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Abstract 

Aiming to reduce anthropogenic CO2 emissions, there is an urgent demand to develop more 

efficient and affordable technologies which convert CO2 into valuable feedstock molecules. The 

use of renewable electricity is a promising and sustainable approach to overcome this 

environmental issue, while producing valuable chemicals and clean fuels. However, the CO2 

electroreduction reaction (CO2RR) still shows two main gaps: poor selectivity and required large 

overpotentials make the process not profitable enough. To overcome these challenges, model 

studies on single-crystalline surfaces aiming to find the relations between surface 

structure/electrolyte interactions and activity/selectivity are necessary. In these model studies, 

tuning the electrolyte composition is also key for the fundamental understanding of the CO2RR. 

In this review, we first discuss the structure-activity-selectivity relations from studies on well-

ordered surfaces i.e. single crystalline electrodes, for the CO2RR. We then summarise the role 

of the electrolyte, presenting work on classical aqueous solvents as well as non-aqueous 

electrolytes such as ionic liquids for comparison. We illustrate the importance of carrying out 

studies on well-defined electrified interfaces in order to get deep fundamental insights on the 

mechanism of the CO2RR, as well as scaling the process for real applications. Ultimately, this 

knowledge will be essential to rationally design and tailor both the electrocatalytic selectivity and 

activity for CO2 reduction 

1. Introduction 

One of the greatest challenges of the XXI century is to develop a sustainable economy based 

on renewable energy conversion and green synthesis processes. Anthropogenic carbon dioxide 

(CO2) has contributed enormously to increase the greenhouse effect during the last past 

century.[1] Despite the efforts in driving a more sustainable model that reduces CO2 emissions, 

currently, these are not sufficient to minimize the global warming increase until the next 

centuries.[2,3] Even in the situation in which CO2 emissions were immediately ceased, the 

amount of CO2 retained at the atmosphere would be still contributing to increase the global 

warming effect.[2,4,5] The current dramatic scenario explains the urgent need to develop novel 

technologies that capture and convert CO2 into valuable feedstock compounds.[6] Furthermore, 

the carbon cycle would be balanced since the CO2 generated in human activities would be 

recycled in the production of compounds with high industrial value.  



 

 

 

 

Among other strategies to reduce CO2 emissions, the use of renewable electricity to convert 

CO2 into clean fuels and chemicals coupled to heterogeneous catalysis is a very promising and 

environmentally friendly approach that also contributes to reduce the consumption of fossil fuel 

resources.[7,8] Electrochemical CO2 reduction at room temperature and in aqueous electrolyte 

produces formic acid, syngas (CO + H2), alcohols and hydrocarbons, among other interesting 

products.[9–13] Thus, CO2 can be seen as an abundant and cheap source of carbon to produce 

valuable compounds and not only as an environmental issue.  

The pioneering work by Hori et al. in the 80s, which focused on CO2 reduction onto metallic 

electrocatalysts, seeded the interest in the use of electrochemistry as a key tool to reduce 

CO2.[14,15] The large increase in publications on the electrochemical CO2 reduction (CO2RR) 

during the past decade is a clear evidence of the volume of research activities dedicated to this 

topic both within academy and industry. Despite efforts, efficient electrochemical devices that 

convert CO2 to value-added compounds are still not widespread or cost-competitive.  

Figures of merit that one should consider assessing the performance of any given catalyst are:  

(1) Overpotential, defined as the difference between the applied potential and the 

thermodynamic equilibrium potential, necessary to increase the reaction rate.  

(2) Selectivity (or Faradic efficiency, FE), that is, the fraction of charge. i.e., transferred 

electrons, necessary to form a certain product. The CO2RR reaction mechanism is rather 

complex and, typically, it competes with the hydrogen evolution reaction (HER).[16] The overall 

energy efficiency towards the formation of a certain product depends on both the overpotential 

and the Faradaic efficiency. In addition, one should consider the inefficiency at the anode 

electrode, which are thoroughly examined in recent works.[17–21]  

(3) Activity, which is defined here as the rate at which a specific product can be formed at a 

given potential. Clearly, this parameter is associated to the concept of reaction kinetics and 

depends on the properties of the electrocatalyst. The activity normalized over the geometric 

surface, which is the current density, (i.e. Acm-2) is a particularly relevant figure of merit with 

respect to industrial application. Ultimately, as for the water electrolysers,[22] the industrial 

viability of CO2 electrolysers hinges on the possibility of operating the electrochemical cell at 

high current densities with adequate selectivity and at low overpotential (see section 4.2).[23–25]  

(4) Stability of the catalyst and cell components, which is probably the least studied aspect 

among the above figures of merit. Details about these challenges can be found in several 

reviews on the topic.[12,13,23,26] 



 

 

 

 

The scope of this review is to critically examine the main investigations that contributed to shed 

light onto structure-activity-selectivity relationships for the CO2RR and, in turn, have established 

strategies to tackle the selectivity and activity challenges. At a fundamental level, our 

understanding of the reaction is hindered by the intricacy of the reaction mechanism, where 

several elementary reactions have been identified.[27–32] The use of well-ordered surfaces such 

as single-crystalline electrodes, together with a rigorous control of the electrolyte composition 

has been instrumental to reach a better understanding of the different descriptors governing 

CO2 electroreduction.[33–36] Moreover, since the reaction is not only affected by the properties of 

the solid electrode, but also by the properties of the electrolyte, we find important to discuss the 

impact of the nature of this variable on the catalytic performance. The structure of the review 

follows the degree of complexity typically encountered in electrocatalysis: from single crystals 

to high surface area materials. We start reviewing some recent advances on the CO2RR on 

well-defined mono-metallic electrocatalysts, i.e., single crystalline electrodes. We specifically 

focus on describing, with a critical point of view, the experimental strategies and in-situ 

methodologies employed to investigate the reactivity of the CO2RR in relation with the specific 

active sites.[37–42] We then critically examine a selection of promising strategies proposed to 

enhance the selectivity and activity of the most important catalysts. Here, the complexity of the 

system increases to include the tuning of the electrolyte composition, the function of ad-layer 

structures and the performance of bi-metallic alloys and shape-nanoparticles. Finally, we 

discuss how we could build upon this knowledge to identify future research directions, such as 

the rational design and characterisation of new, advanced electrocatalysts and catalytic 

configurations, including solutions that aim at closing the gap between laboratory-based 

configurations and industrially-relevant devices.[24,26,43–46]  

 

2. Structure Sensitivity in CO2 reduction 

Based on the nature of the most abundant reaction products, monometallic electrocatalysts are 

traditionally classified in four groups (Figure 1A):[9] a) The first category includes metals such as 

Pt, Ni, Rh, and Ir, which are highly active towards the hydrogen evolution reaction (HER), but 

show negligible activity for CO2 reduction.[47] b) The second group encompasses metals like Cd, 

Pb, and Sn, which show excellent selectively (near 100% Faradaic Efficiency) toward formic 

acid (HCOOH) production.[48] c) The third group of metals, which includes Ag, Au, and Zn, mostly 

produces CO.[14,48] d) Copper stands out as the only monometallic catalyst capable to further 



 

 

 

 

reduce adsorbed CO to hydrocarbons and a wide range of oxygenated species with appreciable 

rates (Figure 1B),[37] while other common transition metals are known to produce only traces or 

negligible amounts of hydrocarbons and alcohols.[49] 

The overall objective of structure-sensitivity analysis is to identify how the atomic structure of 

the catalyst influences the reaction. A number of variables may be used as figures of merit to 

gauge the reactions. For the case of CO2 electroreduction, parameters of interest are: (i) The 

kinetic rates for the formation of CO2 reduction products (with respect to HER kinetics). A typical 

example would be the rates for CO formation on Ag- or Au-based surfaces. ii) The selectivity 

between highly reduced products (i.e., beyond CO). This aspect is obviously linked to the 

knowledge of the reaction mechanism on Cu surfaces. While most scientists accept that CO is 

the key intermediate for the formation of both hydrocarbons and oxygenated species,[37,50–52] the 

subsequent number of coupled or non-coupled proton-electron transfer pathways complicates 

the analysis of further CO reduction, and a consensus for the whole CO2RR mechanism have 

not been reached by the scientific community.[16,27,28,30,36,37,51,53]  

Figure 1C provides a very elemental scheme of proposed reaction steps for the formation of 

both C1 products (one single carbon) and C2 products (alkylated compounds with 2 carbons). 

