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SUMMARY 

Copper (Cu) is the most efficient metal that can electrochemically convert CO2 to various chemical 

feedstocks at reasonable efficiency. The activity and selectivity toward the CO2 reduction reaction 

(CO2RR) largely depend on the surface sensitivity and electrokinetics of Cu catalysts. Surface 

engineering is achievable through tuning the structure, and crystal orientation. The Cu-surface 

modulation and tunings, e.g., controlled morphology, oxygen vacancies, and alloys on supports or 

substrates propose different reaction tracks and intermediates, while common routes are *CO 

dimerization, C-C, and C1-C2 coupling for the formation of C2 and C3 products. In this review, 

recent progress on the surface engineering of Cu-based catalysts is primarily recaptured and 

explained. The fragmentation, coalescence, and aggregation of Cu nanoparticles cause stability 

issues of Cu catalysts during the CO2RR, which has also been discussed. Finally, we summarize 
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critical strategies and approaches to surface engineering of Cu-based catalysts for the efficient 

CO2RR.  
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1. INTRODUCTION 

Atmospheric carbon dioxide (CO2) emission has increased by 2.2% per annum from fossil fuels 

and industry. Global emission needs to reduce and limit the climate change to below 2ºC warming, 

which is one of the plans of the Paris agreement among eighteen developed economies,1 

spotlighting the importance of carbon-neutral processes.2-4 The efficient electroreduction of CO2 

into beneficial hydrocarbon fuels is an ultimate strategy to overcome the urgent need for renewable 

energy for the reduction of greenhouse gas emissions.2,5-15 Large input energy is required for the 

activation of CO2 because different reaction pathways are needed to result in multi-carbon products 

with high selectivity. Thus, an exceptional catalyst engineering inventory promotes these multiple 

processes for the CO2 reduction reaction (CO2RR) through direct electrical energy input under 

ambient conditions.16-23 In particular, copper (Cu)-based materials have been explored widely for 

the CO2RR to the valuable products of fuels and chemicals with decent efficiency. In contrast, Cu-

free catalysts have also shown the property for the CO2RR to C2+ products but low faradaic 

efficiency (FE) limits further use. Cu has the negative adsorption energy for *CO, which serves as 

an essential intermediate in CO2RR, and reaches a balance between *CO2 and hydrogenation of 

*CO to proceeding hydrocarbon products, bestowing Cu with unique properties to find product 

beyond CO. However, this faces greater challenges for an ideal Cu-based catalyst toward a specific 

product. Polycrystalline copper foil for the CO2RR, for example, could produce more than sixteen 

various products which require energy-intensive separations,24,25 highlighting the CO2RR 

dependence and sensitivity to the surface of Cu catalysts. The sensitivity to the Cu-surface pointed 

to the surface reconstruction or evolution of Cu catalysts under CO2RR, which results in the 

modified electronic structure, surface oxidation states, and atomic arrangements,25-28 thus having 

dominant impacts on the catalytic performance (discussed in Section 3).29-31 Although the chemical 
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and structural states of Cu-surface in CO2RR are still under debate and remain elusive, surface 

engineering is crucial to enhance the selectivity and activity for the CO2RR to particular 

hydrocarbon. The pioneering work on surface engineering of catalysts for the CO2RR was reported 

by Hori et al. in 1985, which predicted that product selectivity is related to the facets of Cu single 

crystal, such as selective CO2 reduction to ethylene and methane on Cu(100) and Cu(111), 

respectively.32-34 To date, several studies have focused on the alteration in the surface structure of 

Cu catalysts to enhance their FE towards energy-dense products.35,36 While many detailed reviews 

and prospective articles have been published on Cu and non-Cu catalysts for the CO2RR, a focused 

surface engineering of Cu catalysts would be highly demanded to provide a unique insight into 

how to rationally design highly active and selective catalysts for the CO2RR.32,37,38 Besides these 

extensive studies, there is still a need to elaborate the concept of Cu-surface engineering because 

the Cu-surface can give the promising activity for the CO2RR to C2+ products to neutralize the 

carbon in the environment.  

Herein, we aim to provide a comprehensive review of surface engineering Cu catalysts for 

the CO2RR to tune its selectivity and catalytic activity. We also discuss how the optimized surface, 

phase effects, morphology, and structure of catalyst influence the catalytic performance and 

reasons of Cu-catalysts’ instability during CO2RR. 

2. MECHANISTIC VIEW OF THE CO2RR AT CU SURFACE  

Cu has been widely applied for the CO2RR because of its inherent properties to produce multi-

carbon products at modest overpotentials.39-50 The different Cu-surface would affect the structure 

of adsorbates, leading to the generation of different intermediates and reaction tracks during the 

structure-sensitive CO2RR process. Therefore, it is compulsory to sufficiently understand the 

reaction routes on Cu-surface to hydrocarbons. 
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The electroreduction of CO2 on the surface of Cu proceeds multiple electron-proton transfers 

and generates multiple intermediates through several pathways, producing a range of products 

simultaneously. The Cu-surface is the only surface to generate at least 16 hydrocarbon products 

because of adequate *CO adsorption and nominate the complexity of the mechanism. As 

simplified, the adsorbed *CO with the assistance of one electron and one proton (*H) on the Cu-

surface produces intermediates (*COH or *CHO), and forms *OCCO via the C−C bond coupling. 

Further combination of *COH and *CO produces *COCOH, and then undergoes a series of 

multiple proton-coupled electron transfer (PCET) processes to yield various C2+ products, which 

could be tuned and directed by surface engineering of Cu-catalysts for the CO2RR through atomic 

arrangements, geometry, and Cu-facets for particular hydrocarbon products.25,51-53 Therefore, a 

deep understanding of the mechanistic view of CO2RR is required for surface engineering of 

efficient electrocatalysts to control the reaction steps and obtain desired products. Jaramillo’s 

group has drawn a flow for the consensus, and summarized the reaction tracks of three decades 

working for the CO2RR on Cu-surface with different tuned structures (Figure 1).32 As described, 

the early theoretical studies presented the primary C-C mechanism and multi-electron transfer 

reactions, and explored diverse C2 products combined with experimental observations. 

Furthermore, the dimerization of *CO is a common concept for producing the >2e- products (e.g., 

C2H4, C2H5OH, and n-C3H7OH) on bulk Cu-surfaces. Details of these complicated tracks can be 

found elsewhere.32,54-57 For a typical reduction of CO2 to C2H4, the surface structure of single-

crystal Cu-catalyst presented promoted *CO dimerization and higher C2H4 selectivity on Cu(100) 

than Cu(111), which further indicated the effect of surface engineering on the products.32 

Qiao et al. also presented a road map on the Cu-surface for the CO2RR to the formation of 

different C2 products such as CH3COOH, C2H2O2 (< 1%), C2H6O2, and C2H6 produced by utilizing 
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*CHO and *COH intermediates, respectively.58 Experimental protocols also validate these 

complicated pathways of C2 products. During CO2 reduction to C2, the CH3 is a key intermediate, 

in which C2H6 has been produced through the dimerization of *CH3, which were also empirically 

confirmed through isotopic studies on oxide derived Cu-surface.59,60 The *CHO is a precursor for 

the formation of CH4, which also promotes the formation of C2H4O2 and C2H6O2 through the CO 

inclusion mechanism. Conclusively, the most accepted agreement of C2 formation is the *CO 

dimerization, and the C-C coupling on Cu(100) is the primary stage of the rate-determining step 

for a complete track for C2-products.61-63 Additionally, theoretical studies evidence that strong 

binding of CO-CO-, *CH2CHO converts to *CH3CHO and *CH3CH2O.39,64,65 Besides, for more 

complicated C3 products, the key protocol of *CO-CO for higher FE could be realized on the 

designed Cu-cavity type morphology with a modified electronic structure, in which the structure 

of Cu NPs with nanocavities effectively concentrates C2 species, and promotes the formation of 

C3 products via the confinement of C2 intermediates.66 However, few in-situ spectroscopy studies 

support that C2 intermediates (e.g., (*CH3CH)-CH2CHO or *CH3-CH)) could couple with adjacent 

C1 products to form CH3CH2CHO, therefore, C3-pathway is still unresolved.65 Overall, based on 

the literature survey, we found that different engineered Cu-surface, and morphologies followed 

different intermediate routes for the CO2RR, while common routes are *CO dimerization, C-C and 

C1-C2 coupling for the formation of C2 and C3 products. The particular type of products could be 

obtained through CO2RR on specific controlled engineered Cu-surface. 

3. SURFACE ENGINEERING OF CU-BASED ELECTROCATALYSTS 

Surface engineering is an effective strategy for tuning surface structure by the insertion of foreign 

metal or non-metal elements into Cu-structure with controlled facets, shapes and oxidation states 

to stabilize the catalyst surface for the CO2RR. Surface engineering of Cu-based electrocatalysts 
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plays a vital role in improving activity and selectivity. The surface can be tuned and engineered 

through various applied protocols to reconstruct electrocatalysts.67-69 There are several ways to 

alternate surface modulation and tunings, such as morphology control, the inclusion of oxygen 

vacancies, and the insertion of secondary transition metal species to form Cu alloys on supports or 

substrates. Recently, for example, surface roughness or specific modified structure of the Cu-based 

electrode has proven to be effective for enhancing activity/selectivity in CO2RR.70 Furthermore, 

the tuned electronic structure, chemical composition, atomic arrangements, and surface oxidation 

states promote the CO2RR process.30 The brief overview of these properties has given below. 

