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Abstract

:

Increasing risks from global warming impose an urgent need to develop technologically and economically feasible means to reduce CO2 content in the atmosphere. Carbon capture and utilization technologies and carbon markets have been established for this purpose. Electrocatalytic CO2 reduction reaction (CO2RR) presents a promising solution, fulfilling carbon-neutral goals and sustainable materials production. This review aims to elaborate on various components in CO2RR reactors and relevant industrial processing. First, major performance metrics are discussed, with requirements obtained from a techno-economic analysis. Detailed discussions then emphasize on (i) technical benefits and challenges regarding different reactor types, (ii) critical features in flow cell systems that enhance CO2 diffusion compared to conventional H-cells, (iii) electrolyte and its effect on liquid phase electrolyzers, (iv) catalysts for feasible products (carbon monoxide, formic acid and multi-carbons) and (v) strategies on flow channel and anode design as next steps. Finally, specific perspectives on CO2 feeds for the reactor and downstream purification techniques are annotated as part of the CO2RR industrial processing. Overall, we focus on the component and system aspects for the design of a CO2RR reactor, while pointing out challenges and opportunities to realize the ultimate goal of viable carbon capture and utilization technology.






Keywords:


CO2 reduction reaction; CO2RR; electrolyzer; flow cell; H-cell; industrial process; reactor design; separation; economic analysis












1. Introduction


Carbon dioxide concentration in the atmosphere has been increasing drastically in the past few decades due to the heavy dependence on fossil fuels of human activities, recently reaching a historic high above 410 ppm [1]. Since the fossil resource constraints themselves may not be able to limit greenhouse gas emission in the near future, it is paramount to tackle the issue of high atmospheric CO2 levels and mitigate climate change by CO2 capture and conversion [2]. To this date, the use of carbon capture and utilization strategies are attracting research interests from both industry and academia [3,4,5,6,7,8]. It should be noticed that just capturing carbon dioxide in the flue gas or from the atmosphere is not sufficient to contribute to the energy transition from fossil fuels to renewable energy, hence the conversion or utilization part is necessary to address the fuel crisis and to achieve a more sustainable energy profile [3]. CO2 reduction reaction (CO2RR) has been proposed as a promising method to combat rising carbon dioxide levels by converting CO2 into renewable fuels or valuable chemicals. [9,10,11].



This review is focused on heterogeneous electrochemical reduction reactions of carbon dioxide, which takes place on the catalytic surface of an electrode. There are several other methods in carbon dioxide utilization, namely thermal catalysis [6,12,13,14,15], plasma-based catalysis [16,17], photochemical reduction [18,19,20,21,22], photoelectrochemical reduction [8,23,24,25,26] and enzymatic CO2 conversion [5,27,28,29,30]. These mentioned techniques can also potentially hit the target of CO2 utilization, and they serve as alternatives to provide possible solutions to the rising atmospheric CO2 level. In comparison with these methods, the electrochemical route of CO2 reduction reaction (CO2RR), which utilizes clean energy sources (i.e., hydro, solar or wind) can greatly reduce the embedded carbon emissions in the produced chemicals and in most cases can avoid energy intensive steps such as high temperature condition [6] or additional operations such as enzyme encapsulation [5]. Moreover, the electrochemical method also demonstrates other benefits, and the most attractive one is being an alternative in energy storage technology, where it converts intermittent or excessive renewable energy into stored chemical energy [31]. Another prominent advantage would be the facile implementation of CO2RR-produced liquid fuels on the existing department of fuel consumption, such as the transportation sector [32]. This would not be only facilitating the industrial adaption to renewable fuels but also closing the gap between conventional high-carbon economy and more sustainable low-carbon industry [33].



Indicated in Figure 1, the following sections will first introduce the fundamentals on CO2RR with perspectives from techno-economic analysis. Then the electrolyzer design for CO2RR is reviewed, with special emphasis on types of electrolyzers and design on individual components in the reactor. Finally, industrial insights are provided with possible separation methods.




2. Electrochemical CO2RR


2.1. Carbon Dioxide Electroreduction


Electroreduction of carbon dioxide is an electrocatalytic process taking place on an electrocatalyst that is in contact with the cathodic current collector, such as a metal plate or a conducting support layer. Through a potentiostat or a galvanostat (power source), the electrons needed for the carbon dioxide molecules to undergo the reduction reaction are provided to the cathode, whereas the equal number of electrons are simultaneously drawn from the anodic reaction which is the oxygen evolution reaction (OER) in most cases. An ion exchange membrane is usually installed in the electrolyzer, dividing the cathodic and anodic chambers. The membrane acts as the means to selectively allow charge transfer, completing the electric circuit, and at the same time, as a barrier preventing other products from crossing over.



Carbon dioxide reduction reaction was discovered by Teeter and Rysselberghe in 1954 [34]. From the late 1960s to the early 1980s, CO2RR was proposed by several research groups toward the production of mainly formate, oxalate and carbon monoxide [35,36,37,38]. Since then, extensive research on CO2RR has been increasing, and different approaches with various reactor designs have given rise to multiple renewable chemical products within which some bear the potential to be scaled up and commercialized. The mechanism of CO2RR in aqueous solutions has been studied profoundly and two routes were identified: (1) CO2* (adsorbed molecule) goes through surface hydrogenation and desorbs as formate ion; (2) CO2* is transformed to CO* and either desorbs as carbon monoxide or interacts with other adsorbed species and becomes alcohols, hydrocarbons or organic acids [11].



Among these various CO2RR products reported, the most common ones (Figure 2) are carbon monoxide (CO), formic acid/formate (HCOOH or HCOO¯), methane (CH4), methanol (CH3OH), ethylene (C2H4), acetic acid/acetate (CH3COOH or CH3COO¯), ethanol (CH3CH2OH) and 1-propanol (CH3CH2CH2OH). The electron transfer in each of the mentioned products along with the main competing reaction, hydrogen evolution reaction (HER), is summarized in Table 1.




2.2. System Metrics


Regardless of the configuration, a viable CO2RR system should satisfy a few performance metrics concerning the nature of electrochemistry applicable to the reaction. These requirements include but are not limited to current density, Faradaic efficiency, overpotential, energy efficiency, catalyst activity and reactor stability.



2.2.1. Current Density


One of the most important metrics for industry-scale production is the current density, or to be more specific, the partial current density related to the desired product. This parameter effectively reflects the reaction rate of a certain product at given conditions, because the number of electrons transferred in a chemical reaction is proportional to the extent of this reaction (number of moles of reactant consumed or product formed). A higher current density in an electrochemical system indicates a higher reactant consumption rate, while a higher partial current density implies a higher generation rate of the product concerned.




2.2.2. Faradaic Efficiency


Another critical parameter is the Faradaic efficiency (FE) of the desired product. It is defined as the electric charge used for the formation of the desired product over the total charge passed between the electrodes.


  F E =   m n F  q  × 100 %  



(1)







Where m is the number of moles of the desired product, n is the number of electrons required per mole of product, F is the Faradaic constant (96485 C/mol electrons) and q (or current × time) is the total charge passed between the electrodes in an experiment. Since the Faradaic efficiency represents the selectivity toward a specific product, an improvement on the FE can directly increase the amount of CO2 converted to the desired product, reduce product separation cost, and eventually lower the energy penalty of the electrocatalysis.




2.2.3. Overpotential


The overpotential (η) of an electrochemical reaction is the extra voltage needed compared to the thermodynamic prediction in order to have this reaction occur in the system. It is generally categorized into two components: the result of activation polarization (ηactivation) to overcome the activation energy barrier for reactions to occur on the catalytic electrode surface and the mass transfer limitation of dissolved CO2 (ηdiffusion) [4,41]. It should be noted that the ohmic drop (iRS) across the electrolyte and ion exchange membrane would not be accounted for the overpotential but rather a potential loss that is only dictated by the ionic conductivity of the system when a current is present.




2.2.4. Energy Efficiency


Combining Faradaic efficiency and overpotential along with other losses, the energy efficiency (EE) can be derived for each species as well as across the whole cell to indicate the conversion of applied energy toward chemically stored energy.


  E E =    E 0     E 0  + η + i  R S    × F E  



(2)







Where E° is the thermodynamic reaction voltage, η is the sum of the overpotentials and iRS represents the ohmic loss across the cell. The fraction in the equation is also considered as the voltage efficiency. The energy efficiency is central for the operational cost calculation and therefore becomes the most important metric for cost analysis. Only with a high Faradaic efficiency and a relatively high voltage efficiency can the EE of a system be acceptable.