For a more detailed description on the different proposed CO2RR or CORR mechanisms on Cu 

surfaces, the reader can refer to dedicated recent reviews.[16,27,54]  

Combined experimental and theoretical efforts are pivotal to shed light into these questions. 

Experimental structure-sensitivity studies heavily rely on well-defined surfaces, such as single 

crystalline electrodes and other model systems.[55,56] We will review some of the most relevant 

examples in foregoing sections (section 2 and 3). On the other hand, theoretical models are 

mostly based on thermodynamic descriptors, such as adsorption free energies of reaction 

intermediates on ideal surfaces calculated through Density Functional Theory (DFT) (Figure 1B). 

Improved models, which includes microkinetic ab initio simulations,[57] molecular dynamics[20] 

and multiscale analyses[58] have been recently introduced to improve the prediction accuracy. 

We take the view that the following aspects should be considered in the future in order to build 

the bridge between experiments and theory: (i) The impact of the surface reconstruction under 

CO2RR conditions, should be assessed by combining DFT models and in situ STM 

experiments.[59–61] (ii) Computational methodologies that extend the purely thermodynamics-

based models to include kinetic barriers, adsorbate-adsorbate interactions[62] and corrections 

for the interactions with species at the electrochemical interface (e.g., water molecules, buffer 



 

 

 

 

species) should be developed.[20,62] A cross-correlation with experimentally observed current 

densities has been attempted through ab initio kinetic models for the CO reduction with ideal 

copper surfaces.[57] To our knowledge, a comparable model for CO evolving catalysts has not 

yet been reported, although a microkinetic model has been recently used to study the CO2RR 

mechanism on Ag(110).[58]

Figure 1. A) Product classification of metal catalysts for electro-reduction of CO2 shown in 

periodic table with colours B) Binding energies of the intermediates co* and EH*of different 

monometallic metals. Black lines show the thermodynamics of adsorbed or none-adsorbed 

hydrogen (GH* =0, for 1/2H2H*)or CO (GCO* =0, for COCO*). This plot summarizes 

the ability of Cu to reduce CO2 beyond CO while hydrogen UPD hardly takes place. A) and B) 

are reprinted with permission from [32] Copyright (2017) WILEY-VCH VerlagGmbH& Co. 

KGaA,Weinheim. C) General mechanism pathway for the reduction of CO to C2 and C1 

hydrocarbons and alcohols species. Adapted from reference.[63] 
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2.1. Structure sensitivity towards the production of CO: single-crystalline Ag and Au 

catalysts 

Based on the experimental evidence collected so far, gold and silver surfaces share similar 

patterns with respect to product selectivity, structure sensitivity and reaction mechanism. 

Carbon monoxide and H2 are the main gases evolved, with HCOO- being a minor product 

(typically below 20% FE).[9] Gold electrodes require ca. 200-300 mV lower overpotentials 

compared to Ag electrodes to achieve the same CO evolution rates.[9,14] For both transition 

metals, reaction kinetics for the formation of CO are strongly dependent on the surface structure. 

Hori et al. analysed the kinetic rates of Ag single crystals (Ag(hkl)) and observed that CO 

evolution rates scales according to (100) ~ (111) << (110), with Ag(110) displaying ca. 5-10 

times higher rates compared to Ag(100).[33,64] Similar trends were recently observed by 

Mezzavilla et al. with Au(hkl). Under-coordinated sites (i.e. sites with a low surface coordination 

number), such as the ones present in Au(110) and at the steps of Au(211), show at least 20-

fold higher activity than more coordinated configurations (e.g. Au(100)) (Figure 2). Selective 

poisoning experiments confirmed that the CO evolution kinetics on surfaces with high 

coordination numbers, such as Au(111) and Au(100), is likely to be dominated by the small 

fraction of defects inherently present also on these crystals.[35] Notably, the surface 

configurations most active for the production of CO display the best kinetics for HER in absence 

of CO2, indicating that H2O and CO2 are likely to compete for the same surface site.[64] Todoroki 

et al. recently analyzed the rate formation of CO on the three low-index Au(hkl) by using in-situ 

online mass spectrometry (OLEMS). They reported about 20-fold higher activity on Au(110) 

compared to Au(111) or Au(100),[65] in agreement with Mezzavilla et al. Both works observed a 

stronger structure sensitivity towards CO evolution compared to H2 evolution. 



 

 

 

 

 

Figure 2. CO2 electrolysis with Au(hkl) and polycrystalline gold (pcAu) in saturated CO2 +0.1M 

KHCO3 solutions. A) CO and b) H2 partial current densities. C) Faradic efficiencies vs the 

measuring potentials (after 100% Ohmic correction). Reprinted with permission from [35] 

Copyright (2019) WILEY-VCH VerlagGmbH& Co. KGaA,Weinheim. 

 

 

Fu et al. compared the activity of Au(hkl) recorded in CO2 saturated electrolytes containing a 

number of different ionic liquids (ILs). The relative activity of the electrodes was assessed purely 

on the comparison of cyclic voltammetry data, without complementing this analysis with the 

quantification of the reaction products. At any rate, also in non-pure aqueous media, the Au(110) 

surface exhibited the highest current densities irrespective of the IL couple used.[61] More 



 

 

 

 

interestingly, through an electrochemical scanning tunnelling microscopy (EC-STM) analysis, 

they claimed that the Au(110) surface developed the typical (1x2)-Au(110)) reconstruction upon 

the application of cathodic potential. Similar findings were exposed by Kolb[66] and Yoshida et 

al.[67] at relatively milder cathodic potentials in H2SO4 (in the absence of CO2). Based on these 

observations, it seems therefore appropriate to assume that Au(hkl) electrodes have 

reconstructed surfaces (Au(111)-(1x23), hex-Au(100) and (1x2)-Au(110)) under CO2RR 

conditions. The surface reconstruction can be thermally induced during the preparation of the 

electrode via flame annealing (in this case the configuration is likely to be maintained under 

CO2RR) or it can be electrochemically generated via the application of cathodic 

potentials.[61,67]The affinity of <110> and stepped surface configurations towards CO2 and CO 

(electrochemically produced from CO2 at the surface) was observed for Pt(110) as well.[68] 

However, in contrast to Ag(110) and Au(110), the high CO binding energy prevents the 

desorption of CO as gaseous product.  

At a macroscopic level, the impact of the catalyst structure on activity and selectivity has been 

studied by Kanan and co-workers, who observed how the sites located at grain boundaries and 

stabilized by the presence of dislocations, are significantly more active than other surface 

sites.[69,70] A direct correlation between the grain boundary density and CO partial current density 

was demonstrated for both bulk electrodes and nanoparticles. It is plausible to associate the 

activity of grain boundaries to a high density of under-coordinated sites.  

Several computational models have been proposed to elucidate the structure sensitivity of Ag 

and Au surfaces. By comparing the free energy landscape of the CO2RR intermediates for the 

most relevant Ag(hkl) and Au(hkl) configurations, most of these studies agree in considering 

(110), stepped surfaces (i.e., (211)) and corner sites as the configurations that exhibit the lowest 

free energies for the formation of adsorbed *COOH, which is largely considered as the critical 

intermediate for the formation of CO (Figure 3A).[58,71–73] Notably, independent studies support 

the hypothesis that the adsorption energy of the CO2 reduction reaction (CO2RR) intermediates 

is more sensitive to the surface configuration compared to what predicted for HER 

intermediates.[74] Back et al., for instance, calculated a difference in *COOH binding energy up 

to 0.5 eV between Ag(hkl) configurations, while the binding energy of H* on the same surfaces 

differs by less than 0.1 eV. This agrees with the more pronounced structure sensitivity towards 

CO formation compare to HER measured experimentally with Ag(hkl) and Au(hkl) crystals.  



 

 

 

 

Although it is assumed that the formation of CO on Ag and Au takes place via the formation of 

the *COOH, while formic would take place through the bidentate *OCHO, there is little 

experimental evidence in the detection of the elementary steps from which CO is formed on 

both Au and Ag. Recently, Bohra et. al.[62] claimed the detection of an adsorbed bidentate 

*OCHO intermediate on a polycrystalline silver electrode preceding the CO formation (Figure 

3B) by using Surface Enhanced Raman Spectroscopy (SERS). To explain this controversial 

result, Bohra et al. analysed the key role of solvation effects and lateral interactions in the 

product intermediate stabilisation.[62] These results reflect, in fact, the lack of a model describing 

the reaction mechanism on CO evolving catalysts. 

