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Abstract

:

Carbon dioxide (CO2) is one of the main greenhouse gases and the major factor driving global climate change. From the viewpoint of abundance, economics, non-toxicity, and renewability, CO2 is an ideal and significant C1 resource, and its capture and recycling into fuels and chemical feedstocks using renewable energy is of great significance for the sustainable development of society. Electrochemical CO2 reduction reactions (CO2RRs) are an important pathway to utilize CO2 resources. Zinc has been demonstrated as an effective catalyst for CO2RRs. Numerous studies have focused on improving the efficiency of zinc-based catalysts by tuning their morphology and components, as well as controlling their oxidation states or doping. However, only a handful of reviews have evaluated the performance of Zn-based CO2RR electrocatalysts. The present review endeavors to fill this research gap and introduces the recent progress in using CO2RRs to create various fuels (carbon-containing substances or hydrocarbons) using zinc-based catalysts, including Zn monomers, Zn-containing bimetals, oxide-derived Zn catalysts, and single/dual Zn atom catalysts. The mechanism of the electroreduction reaction of CO2 is discussed. Based on the previous achievements, the current stage and the outlook for future developments in the field are summarized. This review will provide a reference for future research on CO2RRs to generate fuels using Zn-based catalysts and their commercialization.
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1. Introduction


With the rapid development of the global economy, atmospheric pollution is becoming more and more serious [1]. In particular, the emissions of harmful gases not only cause severe atmospheric pollution in local areas, but also seriously affect global climate change. Various environment-related global problems, such as the greenhouse gas effect, acid rain, and the depletion of the ozone layer, have emerged, which seriously threaten the living and development spaces of human beings [2].



Energy is the basis of social development and can be divided into renewable and non-renewable energy sources. Non-renewable energy sources, especially fossil fuels, are the most dominant in our present energy infrastructure [3]. Since industrialization, fossil fuels have been a major driving force for the development of human society, and more than 80% of primary energy requirements have been derived from fossil fuels. Large-scale consumption of fossil-based energy inevitably leads to larger emissions of greenhouse gases, including CO2 [4]. At present, the global annual carbon emissions generated by the combustion of fossil fuel have reached a gigaton scale. Correspondingly, atmospheric CO2 concentration has increased by 49.3% from 280 ppm in 1750 to 418 ppm in 2022 [5].



In order to mitigate or even reverse this trend, humans not only have to change their energy consumption patterns, but they also have to develop economically viable technologies to capture and utilize carbon dioxide form the atmosphere [6,7,8]. The technologies that have been proposed to achieve this follow one of two approaches: carbon capture and storage (CCS) or carbon capture and utilization (CCU) [9]. CCS is a method to reduce CO2 emissions. However, huge investment requirements, high energy consumption, CO2 leakage, and the unsustainability of CCS technology hinder its practical application worldwide. CCU involves CO2 capture, the direct utilization of CO2 (for example, in soft drinks or fire extinguishers), or the conversion of CO2 into chemicals or fuels. In today’s world of high energy demand, CCU seems to be a more attractive and promising solution than CCS. So far, various CO2 conversion pathways have been explored, such as chemical reforming, as well as biological, photochemical, and electrochemical methods [10,11,12]. Among them, the electrochemical pathway is the most attractive, because it activates CO2 by directly importing clean and renewable electrical energy such as solar, wind, and hydroelectric. Electrochemical CO2 reduction reactions (CO2RRs) are an important route to realizing the reaction between CO2 and water, in which C-H and C-C bonds are established to form hydrocarbons, acids, and alcohols [13]. CO2RRs have the potential to provide a sustainable pathway to produce many of the world’s most-needed commodity chemicals (Figure 1) [8].



At present, CO2RRs face several challenges. Firstly, CO2 has a linear molecular structure with two stable C = O bonds, and its thermodynamic stability makes the reduction kinetically sluggish. Secondly, various reaction pathways for CO2 reduction limit the selectivity of the reaction [14]. In addition, a hydrogen evolution reaction (HER) [15] always exists as a competitive side reaction and tends to be kinetically more favorable than CO2RR [16]. Therefore, the development of suitable electrocatalysts to significantly accelerate the reaction rate and shift the reaction selectivity toward the target products is urgently needed. In the 1980s, Hori et al. reported a pioneering work on CO2RRs using metal electrodes [17]. Since then, different electrocatalysts, including molecular, heterogeneous, and hybrid catalysts, have been designed and used in the electrochemical reduction of CO2 [18]. Generally, catalysts can be divided into metal catalysts and non-metallic catalysts. Metal catalysts include noble metal catalysts and non-noble metal catalysts. Noble metals, such as Au [19,20,21], Ag [22,23,24], and Pd [25,26], have been reported as highly efficient electrocatalysts for the selective conversion of CO2 to CO. Their structures and morphologies affect the Faraday efficiency and current density of CO2 conversion to CO. However, the scarcity of noble metals and related high costs inevitably limit their large-scale applications. Among various non-noble metal candidates, Zn has attracted the attention of researchers due to its cost-effectiveness, well-defined structure, high surface-to-volume ratio, and high selectivity for CO in CO2RRs.



In the present review, the recent progress in the reduction of CO2 to different fuels using Zn-based electrocatalysts is discussed. The fundamentals of CO2RRs, including the electrochemical behavior of electrocatalysts, experimental procedures, product analysis, and possible reaction pathways, have been discussed. Then, various Zn-based catalysts such as Zn monomers, Zn-containing bimetals, oxide-derived Zn catalysts, and single/dual Zn atom catalysts, as well as related research achievements, are elaborated. Finally, existing challenges and future developments and opportunities in this field are also summarized.




2. Fundamentals of the Electroreduction of CO2


2.1. Electrochemical Behavior of Electrocatalysts


2.1.1. Cyclic Voltammetry


Cyclic voltammetry experiments require the setting of the three most basic parameters: the potentials of the upper limit, the potentials of the lower limit, and the scan rate. Upper and lower potential limits are determined based on the electrochemical window of the solvent (e.g., water) and the stability of the electrode material. The potential scan rate is determined according to the reaction type and testing method. The scan rate can usually be above 50 mV·s−1 for the liquid phase; however, it should not exceed 20 mV·s−1 during steady-state measurements.



The electrochemical voltametric behavior of electrocatalysts is generally determined as follows: A three-electrode system with platinum mesh is used as a counter electrode. A saturated calomel electrode (SCE) is used as the reference electrode, whereas a catalyst-coated substrate electrode (such as a glassy carbon electrode) is used as the working electrode. These electrodes are used in an undivided cell at normal temperature and pressure. The voltammograms are recorded using an electrochemical workstation under sequential N2 and CO2 bubbling.




2.1.2. Electrochemical Activity Surface Area (ECSA) Characterization


The surface structure of the electrode significantly influences its catalytic performance. Electrodes are usually solid, though the structure of the solid surface is complex. Moreover, there are many types of surface sites (such as platforms, steps, kinks and vacancies, and different structures of the atomic arrangements). The structural information of the electrode surface can be obtained using electrochemical measurements. Atoms, molecules, and ions (such as H, O, CO) that interact strongly with the surface are selected to characterize the surface structure of the electrodes by using their adsorption–desorption characteristics and oxidative removal.



Hydrogen adsorption on the platinum surface consists of monolayer adsorption, which means that one platinum atom corresponds to one adsorbed hydrogen atom. Therefore, the ECSA of platinum can be calculated based on the amounts of charge on the adsorbed and desorbed hydrogen. For platinum alloys, the values of the ECSA calculated using this method tend to be small, because alloying elements can inhibit the adsorption and desorption of hydrogen. Moreover, CO can produce strong adsorption on a variety of metal surfaces. Therefore, CO stripping curves are often used to measure the ECSA of metals, especially platinum group metals and their alloys. For coin elements such as gold, silver, and copper, the adsorption capacities of both H and CO are not strong, and the underpotential deposition of metals such as Pb and Cu is often used to calculate the ECSA.





2.2. Experimental Procedures and Product Analysis


2.2.1. Experimental Procedures


Three types of electrocatalytic reactors are used for CO2RRs and include the H-cell, the flow cell, and the membrane electrode assembly (MEA) cell [27]. Among them, the H-cell is the most commonly used in fundamental studies mainly because of its low cost and simple operation [28]. In this section, the setup of the H-cell and the experimental procedure for electrocatalysis are briefly described. Typically, a CO2RR is carried out using potentiostatic electrolysis in a two-compartment electrochemical cell using a standard three-electrode system. The working electrode is usually a catalyst-coated carbon paper, a glassy carbon electrode, a glassy carbon plate, or a carbon fiber paper. The working and reference electrodes are placed in the cathode compartment, whereas the counter electrode is placed in the anode compartment. The two compartments are separated by an ion exchange membrane. A proton exchange membrane is taken as an example in Figure 2. Aqueous solutions of NaHCO3 or KHCO3 are often chosen as electrolytes. When saturated with CO2, an electrolyte can effectively buffer the change in pH of the bulk solution and keep it to near-neutral. The reduction in CO2 occurs at the cathode, whereas the oxidation of oxygen (coming from water) occurs at the anode. H+ ions migrate to the cathode through a proton exchange membrane under the action of an electric field, thereby providing a source of hydrogen for the reduction of the carbon dioxide. Thermodynamically, for the electroreduction of CO2 at different potentials, different multiple electron transfer reactions can occur and include the transfer of 2e−, 4e−, 6e−, 8e−, 12e−, and so on while also generating different reduction products. At present, the reported products of the electroreduction of CO2 mainly include carbon monoxide (CO) [29,30,31], methane (CH4) [32], methanol (CH3OH) [33,34], formic acid/formate (HCOOH/HCOO-) [14,35], ethylene (C2H4) [36,37], ethane (C2H6), ethanol (C2H5OH) [38,39,40], acetic acid/acetate (CH3COOH/CH3COO-) [41], and n-propanol (CH3CH2CH2OH) [42]. The electrochemical half reactions generating these products, along with the corresponding standard redox potentials, are listed in Table 1 [43].




2.2.2. Qualitative and Quantitative Analyses of Products


After electrolysis, the catholyte is transferred to a headspace sample injector, while the liquid products, such as methanol, ethanol, and acetone, are detected using gas chromatography. Comparing the product’s peak position with that of the standard sample allows for qualitative judgment of the liquid products. The liquid product can also be quantified using 1H NMR spectroscopy.



