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Abstract: The increasing emission of carbon dioxide (CO2) from fossil fuel consumption presents major 

threat to climate globally and energy sustainability. Electrochemical CO2 reduction (CO2ER) is a 

potential approach to transform CO2 to useful fuels and chemicals under moderate operating conditions 

using renewable source of electricity. This chapter summarizes recent innovation and ongoing 

improvement in the synthesis of electrocatalysts for CO2ER, addressing the ways to enhance the 

catalytic activity, selectivity, and Faradaic efficiency (FE) while minimizing overpotential. The progress 

in generating carbon-based products such as carbon monoxide (CO), formic acid (HCOOH), methanol 

(CH3OH), methane (CH4), and ethanol (CH3CH2OH), key challenges in achieving product selectivity, 

catalyst durability, and system scalability are highlighted. In addition, it also addresses process 
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engineering aspects—such as electrolyzer design, electrolyte selection, and operational parameters—that 

significantly influence CO2ER performance. By integrating recent technical developments and 

identifying critical areas for forthcoming research, this article aims to offer an in-depth overview for the 

design of practical and competent CO2 electrolysis systems. 

Graphical Abstract: Carbon dioxide reduction has been reviewed from the perspective of designing of 

electrocatalyst till the generation of value-added chemicals and fuels. 

 

Keywords: CO2ER, Electrolyzer, Faradaic Efficiency, Electrocatalyst, Electrolyte 

1. Introduction 

The persistent elevation in the CO2 concentration in atmosphere due to anthropogenic activities like 

combustion of fossil fuels and chemical-industrial operation is the major contributor of series of 

environmental impacts.1 Over the past few decades, enhanced concentration of  greenhouse gases in the 

atmosphere has resulted into extreme climatic events such as global rise in the temperature, rising sea 

levels due to glacier melting and so on, which significantly caused ecological imbalance creating a 

challenge to the sustainable human advancement. Further, rapid industrialization and over consumption 

of resources have led to the depletion of conventional energy reserves, pushing the global community 

into energy crisis.2 This integration of climate fluctuation and energy crisis issues has heightened the 

necessity for clean, renewable and effective energy technologies. This crisis can be addressed not only 

by reducing CO2 emission but also by developing novel strategies for the capture, storage and utilization 

of  CO2.3 The CO2 gas utilization is considered more promising compared to other CO2 emission 
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reduction strategies. The main pathway to utilize CO2 is to transform it into valuable chemicals and 

fuels. Among the CO2 utilization technologies, such as photosynthetic, biochemical, photocatalytic and 

thermocatalytic processes, Electrochemical reduction of CO2 is considered promising to close the carbon 

loop due to mild electrolyzer operation condition, opportunity to modulate the process towards the 

targeted product formation, simple electrochemical reaction and easy to scale up application and so on.4 

This strategy involves converting CO2 into products such as HCOOH, CO, CH3OH, CH3CH2OH, and 

hydrocarbons using renewable energy. In doing so, two main objectives such as mitigation of 

greenhouse gas emission and renewable energy storage via fuel production in the CO2ER process can be 

achieved. In recent decade, there is a substantial growth in the research work on CO2ER, however the 

presence of certain challenges restricts the practical implementation of CO2 reduction process. These 

includes poor selectivity due to competing hydrogen evolution reaction, low energy efficiency, 

maintaining the long term of stability of electrocatalyst, and sluggish reaction kinetics. Moreover, less 

solubility of CO2 gas in aqueous electrolyte restricts the mass transport, while product ranges and 

separation process complexities further hinder commercialization.5 High energy requirement is another 

challenge to break the bond in thermodynamically stable and inert CO2 molecule. From the perspective 

of the system, scaling up from batch type setups to industrial based electrolyzer introduces additional 

issues such as current density limitations and high overpotential, catalyst degradation and CO2ER system 

coupling with carbon capture and sustainable energy inputs. To mitigate these issues, an extensive 

scientific efforts aims to develop effective, selective, stable electrocatalyst, understanding the 

mechanistic aspect of CO2ER and optimizing engineering aspects such as electrolyzer design, electrode 

materials, selection of appropriate electrolyte, etc.6  

Generally, the CO2ER is carried out by adding a certain number of electrons ( 𝑒−) such as 2, 4, 6, 8, 

and so on to CO2 molecule and depending on that diverse products are formed. Additionally, the 

products of CO2 reduction depend on the applied potential and the type of electrode materials, which are 

mainly divided into three types: Formate forming elements (Bi, Sn, In, Pb), CO forming  elements (Au, 