2.2.5. Tafel Parameters


In a Tafel plot, the overpotential  η  is usually plotted against the logarithm of current density.


  η = a + b l o g  ( i )  = − 2.303   R T   α F   l o g  (   i 0   )  + 2.303   R T   α F   l o g  ( i )   



(3)







From the intercept of the plot, the exchange current density i0 can be obtained, which is the current density at equilibrium. The exchange current density is known as an indicator of the catalytic activity and reaction kinetics [42]. The charge transfer coefficient α can be determined from the slope. The smaller the Tafel slope, the larger the charge transfer and the more active the catalyst. A sudden change of the slope usually implies the change in reaction mechanisms due to the reaction conditions such as electrolyte concentration, reactants and catalyst surface morphology [43]. Thus, the Tafel slope can aid identifying elementary steps and rate determining steps. However, carefully distinguishing the exchange current and Tafel slopes for each product from CO2RR is required as different products result from different reaction mechanisms. To further understand this challenge, it should be noted that the obtained current density may be a summation of multiple partial current densities for production of multiple CO2RR products. Therefore, calculation of Tafel slope for products produced at lower overpotential (e.g., CO and formate) is more reliable and accurate compared to calculation of Tafel slope for products with larger overpotentials (e.g., ethylene and methane). The latter is mainly challenging due to the contribution of other products in the current density. The recommended method to calculate Tafel slopes for individual CO2RR products is thus using the partial current density instead of the total current density, which requires precise measurement of products at low concentrations. If the total current density is used for Tafel slope calculation, the attained parameters will just indicate the catalytic activity and kinetics for the CO2RR in general but not for a particular product. Overall, Tafel slope is an important parameter which can be acquired by simple electrochemical measurements and helps to understand the reaction mechanism, which will further allow faster progress in research and better reaction control in industry.




2.2.6. System Stability


System stability is the ultimate goal with respect to industrializing the electrolyzer. It is consisted of the durability of the catalyst and electrode, as well as the conditions of the electrolyte and membrane. This metric can be measured under chrono-potentiometric tests, where the current is fixed at a proper level and the resulting potential over the half-cell or full cell is recorded. If the system is robust and stable, the potential difference should be constant over thousands of hours [44]. It is obvious that by increasing the length of the stable catalysis, maintenance and the associated costs of the process can be reduced, which plays an important role in scaling up the reactor.





2.3. Product Economics


With much effort spent on advancing the novel CO2RR technology and implementing it in the industry, the production of formic acid and carbon monoxide are currently close to being commercialized. Studies on these two products have been conducted extensively and, to date, there are multiple start-ups and even established companies that have committed to providing carbon solutions and transforming energy sources from fossil fuels to clean electricity.



2.3.1. Industry Requirement


Similar to any other industrial production, the chemical production rate—or sometimes phrased throughput—for a reactor is among the top criteria to ensure profitability. This requires a higher production rate than what is currently displayed in the relative research field. As a heterogeneous catalyzed electrochemical process, the nature of CO2RR dictates that the production rate can only be boosted by the following two methods: (1) increasing the total catalyst surface area in the reactor, or, (2) increase the intrinsic reaction rate, which is indicated by the current density. The former method is certainly the necessary step for scale-up and long-term reactor design, while the latter is of greater importance since it incorporates the combined effect of catalyst activity and electrode/electrolyte engineering.



In general, the current research on CO2RR is mainly focused on the development of catalysts and the optimization of their performance. However, one of the major issues is the condition in which the optimization is carried out. As the commercial scale production requires at least 200 mA/cm2 of current density [40], the research for novel catalyst should bear in mind that this is the target and where the performance of such catalyst should be optimized upon. Most often, the profitability of a carbon dioxide conversion project heavily depends on the production cost. This draws close attention to the operational cost of the system. The biggest challenge nowadays remains to be the low energy efficiency. To have an improvement in the energy efficiency, the FE of the system should be high, while the overpotential of the electrolyzer is kept low. By having a high selectivity (FE), the process can also reduce separation costs downstream, which can be rather nonlinear depending on the desired product and its separation technique. Another direct relation to the cost is the duration of stable operation, which plays a critical role in determining the maintenance cost in a plant. The minimal stable operation duration required for profitable scaleup should be in the range of 20,000 hours [40,45].




2.3.2. Electricity and Carbon Price Considerations


The key role of electricity in the profitability of CO2RR has been discussed extensively. [4,11,40,44,46,47,48], where reports state that the cost of the electricity is the main factor in operational expenditure. As a result, locations that have a high cost associated with electricity supply may not be suitable for such industry and a change in the price can risk the profitability of the whole project. Furthermore, the source of the electricity is vital. It must be clean and renewable (i.e., solar, wind, hydro power) in order to realize the carbon neutral goal of the process. This aspect can be satisfied if the electrolyzer is located in a region with a high capacity of clean sources for electricity or utilized in a microgrid where the power supply is clean and renewable. As a result, looking at the renewable energy capacity can greatly help when deciding the plant location. As displayed in Figure 3, the generation capacity of renewable electricity varies significantly in different regions. For instance, in 2017, North America has 349 GW of total renewable electricity generation capacity, while the Middle East only has 19 GW of capacity [49]. Higher renewable capacity indicates more opportunity and larger throughput to realize this carbon neutral mandate.



With carbon tax or emission trading systems (ETS) starting to be implemented over the globe (Figure 4 [50]), more attention is paid to lowering of the carbon dioxide emissions from different economic sectors including oil and gas, transportation, building, heavy industry, agriculture and others. These policies are set to promote incentives in low-carbon and renewable energy technologies in order to achieve the climate mitigation goals [51]. Hence, the carbon-neutral power source not only ensures the carbon objective of the process but can also reduce carbon tax or increase emission trading capacity in the corporation or local government levels.




2.3.3. Feasible Products and Operating Parameters


One of the analyses that needs to be performed is a techno-economic analysis which would give a guideline on the feasible products in relation to the required operating parameters. Jouny et al. considered the end-of-life net present value (NPV) to be the criteria with which some of the most common CO2RR products are evaluated [40], although other methods that directly compare the cost of product are used as well [46,47,52]. The end-of-life NPV (in $) can be defined as the summation of the initial investment (capital expenditure) and the present value of all future cash flows till the end-of-life of the plant. In short, the NPV takes into account the time value of money and indicates whether the studied project will be feasible over its lifetime. If NPV is negative, it means the present value of all future cash flows combined is less than the capital expenditure today, then it is not considered economically viable unless there are subsidies. The NPV can be calculated as:


  N P V =   ∑   t = 0  n    C  F t       (  1 + i  )   t     



(4)




where, CFt is the cash flow ($) in the year t, i is the discount (interest) rate (%) and n is project lifetime (years) [53,54]. The estimation in such model is based on the material and energy balances for the process as well as estimated capital and operating expenditures. For a CO2RR plant, the capital expenditure constitutes mainly of the electrolyzer cost, the cost of product separation equipment, such as distillation columns and other supporting and auxiliary equipment (balance-of-plant). Whereas, the operating expenditure is mainly associated with the electricity cost, CO2 acquisition cost and the cost of maintenance. The variance of the end-of-life NPV of CO2RR products between two scenarios is shown in Figure 5. In the two distinct scenarios, namely, the base case and the optimistic case, the current density, cell voltage and conversion are changing variables. Whereas, the production rate (100 ton/day), lifetime of the plant (20 years), operating time (350 days/year), electricity price (0.03 $/kWh), CO2 price (40 $/ton), interest rate (10%), product selectivity (90%) and electrolyzer cost (920$/m2) remain constant [40]. The values of variable parameters for the two cases are taken based on benchmarks currently feasible and future targets. The values of current density, cell voltage and conversion for base case are 150 mA/cm2, 2.3V, 30%, respectively, whereas for optimistic case the values are 300 mA/cm2, 2V, 50%, respectively. From this analysis, the more promising products are the carbon monoxide, formic acid and propanol, while ethanol and ethylene show feasibility under optimistic conditions.



