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Abstract  

An increase in atmospheric CO2 concentration is directly associated with the rising concerns 

of climate change and energy issues. The development of effective technologies for capture and 

utilization of atmospheric CO2 is required to mitigate these global challenges. Electrochemical 

CO2 reduction (eCO2R) is one of the most promising approaches for the conversion of excess 

renewable energy sources into storable fuels and value-added chemicals. This field has recently 

advanced enormously with impressive research achievements aiming at bringing the technology 

on the brink of commercial realization. Herein, we present a comprehensive review analyzing the 

recent progress and opportunities of using different cell designs with the main focus on membrane-

based flow cells for eCO2R, along with the required system-level strategies for optimal engineering 

to enhance electrocatalytic selectivity and efficiency. Research advance on the use of different 

polymer electrolyte membranes for CO2 electrolyzers is updated. Main achievements in new 

catalyst discoveries are assessed in terms of activity, selectivity, stability together with CO2R 

reaction kinetics. This was supported by the analysis of the computational studies performed to 

devise the effective catalyst design routes and to understand the pathways for CO2Rs. The 

interactive effect of the design of reactors and gas diffusion electrodes with catalysts is analyzed 

for different operating conditions (like pH, temperature and pressure) of CO2 electrolyzers. Finally, 

an outlook on future research directions in terms of material and process design for a breakthrough 

in eCO2R technologies is provided.  

 

Keywords: Electrochemical CO2 reduction; Membranes; Electrocatalysts; Cell designs; Cell 

optimization; Product selectivity 
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1. Introduction 

The increasing concentration of greenhouse gases along with the depletion of fossil fuels, 

which is strongly linked to global warming and climate change issues, is a serious challenge for 

humankind. In the past decades, atmospheric CO2 levels have increased drastically, reaching 

411.85 ppm in 2019 [1]. It has been recognized that the CO2 emissions should be reduced by at 

least 50%, from the level in 2011, to reach the target set by the International Energy Agency, i.e. 

< 2 °C rise in global temperature by 2050 [2, 3]. In this regard, tremendous effort is required to 

reduce the rate of global CO2 emissions and hence limit the impact of global warming. As a 

potential solution to this challenge, the scientific community has outlined different strategies for 

CO2 capture and sequestration, that can mitigate the environmental impact as well as promote 

sustainable energy supply chain. The vision is to close the carbon cycle, as illustrated in Fig. 1. 

Here, the conversion of CO2 into value-added chemicals and fuels can be done through different 

CO2 conversion technologies driven by renewable energy sources such as wind and solar. The 

produced chemicals and fuels can be used for different purposes, including mobility and 

households, whereafter, the emitted CO2 is recovered [4].  

 

Fig 1. Anthropogenic carbon cycle: renewable energy-driven CO2 conversion technologies allows 

the production of value-added chemicals and fuels which are used in mobility, household and 

industrial purposes. The as-emitted CO2 in the process of utilizing the fuels and chemicals is 

feedback to the CO2 conversion technologies. 

Mobility, Hauseholds 
and industry

CO2 conversion 
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CO2 capture and 
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1.1. Electrochemical CO2 reduction 

CO2 is a very stable chemical that imposes significant energy demands for its conversion into 

the targeted chemicals. The inertness of CO2 is due to the fact that it is in the most oxidized state 

of carbon. Although different pathways exist for activation and conversion of CO2, it is still a 

challenge to overcome the thermodynamic and kinetic barriers to effectively and optimally design 

efficient and cost-effective CO2 reduction (CO2R) technology [5].  

In a broad sense, the pathways for CO2 utilization can be divided into two: chemical and 

physical (Fig. 2). The chemical methods for CO2 conversion involve radiochemical [6], 

biochemical [7], photochemical [8], chemical [9] as well as (photo)electrochemical routes [10, 11]. 

The advantage of the later is that it opens the possibility to store the renewable energy in line with 

renewable electricity costs which are impressively dropping down in recent years. These processes 

allow for the conversion of CO2 into other energy storage chemicals, such as ethylene, syngas, 

formic acid, methanol, methane and dimethyl ether [12-14]: The global market procises for some 

of these products are shown in Table 1. CO2 can also be used as a source material or building block 

for chemical production replacing the large majority of feedstocks used in fossil-based industries. 

For example, the insertion of CO2 into epoxides can be used for the production of various 

polymeric materials, which also has an advantage in terms of avoiding the use of fossil feedstock 

and hence CO2 emissions [15, 16]. The CO2 consumption in the various chemical conversion 

pathways is estimated to be 0.3 - 0.7 Gt of CO2 per year [17]. CO2 can also be converted in large 

volumes into inorganic minerals that can be used in building materials. Moreover, physical 

methods allow for the utilization of CO2 directly without conversion. A good example of this is 

the use of CO2 as a beneficial working medium to replace N2 which increases the generating 

efficiency of gas turbines [12].  
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Fig. 2. The different pathways for CO2 utilization/conversion. CO2 can be converted directly into 

useful chemicals and fuels, or it can be utilized directly through physical methods which allow for 

the utilization of CO2 without any conversion.  

Electrochemical CO2R (eCO2R) is considered as one of the most useful techniques for the 

decarbonization process. Such a process is controllable by means of electrode potential and 

operating temperature and allows for the possibility to exploit the power of renewables to convert 

CO2 and water into value-added fuels and chemicals. The electrochemical CO2R occurs at the 

interface of electrode/electrolyte, which involves three main steps: (i) absorption of the CO2 on the 

surface of the catalysts; (ii) transfer of at least two protons and electrons to break one of the 

oxygen-carbon bonds forming a water molecule in the case of CO or subsequent further 

protonation; (iii) desorption of the final products from the electrode surface. The employed 

electrocatalysts, local electrode potential, the type and composition of electrolytes are crucial to 

the efficiency and selectivity of a CO2 reduction process. Up to now, a lot of work has been done 

for developing the catalysts towards high selectivity and low CO2 reduction overpotential. During 

the process, the surface binding energy of CO2R reduction intermediates can control the selectivity 

of the products as well as the rate-limiting step the CO2 reduction mechanism [18, 19]. Typically, 

the first electron transfer to form the anionic CO2•
- radical has a large reduction potential (-1.9 V 

vs SHE) and is often considered as the rate-determining step [17, 18]. As stated earlier, the CO2R 

reduction reaction also involves proton-assisted electron transfer processes which are more 

favorable. Therefore, kinetic dependence of CO2R reduction reaction on the concentration of 
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available protons in solution, type of catalysts utilized, etc, is also essential in addition to the 

thermodynamic barrier, which limits a straight forward comparison of operating potentials for the 

different CO2R reactions. 

 

Table 1. The estimated global market prices (in USD/kg) and sizes (USD/year) of major CO2 

reduction products [20, 21]. USD: United States Dollars. 

 

Overall, poor understanding of the complex reaction mechanisms and kinetics involved in 

CO2R for the different products, along with large overpotential for the formation of CO2•
- 

intermediate poses several challenges including lack of efficiency, poor product selectivity, and 

fast degradation of electrocatalytic activity all compromising the final economics of a potential 

application [22]. Therefore the state-of-the-art techniques are unable to meet the requirements for 

their industrial application.  

The electrochemical CO2R reaction is a series of electron transfer process, which creates 

significant thermodynamic and kinetic barriers, due to the stable nature of CO2 as discussed earlier. 

Overall, 16 eCO2R products have been detected, such as carbon monoxide (CO), formic acid 

(HCOOH), methane (CH4), ethylene (C2H4), ethanol (C2H5OH), ethane (C2H6), n-propanol 

Product 
Market 

price($/kg) 

Estimated market 

 size 

(billion $/year) 

Global 

production 

(Mtonne/year) 

Carbon monoxide 

(syngas) 
0.06 2.7-3.2 - 

Formic acid 0.74 0.62 0.6 

Ethylene 1.30 155-248 140.0 

Methanol 0.58 54 110.0 

Ethanol 1.00 - 77.0 

Methane 0.18  250.0 

Carbon monoxide 0.6 - - 

n-propanol 1.43 - 0.2 

https://www.sciencedirect.com/topics/chemistry/ethane
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(C3H7OH), methanol (CH3OH), oxalic acid (H2C2O4), and formaldehyde (HCHO). The standard 

cell potential (∆E°) of a redox reaction is related to the standard Gibb’s free energy change (∆G°), 

as expressed in Eq. 1 below:  

o
o G

E
nF


 = −                                                                                                                                        (1) 

where n is the number of electron transfer for the balanced redox couple and F is the Faraday 

constant. The standard cell potential can be obtained from the difference between the standard 

potentials of the two half cells. For each half-reaction, the standard electrode potential (Eo) is 

defined at room temperature for gases at 1 atm and solutes at an activity of 1.  For the half-reactions 

involving H+ or OH-, increasing the pH from 0, leads to a decrease of the reduction potential by 

0.059 *pH (V). Table 2 presents the standard electrode potentials (vs. the standard hydrogen 

electrode, SHE) of the different CO2 reduction reaction (CO2RR). In the eCO2R reaction process, it 

is the catalytic and kinetic issues that are decisive to the types of products. It is likely, at the 

typically applied potentials, that a mixture of products is being formed composed of gaseous (CO, 

CH4, C2H4, C2H6) and liquid solutes (HCOOH, CH3OH, C2H5OH, etc.). Because of the required 

overpotential to form the first intermediate for subsequent reduction, the hydrogen evolution 

reaction (HER) is inevitably competing in aqueous solutions and needs to be suppressed by 

tailoring the electrocatalyst for the desired eCO2R product.  

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/chemistry/oxalic-acid
https://www.sciencedirect.com/topics/chemistry/formaldehyde
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Table 2.  Electrode potentials (E) of selected CO2 reduction reactions in aqueous solutions at pH = 7 

and 25 °C.  

Half-reaction of CO2 reduction E (V vs. SHE) 

CO2(g) + 6H2O(l) + 8e− = CH4(g) + 8OH− −0.240 

2CO2(g) + 10H2O(l) + 14e− = C2H6(g) + 14OH− −0.270 

3CO2(g) + 13H2O(l) + 18e− = C3H7OH(l) + 18OH− −0.320 

2CO2(g) + 9H2O(l) + 12e− = C2H5OH(l) + 12OH− −0.33 

2CO2(g) + 8H2O(l) + 12e− = C2H4(g) + 12OH− −0.34 

CO2(g) + 5H2O(l) + 6e− = CH3OH(l) + 6OH− −0.380 

CO2(g) + 3H2O(l) + 4e− = CH2O(l) + 4OH− −0.480 

CO2(g) + H2O(l) + 2e− = CO(g) + 2OH− −0.520 

CO2(g) + 2H2O(l) + 2e− = HCOOH(l) + 2OH− −0.610 

  

1.2. Scope of the review 

This review is mainly focused on the electrochemical CO2 conversion for the production of 

useful chemicals and fuels, system design optimization, as well as assessment of design criteria 

for the key components. Nowadays, the electrochemical eCO2R driven by renewable energy, in 

the logic of “power-to-X”, is gaining significant attention beyond the scientific community. Most 

of the research on CO2R has been focused on the fundamental studies on the catalysts and reaction 

mechanisms using lab-scale flow cells [20, 23-33]. The eCO2R reactions involve different 

pathways resulting in a number of possible product outcomes. Each of these products differs in 

market prices and sizes (Table 1) depending on the demand and technology utilized in the 

production process [21, 34]. Several review and perspective papers do exist on CO2 reduction 

dedicated to cell design and engineering aspects [23, 26-28, 33, 35-37], electrocatalytic materials 

and product selectivity [27, 28, 30, 31, 38-41], mechanistic insight on reaction pathways [24, 27], 

and gas-diffusion electrodes and design of membrane electrode assembly [42-44]. However, a 

comprehensive type assessment of eCO2R from system components and design to fundamental 

applications are few [20, 25, 32]. Herein, we provide a broader look into the thermodynamics of 

CO2RR for different cell configurations and compare the performance of the different types of 
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membranes/electrolytes/electrodes along with the thorough assessment of the operating 

requirements for the CO2 reduction. Insights on the membrane and catalyst requirements were used 

to evaluate the optimal design of membrane electrode assemblies and the proper choice of optimal 

process conditions. We support these analyses by computational approaches for heterogeneous and 

homogenous catalysis. Moreover, the electrolyte chemistry in aqueous and non-aqueous media is 

briefly revised along with a systematic analysis of the chemical phenomenon at the membrane-

electrolyte-electrode interface, ultimately putting forward the necessary research directions 

required for the design and development of CO2 electrolyzers towards industrial-scale 

implementation. 

2. Cell configurations 

Electrochemical studies of CO2R has been performed in different designs of cells. For 

catalyst and electrolyte evaluation, a simple half-cell (H-cell) in H-form is most often used where 

the dissolved CO2 is reduced to the desired product. When the investigation is extended to evaluate 

materials such as porous catalyst layers and gas diffusion electrodes (GDE), a cell with a 

microlayer of flowing liquid electrolyte where the gaseous CO2 is supplied from the backside of 

the electrode is typically used, i.e a microfluidic cell. The practical study of the CO2 reduction is 

better-performed by using a cathode and an anode with an electrolyte layer in between separated 

by a membrane, i.e. divided cells, often with forced convection (flow cells).  

2.1. Material evaluation cells 

2.1.1. H-Cell 

Most of the material research on eCO2R has been carried out using an H-cell, in which a 

diaphragm separates the two-compartment of the electrochemical cell [25, 33, 45-48]. In a typical 

H-cell, the working electrode and reference electrode are located in the cathode chamber whereas 

the counter electrode is located in the anode chamber (Fig. 3a).  

The separator between the compartments supports ion conductivity but limits the diffusion 

of reaction products to the anode side, where they otherwise would be oxidized. The majority of 

research using an H-cell is reported for evaluation of catalytic materials [49-52] and studies of 

fundamental issues e.g. catalyst-electrolyte interactions [53], an experimental-computational 

mechanistic study [54-56], reaction conditions and eCO2R efficiency [57], product cross-over [58], 

etc. To achieve an accurate measurement of the cathode potential versus the reference electrode, 
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the design and location of the reference electrode is critical, which is, however, a general issue for 

basic electrochemistry and will not be discussed further.   

2.1.2. Microfluidic reactors  

Microfluidic reactors (MFR) for CO2R were first reported by Kevin in 2010 [59] based on a 

previously devised hydrogen fuel cell [60]. In a microfluidic reactor, the anode and cathode are 

separated by a very thin spacer (<1 mm), creating a channel of flowing liquid electrolyte (Fig. 3b), 

thus forming a membrane-free cell. The cell is featured by a supply of gaseous CO2 to the cathode 

and hence eliminating the solubility restriction to the CO2R. The gas-phase diffusion through a 

porous gas diffusion layer is fast and the CO2R at the electrode/electrolyte interface is not limited 

by the mass transport of dissolved CO2. The MFR is, therefore, suitable for the evaluation of 

catalyst layers and GDEs. A reference electrode is often inserted in the electrolyte flow stream. As 

a membrane-less device, MFR is prone to product re-oxidation.  

2.2. Membrane-based flow reactors  

Membrane-based flow reactors (MR) provide a device for practical CO2R. MR is a design 

based on the conventional low-temperature water electrolysis or fuel cells either with a spacer-

filled flow channel between the electrode and membrane (Fig. 3c) or in a zero-gap arrangement 

with the fluid flow on the backside of both electrodes (in zero gap) (Fig. 3d). In a typical MRs, an 

ion exchange membrane is used to prevent the product crossover between the cathode and anode. 

The CO2 is supplied to the cathode either dissolved in a liquid solution (liquid-phase) [61-63] or 

in the gas (pure or partly humidified) phase [62-65] while the anode is fed with a liquid electrolyte. 

In some cases, both electrodes can be fed with humidified CO2 [66-69]. Thus, the technological 

advances in such systems can be systematically adopted to design a highly efficient CO2 

electrolyzer [26]. The research development on MRs in flow cell is in its early stage with 

technological gaps to be addressed that will be discussed in the next sections. 

2.3. Other configurations 

Solid oxide electrolyzers (SOEs) are also used for CO2R at high temperatures (> 600 °C), 

which has attracted strong attention among the scientific community recently. In a typical SOE, 

the anode and cathode are separated by a solid electrolyte, which can be either an oxygen ion 

conductor or protonic conductors. The electrochemical reduction of CO2 at the interface of the 

electrodes, solid electrolyte and the reactant gases at high temperature leaves more efficient mass 
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transport of CO2 and lower activation energy barrier. This phenomenon derives a higher current 

density for SOE compared to the classical, low-temperature CO2R in aqueous electrolytes. Despite 

these advantages, the SOE is highly limited by the complex electrocatalytic chemistry and 

significant degradation of electrodes, electrolytes and the electrode-electrolyte interface at high 

temperatures [70-75].  

 

 

Fig. 3. Schematic illustration of half-cell designs of a) H-cell and b) microfluidic cell, and cell 

designs of electrolyzers with c) liquid-phase CO2 supply and d) gas-phase CO2 supply. A 

diaphragm can also replace the membranes. 
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3. Materials  

3.1.  Electrolytes 

In principle, the cathode reactions in eCO2R may involve protons or hydroxide ions depending 

on the pH range at the catalyst-electrolyte interface: 

CO2 + 2H+ + 2e-  → CO + H2O                                   (R1) 

 

CO2 + H2O + 2e-  → CO + 2OH-                                                 (R2) 

 

The anodic reaction involves the evolution of oxygen which occurs by the consumption of OH-:  

2OH- + 2e- → ½O2 + H2O                                                                                                              (R3) 

Therefore, understanding the chemistry of CO2 in aqueous/non-aqueous media in relation to 

local pH, and the effects of the available anions and cations is highly crucial for the optimal 

CO2R to desired products. 

3.1.1. Chemistry of CO2 in aqueous media 

Carbon dioxide physically dissolves in pure water. The hydration of dissolved CO2 leads to 

the formation of carbonic acid with the equilibrium constant (Kh) [76]:  

CO2 + H2O ⇄ H2CO3           
 
 

2 3 3

2

1.7 10h

H CO
K x

CO

−= =                                                       (R4) 

Here, the carbon dioxide speciation towards bicarbonate (HCO3
-) and carbonate (CO3

-2) is notable, 

which is related to the 1st and 2nd acid dissociation constants, respectively: 

H2CO3 ⇄ HCO3
- + H+                

1 3.6apK =                                            (R5) 

HCO3
- ⇄ CO3

2- + H+                            
2 10.3apK =                                                                       (R6) 

Combination of (R5) and (R6) with the dissociation equilibrium of water (R7) and a charge-neutral 

restraint (R8) leads to:  

H2O ⇄ OH- + H+                              14apK =                                                       (R7)   
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[H+] = [OH-] + [HCO3
-] + ½ [CO3

2-]                                       (R8) 

One can obtain the equilibrium concentration of these species in the CO2-H2O mixture as a 

function of the partial pressure of CO2 (PCO2) and the pH. The variations in equilibrium 

concentration ratios of the carbonate species as a function of pH can be presented in a Bjerrum 

plot as shown in Fig. 4. It is interesting to note that the H2CO3 is always in equilibrium with CO2 

while the concentration of H2CO3 is much lower than that of CO2. In practice, the sum of 

concentrations of H2CO3 and dissolved CO2(aq), denoted as H2CO3
*, is used in the consideration of 

the solution equilibrium:  

H2CO3
* ⇌ HCO3

− + H+                                                                  
* 6.35apK =                                                                              (R9)                                                                       

As shown in Fig. 4, the curves for CO2(aq)/H2CO3 and HCO3
- intersect at 

*pH = 6.35apK =  while 

the curves for HCO3
- and CO3

2- intersect at 
2pH = 10.3apK = , indicating the dominance of HCO3

- 

in the respective pH range i.e. 6.35-10.3. 

Under ambient atmosphere with PCO2 = 4 x 10-4 atm, the saturation of CO2 in pure water reaches 

a solubility of 0.012 mmol L-1, which makes water slightly acidic having pH = 5.7. At PCO2 = 1 

atm, the solubility of gaseous CO2 in water is about 34 mmol L-1, equilibrated with 0.12 mmol/L 

HCO3
-, which means that it ends up at an aqueous solution of pH = 3.9. In solutions of elevated 

pH values, the acid dissociation is promoted and dissolved CO2 will manifest as bicarbonate HCO3
-

. In even more alkaline solutions of pH > 10.3, it will be present as CO3
2- and no molecular 

dissolved CO2 is present. 

The CO2 solubility is substantially affected by the presence of other salt species, as for 

example, it is significantly lower in seawater. For the CO2R studies, however, the gaseous CO2 is 

usually continuously bubbled through the electrolyte, which makes a big difference, for example,   

the partial pressure of CO2 is increased from the atmospheric value (4 × 10−4 atm) to 1 atm and 

hence the dissolved amount, as shown by work of Zhong et al. [77]. Other approaches to increase 

the solubility involved the use of high-pressure CO2 flow or the use of non-aqueous solvent [78].  
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Fig. 4. Bjerrum plot of carbonate speciation as a function of pH. Reproduced with permission 

from ref [79]. Copyright 2015, American Chemical Society.  

