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Abstract

:

The severe increase in the CO2 concentration is a causative factor of global warming, which accelerates the destruction of ecosystems. The massive utilization of CO2 for value-added chemical production is a key to commercialization to guarantee both economic feasibility and negative carbon emission. Although the electrochemical reduction of CO2 is one of the most promising technologies, there are remaining challenges for large-scale production. Herein, an overview of these limitations is provided in terms of devices, processes, and catalysts. Further, the economic feasibility of the technology is described in terms of individual processes such as reactions and separation. Additionally, for the practical implementation of the electrochemical CO2 conversion technology, stable electrocatalytic performances need to be addressed in terms of current density, Faradaic efficiency, and overpotential. Hence, the present review also covers the known degradation behaviors and mechanisms of electrocatalysts and electrodes during electrolysis. Furthermore, strategic approaches for overcoming the stability issues are introduced based on recent reports from various research areas involved in the electrocatalytic conversion.
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1. Introduction


In the last few decades, as the world population has increased, severe anthropogenic CO2 emission has become increasingly problematic [1]. The electrochemical conversion of CO2 constitutes a remarkable strategy for enabling negative carbon emission into the atmosphere, as it enables CO2 to be continuously converted into certain value-added chemicals. In addition, when a renewable energy source is used in the conversion, the carbon cycle can be eventually closed, thus providing potential substitutes for fossil fuels in the form of energy storage such as formate, methane, ethylene, CO, methanol, and acetone [2,3,4,5]. Moreover, in a large-scale operation, the production of these valued chemicals may satisfy the economic requirements and thus guarantee the sustainability of the technology. The versatility, energy efficiency, and cost-effectiveness of electrochemical CO2 reduction make this one of the most promising technologies not only for mitigating excessive CO2 emission [6] but also for providing an economically viable option in terms of the sustainable carbon cycle, capture, and utilization [7].



Various studies have examined whether electrochemical CO2 reduction technology can achieve an economic impact. These studies were based on techno-economic analyses beginning with CO, which is the easiest to make, followed by formic acid, which is considered to have the best economic efficiency. Moreover, recent studies have focused on analyzing various C2+ substances [8,9,10] and coproduction, replacing oxidation at the anode with a useful organic oxidation reaction and thus increasing the economic feasibility [7,11]. Although various economic evaluations are presently being performed on pilot-scale plants, very few cases have actually been demonstrated at that scale. Nevertheless, some actual construction cases have been recently announced at the pilot level [12]. This change in trend can be attributed to the following two technological advances: (i) the emergence of gas diffusion electrode (GDE)-based devices and (ii) pilot-scale studies at the level of process optimization beyond the catalyst or device level [13]. This change is driven by the simultaneous optimization of mass transport and reaction kinetics through device engineering that uses the GDE to solve the low solubility of CO2, maximize the reaction rate in the catalyst layer, and control the rate of proton supply through the membrane. In addition, the amount of electrolyte used can be controlled by modifying the device type to eliminate the need for a separate system. With respect to process scale, conceptual designs of the commercial-scale electrochemical CO2 reduction processes have been studied to estimate the capital and operating costs of each process system. It is this estimate of economic feasibility that promotes actual investment from the industrial or governmental sectors.



Furthermore, securing long-term stability is a prerequisite for the operation of a commercial process. The decreases in electrocatalytic activity and product selectivity have been observed in previous studies and need to be fully understood and resolved to enable the practical implementation of CO2 reduction technologies. The stability issue basically arise from spontaneous dynamic changes in the material properties (e.g., morphology, crystallinity, composition, and valency state) of the electrocatalysts during the CO2 reduction reactions. In addition, the accumulation of undesirable reaction intermediates at the catalyst surface is known to block the active sites for CO2 reduction and intensify the main competing reaction (hydrogen evolution), thus leading to continuous decrease inactivity. Furthermore, as three-phase boundary electrodes have been proven to be critical for upgrading current densities due to the order-of-magnitude higher local concentration of CO2, electrolyte flooding at the interface between gas, liquid, and solid phases has been identified as one of the key degradation mechanisms that impede electrode durability.