Among the various operating parameters previously discussed as system metrics, sensitivity analysis on the different CO2 reduction products shows that the selectivity and voltage are the most important electrolyzer parameters [40]. For the selectivity or FE, to which the current requirement is inversely proportional, higher selectivity would mean lower energy spent on the by-product(s), including hydrogen formation, and product separation. This in-turn would reduce the operating costs greatly. Furthermore, as the current requirement decreases, to maintain the current density, the electrolyzer area required would also decrease, thus reducing the capital expenditure. For the cell voltage, it is directly related to the power requirement so lower cell voltage would plummet the required power and further reducing the operating cost. It should also be noted that current density, which remains critical to catalyst performance, can be the least significant electrolyzer parameter beyond a threshold because the electrolyzer capital cost and current density are considered to have an inverse square relationship [40]. However, the significance of capital expenditure in comparison to operating expenditure diminishes linearly with time. As a result, it is necessary to achieve a particular threshold (200–400 mA/cm2) [40]. Increasing the current density beyond the threshold would have very little impact on the NPV so it is advisable to focus on increasing selectivity or reducing cell voltage instead.






3. Electrolyzer Design


3.1. H-Cell System


Traditionally, the electrochemistry takes place in an H-type cell or an H-cell reactor, as illustrated in Figure 6. In this device, the working electrode, reference electrode and the counter electrode are fixed by the caps on the two reaction chambers, where the electrolyte is prefilled with no recycle. For CO2RR, the cathode can be a simple catalyst-deposited carbon substrate such as carbon paper or glassy carbon electrode. Carbon dioxide gas is purged into the cathode chamber and gas phase products are collected from the headspace. This type of setup is easy to operate and clean and it is used to quickly screen various catalysts. Although some successful works were carried out using this configuration [55], generally it is not suitable for scale-up because of the low solubility of the carbon dioxide gas in aqueous electrolyte, yielding a limited current density (often < 45 mA/cm2) [56,57,58]. Therefore, to meet the industry requirement, a better setup that enables higher current density and energy efficiency should be used.




3.2. Flow Cell Systems


Inspired by the water splitting electrolyzer design, flow cell systems are developed and investigated in this application. Up to date, there are structurally three types of electrochemical flow cell systems for a CO2RR reactor: the gas phase electrolyzer, the solid phase electrolyzer and the most common liquid phase electrolyzer.



3.2.1. Gas Phase Electrolyzer


In the gas phase electrolyzer (see Figure 7), the catalyst-deposited cathode is fixed with the ion exchange membrane, forming a structure called membrane-electrode assembly (MEA). The membrane is usually a solid polymer electrolyte that can transport ionic charges from or to the cathode, enabling continuous and stable charge transfer in the circuit. This requires the cathode CO2 feed to be humidified or anolyte immediately next to the MEA to be aqueous, providing water to the cathode catalyst that allows the carbon dioxide reduction to take place. The membrane for a gas phase electrolyzer can be cation exchange membrane (CEM), anion exchange membrane (AEM) or bipolar membrane (BPM). In the case of a CEM, protons are transported from the anolyte to the cathode catalytic sites, whereas an AEM transports hydroxide (OH⁻, as the result of water electrolysis) from the cathode to the anode. A BPM combines the two types of membrane, so it simultaneously provides H⁺ to the cathode and OH⁻ to the anode. Some successful experimental results using the gas phase electrolyzer without flowing catholyte have shown improved partial current density, higher stability and better control on liquid product concentration for formate production [59] or higher selectivity on CO production [60,61]. It has also been demonstrated that alcohols [62,63,64] and other multi-carbon products [63,65,66] can be selectively produced in a gas phase electrolyzer using membrane-coated electrodes or MEAs even though the current density is low.




3.2.2. Solid Phase Electrolyzer


In the solid phase electrolyzer (Figure 8), both electrodes and the electrolyte in between are in solid form, the latter usually being a layer of solid oxide. The use of high temperature (300–600 °C) is necessary to activate CO2 reduction [67]. In typical setups, the solid electrolytes can be either oxygen-ion conducting or proton conducting. In the former case, an oxygen ionic conductor is used. It transports the oxygen ions formed in the cathode, where water molecules are reduced, to the anode where oxygen ions are oxidized to oxygen gas. Meanwhile, CO2 molecules on the cathode surface become reduced by the activated hydrogen. In the proton conducting type solid electrolyzer, the water molecules are oxidized in the anode, producing oxygen gas and protons that get passed through the protonic conductor layer and react with CO2 molecules [67]. The main benefit of the utilization of a solid phase electrolyzer is the high current density due to the enhanced kinetics at high temperatures [68]. It can also avoid the mass transfer issue of dissolved CO2 in most liquid phase electrolyzers [67]. However, there are several drawbacks due to high temperature, including the challenge in proper sealing, CO as the only reduced carbon product, carbon deposition, metal particles oxidation, low current efficiency and cell degradation [67,69], which require more sophisticated research before this is accepted in the industry.




3.2.3. Liquid Phase Electrolyzer


Most commonly used in the electrocatalysis of carbon dioxide is the liquid phase electrolyzer, as shown in Figure 9. The main characteristics of this type of reactor are the presence of liquid electrolyte in both electrodes, commonly with a gas diffusion layer (GDL) on both electrodes and an ion exchange membrane in the electrolyte bulk. Similar to the gas phase electrolyzer, the membrane serves the purpose to transport ionic charges between the electrodes. Depending on the types of the membrane (CEM, AEM or BPM), the corresponding charged ions are passed to the electrolyte and therefore complete the circuit. The distinctive feature in this kind of system from the earlier mentioned gas phase electrolyzer is the possibility to engineer flowing catholyte. As a result of the presence of the liquid catholyte, CO2 inlet to the cell does not need to be humidified and can be utilized in a pressurized setting [70].





3.3. Gas Diffusion Layer


Gas diffusion layer (GDL) was developed historically for fuel cells [71,72,73] and water electrolyzers [45,74], and it is a means to provide triple phase boundary of carbon dioxide gas, catalyst surface and electrolyte [45]. However, it was shown that without the presence of water content, the reaction conversion is poor [75,76,77,78]. Further studies have proposed that due to the wetting characteristics of the catalytic surface under negative potentials [79], CO2RR is still occurring in the aqueous phase with CO2 in dissolved fashion [57,80]. This postulate should be more closely examined with computational revelation and in situ experimental confirmation.



In a typical H-cell setup, prior to the electrochemical experiment, carbon dioxide needs to be dissolved from gas purging in the bulk electrolyte until the solution is saturated [81]. When CO2RR occurs, all products are leaving the surface in the opposite direction of incoming dissolved CO2. On the contrary, in the case of a gas diffusion electrode (GDE) with a GDL, the liquid products remain in the aqueous phase due to the hydrophobicity of the GDL, and only the gaseous products leave from the gas side of the surface. Compared to the traditional H-cell configuration, the main benefits of the use of a gas diffusion layer on the electrode are linked to its better mass transfer characteristics and shorter diffusion path [82]. It was discovered that the diffusion path for dissolved CO2 from the bulk to a non-permeable catalytic electrode surface is in the proximity of 50 microns whereas the diffusion distance from the gaseous CO2 to the liquid surrounded catalyst surface is only about 50 nanometers [57,80]. Due to this unique phenomenon, two significant benefits arise. First, the shorter diffusion path ensures the CO2-saturated electrolyte layer on the catalyst, which was shown to prevent HER [83]. Second, the CO2 gas can get to the active sites much faster before it gets reacted with the hydroxide in the electrolyte, hence allowing the use of alkaline electrolytes [84].



Another unique characteristic of GDL is the reaction direction of carbon dioxide. On an H-cell electrode, the CO2 is approaching the catalyst surface from the bulk while on a GDL, the reactant gas is purged through the hydrophobic layer on the support, which prevents the gaseous products agglomerating and blocking catalyst surface and in the meantime facilitates the adsorption of incoming CO2 [85]. Therefore, the implementation of a GDL simultaneously solves the issues of mass transfer limitations and the availability of CO2 at the liquid-catalyst interface. As a result of the improved CO2 concentration at the surface of the catalyst, the designed morphology and surface area of the catalyst can result in better activity, lower overall cell potentials and perform more closely to the research intention [85]. Due to these important benefits, the use of gas diffusion layer is strongly recommended if the process is to be scaled up in this setup [32,57,85,86].