Ag), and hydrocarbons (Ni, Pt).7 

Table 1: Standard Electrode Potential of reduced products of CO2ER process 

Reactions Equilibrium Potential (E) in V vs SHE 

𝟐𝑯+  +  𝟐𝒆−  →  𝑯𝟐 -0.41 

𝑪𝑶𝟐  + 𝟐𝑯+  + 𝟐𝒆−  → 𝑯𝑪𝑶𝑶𝑯 -0.61 

𝑪𝑶𝟐  +  𝟐𝑯+  +  𝟐𝒆−  → 𝑪𝑶 +  𝑯𝟐𝑶 -0.53 

𝑪𝑶𝟐  +  𝟒𝑯+  +  𝟒𝒆−  → 𝑪 +  𝟐𝑯𝟐𝑶 -0.201 

𝑪𝑶𝟐  +  𝟒𝑯+  +  𝟒𝒆−  → 𝑪𝑯𝟐𝑶 +  𝑯𝟐𝑶 -0.48 

𝑪𝑶𝟐  +  𝟔𝑯+  +  𝟔𝒆−  → 𝑪𝑯𝟑𝑶𝑯 +  𝑯𝟐𝑶 -0.38 

𝑪𝑶𝟐  +  𝟖𝑯+  +  𝟖𝒆−  → 𝑪𝑯𝟒  +  𝟐𝑯𝟐𝑶 -0.24 
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The performance of CO2 electroreduction depends on many factors such as nature of electrocatalyst, 

engineering electrode and the electrolyzer and the integration of the entire process in system level. The 

development of efficient, selective and stable catalyst is critical as it activates the chemically inert CO2 

molecules and determines the reaction pathways and efficiency of product formation. Over the years, 

various electrode materials such as metals and their alloys, transition metals, molecular catalysts, 

nanostructures and so on has been explored, each having distinct advantages in terms of their activity 

and selectivity.8 Beyond the catalyst designing, process engineering is equally important as it transform 

the laboratory (batch type) small scale innovations to commercially viable large-scale industry-based 

systems. Basically, the parameters such as mass transport of CO2 gas, composition of electrolyte, 

electrolyzer design,9 and system integration affects the operational effectiveness and sustainability of the 

reduction process. The chapter outlines the comprehensive review of the field which begins with the 

fundamental thermodynamic and kinetics of the CO2ER process, followed by electrocatalyst design 

strategies, in depth mechanistic aspect study, and the engineering aspects which includes optimization of 

electrode and cell design. This chapter also includes the strategies to circumvent the challenges to scale 

up the CO2ER technologies and provides a forward-looking perspective on their role in achieving a 

carbon-neutral energy future. 

2. Fundamentals of Electrochemical Reduction of CO2 (CO2ER) 

Typically, CO2 electrolyzer (gas tight H-type laboratory scale cell) is composed of two compartments 

named cathode and anode partitioned by a conducting separator. At cathode, electro-reduction of CO2 to 

C-based products and hydroxyl ions (𝑂𝐻−) occurs whereas at anode, water is oxidized to 𝑂2 which 

utilize 𝑂𝐻− ions and produces 𝐻+and 𝑒−. Additionally, inert electrolyte is used to facilitate ion 

conduction by dissolution and transportation of CO2 gas to the surface of the catalyst. A conducting 

separator such as monopolar ion exchange membrane (IEM) such as Cation exchange membrane (CEM) 

and anion exchange membrane (AEM) or bipolar membrane to separate the two compartments and a 

source of voltage i.e. an electrochemical workstation to transfer electrons produced from anode to 