3.1.2. Aqueous Supporting electrolytes 

The most commonly used electrolytes in CO2R are aqueous solutions in which the dissolved 

CO2 exists in equilibrium with bicarbonate at a bulk pH range between 6 to 8. Salts of halides, 

sulfates, carbonates, bicarbonates as well as hydroxides have been used for investigation of CO2R. 

As Zhong et al. [77] reported, as CO2 is bubbled through liquid electrolyte solutions, high pH 

solutions such as KOH and KCO3 reach a carbonate equilibrium by conversion of OH- and CO3
2- 

into HCO3
- anions as well as molecular CO2 and H2CO3, thereby stabilizing the solution pH in the 

neutral regions. 

The CO2R, as seen from Table 2, involves either the formation of OH- or consumption of H+. 

As the reaction proceeds, particularly at higher current densities, the activity of protons and/or 

hydroxyl anions changes, affecting the thermodynamics as well as the kinetics of the cathodic 

reaction. The solubility of CO2 as well as the electrode reaction intermediates [80] is affected as 

well. Solutions with buffering capacities such as bicarbonates and phosphates are preferred, which 

further dissociate when the electrolyte pH in the vicinity of the cathode increases and reaches their 

pKa values and therefore stabilizes the pH of the electrolyte.  

Bicarbonate solutions are commonly used for the CO2RR. It is unique in several ways, as for 

instance, the HCO3
− exhibiting a good buffering capability serves as a CO2 reservoir. It has long 

been known that the dissolved CO2, rather than ionic HCO3
− or CO3

2−, are the active species for 
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the CO2RR [81, 82]. On the other hand, it has also been reported that the CO2RR activity is 

enhanced in HCO3
− electrolyte compared to other electrolytes under similar operating conditions 

[83, 84]. It is hence suggested that the HCO3
− is actively involved in the reduction, probably via 

the formation of bicarbonate-CO2 complex, which increases the CO2 concentration in the vicinity 

of the electrode [85].  

In aqueous media, water molecules play a role either as donating, generating hydroxyl anions, 

or receiving protons, forming the hydronium structure. Bicarbonate serves also as a better proton 

donor than e.g. water [86, 87]. Moreover, other ionic species, both cations and anions, have been 

proved to have a significant impact on the activity and selectivity of the CO2RR. This will be 

discussed in section  4.3.1. 

3.1.3. Non-aqueous electrolytes 

The electrocatalytic CO2R has also been carried out in non-aqueous solvents mainly due to 

the high solubility of CO2 in organic solvents compared to aqueous solutions.  For example, the 

solubility of CO2 in acetonitrile is about  ∼0.28 M, which is almost 8-fold higher than in water at 

1 atm and ambient temperature [88]. Non-aqueous solvents, for example, aprotic organic solvents, 

allows circumventing the competing HER compared to aqueous solvents. Depending on the type 

of catalyst employed, the choice of aprotic solvents is also favored as some catalysts based on 

metal complexes might undergo hydrolysis in aqueous solvents.  

Organic solvents such as acetonitrile [88-97], dimethylformamide [93, 95, 98, 99] and 

methanol [100-105] are among the most widely reported electrolytes for CO2R. When working 

with organic solvents, the water content (mole fraction of 0.15-0.45) was shown to influence the 

performance and product distribution of a CO2RR. A study conducted using a nanostructured Cu 

electrode for CO2R in different mixtures of H2O/acetonitrile resulted in the highest reduction 

currents for a mixture with 0.25 mole fraction of H2O [90]. Owing to the high solubility at low 

temperatures, methanol is considered the best solvent for hydrocarbon production compared to 

other organic solvents [104, 105]. An eCO2R to methane performed on a Cu-based electrode in 

various sodium-based supporting salts solutions resulted in the best Faradaic efficiency of 70.5% 

when using NaClO4/methanol as the electrolyte solution [103].  

Aqueous and non-aqueous solutions of ionic liquids have also been investigated because of 

their CO2 absorption capacity, chemical, and thermal stability, wide electrochemical window, and 
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because they can act as mediators for redox catalysis [106-108]. In CO2RRs, ILs play a key role 

in absorbing CO2 and stabilizing the CO2•- anionic radical which is ascribed to the electronic 

properties of its cationic and anionic components.   

Despite some advantages over aqueous ones, wide spread use of non-aqueous solutions is 

limited by additional factors like safety, cost and toxicity issues. Moreover, the formation of CO2•- 

as the first anionic radical demands larger overpotentials than in aqueous-based electrolytes 

solutions. 

3.2. Membrane separator  

In CO2R electrochemical cells, a membrane separates the two electrodes in order to prevent 

the crossover of CO2R products, which would cause poor current efficiency of CO2RR. The 

employed materials are ion-exchange membranes, which, ideally, are selectively permeable for 

certain types of ions, while blocking other ions or neutral molecules. The most commonly used 

membranes are monopolar membranes which can be a cation exchange membrane (CEM) [66, 

109-135], also called “proton exchange membrane” (PEM), and anion exchange membrane (AEM) 

[68, 124, 129, 130, 133, 136-147]. Bipolar membranes, which are composed of a cation exchange 

layer on one side and an anion exchange layer on the other, have also emerged as a promising 

material for CO2R [62, 63, 113, 148-152]. The following sections are devoted to a brief discussion 

focusing on the conducting species and conductivity issues, whereas the CO2R cell performance 

is reviewed later in section 4.4. 

3.2.1. Cation exchange membrane 

A CEM allows for the passage of cations, while retaining the anions. A cation exchange 

membrane is exemplified by proton conduction, and so-termed as a proton exchange membrane 

(PEM), which is widely used in fuel cells and water electrolyzers. The most commonly used PEM 

is perfluorosulfonic acid (PFSA)-based membranes, e.g. Nafion, with sulfonic acid groups 

immobilized on the polymer backbones. For PEM membranes in contact with e.g., NaOH solution, 

a cation exchange takes place via the sulfonic acid groups of the membrane: 

R-SO3H + NaOH ⇄ R-SO3Na + H2O                                                                                      (R10) 

The neutralization has a drastic effect on the physical properties of the PEM membrane. The 

glass transition temperature of the membrane increases from 125 °C for Nafion to as high as over 
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200 °C. With an excess of NaOH in the solutions, the ionic species existing in the PFSA-NaOH 

system are primarily Na+ and OH-.  

Under these conditions, the ionic conductivity is via transport of alkali metal cations (Na+), 

which is well known from the chlor-alkali cells where a PEM is used to separate chlorine gas from 

hydrogen and sodium hydroxide formed at the cathode. In alkaline conditions, a continuous feed 

of gaseous CO2 on the cathode side will be converted into carbonate and eventually bicarbonate, 

gradually lowering the pH: 

CO2 + 2OH- ⇄ CO3
2- + H2O                                                                                                    (R11) 

CO2 + OH- ⇄ HCO3
- + H2O                                                                                                     (R12) 

The transport mechanism of a variety of anions through a CEM is well known. In low pH 

region, where protons are available, anions like Cl-, SO4
2- and NO3

- are in fully dissociated form. 

These ionic species are blocked due to the Donnan exclusion effect and hence their permeability 

through a CEM is very low. On the contrary, weak acid anions like F- and NO2
- occur in their 

associated form, minimizing the Donnan effect and therefore exhibiting higher permeation rates 

driven by activity gradients [153]. Though no permeation data are reported, the HCO3
- ion is 

believed to belong to the second group of anions with the transport depending on the partial 

pressure of CO2 under the CO2R conditions.  

3.2.2.  Anion exchange membranes 

An AEM allows for the passage of anions while retaining the cations. An anion exchange 

membrane (AEM) is exemplified by the hydroxide conducting membrane, allowing for conduction 

of hydroxide (OH-) anions while minimizing the crossover of gas molecules (oxygen or hydrogen) 

in fuel cells and water electrolyzers. The typical alkaline anion exchange membrane is composed 

of a polymer backbone coupled with anion exchange functional groups. For example, poly(arylene 

ethers) of varied structures e.g. polysulfones, poly(ether ketones) or carbon backbones can be 

functionalized with quaternary ammonium anion exchange sites to form AEMs [154]. 

In AEM-based CO2R cells, a common practice is to circulate a strongly alkaline solution at the 

anode side, which significantly promotes the membrane conductivity and enables the use of non-

noble catalysts for the oxygen evolution reaction.  
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The HCO3
- and CO3

2-  ions are apparently conducting species through an AEM separator in 

CO2R cells, although little information is available on the transference numbers of the OH- and 

HCO3
-/CO3

2-  ions. Electrochemical formation of HCO3
- and CO3

2-  are also possible at the cathode 

for, e.g., during the production of CO as:  

3CO2 + H2O + 2e- ⇄ CO + 2 HCO3
-                                                                                            (R13) 

2CO2 + 2e- ⇄ CO + CO3
2-                                                                                                           (R14) 

As a result of transport from the cathode to the anode, the HCO3
-/CO3

2-  ions will be consumed at 

the anode as: 

2HCO3
- ⇄ ½O2 + 2 CO2 + H2O + 2e-                                                                                      (R15) 

CO3
2-   ⇄  ½O2 + CO2 + 2e-                                                                                                         (R16) 

The overall cell reaction for the reduction of CO2 to CO is accompanied by parasitic transport of 

CO2 molecules. This phenomenon is termed as “CO2 pumping”, which is detailed in section 4.4.2. 

Larrazábal et al. [142] reported that the CO2 crossover through an anion-exchange membrane 

exceeds the amount of electrochemically reduced CO2. Details on CO2 cross-over and/or CO2 

pumping effects are presented later (section 4.4.2). 

3.2.3. Bipolar membranes 

A BPM is formed by lamination or close contact of AEM and CEM, creating two ion-exchange 

membrane layers: a cation exchange layer (CEL) and an anion exchange layer (AEL). An 

interfacial layer (IL) is formed at the junction between the CEL and AEL.  

In electrochemical cells, BPM can operate in either forward bias mode or reverse bias mode. 

In the former case, the CEM faces the anode side and the AEM the cathode side (Fig. 5a). The 

anode reaction is the oxygen evolution with proton formation and therefore needs noble metal 

oxide e.g. IrO2 as the catalyst. The cathode reaction is CO2 reduction with the formation of 

hydroxide ions as well as bicarbonate. In the absence of the Donnan effect of co-ion exclusion, the 

AEM exhibits significant conductivity of OH- and HCO3
-. At the IL between the CEM and AEM, 

water is formed from proton and hydroxide recombination. The bicarbonate reacts with a proton 

at the IL and releases CO2, i.e., the CO2 pumping remains an issue as that of AEM monolayer 

membranes.  
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The application of BPM in reverse bias is more interesting than the forward bias, pertinent to 

the water dissociation phenomenon occurring at the interface between AEM and CEM, which is 

essential for its functioning. Under reverse bias, the AEM faces the anode, often with a circulation 

of alkaline supporting electrolyte, and CEM faces the cathode with CO2 feeding (Fig. 5b). The 

dissociation of water at the AEM/CEM interface leads to the separation of H+ toward the highly 

acidic CEM side (e.g. 1 M H+) and hydroxide ions toward the highly alkaline AEM side (e.g. 1 M 

OH-) [148, 155, 156]. Catalysts can be used to facilitate water dissociation, and such materials can 

be based-on weak acids (HA) or weak bases (B) such as phosphoric acid [157] or pyridines [158], 

heavy metal ion complexes like those of iron, chromium, zirconium [159, 160], metal hydroxides 

[161-163] or graphene oxides [164, 165]. The mechanism in which water dissociation occurs at 

the BPM interface is believed to be due to the catalytic proton transfer reaction between the water 

and the fixed groups at the IL and the enhanced electric field effect defined by Onsager’s theory 

of the second Wien effect [159, 160, 166-175]. The assumed catalysis of water dissociation by a 

weak acid (HA) or base (B) proceeds in two consecutive steps of reversible deprotonation or 

protonation [176]: 

A− + H2O ⇄ AH + OH− ⇄ A− + H+ + OH−                                                                                                                     (R17) 

B + H2O ⇄ BH+ + OH− ⇄ B + H+ + OH−                                                                                 (R18) 

The overall water dissociation is presented as: 

H2O ⇄  H+ + OH−                                                                                                                                 (R19)                            

The transport of protons and hydroxides ions from the IL of the BPM to the cathode and anode, 

respectively, allows for balancing the consumed protons and hydroxides at the electrode reactions 

leading to a stable pH, which is one of their unique advantages of BPMs over the monopolar 

membranes. This stabilization of the local change in pH potentially allows for better design and 

optimization of low-cost CO2 electrolyzers as reported in many publications utilizing BPM [58, 

62, 63, 113, 148, 177-179]. For instance, the BPM enables the use of abundant and cheap catalyst 

materials that are only stable in basic conditions such as Ni, FeNiOx and highly active acid-stable 

electrocatalysts for CO2R [62, 63, 148].  

When performing CO2R using electrolytes based on aqueous HCO3
- salts, the supply of 

protons to the cathode side under reverse bias occurs as stated earlier which is a unique 
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phenomenon of BPM. The acid-base equilibrium between the protons and HCO3
-, yields the 

formation of CO2  and H2O at the membrane-solution interface, which has been shown to influence 

the efficiency of CO2R reactions at the cathode [180]. Meanwhile, the transport of HCO3
- to the 

anode side is highly restricted due to Donnan exclusion effect whereas the transport of proton 

prevails in the CEM. In this way, the CO2 pumping issue, which is associated with the HCO3
-

/CO3
2- transport to the anode side (severe in the case of AEMs)  is sufficiently reduced [68]. 

Overall, in BPM-based cells, the HCO3
- functioning as a source of CO2 leads to a higher local 

concentration of CO2 over the cathode than the solubility limits of CO2 in aqueous media, 

presenting as alternative pathway towards high current density in liquid-phase CO2 electrolysis 

[180]. 

Under both the forward and reverse bias, the BPM layers should have a sufficient swelling 

property to allow for a water flux into the interface to replenish the water consumed by the water 

dissociation.  

Overall, the special function of BPMs in the aspect of water dissociation at IL between the 

monopolar junctions offers an advantage of better restriction of product crossover, among others, 

compared to the monopolar membranes which exhibit a low capability of maintaining a pH balance 

and hence a reduction of product crossover. The dominant ionic species existing in an electrolyte 

and hence in the functional sites of the membrane highly depends on the local pH. For example, a 

crossover of anionic products in AEM-based configurations has been shown to be a major problem 

occurring as a result of pH change between anodic and cathodic compartments under continuous 

(electrolytic) operation, both at low high and high current densities [58, 181]. As the flux of protons 

occurs in an opposite direction to the product crossover from the cathode to the anode, it is 

anticipated that the electromigration of anionic products and the transport of neutral molecules by 

electroosmotic drag are minimized in the BPM-based CO2 electrolyzers [58]. However, this is not 

really assured as there is a risk of cross-contamination between electrodes when using BPM in 

CO2 electrolyzers, and it's uncertain, if BPM effectively prevents an ion or product from the cross 

over at nearly-neutral CO2R conditions [148, 156, 182], depending on the composition and 

concentration of electrolyte [148, 183-185]. A rigorous experimental study on BPMs under a broad 

range of properties related to membranes and electrolytes is essential. Details on the BPM testing 

and crossover properties is discussed in section 4.4.2.3.  
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Fig 5. Configurations of BPM-based CO2 electrolyzer. a) The forward bias mode where the AEM  

faces the cathode with CO2 feeding and CEM faces the anode. Water and possible CO2 formation 

takes place in the interfacial layer. b) The reverse bias mode where the AEM faces the anode and 

often with alkaline supporting electrolyte and CEM faces the cathode with CO2 feeding. Water 

dissociation takes place in the interfacial layer.  

3.3.Electrocatalyst 

3.3.1. Metals (noble and non-noble) 

In the past few decades, the electrochemical CO2R has been extensively explored on various 

transition metal surfaces in CO2-saturated aqueous solutions [186-193]. Based on the product 

selectivity, Hori et al. [186] categorized these metals into four different groups. In the first group, 

Pb, In, Sn and Bi could selectively reduce CO2 into formate in aqueous solutions. Au, Ag and Zn 
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surfaces, as the second group, produce CO as a major product in electroreduction of CO2. The third 

group only contains Cu, which has the capability of uniquely catalyzing CO2 to significant amounts 

of hydrocarbons (CH4 and C2H4) and alcohols with relatively high catalytic selectivity. In the 

fourth group, metals such as Pt, Ni, Fe, and Ti do not produce obvious carbon products, but tend 

to favor H2 formation. In this review, we categorized all the CO2R metals into two groups, noble 

metals (such as Au and Ag) and non-noble metals (such as Zn and Cu), since the large-scale 

applications require catalyst materials with low cost and earth abundance (in addition to high 

catalytic activity and selectivity).  

      Catalytic performance is not only dependent on the materials, but also correlated with surface 

morphology. It has been demonstrated that nanostructured metal surface could provide a large 

amount of low-coordinated sites (edge or corner sites), which are more active for CO2R in 

comparison with that of a bulk meal (planar metal surface). The nanostructured metal 

electrocatalysts with controllable size and shape are the focus of the most CO2R research and are 

also the main focus of this section. 

3.3.1.1.  Noble metals (Au and Ag) for CO formation 

      While Au is the most active metal surface for electrochemical conversion of CO2 into CO, the 

CO formation on Au is still limited by the CO2 activation (COOH intermediate formation) [194]. 

The nanostructured morphology offers a platform for further improving this CO2 activation step, 

which may dramatically reduce the required overpotential for final CO formation in CO2R. Sun et 

al. [195] has explored that the electrochemical CO2R on Au nanoparticles (NPs) with a series of 

controllable sizes (4, 6, 8 and 10 nm) in CO2 saturated-0.5 M KHCO3, discovering that the highest 

selectivity for the reduction of CO2 to CO over the 8 nm NPs (FE= 90% at -0.67 V vs. Reversible 

Hydrogen Electrode (RHE)). Authors found that edge sites on Au NPs are active for CO formation, 

while corner sites favored the competitive HER. Thus, the stabilization of COOH• intermediate is 

facilitated by the presence of more edge sites than corner sites on the Au NP surface, leading to 

the enhancement in a reduction of CO2 to CO while suppressing H2 evolution [195]. Based on this 

finding of that the edge sites of Au favor CO2 conversion into CO while corner sites are preferred 

for H2 evolution, a one-dimensional Au morphology (nanowires) with an abundance of edge sites 

was designed [196]. These Au nanowires electrocatalytically converted CO2 into CO with FE of 

94% at -0.35 V vs. RHE in CO2 saturated-0.5 M KHCO3, which is ascribed to the favorable CO2 
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activation via a high edge-to-corner ratio in ultrathin Au NWs and the facile CO release via the 

weak CO binding energy on the reactive edge sites [196]. 

       Metallic Ag is the focus of the most CO2R to CO research, owing to its relatively low cost 

compared to Au surface and high catalytic selectivity. Jaramillo et al. [197] have systematically 

studied CO2R performance of Ag foils as a function of potential, demonstrating that catalytic 

selectivity (CO and H2 formation) was dependent on the applied potentials. Besides, the optimal 

selectivity of CO production on the Ag electrodes was detected at the range from -1.0 to -1.2 V vs. 

RHE, to a range of overpotential from ~0.9 V to ~1.1V. The overpotential of > 0.9 V required for 

driving selective and efficient CO2R with suppressed H2 evolution remains high, which limits the 

practical applications. This large overpotential needed for selective CO2R is due to the high 

activation energy barrier of initial electron transfer for the stabilization of COOH• intermediate 

[198-200]. In this context, the theoretical study has demonstrated that nanostructured Ag has low-

coordinated sites, which can facilitate CO2 activation or COOH stabilization via the decrease of 

the activation energy barrier of the initial electron transfer [200]. 

     Experimentally, many attempts have concentrated on developing nanostructured Ag surface to 

overcome the limitations of Ag catalysts. Lu et al. [199] developed a dealloying process to prepare 

a nanoporous Ag (np-Ag) catalyst via an Ag-Al precursor (Fig. 6a and b show the SEM and TEM 

images). The np-Ag catalyst has been demonstrated to be able to electrochemically convert CO2 

into CO with a very high FE of more than 90% at a potential of -0.6 V vs. RHE in CO2-saturated 

solutions, which corresponds to a moderate overpotential of 0.49 V relative to the CO2/CO 

equilibrium potential of -0.11 V vs. RHE. Tafel analysis for the np-Ag catalysts and the 

polycrystalline Ag electrodes was performed (Fig. 6c). A Tafel slope of 132 Mv dec-1 was found 

for the untreated planar Ag, revealing that the initial electron transfer to CO2 for the CO2
•- 

formation is the rate-determining step. In contrast, a low Tafel slope of 58 mV/dec for the 

nanoporous Ag indicates a fast initial electron-transfer step for CO2 activation, which corresponds 

to a better stabilization of CO2
•- intermediate on np-Ag in comparison with that of planar Ag, 

leading to the improvement of CO2R to CO. 
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Fig. 6. (a) Scanning electron micrograph of np-Ag dealloyed in 5 wt% HCl for 15 min and further 

in 1 wt% HCl for 30 min (scale bar, 500 nm). (b) The respective high-resolution transmission 

electron micrograph with visible lattice fringes. Inset: the Fourier transform indicates that the np-

Ag consists of an extended crystalline network (scale bar, 2 nm). (c) Overpotential vs. CO 

production partial current density on np-Ag and polycrystalline silver [199].  