There are also challenges related to the GDL in electrolysis, especially at a high current density. It is subject to potential crystallization of hydroxide and bicarbonate salts in the porous layer of the GDL, because of the increase hydroxide formation on cathode [85]. At current densities higher than 50 mA/cm2, the local pH is shifted to 12 and above, resulting in a different local environment for CO2RR as opposed to the bulk, which needs to be properly addressed such that the catalyst designed is not optimized under unexpected reaction conditions [57,85]. In operation aspects, several points should be noted. First of all, the ohmic loss iRS will be higher because the current is higher. In addition, the electrolyte pH, temperature of the electrodes and charge conductivity may be changed overtime due to concentration polarization between the two electrodes [85]. In addition, the pressure between the two phases is crucial in reaction local environment as well. To maintain the ideally wetted surface on the catalyst remains one of the most practical challenges for CO2 electrolyzers, which is also known as water management on the GDE [87].



Due to the nanostructure of the hydrophobic layer, contaminants in the electrolyte are detrimental to the active sites on the catalyst surface, precautions and protection of the electrode should be carefully considered when GDE is used. To overcome the instability of GDE, Dinh et al. have reported a robust design where the catalyst is sputtered on a porous layer of PTFE and nanoparticle carbon is spray-coated on top of the catalyst layer, stabilizing the copper catalytic layer in potassium hydroxide (KOH) solution (Figure 10) [82,84]. García de Arquer and coworkers recently achieved a partial current density of 1.3 A/cm2 toward ethylene production using just a thin film of Nafion® ionomer on the catalyst without any carbon or graphene layers, which they called catalyst:ionomer bulk heterojunction (Figure 11) [88]. Such architecture, according to the authors, can extend the CO2 gas diffusion zone along the catalyst surface, thus promotes more CO2 conversion and higher current density.




3.4. Membrane Electrode Assembly


With many limitations in traditional H-cell configuration, gas phase electrolyzers were also developed to account for better mass transfer and lower cell potential. Similar to liquid phase electrolyzers, the reaction takes place in the three-phase region on the catalyst rather than the liquid bulk. This again ensures a sufficient concentration of carbon dioxide at the catalytic surface. What differentiates an MEA type of electrolyzer from a GDE liquid phase electrolyzer is the lack of liquid electrolyte in the cathode. As shown in Figure 7, the membrane is placed or even bound directly on the electrode. The other side of the electrode is then covered by a layer of gas diffusion porous medium.



The most common type of membrane used in the MEA setup is the proton exchange membrane with a perfluorosulfonic acid (PFSA) basis such as Nafion® [59,63,64,65,66,75,77], which transports protons from the electrolyte in the counter electrode to the adsorbed CO2 molecules. Studies also show promising results using AEM in the assembly [60,89,90,91], where membranes with imidazolium on styrene backbone can both increase the CO selectivity and current density with considerable durability [60]. Li et al. [92] have shown that by using a bipolar membrane in the MEA, pH control on both electrodes can be realized, while current density, overpotential and stability are also achieved with a better standard than other membranes.



A typical electrolyzer structural design using MEA consists of an anode chamber with liquid phase anolyte and a cathode chamber with only gas phase inlet. An alternative type of electrolyzer has also been developed in which the anode and cathode are both electrolyte-free. In this electrolyte-free (or “zero-gap”) setting, the anode feed is humidified hydrogen gas [77,89].



MEA excels at reducing the use of flowing electrolyte thus lowering ohmic loss while the GDE eliminates the concentration polarization in the bulk electrolyte which occurs in H-cells. It also avoids the high temperature startup and operation required in a solid electrolyzer. However, there are also challenges to be overcome. The first problem in MEA setup is the water management on the cathode catalysis surface. One simple way to solve this is to use properly humidified CO2 as the feed. However, even with the humidification, membrane can turn dry in an experiment, so anolyte is still needed to ensure water supply to the cathode catalyst [60]. In addition, the liquid products generated by CO2RR face the challenge to be separated and collected on the industrial scale. This is because most often the liquid products are collected from the cold trap on the cathode outlet [63,65,66,75,90]. In this fashion, the liquid production is hardly constant over time and thus can only be processed in a batch mode. Another issue associated with the liquid products is the crossover from cathode and re-oxidation at anode. In many assemblies with AEM or even Nafion®, charged aqueous products such as formate, acetate and small molecules like methanol can be easily transported from cathode to anode [93]. Then at anodic OER potential, these products can be oxidized which would release CO2 back to the atmosphere [78,91].



In summary, using a membrane electrode assembly in a CO2RR electrolyzer can benefit from lowered material costs, reduced cell potential as well as enhanced CO2 mass transfer. Challenges in such setup remain in aspects including water management on cathode surface, scale-up difficulties in liquid product collection and crossover of liquid products to the anode.




3.5. Microfluidic Reactor


To further decrease the cell potential while alleviating mass transfer limitation, membrane-less electrolyzers with GDL were developed and stand as an alternative in commercializing CO2RR. This type of electrolyzer is called the microfluidic reactor, emphasizing the thin layer of electrolyte between cathode and anode. This setup exploits the benefit of laminar flow of the electrolyte which then can reduce mixing and thereby neglecting the use of membrane in the cell [94,95]. The design of the flowing electrolyte allows tailoring of the pH and temperature of the reaction environment which would be considered limited by the presence of membrane [96,97]. This feature also enables continuous liquid product sampling and analysis just like other liquid phase flow cells [96].



Challenges related to the microfluidic reactors reside in the design of electrolyte flow. If the electrolyte is flowing in one channel, there can be crossover from cathode to anode which will result in oxidation of formic acid, methanol or other liquid products. To mitigate this problem, some design can be considered when utilizing such electrolyzers, including nanoporous separator or multichannel design [98] and dual-electrolyte system [94]. These modifications, or variations of microfluidic cells face an important issue of diffusion constraint in the liquid phase due to the absence of a semi-permeable membrane. After a certain length along the flow axis, the diffusion zone for the cathodic product layer gets wider and will eventually meet the anode GDL. This certainly depends on the flow rate and the specific channel design, but with a minuscule flow depth, it yields a small characteristic length in diffusion direction, giving rise to difficulty in scaleup of the reactor.



Up to this point, a brief summary on the structural design of CO2RR electrolyzers is shown in Figure 12.




3.6. Catalyst


In any CO2RR reactor, catalyst plays a critical role when certain groups of products are being targeted. Common catalysts include metal-based catalysts such as Cu, Au, Ag, Sn, Bi and non-metal elements such as graphene and carbon nanotube (CNT). The selection of catalyst directly defines the possible reaction pathway and intermediate energy states. Generally, catalysts can be deposited, spray-coated, drop-casted, electrodeposited onto a substrate or directly used as the electrode in the case of an H-cell.



3.6.1. CO Production


Since CO is the simplest gaseous product from CO2 reduction with only two electrons transferred, the process has been heavily studied and several elements have been reported to have superb selectivity toward the diatomic molecule. It is noticed that gold, silver and sometimes bismuth are excellent at converting CO2 to CO with high selectivity. AuFe core-shell nanoparticles have shown a mass activity of 48.2 mA/mg for CO production along with near unity selectivity and 90 h stability [99]. Size-dependent catalytic activity was also studied on micelle-synthesized Au nanoparticles and a drastic increase in activity was found in size range below 2 nm for electroreduction of CO2 to CO [100]. More commonly, Ag is used as the catalyst for CO2 to CO conversion and there are various methods in synthesis of the catalyst or electrode material. For Ag nanoparticles, when switch from conventional carbon support to TiO2 support, Faradaic efficiency of 90% and current density of 101 mA/cm2 can be reached [101]. By incorporating a mixed layer of multi-walled carbon nanotubes and the Ag catalyst, the charge transfer resistance can be decreased, resulting in a much-improved current density (350 mA/cm2 at −0.8 VRHE) [102]. Organometallic silver catalysts have also been developed to demonstrate 90% selectivity and 95 mA/cm2 current density [103]. Dinh et al. fabricated their silver catalyst by using a sputtering system and adding a carbon nanoparticle layer, which then showed an overall performance in CO production with over 90% FE, 150 mA/cm2 and for over 100 h of operation [82]. Some recent research has presented novel Ag-GDE catalyst by direct synthesis through metal-organic framework (MOF)-mediated approach, which can maximize the metal catalyst activity toward 1864 mA/mgAg (silver loading of 0.2 mg/cm2 and CO partial current density of 385 mA/cm2) [104]. In addition to the common Au and Ag related precious metals, Bi-based material in combination with ionic liquids can also catalyze CO production from CO2 with EE of ~80% or selectivity of 85%–87% [105,106]. Recent studies also demonstrated the possibility of CO production via non-precious metals such as Bi, Pb, Sn and Ni [107,108]. One of the most impressive studies from Kutz and coworkers shows the possibility of using Ag nanoparticles in an MEA to convert CO2 to CO at 200 mA/cm2 with 1000 h stability [60].