cathode.10 

As CO2 reduction process occurs at the electrode/electrolyte interface, it occurs through several key 

steps which includes (1) Transport of CO2 gas to the bulk of the electrolyte (2) Movement of the 

dissolved gas to the surface of the electrode/electrolyte interface followed by adsorption of the CO2 

molecule on the surface of the cathode (3) dissociation and rearrangement of the adsorbed CO2 molecule 

into short lived adsorbed intermediates such as *CO, *COOH, *CHO, *COH and so on (4) addition of 

electrons from  cathode surface to the intermediates followed by desorption of the reduced product (5) 

transport of the products away from the catalyst in gas or liquid form.11  

The electron transfer step in the CO2ER process is one of the crucial steps. The minimum energy 

required for the process to occur is estimated from the half-cell standard potential equation which is ∆G⁰ 

= -nFE⁰, where ∆G⁰ = standard free energy at 1 atm and 298 K, n is the number of moles of electrons 

consumed during the reaction, and F is the Faraday constant (96485 C mol-1). For example, the half-cell 
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reaction  𝐶𝑂2  + 2𝐻+  + 2𝑒−  → 𝐻𝐶𝑂𝑂𝐻 with ∆G⁰ = -48.24 kJ mol-1, has E⁰ = -0.250 V vs SHE. The 

standard equilibrium potential of other half cell reactions under standard conditions of temperature and 

pressure are given in Table 1.12 To maintain a consistent CO2 reduction rate, an additional voltage 

(overpotential) beyond standard equilibrium potential (E⁰) is required to apply to compensate for the 

energy losses as a result of the activation energy barriers due to activation overpotentials as a result of 

CO2ER at cathode and O2 evolution at anode, IR losses due to conduction and transfer of ions through 

the conductive membrane, loss of catalytically reactive part of  electrode surface due to the generation of 

bubbles (CO , H2 gas) on cathode and the anode (O2) and other kind of electrical resistance occurred in 

the cell components. Additionally, at elevated current densities, the overall CO2ER rate gets restricted by 

transfer rate of CO2 gas to the surface of the working electrode which ultimately leads to decrease in 

CO2 concentration around the cathode sites due to reduction process. This change in CO2 concentration 

affects the equilibrium potential of the CO2ER process which can be approximated by concentration 

overpotential, as explained by Nernst equation. In addition to the energy requirement for CO2ER 

process, the next important step is the transport of CO2 from the electrolyte to the catalyst surface. In the 

majority of CO2ER electrolyzer, gaseous CO2 dissolves in the electrolyte and diffuses to cathode–

electrolyte interface, driven by concentration gradients. However, acid-base reactions in the electrolyte 

(e.g., CO2 reacting with OH⁻) can disrupt Fick’s diffusion, reducing CO2 availability at the electrode. 

Buffering agents like KHCO3 help maintain pH and stabilize gradients. Enhancing mass transfer can be 

achieved by using smaller gas bubbles, 3D-structured electrodes (e.g., GDEs), and optimizing 

temperature, flow rates, and electrolyte properties. At the cathode–electrolyte interface of aqueous 

CO2ER systems, an electrochemical double layer (DL) forms, comprising solvated cations (outer 

Helmholtz layer) and adsorbed species or anions (inner Helmholtz layer). This DL influences CO2ER by 

stabilizing reaction intermediates (e.g., * CO2, *COOH) via local electric fields. However, cations like 

Li⁺, Na⁺, and K⁺ can also promote hydrogen evolution and disturb pH, while certain anions may adsorb 

to the electrode and affect intermediate binding or buffer local pH. These localized changes in species 

concentrations—dependent on current density—can impact CO2 availability and reaction rates, even at 

low currents.13 

This overview of CO2ER principles emphasizes that while the electrocatalyst is central to 

understanding the intrinsic kinetics of CO2 reduction reaction, several important parameters such as 

reactor design, electrode architecture, electrolyte type, and pH also significantly influence the overall 

reaction rate. 