The electronic effect. The tunable composition in Cu-based alloys (i.e., Cu-Au) has been correlated 

with the variation in electronic properties.71-74 The d-band center moves away from the Fermi level 

because of the higher atomic ratio of foreign elements (i.e., Au), and modifies the electronic 

structure, resulting in optimized binding energy for *CO and *COOH intermediates to promote 

activity and selectivity of CO2RR.31,75-78 Experimentally, electrochemical impedance spectroscopy 

(EIS) and powder X-ray diffraction (PXRD) characterize the possible coinciding between grain 

size, microstrain, and charge transfer resistance to know about the reactivity of catalysts. The 

lattice strain on the catalyst surface could affect the binding strength of intermediates and charge 

transfer resistance. For instance, the high microstrain presents low charge transfer resistance, and 

promotes the electrokinetics of catalysts. This particular correlation between charge transfer 

resistance and microstrain highlights the significance of electronic properties for the adsorption of 

reactant molecules and kinetics during CO2RR. However, there is still a lack of clear vision about 

the decoupling of electronic structure, composition, and geometry.  

Atomic arrangements. The Cu-surface has exhibited dynamic changes in chemical states under the 

applied potential and local environment. Engineering the atomic arrangement in Cu-alloys such as 
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sub-ordered structure, core-shell, and separated phase provides unique coordination numbers to 

control electron transfer steps and product selectivity.25,79 Similarly, the two-dimensional surface 

of Cu foil possesses a polycrystalline structure. Polished polycrystalline foil with a primary facet 

of (111) can catalyze the C-C coupling for C2+ products with lowered efficiency for C1 products. 

However, the Cu single crystal with (100) facet has been suggested more suitable for C2+ products 

than the (111) facet. It is worth noting that the support or substrate is also essential for depositing 

Cu species to create a novel interface for promoting the catalytic activity of CO2RR. Therefore, it 

is of prime significance to preciously identify and select proper substrates to grow specific crystals 

and particular facet with desired products for the CO2RR. A well-known example of Cu-deposition 

is a thin Cu film rich with active sites which conveyed high CO2RR activity. The active surface 

can be engineered through epitaxial growth with several facets such as Cu(100), Cu(111), and 

Cu(751). In this context, the powerful in-situ electrochemical scanning tunneling microscopy 

(STM) could find evidence of the linking of lattices on the surface different from the bulk structure, 

further confirming that Cu(100) and Cu(751) facets are highly active for the CO2RR. For example, 

the single crystal of Cu with the (100) facet provides a sensitive surface, which promotes the CO 

reduction to higher C-C coupling selectivity and activity for hydrocarbon production.80 Besides, 

the presence of oxygen vacancies deposited on the Cu surface also facilitates the C-C coupling, 

thus exhibiting promising performance during CO2RR with the faradaic efficiency (FE) for the 

ethylene and ethanol of ~45% and ~22%, respectively.30,81 

Surface Oxidation States. The reconstruction of Cu-surface by oxidation has a great impact on the 

activity and selectivity of CO2RR.82 The controlled surface oxidation and adsorption of 

intermediates in CO2RR are important for producing unique catalysts with selective products.83 

Experimentally, in-situ spectroscopies such as surface-enhanced infrared absorption spectroscopy 
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observed the adsorption states of CO on oxide-derived Cu catalysts for C1 and C2+ products.84 The 

developed grain boundaries on the as-prepared Cu electrode provide unique surface sites with low 

coordination, serving as the active sites for the CO2RR. Among all the studied oxide-derived Cu 

catalysts, only Cu(I) sites could not improve the CO2RR. However, the efficiency and selectivity 

could be significantly enhanced by incorporating Cu(I) and Cu(0) to induce a synergy, which 

enhanced the kinetics and thermodynamics of both CO2 activation and CO dimerization for C2 

production.32,83 Besides, the combination of the controlled morphology and oxides (e.g., CuxO or 

CuO) or phases (e.g., (111), (100), etc.) could tailor the active sites and enhance the surface area, 

thus increasing the CO2RR performance for C2 products. According to Wulff-constructed clusters, 

for example, Cu(100) phase presents a vital role in the electroreduction of CO2 to C2 product 

because of the reduced surface energy and enhanced stability of the intermediates than Cu(111).81  

Surface engineering via the insertion of non-metal elements (S, N, Se, or P) into Cu structure 

enhances the active sites for CO dimerization during CO2RR. The inclusion of S or Se species on 

the surface of the Cu electrode also produces C2 product. In a similar context, the insertion of 

heteroatoms (N, S, or P) into carbon structure tuned the electronic spin, providing active sites for 

the CO2RR. The pyridinic-N and pyrrolic-N moieties in carbon structure bestow unique catalytic 

activity for the CO2RR.78 The possible reduction mechanism occurs on the pyridinic-N when N is 

replaced into a C6 ring of graphitic structure, leaving a lone electron-pair at 120° from two N-C 

bonds and perpendicular to π-network. In contrast, the p-electrons of graphitic-N and pyrrolic-N 

were fully conjugated to graphitic π-network without any localized electron pairs. Consequently, 

the pyridinic-N dopant acts as a Lewis base for protonic bonding and interaction of CO2 on the 

catalyst for reduction. 
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The Cu-surface can be modified through different controlled morphologies with a particular 

phase, metal or non-metal species insertion into the Cu surface in ordered or disordered ways, 

which presented different surface chemistry, surface reactions, and different selectivity of CO2RR, 

as shown in Figure 2. Moreover, the active surface can be generated through Cu-vacancy, surface 

strains, and defects, enhancing the surface energy to promote the CO2RR process. In this section, 

the most repetitive literature examples have been selected based on the perspectives of bulk Cu 

(polycrystalline Cu-surface, and Cu-foil), Cu-nanoparticles with different edges and shapes with 

particular face, non-metallic elements doped Cu-structures, and Cu-single atoms into nitrogen-

doped carbon. The chemisorption of CO2 with H2O on Cu and physisorption of CO2 with O on 

Cu-surface were discussed. Afterward, a brief discussion has given on stability issues with Cu-

catalysts and techno-economic analysis for CO2RR-electrolyser. Lastly, challenges and future 

perspectives were summarized. 

3.1 Tuning Cu Surface for the CO2RR 

As mentioned above, CO2RR is a complex process because of the multi-electron transfer steps on 

sensitive surface of Cu-catalysts.85 Sensitive surface could relate to surface-reconstruction or 

structural evolution on primary Cu-surface under applied environment such as applied potential, 

plasma impulse and pH values in CO2RR. Many reports have demonstrated tuned Cu-surface by 

controlling facet, crystal structure, morphology and valency could enhance the C-C coupling, 

which is a possible pathway for forming C2+ products on Cu-surface (i.e., Cu(100)) with the 

catalytic role of existing oxygen and Cuδ+. In this regard, the existence of Cu(I) and Cu0 on the 

catalytic surface was found to promote CO dimerization.83,85-89 Nonetheless, Cu(I) was not stable 

under operando CO2RR conditions. However, it could be stabilized with modifier elements or 

control over the exposed facets of traditional CuO-based catalysts to form the polycrystalline 
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surface. To better understand the control over CO2RR selectivity, a well-defined active surface 

with known composition is quite compulsory. For instance, Rosa et al. presented a simultaneous 

effect on well-defined structure with Cu(I) species for the CO2RR to multi-carbon products.90 In 

particular, the anodic pulse was applied to the electrode at a particular defined potential, which 

facilitates the formation of oxidized Cu(100) surface with particular defects and coexistence of 

Cu0 and Cu(I) species for selective products, thereby contributing to C2 production. Similarly, the 

surface modification could be performed through cyclic voltammograms (CVs) on different single 

crystal electrodes in different pH of electrolytes.87,91 A particular voltage could be selected for 

finding Cu's favored C-C coupling surface (100), for example, Cu2O was formed at 0.3 V (vs. 

RHE), and CuO was presumed at 0.8 V (vs. RHE).85,88 Moreover, the pretreatment process is 

essential for tuning or reconstructing the surface under CO2RR. The surface morphology in 

different early treated samples with flat surfaces was transmuted to the granular surface under 

applied potentiostatic conditions (Figure 3a-b).90 It is worth noting that the pulse time is necessary 

to tune the surface structure and composition. The Cu-surface could be changed by applying pulse 

in different exposure times, which can be also confirmed by using in-situ X-ray photoelectron 

spectroscopy (XPS) at different applied potentials. After continuous oxidation/reduction of the Cu-

surface under positive applied potentials, large structures of the cubic island with facet (100) and 

step edge defects on their endings reduced to faint cubic structure because of surface defects 

(Figure 3c-f).90 The same pulse conditions could be applied for the CO2RR to monitor the surface 

alteration on Cu(100) and achieve higher selectivity of C2+ at 0.6 V. Similarly, final products of 

CO, CH4, and C2H4 could be observed on the Cu surface at -1.0 V, and ethanol production with 

suppressed hydrogen evolution reaction (HER) on Cu(100) at 0.8 V. To summarize, the 

engineering Cu-surface with highly defective surface, well-ordered domains, roughness, and (100) 
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terraces produced synergy for the CO2RR. Besides, the enhanced CO2RR performance is also 

linked to the reproduction of Cu2O. The pulsed electrolysis at a voltage of 0.6 V modified the well-

defined domains (100) represented by the red color curve (Figure 3g). In-situ surface-reformation 

of Cu(I) also exhibited a noticeable impact for selectivity of C2+ products with reduced by 37% in 

the defective Cu(100) electrode without pulsed. Similar results were obtained under different 

cathodic pulse times, as shown in Figure 3h. Even in the presence of defects on the Cu(100) 

surface at a constant applied potential, C1 products and HER process could occur in the absence 

of Cu(I) species. Thus, in addition to high oxophilicity Cu surface and Cu0 under applied potential, 

the reconstruction surface with Cu(I) plays a significant role in inhibiting the HER for ethanol 

formation. Conclusively, the simultaneous existence of (100) domains, large defect sites, and Cu2O 

surface is considered the most favorable for the CO2RR to C2+ products. For ethanol selectivity, 

the Cu surface could be engineered for Cu(I) and Cu(0), whereas ethylene selectivity is dominant 

on the Cu(100) terraces. Thus, tuned surface structure and controlled composition could lead to 

higher production of the selective C2+ products.  