 

Figure 3. A) Scheme of the electrochemical CO2RR mechanism to lead CO and formic acid 

(HCOOH), respectively. Adapted from reference.[62] B) SERS spectra for CO2RR on 

polycrystalline Ag in 0.05 M Li2B4O7 saturated with CO2 (pH of 6.1). The spectral region shows 
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the O-bound bidentate species and the shift towards lower frequencies as more cathodic 

potentials are applied. The blue arrows indicate the formation of a new band at 1298 cm-1related 

to the merging and shift of the bidentate bands. Potentials are referred to RHE. Reprinted with 

permission from [62] Copyright (2018) WILEY-VCH VerlagGmbH& Co. KGaA,Weinheim. 

 

Figure 4. A) Cyclic voltammograms for the reduction of a saturated solution of CO on Cu(100) 

in phosphate buffer, pH 7 (green line) and NaOH solution, pH 13 (blue dotted line). Bottom: 

associated mass fragments of volatile products measured with OLEMS. Reprinted with 

permission from [75] Copyright (2012) American Chemical Society. B) Potential-dependent 

absorbance spectra for Cu(100) in the presence of CO in a 0.1m LiOH solution. Highlighted 

bands and their corresponding frequencies are indicated with a vertical line at 1191 cm-1 for 

12C-OH stretching, 1677 cm-1 for 12C=O stretching and 1600 cm-1 for O-H bending from water. 

The same experiment carried out on Cu(111) does not show the bands at 1191cm-1 and 

1600cm-1 reinforcing that a protonated CO dimer is formed on Cu(100) but not on Cu(111). 

Reprinted with permission from [76] Copyright (2017) WILEY-VCH VerlagGmbH& Co. 

KGaA,Weinheim. C) Oxygenate/hydrocarbon ratios for >2e− reduction products as a function 

of potential for Cu(111), (751), and (100). Reprinted with permission from [77] Copyright (2017) 

Proceedings of the National Academy of Science. On the left site of the panel we show a 

scheme of a Cu(hkl) single crystal electrode in the meniscus configuration as well as some 

formed products during the CO2RR 

In situ product and intermediate determination (NMR, OLEMS, FTIR...)
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2.2. Structure sensitivity towards the production of oxygenated species and 

hydrocarbons: Cu catalysts 

Cu is the only transition metal that can reduce CO2 beyond CO and produce valuable 

compounds.[15,78,79] This is illustrated by the large amount of papers regarding CO2RR on Cu 

electrodes published within the last decade.[28,75,77,80,81] There are few reviews containing a 

detailed description of the CO2RR on Cu electrodes, including different aspects such as kinetics 

and thermodynamics, surface structure dependence, pH effects or electrolyte 

influence.[12,27,33,54,82,83] Here, we aim to provide a summary of recent advances and guidelines 

for the rational design of well-defined Cu surfaces for the CO2RR. This section will start briefly 

describing the large variety of products that can be electrochemically produced on Cu. We will 

then focus on the structure sensitivity towards the selective production of hydrocarbons or 

oxygenates like alcohols. Finally, we will discuss relevant considerations to take into account 

while investigating the CO2RR on Cu(hkl), including the importance of monitoring the surface 

state under reaction conditions or the need to apply proper surface pre-treatments that 

guarantee a well-ordered surface.  

Kuhl et al. showed that CO2 reduction on Cu surfaces could generate at least 16 products by 

combining Gas Chromatography (GC) and Nuclear Magnetic Resonance (NMR) spectroscopy 

to improve the product detection limit.[37] At potentials above -0.75V vs RHE, the major products 

were methane (CH4), ethylene (C2H4), hydrogen (H2) and ethanol (EtOH), with minor products 

of C3 alcohols, aldehydes and ketones. Overpotentials higher than -1.0 V vs RHE were 

necessary to quantify other C2 and C3 hydrocarbons and alcohols. At lower applied potentials 

(< -0.75 V vs RHE), the formation of H2 together with CO and formate dominates against 

alcohols and hydrocarbons production. These results are in agreement with previous works 

carried out by Hori and co-workers.[9,78,84]  

The selectivity of Cu surfaces towards CH4 and C2H4 fuel components has motivated the study 

of both CO2RR and CORR (Electrochemical CO reduction) on Cu single crystal electrodes. 

While Cu(111) produces more CH4 rather than C2H4 at sufficiently high applied overpotential, 

Cu(100) increases the ratio between C2H4/CH4 and produces more ethylene (Figure 

4A).
[75,76,78,85] Several studies combining theory and experimental techniques such as online 

electrochemical mass spectrometry (OLEMS), in-situ infrared spectroscopy or gas 

chromatography (GC) supports that the intermediate for the formation of CH4 could be either 

the protonated *CHO or *COH,[16,75,85] while C2H4 would be generated through a dimer 



 

 

 

 

intermediate (CO-CO). Recently, Perez-Gallent et al. claimed the detection of a protonated 

dimer (CO-COH) on Cu(100), using Fourier-transform infrared spectroscopy (FTIR) (Figure 

4B).[76] The favourable protonation of the dimer on Cu(100) at potentials prior to the HER have 

been recently supported by DFT calculations.[20] When stepped surfaces were analysed, it was 

found that the introduction of (110) and (111) steps on Cu(100) increased the C2H4/CH4 products 

ratio. Hori et al. reported a higher C2H4/CH4 ratio for Cu(711) (Cu(n(100)x(112)),nrows=4).[86] An 

increase of the step density (n<4) caused a decrease of C2H4 selectivity against CH4
[84]. All 

these results strongly support that (100) sites are responsible for stabilising adsorbed CO to 

form the dimer intermediate.[34,87]  

The structure-selectivity relations for higher oxygenated species, such as alcohols and 

aldehydes, follow a different trend. Cu(110) is the low-index single crystal that shows the highest 

Faradaic efficiency for C2 oxygenated species like ethanol, acetaldehyde and acetate.[34,84] In 

addition, Hori and co-workers observed, at a constant current density of 5 mA cm-2, that the 

introduction of (111) and (110) steps on both (100) and (111) structures slightly increased the 

selectivity towards alcohols, likely because of the introduction of under-coordinated atoms.[84,86] 

More recently, Hahn et al. investigated the surface sensitivity of CO2RR on Cu(111), Cu(100) 

and Cu(751) structures, the latest being a kinked surface with <110> terraces. In terms of 

coordination number, they follow the order: Cu(751) < Cu(100) < Cu(111). It was found that the 

(751) surface yielded the highest relation oxygenated species/hydrocarbons (Figure 4C),[77] in 

agreement with previous results obtained by Hori and co-workers.[86,88] Thus, from a structural 

point of view, the under-coordinated sites enhance the formation of alcohols and/or oxygenated 

species.[89,90] 

Oxide derived copper (OD-Cu) surfaces have been the focus of interest, due to their high 

selectivity towards C2 alcohols and oxygenated species.[51,89] The surface treatment with 

oxygen leads to highly roughened and defect-rich surfaces that enhance the production of 

oxygenates.[91] Le Duff et al. studied the selectivity of Cu(111) and Cu(100) electrodes as a 

function of potential-induced structural changes.[92] They observed that an increase of 

roughness on Cu(hkl), induced by anodic potential sweep, improved the selectivity towards 

oxygenates and alcohols, likely because of a cooperative role of co-adsorbed –OH and –

CO.[92,93]The possible active role of subsurface oxygen induced in the OD-Cu copper structure 

has been focus of intense debate, and several authors have pointed out that both residual 

subsurface oxygen as well as the increase of density of under-coordinated Cu sites, could 



 

 

 

 

enhance the production of multicarbon oxygenated species.[69,82,94–96] This explanation, however, 

was recently refuted by Scott et al., who carried out electrochemical in-situ grazing incidence X-

ray diffraction measurements to monitor the surface and composition changes of a Cu2O 

polycrystalline thin films under CO reductive conditions.[97] They claimed that the oxide film was 

completely reduced to the metallic phase at potentials were enough CO was being reduced, as 

well as undergoing faceting reconstruction in agreement with results from Kim et al.[59] Moreover, 

Lum et al. used secondary ion- mass spectrometry (SIMS) to investigate the stability of oxide 

derived Cu structures under reductive conditions. They could detect that about 1% of oxygen 

remained stable on the OD-Cu. These observations, suggesting that the catalysts are mostly 

reduced under CO2RR conditions, are consistent with the notion that the higher selectivity 

towards oxygenates due to an increase in surface roughness or grain boundary density induced 

by the surface treatment with oxygen.[98] Despite that, the role of subsurface oxygen remains 

quite controversial. Nonetheless, it does seem clear that the particular preparation methods 

required to form OD-Cu structures, which favour an increase in surface roughening, are key in 

tuning the selectivity of the catalyst towards oxygenates. 

