOH, H2, O2 and CO by Cu-

Zn NPs under visible light irradiation with Z-scheme and − 0.5V bias potential. (b  The reduction 

products detected on the cathode side and the total amount of O2 detected on the anode side after 24 h. 

[18]. 

3.3.  CuNCN type of catalysis 

The team of scientists synthesized CuNCN by precipitation using ammonia water as a precipitator, and 

decomposed the material into 𝐶𝑢3𝑁 or 𝐶𝑥𝑁𝑦 loaded Cu NPs at different temperatures. The free energy 

of 𝐶𝑢3𝑁 in CuNCN-300 is low in the C-C atom coupling process. In the solution of 500 mA𝑐𝑚−2 and 

1M KOH, the efficiency of 𝐶2𝐻4 in the reaction reaches 48.5%. The 𝐶𝐻4 production efficiencies of 

CuNCN-500 and CuNCN-600 at 300 mA𝑐𝑚−2 and 1 M KOH were 66.3% and 66.3%, respectively 

(Figure 7  [19]. All these indicate that CuCNC NP exhibits better selectivity in the response of CO2RR. 
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Figure 7 Faraday efficiency of (a  CUNCN-300, (b  CUNCN-400, (c  CUNCN-500, (d  CUNCN-600, 

(e  CuNCN/GO-600 and (f  CUNCN-800 products in a flow cell with 1m KOH as electrolyte [19]. 

3.3.1.  CuO NPs. As mentioned earlier, different structural surfaces affect the selectivity of the efficiency 

of the reaction. Chi et al obtained five different CuO NPs by changing the surface structures and 

morphologies. Then, scientists put the five materials in 0.2 M KI solution and a constant cathode 

potential of −1.7 V for carbon dioxide reduction reaction. The test found that the main product of the 

five different structures was ethanol, and the efficiency was more than 95%. This proves that CuO NPs 

can improve the efficiency and selectivity of the reaction (Figure 8  [20]. At the same time, Hsu et al 

also found that the PH of the reaction environment also affected the catalytic efficiency of CuO NPs 

[21]. 

 

Figure 8. 𝐶𝑂2𝑅𝑅 products catalyzed by five different CuO NP (A  different electrode effects, −1.7 V, 

0.2 M KI; (B  Potential effect, 0.2 M KI; (C  Effect of KI concentration, −1.7 V [21]. 
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CuO NPs can also be used as mesoporous nanosheets to participate in the catalytic reaction of other 

NPS to 𝐶𝑂2𝑅𝑅, so as to accurately control the reaction potential of the catalyst to improve the efficiency. 

Zhang et al. combined CuO mesoporous nanosheets with AgNPs. In this special structure, CuO 

mesoporous nanosheets are conducive to gas penetration, and improve the carbon dioxide adsorption 

activity on Ag NPs, in which case the optimal efficiency of CO formation can reach 91.2% (Figure 9  

[22]. 

 

Figure 9. Mechanism of 𝐶𝑂2𝑅𝑅 catalyzed by Ag/CuO [22]. 

4.  Conclusion  

Cu surface is a unique active catalyst for 𝐶𝑂2𝑅𝑅, and Cu-based alloys represent a diverse family of 

𝐶𝑂2𝑅𝑅, whose structural sensitivity has not been adequately studied. The vast majority of Cu-based 

alloys in 𝐶𝑂2𝑅𝑅 are favorable for chemical reduction products of double electron transfer processing. 

Another challenge involves the temporal stability of activity and selectivity. The Faraday efficiency 

changes in the first few hours of catalysis, and in most cases, the competitive hydrogen evolution 

reaction is superior to the 𝐶𝑂2𝑅𝑅  treatment due to the deposition of metal ion pollutants in the 

electrolyte, which promotes hydrogen precipitation. In addition to copper-based nanoalloys, metal 

nitrogen-doped high-surface carbon catalysts, referred to the literature as MNC electrocatalysts, have 

emerged as another cost-effective, highly active and selective 𝐶𝑂2𝑅𝑅 electrocatalyst for CO production 

and "beyond CO" products. 

In the past decade, substantial experimental and theoretical progress has been made in the 

electrocatalysis of 𝐶𝑂2𝑅𝑅 by Cu-based nanocatalysts. Through the precise control of the size, 

composition, morphology and structure of the nanocatellator, the catalytic effect of the nanocatellator is 

greatly enhanced than that of the traditional copper foil or bulk electrode. However, the FE and 

selectivity for products are still too low and require further improvement. Stability issues also need to 

be addressed. In order for these Cu catalysts to be useful for 𝐶𝑂2𝑅𝑅 new stabilization strategies need 

to be developed and production scaled up, which is challenging. 
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