Additionally, selective oxygen plasma is a scalable and controllable technique, which can 

also reconstruct and activate the Cu surface for the CO2RR through changing the chemical states 

of Cu at ambient conditions and producing surface defects without sintering of NPs. Mistry et al. 

applied oxygen and hydrogen-based plasma to fabricate the novel oxide layers, porous surface 

structure, and tuned chemical states of polycrystalline Cu.91 Besides, CuO is grew on the grain 

boundaries, such as microwires on a rough surface. Specific techniques of operando XPS and 

STEM could be carried out to find insights into the Cu+ species and oxidative Cu surface for the 

CO2RR. The plasma-activated surface of Cu was significantly reduced with enhanced porosity 

during CO2RR, and more differences before and after CO2RR were exhibited in STEM elemental 
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mapping (Figure 4a-h).91 A transparent oxide layer was observed over metallic Cu film after the 

oxygen plasma treatment with a particular ratio of Cu : O (2.7 : 1.0) for the inner layer of Cu2O 

and 1.3 : 1.0 for the upper layer of CuO. It is worth noting that at grain boundaries and structural 

domain, oxide growth is the fastest under oxygen plasma treatment. The single-layer consisting of 

3 to 29% of oxygen atoms was observed where CuO was found over the layer, and rich Cu+ sites 

remained stable during the reaction. The HRTEM images presented the the structure of Cu2O inner 

layer/CuO outer layer converted to Cu-rich region after the reaction, which reduced the onset 

potential for the CO2RR with FE of 60% at a particular voltage (-0.9 V vs. RHE). In contrast, the 

H2 plasma-treated sample with the reduced active sites showed the worse activity for C2H4 

products.  

As another example, the surface of Cu gauze can also be modified through the surface growth 

of nanowires and coating with a microporous layer to form a gas diffusion electrode (GDE). After 

oxidation, the surface of the Cu gauze was covered by CuxO or Cu(OH)2 (Figure 4i-l).92 After 

additional coating with conducting carbon and polytetrafluoroethylene (PTFE), the Cu gauze was 

converted to a flat microporous layer and then cracked under heating (Figure 4m-p).92 As a result, 

various morphologies and/or compositions resulted in the differentiate CO2 electroreduction 

performance. For example, the CO2RR on Cu nanowires derived from wet chemical oxidation 

(WCO-Cu) produced C1. In contrast, upon thermally annealing, the Cu gauze (TA-Cu) produced 

C2 products with an FE of 40% at current densities of 200 mA/cm2 in a flow cell.  

Furthermore, electrodeposition of the foam allows the interlinkage between Cu pores (Figure 

4q-v),93 where eventually, the color of the foam was altered to reddish, as shown in the inset of 

Figure 4q.93 The dendrites structure protrudes on the edges of the pores of a specific diameter (20-

50 μm) under controlled parameters of pH and deposition time, which exhibited 29% of HCOOH 
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production under ambient conditions.93 Besides, Cu nanofoam presented the novel electrode 

structure for the CO2RR, which depends on systematic changes including pore diameter, pore 

depth, and pH environment. The nanoporous Cu foam, for example, was prone to oxidation (CuO 

and Cu2O) because of its higher surface area. After 30 s and 60 s of electrodeposition, the 

nanofoam of Cu formed the interconnected pore structure, and increased in thickness with 

extending electrodeposition time (Figure 4w-x).94  

Besides experimental evidences, theoretical computations with density functional theory 

(DFT) and machine learning (ML) could determine the CO adsorption properties and constructive 

active sites visualization on Cu-surface for CO2RR processes. The surface structural criteria could 

be optimized by calculating the reaction energies for intermediates and rate determine steps. The 

coupling study of ML for conceptually visualizing of reactive force field (ReaxFF-ML) for the 

large number of atoms (e.g., 20,000) and DFT for calculating the reaction energies of intermediates 

could be a good methodology for advanced studies on Cu-surface engineering. Bell et al. presented 

the role of surface roughness for producing the higher selectivity for C2+ products and CO binding 

active sites on the Cu roughed surface by oxygenate to hydrocarbons. The ReaxFF-ML approach 

has predicted the CO-binding energy on the electrochemically polished and plasma treated Cu-

surface to determine the low redox sites on particular Cu facets (i.e., (111), (100) and (211)) 

(Figure5a-c).95 The higher binding sites for CO were appeared on Cu(211) after plasma irradiation 

(Figure 5c) which are consistent to experimental for low selectivity of CO. The strong adsorption 

of CO* and H* on the Cu-surface is expected to the formation of hydrocarbon products. Similarly, 

Goddard et al. proposed the specific neural network model by using ReaxFF to find the adsorption 

energies over the wide range of surface sites, presented in a statistical view (Figure 5d-e).96 There 

are different CO-adsorption energies (-0.55 to -1.43 eV) on the surface of Cu nanoparticles. The 
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Cu clusters presented the (111), (100) and (211) facets which evidenced the large number of active 

sites. Furthermore, ReaxFF-ML was also applied for interlacing the quantitative structural 

properties and CO-adsorption energies to indicate the active sites on different Cu-facets to improve 

the selectivity for hydrocarbon products The use of ML is suitable for predicting the CO-

adsorption energy, surface structure and activity relationship, perfect extrapolation of experimental 

study, and selective active sites for the CO2RR. 

3.2 Tuned Shape of Cu Surface for the CO2RR 

Engineering Cu-surface with different edges, shapes, facet and oxidation states could control the 

reaction paths for the CO2RR to particular hydrocarbon products. However, understanding the 

origin of activity and selectivity on the surface of Cu electrocatalysts is a challenging step. Initially, 

polycrystalline Cu foil was directly applied to convert CO2 to hydrocarbons because of the 

metastable grain boundaries. Later, it was found that CO2RR catalytic activity also depends on the 

morphology of the electrocatalysts. For example, Cu NPs could further enhance the superior 

catalytic activity for the CO2RR than polycrystalline Cu foil due to their homogenous morphology 

with leading edges, high surface to volume ratio, and new exposed active sites.97-105 The high 

surface energy facets on the modified Cu-surface have been regarded as a necessary part of a 

structure with high catalytic activity, stability and selectivity. In addition to the surface energy, the 

catalyst would become more active when the particle size was reduced to 50 nm due to 

uncoordinated sites on the surface, which tuned the electronic structure and enhanced the catalytic 

activity. Also, a smaller size introduced a significant strain of the surface atom, influencing the 

catalytic activity. Correspondingly, these catalyst properties can enhance the activity of the 2e- 

processes, and promote intermediate rate-determining steps.106,107 However, CO2RR consists of 
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>2e- products, involving quite complex proton-electron transfers. Therefore, it is difficult to predict 

how tuning the electronic structure might affect the CO2RR performance.  

After reviewing several reported Cu-based electrocatalysts for the CO2RR, we found that the 

product selectivity is directly related to Cu surface structure. For example, the ethylene, methane, 

ethanol were produced on Cu(100), Cu(111), and Cu(110), respectively.40,58,83,108-114 Some reports 

claimed that the selectivity of ethylene could be greatly enhanced on the surface of Cu cubes of 

100 nm with facets of (100) as well as a single crystal surface of (100). Besides, the size and shape 

of the catalysts also affected the selectivity and reaction tracks of CO2RR. Usually, a well-known 

colloidal chemistry method was adopted for the controlled shapes of Cu spheres (7.5 to 27 nm) 

(Figure 6a).115 Comparatively, the cubic shape of the Cu crystal presented more actively, for 

instance, about 80% carbon products involving 50% ethylene could be generated on the Cu cubes 

of 44 nm.115 Besides, Suen et al. fabricated several Cu-shapes such as cubic (C-Cu), hexarhombic 

docadehedron (H-Cu), and octahedron (O-Cu) for the CO2RR (Figure 6b-c).116 Each Cu-shape is 

responsible for different products under CO2RR. In particular, C-Cu could enhance the formation 

of ethylene, H-Cu is responsible for ethanol formation (∼25%), and O-Cu could produce a large 

amount of CO and methane, which also revealed that the atomic arrangement on the Cu surface is 

essential for the selectivity of the various products. Moreover, the edges are also important for the 

attributed products because of high adsorption energy for *CO.23,84 Different shapes consist of 

different edges, such as 6 Cu(100) planes with 12 edges for C-Cu and 4 Cu (100), 8 Cu(111) with 

28 edges for H-Cu, and 8 Cu(111) planes with 12 edges for O-Cu. Another example of the oxide-

derived Cu (OD-Cu) was found for the CO2RR with higher activity for selectivity of C2+ products 

because of the rapid C-C coupling formation (Figure 6d).110 In particular, Cu2O NPs can also be 

synthesized with controllable facets for controlled CO2RR catalytic activity. Particular facets of 
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Cu2O can be controlled by using particular surfactants of hydroxylamine hydrochloride with 

additional surfactant (Figure 6e).77 Besides, different facets and atomic arrangements on the Cu 

surface of porous Cu (P-Cu) microsphere with particular coordination number (CN) also presented 

good catalytic activity for C2+ products. For the CO2RR, CN of 6 and 8 are promising for the 

CO=CO dimerization on the Cu surface. The effective methods to create surface energies include 

etching process and capping effects, which can convert the low-energy surface to a high-energy 

surface, and tune the surface energies during the formation of the crystals, respectively. For 

example, the cubic shape and the Cu crystal of the facet (110) often present high-energy facets for 

enhancing the CO2RR. The work function value is also important to know about surface energy. 