In summary, CO as a CO2RR product has undergone a massive amount of research where most promising results are from the utilization of gold and silver, while a transition toward earth-abundant metals has also been seen recently. In spite of the achievement in CO production, challenges remain. Zhao and coworkers have pointed out that surface engineering and morphology control is critical in improving the Faradaic efficiency and minimizing the overpotential [109]. Referring to the industry requirement of 200 mA/cm2 current density, even though CO is the product closest to commercialization, more stability experiments at the relevant conditions on different catalysts and a thorough life cycle analysis (LCA) are still lacking. Therefore, future work should focus on the design and control of the catalyst surface for production of carbon monoxide while understanding the effect of solvent molecules interaction at the interface under high current is equally important.




3.6.2. Formic Acid Production


Formic acid is an interesting chemical product that is widely consumed by the animal feed industry and textile industry, with a global market nearing 878.7 million U.S. dollars [110]. Compared to multi-carbon products, the formation of formic acid is relatively straight-forward, and p-block metals are common catalysts for this reaction [111,112,113,114]. Among these catalysts, Bi has garnered interest due to its low toxicity, relative availability and high selectivity towards formate production. According to DFT studies, Bi electrode surfaces have demonstrably higher free energies of hydrogen adsorption, thus leading to decreases in HER catalytic activities hence higher CHOO− selectivity [115]. The excellent properties of Bi electrodes have been demonstrated in many past works: Han et al. had synthesized Bi nanosheet electrodes with F.E. close to 100% at −1.3V vs. SCE [116]; meanwhile, work from Wang et al. with bismuth oxyiodides has demonstrated high current densities (40 mA/cm2) at −0.9V vs. RHE while maintaining high FE [117]. The continued development of Bi-based catalysts is ongoing and the adoption of some catalyst fabrication techniques to Bi may be promising.



It is widely recognized that the use of alloys, instead of pure metal catalysts can better tune the catalyst’s surface electronics, thus optimizing the catalytic properties; this method has been adopted for the combination of many p-block metals with each other or with transition metals. For example, Sn/Pb alloy has been demonstrated to have 79.8% FE toward formate [118], while Sn/Cu alloys have reached 95% FE [81]. There have been studies conducted on noble metal catalysts such as Sn/Au alloy, but its Faradaic efficiency and overpotential were inferior to many non-noble metals counterparts previously reported [119]. The prospect of using noble metal catalyst becomes more enticing when low overpotential can be achieved, such as a Pd nanoparticle catalyst reported to reach 97% FE at −0.2V vs. RHE [120]. However, from the same study, it was shown that Pd catalysts are prone to CO poisoning, which limits the stability of the system. Attempts have been made to mitigate Pd instability through surface modifications, but the results do not satisfy the range of preferred stability recommending in techno-economic analyses, generally in hundreds of hours. There have also been forays into non-metallic materials in the search of a more stable catalyst, such as boron-doped diamond catalyst which has shown promising FE ~90% for a period of 24 h, but the reported current density is lower than Sn or Pb electrodes [121].



Alternatively, another promising group of catalysts combine carbon support along with p-block metal to form the catalyst. For example, a class of nanocrystalline carbon support called graphene nano-flakes (GNF) has been previously developed, which exhibits stability enhancement effects and can be functionalized and decorated with nanoparticles [122]. Previous studies have experimented with combining this material with copper nanoparticles, producing a catalyst that produces formate, albeit at low selectivity. But ongoing investigations are exploring the prospect of using p-block metals and other metal oxide, sulfide compositions.




3.6.3. Multi-Carbon Production


Cu is a unique catalyst for CO2RR reaction. It has the potential to produce 16 products [123], including many multi-carbon products [124,125,126]. Cu surface modification remains an active area of research. Techniques including oxide derived (OD) Cu, electrodeposition, nanoparticle (NP) deposition, bimetallic combination, etc. were tested in the past few years to tune the selectivity, improve current density and stability. Stability is also an important test parameter when a new catalyst is developed. Cu alloys with Zn, Cd, Ag, Sn, Pb, Ni, Bi, Pd, etc. were synthesized to stabilize the Cu NPs and tune the CO2 RR product species [127]. The bimetallic structure can be applied to both H-cells and flow cells. More tests with bimetallic catalysts can be run to discover the effect of alloy structure.



OD Cu foils are often tested in the H-cell setup. Metals such as Au and stainless steel are used as the support for electrodeposition to create various nanostructures like nanofoams and nanocrystals [128]. These substrates not only provide conductivity to complete the circuit, but also have the advantage that deposition potential on a foreign substrate is often higher than that on the same metal because of the crystallographic substrate-metal misfit. [129] However, it is still hard to reach a current density higher than 45 mA/cm2 in H-cells, so H-cells are only suitable for lab scale research. While in liquid phase flow cells, various GDL were used for Cu particle deposition, some based on carbon fibers such as Sigracet® and Freudenberg® and other based on hydrophobic polymers such polytetrafluoroethylene (PTFE). The catalyst layer should also be porous to allow access to CO2 flow from one side and electrolyte from the other side, instead of the planar geometry in H-cells. The Cu catalysts on the GDL have better access to CO2 due to more surface area and short gas diffusion distance, which contribute to higher current density [130]. More effort should be spent on developing catalysts in the flow cell since it has the potential to achieve the desired current density for commercial scale production. The higher local pH value in flow cells as mentioned before, could help the performance of CO2RR. However, the accumulation of OH− near the catalyst could form crystals such as Cu(OH)2 and change the catalyst performance.



Beside Cu-based catalysts, various experiments also shed light on the possibility to produce C2+ with non-metal catalysts such as B-N-co-doped carbon structures [131], graphene quantum dots [132,133], Cu-based metal-organic frameworks [134] and carbon nanotubes [65]. However, most surface modification methods, including metallic or carbon-based structures, are very energy intensive. Further LCA should be done on the catalyst to ensure the whole process is carbon negative or at least carbon neutral. A balance needs to be found in the future between catalyst performance and energy consumption during the synthesis process.





3.7. Electrolyte


The impact of the electrolyte is generally well understood thanks to the previous electrochemistry advancement. The general requirement for a feasible electrolyte can be summarized to the three properties that it should bear: good ionic conductivity, stable pH in bulk and moderate to high CO2 solubility [85]. Two distinct types of electrolyte have been developed by now, which are the aqueous electrolytes and ionic liquids [135]. The most common aqueous electrolytes in the research realm nowadays are families of sulfates [136], chlorides [137], bicarbonates [75,91] and hydroxides [70,83]. In more detailed study on the hydration effects, bicarbonates and hydroxides which create an alkaline environment are shown to be better suited in production of CO [82], formate [136] and C2+ products [84,138,139].



3.7.1. Alkaline Solution


One of the most common electrolytes is alkaline solution, after it was discovered to bear lower overpotential than its neutral counterpart [57,140]. Its high alkalinity in electrolyte is shown to be suppressive on HER and thus beneficial toward multiple CO2RR products [70,82,84]. Specifically, in alkaline conditions, without many protons available to the catalyst surface, the hydrogen evolution reaction is sufficiently limited, whereas CO2 is open to more active sites, therefore lowering applied potential and improving Faradaic efficiency [70,140,141,142,143].



In production of CO from CO2, it was reported by Verma and coworkers that the use of 2 M KOH as electrolyte can promote activity of CO2RR, reaching a partial current density of 99 mA/cm2 toward CO with a cathode overpotential of 0.02V [144]. Elevated concentration of KOH has also been investigated and its positive effect on product yield was also discussed [70,141]. It was demonstrated by Verma et al. that the anion effect of hydroxide on the double layer formed on the electrode surface can lead to better stability of CO2RR intermediates and reduce the likelihood of HER compared to bicarbonate and chloride [141]. By adding traces of halides to the electrolyte, experiments have shown that these anions can improve CO selectivity, modify surface morphology and promote protonation of the adsorbed species [145]. With this technique, current density of ethylene production is largely increased [84].