The gas products (such as H2, CO, CH4, and C2H4) generated during electrolysis are collected using a gas sampling bag. At the time of detection, gas is injected into the gas chromatograph with a syringe. Comparing the retention times of products obtained using gas chromatography with those of standards allows for qualitative judgment of the gas products. A standard curve is plotted according to the peak area of the produced gas chromatogram of the standard gas and the concentration of each component in the gas. The Faraday efficiency of the products can be quantitatively calculated according to Equation (1) [44].


  F E =   ϕ v t z F   Q  V m     



(1)




where φ is the volume fraction of gas products in the total gas, which can be obtained from the standard curve, v is the flow rate of CO2 (L·min−1), t is the electrolysis time (min), z is the number of electrons transferred in a specific electrode reaction, as shown by the data presented in Table 1 (for example, z = 2 for a CO2RR to CO), F is the Faraday constant with the value of 96,485 C·mol−1, Q is the total amount of electricity in the electrolysis process (C), and Vm is the molar volume of gas at 25 °C and standard pressure.





2.3. Reaction Mechanism of CO2RRs


The electroreduction of carbon dioxide is a process in which reduction occurs by CO2 molecules or CO2-solvated ions acquiring electrons from the electrode’s surface within the solution. Electroreduction is a multistep process involving the transfer of multiple electrons, and it consists of CO2 adsorption, electron transfer, and product desorption at the electrode surface. A large number of studies have shown that the current density, species, and selectivity of the CO2RR are largely dependent on the electrode material and the reduction potential. The electrocatalysis of carbon dioxide undergoes different reaction pathways to generate different products. Figure 3 shows the main pathways for the electroreduction of CO2 [45].



The CO2 molecule is first adsorbed onto the surface of the catalyst, and, then, it is activated to absorb carbon dioxide (*CO2−), which generates into intermediate *COOH through proton transfer. The intermediate *COOH undergoes another proton transfer and eventually generates HCOOH. The formation pathway of CO is similar to that of formic acid. Meanwhile, the intermediate *COOH is further reduced to form adsorbed CO (*CO). *CO is a relatively important intermediate that undergoes a series of electron transfer and protonation processes to generate different reduction products. For the generation of CH4, the *CO is hydrogenated in C or O to generate *CHO or *COH. In the *CHO pathway, the configurations of adsorbed intermediates change from C binding in *CHO to O binding in *OCH2. Moreover, *OCH3, and gaseous CH4 with *O are obtained on the surfaces of the catalysts. The other pathway of *COH involves the formation of adsorbed C (*C). The *C is further reduced to *CH, *CH2, *CH3, and finally to CH4. The formation of C2H4 or other hydrocarbons requires controlled coupling reactions between CHO* and CH2O* into *OCH-CHO*, *OCH-CH2O*, or *OCH2-CH2O*, which is then followed by hydrogenation/dehydration reactions [46,47].



It is generally believed that the selectivity of the products of the electroreduction of CO2 depends on the binding energy between the electrocatalytic materials and the reaction intermediates such as *CO, CO2−, *COOH. When CO2 is reduced to CO on the surface of electrodes, the binding energy between the electrode material and the CO determines the selectivity of the products generated during electrocatalytic reduction. The electrocatalytic products of electrodes (such as Ag, Au, and Zn) with weak CO binding tend to have high CO selectivity. Moreover, the CO generated during the reduction reaction is easily separated from the electrode surface and does not enter into the next reduction reaction. Various electrode materials (such as Pt, Fe, Co, and Ni) have stronger binding energies for CO, and, therefore, almost no CO2 reduction products are produced when using these materials. This is because, after its generation, CO forms strong interactions with the metal sites on the surface, and the next reduction reaction cannot proceed as a result. Meanwhile, H+ reduction dominates, and a hydrogen evolution reaction occurs. Some electrode materials have moderate binding energies for the intermediates (such as *CO, CO2−, and *COOH) due to the coincidence that the intermediates are stabilized. This, in turn, prompts the generation of reduction products with more than two electron transfers. C-C coupling reaction may also occur to yield C2+ products.





3. Zn-Based Catalysts for CO2RRs


3.1. Zinc Monomer Catalyst


3.1.1. Zinc Monomer Catalyst for CO2 Reduction to CO


Zinc (Zn) holds the promise as a potential alternative to noble metals because of its abundance and intrinsic selectivity towards CO production [17]. However, the activity and CO selectivity of Zn are relative lower than those of Au and Ag catalysts [48]. To overcome these limitations, many efforts have been devoted to synthesizing nanostructured zinc catalysts. Various strategies, including electrodeposition, anodization, and oxide reduction, have been employed (Table 2). When compared to bulk Zn electrodes, the obtained nanostructured Zn [49,50,51,52] exhibits higher catalytic activity and CO selectivity. For example, nanostructured Zn dendrite electrocatalysts obtained using electrodeposition exhibited a catalytic activity that was one order of magnitude higher than that of bulk zinc foil and also enhanced the Faraday efficiency of CO by more than 2-fold [49]. Nanoscale Zn obtained using anodization and electroreduction was used for a CO2 reduction reaction to CO in an aqueous NaCl solution, where it obtained a Faraday efficiency of up to 93% [53]. Sharp zinc nanowires prepared using a hydrothermal method exhibited an excellent selectivity of 98% and stability for 35 h during the electroreduction of CO2 to CO in aqueous electrolytes under ambient conditions [54]. A hierarchical hexagonal Zn catalyst (h-Zn) obtained using the electrodeposition of a ZnCl2 solution on Zn foil was used for a CO2 reduction reaction to CO [50]. Based on Woo’s linear voltammetry results, the h-Zn exhibited a higher current density than that of Zn foil (Figure 4a).



In addition, compared to Zn foil, the FE and the rate of production of CO of the h-Zn were significantly improved. The highest CO Faraday efficiency of 85.4% was obtained at −0.95 V RHE (Figure 4b). Stability is a key factor in the performance of a catalyst, which is one of the essential elements for commercial applications. Therefore, the same authors evaluated the catalyst performance of h-Zn for long-term operation and found that h-Zn exhibited stable electrolysis performance with a current density of around 9.5 mA·cm−2 for 30 h, while the CO Faraday efficiency remained at 80% for −0.85 VRHE. CO2RR activity and selectivity are strongly dependent on the crystal plane of the catalyst [50,60,67]. Woo et al. used density functional theory (DFT) calculations to analyze the origin of the catalytic selectivity derived from Zn crystal planes. Generally, the reduction of CO2 to CO includes the following three equations (Equations (2)–(4)) [68].


CO2 (aq) + H+ + e− → COOH* (aq)



(2)






COOH* (aq) + H+ + e− → CO* (aq) + H2O (aq)



(3)






CO* (aq) → CO(g)



(4)







When calculating the reduction of CO2 on the (002) and (101) facets of Zn, the kinetic activity of the adsorption energy of the COOH* (Equation (2)) and CO* intermediates (Equation (3)) for the CO’s formation should be considered DFT calculations to demonstrate that the (101) facet was appropriate for the CO’s production, due to its lower reduction potential for CO2 reduction to CO and its higher energy barrier for HER than the (002) facet (Figure 4c,d) [50]. In other words, to promote the formation of CO on Zn catalysts, the surface of the Zn should be optimized and dominantly exposed with (101) facets to suppress HER. Similar conclusions were obtained in Zhang’s work on the electroreduction of CO2 using multilayer Zn nanosheet electrocatalysts [59]. In addition, Woo et al. proved that the product distribution of CO/H2 can be controlled by experimentally designing the crystal plane ratio on the Zn electrode. This conclusion was also confirmed by Peng et al. [60]. The CO/H2 ratio of the electroreduction of CO2 to syngas can be adjusted within the range of 0.2~2.31 over Zn catalysts with different crystal ratios of Zn (002) and Zn (101) [60].



Another opinion is that the crystalline surface of Zn (100) favors the formation of CO [51]. DFT calculations indicated that, compared to the (002) facet of Zn, there were low-coordinated atoms in the (100) facet, thus resulting in an upward shift of the d-band center. Therefore, stronger binding of the *COOH intermediate to the (100) facet favors the production of CO as compared to the (002) facet. In addition, Zn nanostructures have a high density of edge and corner sites. Corner sites tend to over-constrain CO* in favor of HER, whereas the edge sites favor the CO2RR to CO. The superior performance of hexagonal Zn nanosheets with a 94.2% Faraday efficiency for CO at −0.96 VRHE was confirmed by the increase in the ECSA, the decrease in the work function, and the increase in the number of Zn (100) and edge atoms.



The reduction rate of CO2 is proportional to the desorption rate of CO. The low desorption rate of CO contributes to the depressed kinetics of the CO2 reduction reaction. Therefore, Luo et al. prepared a porous Zn electrode (P-Zn) using electrodeposition for the CO2RR that obtained an excellent Faraday efficiency of 94.4% for CO and a large current density of 27 mA·cm−2 at −0.95 VRHE in a CO2-saturated 0.5 M KHCO3 solution [52]. Wang and co-workers prepared a three-dimensional (3D) hierarchically porous Zn (HP-Zn) with lots of hierarchical macroporous (~300 nm), interconnected nanopores (<100 nm), and nanopores (5–20 nm) using the hydrogen-mediated approach [63]. The abundance of mesopores in the electrode generated a large number of active areas. The interconnected pores provided a growth site for CO bubbles and an efficient transport path for large-scale CO2 transport. This was due to the porous structure of HP-Zn that exhibited excellent performance during the reduction of CO2 with the highest CO Faraday efficiency of 91.3% and a current density of 10.0 mA·cm−2 at −1.1 VRHE that far exceeded that of ZnO NPs (73%) and Zn foil (39%). Moreover, the Tafel slope of the HP-Zn (78 mV·dec−1) was smaller than that of the ZnO NPs (98 mV·dec−1) and Zn foil (115 mV·dec−1), thus suggesting that the 3D structures could enhance the kinetics of the rate-determining step (RDS). In addition, the 3D structures can regulate the local pH near the electrode. When both the HER and CO2RR produce hydroxide ions (OH−), the mass transfer limitations of the 3D structures with complicated pores inhibit the neutralization of OH−, thereby leading to an increase in local pH. The high local pH suppresses the evolution of H2, which results in enhanced CO selectivity [52,69,70]. Apart from the electrode structure, the local pH value is taken in relation to the buffering strength of the electrolyte, the saturation of CO2, the diffusion coefficients of the substrates and products, and the stirring of the reactor [30].