3. Electrocatalyst design and development for CO2ER process 

The development of efficient electrocatalyst is indispensable to boost the performance of the CO2 

reduction process. Systematic designing of the catalyst focusses on strengthening the catalytic activity, 

product specificity, and long-term endurance while reducing the requirement of high energy input. 

Catalysts for CO2ER are categorised into monometals, bimetals or alloy, metal oxides, molecular 

catalysts and Metal Organic Framework (MOFs). For example, Copper (Cu) has the ability to produce 

multicarbon products whereas the selectivity for CO can be achieved using Silver (Ag) and Gold (Au) 
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based catalysts, similarly Bi, Sn are formate selective metals. Tuning the morphology (nanowires, nano 

structuring, nanofoams, nanotubes) and the surface structure such as exposed crystal facets, defects and 

the edges impacts the adsorption and stabilization of the key intermediates formed during the CO2ER 

process. For example, Zhu et al reported fabrication and application of ultrathin gold nanowires by seed 

mediated growth method, with dominant edge sites highly effective and specific for electrochemical 

reduction of CO2 to CO.14 The catalyst achieved a 94 % FE for CO  at -0.35 V  with a stable longevity of 

6 h. Hori et al demonstrated that metallic Ag,  an effective catalyst for CO2 reduction process.15 Also, it 

is observed that the catalytic activity and selectivity  could be boosted by two approaches: 

Nanostructuring and Alloying with secondary metal. Alloying a metal with secondary element enables 

the tuning of binding strength of important intermediate by rearrangement of the electronic structure of 

the catalyst, while nanostructuring the catalyst has also shown to improve the performance towards 

CO2ER process over bulk metal catalysts. The primary benefit of nanostructuring lies in its ability to 

offer numerous active sites due to enhanced surface area relative to bulk metal catalysts, leading to 

enhanced catalytic current. Chen et al reported that the bimetallic Cu-Pd nanoalloys with controlled 

compositions and morphologies, an electrocatalyst showing high activity and selectivity for CO. 

Spherical shaped bimetallic electrocatalyst attained maximum FE 93 % for CO production whereas the 

dendritic Cu-Pd bimetallic alloy attained FE of 65.2 % for H2 production at a constant polarization 

potential of -0.87 V.16 This evidently proved that tuning of composition and morphology of a bimetallic 

nanoalloys can significantly enhance the catalytic activity and selectivity for specific reaction.  

Furthermore, conductive supports such as carbon, graphene oxide, 2D-Mxenes are promising 

candidates for CO2ER process as it improves electron transfer and uniform dispersion of active sites. 

Graphene and reduced graphene oxide has gained considerable attention for their application in 

supercapacitors, energy-based application, and electro- and photocatalysis due to their appreciable 

thermal, electrical, and mechanical properties. Particularly, in the field of electrocatalysis due to the need 

for high surface area, electrical conductivity, synergistic interaction with metal nanoparticles and so on. 

Additionally, doping with heteroatoms such as Nitrogen can effectively tune the electronic and 

electrochemical properties of graphene and other Carbon catalysts. For example, Jiang et al reported that 

single Nickel atom uniformly dispersed in a 2D-graphene matrix proved as  highly effective and 

selective electrocatalyst for  CO production achieving a faradaic efficiency of 90 % and demonstrated a 

long-term endurance of 20 h.17 Tsujiguchi et al successfully synthesized Sn/reduced graphene oxide and 

investigated the effect of adding rGO in Sn/rGO composite. It was noted that Sn/rGO exhibited a CO2 

adsorption capacity four times greater than that of bare Sn, leading to 1.8 fold enhanced FE for formic 

acid production.18 Yuan et al demonstrated Cu nanoparticles decorated on pyridoxine modified graphene 

oxide sheet as robust electrocatalyst for selective production of  ethanol with a FE of 56.3 % at potential 

of -0.250 V.19 Also, nanocomposite showed the pronounced stability during 24 h continuous operation 

without any degradation. In addition to other Carbon-based supports, Mxenes are another class of 

supports which has shown remarkable performance in stabilizing metals nanoparticles and tuning 

interfacial interactions. Unlike other C-based supports, Mxene has 2D-multilayer structure, excellent 

electrical conductivity, high electron density, and abundant active adsorption sites enhances the 
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performance of CO2ER process. In addition to that mxenes promotes the acceleration of electron transfer 

and reaction kinetics of CO2ER. For example, Eid et al reported rationally designed the exfoliated 2D- 

Ti3C2Tx doped copper (Cu) electrocatalyst for CO2ER process. The catalyst exhibited an outstanding 

performance delivering a current density approximately four times higher than Ti3C2Tx.20 In addition, 

long term stability by maintaining the performance of the catalyst with degradation is equally crucial. 