The role of water molecules in the formation of oxygenated compounds also deserves 

consideration. Lum et al. investigated the role of water combining theory and isotopic 

labelling,[99] and found that more than 70% of the oxygenated species contained an oxygen or 

–OH group which derived from the scission of water molecules (as opposed to being derived 

from the oxygen in CO2). This result implies that the selectivity towards oxygenated species 

would not only depend on the nature of the key intermediates adsorbed on the specific surface 

active site, but also on the facility of water molecules to react in those surfaces.  

Experiments under potential control and monitoring of surface state are necessary to obtain 

reliable selectivity-structure relationships. Cu, in fact, undergoes surface reconstruction 

depending on the applied potential limits and reaction conditions. Kim et al demonstrated that 

Cu(poly) underwent step wise reconstruction under hydrogen evolution conditions, first to 

Cu(111) and, later, evolving Cu(100) structure.[59] Later, Matsushima et al. showed that Cu(100) 

surfaces also underwent surface reconstruction as a consequence of the inclusion of subsurface 

hydrogen in the Cu metallic structure during HER conditions (Figure 5A-B).[100] Possible surface 

reconstruction phenomena under both CO or CO2 reduction conditions are usually scarcely 

discussed. We encourage efforts to describe and characterise the electrochemical properties of 

Cu(hkl) surfaces (Figure 5A-B) in detail. In particular, the electrochemistry community should 



 

 

 

 

establish the voltammetric finger print of the different Cu single crystals in different electrolytes 

and under different potential conditions.[101] Different surface pre-treatments can be applied to 

Cu(hkl) in order to ensure surface ordering under experimental conditions. These pre-

treatments usually consist of both mechanical and electrochemical polishing of the surface 

(Figure 5C) and transferring through air.[102] However, there is still slight discrepancy between 

the different voltammetric profiles reported in literature for Cu(hkl). Engstfeld et al. subjected a 

Cu(100) surface to successive cycles of Ar+ sputtering and annealing under ultra-high vacuum 

condition and annealing at 1000 K, followed by direct ransfer to the electrochemical cell, without 

exposure to the electrochemical cell. This protocol ensured high surface ordering as 

demonstrated by ex-situ STM measurements, , with terraces >50 nm in width (in comparison, 

an STM images suggest that other treatments, involving air-transfer and without a thermal 

annealing step, yield much rougher surfaces).[102] In addition, they demonstrated that the slight 

discrepancy between the reported blank voltammograms in literature, particularly for Cu(100), 

was related to the presence of defects that are likely to be induced by conventional surface pre-

treatments involving electropolishing and exposure of the electrode in air (Figure 5D).  

 

2.3. Electrolyte effects: role of pH and specific adsorption 

The electrolyte composition (Figure 6A) plays an important role on both the activity and 

selectivity of the CO2RR, as it can: i) regulate the pH and minimise the HER against 

CO2RR,[73,103,104] ii) dissolve CO2,[103,105–107] iii) stabilise the reaction intermediates.[87,108,109] 

Bicarbonate solutions are common electrolytes employed to study the CO2RR. Dunwell et al. 

investigated the role of bicarbonate in the CO2RR on gold electrodes combining isotopic 

labelling and surface-enhanced infrared absorption spectroscopy (SEIRAS) in bicarbonate 

solutions.[106] They claimed that bicarbonate species had and active role as a carbon source in 

the CO production, possibly through a dynamic chemical equilibrium between CO2 and 

bicarbonates species. The theory that bicarbonate is involved in the CO production on gold 

surfaces was, however, recently questioned by Wutting et al.[110] as well as by Singht et al.[58] 

on Ag surfaces. Micro-kinetic models were developed to simulate the CO2RR, concluding that 

bicarbonate was unlikely to participate in the reaction limiting step to produce CO, but can act 

as proton donor in subsequent reaction pathways, being a sluggish regulator of the pH. CO2 in 

aqueous solution is in equilibrium with bicarbonate and the bulk pH ranges between 6 to 8 

depending on the bicarbonate concentration and CO2 partial pressure. The rapid formation of 



 

 

 

 

OH- (or depletion of H+) during the reaction causes an increase of the interfacial pH. The slow 

equilibrium kinetics of the carbonate buffer hamper the recovery of the original pH.[104] The 

magnitude of the interfacial pH increase depends on several factors, such as electrolyte 

concentration, current density or electrolysis time.[111] The difficulty to control the pH at the 

interface in CO2 saturated solutions explains that the CO electroreduction (CORR) has been 

intensively investigated to elucidate the pH dependence on the electrocatalytic conversion of 

CO2. Works on CORR carried out at different pH by Hori et al.,[15,52,79] and later by Koper and 

co-workers,[34,75] confirmed that the formation of CH4 followed a pH-dependent mechanism while 

the limiting step for C2H4 formation would not be pH-dependent. Thus, the pH plays a key role 

in the selective production of hydrocarbons. In particular, the C2H4/CH4 ratio tends to increase 

at more alkaline media.[103] 

 

Figure 5. A) Scheme of the stereographic triangle showing the surface atomic structure of the 

three Cu basal planes: (111), (100) and (110). B) In-situ STM images of Cu(100) in 0.1 M HClO4 
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solution in the HER regime (17 x17 nm2) and at (a): -0.67 V, (b) -0.60 V (c) -0.58 V, and (d) -

0.57 V). The images show the structural phase transition between the fully c(px8) reconstructed 

and the unreconstructed (1x1) Cu(100). Reprinted with permission from [100] Copyright (2010) 

Royal Society of Chemistry group. C) Typical blank cyclic voltammogram of 

Cu(111)|0.1MKOH recorded at 50mVs from an electrochemically polished Cu(111) single 

crystal electrode purchased from Mateck company. D) First cyclic voltammograms recorded in 

0.1 M KOH (labels 1-3) and 0.1 M NaOH (label 4) at a scan rate of 50 mV·s-1. The inset shows 

the STM image with sizes of 700 nm x 700 nm and 4 nm x 4 nm, respectively (Recorded with 

IT = 1 nA, UT = 0.1 V and IT = 0.6 nA, UT = 0.2 V, respectively). Reprinted with permission from 

[102] Copyright (2018) WILEY-VCH VerlagGmbH& Co. KGaA,Weinhei

The specific nature of the electrolyte could be also acting as a regulating agent of the interfacial 

pH.[112] Ayemoba and Cuesta used attenuated total reflection surface-enhanced infrared 

absorption spectroscopy (ATR-SEIRAS) to investigate the specific role of the alkaline cation (Li, 

Na, K, Cs) in the CO2RR on gold electrode.[107] Local changes of the interfacial pH were 

calculated from the relative intensity of both CO2 and HCO3
- IR bands, assuming that both 

species were in equilibrium. The pH increase under CO2RR was found different depending on 

the cation identity (Figure 6B). Cs+ cation was claimed to act as a better buffer regulator of the 

interfacial pH compared with smaller cations (Li+, Na+, K+). They proposed that the major faradic 

currents and different selectivity under the presence of the cation was related with their buffering 

capability, supporting previous work by Singh et al.[31] On the other hand, the range of current 

densities investigated in this work did not exceed 5mA cm-2. However, the cation buffering effect 

may have little effect at long-term CO2 electrolysis and at major current densities because the 

mass transport limitation for both proton and bicarbonate would have a dominant effect on the 

interfacial pH. In fact, the pH tends to suddenly increase even under acidic conditions, as 

showed by Ooka et al.[104] This suggests that the cation likely affects both the selectivity and 

activity in different ways. The effect of the cation in the CO2RR has been focus of interest since 

Hori observed, for the first time, that larger cations like Cs+ enhanced the C2 product formation 

such as ethylene.[31,113–115] Later, this was confirmed by Perez-Gallent et al. who investigated 

the cation effect on the CORR combining FTIR and DFT calculations,[87] concluding that the 

cation acted as a promoter agent stabilising the reaction intermediates. 