The size of the Zn catalyst also has a significant effect on the Faraday efficiency for CO production. Zn catalysts with different particle sizes, such as Zn foil, 10–30 nm, 35–45 nm, and 80–200 nm Zn NPs, were applied in the CO2RR at the potential of −1.6 V in a 0.5 M NaCl solution (Figure 4e). The Faraday efficiency of CO increased in the following ascending order: Zn foil < 10–30 nm < 80–200 nm < 35–45 nm Zn NPs. The highest CO Faraday efficiency of 91% was produced for the Zn catalyst obtained from the reduction of 35~45 nm ZnO nanoparticles. Furthermore, nanoscale metal catalysts are thought to be able to stabilize adsorption intermediates, thus leading to the efficient conversion of CO2. In order to investigate the effect of particle size on the adsorption of intermediates, Jia et al. [53] studied the behavior of different Zn electrodes in an Ar-saturated 0.1 M NaOH solution using linear voltammetry to examine the adsorption of hydroxyl radicals (as a representative of CO2 intermediates) (Figure 4f). They found that, as the particle size of the particles increased, the onset potential for the adsorption of hydroxyls was positively shifted, thereby showing that the smaller particles have a higher hydroxyl binding energy. This means that the smallest Zn nanoparticles (10–30 nm) could effectively immobilize the CO2•− intermediate [62,71]. However, the smallest Zn nanoparticles (10–30 nm) were not optimal for reducing CO2. The reason may be that the affinity is too strong to hinder the following conversion of the intermediate and release the product. The maximum Faraday efficiency of CO obtained for Zn nanoparticles (35–45 nm) could be ascribed to their optimal binding strength to the intermediate during the reduction of CO2 [53]. Moreover, to explore the size-dependent activity and selectivity for CO2RRs of Zn, size-controlled Zn nanoparticles were synthesized using inverse micelle encapsulation in a PS-P2VP dimer (Figure 5a–d) [58]. According to the results, the variation trends of activity and selectivity for CO2RRs could be separated into three different NP size regimes: (i) <3 nm—high activity with low CO selectivity; (ii) 3~5 nm—high activity and similar CO selectivity compared to bulk Zn; and (iii) >5 nm—decreased activity with constant CO selectivity (Figure 5e,f). This is consistent with the DFT results on Au NPs [72]. It can be inferred that a high H coverage is expected on small nanoparticles due to the enhanced ratio of low coordination sites, under which the condition of the binding of reaction intermediates, such as COOH*, is weakened, resulting in lower CO production than H2. The authors also suggested that the Zn-based catalyst was not completely reduced to metallic zinc during the CO2RR, even at strong negative potentials. The remaining metal oxides can affect the activity and selectivity of the catalyst [73,74]. They concluded that the unique selectivity trends observed could not be attributed exclusively to the structural changes on the surface of large NPs or their nanostructures. Other factors such as local pH, the presence of Zn2+, and adsorbed ions should be taken into account. In addition, their work showed that the selectivity of the CO2RR can also be tuned by stabilizing cationic Zn species under the reaction conditions.



Zn is susceptible to oxidation, while halide anions are highly electronegative and nucleophilic. Therefore, halides can adsorb on the surface of Zn nanostructures or halide anions to interact on the surface of zinc oxide. These may strongly affect the nanostructure, morphology, or chemical state of the Zn-based catalysts, which are believed to be important factors in determining the activity of CO reduction [75,76]. Hwang et al. systematically studied the influence of halides (F−, Cl−, Br−, or I−) on nanoporous Zn electrocatalysts [76] (Figure 5g–k). Zn-catalysts exhibited good CO2RR performance with a Faraday efficiency of up to 97% for CO in the presence of halides (Figure 5k). The increase in adsorption strength from F− to I− could change the morphology and roughness of the nanostructure of porous Zn, as well as the formation of higher Zn oxidation states. These changes promoted the protonation of CO2, stabilized the adsorbed intermediates, and enhanced the CO2RR. The pH values increased in the following ascending order: KI (2.53) < KBr (2.96) < KCl (3.91) < KF (6.8). It is supposed that low pH (high proton concentration) would be favorable for HER. However, researchers found that the p-Zn/KF catalyst was the least effective in inhibiting HER. It is possible that the weaker adsorption of F− leads to a rougher and denser morphology of p-Zn/KF and fewer oxidized Zn species, which results in a slower rate of desorption of CO and a lower inhibitory efficiency of HER.



Surface modification is an effective way to further improve the catalytic performance of materials for CO2RRs [77,78,79,80]. Recently, Wang et al. [64] reported that modified Zn nanosheets (NSs) produced using different amounts of cetyltrimethylammonium bromide (CTAB). It was observed that the CTAB-modified Zn NSs showed much higher activity than the parent Zn NSs. Among them, Zn NSs-1.6 had the best catalytic activity with a high Faraday efficiency of 95.6% for CO and a current density of 13.1 mA·cm−2 at −1.1 VRHE (Figure 6a,b). Meanwhile, the Faraday efficiency of CO is greater than 90%, over a wide range of potentials (−0.9–1.1 V) (Figure 6b). Later, it was found that the amount of CTAB modification affected the partial current density of CO (Figure 6c). Zn NSs-1.6 exhibited excellent jCO within the range of 0.07–12.5 mA·cm-2 with a voltage change lying within the range of 0.6–1.1 V. This indicates that the electroreduction of CO2 is more active after surfactant modification. Simultaneously, the Zn electrode modified by CTAB also showed long-term durability at −1.0 VRHE over 12 h without obvious attenuation in terms of the Faraday efficiency (>90%) for CO and current density (~9.1 mA·cm−2) (Figure 6d). Furthermore, the minimum Tafel slope values obtained on Zn NSs-1.6 (Figure 6e) indicate that the reaction kinetics of Zn NSs-1.6 and CTAB were favorable compared to pure Zn NSs. Moreover, the more negative adsorption potential of OH- on Zn NSs-1.6 (Figure 6f) indicates a stronger adsorption effect. Furthermore, after modification of the CTAB, the Zn NS electrode stabilized the CO2•− intermediate, leading to an increase in the activity of CO2RRs to CO. The same authors concluded that the positively charged groups of CTAB prevented the proton from approaching the surface of electrode, and, therefore, the reduction of H+ was impeded. The hydrophobic long chains of CTAB offered channels for the diffusion of CO2 to the surface of the electrode.




3.1.2. Zinc Monomer Catalyst for CO2 Reduction to Formate


Formate is considered a suitable material for fuel cells and a viable pathway for hydrogen storage [81]. Metal catalysts, such as Pb and Hg, are considered to be the most promising options for the effective reduction of CO2 to formate [17]. However, most of them are extremely toxic and/or expensive. Furthermore, they do not exhibit simultaneous high Faraday efficiencies and high current densities. The development of low-cost, non-toxic, highly selective, stable, and high current density electrocatalysts for the conversion of CO2 to formate is essential. According to Purkait’s work [82], Zn powder enhanced the conversion of CO2 to HCOOH with a maximum Faraday efficiency of 78.46%. However, the stability was very short at only 10 min. Recently, Zhang et al. demonstrated that CO2 could be selectively converted to formate over a zinc catalyst with a layer of nanoparticles (RAD-Zn) [81]. The maximum Faraday efficiency of the RAD-Zn electrode for formate was 87.1% at −1.93 VRHE with a formate partial current density of 12.8 mA·cm−2. Furthermore, the catalytic activity was 17 times that of the zinc foil, while the Faraday efficiency of the formate was 8 times that of the zinc foil. In addition, the authors found no significant deterioration in the Faraday efficiency and current density after 14 h of continuous electrolysis. They attributed the improved catalytic performance of the RAD-Zn to the formation of polycrystalline, catalytically active crystal surfaces and especially to the Zn surface structure during the reduction of polycrystalline ZnO [81]. Since Zn is polycrystalline, it is difficult to determine the active surface for the selective generation of formic acid using the electrochemical reduction of CO2. To explore the relationship between the active crystal surface and the activity of the catalyst, an anodized Zn electrode with adjustable exposure of facet that was synthesized by varying the anodization voltage was used in CO2RRs [83]. X-ray diffraction (XRD) characterization demonstrated that the main crystallographic orientations of Zn (001) and Zn (101) were obtained at the oxidation voltages of 8 V and 14 V, respectively. Haruyama et al. [83] obtained the highest formate Faraday efficiency of over 60% with Zn electrodes anodized at 14 V at the applied potential of −1.19 VRHE. Their experimental results suggest that Zn (101) may be highly active during the formation of formate.





3.2. Zn-Based Bimetallic Materials


In order to improve the performance of Zn catalysts for CO2RRs, not only the nanostructures of Zn, engineering of Zn, and modification of Zn electrodes have been proposed, but also the introduction of secondary metals to create bimetallic structural motifs has also been put forward [84]. Bimetals are attractive CO2RR materials, because they provide multiple binding sites for reaction intermediates. Meanwhile, altering their structure, composition, and morphology could be better for catalytic performance [45,85,86,87,88,89,90]. For achieving the efficient electroreduction of CO2, a series of Zn-based bimetals such as Zn–Cu, Zn–Ag, Zn–Pt, and Zn–Sn were prepared and employed for the reduction of CO2. Their catalytic performances are listed in Table 3.