         Hsieh et al. [201] reported that a high-surface-area Ag nanocoral catalyst synthesized by an 

oxidation-reduction process using chloride anions (Cl-) with the scheme and SEM images of the 

prepared catalysts and related Ag nanocorals indicated in Fig 7a and Fig. 7b, respectively. These 

catalysts exhibited a Faradaic efficiency of 95% for CO formation in the electroreduction of CO2 

at the low overpotential of 0.37 V, as shown in Fig. 7c. By electrochemical surface area 

measurement, authors discovered that the specific activity for the Ag nanocorals was 32 times 

higher than that of unmodified Ag electrodes. In addition to nano morphology effect, the authors 

believed that Cl- adsorbed on the Ag surface played an important role in the improved intrinsic 

activity of CO2R. Synchrotron X-ray photoelectron spectroscopy (XPS) was performed, finding 

that Cl- was adsorbed on the Ag nanocoral surface during the electrocatalytic reduction of CO2. 

Thus, the authors postulated that the chloride anions not only facilitated the synthesis process for 

achieving a high surface area nanostructured Ag, but also adsorbed on the Ag surface to suppress 

H2 evolution while enhancing the catalytic performance of CO2R. 
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Fig. 7. (a) Schematic illustration of the fabrication of as-prepared AgCl and Ag nanocorals. (b) 

SEM images of the prepared AgCl after 12 h oxidation and related Ag nanocorals. (c) comparison 

of CO selectivity for different Ag catalysts measured in CO2-saturated 0.1 M KHCO3 at different 

potentials (iR-corrected). Reproduced with permission from ref [201]. Copyright 2015, American 

Chemical Society.  

While the studies mentioned above on the nanostructured Ag catalysts show a significantly 

improved selectivity for electroreduction of CO2 to CO at reduced overpotentials [199, 201], the 

fabrication methods of this nanostructured Ag remain complex and time-consuming. Recently, the 

group of Smith developed a very simple, fast, scalable and low-cost method for synthesizing high-

performance nanostructured Ag catalysts [202]. Specifically, a Ag2CO3 layer (Fig. 8a) was formed 

by in situ anodic-etching of an Ag foil for 3 min in CO2-statured KHCO3 electrolyte. The formed 

Ag2CO3 electrodes were thereafter directly used for CO2R in CO2-statured KHCO3, reducing to 

nanostructured metallic Ag (Fig. 8b) within the initial 2 min electrolysis. A high FE of > 92% for 

CO production was achieved on the Ag2CO3-derived Ag at an overpotential as low as 0.29 V, as 

shown in Fig. 8c. In addition, this Ag2CO3-derived Ag maintained about 90% CO catalytic 

selectivity for more than 100 h. The improved catalytic performance is ascribed to the increased 

intrinsic CO2R activity via reduced energy barrier for CO2 activation and the enhanced number of 

active sites for CO2R by nanostructuring Ag surface. Later, Sargent et al. [203] combined Ag2CO3-

derived Ag with polytetrafluoroethylene GDEs for electrocatalytic CO2R in flow-electrolyzers, 

achieving a CO Faradaic efficiency of > 90% at 150 mA/cm2 for long-term electrolysis of 100 h. 
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Fig. 8. SEM images of anodic-etched Ag before (a) and after (b) CO2 electroreduction electrolysis. 

(c) Comparison of CO selectivity of polycrystalline Ag and AE-Ag in CO2- saturated 0.1 M 

KHCO3. Reproduced with permission from ref [202]. Copyright 2018, American Chemical 

Society. 

In addition to the nanostructure strategy, Ag facets also play a critical role in CO2R selectivity. 

Hori et al. [189] have demonstrated that the electrochemical CO2 conversion into CO is favorable 

on Ag(110) compared to Ag(111) or Ag(100). A DFT simulation study further explained the Ag 

facet effect, finding that a lower free energy change for the initial proton-coupled electron transfer 

on Ag (110) or Ag (211) surface provides better COOH• stabilization in comparison with Ag(111) 

or Ag(100), which correspondingly lead to the improved reduction of CO2 to CO on Ag(110) or 

Ag (211) [200]. 

 

3.3.1.2. Non-noble metals for CO formation 

Au, Ag and Zn are capable of electrochemically reducing CO2 to CO with relatively high 

selectivity in CO2-saturated electrolytes [186]. Among these identified metallic materials, Zn is 

the most earth-abundant material. Hori et al. [186] has demonstrated that polycrystalline Zn 

electrodes exhibited the catalytic reduction of CO2 to CO with a Faradaic efficiency of 79.4%, 

however, planar Zn electrodes require a high overpotential for achieving selective CO2R, which 

limits its practical utilization of CO2 reduction. Nanostructured Zn dendrite electrodes were 

synthesized on Zn foil, resulting in a CO faradaic efficiency of around 3 times higher than that of 

bulk Zn counterparts under similar conditions [204]. Recently, Luo et al. [51] prepared highly 

porous Zn electrocatalysts via a facile electrodeposition method, and found that this porous Zn was 

capable of achieving > 55% CO Faradaic efficiency at an overpotential of ~0.5V, which is a 
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positive shift by 0.4 V than that of untreated Zn foil in CO2-saturated 0.1 M KHCO3 [51]. To 

overcome the mass-transport limitations, the porous Zn based GDE was synthesized, 

demonstrating 84% CO selectivity at a commercially-relevant current density of 200 mA/cm2 in a 

flow-cell reactor. Of particular note, while Zn is an earth-abundant and low-cost material, there is 

only limited research on the development of selective and stable Zn catalyst at reduced 

overpotentials [51, 204-207]. Therefore, future studies should pay more attention on earth-

abundant Zn catalysts for practical utilization of CO2R to CO. 

 

3.3.1.3.  Non-noble metals for hydrocarbon and oxygenate products (Cu) 

   The electrochemical conversion of CO2 and H2O into hydrocarbons and oxygenates has gained 

significant attention due to their high energy density and the ease of consumption as fuels in the 

energy infrastructure. Until now, copper is the only known material that can electrochemically 

reduce CO2 to high amounts of chemicals like C2H4, CH4 and alcohols in aqueous electrolytes 

under ambient pressure and temperature conditions. This is mainly due to the suitable binding 

strength of intermediates like CO, COH and CHO on its surface during CO2R [208-210]. With 

moderate binding energy, 16 different CO2R products, including many hydrocarbons and 

oxygenates, have been discovered on Cu catalysts [211]. In addition, the product distribution is 

potential-dependent, and high-value multi-carbon product formation ( ≥ C2) requires high 

overpotentials [211]. Thus, many works have been focused on finding a selective and efficient Cu 

catalyst at low overpotentials.  

 The surface morphology and roughness of copper catalysts could significantly influence the 

catalytic activity and selectivity in the CO2 electroreduction [210, 212-216]. For instance, Cu 

nanoparticles covered Cu electrodes showed an improved  selectivity for CO and C2H4 production 

compared to an argon gas sputtered Cu electrode and an electropolished Cu electrode, which was 

described by the roughened Cu surface which provides greater abundance of undercoordinated 

sites [210]. In addition, the particle size effect for the electrocatalytic CO2R has been explored via 

Cu nanoparticles with the size range from 2 to 15 nm [213]. As shown in Fig. 9, an increase in the 

catalytic selectivity for CO and H2 was found upon decreasing Cu particle size, and hydrocarbon 

selectivity (CH4 and C2H4 formation) was inhibited on the nanoscale Cu surface than that of the 

bulk Cu counterparts. Authors believed these findings could be ascribed to the more 
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undercoordinated sites provided by smaller Cu NPs, which could have strong binding strength for 

key intermediates such as H and COOH. 

 

Fig. 9. Catalytic selectivity of CO2R products on Cu nanoparticles in CO2-saturated 0.1 M KHCO3 

at -1.1 V vs. RHE under 25 °C. Reproduced with permission from ref [213]. Copyright 2014, 

American Chemical Society.  

Smith et al. [217] reported that the selectivity of hydrocarbon products could be tuned on Cu 

nanowire arrays by a systematic variation of the length and density of the nanowires. As the 

nanowire length and density increased, an enhanced catalytic selectivity for C2H4 formation was 

detected on Cu nanowire arrays, which is due to an improved CO dimerization caused by an 

increased local pH within the Cu nanowire arrays. Interestingly, on longer Cu nanowires (≥ 7.3 ± 

1.3 µm), C2H6 formation was observed, along with the ethanol formation, and the authors proposed 

a reaction pathway towards C2H6 from the intermediate (CH3CH2O) or -CH3 dimerization. Later, 

Yeo et al. [218] performed a detailed mechanistic investigation for the reaction path toward C2H6 

formation via the reduction of potential intermediate molecules, indicating that C2H6 is likely to 

be produced from the dimerization of -CH3, instead of the hydrogenation of C2H4 or CH3CH2O 

intermediates. 

Sen et al. [216] have demonstrated that the electrocatalytic reduction of CO2 over copper foams, 

showing that HCOOH, H2, and CO were formed as major products along with small amounts of 

C2H4, C2H6, CH4, and C3H6, which meant a distinct product distribution compared to that on planar 

copper counterparts. This distinct CO2R performance was explained by the high surface roughness, 

confinement and hierarchical porosity of reactive species. In addition, the catalytic selectivity for 
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HCOOH formation enhanced upon gradually increasing the thickness of the copper nanofoams, 

via suppressing the electroreduction of adsorbed H• to H2.  

In addition to the surface morphology effect, the crystal orientation of Cu surface is closely 

correlated with the binding strength of the intermediates that determine the final product formation. 

The eCO2R on Cu single crystal electrodes (100), (110), and (111) in aqueous electrolytes has been 

done by Hori, demonstrating that favorable C2H4 formation over Cu (100) and preferred CH4 

selectivity on Cu (111) [219]. Koper et. al studied CO2R mechanism toward CH4 and C2H4 on 

single-crystal Cu electrodes, demonstrating that two possible different mechanisms: (i) an -CHO 

intermediate for both CH4 and C2H4 formation on Cu(111), (ii) CO is selectively reduced to C2H4 

via  CO dimer adsorbed on surface, which favorably occurs on Cu (100) [220, 221]. Thus, 

controllable hydrocarbon formation could be achieved by engineering the Cu facets. Buonsanti et. 

al prepared single Cu nanocube (100) with tunable edge lengths, showing that the highest 

selectivity for electrochemically reducing CO2 to C2H4 was achieved on 44 nm nanocube (100) in 

comparison with those of nanocube (100) of 63 nm and 24 nm edge lengths, as shown in Fig. 10a 

[222]. Based on a simple model, the statistics of surface atoms for Cu nanocubes was plotted as a 

function of edge length in Fig. 10b. The tendency of the active sites with the different size indicates 

that the highest catalytic selectivity for the 44 nm Cu nanocube (100) originates from a proper 

balance between plane sites and edge sites. The authors believed that an optimal ratio of edge sites 

to (100) plane-sites (Nedge/N100 =0.025 for d=44 nm) is crucial to maximizing ethylene selectivity. 

 

Fig. 10. (a) Faradaic efficiencies for products on Cu nanocubes (100) with the different size and 

Cu foil at -1.1 V vs. RHE. (b) On the left axis: Density of adsorption sites in Cu NC cubes versus 

the edge length. On the right axis: the trend of Nedge/N100 and N100/Nedge versus edge length, 
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where Nedge is the number of atoms at the edge and N100 is the number of atoms on the (100) 

plane. Reproduced with permission from ref [222]. Copyright 2016, Wiley. 

3.1.1.4. Oxide-derived metal 

3.1.1.4.1. Oxide–derived Cu   

 Kanan et al. [214] reported the electrochemical reduction of CO2 on a metallic Cu catalyst 

prepared from the reduction of thick Cu2O films made by annealing Cu foil in the air. The Cu foil 

was annealed in air at 500 ºC for 12 hours to give a thick Cu2O layer, which layer was thereafter 

reduced electrochemically to a nanostructured Cu (Fig. 11a) during CO2R electrolysis. This oxide-

derived Cu (OD-Cu) was capable of producing CO with ~ 40% FE and HCCOH with ~ 33% FE 

at -0.5 V vs. RHE (Fig. 11b). A slope of ~116 mV dec-1 was obtained by a Tafel analysis for OD-

Cu in the low overpotential range (Fig. 11c) indicating a favorable formation of the CO2
•- 

intermediate on the oxide-derived Cu, and hence an improved catalytic activity for CO2R. To 

further uncover the link between a unique structural feature of oxide-derived Cu and the related 

catalytic activity, the authors proposed that the Cu catalysts derived from copper oxide may have 

a high density of grain boundary surfaces, which likely provides a highly active site for CO2R 

[223]. Using temperature-programmed desorption (TPD) of CO, it has been demonstrated that the 

enhanced CO reduction activity on OD-Cu is correlated with the active sites that bond CO more 

strongly as compared to the low-index and stepped Cu facets [224]. The authors believed that the 

strong binding sites with CO could be provided by grain boundaries on the OD-Cu, that are only 

available in this nanostructured platform. 

 

Fig. 11. (a) SEM image of OD-Cu (annealed at 500 °C for 12 h). (b) Faradaic Efficiencies for CO 

and HCOOH vs. potential, and (c) CO partial current density Tafel plots for polycrystalline Cu 

and OD-Cu (annealed at 500 °C for 12 h). All the catalytic performance was tested in CO2-
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saturated 0.5 M NaHCO3. Reproduced with permission from ref [214]. Copyright 2012, American 

Chemical Society 

 

3.1.1.4.2. Oxide–derived Au 

         Oxide-derived Au (OD-Au) nanocatalysts were also studied for CO2R [225]. Firstly, the Au 

oxide layers were synthesized on Au electrodes by periodic square-wave pulsed potentials in 0.5 

M H2SO4 solutions. The Au oxide layers coated Au electrodes were directly used for CO2R in 

CO2-saturated electrolytes, and were electrochemically reduced to metallic Au at the start of 

electrolysis (SEM image of OD-Au is shown Fig. 12a). At a low overpotential of 0.24 V, ~96% 

Faradaic efficiency for CO formation was achieved on the OD-Au, which was much better than 

that (1-4%) of polycrystalline Au foils (Fig. 12b). A Tafel slope of 114 mV dec-1 on polycrystalline 

Au revealed that the rate-determining step is the first electron transfer for stabilization of 

CO2
•- intermediate, thus the poor stabilization of CO2

•- intermediate was linked to the high 

overpotential required on polycrystalline Au (Fig. 12c). In contrast, OD-Au offered the fast initial 

electron transfer, which meant the enhanced stabilization of CO2
•- intermediate. Later, a 

mechanistic study showed that the OD-Au may provide a high density of grain boundaries which 

was thought to be associated with its enhanced catalytic performance [226]. 

 

 

Fig. 12. (a) SEM image of oxide-derived Au NPs. (b) Faradaic Efficiencies for CO and HCOOH, 

and (c) CO partial current density Tafel plots of oxide-derived Au NPs and polycrystalline Au. All 

the catalytic performance was tested in CO2-saturated 0.5 M NaHCO3. Reproduced with 

permission from ref [225]. Copyright 2012, American Chemical Society. 
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4.1.1.4.3. Oxide–Derived Ag 

          A nanoporous Ag catalyst (Fig. 13a) was fabricated via electrochemical reduction of Ag2O, 

which was synthesized by anodization of a Ag foil in alkaline solution [227]. The Ag2O-derived 

metallic Ag (OD-Ag) showed an increase in the catalytic activity for CO2R and a shift of > 400 

mV towards a lower overpotential (for the related high CO selectivity) than that of untreated 

polycrystalline Ag. The OD-Ag was able to reduce CO2 to CO with ~80% EF at an overpotential 

of 0.49 V, which is significantly higher compared to that (~4%) of untreated Ag foils at identical 

conditions (Fig. 13b). The enhanced catalytic performance for CO2R to CO was attributed to the 

preferred stabilization of *COOHintermediate (a low Tafel slope of OD-Ag in Fig. 13c), which 

was likely linked to highly active sites provided by the nanostructured surfaces. In addition, a local 

pH effect was also proposed in this work, demonstrating that a porous-like nanostructured Ag 

catalyst likely created a high local pH near the catalyst surface, which may also contribute to the 

improved CO2R while suppressing H2 evolution. 

 

 
Fig. 13. (a) SEM image of oxide-derived Ag. (b) Faradaic Efficiencies for CO, and (c) CO partial 

current density Tafel plots for the oxide-derived Ag and polycrystalline Ag. All data for CO2R 

were obtained in CO2-saturated 0.1 M KHCO3.  Reproduced with permission from ref [227]. 

Copyright 2012, Wiley. 

3.3.2. Bimetallic catalysts 

3.3.2.1.  Cu based binary catalysts 

The process of CO2R on metal surfaces is a complex multistep reaction with many adsorbed 

intermediates, and the binding energies of related intermediates adsorbed on the electrodes play a 

key role in the final product formation. In addition to the method of nanostructuring metal surfaces, 

alloying two different metals could also enable the tuning of the binding energies of intermediates 
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because of geometric and electronic effects. Thus, bimetallic catalysts have recently gained 

significant interest as an alternative strategy for improving the catalytic selectivity and activity of 

CO2R. 

Yang et al. [228] reported the electroreduction of CO2 on monodisperse Au-Cu bimetallic 

nanoparticles with different compositions, demonstrating the different product formation with an 

increase in the Cu content and the largest number in product distribution on pure Cu nanoparticles.  

The authors believed that with tuning the composition of Au-Cu bimetallic nanoparticles, the 

degree of stabilization of the intermediates on the binary surfaces could be changed, resulting in 

the formation of the different products. The catalytic performance of these bimetallic catalysts was 

influenced by two factors: (i) the electronic effect on the binding energies of intermediates, which 

is correlated with the variation of electronic structure that is tuned with the Au-Cu surface 

composition, and (ii) the geometric effect, influenced by the atomic arrangement, is also closely 

corrected with the binding energies of intermediates [228, 229]. 

      Nanostructured Cu-In bimetallic catalysts were prepared by in-situ electrochemical 

reduction of Cu2O in InSO4 electrolytes, and the Cu catalysts incorporated with In have showed a 

dramatic improvement in the catalytic selectivity for CO2R to CO with high catalytic stability 

[230]. Faradaic efficiency of ~ 90% for CO formation was achieved on the Cu-In bimetallic 

surfaces at an overpotential of 0.39 V. A density functional theory investigation showed that the 

incorporation of In may lead to both local electronic effect and local geometric effect, which plays 

a significant role in the binding energies of the related intermediates adsorbed on binary surfaces. 

In addition to Cu-In, Cu-Sn and Cu-Pd bimetallic electrocatalysts were also synthesized, exhibiting 

a dramatically enhanced catalytic selectivity for the conversion of CO2 into CO at decreased 

overpotentials [231, 232]. 

     Yeo et al. [233] prepared CuZn catalyst by introducing different amounts of Zn dopants, 

demonstrating that the catalytic selectivity of ethanol versus ethylene production could be tuned 

by varying the amount of Zn in the bimetallic catalysts. A remarkable Faradaic efficiency of 29.1% 

for ethanol formation was achieved on Cu4Zn at −1.05 V vs RHE. The spillover effect for 

transferring CO produced on Zn to Cu sites was proposed to be responsible for the selectivity trend 

in the C2 product selectivity with tuning binary composition [233]. Recently, Gratzel et al. [234] 

reported that Cu nanowires decorated with Ag islands, formed by the reduction of Ag-covered 
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Cu2O, was able to achieve a total of 76% faradaic efficiency for ethylene and other C2+ products 

in CO2R. With Operando Raman spectroscopy, intermediate formation of CO at Ag sites was 

found to undergo spillover process and further reduction on Cu surfaces. 

  Using bimetallic CuPd nanoparticles with ordered, disordered and phase-separated atomic-

arrangement for CO2R, Kenis et al. [235] demonstrated that phase-separated CuPd favored C2 

formation (> 60%) while ordered CuPd had the highest C1 selectivity (Fig. 14). The authors 

believed that phase-separated CuPd could facilitate C1 dimerization with neighboring Cu atom, 

which caused enhanced C2 products. With different elemental mixing patterns and composition as 

well as the related surface valence band spectra, geometric effects (the mixing patterns of elements, 

atomic arrangement) rather than electronic effect was found to be the key for determining the 

catalytic selectivity of bimetallic catalysts. 