Another electrolyte, potassium bicarbonate (KHCO3), is widely used in this field of study because of its CO2 affinity and inexpensiveness [38,146,147]. However, lower conductivity of KHCO3 solutions can be a shortcoming which leads to higher cell potential or lower current density, compromising the energy efficiency of the electrocatalysis [11,141,148]. Moreover, a disadvantage for buffer solutions such as KHCO3 is the favor of proton transport, which as a result promotes H2 and CH4 formation instead of C2+ products such as ethylene [149,150,151]. Verma et al. also found smaller overpotentials and lower impedance using KOH versus KHCO3 as electrolytes for CO production [141].



Different choices for electrolyte are considered to be determinant due to also some hydrated cations effects known to the CO2RR process [152,153]. The cation effect is studied, and evidence shows the preference to CO production on silver surface is facilitated by larger cations such as K+, Ru+ and Cs+ [154]. Recent density functional theory (DFT) computation-guided experimental results show that the lack of hydronium near Ag catalytic surface can promote formate yield if the electrolyte is overall alkaline [83]. From CO2RR to ethylene on Cu electrocatalyst, the same overpotential shift toward more positive values with the use of concentrated KOH is again observed [84].



However, there is a persisting issue of CO2 uptake because of the hydroxide reacting with the dissolved carbon dioxide [155], which changes the electrolyte content and conductivity overtime thus jeopardizes the electrode durability. To realize the goal of stable and sustainable operation, engineering solutions are urgently needed. Challenges accompanied with the high local concentration of OH- include the surface reconstruction that allows irreversible binding of CObridge that is unreactive under reduction potentials [156], as well as water management [87] and mass and charge transfer modeling at the gas-catalyst-electrolyte interface [157,158].




3.7.2. Pressure and Temperature Effects


Generally higher pressure of the operating electrolyzer can help increase the adsorption of CO2 species on the catalytic surface because of the increased concentration of CO2 in the gas channel and in the liquid electrolyte. Earlier works have shown an increase in current density by increasing CO2 partial pressure on Co, Fe, Cu, Pb, Hg, In and other catalysts [159,160]. Dufek and coworkers experimented at 18.5 atm and 90 °C where they observed lowered cell potential (below 3.0 V) at applied current density of 225 mA/cm2 with above 80% FE toward CO on Ag-based catalyst and 50% EE [161]. According to Gabardo et al., a pressurized (7 atm) flow cell reactor combined with the use of high concentration KOH solution (7 M) as electrolyte can greatly improve the half-cell energy efficiency to 81.5% at an industry-relevant current density of 300 mA/cm2 [70]. However, the water management and GDL maintenance should be carefully handled in higher pressure systems. Unbalanced pressure across the GDL can result in either flooding of the catholyte or drying of the catalyst surface which can prevent the cell from normal operation [162].



For a liquid phase system, most of the studies using a GDE were conducted at ambient temperature, and the effect of temperature on the reaction has rarely been studied. Löwe et al. have shown that the optimal temperature in alkaline condition (pH = 10) for formate production on tin oxide loaded GDE was 50 °C [86]. It was reported to be the balance of electrode activity and the carbon dioxide solubility, where the former increases steadily with temperature and the latter decreases at higher temperatures. With lower temperatures, CH4 was found to be the major product on polycrystalline Cu surface [163]. If the temperature is increased, CO2 solubility is lowered, as a result HER will become the dominant reaction instead of CO2RR. In addition to the solubility limitation on temperature, AEM and aqueous electrolyte are also limiting the upper bound of operation temperature to be about 80 °C due to membrane performance and safety concerns. Therefore, the operation window for temperature on a liquid electrolyzer is rather narrow, unless it is combined with pressurized system as discussed above.



In the case of a gas phase electrolyzer however, Lee and coworkers have shown that increasing the temperature to 363 K (90 °C) can improve the partial current density of formate more than twofold (52.9 mA/cm2 at 363 K) on tin nanoparticles catalyst [59]. It was reported that by constantly supplying water vapor with CO2 into the cathode, the solubility issue of carbon dioxide in liquid could be overcome. Then with higher temperature, the kinetics of CO2RR can be accelerated, yielding a higher selectivity in formate. This setup was also limited by the membrane used. At 363 K, the swelling of membrane took place, where water was crossing over from anodic electrolyte to the cathode [59]. This indicates a small operation window again for gas phase electrolyzer, but further study is needed to investigate the reaction mechanism at elevated temperature.



In short, few studies so far have systematically researched on the pressure and temperature effects. From limited number of papers, a hypothesis can be postulated that pressures and temperatures that are slightly higher than ambient conditions could be helpful toward product selectivity and reaction rate. Further study on temperature effects on electrolyzer performance is needed, regarding different classes of catalysts and products, along with economic analysis to understand the optimal operation conditions.




3.7.3. Ionic Liquid


As conventional electrochemical systems are based on aqueous electrolytes, some researchers have proposed the use of ionic liquid, which is a salt in the liquid state hence it has the capability to flow and conduct charges at the same time. Using ionic liquid in the electrolyte system can lead to a lower overpotential due to the better charge conductivity, high CO2 solubility and high selectivity for CO2 [157,164]. Rosen and coworkers successfully reached stable production of CO by using ionic liquid at a low overpotential of 0.2 V [164]. It was shown by Li et al. that the use of BPM with Bi/ionic liquid combination, the reduction reaction can achieve stable operation at 80 mA/cm2 [92]. It was also demonstrated by various researchers that a small addition of ionic liquid into aqueous electrolyte can effectively improve the performance of the catalyst [164]. However, when using ionic liquid as the electrolyte, some limitations arise. First, the production of ionic liquid is difficult to be sustainable, so the material itself has emission and pollution embedded in its production. Second, the current density for these systems is still low and they face the challenge of scale up. In the meantime, it was shown that metal catalyst can be corroded in the presence of ionic liquid ([Im+]) and the role of the metal-[Im+] complex is not yet understood [165]. Lastly, using ionic liquid in an electrochemical setup can increase the operation cost because the electrolyte is expensive, and maintenance can also be costly if the loss in separation stage for liquid products is considerable.





3.8. Flow Channel Design


Since flow cell systems are the viable configuration for industrial application rather than H-cells, another component that needs to be considered when scaling up is the flow channel design of the electrolyzer. This aspect is particularly important when overall reactor uniformity, performance, system stability, operation and maintenance costs and system optimization are considered altogether.



In terms of the gas flow channel design, Jeanty et al. have shown that the addition of circulation pump (Figure 13) with turbulence promoters can help increase the carbon dioxide diffusion to the electrode surface [162]. It is considered that adding a layer of mesh between the catholyte and CO2 compartments can produce turbulent flow on the gas diffusion electrode (GDE) and increase the degree of transversal mixing, therefore, it helps remove the gas bubble on the electrode and further improve the CO2 availability at the surface. When they took advantage of the perspiration liquid to prevent salt deposition at the GDE, they also found that the perspiration liquid on the GDE can be removed more quickly with an implementation of a circulation pump on the gas flow so the available surface area for reduction is kept constant, leading to overall improved performance and stability of the system [162]. A water column can also be implemented for gas channel pressure control so that at the GDE the perspiration rate or generally, the gas chamber pressure, is stable. Such gas recycle setup and pressure adjustment system can be easily modified to accommodate other liquid or gas phase electrolyzers for better and more stable performance during scale-up. However, more factors and physical parameters around the GDE can be affecting the conditions of the reaction and they are yet to be covered (Figure 14) [162].



The flow channel internal design on CO2RR electrolyzers can be enlightened or learned from the already abundant knowledge both computational and experimental on PEM and other fuel cells. Some essential physical parameters that should be considered include the flow channel length and depth, number of channels, the geometry and pattern of the channels, distributor design, flow profile and characteristics [98,132,133,166,167,168,169,170]. Previous research on PEM fuel cells have suggested that shorter channel path length can lead to more uniformity in current density [166]; more connection between GDL and bipolar plate can help increase current density [133]; also, serpentine or pin-type flow patterns can avoid preferential paths as in parallel flow field [168]. However, transferable significance to the CO2RR field is to be concluded and more study should be developed to guide future full-scale CO2 electrolyzer design.