3.2.1. Zn–Cu Bimetallic Materials


In recent years, with the discovery of multi-component systems and their prominent role in electrocatalysis, the interaction between Zn and Cu or their compounds has attracted the attention of researchers. Cu–Zn bimetallic catalysts have been suggested as an effective way to enhance the catalytic performance of CO2RRs [129] and are of interest due to their low cost and environment friendliness. High selectivity for the generation of CO from CO2RR has been achieved on Zn–Cu bimetallic materials. For instance, Hahn et al. [91] employed a galvanic exchange procedure to prepare Zn–Cu bimetallic electrocatalysts with different Zn contents for the reduction reaction of CO2 to CO. They found that the intrinsic activity of Zn-rich Zn–Cu towards the formation of CO was superior to that of pure Zn and Cu. DFT calculations indicated that the bimetallic effect contributes to the overall reaction rate of the production of CO by stabilizing the carboxylate (COOH*) intermediate. Zeng et al. [92] prepared Cu–Zn bimetallic catalysts (CuZn0.1, CuZn0.25, CuZn0.4, and CuZn0.5) using a microwave-assisted solvothermal method and applied them to CO2RRs. The average Faraday efficiency of the CuZn0.4 catalyst for the generation of CO and HCOOH was 70% and 28%, respectively. They suggested that, at the bimetallic electrode, the active site of ZnO is selective for the generation of CO, whereas the high conductivity of Cu favors the transfer of the electron. Luo et al. [93] prepared two types of Cu–Zn bimetallic catalysts with phase-separated and core-shell structures (Figure 7a), and investigated their performance for CO2RRs. The distributions of metallic elements in different structures are shown in Figure 7b,c. The phase-separated sample showed higher CO2RR activity than the core-shell sample because of its larger positive onset potential and current density in a CO2-saturated 0.1 M KHCO3 solution (Figure 7d), which exhibited a 94% CO Faraday efficiency (Figure 7e) with a 16 mA·cm−2 current density at −1.0 VRHE. After 20 min of an electrocatalytic CO2RR, they characterized the Cu–Zn samples using transmission electron microscopy (TEM), high-resolution TEM (HR-TEM), and energy dispersive X-ray spectroscopy (EDX) mappings (Figure 7f–k). They found that, after electrolysis, a thin layer of Zn was produced on the core-shell Cu–Zn bimetallic sample, thereby indicating a redistribution of elements on the surface (Figure 7l). According to their DFT calculations, the phenomenon could be due to the strong tension of the *COOH intermediate on the Zn in the core-shell sample. In addition, DFT calculations showed enhanced stability of the *COOH intermediate due to the lower energy barrier over the phase-separated Cu–Zn nanowires (NW) sample, thus confirming its higher activity of CO2RR. Nanoporous Cu–Zn catalysts prepared using annealing and reducing commercial Cu–Zn alloy films showed four and six times higher Faraday efficiencies for the generation of CO and HCOOH, respectively, than untreated Cu–Zn films [96]. Miyauchi’s group [95] synthesized Cu–Zn alloy materials using a vacuum sealing method. The optimized Cu5Zn8 alloy exhibited Faraday efficiencies of 71.1% for the generation of formic acid at −1.0 VAg/AgCl and 79.1% for the CO2RR under ultraviolet light.



These works show that the main product generated by the CO2RR over Cu–Zn catalysts is either CO or HCOOH, which may be due to the lower Cu content in Zn-rich CuxZny, thereby resulting in lower adsorption energy for both the surface *CO2 and the *CO species [47,110,130]. Generally speaking, product selectivity for CO2 reduction is determined by the strength of the binding of *CO and *H adsorbed on the metal surface [84]. Bulk copper polycrystalline electrodes exhibit moderate binding energy for adsorbed *CO, whereas the hydrogenation of this *CO species can produce CH4 [131]. However, for the polycrystalline Zn electrode, the binding strength of the adsorbed *CO is relatively weak, thus resulting in the production of CO without further reaction [110,123]. Therefore, it is possible to produce CH4 as the main reduction product on a Cu–Zn electrode. For instance, hierarchically structured Zn-coated Cu electrodes that were synthesized using electrodeposition exhibited a Faraday efficiency of up to 52% for CH4, which far exceeded that for bare Cu (23%) [94]. Cu–Zn nanocomposites (s-Cu1Zn3Ox, and s-Cu5Zn1Ox) were prepared using a sputtering route and achieved around 23% FE for CH4 at −2.16 VRHE on s-Cu5Zn1Ox [109]. Well-defined 5 nm Cu100-xZnx (x = 10, 30, and 50) NPs that were synthesized using the inverse micelle encapsulation method exhibited an enhanced Faraday efficiency for CH4 (70.2%) compared to that of pure Cu NPs [84]. Chen et al. [132] demonstrated that the generation of CH4 is mainly dependent on the coordination number of Cu sites. Cu electrocatalysts with a low coordination number inhibited the C–C coupling involved in the C2+ products and enhanced the C1+ products.



Zn nanomaterials are known to be highly selective for CO, whereas Cu nanostructures can convert CO* intermediates into hydrocarbon products [110]. Therefore, the electrochemical reduction of CO2 on Cu–Zn bimetallic nanomaterials is expected to generate hydrocarbons using a “relay catalysis” approach [47,133]. More specifically, the intermediates of CO* are initially formed at the Zn sites, which then migrate to the adjacent Cu sites, where they can evolve further into hydrocarbon products [110]. Recent studies have shown that the electroreduction of CO2 on Cu–Zn catalysts favors the generation of C2+ products. For example, a series of oxide-derived phase segregation CuxZn catalysts (Cu, Cu10Zn, Cu4Zn, and Cu2Zn) with different Zn contents were prepared using electrodeposition. The catalysts exhibited distinct selectivity towards ethanol and ethylene [123]. Yeo et al. found that the selectivity of ethanol and ethylene could be altered by tuning the content of Zn. A maximum C2H5OH Faraday efficiency of 29.1% was obtained on Cu4Zn with a current density of 8.2 mA·cm−2 at −1.05 VRHE. A Raman activity pattern belonging to CO, adsorbed on Cu sites, was recorded during the production of ethanol, while no vibrations related to CO were observed on Zn, thus suggesting a further reduction of CO to ethanol on Cu sites. The authors demonstrated the spillover of CO from Zn to Cu sites, which increased the content of CO on the Cu site, thus further reducing it to *CHO or *CH. In addition, *CO on the Zn sites with weak adsorption energy could enter the bond between the Cu site and the *CH2 to generate *COCH2, which was further reduced to C2H5OH (Figure 8a) [123]. Bunyarat et al. [112] used a conductive porous carbon-loaded Cu–Zn bimetallic electrocatalyst (Cu90Zn10–C, Cu75Zn25–C, and Cu50Zn50–C) consisting of a mixed phase and alloy for CO2RRs. They found that the variation in the distribution of Cu–Zn had a significant effect on the Faraday efficiency and current density of the C2 product during the CO2RR. The highest Faraday efficiency of 23% was achieved for C2 products (C2H5OH and C2H4) on the Cu75Zn25 alloy, which was four times that of the Cu electrode and far superior to Cu–Zn catalysts with separated phases. DFT calculations showed that the Zn in the Cu–Zn alloy not only generated CO locally, but also affected the electronic structure of the Cu sites, thus contributing to CO–CO coupling and leading to enhanced C2 production [112]. Du et al. reported that homogeneous Cu–Zn alloy catalysts prepared using laser ablation in liquid showed good selectivity for C2H4 in CO2RRs [110] with a Faraday efficiency of 33.3%, which was more than twice as high as that of Cu NPs at −1.1 VRHE in a CO2-saturated 0.1 M KHCO3 aqueous electrolyte. The Cu–Zn alloy showed a stable total current density, FE for C2H4, and CO for 15 h of electrolysis. The authors suggested that the dimerization [134] and protonation of CO* species transferred from the Zn sites to the Cu sites promoted the production of C2H4. Hierarchically macroporous–mesoporous (HMMP) Cu/Zn alloy catalysts, prepared through interfacial self-assembly, facilitated the selective synthesis of liquid C2 products [111]. The optimized HMMP Cu5Zn8 showed a high C2H5OH selectivity of 46.6%, an acetate selectivity of 11.7%, and a current density of 3.6 mA·cm−2 at −0.8 VRHE. Based on experiments and DFT calculations, the researchers found that electron-rich Cu in HMMP Cu/Zn catalysts promoted the adsorption of CO2 while inhibiting the adsorption of H2. The amount of Zn in the Cu/Zn alloy controlled the C–C coupling trend. Additionally, the interface of the Cu–Zn catalyst affects the distribution of C2 in the CO2RR [112]. Koper et al. [113] systematically studied the effect of the roughness factor (RF), chemical composition, and morphology of a CuxZny alloy on the distribution of C2+ products from CO2RRs. They demonstrated that the C–C coupling in the CO2RR process depends mainly on the shape of CuxZny alloy. More specifically, nanocubes of Cu and CuxZny exhibited the highest Faraday efficiency for C2+ products, wherein they far outperformed the catalyst with a flat surface, nanospheres, nanodendrites, and nanocauliflowers (Figure 8b–d). In addition, the Faraday efficiency for the C2+ products increased with the increased in the roughness factor and the content of Zn (Figure 8e). Cuenya et al. [135] used in situ extended X-ray absorption fine structure (EXAFS) and demonstrated that the distribution of products from the CO2RR was determined by the composition and structure of the Cu–Zn catalyst. They found that the shorter interatomic distances of Cu–Zn nanoparticles benefited the formation of CH4, while the longer Cu–Zn distances favored the generation of CO, which was further reduced to C2+.




3.2.2. Zn–Ag Bimetallic Materials


Both Ag and Zn are relatively selective for CO2RRs to CO. Ag, as a noble metal, shows better catalytic activity and selectivity for CO than the non-precious Zn metal, and it has a lower overpotential [136]. By taking advantage of the synergistic effect between different metals, Ag–Zn alloys could exhibit better catalytic properties for CO2RRs with lower costs [137]. For example, Jaramillo et al. reported the electroreduction of CO2, which was catalyzed by polycrystalline Ag–Zn foil in a 0.1 M KHCO3 solution [115]. They found that CH3OH and CH4 were formed at approximately −1.43 VRHE, along with a low Faraday efficiency. They suggested that, due to the clearly different oxygen binding energies on Ag and Zn, Ag acts as a binding site for carbon atoms during the reduction of CO2, whereas Zn acts as an oxyphilic site, thereby allowing the selective stabilization of surface intermediates at the oxygen termini, which ultimately leads to the enhancement of >2e− products through CO2 reduction [115]. In terms of the main product CO, the Ag–Zn alloy did not exhibit good performance compared to pure Zn and Ag. The researchers designed a Zn0.87Ag0.13 alloy catalyst with a 3D hierarchical layered structure and investigated the effect of its composition (pure Zn, Zn0.87Ag0.13, and Ag), and thickness (100 nm and 75 μm) on the propensity to generate CO [114]. They found that, although the Zn0.87Ag0.13 alloy contained less silver, it could retain the same activity as pure Ag. The 75 μm Zn0.87Ag0.13 GDE exhibited the highest CO Faraday efficiency of 96% at 100 mA·cm−2 and maintained a FECO above 85% at a set current density of 500 mA·cm−2. By constructing a multiphysics model, they suggested that a thick catalyst layer (75 μm) effectively encloses the incoming CO2, due to which more CO2 is converted to CO by reductive reactions compared to parasitic CO2 consumption, which leads to a higher catalyst activity. On the other hand, a thinner catalyst layer (100 nm) loses a significant amount of CO2 into the electrolyte and yields a lower rate of reduction of CO2. In other words, the performance of the CO2RR of different thicknesses of Zn0.87Ag0.13 catalysts depends mainly on the local amounts of CO2 around the active sites. Recently, it was demonstrated that high curvature nanoneedle structures enhanced the catalytic performance of CO2RRs through their field-induced CO2 concentration [138,139]. Porous Zn conformal coatings on dendritic Ag nanoneedles (AgNNs@Zn) that were synthesized by vacuum thermal evaporation [116] exhibited a CO Faraday efficiency of 91% at −0.86 VRHE. DFT calculations showed that the constructed Ag–Zn interface significantly stabilized the key intermediate species of *COOH for generating CO from the CO2RR, thus resulting in a high selectivity of the CO product.