The anion effect has also been focus of interest, since anions from the electrolyte can adsorb 

on the surface and block a number of specific active sites (anion coverage). Consequently, they 



 

 

 

 

can modify the kinetics of the reaction, or/and the expected catalytic trends at different pHs. 

This is the case, for instance, of electrolytes containing phosphate or carbonate anions, which 

adsorbs strong enough on Cu surfaces and can limit the reaction or shift the onset overpotential 

of the CO2RR.[20] The halide effect was also investigated on Cu polycrystalline surfaces. Varela 

et al. found that, while Cl- and, specially, Br- enhanced the selectivity towards CO, CH4 formation 

against C2H4 was favoured under the presence of I- on roughened cubic Cu2O-derived 

structures.[80] The authors related the different selectivity to the capability of the halide to donate 

more negative charge, creating surfaces dipoles. The surface polarization enhances the charge 

transfer and protonation of CO to lead CH4. However, morphological changes on the surfaces 

were also observed under the presence of I-, that can also be affecting the selectivity factor at 

the modified active site. To better assess the role of the halide in the product selectivity of the 

CO2RR, the use of single crystal electrodes as well as evaluation of halide coverage degree is 

strongly encouraged (Figure 6C). 

 

 



 

 

 

 

 

Figure 6. A) Scheme of the electrified double layer under CO2 reaction conditions. B) Linear 

sweep cyclic voltammetries (0.01mV/s, top panel) and potential dependence of the interfacial 

pH (bottom panel) calculated from ICO2/IHCO3‑ ratio as obtained from simultaneously recorded 

ATR-SEIRA spectra of a thin-film Au electrode on Si in CO2-saturated 0.05 M M2CO3 solutions 

(M = Li (blue), Na (green), K (red), Cs (black)) in D2O. Reprinted with permission from [107] 

Copyright (2017) American Chemical Society. C) Faradaic selectivity of the gaseous 

products after 10 min of bulk electrolysis at a constant potential of 0.95 V vs RHE. SEM images 

of the surface after reaction are also included, showing the morphologic changes induced by 

the presence of I-. Reprinted with permission from [80] Copyright (2016) American Chemical 

Society. 
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3. Tuning the selectivity by engineering the electrolyte interface 

3.1. Bimetallic catalysts for CO2 reduction: model studies on extended surfaces 

Strain, ligand and atomic ensemble effects arising through the introduction of heteroatoms in 

transition metals have been extensively exploited in electrocatalysis, especially for fuel-cell and 

hydrogen evolution catalysts.[116–119] The application of the same strategy for CO2RR has 

recently picked up pace,[120]. The presence of heteroatoms does not alter only the activity (i.e. 

the kinetics) of the catalysts, but also its selectivity (i.e. Faradaic Efficiency).  

Model planar systems such as ad-layers are the most appropriate systems to elucidate ligand 

and ensemble effects. Only few examples have been reported so far with monolayer catalysts. 

Varela et al.[121] studied Cu overlayers on Pt(111) and Pt(211) and showed a variation in 

selectivity in comparison to a pure polycrystalline copper electrode. In particular, they observed 

a decrease in CH4 formation and the absence of C2+ products. This behaviour has been 

explained by the dynamic nature of a Cu monolayer, which forms small ensembles unable to 

catalyse carbon-carbon coupling reactions (i.e., intermediate step to form C2+ products) (Figure 

7A-B). At the same time, the formation of the ensembles exposes Pt (HER active) substrate, 

thus explaining the higher FE towards H2. The impact of the nature and thickness of the Cu ad-

layer on CH4/C2H4 selectivity was monitored also by Reske et al.,[122] who tested a set of thin 

Cu layers (from 1ML to 5nm in thickness) deposited on a polycrystalline platinum substrate. The 

CH4/C2H4 ratio was found to increase with thicker Cu ad-layers. Januszewska et al. [123] studied 

1 ML-Pd/Au(111) and 5 ML-Pd/Au(111) pseudomorphic ad-layers. They claimed that the 

thickness of the Pd ad-layer affects the *H/*CO2/*CO binding energies and coverages under 

CO2RR conditions. Their analysis is purely based on electrochemical cyclic voltammetry and 

does not comment on the nature or relative abundance of the reaction products. Collectively, 

we stress that investigations with these types of systems must consider and assess the stability 

of the ad-layer, which might be compromised through different phenomena, such as the 

reconstruction of the ad-layer and segregation/alloying events.[121,124] This aspect has been 

scarcely studied in the past and we find it deserve more attention in the future. 
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Figure 7. A) (left side) Atomically flat morphology of the Cu overlayer in a CO free electrolyte 

(499 nm)2, UB = 0.02 V, UB = 292 mV, IT = 1 nA. (right side) Granular morphology of the Cu 

overlayer after exposure to a CO saturated electrolyte (499 nm)2, UB = 0.01 V, UB = 356 mV, IT 

= 10 nA. B) Scheme of the Cu ad-layer on Pt(111) showing the change from a flat to a granular 

surface under CO2RR conditions. A) and B) are reprinted with permission from [121] Copyright 

(2013) American Chemical Society. C) Effect of Cu-Sn alloy composition on the faradaic 

efficiencies for CO (circles) and HCOOH (squares) formation at - 1.25 V vs. SHE. Adapted from 

reference [125] D) left side) Illustration of prepared CuPd nanoalloys with different structures. 

Right side) faradic activities for the product distribution for bimetallic Cu–Pd catalysts with 

different mixing patterns: ordered, disordered, and phase-separated at -0.750V vs RHE. 

Reprinted with permission from [126] Copyright (2017) American Chemical Society. 

 

 

While ligand and ensemble effects are maximized on surface alloys and in presence of ad-
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Several (bi)- and (multi)-metallic systems, in the form of planar electrodes or nanoparticles, have 

been tested for CO2RR. Recent reviews [127] cover the main findings for a number of 

compositions. Due to space limitations, in the present review we will discuss only few exemplary 

cases.  

The impact of surface strain with Cu-based alloys has been observed in many cases. Notably, 

the “optimal” strain seems to lie within small compositional windows or upon the formation of 

specific crystallographic phases. The Cu-Sn and Cu-Zn systems have been thoroughly 

characterized by Katoh et al. [125], who found that Cu5.6Sn and Cu6Zn8 were the most active 

towards the production of CO (Figure 7C). Interestingly, using a similar family of Cu-Zn 

intermetallic electrodes, Ren et al.[128] claimed the formation of a larger fraction of C2+ products 

and oxygenates (i.e. ethanol) not observed in prior studies. Grote et al. studied a Cu–Co thin 

film material library reporting[39] a shift in selectivity toward C2 products with an atomic Co 

concentration between 5% and 25%. The Cu-In alloy system to catalyse the reduction of CO2 

to CO,[129] has been systematically studied by Larrazábal et al.[130], confirming that the formation 

of an alloy phase is instrumental to achieve better CO evolution rates 

The Au-Cu system, which gives CO as main reaction product, has been examined by different 

groups [131–136]. Kim et al. reported how the specific (i.e. normalized over electrochemical surface 

area) and mass activity of Au-Cu nanoparticles is affected by the Au-Cu atomic ratio, with the 

Au3Cu nanoparticles exhibiting the highest mass activity.[134] In a follow-up work, using the same 

system, the authors observed that the disorder/order transformation of the Au-Cu crystal lattice 

and ensuing formation of Au overlayer is pivotal to increase the catalyst activity towards CO 

compared to a monometallic Au catalyst.[137] It is suggested that he presence of Cu (on the 

outmost surface layer or within the alloy lattice) improves the binding energy of the reaction 

intermediates (i.e., *COOH) and , in turn, the CO formation rates. The local structural order has 

emerged as important variable also in other alloys. Bimetallic Cu-Pd nanoparticles were 

investigated by Ma et al., who showed that the product selectivity towards C1 or C2 products 

could be modified by tuning the atomic arrangements in the nanoparticle. Well-ordered Pd-Cu 

mixtures were more selective towards CO and CH4 while phase separation nanoparticles shifted 

the product selectivity towards C2H4. The different product selectivity was assigned to a change 

on the electronics in the different bimetallic arrangements (Figure 7D).[126] The Ag-Cu system 

has been deeply analysed by Clark et al., finding that the presence of a small content of Ag 

suppressed the HER and shifted the selectivity towards multi-carbon carbonyl and oxygenated 

species in detriment of ethylene and hydrocarbon production (Figure 7C-D).[138] It remains to be 
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verified if the initial structure can be retained over the catalyst lifetime and if any segregation 

events will alter the selectivity or the initial activity of the catalysts.   