Among the Cu facets of (100), (111), and (110), the (110) presents the smallest value of work 

function and the highest energy on the surface, which would be easier to be oxidized to promote 

the surface reactions. Similarly, dodecahedrons present a high surface energy (110) facet, which 

was produced via the etching process. With different etching duration, the shape of the particles 

was changed from (100) into (110) facets with higher surface energy (Figure 6e).77 Etching 

processes longer than 12 h would only reduce the particle size rather than altering their shape fully 

enclosed by (110) facets. Furthermore, the adsorption of iodide ions on the surface of the compact 

Cu is responsible for the porous structure, which possesses moderate CN responsible for 78% 

selectivity of C2+ products (Figure 6f-i).117 However, it is suspected that NPs of defined 

morphologies can interact during catalytic reactions but wherein they agglomerate to form larger-

sized NPs with faded catalytic activity.  

Besides, Cu-surface could be engineered by functionality with hydroxy groups (HCO3
-, and 

OH-), promoting the selectivity for the CO2RR and suppressing the HER. For a Cu2O(111) 

octahedral catalyst, for example, the hydroxy groups on Cu-surface tuned the charge transfer 
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mechanism, mass transport, and enhanced the adsorption energy of *COOH.76 Furthermore, the 

cationic homopolymers and tricomponent copolymer on Cu-surface influenced the activity and 

selectivity for the CO2RR, which improves the access of reactants and reduces the blockage of 

active sites on surface.118-120 

3.3 Engineering of Cu Surface through the Insertion of Metallic Species 

While the surface engineering and structural evolution could regulate the activity and selectivity 

of particular electrochemical processes, several scientists have also tried to mix other metals with 

Cu to produce a strong synergy for the CO2RR with high FE values for C2+ products. As a result, 

bimetallic Cu-based catalysts, such as CuAu, CuPd, CuZn, CuFe, and CuSn catalysts have been 

reported widely. Benefiting from different atomic arrangements, tuned binding energy, enhanced 

reaction kinetics, and modified reaction pathways for the CO2RR, bimetallic catalysts usually 

present high selectivity for hydrocarbons production.50,119,121-126 For the synthesis of bimetallic 

catalysts, the accurate regulation of composition or bimetal ratio, and the rational modulation of 

structures and morphologies49,127 are of prime significance to enhance the catalytic performance. 

Generally, chemical reactivity of two different metals can merge and produce a unique bimetallic 

configuration with advanced properties. For example, Cu and Sn can be combined in three 

different structures, i.e., CuSn NPs/C-A heterostructure, CuSn NPs/C-H with core-shell structure, 

and CuSn NPs/C-AH with Janus structure under various controlled conditions of annealing and 

pre-treatment (Figure 7a-b),128 conveying different activities of CO2RR. The TEM and HAADF-

STEM images presented that CuSn NPs are dispersed with a diameter of 23 nm. The composition 

of CuSn consisted of 80.7/19.3 (Cu/Sn), which can be confirmed by energy-dispersive X-ray 

spectroscopy. The Cu phase was cubic (fcc) with an amorphous structure of Sn. The existence of 

3d5/2 and 3d3/2 in CuSn corresponds to Sn4+ with SnO2, found as a shell with a thickness of 1.48 
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nm. Both Cu and Sn are active elements for the CO2RR in 0.1 M KHCO3, producing primary CH4 

and C2H4 at -1.0 and -1.1 V, respectively. The interface of Cu/SnO2 could also affect the CO2RR 

activity on the heterostructure of Cu-SnO2. Theoretical studies correlate to a Sn6O12 cluster 

bounded on the Cu(111) slab to further elucidate the Cu/SnO2 interfaces effect (Figure 7c).128 The 

O atom contributed for hydrogenation on the surface of Cu/SnO2, yielding *COOH species at 0.52 

eV. The formation of *COOH intermediates is more favorable than that of OCHO* with ΔG of 

0.85 eV, thus promoting the removal of H2O, and activating the *CO with ΔG of -0.13 eV to form 

CO. Besides, the reactive site of SnO2 promotes higher efficiencies for H2 and HCOOH amounts. 

Benefitting from the abundant Cu/SnO2 interfaces in the Cu-Sn heterostructure, as a result, CuSn 

NPs/C-A presented the best CO2RR performance with FE of 70% from CO to HCOOH, as well as 

the long-term stability at -0.7 V, which further highlighted the importance of surface engineering 

Cu through additional metal atoms insertions along with the accurately structural regulation.128 

Similarly, Cu2O-SnO2 based cubic crystal with core-shell morphology also produced as trace yield 

of C and C2+ products at the cathodic potential of < -0.8 V. This activity was related to Cu and Sn 

active sites which can be tuned by relevant compositional ratio.51,129-131 

Furthermore, noble metals such as Ag, Pd, and Au also exhibit high efficiency of CO, can be 

bound to Cu as a bimetallic catalyst, or a tandem catalyst. In an example of the Au island on Cu 

catalysts (Au-i@Cu), DFT calculations predicted the high catalytic activity due to the creation of 

a bimetallic interface instead of alloy.132 Besides, the segregated phase of Cu/Pd electrocatalysts 

presented the encouraging performance for ethylene production.133 Therefore, constructing the 

interface of heterojunction among bimetallic catalysts played an role in efficient CO2RR. 

Furthermore, Ag is a conductive element that enhances the CO production among hydrocarbons,110 

thus inspiring the creation and development of Ag/Cu heterojunction where CO is produced in the 
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first step and then reduced on the adjacent Cu atoms to hydrocarbons. For example, the dispersion 

of tiny Ag NPs on Cu-surface produced heterojunctions responsible for the excellent activity of 

CO2RR.134 The EDS mapping of Ag/Cu catalysts exhibited the small Ag distributed and embedded 

over Cu (Figure 7d-e). The GC and NMR spectrometer determines the CO, C2H5OH, C2H4, and 

HCOOH composition in the products (Figure 7f-g). Comparatively, Ag/Cu is considered suitable 

for C2H4 with an FE of 42% at -1.1 V. Besides, different reported activity and selectivity of Cu-

based electrocatalysts in the various mediums have been summarized in Table 1.  

In another example, Cu nanowires with a homogenous dispersed thin layer of indium (In) 

were observed in the STEM elemental mapping images (Figure 7h-j).135 The Cu and In consisted 

of the diffraction faces of (111) and (101), respectively. The In existed on the Cu nanowires and 

provided a particular interface of Cu-In, which enhances CO of FE 90% and stability for 60 h at a 

low potential value with an intermediate of *COOH. Moreover, formic acid (HCOOH) also 

emerged on the CuIn surface at -0.8 V and at -1.0 V, respectively.135 Furthermore, the In(OH)3 

decorated on Cu presented a prominent role for the highest CO selectivity, and the Cu-In alloy was 

highly active and stable. These controlled interfaces elucidate the large active sites and synergistic 

effect of the metallic phases.136 For producing more interfaces, hydroxides of Zn, Cd, Sb, and Pb 

were deposited on hydroxides of Cu foam, respectively.137 Among different interfaces of 

CdCu@Cu, ZnCu@Cu, PbCu@Cu, and SbCu@Cu, CdCu@Cu presented the highest selectivity 

for the production of formate with 70.5% FE at a current density of -30.5 mA cm-2. In contrast, 

ZnCu@Cu, PbCu@Cu showed moderate performance in forming formate. Thus, these interfaces 

provide guidelines for Cu-alloy surface modifications towards CO2RR to high-value-added 

multicarbon products.  

3.4 Engineering Cu Surface Through the Insertion of Non-metallic and Metalloid Elements 
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As summarized thus far, surface engineering of Cu-electrocatalysts for the CO2RR to 

hydrocarbons have been studied broadly and multi-carbon products with high energy densities are 

in demand.138 For example, the Cu-surface structure can be tuned for desired alcohol products with 

suppressed alkane and alkene formation. Understanding the mechanism for particular selectivity 

is also essential. Several protocols have been applied for engineering Cu-surface to tune the 

binding energies of the intermediates.139-141 The introduction of the surface defects and atomic 

vacancies influences the electronic structure by adjusting the surrounding atoms, reducing energy 

barriers of intermediate reactions steps.142 Similarly, the insertion of non-metal elements (S, P, N, 

or Se) into Cu structure can tune the electronic structure, surface defects, atomic vacancy, and 

modified local density of states. For example, the copper sulfide (CuS) structure presents stable 

defects and controlled surface vacancies such as point defects and strain. The introduction of the 

S atom into the Cu structure provides large modification in the local electron density of surface 

states which affects the CO binding.143 In another example of the modified Cu2S core with tuned 

Cu surface vacancies, the theoretical computation indicated that the presence of S atoms in Cu 

catalyst leads to a noticeable difference in the ratio of ethanol to ethylene for the CO2 conversion 

to the C2 pathway.144 Besides, the multi-carbon products proceed through the dimerization or 

protonation of adsorbed CO intermediates. To this extent, the reduction of CO to ethanol presents 

a similar pathway to ethylene but involves three proton-electron coupled. At this point, *C2H3O 

intermediate can protonate to ethanol or be left unprotonated to ethylene when the adsorbed oxygen 

atom is intact.139 The thermodynamics of *C2H3O intermediate can also be studied for ethylene to 

ethanol production. For the DFT study, the model system of pristine Cu slab and Cu slab with an 

atomic vacancy can be used for the reaction mechanism for the CO2RR (Figure 8a).144 In addition 

to *C2H3O intermediate, the modified surface of the Cu core-shell and surface vacancies also 
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influence the reaction steps to form ethylene and ethanol. Thus, the theoretical findings can be 

translated to experimental results by forming surface defects and surface vacancies in the core-

shell of sulfide-copper catalyst by using solvothermal synthesis. The controlled Cu surface 

vacancies (V-Cu2S) for the CO2RR yielded metallic Cu with enriched vacancies (Figure 8b), and 

the S and Cu are distributed evenly on the NP as depicted by EDS mapping (Figure 8c-d). The 

active catalyst was fabricated by electrochemical reduction of V-Cu2S NPs, which helps remove 

the extra S on the surface to form Cu2S-Cu-V. The core of Cu2S consists of atomic vacancies. In 

these NPs, the Cu enriched the structure with low signals of S during CO2RR (Figure 8e-h). 