3.2.3. Zn–Pd and Zn–Pt


Palladium (Pd) is a unique element that can convert CO2 to HCOO− and CO in the low and high reduction potential regions, respectively, and, therefore, palladium electrocatalysts have attracted a lot of attention [26,140]. In order to achieve a high FE for producing HCOOH, Gunji et al. [101] synthesized atomically disordered Pd–Zn bimetallic alloys and investigated the electrocatalytic selectivity for the reduction reaction of CO2. An FE of 99.4% for the production of HCOO− at −0.1 VRHE on PdZn NPs was obtained. Compared to pure Pd, the selectivity for formate on the Pd–Zn catalysts was enhanced due to the lower d-band center of the Pd in the Pd–Zn alloy.



A feasible strategy for enhancing the selective reduction of CO2 is to employ metal-alloy-based g-C3N4 composites in the CO2RR, thus exploiting the enhanced electrical conductivity and strong synergistic effects between the alloy metals [102,141]. Hung et al. [102] prepared Pd–Zn/g-C3N4 nanocomposites (Pd-Zn-GCN) using a simple hydrothermal reduction reaction, and their activity towards electrocatalytic CO2 reduction was investigated. With a metal loading of 4% of the composite Pd-Zn-GCN, the highest catalytic activity for the conversion of CO2 to CO was achieved with an average FE of 93.6%, as well as a CO partial current density of 4.4 mA·cm−2 at a thermodynamic overpotential of −0.79 VRHE. In addition, Pd-Zn-GCN showed good stability. The excellent catalytic activity of the Pd-Zn-GCN is attributed to its relatively large electrochemically activated surface area, d-band center transfer, optimal work function, and strain engineering [101,142] achieved through the cooperative action of the Pd–Zn and g-C3N4 [102].



Recently, Roy’s group developed Pt–Zn nanoalloys for CO2RRs [104]. They synthesized the active sites of intermetallic Pt–Zn nanoalloys (Pt-Zn/C, Pt3Zn/C, and PtxZn/C (1 < x < 3)) using the thermal decomposition of metal organic backbone (MOF) precursors. According to their experiments, the onset reduction potentials of HER for PtZn/C, PtxZn/C, and Pt3Zn/C were −1.02, −1.10, and −0.85 V, respectively. As for the CO2RR, the onset of reduction was observed at −0.96, −0.68, and −0.70 V, respectively. The reduction onset potential of CO2 was more positive in PtxZn/C. In addition, the separation of the onset reduction potential between HER and the CO2RR was the maximum (0.42 V), thereby indicating a better catalytic activity of PtxZn/C. The highest FE for CH3OH of 81.4% was achieved at −0.9 VRHE over the PtxZn/C catalyst. In order to reveal the efficient CO2RR reaction mechanism and kinetics of the structure-sensitive PtxZn/C, a possible pathway for the reduction of CO2 on PtxZn/C nanoalloys was proposed (Figure 9). The main branching point that determined the selectivity of the product for CH3OH or CH3COOH was controlled by the relative strength of the surface *-OCH3 bond relative to the *O-CH3 bond [143]. PtxZn promotes the transfer of single electrons to the adsorbed CO2 and better binds the intermediate CO2•− to its surface. Moreover, the weaker interaction between O and the surface resulted in a higher CH3OH selectivity of PtxZn.




3.2.4. Other Zn-Based Bimetallic Materials


The reaction intermediate of *COOH or *OCOH in the CO2RR pathway to CO or formic acid is known to be regulated on Zn, which is due to its moderate carbophilic or oxygenophilic nature when attached to other guests. In addition, Zn has a weak *H binding capacity. Therefore, Zn is targeted as an important player in the regulation of product selectivity. By mixing metals at the atomic level, catalysts with excellent selectivity for CO or formic acid are designed. For instance, bimetallic indium–zinc (In–Zn) nanocrystals were synthesized using the in-situ reduction of In2O3–ZnO nanocomposites during CO2RRs with tunable interfacial exposure. It was observed that the interfacial position of Zn0.95In0.05 favored the production of HCOOH, as the indium islands on the Zn(002) facet made it easier to release the adsorbed *OCHO intermediates [99]. The highest FE for HCOOH of 95% was achieved at −1.2 VRHE with the Zn0.95In0.05 catalyst. This work suggested that the productivity and selectivity of HCOOH could be improved by controlling the composition of the In–Zn. The Zn–Bi bimetallic catalyst, obtained by modifying the bismuth element on the Zn catalyst, demonstrated both the selectivity and the overpotential for the formation of HCOOH through the reduction of CO2 over the Zn–Bi catalyst. The performance of the catalyst could be varied by changing the composition ratio of the Bi [98]. The formate’s Faraday efficiency reached up to 94% at −0.8 VRHE, which was comparable to the results of the In–Zn catalyst [99]. Since metal–metal bifunctional interfaces and grain boundaries (GBs) comprise more low-coordinated active sites, the bifurcated *OCHO intermediates are more stable at these sites than on single-crystal metal surfaces, thus allowing higher catalytic activity for the electroreduction of CO2 to formate. The excellent performance of the Zn–Bi bimetallic catalyst was attributed to a high density of active sites offered by the metal–metal bifunctional interfaces and grain boundaries [98].



Tin (Sn) is a typical catalyst for the selective generation of formate from CO2RRs due to its moderate binding energy to *OCHO [144,145,146]. The introduction of Sn to Zn-based catalysts can alter their inherent electrochemical properties to reduce CO2 to CO and achieve higher yields of formate. The transfer of electrons from Zn to Sn reduces the d-band center of Sn and improves the surface adsorption properties and formic acid selectivity of the *OCHO intermediate, thus resulting in more reliable surface adsorption of *OCHO intermediates and high formate selectivity [100]. Huo et al. reported a Zn–Sn catalyst that was supported on bulk Zn foil and exhibited an enhanced HCOOH selectivity of 94% in 0.5 M KHCO3 at −1.06 VRHE [100]. Subsequently, bimetallic Zn3Sn2 catalysts prepared by in situ electrochemical reduction of heterostructured ZnxSnyOz nanoparticles loaded on CNTs [106] achieved a 96.7% FE for formate at −1.1 VRHE. DFT calculations showed that the adsorption of *OCHO could be stabilized due to the low limiting free energy of the Zn (101)/Sn (200) hybrid surface (0.52 eV), which promoted its high selectivity to formate. Bimetallic Zn–Sb nanoparticles, supported on carbon nanotubes, were also reported by their group, and produced formates at 92% to the utmost extent at −1.0 VRHE [104].





3.3. Oxide-Derived Zn Catalysts


ZnO can stabilize carboxylate intermediates and is considered a promising catalyst for CO2RRs [147]. However, ZnO catalyst suffers from poor selectivity and sluggish reaction kinetics [148,149]. In order to enhance the catalyst performance of ZnO catalysts, considerable efforts have been devoted to structural regulation [150], oxygen vacancy [149], atoms doping [151], and alloying with other metals [122].



Wu et al. [152] reported a heterogeneous structure of ZnO nanosheets/Zn prepared using a hydrothermal method, in which a large number of (1100) edge surfaces were exposed. They suggested that the exposed (1100) edge facets promoted the catalytic performance of ZnO by accelerating the transfer of electrons and increasing the number of active sites. Gao et al. [153] reported that the CO2RR performance of ZnO nanosheets constructed by the solvothermal method could be improved by varying the molar ratio of alkali sources (urea, sodium hydroxide, and ammonia) to zinc nitrate hexahydrate. The optimized ZnO-UR showed good catalyst performance with a CO Faraday efficiency of 88% and a current density of 10 mA·cm−2 at −0.95 VRHE in 0.5 M aqueous KHCO3. These works indicated that structural regulation offered a robust approach to enhance the CO2RR performance of ZnO catalysts.



Recently, another effective strategy to promote the activation of CO2 by introducing oxygen vacancies into electrocatalysts with electron-rich surfaces has been demonstrated [154,155]. For example, the CO2RR performance of ZnO was enhanced by the introduction of oxygen vacancies in nanosheets of ZnO [155]. The authors showed that ZnO nanosheets, which are rich in oxygen vacancies (VO-rich ZnO), exhibited a CO Faraday efficiency of 83% and a current density of 16.1 mA·cm−2 at −1.1 VRHE in 0.1 M KHCO3, which exceeded the performance of VO-poor (73%, 12 mA·cm−2) and pristine ZnO (44%, 7 mA·cm−2) under the same conditions. The excellent performance of VO-rich ZnO nanosheets was mainly attributed to the introduction of oxygen vacancies, which enhanced the binding of CO2 and reduced the Gibbs free energy of *COOH [155,156]. In addition, the introduction of other components can also improve the performance of the CO2RR of oxide-derived Zn catalysts. For example, CuO doped on ZnO hollow microspheres enhanced the CO Faraday efficiency. The highest value of 90.7% was achieved for 3CuO/ZnO at −1.2 VRHE, which was approximately twice as high as for ZnO [157]. Zeng et al. [157] suggested that the introduction of a small amount of copper would distort the ZnO crystal conformation through the interaction of elements, thereby weakening the Zn–O bond, favoring the formation of surface defects, and promoting the CO2 activation during the initial reduction reaction. Li et al. [125] reported that CO spillover effects were enhanced by the uniform distribution of Cu and Zn atoms in the electrocatalysts. The reduced ZnO nanoparticles provide additional CO to the reduced CuO nanoparticles, thereby increasing the *CO surface coverage for C–C coupling and the selective production of C2H4 and C2H5OH.