 

 

Fig 14. Faradaic efficiencies of CO2 reduction products for Cu-Pd nanoparticles with different 

mixing patterns. Reproduced with permission from ref [235]. Copyright 2017, American Chemical 

Society. 

3.3.2.2. Non-Cu binary catalysts 

 To explore the electronic effect on catalytic selectivity in bimetallic catalysts for CO2R, AuPt 

bimetallic planar thin films with controllable compositions were prepared by sputtering co-

deposition [236]. The planar AuPt exhibited a gradually increased catalytic selectivity and activity 
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for CO formation with increasing Au content, due to electronic effect. However, authors found 

that the binding strength of intermediates of AuPt still followed the scaling relation with varying 

binary compositions, indicating that the electronic effect alone was likely unable to tune the 

binding strength of certain intermediates without influencing others for CO2R to CO. Atomic 

arrangement needs to be considered for designing bimetallic catalysts for driving highly selective 

CO2R to CO. 

Jaramillo group has demonstrated that AuPd thin films synthesized using an electron-beam co-

deposition method were more active and selective for producing formate while both pure Au and 

Pd metals had negligible amounts of fomate [237]. The authors believed that Au and Pd could act 

synergistically in AuPd alloys to obtain new electrocatalytic properties. In addition, Koper et al. 

[238] reported bimetallic Pd-Pt nanoparticles, showing that Pd-Pt nanoparticles had a low onset 

potential for the reduction of CO2 to formate which started at 0 V vs. RHE. While this potential 

for formate formation is close to the theoretical equilibrium potential of producing formate, the 

selectivity toward formate is very low. In addition, the catalytic selectivity for formate production 

was influenced by the composition of the nanoparticles and a Pd70-Pt30 experienced a HCOOH 

Faradaic efficiency of as high as 88% at -0.4 V vs. RHE.  

3.3.3. Metal chalcogenides 

Nowadays, transition metal chalcogenides (TMDs) are investigated as electrochemical CO2 

reduction reaction (eCO2RR) catalysts, due to their abundance as well as facile and reproducible 

synthesis method. The performance of the TMDs catalysts is strongly correlated with the active 

edge sites compared to the exposed basal plane. Moreover, the eCO2RR intermediates can be 

attached to the different active edges of the TMDs catalysts and has a specific relationship of 

bonding energy to break the metal-intermediate. Interestingly, different edge sites of TMDs can 

control the selectivity of the specific eCO2RR products. For example, three-dimensional bulk 

MoS2 showed excellent activity towards CO2R in ionic liquids with the FE of CO (90 %) at -0.764 

V vs. RHE [239]. The surface activity of the MoS2 catalysts strongly depends on the terminal 

edges where d electrons are present with higher energy density. Vertically aligned WSe2, MoSe2, 

WS2, and MoS2 NFs exhibited more than  90% CO selectivity with current densities above 130 

mA cm−2, and the decreasing trend of the current density follows WSe2 > MoSe2 > WS2 > MoS2, 

indicating a different electron transfer processes for each [240]. Furthermore, doping of transition 
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metal (Ta, Nb etc) on MoS2 edges can increase the edge sites, which facilitates the eCO2R reaction 

[241]. Abbasi et al. [241] have introduced Nb-doped vertically aligned MoS2 for electrochemical 

CO2R process, where the presence of Nb near Mo can increase the active edge sites as well as 

reduced the binding energy of intermediates for enhancing the CO formation activity.  

3.3.4. Non-metals 

Mostly, metal-based catalysts have been used as an electrocatalyst for eCO2R reaction. 

However, recent studies also focused on the metal-free catalysts as this class of materials exhibit 

low cost and can be easily modified structurally for better activity and selectivity [242, 243]. Pure 

carbon materials are not promisingly catalysts for the eCO2RR process because of the very poor 

ability to absorb the CO2•
- intermediates. The doping of the heteroatoms such as nitrogen (N), 

fluorine (F), sulfur (S), and boron (B) in carbon materials could improve eCO2RR process, due to 

the delocalization of π-orbital electrons in the conjugation of sp2–sp2 linkages. It is well known 

that the nitrogen-doped carbon materials efficiently catalyze eCO2RR process in which the amount 

of nitrogen and pyridinic N can influence the activity and selectivity of the eCO2RR process. For 

example, N defects in three dimensional (3D) graphene foam can act as a promising eCO2RR 

candidate, resulting in up to 85 % at -0.47 V vs. RHE FE for CO that was stable up to 5 h [244]. 

The DFT calculation suggests that the eCO2R to CO strongly depends on the pyridinic N active 

sites compared to the other active sites, where pyridinic N creates lower energy for *COOH 

intermediates, which is more favorable for CO formation. In addition, heteroatom doped carbon 

has been investigated for eCO2R [245, 246]. Sreekanth et al. [245] have reported boron-doped 

graphene for electrocatalytic reduction of CO2 to formic acid with a FE of 66 % at an overpotential 

of -1.4 V vs. RHE. DFT calculation indicates that the graphene has an asymmetric spin density, 

which is suitable for absorbing the eCO2RR process intermediates rather than pristine graphene, 

which could promote the CO2R to formate. Also, B and N doped nanodiamond was investigated 

as a selective catalyst for electrocatalytic reduction of CO2 to ethanol. The FE of C2H5OH is 93.2 % 

at -1 V vs. RHE and DFT calculation indicates the activity and selectivity of ethanol production 

are mainly attributed to the synergistic effect of N and B co-doping [246]. Li et al. [247] have 

reported S-doped and S,N-doped nanoporous carbon (NPC) materials for electroreduction of CO2 in 

aqueous solution, which showed better catalytic activity towards the formation of CO (FE =11.3 %) and 

CH4 (FE = 0.18%)  at potential −0.99 V (vs. RHE). The activity of the catalysts depends on pyridinic 

N based active sites and positive sites of the carbon and adjacent pyridinic N sites that stabilize the 
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CO2
●- and *COOH intermediates that can facilitate better CO formation activity. In another work, 

N-C layers and N,S-doped carbon layers (NS-C) have been shown to efficiently catalyze the CO2 

to CO process, where N, S contents/configurations were prepared based on carbon nitride-

templated pyrolysis strategy (Fig. 15a) [248]. The doping of N and S is identified by elemental 

mapping images (Fig. 15b), and indicates that the N and S elements are homogeneously distributed 

on the carbon frameworks. Linear sweep voltammetry (LSV) of NS-C was measured in 0.1 M 

KHCO3 and the obtained current density was higher in CO2-saturated solution as compared to the 

Ar-saturated solution, indicating that the CO2R happens along with the hydrogen evolution (Fig. 

15c). In Fig. 15d, a sudden drop of current is observed in the first 2 h of electrolysis, after a which 

the CO production efficiency was found to be around 91 % with stable current density of 2 mA/cm2. 

Some other recently published metal-free catalysts are summarized in Table 3. 

 

Fig 15. a) Schematic diagram of the synthesis processes of NS-C layers; b) TEM and N,S elemental 

mapping;  c) LSV curves recorded on NS-C in the Ar- and CO2-saturated 0.1 M KHCO3 solution 

at a scan rate of 5 mVs-1; d) Chronoamperometric responses and FE (CO) at -0.6 V on NS-C 

catalysts for stability tests. Reproduced with permission from the ref [248]. Copyright 2019, 

Elsevier. 

 

 

 

a)

b) c) d)
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Table 3. Summaries of metal-free catalysts for electrocatalytic CO2 reduction. 

Catalysts  Electrolyte Applied potential  

V vs. RHE  

Products efficiency 

CNTs 0.1 M KHCO3 -1.05  83% （CO）[249] 

CNPs 0.1 M KHCO3 -0.6 92% （CO）[250] 

F doped C 0.1 M NaClO4 -0.62 89.6% （CO）[251] 

B doped graphene 0.1 M KHCO3 -0.99 11.3% (CO), 0.18 % 

(CH4) [247]  

S doped C 0.1 M KHCO3 -1.4 66% (HCOOH) [245] 

N porous carbon 0.1 M KHCO3 -0.93  78% （CO）[252] 

C-NF 0.1 M KHCO3 -0.6 90% （CO）[253] 

NGQD 1 M KOH -0.75 45% （C2H5OH），

45%（C2H4）[254] 

N-diamond 

 

0.5 M NaHCO3 -1 77.6% (CH3COOH), 

14.6 (HCOOH)[255] 

N,B diamond 0.1 M NaHCO3 -1 90% （ C2H5OH ）

[246] 

B-diamond 0.1 M MeOH -0.65 74% (HCHO), 14 % 

(HCOOH)[256] 

N doped graphene 0.5 M KHCO3 -0.84 14% (HCOOH) [243] 

CN-MWCNT 0.1 M KHCO3 -0.82 70% （CO）[257]  

g-C3N4/MWCNTs 0.1 M KHCO3 -0.75 70% （CO）[258] 

 

3.3.5. Molecular catalysts 

Molecular catalysts are another promising alternative for the electroreduction of CO2, with 

the main advantage being that it can be easily tailored for better performance by tuning the ligand 

position with advanced organic synthesis methods [259, 260]. The active sites can be generated 

due to the reduction of metal center or ligand scaffold that can facilitate the multiple proton-
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coupled electron transfer process for better electroreduction of CO2 and consequently deep 

understanding the eCO2RR mechanism [261, 262]. The broad area of molecular catalysts that has 

been largely investigated includes bipyridine, porphyrin, phthalocyanine, aza-macrocycles, and 

phosphine ligands. Nichols et al. [263] synthesized a series of amide pendants tetraphenylporphyrin  

complexes, where amide pendants occupied the various positions of the peripheral metalcore. The 

position of the amide pendants could affect the electroreduction of CO2 to CO. Specifically, proximal 

and distal amide pendants bearing ortho-derivatives exhibited higher CO2R efficiency compared to the 

para-position bearing amide isomers or bare complex. The heterogenization of the molecular catalyst 

has been developed through non-covalent and covalent immobilization and periodic conjugation 

method. For non-covalent immobilization, the molecular complex attaches with the substrate 

through π-π interactions. Importantly, the molecular complexes are mostly aromatic and 

delocalized electrons enhance the interaction of substrate as well as facilitate the electron transfer 

process. Porphyrin and phthalocyanine ligand-based complex can be directly immobilized onto a 

substrate through strong π-π conjugation. For example, cobalt phthalocyanine (Co(Pc)) 

immobilized onto pyrolytic graphite or carbon cloth shows eCO2RR activity to the formation of 

CO in a citrate buffer solution (pH = 5.0) with a high turnover frequency of  100 s-1 and ratio of 

CO/H2 is 1.5/1 [264]. Carbon nanotubes (CNT)  substrate bearing  Cobalt(II) phthalocyanine 

(CoPc) efficiently catalyzed the reduction of CO2 to CO with FE of  92% at -0.63 V vs. RHE and 

a high current density of 10 mA cm-2  [265]. Choi et al. [266] developed a 3D Fe-porphyrin graphene 

hydrogel (FePGH) for efficient catalysis of the electroreduction of CO2 to CO. The detailed fabrication 

process of FePGH is shown in Fig. 16a. The FePGH electrodes were decorated on the reticulated 

vitreous carbon (RVC) by hydrothermal method (Photographical image of FePGH/RVC electrode is 

shown in Fig. 16b). Different amounts of FeTMAP was taken (0.6 and 1.1 mg, marked as FePGH-L 

and -H, respectively) and analyzed in 0.1 M KHCO3 electrolyte under an Ar or CO2 atmosphere. As 

shown in Fig. 16c, the FePGH-H exhibited a promising current density of ∼2.7 mA/cm2 at -0.69 V vs. 

RHE while FePGH-L reached ∼1.8 mA cm-2 at similar applied potential. As confirmed by the results 

obtain from GC analysis (Fig. 16d), FePGH-H showed a maximum FE of up to 95% for CO at 0.39 V 

vs. RHE  at a current density of 2.3 mA cm-2. 
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Fig. 16. a) Schematic representation of 3D Fe-porphyrin graphene hydrogel (FePGH)  synthesis method; 

(b) Photographical image of FePGH/RVC electrode; c) Total current densities of LGH (black), FePGH-

L (blue) and FePGH-H (red) at different applied potentials with metallic Fe formation highlighted; d) 

CO faradaic efficiencies (bar graph) and CO partial current densities (line graph) obtained by FePGH-

L (blue bar and magenta line) and FePGH-H (red bar and green line) [266].   

For covalent immobilization of e.g. porphyrin, phthalocyanine or bipyridine derived complexes,  

polymerization and grafting were used for attachment to the substrate.  For such purpose, chemical and 

electrochemical methods have been widely used. For example, cobalt porphyrin bearing alkyne groups 

can react with an azide-functionalized diamond surface via a copper catalyzed alkyne-azide 

cycloaddition (CuAAC) reaction to form a monolayer heterogeneous molecular catalyst. This catalyst 

exhibits a promising CO production activity with a turnover frequency of 0.8 s−1 at -1.6 V vs. RHE 

[267]. Furthermore, electrochemical method adopted FTO containing M-tetrakis aminophthalocyanines 

(M = Co, Ni, Fe) exhibits diverse selectivity towards CO2 conversion with the presence of metal 

a)

b) c) d)
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complex precursors [268]. More importantly, the Co-based film was highly selective towards formic 

acid, and both formic acid and formaldehyde were found when using Ni-based film as an electrode, 

while formaldehyde and H2 were detected when using Fe-based film.  Zhu et al. [269] have developed 

new strategy to synthesize cobalt porphyrin/carbon nanotubes molecular electrocatalysts for selective 

conversion of CO2 to CO. Protoporphyrin IX cobalt chloride with the structure shown in Fig. 17a was 

used as a precursor. The molecular electrocatalysts were well‐dispersed onto the CNT, which were 

directly grafted onto the metal centers through covalent bonding, which leads to improved performance 

compared to the traditional non-covalent method. TEM images indicated that the prepared molecular 

catalyst designated as CoPP@CNT and CNT-OH have similar surface morphologies, without presence 

of aggregated species (Fig. 17b), and the corresponding EDX mapping showing the distributions of C, 

N, and Co onto the CNT (Fig. 17c) indicated that the overlap of N or Co signals that can further confirm 

the homogeneous distribution of  CoPP. In cyclic voltammetry analysis, the catalyst exhibits a sufficient 

current density at potential of -0.4 V vs. RHE (Fig. 17d). During long-term electrolysis, the obtained 

current densities were stable at all applied potentials and the catalyst showed high CO selectivity (Fig. 

17e), and the obtained FE efficiency of CO varied from 90 %  to 80 %  between -0.65 V and -0.5 V vs. 

RHE (Fig.  17f). 
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Fig. 17. a) Structure of protoporphyrin IX cobalt chloride. b) TEM images of CoPP@CNT. c) 

STEM image of CoPP@CNT and the corresponding EDX maps of C, N, and Co. d) Cyclic 

voltammograms at a sweep rate of 5 mV s1 for CNT‐OH, CoPP@CNT and a control sample. e) 

Current densities vs. time and f) Faradaic efficiencies vs. potential for CoPP@CNT. Reproduced 

with permission from the ref [269]. Copyright 2019, Wiley.  

Periodic porous crystalline materials (metal-organic frameworks (MOFs)) have gained a huge 

attention for electrochemical conversion and storage due to their topology, and possibility of 

tuning the structure at molecular level, etc. This catalysts have inorganic or organic secondary 

building blocks that can create active sites, and tunable secondary building blocks as well as high 

surface area which could improve the selectivity, activity and durability for eCO2RR. For example, 

the copper rubeanate MOF (CR-MOF) showed an excellent eCO2RR activity with an onset 

potential of 0.2 V in 0.5 M KHCO3 and exhibited a high selectivity of HCOOH (90%) at -1.6 V 

vs. RHE. The organic secondary building blocks can create active sites and linked with MOF as 

active catalytic centers. Kornienko et al. [270] have introduced conductive Al/FTO coated Co-

TCPP (TCPP = 4,4′,4′′,4′′′-(porphyrin-5,10,15,20-tetrayl)-tetra benzoate) for conversion of CO2 to 

CO, which exhibited the selectivity of 76% with a current density of about -1 mA cm-2  at around 

-0.70 V vs. RHE  in 0.5 M KHCO3 aqueous media (Fig. 18a-c). On the other hand, the covalent 

a)

d) e) f)
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organic framework (COF) can be a porous organic polymer which is widely used for storage and 

separation of gases. COF is highly crystalline materials and stable in an acidic and basic medium. 

Amine linkage covalent organic frameworks (COFs) can potentially catalyze the eCO2R reaction 

process and the CO conversion efficiency increased from 13% to 53% at -0.70 V and from 43% 

to 80% at -0.85 V in comparison with bare Ag electrode (Fig. 18d-f) [271]. One of the last example, 

3D metal atoms (Co, Ni or Cu) modified covalent triazine frameworks efficiently catalyze the 

electroreduction of CO2 and achieves the maximum FE of 90% (CO) at -0.8 V versus RHE for Ni-

CTF [272] . Some more examples of molecular complexes are summarized in Table 4. 

 

Fig. 18. a) MOF allowing for modulation of metal centers, molecular linkers, and functional groups 

at the molecular level; b) cobalt-metalated TCPP as an organic building units assembled into a 3D 

MOF, Al2(OH)2TCPP-Co with variable inorganic building blocks; c) the selectivity for products 

determined over a potential range of -0.5 to -0.9 vs RHE. Reproduced with permission from ref 

[270]. Copyright 2015, American Chemical Society. d) Molecularly Defined Interface formed by 

combining the catalytic surface of Ag electrode with COF-300-AR; e and f) FE of CO and 

a) b) c)

d) e) f)
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H2 production on the COF-300-AR and Ag electrocatalysts at various potentials. Reproduced with 

permission from the ref [271]. Copyright 2018, Elsevier. 

 

Table 4. Summary of molecular catalyst for electrocatalytic CO2 reduction. 

Catalysts  Electrolyte Applied potential  

(V vs. RHE) 

Products  

efficiency 

Co protoporphyrin/pyrolytic 

graphite  

NaClO4/HClO4 -0.6  CO  (60%) [273] 

Ru(II) Polypyridyl Carbene  0.5 M NaHCO3 −0.53 to −0.63  H2/CO: 1.5−5.6 [274] 

Co-phthalocyanine 0.1 M KHCO3 -0.59  CO (70%) [265] 

Fe triphenyl porphyrin 0.5 M KHCO3 -0.59  CO (93%) [275] 

Ir Pincer 0.5 M LiClO4/0.1 M 

NaHCO3, 1% v/v MeCN 

-1.4  Formate (93%) [276] 

Perfluorinated cobalt 

phthalocyanine  

0.5 M NaHCO3 0.8  CO (93%) [277] 

 PorCu 0.5 M KHCO3 -0.976  CH4 (27%); C2H4  

(17%) ; CO (10%) [278] 

ZnPor 0.1 M TBAPF6/DMF/H2O -1.7  CO (93%) [279] 

CoPc-py/CNT 

Fe-PB 

ZIF-A-LD 

0.2 M NaHCO3 

0.5 M KHCO3 

0.1 M KHCO3 

-0.63  

-0.63  

-1  

CO (93%) [280] 

CO (100%) [281] 

CO (75%) [282] 

 

3.4. Ionomer and binder 

The performance of the gas diffusion electrode (GDL) is strongly dependent on the binders. 