These examples suggest that, by varying slightly the electronic properties of the hosting 

transition metal, one can modify the catalytic activity and selectivity substantially. Many of the 

aforementioned alloy systems are known to give intermetallic phases. The formation and the 

nature of these phases seem to be different for bulk (low surface area) and nanostructured 

catalysts, probably due to different inter-diffusion properties. We take the view that the 

formation, the nature (e.g., ordered/disordered) and stability of these phases under reaction 

conditions as well as the impact of these variables on the CO2RR performance should be 

considered more in detail in future works. 
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Figure 8. A) Scheme of polycrystalline spherical and shape nanoparticles. B) Current densities 

at −1.1V vs. RHE are plotted against the size of the Cu NC catalysts and compared with Cu foil 

C) Bar graph reporting the faradaic efficiencies for each product in the different size of Cu NC 

cubes and in the Cu foil at −1.1V vs. RHE. B) and C) are reprinted with permission from [139] 

Copyright (2016) WILEY-VCH VerlagGmbH& Co. KGaA,Weinheim. 
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3.2. Rational design of nanostructured electrocatalysts 

The structure sensitivity observed with model surfaces (sections 2 and 3.1) can be translated to 

high surface area catalysts via the synthesis of shaped nanoparticles. Similar to the effect of 

alloying, this strategy has been widely applied in other electrochemical reactions and, more 

recently, also in the CO2RR. The most relevant case study is perhaps the one of Cu nanocubes 

(cubic nanoparticles, Cu-NP), initially discovered by Chen et al.[140] and by Roberts et al.[41] with 

cube-shaped nanostructured electrodes (also named mesocrystals). Other works with 

supported Cu shaped nanoparticles have complemented these initial findings.  

On the one hand, it is established that Cu nanocubes with a high fraction of (100) facets exposed 

are more selective towards C2H4 compared to standard nanoparticles (Figure 8), which display 

an array of different surface sites. [41,139,140] However, recent studies suggest that, in order to 

achieve the best C2H4 selectivity and at the same time maximize the CO2RR activity (with 

respect to the competitive HER), it is crucial to tailor the ratio between density of under-

coordinated sites (e.g., cube edges) and (100) facets, either via selective etching[141] or by 

adjusting the nanoparticle size.[139] Dedicated catalyst pretreatments have been also used to 

further optimize the performance.[81] Similar structures have been investigated with Ag[142] and 

Pd[143] catalysts, as well as with Au rhombic dodecahedron particles and nanowires.[144] 

Collectively, it is important to highlight how these achievements hinge on the basic knowledge 

acquired through the structure sensitivity studies with Cu(hkl) electrodes. As for the case of 

single crystal electrodes, we find that research activities should be focused on investigating not 

only the catalytic performance (activity, selectivity) of shaped nanoparticles, but also their 

stability. Significant transformations have been observed with Cu-based systems upon the 

application of cathodic potentials.[81,145]  

 

3.3. Ionic Liquids as a novel approach to increase efficiency and selectivity 

The low product selectivity in CO2RR has motivated the quest for different alternatives to tune 

the electrolyte site as well. For instance, replacing the traditional aqueous electrolytes by non-

aqueous solvents[88,109] such as acetonitrile, N,N-Dimethylformamide (DMF) or Dimethyl 

sulfoxide. These organic solvents, in addition, show higher CO2 solubility than water,[88,109,146,147] 

can minimize the HER,[88,109] and have wider potential limits than aqueous electrolytes. The 

CO2RR in non-aqueous solvents like DMF was firstly reported by Saveant´s group in the early 

80s.[109] It was observed that large overpotentials (-2.10 V vs SHE) were needed to apply 
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because of the absence of a proton source in the media joint to the high thermodynamic 

impediment related to the formation of the anion radical intermediate (CO2
-).[148]  

Ionic Liquids (ILs) are a relative new class of electrolytes that have emerged as an alternative 

to traditional organic solvents in the field of CO2RR. They also display wide potential windows 

and can minimize the HER, as well as being conductive.[149] In particular, Room Temperature 

Ionic Liquids (RTILs), the ones considered as formed by discrete ions such as the based on the 

imidazolium cation, have been intensively studied for CO2RR.[150–152] In 2011, Masel et. al. 

reported, for the first time, the CO2RR in a [EMIM][Tf2N] RTIL/water mixture and on Ag.[108] They 

observed that, under the presence of the RTIL, the overpotential for the production of CO was 

around 0.170V, lower than in Au substrates in aqueous solution, obtaining a 96% of faradic 

efficiency of CO. The lower required overpotential to generate CO was attributed to the 

stabilisation of the anion radical (CO2
-) by complexation with the cation in the RTIL medium i.e., 

RTILs act as co-catalysers of the CO2RR (Figure 9).[153,154]. However, the co-catalytic property 

of RTILs is still poorly understood, and may involve a change of the catalytic properties of the 

modified electrified interface apart from complex intermediate stabilisation.[148] 

Double layer effects and restructuration could also influence the CO2RR. The metal 

electrodes|RTIL interfacial properties are very different compared with the metal|aqueous 

interface. Dynamics of the RTIL structuration at the interfacial region and with the applied 

potential are slow and undergo multilayer restructuration.[155–160] In addition, cations based on 

heterocycles such as the imidazolium ring, re-orientate on the surface electrode depending on 

the applied potential.[155–157] Garcia Rey et al. investigated the effect of double layer structuration 

and cation re-orientation in the CO2RR, in [Emim][BF4] and on a Ag substrate, by using Sum 

frequency generation (SFG).[161] They proposed that the CO2RR in RTIL media was controlled 

by the potential structural transition of the RTIL since the CO2RR threshold corresponded to the 

potential range in which the cation underwent re-orientation.[161,162] Urushihara et al. simulated 

the pourbaix diagram of the interface Ag(111)|water under the presence of the Emim cation, 

and found that the surface was likely covered by the cation under CO2 reductive conditions.[163] 

The presence of the cation at the interfacial region can modify the surface electric field and 

solvent network restructuration, fact that should influence the CO2RR mechanism, as well as 

supressing the HER.[149] 
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Figure 9. Co-catalytic effect of an RTIL. 

 

Another relevant aspect is the impact of residual amount of water in the faradic 

activities/efficiencies of the CO2RR in RTIL media and in organic solvents. Figueiredo et al. 

investigated the CO2 electro-reduction on Cu electrodes in wet acetonitrile.[164] FTIR and Raman 

spectroscopy revealed the competing formation between carbonate or bicarbonate species (in 

an electrochemical-chemical step) and CO, showing that the CO2RR in non-aqueous solvents 

is highly sensitive to the presence of small amounts of water even at the ppm level. An excess 

of water was, in fact, confirmed to be necessary for the CO2 reduction in either RTILs and 

organic solvents.[165] Papasizza and Cuesta investigated the CO2RR on gold electrode in 

RTIL/water mixtures and using ATR-SEIRAS.[166] They observed that the re-structuration of the 

RTIL solvent network while shifting the applied potential was different under the presence of 

CO2. Under strong polarisation of the surface, a water-rich environment surrounding CO2 was 

observed in the double layer region, suggesting that, as expected, CO2 prefers water as a proton 

source to react (Figure 10). Rosel et al.[167] and later Garcia Rey et al.[168] investigated the 

electroreduction of CO2 on Ag and in [Emim][BF4] with different ammounts of water, finding that 

increasing the water concentration (40-80% molwater/molRTIL) helped to reduce applied 

overpotential and to increase total current densities, while maintaining a good CO faradic 

efficiency near to 90%.  