Moreover, the S distribution was confirmed by EDS line scan, which exhibits S on the core of NPs 

as found in the picture of Cu2S-Cu. Besides, the hollow structured CuS phase is also active for the 

CO2RR to CO product at lower onset potential (~200 mV) with FE of 32.7%. The hollow cubic 

structure consisted of large exposed active sites and surface defects in favor of high catalytic 

activity.145 

For other promising Cu-based catalysts with the elements insertion, copper nitride (Cu3N) 

can also be applied as Cu+ to promote CO2RR. It is suggested that Cu3N can tune Cu's electronic 

structure and surface, which reduces the energy barrier corresponding to the CO dimerization. The 

metallic Cu on the surface of Cu-on-Cu3N promotes the production of C2+ products. Controlled 

synthesis of Cu3N is a challenging task, octadecaylamine (ODA) ligands can be used to support 

the capping of Cu3N. Besides, ligand exchange is another facile way to produce Cu on Cu3N 

through oxidation of CuO-on-Cu3N and then reduction to form Cu-on-Cu3N crystals (Figure 

8i).121 Furthermore, the inner support of Cu3N tuned the electronic structure of the Cu surface, 

which promoted the dimerization of the CO during CO2RR. Additionally, the Cu3N support 

suppressed the reduction of Cu+ to obtain higher selectivity of C2+ products compared to Cu-on-
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Cu2O and pristine Cu. As a result, the C2+ products of C2H4, C2H5OH, and C3H7OH were found 

on Cu-on-Cu3N at -0.95 V with FE of 39 ± 2%, 19 ± 1%, and 6 ± 1%, respectively, as presented 

in Table 1.  

Moreover, modifying the Cu(111) surface by insertion of B is another thermodynamically 

favorable means for enhancing the formation of C2 products during CO2RR.146 The CuB presents 

dendritic morphology with a 30-40 nm porous nanostructure. Inductive coupled plasma-optical 

emission spectroscopy (ICP-OES) quantity indicated that B/Cu atomic ratio was 2.7% to 5.7% 

with a measured depth of 7.5 nm. A large boron concentration was found within 2.5 nm depth of 

Cu catalysts. Furthermore, Bader charge analysis verified the electronic properties of boron-doped 

copper, which is a suitable material model for theoretical studies for electrical properties. The 

insertion of B into the surface of Cu slab exhibits the overlapping of binding states between Cu 2p 

and Cu 3d for CO adsorption on the surface of Cu compared to the original Cu surface. The d-

band center of the neighboring Cu atom shifts away from the Fermi level than the pure Cu surface. 

The electron transfers from Cu to boron, resulting in oxidation of the Cu surface and geometric 

surface changes. In the boron-doped Cu (CuB) structure, both Cuδ+ and Cu0 species existed. The 

presence of B dopant suppresses the C1 reaction, enhances the C2 product of C2H4 and C2H5OH 

under ambient conditions, and improves C2+ products by reducing the reaction energy for the rate-

limiting step of *CO + *CO to OCCO*. The C2 products were found on the CuB surface from 

CO2RR with precise electron localization, which could be connected to the surface oxidation of 

Cu. These results arose from the synthesized boron-doped Cu with cubic phase with dominant 

peaks of (111) (Figure 8j).146 Consequently, CuB presented superior activity for C2+ products as 

well as high stability for 40 h.  
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Furthermore, the insertion of Se into the Cu structure tuned the surface properties beneficial 

for the production of C2+ products. For example, Cu1.8Se NWs can easily be fabricated through 

chemical oxidation and selenization of Cu(OH)2 NWs. The Cu1.8Se NWs are rough and consist of 

plenty of NPs because of the deformation through stretching. The Cu1.8Se NWs contained the 

lattice fringes of 0.33 nm, corresponding to (111) plane (Figure 8k-m).147,148 Furthermore, EDS 

analysis confirms the elemental distribution of Cu and Se on the surface of Cu1.8Se NWs. The Se 

in Cu1.8Se NWs facilitates the high selectivity of the C2 product in CO2RR. Mainly, C2H4 and 

EtOH were found with FE of 55% and 24% at a voltage of -1.1 V, respectively, and the reaction 

was stable for 25 h at a current density of -14.6 mA cm-2.147,148 Besides metal selenides, metal 

phosphides are also active for the CO2RR activity. There is an example of phosphorus (P) atom 

insertion into Cu structure to form Cu3P NPs with controlled stoichiometry. The TEM, HRTEM, 

and SAED presented Cu3P NPs of 8.7 ± 1.6 nm with an interlayer spacing of 0.21 and 0.36 nm 

corresponding to (110) planes (Figure 8n-p).149 The CO2RR on the surface of Cu3P promotes the 

production of formate with an FE of 8% at -0.30 V. The surface chemistry of the Cu3P provides 

the opportunity for higher selectivity of CO2RR.  

3.5 Single Cu Site Dispersed in Carbon Substrate 

Cu-based electrocatalysts can reduce CO2 to multi-carbon species because of the optimal binding 

energies of CO on the surface of Cu, which promotes further reduction to form C-C coupling for 

desirable products. Despite that, they still suffer a high resistance for the activation of the C-C 

coupling step. It is worth noting that the activity of electrocatalysts is contributed by the surface-

active sites rather than the inner atoms, thus atomically dispersed catalysts with increased 

accessible active sites in the surface layers have emerged as promising candidates for a variety of 

applications. With regards to the CO2RR, the maximized exposure of the Cu element can be 
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obtained for higher activity and selectivity through anchoring the single Cu atom in nitrogen-doped 

carbon (Cu-N-C), which modulates the electronic spin and enhances surface utilization.25,69,150,151 

The presence of single Cu site into the nitrogen-doped carbon (Cu-SA/NPC) framework can be 

confirmed by HAADF-STEM.152 The bright dots presented the atomic distribution of Cu on Cu-

SA/NPC catalysts without any large atomic clusters or particles (Figure 9a). The STEM mapping 

confirmed the elemental dispersion of Cu, N, and C in Cu-SA/NPC (Figure 9b-e).152 Furthermore, 

the Cu atomic dispersion was substantiated by X-ray absorption near-edge spectroscopy (XANES) 

and extended X-ray absorption fine structure (EXAFS). Mostly, the Cu atom was assigned to the 

nitrogen atom by Cu-N bond, which affects the catalytic activity. For various coordination of N 

species, theoretical models could be constructed. A single Cu atom was anchored into a graphitic 

structure with pyridinic-N (Cu-pyridinic-N4) and pyrrolic-N4 (Cu-pyrrolic-N4) as shown in Figure 

9f.152 The calculated Gibbs free energy of the intermediate steps for the CO2RR presented the 

lowest energy pathways for the production of CH3COCH3 on the surface of Cu-pyridinic-N4 and 

Cu-pyrrolic-N4 at a particular potential of -0.36 V. Thus, it was observed that the change in energy 

of the overall process for the CO2RR to CH3COCH3 was thermodynamically facile on the surface 

of Cu-SA/NPC catalysts, including the rate-limiting steps for the activation of CO2 and *COOH 

(at 1.30 eV) for the CO2RR. Furthermore, the lower value of ΔG (-1.06 eV) promotes the formation 

of *COOH on Cu-pyrrolic-N4, which indicates that CO2RR should be promoted by pyrrolic-N4 on 

Cu-SA/NPC catalysts. Furthermore, the crucial step for the formation of C2 product was based on 

two *CO for the C-C coupling with ΔG value of 1.67 eV and -1.23 eV on Cu-pyridinic-N4 and 

Cu-pyrrolic-N4, respectively, which evidence the quite facile route for C-C coupling through *CO 

on Cu-pyrrolic-N4 sites.  
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In another example, Dilan et al. presented a Cu-N-C electrocatalyst with covalently integrated 

CuN4 active sites into amorphous carbon structure for the CO2RR to ethanol production.153 In this 

study, CO was an authentic intermediate gas product, thus proving the catalyst's ability for 

electroreduction of CO to ethanol. The CuN4 sites were also integrated into graphitic structure as 

revealed by EXAFS on copper-porphyrin (Figure 9g). Furthermore, bright dots dominated atomic 

dispersion into the carbon structure, representing the atomically dispersed nature of the Cu atoms 

(Figure 9h). In the same context, a single Cu atom was also dispersed in carbon nanofibers 

(CuSAs/CNFs) for the CO2RR to methanol product, which provides maximum exposure of active 

sites.154 Furthermore, a single atom of Cu dispersion was found in CuSAs/TCNFs under HAADF-

STEM. The isolated Cu atoms were found on the nitrogen-doped carbon support well with Cu-N4 

moieties, agreeing well with XAFS results (Figure 9i-l).154 This Cu-N4 sites on the surface of 

CuSAs/TCNFs could convert the CO2 to methanol with 44% FE and partial current density of -93 

mA cm-2. Moreover, the mechanistic involvement of the Cu-N4 for the adsorption and reaction 

energies could be evaluated for the CO2RR. The CO2 conversion to *COOH is the rate-determining 

step on Cu-N4 (1.17 eV) and pyridinic-N (1.62 eV). The C1 products (i.e., CH3OH and CO) were 

observed in gaseous form, while no C2 product was found, likely due to that an excess *CO 

intermediates blocked the C-C coupling. The CH4 is also a potential C1 product on the single Cu 

atomic site (Figure 9m-p).154 However, the *COH intermediate would be further reduced to 