In most cases, catalysts are attached to the electrode layer with a binder by using different 

techniques (spray, drop-casting, etc). An ideal binder not only binds the catalyst in the catalytic 

layer but also facilitates the transport of ions (e.g., H+ and OH-) at the membrane-electrode 

interface. Nafion is the most commonly used binder for eCO2RR process, due to its commercial 

availability and high activity. The drawback of using Nafion is that in alkaline medium, it exhibits 

a reduced transport property for OH- ions. On the other hand, PTFE (polytetrafluoroethylene) is 

considered as a highly stable binder, but the high hydrophobicity of PTFE tend to result in mass 

transfer limitations. In the case of eCO2RR process, the functional group of the binder can play an 
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important role for suppressing the HER process and enhance the eCO2RR, because the eCO2RR 

process are strongly dependent on *COOH and *CO intermediates with *H (HER) that can 

correlate with the activity and selectivity of the catalysts. Specifically, the binder behaves like a 

surfactant, where one end stabilizes the catalyst in the electrode surface and another end 

functionalizes the catalyst surface for controlling the selectivity of the products. Lee et al. [283] 

have investigated the Au catalysts with different binders for a selective approach of eCO2RR 

process for the formation of CO. Five different binders were used including PVA (polyvinyl 

alcohol), PAA (polyacrylic acid), PVDF (polyvinylidene difluoride), and PTFE (Fig. 19a). Among 

all binders containing Au-catalysts, Au-PTFE exhibited better CO formation performance than 

those of other binders containing Au NPs (Au-Nafion, Au-PVA, Au-PAA, Au-PVDF), resulting 

in the highest FE of CO is 94.7 % at -0.7 V vs. RHE (Fig. 19b). A similar trend has been observed 

for the partial current density of the CO formation (JCO), and Au-PTFE showed the maximum 

current density close to 10 mA cm-2 (Fig. 19c). Furthermore, a DFT study indicated that the PTFE 

binder containing Au showed the highest FE for CO evolution (up to 94.7 %) due to the reduction 

of hydrogen adsorption (*H) activity on the PTFE decorated Au surface, and simultaneously 

allows more active sites for eCO2RR intermediates (*COOH and *CO) (Fig. 19d). On the other 

hand, the oxygen-containing binder (-OH and -COOH) stabilizes the intermediates and reduces 

the activity of CO production (Fig. 19d). Also, it was reported that the Sustainion ionomer has 

been used for eCO2RR [284].  
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Fig. 19. a) The chemical structure of the investigated binders; b) FECO and c) JCO for CO 

production over the Au NPs using different binders; d) DFT (PBE-vdW) optimized geometries 

of *H and *COOH in the presence of co-adsorbed -OH (left),  -COOH (center) and -CF2 (right) 

groups on Au(111). Reproduced with permission from the ref [283]. Copyright 2018, Wiley. 
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4. Cell optimization and testing 

4.1. Internal losses 

In membrane-based CO2 electrolyzers, a certain amount of energy is required to overcome the 

different energy barriers and carry out the electrochemical CO2R into the products of interest, 

which proportional to the cell voltage (Ecell) expressed as: 

Re Ohmic Actcell vE E  + +=                                                                                                                          (2) 

where ERev the reversible cell voltage, ηOhmic is the ohmic losses in the cell and ηAct is the activation 

overpotential at the electrodes. In this regard, Fig. 20a shows the different resistances contributing 

to the total cell resistances in typical liquid-phase CO2 electrolyzers along with the electrical circuit 

analogy representation. Ohmic losses occur as a result of resistance to the flow of ions and to the 

flow of electrons through the electrically conductive electrolyzer components (wiring and 

connections) for cathode (Re,c) and anode (Re,a). The resistance to the flow or transport of ions in 

CO2 electrolyzers includes physical resistances due to ionic transport in the electrolytes (Rs) and 

in the membranes (Rm) as well as resistances due to gas bubbling and/or flooding that influence 

the active surface area of the cathodes (Rg,c) and anodes (Rg,a). Therefore, this can be summed up 

to present the total Ohmic loss which is linearly dependent on the current (i) flowing through the 

cell: 

, , , , )( e a g a gOhm s m c ei cc R R R R R Ri + + + + +=                                                                                             (3) 

The activation overpotential is the potential required to overcome the activation energy for the 

electrochemical reactions occurring at anode (Ra) and cathode (Rc) in CO2 electrolyzers. 

Conventionally, the kinetic effect of typical electrolytic reactions are expressed with the Butler-

Volmer equation which shows a logarithmic dependence of activation overpotential on current 

[285-287]:   

  

2

ln 1
2 2

Ohmic

o o

RT J J

F J J


 
 

 = + + 
  
 

                                                                                                        (4) 

where R is the ideal gas constant (8.3145 J mol-1 K-1), T is the temperature, F is the Faraday 

constant (96, 485 C/mol-1), J is the operating current density and Jo is the exchange current density. 
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From a thermodynamic point of view, the activation overpotentials at electrodes vary depending 

on the catalytic activities but the ratio of electrochemical reaction rate at the cathode to anode is 

determined by the stoichiometric ratio rather than by their catalytic activities since the electric 

current passing through the cathode is the same as the current passing through the anode [286]. 

Further details on thermodynamics and electrochemical CO2 reactions and kinetics over a broad 

range of product spectrum are beyond the scope of this review, which is a point of future analysis.” 

The potential required to overcome the activation energies for the reaction at the electrodes 

highly influence the kinetics of CO2R reaction. The resistances related to ion transport as well as 

reaction kinetics highly depend on the nature of the electrocatalytic materials, membranes and 

electrolyzer design itself. Similar to the typical water electrolyzers, the solution and membrane 

resistances, as well as the resistances due to the gas bubble, also contribute to the ohmic losses 

inside membrane-based CO2R electrolyzers [288]. These losses also vary depending on the cell 

designs. For instance, in the zero-gap configuration where the distance between the CL over the 

electrode and membrane is kept minimal, the ohmic drops due to the liquid electrolytes 

significantly decrease. Therefore, a careful investigation of all these resistances is generally 

essential to the design of energy-efficient CO2 electrolyzers. Vennekoetter et al. (2019) [23] did a 

thorough investigation of CO2R electrolyzers through a comparison of different configurations of 

CO2R electrolyzers, including the conventional liquid-phase electrolysis as well as the zero-gap 

systems, to identify the best design for enhanced energy efficiency. It was found out that the use 

GDEs of the zero-gap assembly (Fig. 20b) significantly reduces the ohmic losses and maximizes 

energy efficiency compared to the liquid-phase CO2R electrolyzers (Fig. 20c). Here, the choice of 

membrane for a different environment is also crucial. For instance, the use of CEM results in an 

acidic environment that impedes the CO2R and calls for precious electrocatalysts. Therefore, some 

of the drawbacks and advantages of both the monopolar and bipolar membrane should also be 

considered as design criteria for optimal CO2R set-ups. 
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Fig. 20. a) Break down of the total cell resistances in liquid-phase (symmetrical) CO2 electrolyzers: 

an electrical circuit analogy representation. Polarization curves for b) zero-gap CO2R electrolyzers 

and c) liquid-phase CO2R electrolyzers using Nafion membrane; cathodes: Ag or Cu-based GDE, 

anode: platinized titanium, catholyte and anolyte: 0.5 M H2SO4. Reproduced with permission from 

ref [23]. Copyright 2019, Elsevier. 
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4.2. MEA design  

The inherent design of membrane electrode assemblies (MEA)s for CO2R is related to several 

factors determining the performance of CO2 electrolyzers. For instance, in CO2R electrolyzers with 

a buffered layer, the thickness of the layer affects the internal ohmic losses. Weng et al. [44] 

performed model studies on the different MEA designs for CO2R to investigate the advantages 

and limitations in terms of ohmic losses, temperature changes, local ion concentration and flooding 

issues. It was found out that a mesh-like structure or GDE better reduces the deterioration caused 

by the evolution of the oxygen bubbles at the anode. A reduced inter-electrode distance, which 

partially minimizes the internal losses was also shown to be associated with increased cross-over. 

Operations in liquid and gaseous phase also affect the membrane swelling, which is linked to 

membrane conductivity and hence the ohmic drops inside the cell. At high current densities, the 

membrane swelling slowly decreases due to the reduced concentration of water in the gas channel, 

which is restrained by the water vapor, and in turn, consumed during the CO2RR. Therefore, 

increasing the relative humidity of the gas-phase CO2 electrolyzers would help prevent the 

membranes from drying.  

Electrode structure influences the kinetics of the CO2RR at the interface between the electrode 

and the membrane. In CO2R electrolyzers, planar (dimensionally stable) or porous electrodes, are 

mostly used for fundamental research purposes, for instance, electrocatalytic screening, as well as 

the impact of process conditions [38, 40, 289-292]. Planar or porous electrodes are simple to 

construct and integrate with reference electrodes. The kinetics of CO2RR over such electrodes is 

mainly governed by the rate of CO2 transfer to and from the electrolyte, which calls for the use of 

selected electrolytes and operations under optimal process conditions and hence added costs [35, 

293]. On the other hand, the use of GDE in 3D structures could also increase the active electrode 

area facilitating the transport of gaseous and/or liquid reactants and products to and from the 

catalytic layer. As shown in Fig. 21, a typical GDE consists of a macro/microporous layer 

(differing in size of pores), a catalytic layer, and a current collector, which can be of a single-layer 

and dual-layer of porous materials with different properties like porosities and wettabilities. The 

type and nature of GDE have a direct impact on mass transfer and the kinetics of CO2RR and hence 

a careful design of GDE plays a crucial role in CO2 electrolyzers for enhanced current efficiency 

and product selectivity. In general, GDL should consist of a hydrophobic material to prevent the 

flow of liquid electrolytes to gas compartment, which limits the effective concentration of CO2 at 



 

55 

 

the triple-phase boundary. For instance, a hydrophobic macroporous layer can be derived from a 

carbon-based GDE material coated with polytetrafluoroethylene (PTFE). Recently, different 

works on the use of GDE has been reported focusing on the design perspective and surface 

chemistry in relation to the CO2R kinetics [35], the interdependence of high current density, 

catalytic testing and operating conditions [42], interplay between catalytic activity and gas-phase 

CO2 electrolyzer performance towards practical implementation [43], modeling approaches on 

mass transport and redox reaction kinetics for different MEA designs [293]. In general, the optimal 

design of GDE-based MEAs considering the employed operating conditions such as the pressure 

and temperature, amount and composition of the electrolyte, and pH, etc., is crucial for the 

selective and energy-efficient conversion of CO2 into the desired product.  

Fig. 21. Schematics of a gas diffusion electrode along with the membrane separator in liquid-phase 

CO2 electrolyzer; the three-phase interface is mainly constituted by the liquid electrolyte,  catalytic 

layer and the CO2 gas molecules; the macro/microporous layer presents the diffusion medium for 

both the gas/liquid reactants and products.  

4.3. Process parameters  

4.3.1. pH/electrolyte effect 

One important parameter in CO2R is the pH value of electrolytes. The formation of certain 

intermediates was thought to be correlated with the pH value, which could influence the formation 

of the final product [220, 221, 294, 295]. For instance, the pH effect of electrolyte on product 

selectivity in the reduction of CO2 over Cu electrodes was investigated by Hori, demonstrating 

that the selectivity of C2H4 prevails over that of CH4 in high pH solutions, and the increased 
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formations of alcohols are accompanied with the high selectivity for C2H4 [295]. Koper et al. [220, 

221] also studied the product selectivity in electrolyte with various pH for the reduction of CO to 

C2H4. The authors proposed that one pH-dependent pathway to ethylene has a common 

intermediate (CHO) with the formation of methane and takes place on both the (111) and (100) 

surfaces of Cu. Recently, the Sargent group has demonstrated that hydroxide ions near the Cu 

surface could reduce the activation energy barriers for CO2R and C-C coupling which facilitates 

C2H4 formation [296]. 

The pH increases locally at the interface between the electrode and the electrolyte, which is 

due to OH- production at the cathodic reactions. The effect of local pH on product selectivity in 

the electroreduction of CO2 was initially proposed by Y. Hori [81, 186]. It has been shown that 

electrolytes like KHCO3, KClO4, K2SO4 and KCl solutions could favor the CO2R on Cu surfaces. 

In contrast, K2HPO4 solutions highly facilitate H2 evolution rather than CO2R. Specifically, the FE 

for H2 in the same concentration of electrolytes decreased as K2HPO4 > KHCO3 > K2SO4 > KClO4 

> KCl. While the pH would rise locally at the interface between the electrolyte and the cathode, 

these electrolytes have different buffer capabilities via neutralization reaction with OH- produced 

locally near the electrode surface. For example, K2HPO4 has a strong buffer ability and could 

easily neutralize OH- and maintain the local pH at relatively low value. On the other hand,  K2SO4, 

KClO4 and KCl electrolytes do not have obvious buffer ability for OH- generated near cathode 

surface at CO2-saturated neutral solutions, therefore, all these electrolytes will lead to relatively 

high pH. It is known that low pH favors H2 evolution. Thus, the enhanced catalytic activity of H2 

evolution is attributed to lower pH value at the interface between electrode and electrolyte. It was 

also found that K2SO4, KClO4 and KCl electrolytes facilitated selectivity toward C2H4 and alcohol 

formation, and Hori believed that a high local pH contributed to the reduction of CO intermediate 

to C2H4 and alcohols. Thus, the electrolytes with different buffer abilities provide different product 

distributions due to local pH effect. Recently, a local pH was systematically tuned via varying Cu 

nanowire morphology, demonstrating a controllable hydrocarbon formation under identical 

conditions [217]. 

The pH of the electrolyte solutions needs to be effectively controlled for efficient utilization of 

the selected catalyst, which in turn influences product efficiency and selectivity. The pH of the 

CO2R medium highly influences the predominant dissolved species of CO2 in aqueous solutions 

as a function of pH and potentials, which is described by the Pourbaix (E-pH) diagram (Fig. 22) 
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[35, 79, 297]. H2CO3 is the predominat species in strongly acidic and closely neutral pH medium 

(below ~6),  HCO3
-  in a neutral and mildly basic pH medium (between 6 and 10.3) and CO2

2- in a 

strongly basic medium. It is worth noting that the pH near the catalytic layer of the cathode and 

the bulk electrolyte is quite different due to the mechanistic variations in CO2RRs  for the different 

products, which either produce H+ or consume OH- ions. In general, as the pH change affects the 

rate of CO2RR, product selectivity of CO2RR and rate of HER, it is very complicated to relate the 

dynamics of such reaction to better control the efficiency of CO2RR [35]. For instance, the rise of 

pH shifts the product selectivity at the surface of Cu from H2 and CH4 to higher hydrocarbons 

products like C2H4 and C2H6. Superimposing the Pourbaix diagrams of aqueous phase CO2R 

(involving bicarbonate and carbonate species) and a molecular or extended material catalyst, it is 

shown that the proximity of the boundaries between different Pourbaix diagrams helps to identify 

the optimal conditions that would be appropriate for electrocatalysis with low overpotentials. Li et 

al. [79] explored the optimum E-pH conditions for the production of HCOO- using SnO2 catalysts 

at a high selectivity, FE and electrode stability. As can be seen from the combined Pourbaix 

diagram for the different phases of Sn-SnO2, the SnO2 catalyst was shown to be stable with in the 

pH range of 8.42 - 11.72 (identified as an optimal region), whereas it´s reduction to metallic Sn 

was found to be limited in the same region. An optimal pH of about 10.2 (within the overlay region 

of Fig 22) was reported for a stable SnO2 activity considering the balanced effect of HCOO- 

depletion from the electrode surface and CO2 bubbling of the electrolyte.  
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Fig 22. Combined Pourbaix diagram showing the overlay region between the phases of Sn-SnO2 

in aqueous solutions and the dissolved species of CO2 and for different pH and potentials. A stable 

SnO2 phase was observed within the overlay (encircled) region. Reprinted with permission from 

[79]. Copyright 2015, American Chemical Society.  

4.3.1.1. Effect of cation and anion  

The type of the cation and anion present in the electrolyte has been shown to have a 

considerable impact on the activity and selectivity of the electrochemical CO2R [298, 299]. A 

strong dependence of the selectivity on size of cationic species has been demonstrated for the 

reduction of CO2 and CO on Cu, indicating that the formation of multiple carbon products at a 

limited HER is better achieved by using larger cations [298]. It was reported that H2 evolution 

could be obviously favorable over CO2R in Li+ electrolyte (when using Li+, Na+ and K+, FE of H2 

had 60.5%, 25.1% and 14.5%, respectively), and the enhanced formation of alcohol and C2H4 was 

observed with increasing the cation size (in the order of Li+ < Na+ < K+ < Cs+) [186]. Recently, 

Bell et al. [300] also demonstrated that the size of the electrolyte cation affects the rate of C−C 

bond formation by electrostatic interaction between solvated cation and adsorbed species, and this 

rate increases with increasing cation size, which influenced the catalytic activity (Fig. 23). Koper 

at al. has performed CO reduction in electrolytes with different cation size and demonstrated that 

the alkaline cations on Cu catalysts could decrease the energy barrier of CO coupling, affecting 

the product formation [301]. It should be noted that smaller cations are more hydrated due to their 

more intense electric field, thus leading to larger hydrated radii than larger ions. In this review, the 

size of cations is stated without considering hydrated water molecules. 
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Fig. 23. Partial current densities of products as a function of cation size. Reproduced with 

permission from ref [300]. Copyright 2017, American Chemical Society. 

The type of anions in the electrolyte have been shown to have an impact on the product 

distribution in CO2R. Non‐buffering anions (Cl−,ClO4
−, SO4

2−) were observed to enhance the 

selectivity for C2H4 and CH3CH2OH compared to buffering HCO3
− anion [81]. The HCO3

− anion 

based salt solutions are widely used for CO2RR due to its buffering effect, which is able to keep a 

neutral bulk pH. However, the change in concentration of HCO3
- have been shown to affect the 

product selectivity. It was reported that the use of high concentrations of HCO3
− (> 0.2 M) 

improves the overall Faradaic efficiency for H2 and CH4 whereas the low concentrations (< 0.05 

M) result in high selectivity towards ethylene [302]. In addition to maintaining the bulk pH, HCO3
- 

have also been shown to serve as a source of C [85, 86, 303, 304] as well as proton [87] in CO2R. 

Beside HCO3
-, other ions, for instance, halides, could also impact the CO2R performance metrics 

but the mechanism is not well understood in such a case so far [305-307].    

4.3.2. Temperature and pressure 

High temperature generally offers an advantage of more efficient mass transport of CO2 and 

better kinetics towards a high-rate CO2 reduction. Although higher current densities can be 

achieved at higher temperatures, this is associated with the loss of cell performance in terms of 

selectivity and the reduction in the solubility of CO2 at elevated temperatures [35]. Elevated 

temperatures generally increase the availability of water (enhancing the water vapor) in the 

electrolyzer thereby preventing the MEA from dehydration and flooding issues with a positive 

impact on high current densities. However, excessive temperature may also result in drying and 

damage of the MEA which could generally lead to performance losses due to increased cell 

resistance, among others. A particulalr damange on a membrane with opened pores may also result 

in crossover issues. Summary of the research works focusing on/related to the impact of the 

temperature on CO2R, mostly performed on H-cell, has been well documented recently [28, 35]. 

Pressure is another process parameter with a profound impact on the performance of CO2 

electrolyzers. High pressure has been shown to enhance the mass transfer to the catalytic layer due 

to the increase of CO2 solubility in aqueous electrolytes [113]. However, high-pressure CO2R also 

requires a balanced pressure between the anode and cathode compartments, which otherwise may 

lead to the mechanical stress on the separator and enhanced crossover. For instance, a state of 
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delamination in BPM has been reported for applications in CO2R under the high-pressure condition 

of up to 50 bar [113]. This calls for separators with good mechanical strength, perhaps a thicker 

and reinforced membrane materials carefully optimized to keep the resistance as low as possible. 

The impact of pressure on CO2R has been widely investigated from the perspective of mass 

transfer and reaction kinetics using various cell designs but there is still a gap in extensive studies 

focused on the mechanical and crossover properties of membrane separators in pressurized CO2 

electrolyzers [113, 308-321].   

4.4. Cell testing 

4.4.1. Membrane-less (microfluidic) cells 

Early investigations on microfluidic devices were focused on the electrocatalysts and CO2RR 

conditions. Practical assessment of different metallic/bimetallic catalysts (Ru-Pd and Sn) for CO2R 

to formic acid was carried out under different operating conditions (including pH), and up to 89% 

faradaic efficiencies along with ~100 mAcm-2 current density was reported [59]. Moreover, 

catalyst layer preparation methods [322] and the composition of electrolytes [323, 324] have also 

been reported to have a considerable impact on the microfluidic CO2 electrolysis system. Jhong et 

al. [322] investigated the impact of different deposition methods on the catalyst layer structure and 

hence the performance of CO2R. Surface SEM images indicated a more uniform distribution of 

the catalyst particles in the catalyst layer deposited over Ag-based electrodes by air-brush method 

(Fig. 24a) than the hand-painted method (Fig. 24b), which was associated with an agglomeration 

and unevenness of the catalyst particles. In the MRF cell test, the air-brushing catalyst layers 

resulted in a FE of up to 95% for CO, which was much higher than the hand-painted catalyst layers 

displaying FE of up to 83% at -1.56 V vs Ag/AgCl (Fig. 24c) [322]. With the aim to understand 

the dynamics of GDE flooding, Leonard et al. [325]carried out an investigation on electrode 

stability at different current densities in MFR. The electrolyte penetration into the GDE during 

electrolysis was evaluated by determining the electrochemical double-layer capacitance (EDLC), 

and it was observed that the operations at high current densities increased the flooding of the 

electrodes. Although most of the MFR has have been investigated using aqueous salt solutions as 

liquid electrolytes, ionic liquid has also been investigated for CO2R. Rosen et al. [326] 

demonstrated the possibility of lowering the free energy of formation of CO2
●- intermediate and 

hence the CO2R overpotential by using an ionic liquid electrolyte in MFRs. A faradaic efficiency 

(FE) above 96% was reported for CO production at low overpotentials (˂ 0.2 V) by CO2RR 
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mediated using 1-ethyl-3-methylimidazolium and Ag catalysts. Validation of modeling 

approaches have also been a fundamental issue which has been attempted using MFRs [327-329]. 