The CO2RR has been intensively investigated on Au and Ag substrates but it still requires deep 

analysis. Studies carried out on less-polarizable and more active surfaces towards the HER 
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such as Cu, or Pt are challenging but necessary, since they would be better model catalysts for 

many different reactions including CO2RR.[164] In this regard, the addition of pyridinium (PyrH+), 

or pyridine (Py) to the electrolyte, as a mediator of the reaction, was claimed to promote the 

CO2RR towards the selective formation of methanol on Pd and Pt electrodes[169–173]. However, 

the co-catalytic role of PyH or Py is still highly controversial and, as a matter of fact, questioned 

by independent groups[174–176] which could not detect methanol as a reaction product in the 

presence of these species.  

 

Figure 10. ATR-SEIRA spectra of an Au electrode in [EMIM]BF4/water (18% mol/mol) A) with 

and B) without CO2 acquired during the negative going sweeps of a cyclic voltammogram at 5× 

10−4 V s−1. The reference spectrum was taken at −0.60 V just before starting the potential sweep 

in the negative direction. The highlighted bands correspond to νasym(CO2), magenta star; 

ν(COL), blue star; and ν(COB), green star. The red lines correspond to the ATR infrared 

spectrum of the [EMIM]BF4/H2O mixture (18% mol/mol) and are included for the sake of 

comparison. The experiment shows that different bands emerge in in the region of 3100-3600 

cm-1 under the presence of CO2. In addition  a band around 1636 cm−1 have also emerged. This 

indicates an increase of interfacial water content and the preference of CO2 to react with water 

Without CO2
With CO2

Double layer structure and water effects

A B

Figure 11
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even in RTIL media. Reprinted with permission from. [166] Copyright (2018) American 

Chemical Society. 

 

The co-catalytic effect of the cation in the RTIL is then vaguely described. In addition, we 

consider that the stability of the cation in a RTIL/water media under strong reductive conditions 

should be also carefully tested to better assess the key role of the RTIL in the CO2RR. Neubauer 

et al. investigated the stability of three RTILs based on the imidazolium cation in RTIL/water 

mixtures.[177] They demonstrated that all tested RTILs were unstable under strong reductive 

conditions, i.e. at j > 50 mA cm-2, likely because of the increase of surface concentration of OH- 

that react with the cation, initiating its decomposition. These results were also supported by 

Feater et al. [149], showing the difficulty of using RTILs for CO2RR at high current density regime. 

On the other hand, there are not many studies focusing on the surface sensitivity of CO2RR in 

RTIL,[61,178] studies that, from our point of view, would help to shed lights on the CO2RR in RTIL-

rich environments. This lack of information is likely due to the absence of well-stablished surface 

pre-treatments that ensures reproducibility in RTIL[179] as well as the sensitivity of single-

crystalline electrodes to the presence of impurities.[55] 

 

4. Challenges and future directions 

4.1. Selectivity challenge 

Sections 2 and 3 highlighted the need to carry out well-defined studies aiming at establishing 

structure-selectivity relationships. Using single-crystalline electrodes to carry out electrocatalytic 

studies is often a challenging task, as they require very special pre-treatments that ensure the 

surface ordering, as well as the highest purity and cleanest working conditions. In particular, 

protocols to pre-treat Cu single-crystalline electrodes involving electrochemical polishing do not 

necessarily ensure surface ordering and/or can introduce defects. On the other side, Cu 

surfaces, as well as Au surfaces, develops morphologic changes and surface reconstruction 

which impact on the CO2RR is still unclear. Therefore, strategies that allow selectively tuning 

these morphological changes with potential monitoring would allow reducing the selectivity gap 

in the CO2RR. The role of electrolyte also deserves deep consideration, particularly regarding 

to specific anion adsorption effects and local pH variations at the electrified interface.[180] We 

take the view that the above considerations will be key to build the bridge between theory and 

experiments. In particular, they will help to align predicted product selectivity on faceted metal 
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surfaces with those obtained experimentally,[57,77] and will reduce the controversy while 

proposing a mechanism pathway for the CO2RR 

To improve selectivity, different routes to tune the active site must be exploited. One promising 

alternative to tailor the surface catalyst is to control the atomic ensembles, which can be 

achieved by controlled electrodeposition of foreign metals as well as by molecular 

patterning.[116,181,182] The deposition of ad-atoms with different electronegativity is another 

strategy to tune selectivity. Controlled deposition of different ad-atom coverages may alter the 

reactivity of the surface catalyst in the CO2RR because of the modification of the energy 

absorption of the intermediates and their interaction with the solvent. The alloying or adlayer 

deposition of one metal onto a different one introduce strain effects in the crystalline lattice which 

can be helpful to provide rational description of the activity/selectivity relationships, as above 

mentioned.[117] However, the stability of the new bi-metallic surfaces under CO2 reduction 

conditions must be assessed, with the scope to identify changes to coverage, activity and 

reaction selectivity.[124,183]  

Deposition of metallic nanoparticles or nanostructures is another promising route to tailor the 

product selectivity and increase current activities/efficiencies. A feasible less explored method 

to electrodeposit nanostructures is the use of ILs.[121] ILs usually show chemical and transport 

properties that allows calibrating the growth, size and shape of the particles. [184–186] In that way, 

ILs could be used not only as co-catalysers of the CO2RR, but also for nanocatalyst design. 

Tuning the electrified interface by incorporating the RTIL in the double layer structure, is a new 

topic still in its infancy.  In conclusion, a wide range of strategies to tailor the electrified interface 

must be targeted in future to improve CO2RR selectivity (Figure 11). 

 

Figure 11. Illustration of different modified well-ordered atomic arrangements 

Engineering the electrified interfaceSELECTIVITY CHALLENGE

Alloys Atomic ensemble control

Adlayer deposition
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Lastly, the use of single-atom catalysts (SACs) as alternative to expensive precious metals for 

the CO2RR should be considered. The possibility gained via the unique structural properties of 

single (metallic) atomic entities, has been exploited in many cases of heterogenous catalysis. 

However, the application of this class of materials in the area of electrocatalysis is less 

frequent.[187,188] Their singular structures may provide different CO2RR mechanism pathways, 

allowing rational design of the catalyst at the active site level. Additionally, their tuneable 

structures might offer scope to tailor the properties of catalytic centre and therefore improve the 

selectivity or activity towards the formation of alcohols or CO. Transition metal and nitrogen-

doped nanoporous carbon catalysts (M-C-N, where M is Fe, Co, Ni, Cu or Mn) have shown both 

high activity  and selectivity towards the electroreduction of CO2 to CO.[188] Interestingly, isolated 

M-Nx single sites in this porphyrin-like materials allow to largely suppress the HER, thus 

enhancing both selectivity and activity towards the reduction of CO2 to CO.[189] More recently, 

Ni-N-C catalysts have shown the highest efficiency reported for the electrolysis of CO2 to CO in 

large-scale electrolyser tests, exceeding the performance of Ag-based benchmarks.[190] 

Novel structures such as metal-organic frameworks (MOFs) or covalent organic frameworks 

(COF) have been recently used to engineer atomic-tailored electrocatalysts as well. These 

materials have been focus of interest for different applications such as CO2 capture and, more 

recently, electrocatalytic conversion of CO2.[191–196] The use of MOFs for CO2 electroreduction 

is a novel field, and systematic investigations should be carried out to understand end exploit 

the potential of these materials, as well as gain mechanistic understanding and explain the 

differences in activity and selectivity. In particular, synthetic procedures should be optimized to 

improve MOFs’ stability at highly applied overpotential or at large current densities. 

 

4.2. Activity challenge and the use of gas diffusion electrodes 

Increasing the activity in the electrochemical reduction of CO2, i.e., increasing the rate 

production of valuable compounds, is also matter of interest. Despite the multidisciplinary effort 

in developing strategies to improve the activity, as well as the selectivity of the CO2RR (section 

4.1), these are not sufficient to fulfil the market demand.
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Figure 12. A) Scheme of a gas diffusion electrode (GDE) cell set-up. Reprinted with permission 

from [24] Copyright (2018) Science publishing group. B) Partial current density for C2+ 

products versus applied potential for CO reduction in 1 M KOH on Oxide Derived Copper 

electrode (OD-CU) and micrometre copper normalized to the geometric surface area for a gas 

diffusion electrode cell. Reprinted with permission from [46] Copyright (2018) Nature publishing 

group. C) Partial current density obtained for different products as function of the Cu catalyst 

and the applied potential vs RHE. Graph adapted from references:[24,37,45,46,77,81,90,91] as 

highlighted in the legend. The legend also shows the employed electrolyte in any system. 