*CHOH with a particular energy barrier (~0.86 eV), instead of *C for the formation of CH4 

(Figure 9q).154 In contrast, the intermediate reaction of *COH to C* presented a higher energy 

barrier (~1.88 eV) for the formation of CH3OH, which is also higher than any steps in CH3OH 

production. Therefore, the CuSAs/TCNFs promote the formation of CH3OH as compared to CH4 
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by facilitating the *CHOH formation. The synergistic effect of the holey carbon structure also 

contributed to the intermediate reaction step.149
 

3.6 Suboxide-Cu for the CO2RR 

The CO2RR mechanism exhibits some unfavorable thermodynamics, making it necessary to 

identify the suitability and diversity of catalysts to produce hydrocarbons. For making catalysts, 

an atomistic understanding of adsorption and activation is included for the first step to initiate the 

reaction. Cu is a promising candidate for producing hydrocarbons, but Cu also needs high 

overpotential (>1 V) for the CO2RR, unfavorable for fuel products. Although several works have 

been reported for the CO2RR on the surface of Cu, considerable uncertainties remain to understand 

the role of Cu-surface to initiate the CO2RR activity/selectivity. Also, a proton source is needed in 

the same reaction medium. Especially, water is the best solvent for the CO2RR for sustainable 

solar-energy storage pathways. However, a comprehensive understanding of the absorption of 

CO2RR and water molecules on the Cu surface is still needed. When the CO2 adsorbs on the surface 

of Cu(111), the transient carbon-based species may start the reaction through chemisorption or 

physisorption of CO2 on the surface, which was detailed discussed in the following subsection. To 

understand the reaction mechanism on the Cu-surface, electron-based spectroscopies can be 

studied to notify the adsorption process of CO2, which are dependent on the particular temperature. 

For example, some electron spectroscopies were observed physisorption of CO2 at 75 K, whereas 

chemisorption of CO2 was done by partial negative induced charge through electronic capture 

(CO2
δ-). Liu et al. presented that the subsurface oxygen also plays a vital role for the production 

of C2+ by CO2RR on the Cu-surface.155 Theoretical studies have proved that canonical kinetics 

developed on subsurface oxygen during the CO2RR could enhance the C-C coupling reaction. In 

contrast, the pure surface of Cu0 leads to the fast HER reaction and suppresses the C2+ production. 
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The combined theoretical and time dependent-experimental contribution further determine the 

influence of subsurface oxygen for enhancing the C-C coupling on Cu catalysts. The rational 

development of Cu-surface under modified experimental conditions to secure subsurface oxygen 

is favorable for C2+ product formation under CO2RR.  

3.6.1 Chemisorbed CO2 with H2O on Cu(111) 

When the CO2 adsorb on the surface of Cu(111), only chemisorption occurs at room temperature. 

Similar ex-situ studies were done in ultrahigh vacuum (10-9 Torr) in low CO2 flow at a particular 

temperature range (100 to 250 K), which did not evidence the CO2-adsorption on the surface of 

Cu(100), Cu(110), and Cu(111). However, Nakamura et al. presented that CO2 exposures of 65 to 

650 Torr led to the build-up of atomically adsorbed oxygen at a rate which increased with 

temperature and decreased with reaction time at a temperature of 400 K to 600 K with an activation 

energy of 16 KJ mol-1.34 A similar phenomenon on clean Cu(111) under CO2 flow of 740 Torr at 

a temperature of 475-550 K can also be studied. A lower CO2 pressure of 0.05 Torr to 10 Torr 

showed CO2 might dissociate on an oxidized-Cu surface.156 Conclusively, CO2 might dissociate 

quite easily on the peroxidic Cu surface, but no authentic evidence was found. CO2-activation 

versus predicted chemisorbed CO2 species was also presented on the stepped surface of Cu. 

However, in-situ characterization could not verify these species on the surface of Cu(111). These 

glitches and discrepancies present the importance of finding the initial species produced under the 

realistic gas pressures of CO2 and H2O.34 Favaro et al. investigated the origin of CO2 adsorption 

and presence of water on Cu(111) with suboxide surfaces (Cux=1.5,2.5O) separately via in-situ 

probing to predict the electronic and surface reaction using ambient-pressure X-ray photoelectron 

spectroscopy (APXPS) coupled soft X-rays (200-1,200 eV) at the solid/gas interface.156 They 

discovered in particular that the existence of oxygenated species below the Cu surface and the 
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presence of water promote the adsorption/activation on the Cu surface. Additionally, water 

produces a tiny amount of suboxide to drive CO2 adsorption through physisorption to 

chemisorption because water promotes the initiating of CO2RR to formate products. The main 

exposed surface for Cu catalyst is Cu(111) orientation which was prepared from the polycrystalline 

sample by regular Ar sputtering and cycling followed by annealing under hydrogen flow at a 

temperature of 1100 K for one hour, which resulted in a distinct 1 × 1 surface as presented in low 

energy electron diffraction (LEED) analysis (Figure 10a).156 The SEM images demonstrate the 

sputtering and annealing process, leading to the micro-level crystalline structure. APXPS 

characterized the sample without surface change through-beam diameter of ~0.8 mm. During in-

situ APXPS testing at 298 K (Figure 10b),156 initially, CO2 pressure was 0.7 Torr on the particular 

metallic orientation of Cu(111) surface. For the second experiment, the surface was studied under 

0.35 Torr, and CO2 pressure was 0.7 Torr in the presence of H2O. The APXPS measurement was 

carried out while dosing CO2 on the metallic and suboxide surface of the Cu catalyst, where CO2 

and H2O were joined without any contamination. The reactants (CO2, H2O, and O2) were observed 

by quadrupole mass spectrometer (QMS), and no CO was present. Besides, the presence of 

subsurface oxygen corresponds to particular interaction within the gaseous phase. On the other 

hand, the existence of the C 1s spectral counterpart of formate and C-O(H) (Figure 10c) allowed 

us to build up a consistent O 1s fitting (Figure 10d). The gaseous water was aided by the formation 

of suboxide and converted to CO2 adsorption from physisorbed to chemisorbed species to reduce 

CO2 to the product of formate. 

3.6.2 Physisorbed CO2 with O on Cu-surface 

The surface structure can be predicted for quarter monolayer equivalents of CO2 on oxygen-free 

Cu(111) to understand the physisorption phenomenon (Figure 10e-k).156 The molecular 
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physisorption of CO2 presented C-O with a bond length of 1.164 Å compared to gaseous phase 

bond length of 1.163 Å. Additionally, O-C-O was at an angle of 179 with a balanced distance of 

3.11 Å from carbon atom to CO2 on the surface of Cu. In experimental studies, the observed shift 

in O 1s presented tiny surface or subsurface adsorbed (referred to as Oads and Osub) new Cu(111). 

In comparison, an experimental change in binding energies of adsorption oxygen (δOads) and 

subsurface adsorbed O (δOsub) is −0.4 eV and −1.6 eV, respectively. Conclusively, the Cu catalysts 

produced surface oxides to improve the activity for the CO2RR as compared to the metallic surface. 

Both experimental and theoretical findings verified that the outer layer of the Cu metallic needs to 

be exposed because CO2 chemisorption activates the surface for the CO2RR to formate (Figure 

10f). However, the subsurface oxide was found to promote the water chemisorption on the Cu+ 

center to promote the formate to formic acid under similar conditions. The oxidic subsurface plays 

a particular role in activating CO2 and rationalizes a unique electrocatalyst for the CO2RR.  

3.7 Stability Issues with Cu-catalysts 

It is understood that Cu is the only element that is electrochemically active for the CO2RR to high-

value multicarbon products. In the last two decades, great efforts have been devoted to the 

understanding of surface effects on catalytic performance for the CO2RR, however, the insufficient 

stability of Cu-based catalysts for long-term operation is still a seious concern. For example, non-

Cu catalysts exhibited stability up to 150 hours but most of the Cu-catalysts presented stability of 

a few minutes. It is crucial to know about the exact reasons behind the degradation mechanism but 

few reports have delivered that electrolyte impurities, poisoning of Cu-electrode, and blocking 

species reduced the FE of hydrocarbons after 10-30 min of CO2RR. The surface deactivation could 

be due to heavy metal contamination, small contents of organic species, and reaction intermediates. 

For instance, a common example of the electrolyte for the CO2RR is 0.1 M KHCO3 consisting of 
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heavy metals like Fe, Zn, and Pb (0.02-0.05 ppm), which could deactivate the Cu surface.157 

Besides, the uncontrolled shape of the Cu-NPs lost their well-defined facets, reduced size under 

CO2RR, and minimized the C-C coupling mechanism for C2+ products,158 because the corners and 

edges presented a greater reaction tendency than on the flat surface. For the tiny clusters (2-4 nm), 

previous work manifested that the detachment from Cu-surface and their fragmentation,114 

coalescence, aggregation,159 dissolution,160 and Ostwald ripening is also the reason for degradation 

of activity for the CO2RR (Figure 11).82 It is very important to make stable Cu-catalysts with 

promising selectivity and activity to bring closer to commercial applications. To address these 

issues, the direct reconstruction or surface engineering Cu-catalysts through carbon coating could 

prevent the NPs agglomeration during CO2RR.57,161 Also, controlled morphology can be 

synthesized by using particular ligands (e.g., thiols, triocytlphosphine oxide, strongly bonded 

carbenes, or amines) to regulate and optimize size and shapes.162-164 However, there is still a need 

for more depth studies for engineering Cu-surface to reach out to the current demands and 

requirements of commercial applications. 