Kang et al. [158] comprehensively investigated the effect of nanomorphology and silver doping on the CO2RR performance of ZnO. Different morphologies such as nanospheres, nanorods, and nanosheets (Figure 10a–c) of ZnO were prepared using the hydrothermal method. Among them, the ZnO nanorod showed the best performance with a Faraday efficiency of 68.3% (Figure 10d) for CO and a current density of 100 mA·cm−2 at −0.76 VRHE. The excellent properties of ZnO nanorods were ascribed to higher O-deficient surface conditions in the higher surface area, which activated the adsorption of *CO [149,159]. Surface field emission scanning electron microscopy (FE-SEM) images of ZnO nanorods doped with different concentrations (1, 3, and 5 atom%) of AgNO3 are shown in Figure 10e–g. The overall ZnO morphology remained unchanged after Ag doping before the CO2RR testing. The highest FECO value of 91.9% was obtained for 1 atom% Ag-doped ZnO nanorods at 150 mA·cm−2 and −0.76 VRHE (Figure 10h), thus indicating an improvement in CO selectivity of about 23%, even at high current densities. Meanwhile, Ag-doped ZnO could maintain a stable performance for up to 10 h, which is a great improvement compared to the performance of ZnO for 4 h. Ag doping could achieve *CO adsorption through the localized electronic structure of ZnO nanorods. In addition, Ag sites can provide good mass transfer due to a low interfacial charge transfer resistance (RCT). The study demonstrates that the morphological characteristics of the electrocatalyst are key controlling factors in the CO2RR and can be further improved by appropriate metal doping.




3.4. Single/Dual Zn Atom Catalysts


3.4.1. Single Zn Atom Catalysts


Single-atom catalysts (SACs) [160,161,162,163,164] are atomically dispersed metal- and nitrogen-co-doped carbon materials (M-N-C, M = Fe, Co, Ni, and Cu) that have been extensively studied in CO2RRs due to their high atomic efficiency and catalytic activity. For example, the Fe catalyst (Fe3+ -N-C) [165] derived from an Fe-doped Zn 2-methyl imidazolate framework using pyrolysis exhibited a high selectivity of over 90% for CO with a current density of 94 mA·cm−2 at −0.45 VRHE in the flow-type cell. Moreover, Ni−N/C SAC derived from NiPc-CN [166] showed a higher FE of CO > 96% and stability. Zn–NC has experienced little progress compared with other transition metal monoatoms due to its low melting and boiling points and its fully filled 3d orbital configuration [167]. Several studies have shown that Zn-based single-atom catalysts (SACs) can efficiently catalyze the conversion of CO2. For instance, Xu et al. [168] reported that single-atom Zn catalysts (ZnN4/C) promoted CO2RR to produce CO with a maximum Faraday efficiency of 95% for CO at −0.43 VRHE in a 0.5 M aqueous KHCO3 solution. Meanwhile, ZnN4/C exhibited significant durability (>75 h) and a large turnover frequency (9969 h−1). DFT calculations suggested that the excellent CO2RR performance of ZnN4/C may be due to the low energy barrier in the rate-determining step of COOH* formation at Zn–N4 sites. The formation of the Zn–N4 active site was responsible for the superior performance of the Zn single-atom catalyst [169]. Xin et al. reported a microporous N-doped carbon-loaded Zn single-atom catalyst (SA-Zn/MNC) that was prepared using the dissolution carbonation method, and it exhibited a Faraday efficiency of 85% for a CO2RR to CH4 with a partial current density of about 31.8 mA·cm−2 and a stability of over 35 h at −1.8 VSCE [170]. DFT calculations revealed that, during the CO2RR process, the O atom (rather than the carbon atom) in *OCHO preferred to form chemical bonds with Zn SAs, thereby hindering the formation of CO and contributing to the formation of CH4. The curvature of a Zn–Nx site was used by Lin et al. [171] and Lv et al. [172] as a way to enhance the CO2RR to CO by increasing the electron density of the Zn’s 3d orbital. Recently, Daasbjerg et al. [167] reported nitrogen-anchored low-valent Znδ+ monatoms (Znδ+–NC) containing saturated Zn–N4 and unsaturated Zn–N3 sites, which were prepared using the pyrolysis of Zn-containing precursors in a nitrogen source. The Znδ+–NC catalyst displayed almost 100% selectivity for CO with a small overpotential of 310 mV. It is noteworthy that a record current density of 1 A·cm−2 was obtained when the Znδ+–NC catalyst was used in a flow cell electrolyzer. According to the DFT calculations, the formation of COOH* was more favorable for the unsaturated Zn–N3 than for the Zn–N4. In addition, the key intermediate of COOH* had a Zn–C bond length of 2.012 Å and 1.974 Å on Zn–N4 and Zn–N3 sites, respectively. The shorter Zn–C bond length of Zn–N3 indicates a stronger interaction and charge transfer between the Zn atom and COOH*, which resulted in a better stabilization of COOH* and facilitated the reduction of CO2 to CO.



Tandem catalysis provides an efficient strategy for the electroreduction of CO2 to C2+ products, whereby CO2 is first reduced at one class of active sites to produce a large amount of CO, which subsequently diffuses to another class of active sites for further reduction to C2+ products [161]. Wang et al. reported that the CoPc@Zn–N–C tandem catalyst enhanced the reduction of CO2 to CH4 with a Faraday efficiency of 18.3% and current density of 44.3 mA·cm−2 at −1.24 VRHE in 1 M aqueous KOH solution [173]. DFT calculations demonstrated that the tandem catalytic process was as follows: CO was first achieved by the reduction of CO2 on CoPc, which then migrated to Zn–N–C on ZnN4 and was reduced to CH4, with the pathway involving *CH intermediates. Through the Langmuir–Hinshelwood mechanism, the adsorption of *H on ZnN4 as a reservoir is key to enhancing the formation of *CHO, which is essential for high CH4 yields [173].




3.4.2. Dual Zn Atom Catalysts


Dual-atomic-site catalysts (DASCs) [174], which harbor the advantages of monatomic catalysts, can also achieve more complex and tunable atomic structures by adjusting another neighboring metal. As a deeper extension of SACs, DASCs have recently attracted much interest. Diatomic Zn–Co monomers that are loaded onto N-doped carbon (ZnCoNC) and prepared using pyrolysis [175] showed a high Faraday efficiency for CO of 93.2% with a CO partial current density of 26 mA·cm−2 at −0.5 VRHE. The elemental content of ZnCoC was confirmed using inductively coupled plasma photoemission spectroscopy (ICP-AES) and X-ray photoelectron spectroscopy (XPS). Coordination environments and electronic effects of Zn/Co were examined using an XANES (X-ray absorption near-edge structure) and EXAFS (X-ray absorption fine structure measurements). The authors of the study found that both Zn and Co were coordinated on NC in a four-coordinated form (Zn–N4 and Co–N4), and that there was essentially no direct metal–metal bonding or metal–C coordination between the Zn and Co. They concluded that adjacent Zn/Co in the ZnCoNC interacted indirectly and electronically through N atoms. DFT calculations showed that the adjacent Zn/Co electron effect reduced the energy barrier to the generation of *COOH, thereby making it easier to produce CO.



Du et al. [176] prepared Zn–La DASCs that were loaded with carbon nitride nanosheets (ZnLaCN) using impregnation and annealing for CO2RRs. Syngas could be produced within a large range of CO/H2 ratios (0.14~1) by tuning the ratio of Zn and La atomic sites. In addition, the ZnLa-1/CN electrocatalyst allowed for the preparation of syngas with CO/H2 ratio of 0.5 within a wide potential range with a total FE of 80% for the CO2RR and good stability. The coordination environments of the dual atomic Zn/La were verified to be Zn–N, La–N, and La–C bonding with coordination numbers of 2.6, 6, and 10, respectively. DFT calculations confirmed that the Zn sites were primarily responsible for the activation of CO2 to CO, while the La site promoted the evolution of H2.



Another study reported that BiZn/NCs [177] that were derived from BiZn-MOFs using pyrolysis and carbonization could facilitate the CO2RR to syngas with a tunable CO/H2 ratio (0.20~2.92) in the applied potential range, which is favorable for the synthesis of CH3OH and Fischer–Tropsch reactions [176]. They demonstrated that both Bi and Zn were coordinated on NC in a four-coordinated form (Bi–N4 and Zn–N4) with the absence of Bi–Bi and Zn–Zn bonds. Additionally, the coordination environment of Bi and Zn in BiZn/ NCs was not affected by the variation in Bi/Zn ratio in MOFs.






4. Conclusions and Future Perspectives


A sustainable carbon cycle is essential to sustain the healthy evolution of life worldwide. However, human activities, especially the increasing demand of energy, have led to an overconsumption of fossil fuels, which severely affect the well-established balance of the natural carbon cycle. Given the threat of excessive CO2 emissions, negative carbon technologies are now increasingly in demand. In this quest, the CO2RRs that are powered by renewable electricity to prepare high-value-added fuels or chemicals have been widely recognized as a promising approach to balance the carbon cycle, thus resulting in sustainable environmental and economic benefits. This is why the research of CO2RRs has attracted more and more attention [178].



This review assessed recent progress in the innovation and development of Zn-based electrocatalysts for CO2RRs to fuels. Various Zn-based catalysts have been introduced, such as monometallic Zn, Zn-based bimetallic, oxide-derived Zn catalysts, and single/dual Zn atom catalysts. In addition, modifications to Zn-based electrocatalysts, such as engineering crystal facets, tuning morphologies and components, introducing lattice defects and ligands, or constructing single-atom catalysts (SACs), can enhance the activity of CO2RRs. Some electrocatalysts have shown excellent catalytic activity and selectivity, as well as suitable levels of stability during the CO2RRs (Table 2 and Table 3). Although some remarkable advances have been made in the electroreduction of CO2 using Zn-based catalysts, several challenges in this research area need to be overcome:




	(1)

	
Most Zn-based catalysts for the CO2RRs catalyze CO2-to-CO conversions. However, more efforts should be devoted to exploring C–C coupling. The adjustment of product selectivity during CO2RRs could be achieved using the alloying strategy. Furthermore, the surface binding strength could be altered using the alloying strategies through electronic and geometric effects, thereby enhancing the availability of surface-confined carbon species and stabilizing key reduction intermediates [85]. However, it is still extremely difficult to achieve the complete selectivity of one product only through the alloying strategy. Therefore, it can be combined with other catalyst design strategies.




	(2)

	
A thorough understanding of atomistic structure–performance relations over Zn-based catalysts is still missing, which hinders the rational design of more efficient catalysts. In combination with various in situ/operando characterization techniques and theoretical calculations [179], it is expected that the catalyst structure, electronic states, and reaction intermediates in the same reaction process will be investigated, which will provide valuable insight into the conformational relationships and reaction mechanisms of catalysts.