Stability can be improved by optimizing binding energies and minimizing morphological changes under 

operational conditions. Effective catalyst design combines these strategies to achieve high selectivity, 

low overpotentials, and durability, paving the way for scalable and sustainable CO2ER technologies. 

4. Parameters to Define Efficiency of Electrochemical CO2ER process 

The commonly used figure of merit which defines the performance of the electrocatalysis and ultimately 

evaluate and compare various electrochemical processes are onset potential, Faradaic efficiency (FE), 

current density (CD), and energy efficiency (EE). 

Onset potential refers to the minimum potential at which CO2ER process begins to occur. A more 

positive onset potentials implies better catalytic activity and low energy requirements, whereas the extra 

potential that must be applied to drive an electrochemical reaction beyond the thermodynamic 

equilibrium potential defines overpotential. Lower overpotentials are preferred as they imply higher 

efficiency. 

FE quantifies the selectivity of a catalyst by measuring the proportion of electrical charge utilized to 

form the desired product i.e. CO, HCOOH, which can be estimated by the equation of Faradays Law of 

Electrolysis21: 

𝐹𝐸 =  
𝑧𝑛𝐹

𝑄
                                   (1) 

where, z is the amount of products formed during the CO2 reduction reaction, n is the number of 

electrons transferred per mole of product formed, F is the Faraday’s constant. 

CD (j) is the total current (I) per unit area (A) of the catalyst (mA per square cm) (refer equation (2)), 

which describes total rate of reaction of CO2ER process. High current densities correspond to high rate 

of formation of desired product, making the parameter an important metric for scalability. Also, the 

partial current density (PCD) of specific product can be estimated by equation (3) as shown below22: 

𝐶𝐷 (𝑗) =  
𝐼

𝐴
                                (2) 

𝑃𝐶𝐷 (𝑗𝑝𝑟𝑜𝑑𝑢𝑐𝑡) =  𝐹𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡  ×  𝑗           (3) 

Energy Efficiency (EE) defines the consumption of net energy towards the formation of specific 

product out of the total electrical energy supplied to the system. This is calculated by equation (4) given 

as: 
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𝐸𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡 =  
𝐸0×𝐹𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝐸0+ 𝜂
                (4) 

where E0 is the equilibrium potential of desired products, η is the total overpotential at cathode and 

anode. 

5. Architecting and Engineering of CO2 Electroreduction process 

A meticulously designed and tailored electrochemical system for CO2 reduction process is as crucial as 

selecting a highly active, selective and efficient electrocatalyst, as it significantly influences the overall 

performance of CO2ER process. While extensive research has focussed on rational designing of 

electrocatalyst, relatively limited number of studies have been conducted on understanding the overall 

CO2 utilization process. 

5.1.  Electrolyzer Configuration and Considerations of CO2 electrolysis process 

The above discussion showed that in addition to catalyst material, the electrolyzer configuration equally 

affect the overall performance of CO2ER process, as it affects the rate of transport of CO2 to the cathode 

surface.  

One of the most commonly used reactor for CO2ER process is laboratory-based H-type cell23 which 

consists of two compartments partitioned by ion exchange membrane. This simple and low cost 

electrolyzers consisting of electrodes dipped in electrolytes with CO2 gas bubbled to saturate the liquid 

catholyte allows rapid screening of the electrocatalysts. Despite many advantages, these electrolyzers 

practically does not allow treatment of large volume of CO2 gas, as the rate of transfer of CO2 gas to the 

surface of catalyst is too slow, hence this limits the achievement of high CD values. Conversely, 

industrial based CO2ER process requires continuous process to achieve high reaction rate and be 

economically important.  