4. TECHNO-ECONOMIC ANALYSIS FOR THE CO2RR 

The CO2RR has drawn great attention in academic research as well as in industrial areas.165 

Experimentally, CO2 is a primary source for the CO2RR, and its purity has quite important for 

successful transformation to hydrocarbons. Logically, direct use of CO2 industrial waste could not 

be applicable for a complicated CO2RR to hydrocarbons because several additional impurities 

would stop the surface reactions and influence the practical applications. Therefore, CO2 from 

industrial waste should be purified through efficient CO2-separation materials or membranes and 

then be utilized as the reactants.166,167 On the other hand, the techno-economic analysis at a large 

scale to meet the industry level for the production of hydrocarbon through CO2RR on Cu-catalyst 
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is still unclear because of its long-term instability issue, poor selectivity and adequate FE of 

hydrocarbons. The advancement in synthetic strategies for producing stable Cu-catalysts is still 

needed to improve the selectivity, activity and stability for particular C1 and C2 products. Here we 

just reviewed current scenario of CO2 electrolyzer technology for the formation of CO2 conversion 

products. The improvements in CO2RR to ethylene evidenced the profitability by techno-economic 

analyses. It was predicted that ethylene can be produced by 1000$/tonne with electrical energy 

efficiencies of ~52% through CO2 to CO proceeding with CO to ethylene.168,169 Besides, the low-

temperature electrolyzer can be utilized for the CO2RR to formic acid. While production of formic 

acid and CO needs high C-intensities with optimistic values of 137 gCO2/kWh and 346 gCO2/kWh, 

respectively.  

Furthermore, the recycling pathway of CO2 is electrolyzer consisting of CO2RR and oxygen 

evolution reaction (OER), which are generally accepted as good sources for renewable energy. As 

a presumption, in the inexpensive electrolyzers as renewable energy resources, higher recycling 

rates for electrolytes and fixed operating parameters for CO2RR-OER products have a positive 

economic impact compared to the commercial prices.170 Each parameter for electrolyzer impacts 

the economics such as designs, gas diffusion layers (GDL), nafion cost, gaskets, bipolar graphite 

plates and membranes. It was assumed that 60% reduction in current market prices could scale up 

recyclability of CO2. However, there is a need to adjust prices which have been reported in last 

few years. Schmidt et al. presented that engineered plant cost allows the adjustment of price from 

point to time.170 The potential techno-economic values for low-temperature electrolyzers have 

been studied and concluded that father developments are still needed to make these technologies 

functional and beneficial for society. The advancement in external factors such as lower electricity, 
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CO2 costs, internal factors of lower operating voltage, and higher current densities could improve 

the economical values for the CO2RR to hydrocarbons.  

5. CHALLENGES AND FUTURE PERSPECTIVES 

In this review, we have summarized the strategies of surface engineering of Cu-catalysts and their 

effects on selectivity for the CO2RR. The selectivity of Cu-surface for particular hydrocarbon 

products could be controlled by the tuned crystal structure, facet, composition (e.g., Cu-alloy), and 

morphology. The individual surface presents different reaction tracks for the CO2RR to 

hydrocarbons. Generally, common intermediates steps include *CO dimerization, C-C and C1-C2 

coupling for the formation of C2 and C3 products, respectively. Although excellent work has been 

done on surface engineering Cu-based electrocatalysts over the past few decades, there is still a 

huge gap to bring these catalysts to the industry for carbon neutralization. The main challenge 

concerns the vast understanding and phenomenon behind catalysts for the selectivity of 

hydrocarbons. Surface engineering of Cu-catalysts by particular structure design, facet and shape 

for the CO2RR is essential for higher selectivity for hydrocarbon products. The Cu-surface tuning 

with the coupling of secondary metal plays a role in reducing the energy barrier to enhance its 

activity and improve the interactions among intermediates such as *COOH, *CO, *CHO, etc. We 

recapitulated a few Cu-based bimetallic catalysts, which affect the H and O affinities, thus 

affecting the selectivity. This chemical composition among alloys enhances selectivity because of 

the correspondence linkage of binding energies of intermediates. Besides these general trends, 

more possible designs and surface tuning can be done for future Cu-catalysts to improve their 

electronic characteristics. Moreover, we have generalized the role of surface engineering of Cu for 

the CO2RR to hydrocarbons and how to tune surface affects the activity and selectivity. Apart from 
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that, we also summarized how CO2 exhibits both physisorption and chemisorption during the 

CO2RR process.  

The current literature survey found that an ideal catalyst for the CO2RR should present the 

highest activity with the long period stability and selectivity of enormous FE for the particular 

required products. We suggest some key points to engineering the Cu-surface for the CO2RR 

electrocatalyst to find a perfect motivation. (i) Effectively tuning Cu-surface with various 

approaches could enhance the active sites and improve the catalytic activity for the CO2RR, for 

example, tuned Cu-structure (with particular phases) could provide targeted surface for specific 

selectivity of products, and ordered or disordered structure could improve surface area and 

accessible active sites for improved catalytic activity. (ii) Particular shape of Cu-surface 

streamlines various selectivity of products. Edges of the Cu-surface also affect the product 

selectivity because different shapes (such as cubic, dodecahedrons, and octahedrons) present 

different surface energy. Mostly, the cubic surface gives higher FE for ethylene products. (iii) 

Modified Cu-surface by the insertion of non-metal elements improves the electronic properties, 

promoting the surface energy for catalytic reactions. Non-metal element doped-Cu (i.e., Cu3N, 

CuB or CuS) was found to be highly active for the CO2RR because of the tuned electronic behavior 

of Cu. Moreover, surface oxidation of Cu catalysts also promotes a higher FE for C2+ products. 

Additionally, there is a crucial need to locate the active sites for reaction intermediates and the 

coupling of C-C on the electrode/electrolyte interface. Therefore, operando techniques are needed 

for this deep understanding, such as XAS, XPS, FTIR, EC-STM, etc.  

Although, several studies have been done on Cu-based electrocatalysts for the CO2RR to 

hydrocarbon products, there are still many unresolved factors and challenges. For example, 

instability is a significant issue with Cu-electrocatalysts for the CO2RR. The observed reasons 
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behind the instability are fragmentation, reshaping of NPs, agglomeration, detachment from the 

surface, and Ostwald ripening, which reduces the mass transport of protons and the reaction 

kinetics. Besides, the understanding of the origin of product selectivity on Cu-surface is still 

challenging. To this end, despite that, the ever-increasing research efforts in surface engineering 

of Cu-catalysts will continue to overcome the challenges mentioned above. Surface engineering 

Cu catalyst will also be helpful to achieve the targets for commercial applications of CO2RR 

processes. 
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Figure Captions 

Figure 1. Possible mechanistic pathways of CO2 reduction to C1 and C2 products on 

polycrystalline copper concluded from three decades’ work on CO2RR. Reproduced with 

permission from Nitopi et al.32 Copyright 2019 American Chemical Society. 

Figure 2. Schematic illustration for surface engineering of Cu catalysts. 

Figure 3. The surface morphologies of a Cu(100) electrode with different surface treatments and 

reaction settings. (a-f) Each panel shows the electrode after 1 h electrolysis under different 

conditions; (g) Voltammetric profiles of the electropolished (EP) Cu(100) electrode (blue curve), 

Cu(100) with defect sites created after pulsed electrolysis (Ea = 0.6 V, Ec = −1.0 V, ta = tc = 1 s, 

red curve) and the same defective Cu(100) surface after a subsequent CO2 electroreduction under 

constant potential conditions (−1.0 V, green curve); and (h) the product selectivities of the 

aforementioned surfaces under potentiostatic (−1.0 V) or pulsed conditions. Reproduced with 

permission from Arán-Ais et al.90 Copyright 2020 Nature Publishing Group. 

Figure 4. Cu-based catalysts with various morphologies and/or compositions for the CO2RR. (a–

h) EDS elemental maps of Cu foil treated under different plasma conditions. (a–d) With O2 plasma 

for 20 W, 2 min; (e–f) 100 W, 2 min; and (g–h) 100 W, 2 min with H2 plasma. Scale bars, (a–c) 

300 nm; (d) 20 nm; (e–h) 200 nm. Reproduced with permission from Mistry et al.91 Copyright 

2016 Nature Publishing Group. (i–p) SEM images of the as-prepared electrodes; (i, j) TA-Cu at 

different magnifications; (k,l) WCO-Cu at different magnifications; (m, n) TA-Cu based GDE; 

and (o, p) WCO-Cu based GDE. Reproduced with permission from Zhang et al.92 Copyright 2019 

Royal Chemical Society. (q–v) SEM images of electrodeposited copper foams on a copper 

substrate for (q) 5 s; (r) 10 s; (s) 15 s; (t) the 30 s; (u) 60 s; and (v) nanostructure of the 

electrodeposited foams. Inset of (q) is a photo of a copper electrode immediately after 
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electrodeposition of the copper foam. Reproduced with permission from Sen et al.93
 Copyright 

2014 American Chemical Society. (w–x) SEM micrographs of nanoporous copper foams 

electrodeposited for (w) 30 s and (x) 60 s. Reproduced with permission from Zarandi et al.94 

Copyright 2019 Elsevier. 

Figure 5. Active site visualization by ReaxFF-ML. Images of the computationally produced Cu 

surface of (a) electro-polished, (b) after Ar plasma bombardment, and (c) predicted distribution of 

CO adsorption energies (ΔECO). The three dashed lines indicate the CO adsorption energies on 

Cu(111), (100), and (211). Reproduced with permission from Jiang et al.95 Copyright 2020 

American Chemical Society. (d) Active site visualization (ASV) of the predicted CO adsorption 

energies on the nanoparticle, and (e) distribution of ΔECO on the 10 nm copper nanoparticle. 

Reproduced with permission from Huang et al.96 Copyright 2018 American Chemical Society. 