Recently, a mathematical model was also developed and validated for quantification of electrical 

resistance losses from electrode and electrolytes losses in a pH differential microfluidic electrolytic 

cell for the reduction of CO2 to formic acid [327].  

 

Fig. 24. Surface SEM images of a) hand-painted and b) air-brushed Ag-based cathode for CO2 

reduction in MFR. c) The variation of FE for CO and H2 as a function of cathode potential (V) vs. 

Ag/AgCl. Cathode catalyst: unsupported Ag nanoparticles with 0.75 mg cm-2; anode catalyst: 4.25 

mg cm-2 unsupported Pt black; CO2 flow rate: 7 sccm; Electrolyte: 1.0 M KCl at a flow rate of 0.5 

mL min-1. Reprinted with permission from ref [322]. Copyright 2013, Wiley-VCH. 

4.4.2. Membrane-based flow cells 

Table 5 summarizes some of the works reported on each type of ion exchange membranes 

(Table 5a: AEM, Table 5b: CEM, Table 5c: BPM) applied for CO2R during the past decades. Most 

of these studies employed neutral, anion buffering electrolyte such as KHCO3 with concentrations 

in the range of 0.25-1 M when working with CO2 electrolyzers based on monopolar membranes 

and the cathode electrode/catalysts of interest. The anodic reactions were also performed in similar 

solutions but also possibly employing earth-abundant anodes in basic solutions (e.g. 1 M KOH) 

when using BPM-based CO2 electrolyzers.    

4.4.2.1. Anion exchange membrane 

The key issue when working with AEMs using anion buffering electrolytes is the effect of 

CO2 pumping. Ma et al. [181] performed a systematic investigation of the CO2 utilization in AEM-

based-CO2 electrolyzers to figure out the apparent consumption for product formation and parasitic 

CO2 pumping to the anode side. Based on a separate analysis of the outflow streams from cathode 
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and anode sides, it was found out that most of the consumed CO2 (70%) was parasitically pumped 

out to anode side. Only about 30% of the CO2 consumption was utilized for CO2R product 

formation (Fig. 25a). The key implication was that in basic solutions, there is a huge discrepancy 

in the inlet and outlet flow rates of gas streams depending on the current densities, which leads to 

an overestimation of the performance metrics, for instance, up to 12% discrepancy in FE 

estimation for C2H4 in 5 M KOH solution without consideration of the effect of CO2 pumping. 

Similarly, a poor CO2 utilization ( < 50 % consumed for product formation) was reported using a 

gas-fed MEA-type electrolyzer with zero-gap cathode configuration, although a good cathodic 

activity and selectivity was achieved [142]. In another work, Schmidt group have performed an 

experimental study on the formation of CO2 on anode side due to CO2 pumping effect in the 

alkaline CO2 electrolyzer. The amount of produced CO2 on the anode side was found to be 

proportional to the increasing cell current density (Fig. 25b) [68], but it is also believed to be 

produced at large fractions even when working at low current densities due to other side reactions 

like catalyst oxidation which leads to the CO2 formation instead of O2. The use of alkaline AEMs 

is also associated with large Ohmic losses compared to the cation exchange membranes, which 

limits the energy efficiency of the system. Thus, while tuning membrane microstructure and 

properties are required to design highly conductive AEMs, this is counteractive to CO2 pumping 

phenomenon, which might be aggravated by the improved HCO3
-/CO3

2- conductivity [136, 137, 

141].  

     Several attempts have been performed to explore the materials and properties of AEMs for the 

optimal design of CO2R cells [127, 136, 137, 141, 145, 330]. Early investigators were focused on 

the use of catalyst coated AEMs to optimize the CO2R cells for specific products. Komatsu et al. 

[129] prepared Cu-coated Selemion AEMs by electroless plating and found out CO and HCOOH 

as a major product with a maximum of 27% total current efficiencies. The performance of different 

membranes materials and functionalities have also been tested for CO2R. The use of AEM based 

on alkali doped polyvinyl alcohol (PVA) along with Cu-based cathodes favored the formation of 

CO at an FE of 12 % [127], whereas the use of AEM based on polystyrene polymer functionalized 

with quaternary ammonium (QA) groups coupled with Cu2O-based cathodes favored the 

production of CH4 at FE of 32% [330]. Proper choice of AEM functional groups have a direct 

impact on the mass transfer of CO2 within the reaction zone, and hence the kinetics of the CO2RR 

[136, 137, 141, 145]. Two different types of AEM with different functionalities were prepared and 
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tested for CO2R: i) AEM by a direct blending of polyethylenimine (PEI) with poly(vinyl alcohol) 

(PVA) and doped with KOH (PEI-PVAOH), ii) AEM by blending of quaternized PEI with PVA 

and doped with KOH (QPEI-PVAOH) [136]. For QPEI-PVAOH, the bulky alkyl groups hampered 

the water association (limits H2 production) and facilitated the adsorption of CO2 to the reaction 

zone by the formation of an ion pair (QA+-CO2
•-) [136]. Although the membrane performances 

were too low for industrial implementation, the works mentioned above remark that the optimal 

design of membranes is one strategy to enhance the performance of CO2 electrolyzers. 

 Imidazolium-functionalized AEMs have been applied in a variety of systems, including fuel 

cells, driven by their relatively high chemical stability due to the structure consisting of the π-

conjugated imidazole ring, and the environmentally-friendly nature [331-341]. In particular, 

alkaline stability is related to the π conjugated structure with the delocalized positive charges 

which restrict the nucleophilic attack by OH−, i.e., the Hofmann or SN2 elimination. Dioxide 

Materials (DM, USA) has developed a group of novel imidazole-functionalized AEMs which 

exhibit strong stability in alkaline medium, that are now available commercially (Sustanion 

membranes) for applications in water and/or CO2 electrolyzers [139]. The synthesis of such 

membranes can be carried out by a two-step process involving copolymerization followed by 

subsequent functionalization [137, 139, 141]. Kutz et al. [137] attempted recently to extend the 

applicability of Imidazolium-functionalized AEMs for CO2R. Imidazolium-functionalized styrene 

and vinylbenzyl chloride (VBC)-based (PSMIM) polymers were prepared by the solution casting 

and evaporation method, with the structure depicted in Fig. 25d. A stability test was performed by 

recirculation of 10 mM KHCO3 on the anode side and humidified CO2 on the cathode side of a 

cell equipped with Ag cathodes and IrO2 anodes. The good stability of the membranes over an 

extended period (up to 6 months) was recorded at 50 mA cm-2. For the selectivity study, a cell with 

both anolyte-free (anode left open to atmosphere) and catholyte-free (humidified CO2) 

configuration was run at 3 V for about 30 min, with dominant products being H2 and CO. Up to 

98% FE for CO was recorded at a current density >100 mA/cm2 [137]. The observed FE and 

current density of the new imidazolium-functionalized AEMs were up to 4-fold and 14-fold higher, 

respectively, when compared to any of the other membranes tested in the experiment. It is worth 

noting that the imidazolium functional group acts as a co-catalyst for the CO2R and reduces the 

activation barrier for the formation of the CO2 radical, ultimately leading to the high selectivity for 

the products of interest [326]. The scope of N-heterocycles as co-catalysts was further explored by 
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Zhao et al. [342], and was shown to extend beyond the imidazolium cations. In another study, a 3-

compartment electrochemical cell equipped with a proprietary Sustanion™ anion exchange 

membrane [137, 343] on the cathode side (with imidazole-Sn nanoparticle catalyst-based GDE), 

stable performance for >500 h was observed at a current density of 140 mA/cm-2 and 3.5 V with a 

FE of up to 94% for formic acid. Further improvement in the performance of Sustanion-based 

electrochemical cells for eCO2R to CO was demonstrated by optimizing the GDE for the cathode. 

A FE above 95% was recorded for CO at 600 mA/cm2 and 3.3V under the optimal conditions (i.e. 

Ag/2/2, implying to 2 wt% of the porous carbon and 2 wt% of Sustainion XA-7 ionomer based on 

the weight of the Ag, with a loading of 2 mg cm-2 for an active area of 5 cm2) [141]. To demonstrate 

operational development towards industrial-scale systems, Sustanion membranes were also tested 

over a larger active area of 250 cm2, and a stable voltage in the range of 2.9 - 3.0 V was recorded 

for about 90 h [139].  

 

Fig. 25. (a) Fraction of the CO2 flow utilized for carbonate formation, CO2R product formation, 

and residual CO2 flow [181]. b) Volume flows of O2 and CO2 formed at the anode side in AEM-

based CO2 electrolyzer equipped with Au-based cathode and IrO2-TiO2 anode; The catholyte was 

pure, humidified CO2 and the anolyte was Ar (100% RH) [68].  Presentation of c) steps for the 

preparation of the pre-polymer for the synthesis of Sustainion AEMs. Illustration of (humidified 

a)

c)

Polystyrene Methyl Methylimidazolium-X-

Membranes, X- = Cl-

Tetramethyl Imidazole
Divinylbenzene

AIBN
Chlorobenzene

b)
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CO2 fed at a temperature of 50 oC and rate of 5 sccm) and anolyte-free (anode in an open-air) 

conditions. Reprinted with permission from ref [137]. Copyright 2017, Wiley-VCH.  

4.4.2.2. Cation exchange membranes 

Earlier studies on CO2 conversion technologies demonstrate the possibility of using CEMs 

coated with electrocatalysts (i.e., catalyst coated membranes - CCMs). The use of the CCM 

approach allows the implementation of a solvent-free, gas-phase eCO2R, which enables better 

mass transfer as well as reduces the risk of the catalyst poisoning by the solvent or electrolyte 

impurities. Dewulf and Bard investigated Cu-coated Nafion membranes for the gas-phase eCO2R 

and reached up to 20% FE for CH4 and C2H4 at a potential of -2.00 V vs. SCE [131]. Several other 

researchers in the past have used CEMs extensively along with the other metal catalysts such as 

Au and Sn for the eCO2R (both in the gas-phase and liquid-phase) to various products, including 

HCOOH and CO mostly using the designs based on H-cells [126, 128, 344].  

Delacourt et al. [124] developed and compared, for the first time, the performance of different 

designs of gas-phase CO2R flow cells based on Nafion separators for simultaneous CO2 and H2O 

reduction at ambient temperature. Flow cell designs similar to the typical polymer electrolyte 

membrane (PEM) water electrolyzers fuel cells (zero-gap configuration), and modified system 

utilizing a pH-buffer layer of aqueous KHCO3 placed between the CEM and the Ag cathode 

(buffered configuration) (Fig. 26a) were considered, among others. A 100% FE for H2 at a current 

density of 20 mA/cm2 was recorded when using the zero-gap configuration utilizing only Nafion, 

implying no observation of gaseous CO2R products (Fig. 26b). On the other hand, the production 

of CO was prominent with up to 82% FE at 20 mA/cm2 (Fig. 26b) when operating with the buffered 

system; however, with poor stability as CO FE reduced at a rate of ~3%/h. This change in FE with 

time was related to the variations in the composition of the buffer medium due to the formation of 

other CO2R products like HCOO- and C2O4
2-, as well as the electrode poisoning. Similarly, a zero-

gap configuration flow cell equipped with a Nafion membrane in alkaline medium was tested for 

liquid-phase (NaHCO3 as catholyte) eCO2R [130]. Up to 80% FE was recorded for formate (using 

In-Pb bimetallic catalysts), which reduced over the course of 1 h due to the formation of diffusion 

barriers at the membrane-electrode interface. In zero-gap CEM-based CO2 electrolyzers, the 

importance of electrolyte composition for stability has been demonstrated: acidic anolytes with 

only protons as cations prove good stability [134]. 
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As mentioned above, one of the problems of using aqueous solvents for PEM-based CO2 

electrolyzers is the presence of competitive HER due to the low solubility of CO2 in the water (~35 

mM) and the low diffusion coefficient of CO2 in water (0.0016 mm2 s-1) at standard conditions 

[345]. These mass transport limitations can be mitigated, by working with gas-phase CO2 

electrolyzers and/or operating at high CO2 pressures, and one example is work by Dufek et al. 

[135] who investigated a pressurized electrolysis system (up to 20 bar) at varying temperatures (up 

to 90 °C)) for a continuous reduction of CO2 to CO and syngas mixtures. The FE was observed to 

increase with the rise of gas pressure (> 18 bar), reaching up to 92% observed at 350 mA cm-2, 

which was about a five times higher compared to operations at ambient pressure. However, no 

significant impact of temperature was observed on CO selectivity. Recently, Ramdin et al. [113] 

developed CO2 electrolyzers equipped with CEMs for a comparative assessment with BPM, 

through operations at high pressures of up to 50 bar in flowcells for the first time. A high-pressure 

CO2 gas was supplied to the cathodic compartment and the impact of different process conditions 

(like electrolyte concentrations and flow rates, cell potentials, and CO2 pressures) on the efficiency 

of the production of formate was investigated. FE reaching 90% was reached (Fig. 26c) for formate 

at CO2 pressure of 40 bar, which slightly reduced with time due to formate crossover through the 

CEM leading to pH variations between compartments, which is one of the limitations of using 

CEM. This issue can be overcome by using BPM as discussed earlier in section 3.2.4. Moreover, 

CEM-based CO2 electrolyzers with a large active area (up to 100 cm2) were also investigated to 

demonstrate the potential for upscaling and longtime operation of these technologies [110]. The 

drawback of such a system was the penetration of some electrolyte through the pores of the Ag-

based GDE observed initially (about 5 min after turning on the power supply) (Fig. 26d) which 

was related to the reduction in rigidity of the GDE caused by the buildup of pressure inside the 

pores from the accumulation of the gaseous products. This penetration effect was controlled 

through different strategies such as the installation of turbulence facilities in the gas compartment 

and the control of differential pressures at GDE. The FE for CO was observed to increase with an 

increase of CO2 utilization efficiency but a plateau was reached at about 75% (for 100 cm2 CO2 

electrolyzer) corresponding to ~3.5 of λ, which is a parameter representing the ratio of the amount 

of the CO2 feed gas to the theoretically amount of CO2 convertible by the actual electrolysis (Fig. 

26e): This implies that the concentration of CO2 gas no more limits the reaction kinetics. A long-

term CO2-electrolysis with a FE for CO in the range of 60-80% (at λ-value of about 3.1 and current 
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density of 150 mA cm-2) was demonstrated (Fig. 26f) by using the 100 cm2 CO2 electrolyzer 

optimized mainly in terms of electrolyte penetration into the GDE. This study lays a conceptual 

groundwork for assessing process requirements and optimization protocol when advancing the lab-

scale CEM-based CO2 electrolyzers to industrial-scale implementations, in particular, focusing on 

the flooding issues of the GDEs. Various other studies on CEM-based CO2R systems have also 

been recently reported with a focus on analysis and testing new catalytic materials either in an H-

cell or flow cell [109, 116-118, 121]. There is a research gap in a specific study reported in tailoring 

CEM base materials and functionalities for a better understanding of mechanistic relevance to 

efficiency and selectivity of eCO2RRs. A wide range of high performance, low-cost CEMs are 

required, which could be either based on new materials or modification of the existing ones used 

in other relevant technologies such as low-temperature water electrolyzers and fuel cells [346-

351].  
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Fig 26. CEM-based eCO2R flow cell: a) schematic illustration of the cell with a buffer layer of 

aqueous KHCO3 between the CEM and cathode. b) FE of CO and H2 obtained at 20 mA cm-2 with 

the fuel-cell-type (zero-gap) configuration (open symbols) and the modified configuration with a 

buffer layer of aqueous KHCO3 (filled symbols). Cathode: 10 mg/cm2 unsupported Ag; Anode: 

7.7 mg cm-2 unsupported Pt/Ir alloy; CO2 flow rate 20 mL min-1. Reproduced with permission from 

ref [124]. Copyright 2003, The Electrochemical Society. Pressurized CEM-based eCO2R flow cell: 

(c) concentration (circles) and Faraday efficiency (squares) of formate at 3.5 V. Anolyte (0.5 M 

H2SO4) and catholyte (1 M KHCO3) flow rate: 10 Lmin-1; electrolysis time: 20 min. Data are 

presented for three different runs, with the dotted lines showing the arithmetic mean of the results. 

Reproduced with permission from ref [113]. Copyright 2019, American Chemical Society.  CEM-

a) b)

c) d)

e) f)
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based eCO2R flow cell: d) electrolyte droplets on the gas-side of the GDE after about 5 min of 

electrolysis (1-3), merging (4), flowing downwards (5), and flooding the GDE (6). e) FE for CO 

vs. the utilization efficiency of CO2 (λ). Star: 10 cm2 CO2 electrolyzer; square: 100 cm2 

electrolyzer, low turbulence; circle: 100 cm2 CO2 electrolyzer, high turbulence; triangle: setup 2, 

high turbulence and circulating pump. f) Stability test on 100 cm2 CO2 electrolyzer at a current 

density of 150 mA cm-2; Anolyte and catholyte: 0.5 M K2SO4. Reproduced with permission from 

ref [110]. Copyright 2018, Elsevier.  

4.4.2.3. Bipolar membranes  

A BPM-based CO2 electrolyzer in flow cell was first demonstrated by Li et al. [68], who 

used a commercial BPM (Fumasep FBM) with non-precious electrocatalyst (NiFeOx) as the anode 

(for OER) and Ag or BiOx as the cathode (for CO2RR). A maximum FE for CO of about 60% at 

a current density of 30 mA cm-2 was initially recorded, which reduced with time over 8 h run. This 

performance was further enhanced by operating the BPM in gas-phase to overcome the intrinsic 

CO2 solubility limitations in liquid-phase [62]. A solid-supported aqueous NaHCO3 layer was also 

used between the BPM and Ag-based cathode to prevent the over-acidification of the GDE (Fig. 

27a). Up to 67% FE for CO was recorded at a current density of 100 mA/cm2 which was more 

than two times higher than the case with no support layer (Fig. 27b). Such a system even displayed 

up to 200 mA cm-2, and a stable FE over 24 h recorded when adequate hydration of the support 

layer, i.e. using high humidity (>90 %) CO2 was kept.  Vermaas et al. [148] used a non-precious 

electrocatalyst based on NiFeOx for the OER and Ag catalysts for CO2RR in a BPM-based CO2 

electrolyzer. A maximum FE for CO of >78% was recorded at an applied potential of -1.1 V vs 

RHE, which remained quite stable at more negative potentials (up to -1.3 V vs RHE) (Fig. 27c). 

The advantage in terms of stable FE when using a BMP compared to the monopolar membranes 

(Nafion) has also been demonstrated for CO2 electrolyzers (Fig. 27c), which is mainly the 

reduction of crossover as discussed in earlier section 3.2.3.  However, there is a possibility of water 

and CO2 formation at the BPM interface under forward bias, as shown in the following reactions:  

HCO3
− + H+ → H2O + CO2                                                                                                     [R20] 

CO3
2− + 2H+ → H2O + CO2                                                                                                     [R21] 

This phenomenon may lead to delamination of the BPM or blistering. Also, considering similar 

thicknesses of the CEM and AEM layer of the bipolar membrane, the CO2 formed at the BPM 
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interface will diffuse at equal proportion both to the anode (50%) and the cathode (50%) side [68].  

This could lead to CO2 pumping which reduces the CO2RR efficiency like the case of using AEMs. 

To mitigate this effect, the Schmidt group has demonstrated an approach of using a unique 

alkaline-acidic interface created by close contact of a thin film of alkaline ionomer layer coated 

over the GDE catalyst layer and CEM layer in a CO2 electrolyzer [68]. This type of design was 

observed to increase the active catalytic area with a simultaneous reduction of the parasitic CO2 

pumping as shown in Fig. 27d, represented as a novel configuration CO2 electrolyzer. The thin 

film alkaline ionomer formed over the rough surface of the cathode catalyst layer allows for in-

plane diffusion of the resulting CO2 and H2O through ionomer to the cathode electrode pore 

volume while the CEM prevent the passage to the anode side. Other researchers have also 

demonstrated the utility of BPM for CO2R [68, 113, 151].  

Other applications of BPM have also been demonstrated in solar-driven CO2R cells [149], 

mainly used reverse bias mode, and also in cells coupled with a CO2 capture electrolyte towards a 

more advanced CO2 conversion systems. For instance, a BPM-based capture-electrolysis system 

maintained a stable conversion throughout 145 h at a current density of about 180 mA/cm2, 

consistent with the anticipated benefits of BPM in reducing ion or product crossover by keeping a 

stable local pH [151]. 