The continuous liquid flow Electrolyzer9, a class of CO2ER reactor consists of  two chambers where 

the catholyte and the anolyte are supplied through separate compartments of the cell. In this setup, the 

electrolyte is presaturated with CO2 gas externally necessitating the use of additional CO2 capture units. 

A recent development in liquid-fed electrolyzer design is the introduction of three-chamber cell, which 

utilizes a gas diffusion electrode to improve the transfer of CO2 from the gas phase to the electrolyte–

cathode interface. Liquid-fed configurations offer a higher active electrode area compared to H-shaped 

configuration, resulting in enhanced reaction rates and reduced IR losses. Moreover, the improved 

cathode area in liquid-fed electrolyzer used in laboratory experiments facilitates the detection of low-

concentration products and enables more accurate voltage measurements.  

In addition to the above-mentioned reactors, so called Microfluidic flow cells24 first studied by 

Kenis and his coworkers used for the study of CO2ER process for formic acid production. This type of 

cell eliminates the need for membrane separator instead uses a thin electrolyte flow layer channel 

maintained by syringe pump to separate cathode and anode. CO2 gas is purged into the cathode side 

which diffuses through gas diffusion electrode (GDE) whereas oxygen is evolved at anode side. The 
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reduced products formed at the cathode are carried out of the reactor by the electrolyte stream through 

diffusion process. The reference electrode used here is kept at the outlet of the electrolyte stream to 

measure the electrode potential accurately. Due to its simple and compact design, this type of 

electrolyzer allows for the rapid transfer of CO2 to the electrode surface and hence achieve high current 

densities in the CO2ER process. Moreover, MFC offers a novel platform to examine the influence of 

several factors on the CO2 reduction reaction and to advance new technologies in electrocatalysis. 

Another type of electrochemical cell is so-called Membrane electrode assembly electrolyzer 

(MEA).25 MEAs are the kind of zero gap or no gap electrolyzer, which replaces the flow channels with 

the MEA electrodes. MEAs electrodes consists of cathode, ion exchange membrane, anode sandwiched 

in the form of layers. This arrangement with zero gap greatly increases the transfer rate of CO2 gas by 

reducing the resistance due to electron transfer and hence enhance the CO2ER process efficiency by 

potentially increasing the CD. It is commonly employed in water electrolysis and fuel cells. Over the 

past decade, membrane-electrode assemblies (MEAs) have attracted attention in the field of CO2 

electrocatalysis. 

Because of difficulty in product separation in Liquid based flow cells and MEAs are suitable for gas 

products, another class of electrolyzer called Solid state electrolyzer (SSE)26 have been designed showed 

greater tendency of forming high purity and concentrated liquid products selectively. The cathode and 

anode were separated using an anion exchange membrane (AEM) and a cation exchange membrane 

(CEM), respectively. A porous solid electrolyte (PSE), embedded in the middle act as intermediate 

channel due to presence of diverse functional groups. In this channel, the ionic species produced during 

electrochemical CO2 reduction (CO2ER) react with protons to generate the final liquid product. These 

liquid products are then collected by purging the system with nitrogen gas. Wang et al. reported an ultra-

thin 2D Bi catalyst in a solid-state CO2 electrolyzer, where humidified CO2 was introduced to the 

cathode and the anode was in 0.5 M H2SO4. This setup enabled continuous formic acid production, 

reaching 12 M concentration after 100 hours, highlighting SSE’s ability to generate concentrated 

products while reducing post-treatment costs. 