 

 

C

ACTIVITY CHALLENGE

Improving the cell set-up. Increase current activities

BA

-1.2 -1.1 -1.0 -0.6 -0.4 -0.2
0.1

1

10

100
 Ref. [45] 1M KOH

 Ref. [91] 0.1M KOH

 Ref. [90] 0.1M KOH

 Ref. [81] 0.1M KHCO

 Ref. [77] 0.1M KHCO
3

 Ref. [77] 0.1M KHCO
3

 Ref. [77] 0.1M KHCO
3

 Ref. [46] 1M KOH

 Ref. [24] 3.5 M KOH + 5 M KI

 Ref. [37] 0.1 M KHCO
3

Cu(100), pH 7

(CO
2
 to C

2
H

4
)

Cu(751), pH 7

(CO
2 
to EtOH)

Cu(111), pH 7

(CO
2
 to CH

4
)

OD-Cu, pH 13

(CO
 
to EtOH)

Cu (poly), pH 13

(CO to C
2
H

4
)

Cubic Cu-NP, pH 7

(CO
2 
to C

2
H

4
)

Cu(poly), pH 7

(CO
2
 to CH

4
)

OD-Cu-GDE, pH 13

(CO to EtOH)

Cu-NP-GDE, pH 13

(CO
2

 to C
2

H
4

)

j 
/ 

m
A

 c
m

-2

E / V vs RHE

Cu-GDE, pH 14

(CO
2

 to C
2

H
4

)



 

33 

 

Convectional H-cells are the most common configurations employed to carry out lab-scale 

studies. However, typically H-cells only allow reaching faradaic currents of less than 35 mA cm-

2
.
[197] In addition, this configuration cannot deal with changes produced at the electrified interface 

during the CO2 electrolysis. The low solubility and poor transport properties of the CO2 in 

conventional aqueous electrolytes explain the low-density currents. In addition, the buffering 

capability of the HCO3
-/CO2 system is very limited and the interfacial pH increases, even at 

relative low density currents.[104,111] These lab-scale configurations would not be actually able to 

reproduce the reaction conditions at a surface level in real electrolysersWith the aim to integrate 

CO2 conversion systems in the market, the new devices should be able to operate at long-term 

and hold considerable high current densities. One promising alternative to traditional H-cell set-

ups is using gas-diffusion electrodes (GDE).[43,44,198] GDE overcome the CO2 mass transport 

limitation by directly supplying CO2 to the surface electrode through the gas phase (Figure 12 

A). During the past decade, efforts in optimising electrolysers for CO2 reduction, using GDE, 

have been made, aiming to increase current densities above 500 mA cm-2.[23] 

Given the state of the art of CO2 conversion systems, current densities achievable for these 

promising systems have been benchmarked, rising values near to 0.5-1A cm-2. Recently, Dinh 

et al.[24] reported an integrated GDE for CO2 electrolysis that was capable to reach current 

densities close to 750 mA cm-2 and with 70% efficiency for C2H4 production. On the other side, 

Jouny et. al. developed a CO flow electrolyser with a diffused gas electrode that reaches 

currents density near to 1 A cm-2 (Figure 12B) and can operate at 500 mA cm−2 for 1 hour, being 

more than 90% selective towards C2 compounds.[46] Despite the improvement in terms of 

achievable current densities/efficiencies, the cell potential (the combined needed applied 

overpotential at both anode and cathode in the electrolyser) for these systems is still too high 

(above 2V), making the process energetically inefficient. Kinetics of the reaction at the anode, 

typically the oxygen evolution reaction (OER), are outside the scopus of this review, but we 

include some reviews to point out the reader to additional information about the OER.[18,19,21]. 

On the other hand, Verma et al. have recently proposed the glycerol electro-oxidation on Pt 

black as a very promising alternative to replace the OER at the anode, allowing to reduce the 

cell potential around 1V, as well to be an alternative way to produce valuable compounds.[17]  

A very important gap to close is the design of stable catalyst structures that ensures high 

activities for the CO2RR at long term and under GDE configuration. Despite the incredible 

number of fundamental studies focused on obtaining the structure/selectivity/activity 

relationships in the CO2RR, these findings should be scaled in catalysts that can operate in real 
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CO2 conversion system such as GDE-electrolysers. Figure 12C provides an activity-

benchmarking graph showing a brief summary of the current state of the art of a few Cu catalysts 

for CO2RR into hydrocarbons and alcohols and, in comparison with Cu-GDE. Partial current 

activities for specific products are plotted as a function of applied cathodic potential and at 

different pH values. 

In summary, several aspects must be targeted in future aimed at improving the design of CO2 

electrolysers for the market requirements. The goal is to reduce the cell-overpotential at the 

same time that allows holding high current densities for a long time (above 500 mA cm-2). Some 

of these aspects include:[26] 1) design an morphology of the surface catalyst at the GDE to asses 

high current activities and ensure high selectivity; 2) selection of the proper electrolyte that better 

balance/regulate the pH at extremely high current densities, and reduce ohmic losses; 3) 

development and integration of effective anionic membranes that enhance the ionic transport of 

–OH and carbonate/bicarbonate groups between catholite and anolyte; 4) improvement of the 

reaction kinetics at the anode (OER) to reduce the cell potential and reduce the energetic gap. 

 

5. Conclusions and outlook 

During the past decade, intensive research efforts have been made to find the descriptors 

governing the CO2RR, aiming to explain the trends in both selectivity and activity. The use of 

well-ordered surfaces, i.e., single-crystalline electrodes, have been crucial to provide advances 

in this area of fundamental research. Experiments under potential control and/or in combination 

with a wide number of ex-situ and in-situ characterisation techniques have unveiled relevant 

mechanistic information of the elementary reaction steps. Ag and Au are still widely studied as 

model catalysts for the selective production of CO, Cu is the only metal capable to reduce CO2 

into hydrocarbons and alcohols; however, the selectivity is typically low and large overpotentials 

are needed. Although CO2 electroreduction is a research field in continuous expand, there are 

still several questions to align, aiming to aid the discord between experiments and theory. In 

particular, the possibility that surfaces undergo reconstruction henomena under an applied 

potential, typically less assessed in the theoretical analysis, as well as the impact of the specific 

electrode-electrolyte interactions on the catalyst reactivity, are two key parameters that need to 

be understood in order to reach a better understanding of the CO2RR mechanism pathway.  

Recent efforts have been devoted to improve selectivity while increasing activity towards one 

specific product, mainly by tailoring the active site. Alloy formation, ad-layer deposition and 
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shape-controlled nanoparticle design are exploitable routes for catalyst design. Engineering the 

electrolyte composition is another viable alternative to tune both selectivity and activity. In this 

regard, the use of ionic liquids as co-catalysers of the reaction, have been proposed. 

Furthermore, they are unstable under strong reductive conditions, which introduces a difficulty 

in the analysis of the obtained products. Among other strategies to tune selectivity towards the 

desired product, we envision that atomic ensemble control that allows engineering the geometry 

of the active site at the atomic level will be key to rationally design highly selective CO2RR 

catalysts. GDEs allow operating at higher current density, technologically relevant for large-

scale electrolysers. Scaling of stable and selective catalyst structures for GDE tests will be of 

crucial relevance in the design of future CO2 electrolysers, allowing to close the gap between 

lab-studies and industry. 

Keywords: electrocatalysis • CO2 reduction • structure sensitivity • selectivity • activity • active 

site • electrolyte 
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Electrochemical CO2 reduction allows 

converting this anthropogenic gas 

into renewable fuels and chemicals. 

However, poor selectivity and large 

overpotentials limit its applications. 

Herein, we discuss recent studies on 

well-defined interfaces and current 

understanding on the structure-

activity-selectivity relationships. 

Fundamental knowledge on these 

relations is essential to rationally 

design efficient electrocatalysts for 

this reaction. 
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