Unlike the research mentioned above, which were works that are performed under ambient 

temperature and pressures, investigations at elevated pressure and temperature are scarce. As 

mentioned before, elevated pressures alleviate the solubility limitations of CO2 in aqueous 

electrolytes, which enhances system performance. A BPM-based CO2 electrolyzer operated at a 

pressure of about 40 bar attained FE for the formate reaching up to 90 % [113].  

In membrane-based CO2 electrolyzers, understanding the impact of pH difference over the 

membrane allows for better control of the overpotential for CO2RR/HER and the oxygen evolution 

reaction (OER), thereby allowing for the reduction of the total cell voltage [352]. Hence, pH is 

also strongly linked to both the energy efficiency and the FE of the cell. As mentioned previously, 

when using BPMs, a minimum voltage of about 0.83 V is required to maintain a pH gradient at 

the interface where water dissociation occurs [183, 352]. Vermaas et al. [352] performed a series 

of experiments to investigate the behavior of BPM in a flow cell by determining the membrane 

voltage as a function of 16 pH differences. Under low current density (CD) conditions                     
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(<1 mA cm-2) (Fig. 27e), the experimental membrane potential becomes closer to or lower than 

the theoretical potentials obtained by the Nernst equation (0.0591∆pH), implying that the 

membrane potentials is exclusively dependent on the bulk pH. The charge at low CDs dominantly 

carried out by water dissociation (>70 %), and the co-ion exclusion and ohmic losses mainly 

explain the membrane voltage deviations from the theoretical ones. At high CDs (10 mA cm-2) 

(Fig. 27f), most of the membrane voltages over the different pH ranges are close to 0.8 V, which 

is thought to be associated with water dissociation at membrane-solution interface under extreme 

pH. Clarification of this phenomenon is useful, particularly under the CO2R conditions, in which 

the local pH varies depending on the composition of the electrolyte (with dissolved CO2) and the 

rate of H+/OH- ion pumping or consumption during CO2RRs. For instance, some of the recent 

research works demonstrate the water-splitting behavior of the BPM under the reverse bias 

enhances the stability of local pH and concentration of the electrolyte, which allows for efficient 

utilization of non-platinum electrocatalysts for OER (anode side) and better control of product 

selectivity during CO2R [62, 63, 148].  

Despite some of the general benefits from BPM operations, it is worth noting the drawbacks 

as well. The large membrane potential that develops when operating BPMs under reverse bias 

mode in electrolytes having similar pH levels increases the required voltage for the electrolysis, 

thereby reducing the overall energy efficiency [155]. This calls for a prospective research direction 

in advancing BPM-based electrolyzers, among others, through the design of high performance 

polymeric materials towards practical applications. 
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Fig. 27. a) Illustration of the gas-phase electrolyzer with the solid-supported aqueous NaHCO3 

layer, functioning as a buffer layer between the Ag-based cathode and BPM; b) The variation of 

FE for CO with current densities (20 - 100 mA cm-2); cathode: silver on carbon GDE; Anode: 

nickel foam; anolyte: 1 M NaOH at flow rate of 10 mL/min; catholyte: humidified CO2 at flow 

rate of 100 sccm. Reproduced with permission from ref [62]. Copyright 2018, American Chemical 

Society. c) FE for CO as a function of time for different cell configurations at an applied voltage 

of -1.1 V vs RHE: Ag-BPM-NiFe with anolyte of 1 M NaOH, Ag-Nafion-Pt with anolyte of 0.1 

M KHCO3 and Ag-BPM-Pt with anolyte of 0.1 M KHCO3; catholyte of 0.1 M KHCO3 in all cases. 

Reproduced with permission from ref [148]. Copyright 2016, American Chemical Society. d) 

Volume flows of CO2 formed at the anode side for CO2 electrolyzer with different membrane 

configurations; the catholyte was pure, humidified CO2 and the anolyte was highly humidified Ar 

[68]. The variation of the experimental potential as a function of thermodynamic potential 

(determined as 0.0591∆pH) for 12 different cases at a current density of e) 1 mA cm-2 and f) 10 

mA cm-2; measured voltages are determined by chronopotentiometry series of 300 s; the numbers 

show the pH in the catholyte-anolyte. The salt concentration of all electrolytes was set to 1 M 

except for the case of pH 10 with 0.5 M salt concentrations. The flow rate of the electrolytes was 

fixed at 0.63 cm s-1 [352]. 

c)

d)

a)

e)

b)

f)
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4.5. Stability  

While most studies on electrochemical CO2 reduction have focused on assessing the catalytic 

activity, investigations on the structural stability have been given poor attention with leaving room 

for the requirement of highly stable materials for commercial implementation of CO2R devices 

[353, 354]. In CO2 electrolyzers, a deeper understanding of the interdependence of the GDE 

performance and stability, along with the possible degradation mechanisms under different cell 

design and operating conditions is highly essential. 

 One of the key factors leading to poor stability of the catalytic layer is the catalyst 

deactivation, which is mainly caused by the poisoning and contamination of the electrode surface 

[355-360]. In particular, for Cu electrodes, deactivation was shown to occur as a result of electrode 

contamination by heavy metal such as Fe and Zn [361], or trace organic impurities coming from 

electrolytes or water solutions, as well as contaminations due to some intermediate products 

formed during the CO2R [356]. Such a phenomenon has been shown to result in a quick decay of 

FE of formation of CH4 and C2H4 on Cu from  65 % at 20 min to 0% within 2 h [362]. 

Preelectrolysis, among others, has been suggested as a procedure for effective purification of 

electrolyte solutions to mitigate electrode deactivation [361].  

The use of well-engineered catalysts and GDE in general [43, 354], for instance, by attaching 

a catalyst to an appropriate cathode material [363] or combination of micro-and nanostructured 

electrodes with selected electrocatalysts [364] could also be an interesting approach to improve 

the stability of CO2R reaction. Recent work by Sargent group focusing on CO2R to ethylene in 

highly alkaline medium (10 M KOH) demonstrates the possibility of enhancing stability by 

designing a unique electrode configuration that can operate in a highly alkaline environment [354]. 

The employed configuration, shown in Fig. 28a, consisted of polytetrafluoroethylene (PTFE), 

acting as a stable, hydrophobic gas diffusion layer to prevent flooding, and graphite/carbon 

nanoparticles (NPs), that stabilizes the surface of Cu catalyst surface. The PTFE was introduced 

at the reaction interface between separate hydrophobic and conductive supports [354]. These 

electrode design based on graphite/carbon NPs/Cu/PTFE electrode resulted in the stable operation 

for up to  150 h (Fig. 28b) without any loss in ethylene selectivity (∼70% FE) at current densities 

in the range of 75-100 mA cm-2 in 7 M KOH, which was a significant (300-fold) improvement 

compared to the classical configuration (Cu/based gas layer). In practice, a careful design of the 
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reactor is highly essential for the operability of CO2R under highly alkaline conditions as the 

neutralization of the electrolyte by CO2 could lead to regeneration of the KOH which adds extra 

cost for downstream product separation. Moreover, the chemical transformation of the catalyst for 

multiple functionalities can also ben used as a strategy to design stable material. Examples are the 

modification of Ag nanoparticles with an aluminum-based metal organic framework [365] and N-

heterocycliccarbenes (NHC) [366] to enhance the morphological stability of the catalyst under 

CO2R conditions. 

 

Figure 28. a) Illustration of graphite/carbon NPs/Cu/PTFE-based GDE; b) Stability tests for the 

different GDEs employed for CO2R to ethylene (Electrolyte: 7 M KOH, applied voltage: -0.55 V 

versus the RHE); Insets show the cross-section SEM and energy-dispersive x-ray spectroscopy 

mapping of the sample after operation of the COR cells for 150 [354].  

 Membranes could also play a role in determining the stability of CO2R cells [62, 137, 141, 

367]. Although efforts have been undertaken majorly to improve the transport properties of the 

membranes, the search for membranes based on stable backbones and functionalities has been a 

point of interest. As discussed in section 4.4.2, one of the notable discovery is the work by Dioxide 

Materials reporting new AEMs, now available under the commercial name `Sustainion®,´ which 

has shown a stable CO2R operation for up to1000’s of hours under specific operating conditions 

[137, 141, 367]. It should be noted that the operating condition and hence the transport properties 

and stabilities are interrelated. For instance, for operations in anion buffering solutions like 

KHCO3, the membranes could be damaged due to the precipitation of electrolyte as a result of the 

accumulation of buffering ions and co-ions in the membrane, which might also damage the GDE 

a) b)
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itself. Configuration based on BPMs which allows keeping a pH balance has also been shown as 

a promising route towards stable CO2 operations [62].  

 However, further investigation is required for a better understanding of the degradation of 

the catalytic layer as well as the membrane in CO2 electrolyzers. Preliminary techno-economic 

assessments show that further effort is required to demonstrate stable long-term operations of  > 

420,000 h at a current density of up to 4200 mA cm-2 to implement an economically viable 

electrochemical CO2 conversion systems [21, 368, 369]. Overall, tuning the type and compositions 

of the whole MEA, from catalytic and ionomer composition in the GDE to the structure and 

functionalities of membrane materials, can be the key strategy to enhance the stability of CO2R 

cells. 
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Table 5. CO2 electrolyzers based on the different system designs: the dependence of cell performance on type of membrane (a: AEM), 

b: CEM, c: BPM) and electrocatalysts under conditions of varying electrolyte phases (liquid and gaseous electrolytes). 

a) AEM 

Cell 

design 

System components 

Desired 

product 

Cell 

voltage 

or 

cathode   

potential 

vs RHE
b 

(V) 

FE
e
 

(%) 

J  

( mA cm-2) 
Ref 

Membranes 

Electrodes/catalysts Electrolyte 

Cathodes Anode Anolyte Catholyte 

FL-C
a
 

Composite PAA 

with 

PVA/GA/KOH 

CP/Cu2O Pt/C 
Deionized 

water 
CO2 (g) CH4 2 d 10.38 4.1 [117] 

FL-C 
Sustainion X37-

50 

Porous Ag 

membranes 
CP/IrO2 

0.1 M 

KHCO3 
CO2 (g) CO 3.3 d   >85 200 [142] 

FL-C 
Fumasep FAA-3-

PK-130 

Ag/Cu 

bimettalic 
Pt wire 1 M KOH 1 M KOH C2H4 -0.67  41 250 [144] 

FL-C 
Sustainion X37-

50 
Sn IrO2 

10 mM  

KHCO3 

HM  

CO2 (g) 
HCOO- 2.89 d 99.2 100 [139] 

FL-C 
Sustainion X37-

50 
Pt/Ti alloy 

Co 

phthalocyanine 
1 M KOH 1 M KOH CO -0.92   95 165 [147] 

FL-C Sustainion X24 Ag IrO2 
10 mM 

KHCO3 

HM
f
  

CO2 (g) 
CO 3 d 98 200 [141] 

FL-C PSMIM AEM 2D-Bi IrO2/C 
0.5 M  

H2SO4 

HM  

CO2 (g) 
HCOOH 3.21 d   >90 >30 [370] 
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Table 5. Cont´d 

 

 

 

 

 

 

 

 

FL-C Fumasep AA30 Au black IrO2-TiO2 pure H2 
50/50 vol.% 

CO2/Ar (g) 
CO ~0.125  ~12 -50 [150] 

FL-C AMI-7001 Cu2O/C Pt/C  DI H2O CO2 (g) CH4 2.5 d 32 5.4 [330] 

FL-C AMI-7001S In-Pb/C Pt/C DI H2O 1 M NaHCO3 HCOO- >2.5 d 80 40 [130] 

FL-C 
Sustainion X37-

50 
Sn/PTFE IrO2/PTFE DI H2O CO2 (g) HCOOH 3.5 d 94 140 [367] 

FL-C 
Sustainion 

PSMIM 
Ag IrO2 Open air 

HM  

CO2 (g) 
CO 3 d 95 >100 [137] 
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b) CEM 

Cell 

design 

System components 

Desired 

product 

Cell 

voltage or 

cathode   

potential 

vs RHE
b 

(V) 

FE 

(%) 

J  

( mA cm-2) 
Ref 

Membranes 

Electrodes/catalysts Electrolyte 

Cathodes Anode Anolyte Catholyte 

H-C
c
 Nafion N115 Au Pt mesh 

0.25 M KCl + 0.25 

M KHCO3 

 

0.25 M KCl + 

0.25 M 

KHCO3 

CO -0.7    82 - [119] 

H-C Nafion 117 Au Pt 0.5 M KHCO3 0.5 M KHCO3 CO -0.79 >90 16 [120] 

FL-C Nafion 117 HKUST-1 Pt 0.5 M KHCO3 0.5 M KHCO3 CH3OH -0.78 54.8 ~ -30 [117] 

H-C Nafion 117 SnO2 Pt foil 0.5 M KHCO3 0.5 M KHCO3 HCOO- -0.59 ~ 62 - [118] 

FL-C Nafion 117 Ag 
Pt-Ir 

Alloy 
DI water 0.5 M KHCO3 CO -0.5 82 20  [124] 

H-C Nafion 117 Cu Pt 0.5 M KHCO3 0.5 M KHCO3 HCOOH 0.31 ~60 - [109] 

H-C Nafion 117 Fe (II)-Ti Pt 0.5 M KHCO3 0.5 M KHCO3 CH3COOH -0.24 ~48 - [109] 

H-C Nafion 117 Fe (II)-Ti Pt 0.5 M KHCO3 0.5 M KHCO3 CO 0.21 ~30 - [109] 

FL-C Nafion 117 HKUST-1 Pt 0.5 M KHCO3 0.5 M KHCO3 C2H5OH -0.55 31.4 - [117] 

FL-C Nafion 117 Sn DSA-O2 1 M KOH 
0.45 M KHCO3 

+ 0.5 M KCl 
HCOO- -1.39 68.8 90 [122] 
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Table 5. Cont´d 

 

 

 

 

 

 

FL-C Nafion 115 In/Pb Pt 1 M NaOH 1 M NaHCO3 HCOO- 2 d 80 40 [130] 

FL-C Nafion 212 Sn Pt/C 1 M KOH 0.1 M KHCO3 HCOO- -1.7 90 -9 [112] 

H-C Nafion 117 PANI/Cu2O Pt 
0.1 M 

TBAP/CH3OH 

0.1 M 

TBAP/CH3OH 
CH3COOH 0.35 63 ~ 0.05 [123] 

H-C Nafion 211 Sn Pt 
0.1 M 

KHCO3 

0.1 M 

KHCO3 
HCOO- -0.75 91 15 [115] 

H-C Nafion N117 
Nano 

Dendritic Cu 
Pt sheet 

0.1 M 

KHCO3 
0.1 M KBr C2H4 -1.04   57 170 [116] 

H-C Nafion 117 Au Pt 0.5 M KHCO3 0.5 M KHCO3 CO -0.59  78 -0.8 [114] 

FL-C 
Fumasep FKB-

PK 
Sn 

Ir-

MMO 
0.5 M H2SO4 1 M KHCO3 HCOO- 3.5 d 90 ~30 [113] 

H-C Nafion 117 SnO2 Pt foil 0.5 M KHCO3 0.5 M KHCO3 HCOO- -1.29 62 12.5 [121] 

FL-C Nafion 115 Ag Ir-DSA 
0.5 M K2SO4 +  

1.0 M KHCO3 
0.5 M K2SO4 CO 3.25 d 90 225 [135] 
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a 

Flow cell ; 
b 

Cathode potentials reported with different references were converted to potentials versus reversible hydrogen electrode (RHE) at pH =7 using 

the following equations: ERHE = 0.197 + EAg/AgCl + 0.059 pH, ERHE = 0.241 + ESCE + 0.059 pH, ERHE = ESHE + 0.059 pH; 
c 

H-cell ; 
d 

Cell voltage; 
e
The FE 

values are for the products indicated; 
f
HM: Humidified.          

c) BPM 

Cell 

design 

System components 

Desired 

product 

   Cell 

voltage or 

cathode   

potential 

vs RHEb 

(V) 

FE 

(%) 

J 

 ( mA cm-2) 
Ref 

Membranes 

Electrodes/catalysts Electrolyte 

Cathodes Anode Anolyte Catholyte 

FL-C Fumasep FBM Ag Ni foam 
1 M 

KOH 

1 M 

K2CO3 
CO 2.2 d 28 100 [151] 

FL-C 
Fumatech 

FBM 
Au black IrO2-TiO2 Pure H2 

50/50 vol.% 

CO2/Ar (g) 
CO ~0.125  ~13.5 -50 [150] 

FL-C 
Fumatech 

FBM 
Ag Ni foam 

1 M 

NaOH 
HD CO2 CO 3 d 67 100 [62] 

FL-C 
Fumatech 

FBM 
Ag NiFeOx 

1 M 

KOH 
0.5  M  KHCO3 CO -0.4 50 30 [63] 

FL-C 
Fumasep 

FBM-PK 
Sn Ir-MMO 

1 M 

KOH  
0.5 M KHCO3 HCOO- 3.5d 90 ~30 [113] 

H-C Fumasep FBM Pd/C 
Tandem  

GaAs/InGaP/TiO2/Ni 

1.0 M 

KOH 
2.8 M KHCO3 HCOO- -0.077 ~100 8.5 [149] 

FL-C Fumasep FBM Ag NiFe 
1 M 

NaOH 
0.1 M KHCO3 CO −1.1  ~78% - [148] 
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5. Computational approaches in CO2 electrolysis 

Early transition-metal-centered complexes have been reported to show catalytic activity 

for CO2R reactions. In this regard, low-valent early transition metals are highly reactive due to 

their strong tendency towards oxidation to more stable high-valent states [371]. Such strongly 

reducing complexes for productive reactivity are potentially powerful for the activation of CO2. 

Besides this, early transition metals are highly reactive and earth-abundant [371, 372]. This has 

made them to be excellent candidates for the catalytic transformation of CO2. However, the limited 

energy efficiency, uncontrollable selectivity of catalysts, low stability at different conditions, and 

uncertain reaction mechanisms remain to be major challenges [373-375].  

Computational investigation of catalytic CO2R into energy-rich products has attracted much 

attention [376-389]. Most importantly, the understanding of the challenging catalytic reaction 

mechanisms can be made easier and safer by using synergistic experimental and computational 

approaches. Moreover, the design of metal-free and metal-containing catalysts can be facilitated 

by accurate computational simulations [385, 390-392]. The catalytic activity is determined from 

the binding energies of the reaction intermediates bound to the catalyst active site in their lowest 

energy conformations [386, 390, 393, 394]. Reaction energy barriers can be determined from the 

calculations performed on the reactants, products and transition state geometries. Analysis of the 

spontaneity of the overall catalytic reactions can be determined from the change in free energies 

obtained from the frequency calculations performed for the different states [380, 383, 386-388, 

395-397]. In many of these aspects, density functional theory (DFT) has been playing a vital role 

among the computational approaches [379, 380, 385-387, 391, 392, 394, 395, 398, 399]. Hence, 

this section of the review is aimed to analyze the contributions of computational approaches in 

alleviating the challenges of CO2 activation and its electrocatalytic reduction reactions. Namely, 

the computational aspects of the design and modification of catalysts and the corresponding 

reaction mechanisms are highlighted.  

5.1. Computational design and modification of catalysts 

DFT calculations have been used to study the activity and selectivity of catalysts used for 

eCO2RR. This helps to improve the reduction process by either modifying the ligands or changing 

the metal centres. For instance, Rawat et al [376] used DFT (UB3LYP/6-31G** for the light atoms 

and LanL2DZ for Mn) to study the role of bipyridine substituents on eCO2RR by Mn(I) complexes 
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in which the electron-donating (tBu) groups attached to the main ligand showed minimum barrier 

(9.8 kcal/mol) compared to the electron-withdrawing (CN) substituent  [376]. DFT calculations 

also showed that iron is an inefficient CO2 electroreduction catalyst, despite being active for 

thermal CO/CO2R catalysis [382]. A DFT analysis of low-coverage reaction intermediate energies 

for the production of CH4 and CH3OH from CO2 also suggests that iron could be more active than 

copper, which is a good metallic catalyst with good selectivity towards hydrocarbon formation 

[382].   

Martin Head-Gordon and co-workers [400] used DFT calculations (using the revised PBE 

functional, RPBE) for screening 28 single-atom alloys with isolated single atoms, M (M = Pd, Cu, 

Ni, Co, Ir, Rh and Pt), embedded into the (100) and (111) surfaces of Au or Ag for CO2R (Fig. 29a 

and 29b). The calculations indicated that the feedstock CO2 is first reduced to *CO by Au or Ag 

catalysts and is subsequently captured and further reduced to single carbon products by the metals 

(Fig. 28c). From the reaction mechanism studies, the authors found that Rh@Au(100) and 

Rh@Ag(100) reduce CO2 to methane, although the reduction occurs through different pathways.  