5.2. Choice of electrolyte 

The selection of the electrolyte is a crucial step in CO2ER process as it conducts the charge due to ionic 

movement between the electrodes. The main component of an electrolyte is an inert salt, solvent and the 

electroactive species. An ideal solvent for CO2ER process should offer high CO2 and electrolyte 

solubility, electrochemical and chemical stability with electrode materials, low viscosity for efficient 

mass transfer of CO2 to active sites of cathode, and be safe, easy to handle, and store. Water is one of the 

ideal solvents as it meets the above-mentioned criteria and can function both as proton acceptor and 

donor, enabling the formation of wide range of electroactive species. An important requirement of inert 

electrolyte is its ability to completely dissociate into ions, thereby ensuring high conductivity. Moreover, 

the impact of electrolyte ions on the CO2ER process remains unclear. Even if the electrolyte ions do not 

directly take part in the redox reaction, they can still interact with the reduced products or intermediates 
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generated during CO2ER process. Additionally, sometimes the impurities if present in the electrolyte can 

poison the catalyst and affects its performance. The electrolytes used for CO2ER process are simple 

aqueous solutions of inorganic salts such as KHCO3 or NaHCO3 (0.1 to 0.5 M) which exhibits neutral 

pH after CO2 saturation. The maintenance of pH value is a crucial step as it plays a key role in 

suppression of undesired HER. Additionally, the bicarbonate electrolytes serve as buffer which helps in 

stabilizing the pH near the electrode surface. Furthermore, bicarbonate (𝐻𝐶𝑂3
−) ions are inexpensive, 

operationally safe and eco-friendly, making it a widely preferred option in CO2ER process. Beside 

𝐻𝐶𝑂3
− ions, other electrolytes such as KCl, KOH, K2SO4 has also been studied. Lister and Kenis found 

that high-pH KOH electrolytes outperform KCl and K2SO4 in CO2 electrolysis, likely due to favourable 

anion adsorption and lower anode overpotential. However, KOH reacts with CO2 to form 

electrochemically inactive carbonates, posing challenges for practical use. Apart from that, non-aqueous 

solvents such as dimethyl sulphoxide (DMSO), propylene carbonate (PC), dimethylformamide (DMF), 

and acetonitrile (AN) are the most commonly used solvents used in CO2ER process. These solvents offer 

higher CO2 solubility and lack protons, which allows them to achieve high CD and better product 

selectivity compared to aqueous electrolytes. However, despite their advantages, organic solvents come 

with limitations including high cost, volatility, combustibility, and potential toxicity. Because organic 

solvents are unconsumed throughout the reaction, they can be recovered and reused, thereby lowering 

the operational cost of CO2 reduction process. Nevertheless, the recycling process is complex and 

expensive due to challenges posed by their volatility, toxicity and contamination with the reduced 

products. 

Another category of electrolytes, known as ionic liquid- based aqueous electrolyte, has been 

proposed as a substitute for bicarbonate electrolytes for CO2 reduction process. ILs exhibits high CO2 

solubility and high selectivity for CO2 compared to other gases. ILs also possess advantageous 

properties such as high stability to heat, wide electrochemical potential window, high ion transport 

capability and reduced volatility. Few examples of commonly used ILs include 1-ethyl-3 

methylimidazolium tetrafluoroborate (EMIM-BF4), 1-butyl-3-methylimidazolium tetrafluoroborate 

(BMIM-BF4), and 1-butyl-3-methylimidazolium trifluoromethanesulfonate (EMIM-OTf). Although, ILs 

electrolytes offer high CO2 solubility and lower overpotentials but are not yet practical due to low 

current densities, high costs, and poor stability in aqueous environments. 

Apart from selecting an appropriate electrolyte, choice of separation membrane is equally important 

ensuring reliable and effective functioning of the cell. To achieve selective ion conduction and reduce 

cross-permeation of species, porous separators and ion exchange membranes (IEMs) are commonly 

employed.27 IEMs are again of two types: monopolar and Bipolar membranes. Monopolar IEMs includes 

Cation Exchange Membrane (CEM) like Nafion and Anion Exchange Membranes (AEM) such as 

sustanions. The Bipolar membranes, on the other hand consists of an electrocatalysts layer positioned 

between CEM and AEM, as seen in systems like Gas Diffusion Electrodes (GDEs).  
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5.3. Choice of CO2 reduction product and Techno-Economic Analysis 

The selection of the reduced products of CO2 is crucial step in determining the economic sustainability 

of the CO2ER process. CO2 can be reduced electrochemically into wide range of value-added fuels and 

chemicals such as formic acid (HCOOH), carbon monoxide (CO), methane (CH4), ethylene (C2H4), 

ethanol (C2H5OH), and other hydrocarbons and oxygenates. Each products have distinct industrial 

applications and market values. Figure 1 summarizes the key CO2 electroreduction products distribution 

and its market value in term of USD per metric ton.28 

 

Fig. 1: Distribution of CO2 reduction product and its economic market values. 