	(3)

	
The stability of the catalyst is one of the essential elements for commercial applications. Most Zn-based catalysts to date have a lifetime of less than one day, which is well below the lifetime required for commercial applications. Therefore, the degradation mechanism of the catalysts and the corresponding solutions need to be further investigated. Anchoring the zinc-based material on a specific substrate could improve the stability of the catalyst through the interaction of the Zn-based material with the substrate.




	(4)

	
The practical application of CO2 electrolysis is greatly hindered by its complex electron transfer, multiple competing pathways, and low rate of diffusion of CO2 [180]. From a catalyst perspective, it is necessary to rationally design electrocatalysts to overcome the energy barriers of CO2 activation and intermediation.









In short, although many challenges remain to be overcome for Zn-based catalysts in CO2RRs, they are still one of the promising types of catalysts to address the conversion and utilization of CO2. As catalysts continue to be designed and developed, the current densities of CO [181,182,183,184,185,186,187,188,189,190,191], C2H4 [182,192,193], and C2+ [180,194,195,196] have reached the ampere level (Figure 11). It is believed that the prospect of commercial applications of CO2RRs for the production of clean fuels and chemicals will be realized in the near future.
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Figure 1. Possible renewable-energy-powered routes to create commodity chemicals driven by electrocatalysis from H2O (yellow) and CO2 (green, blue) as feedstocks [8]. Reprinted with permission from Ref. [8]. Copyright © 2023, The American Association for the Advancement of Science. 
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Figure 2. Schematic of electroreduction of CO2 in the H-cell. 
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Figure 3. Possible reaction pathways for the electroreduction of CO2. 
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Figure 4. (a) LSV results in a N2 (dotted line) or CO2-saturated (solid line) 0.5 M KHCO3 electrolyte with a 50 mVs−1 scan rate. (b) FE of CO at various constant potentials ranging from −0.6 to −1.1 V. (c) Free-energy diagrams for CO2 reduction and (d) free-energy diagrams for HER on Zn (002) (black solid line) or Zn (101) (red solid line) At −0.71 V. Atomistic structures optimized for each step are shown on the top. Navy blue, gray, red, and white colors represent Zn, C, O, and H atoms, respectively [50]. Reproduced form Ref. [50] with permission. © 2023 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Dependence of FECO on the zinc catalyst size. (f) LSV scans (from −1.7 to −0.9 V) in Ar-saturated 0.1 M NaOH for Zn catalysts with different particle sizes [53]. Reproduced form Ref. [53] with permission from the Royal Society of Chemistry. 
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Figure 5. (a–d) AFM images of Zn NP samples prepared via inverse micelle encapsulation and supported on SiO2/Si (111). Zn1 (1.7 ± 0.4 nm), Zn3 (2.9 ± 0.7 nm), Zn5 (4.5 ± 1.2 nm), and Zn7 (6.8 ± 1.6 nm). (e) Current densities of CO2RRs over Zn NPs. (f) Faradaic selectivity toward H2, CO, and HCOOH measured at -1.1 VRHE in 0.1 M KHCO3 as a function of the Zn NP size [58]. Reproduced with permission from Ref. [58]. Copyright © 2023, American Chemical Society. (g–j) SEM images of p-Zn/KF, p-Zn/KCl, p-Zn/KBr and p-Zn/KI pre-CO2RR. (k) CO Faradaic efficiency of Zn-based electrocatalysts [71]. Reproduced with permission from Ref. [71]. © 2023 Elsevier B.V. All rights reserved. 
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Figure 6. (a) LSV curves of Zn NSs modified with CTAB (0–3.2 mg). (b) FECO of Zn modified with CTAB (0–3.2 mg). (c) jCO for Zn NSs and CTAB-modified Zn NSs. (d) Durability of Zn NSs-1.6 measured in potassium bicarbonate electrolyte (0.5 M). (e) Tafel slopes of Zn NSs modified with CTAB (0–3.2 mg). (f) Single oxidative LSV curves of samples measured in potassium hydroxide solution (0.1 M) [64]. Reproduced from Ref. [64] with permission from the Royal Society of Chemistry. 
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Figure 7. (a) Illustration of the synthesis process of phase-separated and core-shell CuOx–ZnO NWs. (b,c) Schematic diagrams of phase-separated and core-shell samples in microscale (only metal elements are shown for a simplified and clarified illustration). Electrochemical CO2 reduction performance. (d) Linear sweep voltammetry curves of phase-separated and core-shell samples in CO2-saturated 0.1 M KHCO3 solution. (e) FE of main products of core-shell and phase-separated samples. (f) Low resolution TEM image of the core-shell sample after 20 min electrocatalytic CO2RR, (g) HR-TEM image of the red square part in (f). (h) EDX mapping of the core-shell sample. (i) TEM image of the phase-separated sample after 20 min electrocatalytic CO2RR. (j) HR-TEM image of the red square part in (i). (k) EDX mapping of the phase-separated sample. (l) Element redistribution of core-shell and (m) phase-separated samples [93]. Reproduced from Ref. [93] with permission. Copyright © 2023, American Chemical Society. 
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Figure 8. (a) Proposed mechanism for the electroreduction of CO2 to ethanol on CuxZn catalysts: stage 1 → 2, reduce CO2 to CO on Cu and Zn, respectively (2CO2 + 4H+ + 4e− → 2CO + 2H2O); stage 2 → 3, reduce CO molecule to *CH2 on Cu (CO + 4H+ + 4e− → *CH2 + H2O ); stage 3 → 4, CO insert into the bond between the Cu surface and *CH2, to form *COCH2 (CO + *CH2 → *COCH2); stage 4 → 5, reduce *COCH2 to CH3CHO (*COCH2 + 2H+ +2e− → CH3CHO); stage 5 → 6, reduce CH3CHO to CH3CH2OH (CH3CHO + 2H+ +2e− → CH3CH2OH). Reprinted with permission from Ref. [124]. Copyright © 2023, American Chemical Society. (b) FE on Cu(flat), OD-Cu(spheres), OD-Cu(cubes), and OD-Cu(dendrites), (c) FE on Cu90Zn10 (flat), OD-Cu90Zn10(spheres), OD-Cu90Zn10(cubes), and OD-Cu90Zn10(cauliflowers), (d) FE on Cu75Zn25(flat), OD-Cu75Zn25(spheres), OD-Cu75Zn25(cubes), and OD-Cu75Zn25(cauliflowers), and (e) OD-Cu(cubes), OD-Cu90Zn10 (cubes), and OD-Cu75Zn25(cubes) at −1.1 V vs. RHE [113]. 
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Figure 9. Probable mechanism of CO2RR with product distribution over intermetallic nano-alloys [104]. 
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Figure 10. (a) FE-SEM of nanosphere ZnO, (b) FE-SEM of nanorod ZnO, (c) FE-SEM of nanosheet ZnO electrocatalysts before CO2RR, respectively. (d) FEs (%) of CO at different current densities on ZnO electrocatalysts with different morphologies. (e) 1 atom%, (f) 3 atom%, and (g) 5 atom% of Ag doping and (h) FEs (%) of CO at different current densities on ZnO electrocatalysts with different Ag doping [158]. Reproduced with permission from Ref. [158]. Copyright © 2023, American Chemical Society. 
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Figure 11. Partial current density and Faraday efficiency of (a) CO, (b) C2H4, and C2+ products in CO2RRs with state-of-the-art catalysts. 
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Table 1. Electrochemical potentials of possible CO2RRs in aqueous solutions [43].
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	Products
	Equation
	E⊖ (V vs. RHE)





	Hydrogen
	2H+ + 2e− → H2
	0.000



	Carbon monoxide
	CO2 + 2H+ + 2e− → CO + H2O
	−0.104



	Methane
	CO2 + 8H+ + 8e− → CH4 + H2O
	0.169



	Methanol
	CO2 + 6H+ + 6e− → CH3OH + H2O
	0.016



	Formic acid/formate
	CO2 + 2H+ + 2e− → HCOOH
	−0.171



	Ethylene
	CO2 + 12H+ + 12e− → C2H4 + 4H2O
	0.085



	Ethane
	CO2 + 14H+ + 14e− → C2H6 + 4H2O
	0.144



	Ethanol
	2CO2 + 12H+ + 12e− → CH3CH2OH + 3H2O
	0.084



	Acetic acid/acetate
	2CO2 + 8H+ + 8e− → CH3COOH + 2H2O
	0.098



	n-Propanol
	3CO2 + 18H+ + 18e−→ CH3CH2CH2OH + 5H2O
	0.095
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Table 2. A summary of Zn monomer catalysts for CO2RRs to CO.
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Electrocatlyst

	
Method

	
Durability

	
Potential/VRHE

	
Current Density

	
Electrolyte

	
FECO

	
Ref






	
Dendritic Zn

	
Electrodeposition

	
3 h

	
−1.10

	
13 b mA·cm−2

	
0.5 M NaHCO3

	
79%

	
[49]




	
Hexagonal Zn

	
Electrodeposition

	
30 h

	
−0.85

	
9.5 mA·cm−2

	
0.5 M KHCO3

	
85.4%

	
[50]




	
−1.05

	
5.6 mA·cm−2

	
0.5 M KCl

	
95.4%




	
H-Zn-NPs

	
Electrodeposition and reduction

	
12 h

	
−0.96

	
5.3 mA·cm−2

	
0.1 M KHCO3

	
94.2%

	
[51]




	
Porous Zn

	
Electrodeposition

	
6 h

	
−0.95

	
27 mA·cm−2

	
0.1 M KHCO3

	
94.4%

	
[52]




	
−1.0

	
20 mA·cm−2

	
0.5 M KCl

	
91.8%




	
−0.8

	
25.6 mA·cm−2

	
0.5 M NaHCO3

	
73.1%




	
Zn Nanoplates

	
Anodized and electroreduction

	
10 h

	
−1.10 a

	
15 b mA·cm−2

	
0.5 M NaCl

	
93%

	
[53]




	
Zinc Nanowires

	
Hydrothermal

	
35 h

	
−0.95

	
40 mA·cm−2

	
0.5 M KHCO3

	
98%

	
[54]




	
Zn Nanopore

	
electroreduction

	
-

	
−1.21 a

	
15.1 mA·cm−2

	
0.25 M K2SO4

	
92%

	
[55]




	
RE-Zn-CO2

	
Cathodic electrodeposition

	
-

	
−1.10

	
16.2 mA·cm−2

	
0.5 M KHCO3

	
69.6%

	
[56]