The physical parameters are not only critical in determining the electrolyzer performance, but also its cost and carbon footprint. Moreover, the material of the bipolar plates where the flow channels reside has also undergone extensive research. The main goals are to improve durability, reduce costs and allow facile manufacturing [171,172,173]. With the development in 3D printing technology, it is expected that in the near future, mass production cost of electrolyzers can be lower and thus help improve the profitability of CO2RR products. Recently, Berlinguette’s group developed analytical electrolyzers that allow operando flow plate temperature and pressure measurements [174]. Having the ability to acquire operating condition data within the flow channels in real time can further verify the simulation results from computation and lead to more suitable electrolyzer internal geometry design. In short, developing specific techniques for better system performance, applying fuel cell modeling experience to CO2 electrolyzer design, optimizing material and manufacturing and exploring electrolyzer operando technology will be the next steps to study and perform the reactor flow channel design.




3.9. Anode Catalysis


With oxygen evolution reaction (OER) occurring at the anode, applied full-cell potential will include the anodic potential for OER, which has a considerable equilibrium standard potential E = 1.23 V vs. RHE [175]. Even though efforts have been made to improve OER catalyst performance [142], because the equilibrium potential is usually even higher than the magnitude of applied cathode potential for CO2RR, it still renders the process a nature of low full-cell energy efficiency. The overpotential for the whole cell also inevitably includes the anodic catalytic oxidation of water molecules. It has been noticed that during the electrooxidation of water, it is thermodynamically difficult to convert *OH to *OOH intermediates, so the activation energy results in elevated “thermodynamic overpotential” [175,176,177]. Moreover, the OER requires that for each oxygen gas molecule that is formed, two water molecules need to be oxidized, therefore the process is slow in kinetics nature [178]. This results in high OER overpotential (at least 0.26 V at only 10 mA/cm2) in the anode half-cell of the electrolyzer [179]. The high overpotential of the OER gives rise to extremely high applied potential across the electrolyzer when a fixed current is passed under galvanostatic mode, and thus low energy efficiency across the whole reactor. Another aspect to note is that there are processes for commercial production of oxygen that cost less but have a higher production rate, therefore, O2 production through electrolysis is not economical and the gas is generally vented. More subtly, since the process is operated in aqueous solution, the newly formed, reactive oxygen gas can lead to corrosion and oxidation of metal in the reactor, damaging the integrity of the electrolyzer and causing more maintenance costs throughout the production period.



To mitigate this issue, it can be beneficial to replace the anodic OER with oxidation of organic compounds including upgrading of biomass or biowastes. Some examples would be oxidation of alcohols, glycerol, furanic compounds and sorbitals, which would have a smaller overpotential when being electrooxidized [180,181,182,183]. These strategies can not only improve the overall energy efficiency of the system but also potentially produce value-added chemicals from the anode compartment instead of the value-less oxygen gas. For these reasons, it would be of higher motivation and interest to adopt an alternative anodic catalytic reaction to couple CO2RR. A benefit in this maneuver is that input electrical energy for the electrolyzer can be lowered because of higher full-cell energy efficiency, leading to reduced operation expenditure. In regions that are not supplied with renewable electricity, this can then reduce the carbon footprint of the electrolyzer and even earn more carbon tax savings. Aside from the benefits, the biggest challenge related to this process will be obviously increased capital costs for organic compound storage, transportation and product separation. Potential extra maintenance costs of the electrolyzer itself (anode electrode, membrane, anode electrolyte, etc.) are also a subject of economic consideration. Currently, electrooxidation of organic compounds is still at lab-scale and needs to be scalable to match CO2 side as well. Furthermore, preliminary studies on this coupling of CO2RR and organic compound oxidation have shown promise in economic feasibility [184,185], but further study including system stability tests and life cycle analysis should be carried out as future guidelines.





4. Industrial Processes


In industry, the operation of electrochemical reactors depends not only on the reactor internals such as electrochemistry and reactor design, but also on supporting process units up/downstream from the reactor. The provisions and costs of these external factors have direct impact on the overall process feasibility and should be considered when designing the electrolyzer.



4.1. CO2 Source


In experimental studies, carbon dioxide is usually supplied in the form of a pure gas. Preliminary study on diluted CO2 feed has shown the possibility to convert 10% CO2 concentration while keeping a high FE of 80% [143]. However, in industry, the carbon dioxide source is most likely captured from exhaust streams of CO2 emitting processes. These streams often contain impurities such as nitrogen, oxygen and sulfur-containing compounds. In a study on the effects of impurities on copper electrodes in H-cell electrolyzer, Zhai et al. reported that the presence of trace nitrogen dioxide can cause corrosion of copper electrode into cupric cations, which reacts with hydroxide ions to decrease the local pH near the electrode. The consequence is a noted decrease in FE toward ethylene (up to -39.2%), rendering the process significantly less profitable. Furthermore, as the electrode is corroded in this process, the stability of the reactor using impure CO2 may be worsened. In order to avoid catalyst poisoning/corrosion, the effects of impurities need to be understood for a given catalyst before it is adopted for industrial applications.



For experiments on the effects of gaseous impurities, we recommend using flow cell with GDL as the preferred electrochemical setup. Since the effects of some impurities (such as NO2) are manifested through changing local pH at the site of reaction, experiments that bubble gas into the solution (as in H-cell setup) are not representative of a continuous flow cell, where the impurities enter through the GDL.




4.2. Product Separation


As with many currently proposed catalysts, CO2RR are likely to generate a mixture of products, which may require further processing in order to meet market demands. To maximize the feasibility of an electrochemical process, the strategies involved, and the costs incurred by separation should be considered during reactor design [186].



Within the reactor, CO2RR products exist in either gaseous or aqueous phase. In addition to reaction products, separation processes also need to tackle of ionic salts found in electrolyte. By its nature, products that exist in different phases are easier to separate; but same-phase products (gas-gas, aqueous) require further energy input to separate. Aqueous species are especially difficult due to the fact that as they are in solution with the electrolyte, large volumes of liquid need to be processed; this is further complicated by the presence of ionic salts functioning as electrolyte that need to be recycled to reduce cost and environmental footprint.



4.2.1. Base Neutralization


If the electrolyte is highly alkaline, the pH should be neutralized before separation processes in order to avoid damaging equipment over the years of operation.




4.2.2. Distillation


Distillation is used to separate two miscible components by manipulating tower and pressure within tower stages. Although commonly used in many chemical processes and can be designed to size, distillation towers suffer from high energy inputs in the form of feed preheating and reboilers, while less energy can be practically recuperated from the condenser. Further compounding on the matter is the issue of azeotropes. As water (present as electrolyte) forms azeotropes with many species (i.e., formic acid, ethanol), the maximum achievable product purity is limited at atmospheric pressure. In order to overcome these limitations, distillation towers must operate at higher pressures in order to shift the azeotrope but consuming more energy in the process. Other methods also exist, such as adding a ternary component (entraining agent), but it requires additional purification equipment to remove from the final product.




4.2.3. Salt Extraction


Salt extraction is a separation method particularly pertinent to organic fuels [187] (formic acid, acetic acid, ethanol, etc.), where organic fuels become immiscible with water following the addition of some salts (in the case of acetic acid, C4+ organic solvents) [188]. The benefit of salt extraction is the lower energy requirement compared to distillation, although some energy cost is incurred in separating the salt from solution.



Salt-assisted liquid-liquid extraction raises the interesting prospect of utilizing electrolytic salt for separation. If the electrolyte already contains salt that renders organic fuels immiscible in water, then it eliminates the needs for adding and recovering extraction salts, significantly simplifying the separation process. This possibility was demonstrated by Singh and Bell, who proposed the use of saturated cesium carbonate electrolyte in the separation of ethanol from water [189].



The cost and complexity of separation processes complicates the economic analysis of an electrolysis process. Due to separation requirements, electrochemical reactors should minimize electrolyte volume, produce fewer products and most importantly seek to achieve product purities interesting to the market (without requiring separation if possible). This means when separation costs are considered, factors that affect reactor outlet purity (catalyst Faradaic efficiency, current density, electrolyte volume) have elevated economic importance. Using CO2RR toward formic acid as an example:



Consider two reactor designs A and B, where A produces 75 wt % formic acid and B produces 85 wt % formic acid. It would appear at first glance that with all else being equal, B is slightly better than A and the two reactors are comparable. But it is important to note that 85 wt % formic acid is combustible [190] and is marketable for use in DFAFCs (direct formic acid fuel cells) as well as textile industries, while 80 wt % may not be. Since formic acid and water forms an azeotrope at 77.5 wt%, the separation process for design B would cost significantly more than A in terms of capital expenditure and energy input. From this anecdote, it is evident that if market requirements and the separation process is not considered during reactor design, the design may turn out to be unfavorable economically when implemented.