The selection of a target CO2 reduction product must account for both the availability of efficient 

catalysts and the cost of product separation after electrolysis. Liquid products like formic acid, 

formaldehyde, and propanol are typically generated in diluted form within aqueous electrolytes, making 

their separation energy-intensive and economically challenging. Although generating more concentrated 

products can lower separation costs, it often leads to significant pH fluctuations and unwanted side 

reactions. 

Considering these facts, carbon monoxide (CO) emerges as the most feasible product of CO2 

reduction process. Being a gas under ambient conditions, isolation of CO is easy from the electrolyte and 

is readily produced with high selectivity using catalysts like gold or silver. Additionally, CO serves as a 

valuable industrial feedstock and a key component of syngas, which can be transformed into synthetic 

fuels via well-established Fischer–Tropsch processes. 
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6. Future prospects for CO2 Electroreduction technologies 

Utilizing CO2 in combination with renewable energy plays a vital role in achieving a long-term 

sustainability. This chapter has reviewed recent advancements in electrocatalyst development, 

mechanistic insights into CO2 reduction, and innovative strategies for electrolysis system design. These 

areas are key to advancing CO2 electrolysis toward commercial viability. Moving forward, we believe 

the following directions offer promising opportunities to overcome current technological barriers and 

accelerate the deployment of CO2 electrolysis.  

Designing CO2 reduction catalysts capable of selectively producing high-value chemicals continues 

to be a major area of research. At present, only CO and HCOOH can be efficiently produced with high 

specificity using most advanced electrocatalysts. Developing efficient electrocatalysts capable of 

selectively producing other valuable products from CO2 could unlock significant opportunities. Future 

efforts may focus on alternatives to monometallic catalysts, including bimetallic and non-metallic 

systems. Additionally, nanostructured catalysts hold great promise—not only for achieving higher 

current densities but also for exhibiting unique catalytic behaviours distinct from bulk materials. The 

precise mechanism of CO2 reduction on the electrocatalyst surface is not yet fully understood, and the 

reason why 𝐻𝐶𝑂3
− and 𝐶𝑂3

2− are not susceptible to electrochemical reduction at significant rates are 

unclear. A more thorough understanding of the CO2 reduction mechanism could provide insight into 

these fundamental issues and support the strategic development of advanced catalyst and integrated 

technologies that simultaneously capture and convert CO2 electrochemically. Progress in operando 

spectroscopic techniques are especially valuable, as it enables real-time monitoring and analysis of 

reactions at the electrode–electrolyte interface. Additionally, time-resolved and surface-sensitive 

characterization methods can offer further insights into the underlying mechanisms.29 

Generally, Electrochemical CO2 reduction requires the addition of multiple electrons and protons. 

Because CO2 has minimal solubility in aqueous electrolytes, effectively delivering it to the catalyst 

surface is essential for achieving high current densities and selectivity in practical CO2 electrolyzer. 

However, system-level engineering efforts remain limited. Future research should explore innovative 

CO2 delivery strategies, effective product separation techniques, and both membrane-based and 

membrane-less reactor designs. 

The high cost of electricity (around $0.07/kWh) poses a challenge for large-scale implementation. 

Still, there are niche opportunities where CO2 electrolysis could be economically viable—such as in 

regions with access to low-cost geothermal electricity. Furthermore, if carbon pricing is enforced, CO2 

electrolysis could become a key technology for reducing emissions while simultaneously generating 

valuable industrial chemicals. Overall, we hope this discussion inspires further interest and innovation 

toward making CO2 electrolysis a practical and scalable solution.30 
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