	
RE-Zn-CO2/KCl

	
20 h

	
−1.05

	
4.3 mA·cm−2

	
0.5 M KCl

	
95.9%




	
LiET-Zn

	
Li electrochemical tuning

	
4 h

	
−1.17

	
26.5 mA·cm−2

	
0.1 M KHCO3

	
91.1%

	
[57]




	
Zn NPs (6.8 nm)

	
Inverse micelle encapsulation

	
-

	
−1.10

	
4 b mA·cm−2

	
0.1 M KHCO3

	
70%

	
[58]




	
Multilayered Zn Nanosheets

	
Electrochemical

reduction

	
7 h

	
−1.13

	
14 mA·cm−2

	
0.5 M NaHCO3

	
86%

	
[59]




	
Zn Nanoflakes

	
Electrodeposition

	
-

	
−0.9

	
~4.9 b mA·cm−2

	
0.1 M KHCO3

	
~43 b%

	
[60]




	
Porous Zn

	
Anodized and then reduction

	
2 h

	
−0.79

	
~1.3 b mA·cm−2

	
0.1 M KHCO3

	
81%

	
[61]




	
Zn Nanosheets

	
Electrochemical

reduction

	
~24 h

	
−1.0

	
~8 b mA·cm−2

	
0.1 M KHCO3

	
90%

	
[62]




	
HP-Zn

	
Electrochemical

reduction

	
8 h

	
−1.10

	
10 mA·cm−2

	
0.1 M KHCO3

	
91.3%

	
[63]




	
CTAB-Zn Nanosheets

	
Surfactant-modified Zn nanosheets

	
12 h

	
−1.10

	
13.1 mA·cm−2

	
0.5 M KHCO3

	
95.6%

	
[64]




	
OD-Zn-CTAB

	
Electrochemical

reduction

	
14 h

	
−1.0

	
8.2 mA·cm−2 (pcd)

	
0.1 M KHCO3

	
90%

	
[65]




	
Zn Nanosheets

	
alkali corrosion and electrochemical restructuring

	
14 h

	
−0.90

	
9.9 mA·cm−2

	
0.5 M KHCO3

	
92%

	
[66]








a This value is converted to RHE scale based on the information in the article. b This value is not mentioned in the article but derived from the graphical results.
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Table 3. Summarized CO2RR activity of Zn-based bimetallic materials.
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Electrocatalyst

	
Durability

	
Potential

	
Current Density

	
Electrolyte

	
Main Product

	
FE

	
Ref






	
Cu9Zn1/PTFE

	
7 h

	
−0.76 VRHE

	
93 mA·cm2

	
1M KOH

	
C2H5OH

	
~25%

	
[38]




	
Cu70Zn30 NPs

	
1 h

	
−1.35 VRHE

	
~38 a mA·cm−2 (pcd b)

	
0.1 M KHCO3

	
CH4

	
70.2%

	
[84]




	
Zn–Cu (5s)

	
20 h

	
−0.96 VRHE

	
3.09 mA·cm−2 (pcd)

	
0.1 M KHCO3

	
CO

	
97%

	
[91]




	
CuZn0.4

	
4 h

	
−1.0 VRHE

	
4.3 mA·cm−2 (pcd)

	
0.1 M KHCO3

	
CO

	
70%

	
[92]




	
Phase-separated Cu–Zn NW

	
15 h

	
−1.0 VRHE

	
~16 mA·cm−2 (pcd)

	
0.1 M KHCO3

	
CO

	
94%

	
[93]




	
Core-shell Cu–Zn NW

	
-

	
−1.0 VRHE

	
~10 mA·cm−2 (pcd)

	
0.1 M KHCO3

	
CO

	
82%

	
[93]




	
Cu/Zn

	
4 h

	
−1.6 VRHE

	
0.7 mA·cm−2 (pcd)

	
0.5 M KCl

	
CH4

	
52%

	
[94]




	
Cu5Zn8

	
-

	
−1.0 VAg/AgCl

	
-

	
0.1 MKHCO3

	
HCOOH

	
71.1%

	
[95]




	
Zn–Cu

	
18 h

	
−1.0 VRHE

	
~3.1 mA·cm−2

	
0.5 M KHCO3

	
CO

HCOOH

	
48.7% a

25.3% a

	
[96]




	
Zn75Cu25 Alloy

	
>9 h

	
−0.9 VRHE

	
~13 mA·cm2 (pcd)

	
0.1 M Cs2CO3

	
Syngas

	
94% a

	
[97]




	
Zn–Bi

	
7 h

	
−0.8 VRHE

	
3.5 a mA·cm−2

	
0.5 M NaHCO3

	
HCOOH

	
94%

	
[98]




	
Zn–In

	
24 h

	
−1.2 VRHE

	
22 mA·cm−2 (pcd)

	
0.5 M KHCO3

	
HCOOH

	
95%

	
[99]




	
Zn–Sn

	
12 h

	
−1.06 VRHE

	
9.95 mA·cm−2 (pcd)

	
0.5 M KHCO3

	
HCOOH

	
94%

	
[100]




	
Pd–Zn/CB

	
-

	
−0.1 VRHE

	
-

	
0.1 M KHCO3

	
HCOOH

	
99.4%

	
[101]




	
Pd-Zn-GCN

	
17 h

	
−0.90 VRHE

	
4.4 mA·cm−2 (pcd)

	
0.1 M KCl

	
CO

	
93.6%

	
[102]




	
PtxZn/C

	
16 h

	
−0.90 VRHE

	
-

	
0.1 M NaHCO3

	
CH3OH

	
81.4%

	
[103]




	
Zn–Sb

	
6 h

	
−1.0 VRHE

	
7.6 mA·cm−2 (pcd)

	
0.5 M KHCO3

	
HCOOH

	
92%

	
[104]




	
Zn–Ni

	
~11 h

	
−0.9 VRHE

	
8.25 mA·cm−2 (pcd) a

	
0.1 M KHCO3

	
HCOOH

	
36%

	
[105]




	
Zn3Sn2

	
12 h

	
−1.1 VRHE

	
26.0 mA·cm−2 (pcd)

	
0.5 M KHCO3

	
HCOOH

	
96.7%

	
[106]




	
3-Cu–Zn

	
1 h

	
−0.91VRHE

	
10.16 mA·cm−2

	
0.5 M KHCO3

	
HCOOH

	
21.6%

	
[107]




	
CO

	
30.7%




	
Zn–Cu@Cu

	
12 h

	
−1.25 VRHE

	
21.4 mA·cm−2 (pcd)

	
0.5 M NaHCO3

	
HCOOH

	
48.6%

	
[108]




	
s-Cu1Zn3Ox

	
50 h

	
−2.16 VRHE

	
93 a mA·cm−2 (pcd)

	
1 M KOH

	
CH4

	
23% a

	
[109]




	
Cu–Zn alloy

	
15 h

	
−1.1 VRHE

	
6.1 mA·cm−2

	
0.1 M KHCO3

	
C2H4

	
33.3%

	
[110]




	
HMMP Cu5Zn8

	
11 h

	
−0.8 VRHE

	
3.6 mA·cm−2

	
0.1 M KHCO3

	
C2H5OH

	
46.6%

	
[111]




	
Cu75Zn25–C

	
7 h

	
−1.0 VRHE

	
6.7 mA·cm−2

	
0.1 M KHCO3

	
C2H4

	
15%

	
[112]




	
OD-Cu75Zn25

(cubes)

	
-

	
−1.1 VRHE

	
-

	
0.1 M KHCO3

	
C2H4

C2H5OH

	
41.1%

16.1%

	
[113]




	
Zn0.87Ag0.13 GDE

	
100 h

	
−1.15 VRHE

	
100 mA·cm−2

	
1M KCl

	
CO

	
96%

	
[114]




	
Ag–Zn

	
-

	
−1.2 VRHE

	
-

	
0.1 M KHCO3

	
CO

	
63%

	
[115]




	
AgNN@Zn15

	
12 h

	
−0.86 VRHE

	
-

	
0.5 M KHCO3

	
CO

	
91.05%

	
[116]




	
CP/PPy/Zn/Ag

	
-

	
−1.3VRHE

	
8.6 mA·cm−2(pcd)

	
0.1 M KHCO3

	
CO

	
~70%

	
[117]




	
Ag-alloyed Zn

	
40 h

	
−0.9 VRHE

	
21 mA·cm−2(pcd)

	
0.1 M CsHCO3

	
CO

	
97%

	
[118]




	
Zn94Cu6

	
36 h

	
−0.95 VRHE

	
5 mA·cm−2 a

	
0.5 M KHCO3

	
CO

	
90%

	
[119]




	
Ag–Zn

	
40 h

	
−1.0 VRHE

	
2.97 mA·cm−2 (pcd)

	
0.1 M KHCO3

	
CO

	
84.2%

	
[120]




	
Cu2O/ZnO (1:1)

	
5 h

	
−1.3V Ag/AgCl

	
10.64 mA·cm−2

	
0.5 M KHCO3

	
CH3OH

	
17.7%

	
[121]




	
SnO2/ZnO

	

	
−1.3 VRHE

	
24.9 mA·cm−2 (pcd)

	
0.5 M KHCO3

	
HCOOH

	
98%

	
[122]




	
Cu4Zn

	
5 h

	
−1.05 VRHE

	
8.2 mA·cm−2

	
0.1 M KHCO3

	
C2H5OH

	
29.1%

	
[123]




	
Cu2O/ZnO-GDEs

	
20 h

	
−

	
10 mA·cm−2

	
0.5 M KHCO3

	
CH3OH

	
27.7 a

	
[124]




	
CuO/ZnO/C

	
75 h

	
−0.75 VRHE

	
367 mA·cm−2

	
1 M KOH

	
C2H4

	
50.9%

	
[125]




	
GuZn20/NGN

	
24 h

	
−0.8 VRHE

	
3.95 mA·cm−2

	
0.1 M KHCO3

	
C2H5OH

n-C3H7OH

	
34.25%

12.38%

	
[126]




	
Cu/ZnO

	
10 h

	
−0.73 VRHE

	
466 mA·cm−2 (pcd)

	
1 M KOH

	
C2+

	
78%

	
[127]




	
CuO-ZnO10

	
12 h

	
−0.8 VRHE

	
3.78 mA·cm−2

	
0.1 M KHCO3

	
C2H5OH

	
22.27%

	
[128]








a This value is not mentioned in the article but derived from the graphical results. b pcd represents partial current density.
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