5. Summary and Perspectives


To tackle the issue of global warming, effort in reducing CO2 content in the atmosphere provides us unprecedented opportunity to develop new clean technologies and broaden the carbon market. One particularly interesting area of research and industrial application is the electrocatalytic reduction of CO2. Ever since the oil crisis in the early 1970s, it was undergone in-depth research by scholars and entrepreneurs worldwide. After decades of chemistry studies on the nature of carbon dioxide reduction reaction or CO2RR, products in this process are promising in terms of fulfilling market demand and producing sustainable materials via clean energy source. Nowadays research in scale-up and operation feasibility is weighted more important in achieving the industrial target. In this review, we focus on the overall design of a CO2RR reactor or electrolyzer, to give a summary of both fundamental and cutting-edge knowledge on the various components in the reactor and processing.



The principle performance metrics include current density, Faradaic efficiency (FE), overpotential, energy efficiency (EE), Tafel slope and stability. To be readily applicable to the industry, a current density of 200–400 mA/cm2 should be met, with 90% FE, not more than 2.3 V cell potential and > 30% conversion of CO2 feed. With these metrics achieved, some of the common reduction products will be profitable, including 1-propanol, formic acid, carbon monoxide, ethanol and ethylene. While we all concentrate on the electrolyzer performance, the locale of the industry should also be carefully considered since the source and price of electricity play critical roles in the overall carbon neutral or negative scheme. Carbon tax implementation is also worth considering especially for long-term production.



Electrolyzer design is the major focus of this review. The electroreduction of carbon dioxide can be done in gas phase, liquid phase or solid phase reactors. Most of the research recently is focused on the former two, due to easier start up and low-temperature operation as opposed to the high-temperature solid phase electrolyzers. For any of the modern liquid or gas phase electrolyzers, a GDL is necessary for enhanced CO2 diffusion and improved current density compared to an H-cell system. MEA incorporates the use of a gas diffusion electrode and an ion exchange membrane to eliminate the use of flowing electrolyte, hence a gas phase electrolyzer. Microfluidic reactors are also being developed to accommodate gas products without usage of the ion exchange membrane. Despite the structural differences, all configurations and electrolyzer types follow the same electrochemical principles and always have these three components: electrocatalytic CO2-reducing cathode, material streams of the reactor and the oxygen-producing anode. Among these components, the cathode bears the highest attention because of its catalysts, therefore, production of common CO2RR products via different catalysts is discussed in category of CO, formic acid and multi-carbons. The design of material flow is either kept simplified or imitative of the well-researched fuel cells; while the anode design is often ignored in the field of research, it remains one of the biggest challenges when trying to overcome full cell overpotential and operation expenditure. Hence, the effect of electrolyte applicable to various liquid phase electrolyzers is reviewed, and to shed light on the future CO2RR electrolyzer design, flow channel and anode design strategies are mentioned. All of these areas should be considered holistically when designing the reactor toward industrial realization.



Last but not least, the reactant feed and product outlet are integrated parts in carbon dioxide reduction reaction. To illustrate the specific industry perspective for CO2RR process, discussions are carried out on carbon dioxide feed as waste from other industrial processes. Relevant purification techniques are also demonstrated in the form of reactor downstream processing. These serve to complete the gate to gate material and energy analyses of the CO2RR process and annotate the necessary tools for industrial implementation of this renewable technology. Once the electrolyzer design is sufficiently advanced to be compatible with economic requirement, it can then be readily combined with the established industrial processing architecture to fully realize the ultimate goal of carbon capture and utilization.
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Figure 1. Study flow chart with sections and subsections. 
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Figure 2. Common products from CO2RR electrocatalysis with their applications. 
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Figure 3. Renewable electricity generation capacity by countries (hydro, marine, wind, solar, bioenergy), data source: The International Renewable Energy Agency, IRENA [49]. 
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Figure 4. Carbon tax or emission trading systems (ETS) current implementation [50]. 
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Figure 5. Electrolyzer product tornado plots showing end-of-life net present value (NPV) of each product with two cases. Adapted with permission [41]. Copyright 2018, American Chemical Society. 
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Figure 6. H-cell configuration. 
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Figure 7. Gas phase electrolyzer with membrane-electrode assembly (MEA). 
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Figure 8. Solid phase electrolyzer. 
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Figure 9. Liquid phase electrolyzer. 
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Figure 10. Structure of the polymer-based gas diffusion electrode. (A) Schematic illustration of the graphite/carbon NPs/Cu/PTFE electrode. PTFE is polytetrafluoroethylene polymer. (B) Cross-sectional scanning electron microscopy (SEM) image of a fabricated graphite/carbon NPs/Cu/PTFE electrode. (C) SEM image of Cu nanoparticles sputtered on the PTFE membrane. Reused with permission [84]. Copyright 2018, The American Association for the Advancement of Science. 
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Figure 11. Catayst:ionomer planar heterojunction design. (A) Schematic of metal catalyst deposited onto a polytetrafluoroethylene (PTFE) hydrophobic fiber support. A flat ionomer layer conformally coats the metal. (B) Perfluorinated ionomers such as Nafion exhibit differentiated hydrophilic and hydrophobic characteristics endowed by –SO3– and –CF2 functionalities, respectively. (C,D) Scanning electron microscopy (SEM) images of ionomer-coated copper catalysts. (E–G) Cryo-microtomed transmission electron microscopy (TEM) cross-sections of catalyst and ionomer revealing a laminar conformal overcoating. Reused with permission [88]. Copyright 2020, The American Association for the Advancement of Science. 






Figure 11. Catayst:ionomer planar heterojunction design. (A) Schematic of metal catalyst deposited onto a polytetrafluoroethylene (PTFE) hydrophobic fiber support. A flat ionomer layer conformally coats the metal. (B) Perfluorinated ionomers such as Nafion exhibit differentiated hydrophilic and hydrophobic characteristics endowed by –SO3– and –CF2 functionalities, respectively. (C,D) Scanning electron microscopy (SEM) images of ionomer-coated copper catalysts. (E–G) Cryo-microtomed transmission electron microscopy (TEM) cross-sections of catalyst and ionomer revealing a laminar conformal overcoating. Reused with permission [88]. Copyright 2020, The American Association for the Advancement of Science.
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Figure 12. Electrolyzer types summary with advantages and disadvantages highlighted. 
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Figure 13. CO2RR Setup with Optional Features (circulating pump and water column). Reused with permission [162]. Copyright 2018, Elsevier. 
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Figure 14. Gas diffusion electrode surroundings and parameters. Reused with permission [162]. Copyright 2018, Elsevier. 
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Table 1. Summary of common CO2RR and hydrogen evolution reaction (HER), products in alkaline solution (pH 14), standard potentials with respect to reversible hydrogen electrode [V vs. RHE] at 1 atm and 25 °C and the number of electrons transferred [3,39,40].
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	Product (Phase)
	Cathode Reaction
	E° [V vs. RHE]
	Z





	CO (g)
	CO2 (g) + 2H2O (l) + 2e− = CO (g) + 2OH−
	–0.934
	2



	HCOO¯ (aq)
	CO2 (g) + 2H2O (l) + 2e− = CHOO− (aq) + OH−
	–1.078
	2



	CH3OH (l)
	CO2 (g) + 5H2O (l) + 6e− = CH3OH (l) + 6OH−
	–0.812
	6



	CH4 (g)
	CO2 (g) + 6H2O (l) + 8e− = CH4 (g) + 8OH−
	–0.659
	8



	C2O42¯ (aq)
	2CO2 (g) + 2e− = C2O42− (aq)
	–0.590
	2



	CH3COO¯ (aq)
	2CO2 (g) + 5H2O (l) + 8e− = CH3COO− (aq) + 7OH−
	–0.703
	8



	C2H5OH (l)
	2CO2 (g) + 9H2O (l) + 12e¯ = CH3CH2OH (l) + 12OH−
	–0.744
	12



	C2H4 (g)
	2CO2 (g) + 8H2O (l) + 12e− = C2H4 (g) + 12OH−
	–0.764
	12



	C3H7OH (l)
	3CO2 (g) + 13H2O (l) +18e− = CH3CH2CH2OH (l) + 18OH−
	–0.733
	18



	H2 (g)
	2H2O (l) + 2e− = H2 (g) + OH−
	–0.828
	2











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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