 

Fig. 29. (Top) Surface models for simulation of the single-atom alloys: (a) M@Au(111), 

M@Ag(111), and (b) M@Au(100), M@Ag(100). c) Schematic illustration of the proposed one-

pot tandem catalytic reaction which is composed primarily of gold or silver (colored gold), alloyed 

a) b)

c)
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with small amounts of M (M = Cu, Ni, Pd, Pt, Co, Rh, and Ir). The feedstock CO2 is first reduced 

to *CO by Au or Ag, and is subsequently captured and further reduced to C1 products by M. 

Reprinted with permission from [400]. Copyright 2014, American Chemical Society. 

The combination of early and late transition metals may be the key to develop stable and 

active systems for CO2R. For instance, the DFT calculations reported by Isegawa and Sharma 

[387] suggest the importance of catalytic systems composed of two Lewis acids (Mg2+) and one 

transition metal (Mn) for a highly efficient CO2R process. On the other hand, due to their low cost, 

copper-based nanoparticles are considered to be promising candidates for the catalytic 

hydrogenation of CO2. In this regard, the study by Dean et al [385] demonstrated that 

computational studies based on DFT calculations can be efficiently used to identify Cu-based 

bimetallic nanoparticles that are able to adsorb and activate CO2.  

Product selectivity is another challenge in the field. Here, the contribution from DFT takes 

the lion-share in screening, modifying and identifying a specific type of catalyst for a specific 

product. A study performed using a combined density functional and rate theory by Hussain et al. 

[383] demonstrated the ability of the calculations in solving challenging problems in eCO2R 

reactions. The authors used the calculated results to explain the significant yield of hydrocarbons 

and alcohols by copper electrodes, demonstrating that such calculations have the potential to 

develop criteria for identifying new and improved catalysts for eCO2RR [383, 385, 387, 390]. 

Moreover, Yuhan Mei [401] used DFT calculations to study the catalytic activity of M-N4-

graphene (Fig. 30a) and M-N4-carbon nanotube (Fig. 30b) catalytic model systems. The author 

showed that HER is preferred over the *CO formation pathway of CO2R reaction for M = Fe, Co, 

Ni and Mn, whereas, CO2R reaction pathway to form HCOOH is preferred over the HER pathway 

for the Ni-N4-graphene catalyst.  
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Fig. 30. (a) Part of the metal-nitrogen-doped graphene, and (b) part of the metal-nitrogen-doped 

carbon nanotube catalysts. The metal centres are yellow, nitrogen atoms are blue, and carbon atoms 

are in grey. Reprinted with permission from [401, 402]. Copyright 2018, State University of New 

York. 

Because of the ease of mixing with the reactants, homogeneous catalysts are preferred for 

CO2R compared to heterogeneous catalysts, but it is difficult to separate the products and recycle 

the catalysts. The key factor for the heterogeneous catalytic mechanism is that the interaction 

between CO2 and the metal surface is mainly determined by the d-band levels of the catalyst [403]. 

Computationally, it is possible to modify the catalyst by adjusting the location of the d-band centres 

as well as doping the electrodes [404]. Not only this, the bonding strength of the adsorbed 

intermediates and the energy barriers of the rate-determining steps would be calculated and 

optimized to enhance the catalytic performance, selectivity as well as the conversion rates [376, 

384, 403, 405].  

5.2. Computational study of the reaction mechanisms 

Experimental identification of low cost, stable, selective and highly active catalysts based 

on the most feasible reaction mechanisms is challenging; However, such efforts can be minimized 

and enhanced by following synergistic experimental and computational approaches. A 

computational reaction mechanism study performed on the M-N4-graphene and carbon nanotube 

catalytic model systems (Fig. 29) by Yuhan Mei [401] showed that all ΔG(*COOH) energies are 

larger than ΔG(*H) for M = Fe, Co, Ni and Mn, demonstrating that HER is preferred over the CO 

formation pathway of CO2R reaction. On the other hand, however, for the Ni-N4-graphene catalyst, 

a) b)
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ΔG(*COOH) is 1.45 eV, which is lower than ΔG(H) (1.82 eV) suggesting that CO2R reaction pathway 

to form HCOOH is preferred over the HER pathway for the Ni-N4-Graphene catalyst. DFT 

calculations performed by Bernstein et al. [382] on the reaction mechanism of CO2R reactions 

catalysed by iron and copper catalysts also suggested that Iron catalysts show considerable 

selectivity for the formation of hydrocarbons than Copper ones. The authors demonstrated that the 

adsorption energy of CO2 on the surface (Fig. 31a) was determined to be -0.25 eV, indicating a 

stable adsorbate surface complex of *COOH (Fig. 31b) and *CO (Fig. 31c), which are formed by 

protonation of an oxygen atom of CO2.  

 

Fig. 31. Top and side view of optimized reduction intermediates (a) adsorption of CO2, (b) 

formation of *COOH and (c) adsorbed *CO. Atom species are: Fe (purple), C (grey), O (red) and 

H (white). Reprinted with permission from [382]. Copyright 2014, Royal Society of Chemistry.  

Density functional theory calculations also indicated the reduction of CO2 to C2 products 

on copper electrodes [406-408]. The computed results demonstrated that C–C bond formation 

during CO2RR proceeds via the formation of a *COCO dimer at low overpotentials, whereas, C–

C coupling occurs via the reaction of *CO with *CHO at high overpotentials [406-411]. For 

instance, Goodpaster et al. [408] used periodic Kohn–Sham DFT (using the RPBE functional) for 

the identification of possible pathways for C–C bond formation during eCO2RR on Cu(100) using 

a model that includes the effects of the electrochemical potential, electrolyte and solvent. The 

authors showed that C–C bond formation occurs through a *CO dimer at low-applied potential, 

(Fig. 32a), whereas a large activation barrier blocks this pathway at high applied potentials; and 

hence, C–C bond is formed by the reaction of adsorbed *CHO and *CO (Fig. 32b). In another 

study, Garza et al. [406] investigated CO2RR on Cu(100) and Cu(111) facets using DFT 

a) b) c)
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calculations (using the RPBE functional). The calculated results showed that the free energy for 

the *CO dimerization reaction on Cu(100) was computed to be close to zero, and further 

hydrogenation to *COCHO is thermodynamically favorable. On the other hand, the *COCO dimer 

is highly unstable on Cu(111) surface, while reduction of *CO to *CHO has a ΔG reaction of 0.60 

eV, implying the formation of *COCHO species from the reaction between *CHO and *CO.  

 

Fig. 32. Relative free energy of the initial configuration, transition state, and final configuration 

for (a) the formation of *CO dimer and (b) the formation of adsorbed *OCCHO as predicted from 

the authors’ electrochemical model for -1.0 V (purple), -0.8 V (blue), -0.6 V (green), -0.4 V (cyan),  

a)

b)
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-0.2 V (red), and 0.0 V (black). All potentials are presented versus RHE at pH 7. Reprinted with 

permission from [408]. Copyright 2016, American Chemical Society.  

5.3. Challenges related to the computational approaches  

Besides the very promising progress and opportunities related to the contribution of 

computational methods, especially the DFT approaches in eCO2RR [379, 380, 385-387, 391, 392, 

394, 395, 398, 399], there are still related challenges. Complicated electrochemical systems such 

as surface structure of the electrodes, charge distribution at the solid-liquid interface, and solvation 

effect of the electrolytes make it difficult to accurately consider all the aspects in the calculations. 

Since CO2 is typically a weakly adsorbed molecule, the treatment of the weak long-range 

interactions may cause non-negligible errors in the calculated results. Most of the existing 

computational methods are still not perfect to consider the weak interactions efficiently and 

accurately, hence one needs to take care of designing and choosing the computational methods. In 

this aspect, the most commonly used approach to treat such weak interactions is to include 

empirical dispersion corrections [412, 413]. The other challenge is the treatment of electrode-

electrolyte interfaces. There are possibilities to treat this by using either explicit or implicit solvent 

models. The former is too expensive to consider the dynamic explicit solvation environment with 

numerous solvent molecules, whereas the implicit solvent model can lose hydrogen bonds and 

other important interactions in which the solvent molecules participate. The other important 

challenge to be carefully considered during the calculations is the treatment of relativistic effects 

[414]. The catalysts mainly involve transition metals, where relativistic effects can cause 

considerable errors on the calculated results. Such effects, for instance, have the potential to dictate 

the reaction mechanisms [415]. Therefore, the use of relativistic Hamiltonian is required to 

consider the relativistic corrections due to both the scalar (spin-free) and spin-orbit relativistic 

effects. When the use of relativistic Hamiltonian is a challenge, the use of relativistic effective core 

potentials, designed mainly to capture scalar relativistic effects, for the metal atoms is one of the 

approaches to partially treat the relativistic effects [414, 416].  

6. Economic and commercial aspects 

Despite being under intensive investigation for several years now, the eCO2RR is still 

confined to laboratory-based investigations and only in recent years, some pilot units are being 

installed and operated. Part of the reason for this seeming gap between the lab and a successful 
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commercial process is the low current densities (leading to high capital expenditure (CPAEX)) 

and non-selective nature of the conversion process thus leading to reduced Faradaic efficiencies 

(resulting in high operational expenditure (OPEX)). In recent years, the research on this topic has 

expanded globally partly in response to the increasing awareness about global climate change and 

political willingness to respond to it by finding technological breakthroughs. This has led to 

significant improvement in the eCO2RR process and performance. The most recent breakthrough, 

in this case, was reported recently by the Sargent group, who described the CO2 electrolysis on 

copper in 7 M potassium hydroxide electrolyte to ethylene at a partial current density of 1.3 A/cm2 

at 45% cathodic energy efficiency [417]. Such high current densities lead to better economics 

especially in large scale devices (>100 cm² active area) even when the real operational current 

densities are lower and in the order of 200 mA/cm2, thus bringing CO2 electrolysis one step closer 

towards commercialization [42]. 

In 2016, a detailed techno-economic analysis of electrochemical CO2 conversion was carried 

out by the group of Prof. Paul Kenis [418]. According to them, CO and HCOOH are the most 

profitable products of CO2R reaction at then electricity prices (6-12 cents per kWh). Of course, 

this was subject to certain conditions like benchmarks in catalyst and electrode durability 

(thousands of hours) being met. Later on, in 2019, revised figures for formic acid production from 

CO2R reaction were proposed by De Luna et al. [419]. It was suggested that for an electricity cost 

of 4 cents/kWh, Faradaic efficiency of 90% and the energy conversion efficiency of 70%, 

electrocatalysis can become cost-competitive with fossil fuel–derived sources and more 

economical than biocatalytic processes. Of course, all of these processes still need a stable 

operation for a significant amount of time. A proposal has been made that CO2R reaction systems 

would need to match lifetime ranges exhibited by PEM electrolyzers (beyond 20000 h)  [420]. 

However, this economical feasible life time will also be determined by the 1) the value final 

product, 2) the evolution of the equipment’s productivity and 3) the cost of replacement parts and 

outage time to bring the unit back into pristine operational mode. As such, for a high-value product, 

shorter minimum lifetimes might be acceptable  as well, since in that case, the early replacement 

cost of electrolyzer components will be offset by the profit margins. Finally, this operational period 

is inherently linked to the current density and faradaic efficiency towards the desired product. For 

a shorter operational lifetime, higher productivities (current densities and selectivities) are needed 
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while longer operational periods allow for a lower partial current density of the desired product 

for economically feasible operation [420]. 

On the other hand, the technologies related to CO2 capture, including direct air capture (DAC) 

seem to be more developed and closer to the market [421]. There are several companies 

commercially operating in this domain such as CO2 Solutions (Canada; founded 1997), Carbon 

Engineering (Canada; founded 2009), Global Thermostat (USA; founded 2010), Climeworks 

(Switzerland; founded 2009), Infinitree (USA; founded 2014), Skytree (Netherlands; founded 

2010) [422]. Eventually, the CO2 and renewable energy-based industrial systems are being 

envisaged taking into account the CO2 air capture as well. A case study for CO2 electrolyzers 

producing 10,000 tons of methanol/day was recently investigated by [423]. One of the key findings 

of the study was that a six order-of-magnitude gap exists between current operational catalyst areas 

and real industry-sized applications, which in fact matches with the limited number of industrial 

level pilots.  

Several of the pilot studies and projects currently being undertaken were recently reported by 

Gutiérrez Sánchez et al. [33], who mentioned that most of the eCO2RR demonstrators are currently 

at pre-commercial stage and most of these pilots are the outcome of publicly funded research 

projects. There certainly seems to be commercial interest in the technology, which is evident by 

the participation of large companies (such as Covestro, Solvay, Siemens, Arkema, Evonik, 

ArcelorMittal, Audi etc.) in such projects. Beyond eCO2RR, there are several companies which 

are engaged in the direct use of CO2 (such as Praxair, DyeCoo Textile Systems and Great Point 

Energy) or its conversion to value-added products (eg. Novemer, Newlight, Skyonic Corporation, 

CO2 Solutions’ Inc. technology, Algenol and Joule). These were described by ElMekawy et al. 

[424] who also described a preliminary techno-economic analysis of a CO2 electrorefinery for 

three main CO2 conversion products namely, formic acid, acetic acid and oxalic acid by comparing 

Net Present Value of the investment for 20 years at 10% nominal discount rate. It was observed 

that in case of formic and acetic acid, the low conversion rates of 10 and 25 g/m² h results in 

insufficient revenue streams to compensate the CAPEX and OPEX while oxalic acid had the 

largest profit margin, the positive NPV20 values were obtained for a long electrode lifetime. 
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In any of the CO2 conversion processes including eCO2RR, the reaction conditions need to be 

carefully selected in order to ensure that the reaction should not become a net CO2 producer instead 

of overall consuming CO2 and thus will not contribute to avoiding CO2 [425]. 

7. Conclusions and outlook 

The electrochemical CO2R represents a great prospect to address the current energy and 

climate issues by closing the carbon cycle. The electrochemical CO2RR reaction allows for direct, 

one-step production of useful chemical feedstocks or fuels from CO2, driven by the renewable 

electricity, which is stored as chemical energy in the form of liquid or gaseous fuels and used for 

different purposes including transport, mobility households and various industrial processes. 

Impressive research advances have been demonstrated by the scientific and engineering 

community, particularly in terms of developing new electrocatalysts for a highly efficient CO2 

conversion. However, further developments are still required both from material and process 

design perspectives to reach the performance targets for the implementation of CO2 electrolyzers 

on a commercial scale. The eCO2RR activities are highly influenced by the competing HER, which 

creates a trade-off between the activity and selectivity for most of the catalysts claimed to be 

promising for CO2 electrolysis.  

Flow cell reactors for CO2 electrolysis generally represent a better alternative for the practical 

implementation of the fundamental lab discoveries into practice. The key challenges for low-cost 

CO2R that can be addressed by these factors together with the catalyst materials are reducing the 

required cell voltages, improving selectivity, and lowering product separation costs. CO2 

electrolyzers with better designs are required for a high performance CO2 electro-reduction. The 

large majority of the research works on CO2R are focused on the catalyst and catalytic activities 

with only a few studies that have been focused on cell design as well as different operational modes 

like batch or continuous flow modes. Careful optimization of these parameters is required for better 

stability and energy efficiency of the CO2 electrolytic cells. In particular, a broad prospect is forseen 

to enhance the performance of the gas-phase CO2 through membrane and catalyst development, 

which represents the most promising approach to reduce the mass-transfer limitations observed for 

the liquid-phase CO2 electrolysis. Membranes-based gas-phase CO2 electrolysis can also be 

engineered to reduce the distance between the electrodes (forming zero-gap arrangement), which 

decreases the internal cell resistance, thereby increasing the energy efficiency of the cell. In the 

case of liquid-phase water electrolyzers, the designs of the electrode flow field plate with varying 
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path lengths, cell numbers and channel thicknesses highly influence the hydrodynamics across the 

MEA and hence the performance of the electrolysis. Thus, systematic optimization of these 

geometric parameters supported by the computational fluid dynamics plays a key role in designing 

highly efficient cell configurations. In addition to CO2 solubility issues, the other limitations of 

performing CO2R in a liquid phase are the complex CO2/carbonate/bicarbonate buffering equilibria 

and the fluctuation of the local pH and hence the difficulty in optimizing the chemical properties of 

the catalyst-electrolyte interface. Overall, cell design optimization supported by computational 

modeling also enables a better understanding of the interactive effect of process parameters such as 

pH, temperature, pressure and gas/liquid flow rates on the performance of CO2 electrolyzers.  

Elucidation of the structure-property relationship of membranes optimally designed to function 

under the CO2R conditions is also very important for tuning the CO2 conversion reaction to the 

desired product. For this purpose, the concept used in designing the polymer electrolyte membranes 

that are used for the other relevant technologies such as PEM fuel cells and electrolyzers can be 

adopted for CO2 electrolyzers to reach the performance metrics required for commercial 

implementations. The key parameters required for optimal performance of the monopolar 

membranes are stability, good swelling property, ionic conductivity, and selectivity. In the case of 

bipolar membranes, enhanced selectivity and swelling properties are crucial for efficient water 

splitting at its interface which also reduces the membrane voltage, thereby increasing the energy 

efficiency of the cell. Moreover, the success in the development and use of optimal polymer 

electrolytes membranes enables the operability of CO2 electrolyzers over a broad range of operating 

parameters such as pH and pressures.  

Catalyst discovery is one of the key steps determining the commercial success of 

electrochemical CO2R technologies. To mitigate the current issue associated with the availability 

of suitable catalysts, the following major challenges needed to be addressed: i) Catalytically active 

centers of the CO2 or CO activation need to be identified by, for example, computational studies 

and reveal the least energy reaction pathway. DFT guided synthesis method is required to generate 

the defects of the catalysts that can create more CO2 or CO activation sites and subsequently 

lowering the free energy of the reaction; ii) developing an in situ/operando spectroscopies 

characterization could be a useful tool to identify the catalytically active sites for eCO2R reactions, 

indicating a new roadmap for development of the efficient electrocatalyst; iii) further look into the 

electrolyte, which affects the activity and selectivity of the eCO2R reaction, allows for a controlled 
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way of proton supply which might prevent the competing HER and enhances the eCO2R selectivity; 

iv) advancing new catalyst synthesis routes, for example, by using covalent organic framework 

(COF) and Mxenes, could be a good prospect for developing next-generation electrocatalysts for 

electrochemical CO2R. Along with the catalyst synthesis, the stability of the catalysts under CO2R 

conditions is very crucial which remains a less investigated topic. Thus, further study on the 

degradation mechanisms and deactivation of existing catalysts is essential for a better understanding 

of the stability issues in CO2R systems.  

Fundamental research focused on the processes occurring on GDEs and at the GDEs-

electrolyte interfaces along with the optimal catalyst and cell design approaches is required for a 

better understanding of factors influencing the selectivity of the CO2RRs and energy efficiency of 

the cells. In line with this, new achievements in the development of ion-exchange membranes can 

be adopted to the design and development of ionomers that can be used along with GDE to create 

interconnected pathways for ionic conduction. The chemical and physical properties of ionomer 

properties highly influence CO2R activity and selectivity. Optimal tuning of the structural property 

of the ionomer not only facilitates the charge species transport along the three-dimensional GDEs 

but also allows for the effective utilization of the active sites in the reaction zone.   

Despite the promising research progress on the different areas of research in CO2R, there are 

still some research gaps within some areas which are given less attention so far. Some of these 

include the OER which is crucial for the reduction of the overall cell resistance and overpotential 

demands. Therefore, optimally designed oxygen evolution electrocatalysts for OER remains a topic 

of further investigation for better energy efficiency of the CO2 electrolyzers. Membranes prevent 

the crossover of the CO2R products preventing the passage to the OER compartment and 

reoxidation on the anode. However, the literature lacks detailed studies on the crossover of the 

different types of ion-exchange membranes under different operating conditions. Moreover, 

elucidation of the impact of operational parameters such as flow rates, relative humidity, 

temperature, and cell voltage on the conversion rates and efficiency of CO2 electrolyzers are also 

among the poorly investigated topics. 

Hybrid applications of CO2 electrolyzers combined with other electrochemical energy 

systems can be extended beyond the use of renewable energy from intermittent renewable energy 

sources such as the wind and sun. Emerging membrane-based, non-intermittent energy 

technologies like reverse electrodialysis and pressure retarded osmosis, which can generate 
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electricity from mixing water solutions like seawater and river water or brine exhausts from 

desalination industries can drive CO2 electrolyzers. Reverse electrodialysis can also capture energy 

from waste resources, e.g. brine discharge from desalination technologies and/or SO4
-2-rich 

industrial waste streams [426]. Therefore, there is a huge potential for the implementation of 

hybrid electrolyzer systems for an indirect, un-interrupted conversion of the electrochemical 

potential of waste resources including CO2 into valuable chemical and fuel production, in line with 

the logic of process intensification and the circular economy. Moreover, the anodic reactions in 

CO2 electrolyzers can be manipulated by using a low-overpotential oxidation reaction involving 

organic pollutants to design a process for the simultaneous CO2R and wastewater treatment [25, 

427]. 
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