Figure 6. Engineering Cu-surface through the regulation of various shapes. (a) TEM image of Cu 

spheres with an average diameter of 27 nm. Reproduced with permission from Loiudice et al.115 

Copyright 2016 John Wiley and Sons; (b) TEM images of C-Cu, and (c) H-Cu. Reproduced with 

permission from Suen et al.116 Copyright 2019 American Chemical Society. (d) High-resolution 

TEM images OD-Cu electrode. Reproduced with permission from Li et al.110 Copyright 2014 

Nature Publishing Group. (e) TEM images of as-etched Cu NCs subjected to different periods of 

etching: 4 h, 8 h, 12 h, and 24 h. Reproduced with permission from Wang et al.77 Copyright 2016 

American Chemical Society. (f, h) SEM, and (g, i) HAADF-STEM of compact Cu. Reproduced 

with permission from Zou et al.117 Copyright 2019 John Wiley and Sons. 

Figure 7. Engineering Cu-surface through the introduction of metallic species. (a−c) Structure and 

phase characterization of CuSn NPs. (a) Transmission electron microscopic (TEM) image and 

atom model; (b) high-angle annular darkfield scanning TEM (HAADF-STEM) image; and (c) 
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density functional theory simulations of the CO2 reduction reaction on Cu/SnO2 interfaces. A free 

energy profile of two pathways for CO2 electroreduction on Cu/SnO2 interfaces. The upper and 

lower images are optimized geometric structures of various states (*COOH, OCHO*, and *CO) 

of the process on Cu/SnO2 interfaces, respectively. H, C, O, Cu, and Sn atoms are represented by 

green, gray, red, reddish-brown, and dark gray spheres, respectively. Reproduced with permission 

from Wang et al.128 Copyright 2018 Nature Publishing Group. (d) Ag/Cu; and (e) AgCu showing 

elemental distribution of Cu (red) and Ag (green); (f) Faradaic efficiencies of CO (gray), formate 

(blue), ethanol (violet), and ethylene (orange) for Ag/Cu catalyst in the potential range from −0.8 

to −1.2 V (vs. RHE); and (g) ethylene FEs. Reproduced with permission from Wang et al.134
 

Copyright 2019 American Chemical Society. (h) Bright-field TEM image of the CuIn20 sample; 

(i) HAADF-STEM image; and (j) the corresponding EDX elemental maps of Cu + In. Reproduced 

with permission from Luo et al.135 Copyright 2018 American Chemical Society. 

Figure 8. Engineering Cu-surface through insertion of non-metallic and metalloid elements. (a) 

Atomic models for Cu with S bonding; (b) schematic illustration of Cu2S-Cu-V core-shell-vacancy 

engineering (CSVE) electrocatalyst design for production of multi-carbon alcohols from CO2 

reduction; (c) TEM; (d) EDS mapping of the original V-Cu2S NPs, showing the uniform size and 

the homogeneous distribution of Cu and S; (e–f) EDS mapping; (g) high-resolution TEM; and (h) 

EDS line scan. Reproduced with permission from Zhuang et al.144 Copyright 2018 Nature 

Publishing Group. (i) Schematic of preparing the Cu-on-Cu3N catalyst. Reproduced with 

permission from Liang et al.121 Copyright 2018 Nature Publishing Group. (j) Schematic of the wet-

chemical process to synthesize Cu(B) samples. Reproduced with permission from Zhou et al.146 

Copyright 2018 Nature Publishing Group. (k) SEM images of Cu1.8Se NWs; (l) TEM image of the 

Cu1.8Se NWs; and (m) high-resolution TEM image and element mapping of Cu1.8Se NWs. 
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Reproduced with permission from Mi et al.148 Copyright 2018 American Chemical Society. (n) 

TEM image of the Cu3P NPs; (o) HRTEM image with outlined region used for fast Fourier 

transform (FFT) analysis; and (p) FFT pattern indexed to the [0001] zone axis. Reproduced with 

permission from Downes et al.149 Copyright 2020 American Chemical Society. 

Figure 9. Engineering Cu-surface through the construction of single Cu sites. (a) HAADF-STEM 

images and enlarged images; (b-e) EDS images of Cu-SA/NPC by HAADF-STEM; and (f) free 

energy diagrams calculated at a potential of −0.36 V for CO2 reduction to CH3COCH3 on Cu-

pyridinic-N4 and Cu-pyrrolic-N4 sites of Cu-SA/NPC. Reproduced with permission from Zhang et 

al.152 Copyright 2020 Nature Publishing Group. (g) Cu K-edge EXAFS analysis in the Fourier-

transformed space; (h) HAADF-STEM image of Cu0.5NC. Reproduced with permission from 

Karapinar et al.153 Copyright 2019 John Wiley and Sons. (i) HAADF-STEM images of 

CuSAs/TCNFs; (j) the white dot is an isolated copper atom; (k) FT at R space of three samples; 

(l) fitting for EXAFS data of CuSAs/TCNFs; (m) optimized atomic structures of CuSAs/TCNFs 

and proposed reaction paths for CO2 electroreduction; (n-o) free energy diagram of CO2 to CO on 

pyridine N, Ni-N4, and Cu-N4 structure; (p) illustration of CO2 diffusion on two samples; and (q) 

free energies for conversion of *CO to CH3OH on Cu-N4 structure. Reproduced with permission 

from Yang et al.154 Copyright 2019 American Chemical Society. 

Figure 10. Investigation of various Cu surfaces using APXPS. (a) LEED pattern obtained at an 

electron kinetic energy of 110 eV and SEM micrograph of the Cu surface after sputtering and 

annealing cycles obtained by detecting the secondary electrons (SE) with a kinetic energy of the 

primary beam of 5 keV; (b) Schematic of the APXPS measurements with the highlighted probed 

volume (3λ) along the (111) direction; (c-d) C 1s and O 1s photoelectron peaks and multipeak 

fitting results were obtained for the various experimental conditions and investigated surfaces (at 
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298 K). Predicted structures for 1/4 ML of physisorbed l-CO2 on various Cu surfaces (Cu, light 

blue; C, brown; O, red, but Osub is marked in orange); top and side views of (e) pristine Cu(111), 

∆G = +0.27 eV, pthresh = 33 atm; (f) Cu(111) with 1/4 ML Oads; (g) Cu(111) with 1/4 ML Osub; 

and (h) Cu(111) with 1/4 ML of both Oads and Osub; top and side views with chemical illustration 

of predicted structures (i) on pristine Cu(111), ∆G = +1.07 eV; (j) on Cu(111) with 1/4 ML Osub, 

∆G = -0.06 eV; and (k) on Cu(111) with 1/2 ML Osub, ∆G = +0.28 eV. Reproduced with permission 

from Favaro et al.156 Copyright 2017 National Acad Sciences. 

Figure 11. Summary of nanoscale degradation mechanism of Cu-based nanostructures during 

CO2RR process. Reproduced with permission from Popović et al.82 Copyright 2020 John Wiley 

and Sons. 

Table 1. Cu-based electrocatalysts for the CO2RR to hydrocarbons. 
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Table 1. 

Sr.No Electrocatalysts Electrolyte 
C2 and C3 

Product/FE % 
Ref. 

1 cube-shaped copper 0.1 M KHCO3 C2H4 (41%) 115 

2 Cu-SA/NPC 0.1M KHCO3 acetone (36.7%) 152 

3 4H/fcc Au@Cu 0.1 M KHCO3 C2H4 (44.9%) 53 

4 CuO/NG_AN 0.1 M KHCO3 C2H4 (29%) 147 

5 Cu3N 0.1 M KHCO3 C2H4 (60%) 147 

6 Cu2O 0.1 M KHCO3 C2H4 (57.3%) 114 

7 Cu3N 0.1 M KHCO3 

EtOH (8%) 

C2H6 (12%) 

C2H4 (66%) 

171 

8 
PAN-Cu (containing Cu, and 

Cu(OH)2) 
0.1 M KHCO3 C2H4 (76.73%) 172 

9 Cu nanowires 0.1 M KHCO3 EtOH (50%) 81 

10 concave octahedral Cu2O 0.1 M KHCO3 C2+ (48.3%) 108 

11 Nanodefective Cu Nanosheets 0.1 M KHCO3 C2H4 (83.2%) 173 

13 CuxAuy NWAs 0.1 M KHCO3 EtOH (48%) 171 

14 
anodized copper (ANCu) 

Cu(OH)2 
0.1 M KHCO3 C2H4 (~40%) 27 

15 
CuxO nanowires grown on Cu 

gauzes 
0.1 M KHCO3 C2H4 (~ 30%) 92 

16 Cu2O and defects on Cu(100) 0.1 M KHCO3 C2H4 (45%) 90 

17 copper electrocatalyst 10 M KOH C2H4 (70%) 174 

18 Cu foils with Cu_KBr (60 s) 0.1 M KBr C2H4 (50.9%) 175 

19 cubes with 44 nm edge length 0.1 M KHCO3 C2H4 (41%) 115 

20 CTF-Cu-4.8% 0.3 M KCl solution 
C2H4 (35.0%) 

 acetate (33.4%) 
176 

21 
Cu nanowires (NWs) with 

Cu(100) 
0.1 M KHCO3 C2H4 (35%) 177 

22 plasma-activated Cu foils 0.1 M KHCO3 C2H4 (60%) 91 

23 Cu foil with Cu (I) oxide surface 0.05 m KHCO3 C2H4 (56%) 67 



69 
 

24 Cu−Ni−N−AC 0.1 M KHCO3 C2H4 (30.7%) 178 

25 
truncated-octahedral Cu2O (t-

Cu2O) 
0.1 M KHCO3 C2H4 (59%) 113 
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Figure 2. 
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Figure 3.  

 

  



73 
 

Figure 4.  
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Figure 5.  

 

  



75 
 

Figure 6. 
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Figure 7. 
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Figure 8. 
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Figure 9.  
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Figure 10. 
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Figure 11. 

 

 

 

 

 