Herein, an extensive review is conducted on strategies for the large-scale electrochemical reduction of CO2 and the design of a more robust CO2-reduction process. At the device level, methods for realizing mass production are discussed in-depth with regard to the device type and membrane. At the process level, the construction of an actual commercial-scale plant is discussed in order to intensively illuminate the conceptual design of the entire process, including the separation process. In addition, the economic feasibility is summarized according to the energy source used. Finally, strategies that are beneficial for extending the lifetime of the electrochemical process and achieving an effective and efficient electrochemical CO2 conversion system are discussed.




2. Current Challenges in the Large-Scale Electrochemical CO2 Conversion Process


2.1. Problems at the Device Level


2.1.1. Low Current Density


The challenges for the commercialization of the CO2 electrolyzer is that the current density, energy efficiency, and conversion rate are limited by the poor solubility of CO2 in aqueous electrolytes (~34 mM at 298 K) [14,15,16]. In particular, the rate of CO2 transfer from the bulk electrolyte to the surface of the planer or porous electrode in the batch-type H-cell is limited at high current densities [17]. The solubility of CO2 in this type of cell is especially low in an alkaline electrolyte because any dissolved CO2 is rapidly consumed to form a neutral-pH carbonate mixture [14]. The reaction of CO2 with hydroxide (OH−) to form carbonate (CO32−) is rapid and thermodynamically favorable based on the chemistry. This is the obstacle to improving the performances, which results in large voltage and CO2 losses. Nevertheless, the H-cell is commonly used in electrochemistry due to its simple configuration of two electrodes immersed in an electrolyte without recycling. Moreover, this clean and easy to operate configuration can be used to rapidly screen various catalysts [18]. However, future devices must be stable during long-term operation (>20,000 h) at significant current densities (>200 mA cm−2) to remain economically attractive [18]. In this respect, the H-cell is not suitable for large-scale applications, and the continuous flow-cells are emerging as alternative devices.




2.1.2. Electrolyte pH Management


Ion exchange membranes are used to prevent reoxidation of the products formed at the cathode and to improve the product separation by avoiding mixing of the gaseous products [19]. However, the internal mass transfer can lead to a pH gradient across the membrane, thus potentially generating additional resistance and ultimately damaging and lowering the energy efficiency of the system [20]. This problem does not occur under strongly acidic or basic conditions because the current is carried entirely by the migration of the mobile H+ and OH− ions, which are present everywhere in high concentration. However, with a catalyst that functions optimally at a neutral to slightly basic pH, e.g., cobalt-phosphate (Co-Pi) and nickel-borate (Ni-Bi), the current is no longer driven by H+ and OH−, thus resulting in potential loss [21]. Nevertheless, the Earth abundance of these catalysts leads to lower cost, and they are useful for driving oxygen evolution reactions (OERs) at moderate overpotentials [20]. Therefore, solving the pH gradient problem could provide additional options when selecting a catalyst and, thus, enhance the economic feasibility. Moreover, the carbon dioxide reduction reaction (CO2RR) and the OER are active under different pH conditions. However, when using a cation exchange membrane (CEM) or an anion exchange membrane (AEM), it is difficult to achieve the requisite pH for the anode or cathode. When using a CEM, the anode must operate in an acidic environment, which requires an expensive OER catalyst. For the EM, however, the bicarbonate electrolyte increases the rate of product crossover from cathode to anode, especially for neutral and anionic products such as methanol and formate, thus reducing the anode performance [22]. Moreover, under the high current density required for scaling up, product crossover must be considered as a loss mechanism [23]. In addition, membrane highly affects the lifetime of overall systems. Several studies on the lifetime test of CO2 to CO was conducted [24,25,26], and they conducted the experiment to show how long the membrane will hold some hydration for over 4000 h of operation. The result showed that the stable 3.0 V cell voltage and almost 90% CO selectivity when circulated 10 mM KHCO3 solution in the anode. This way membrane would not be hydrated due to the water balance in the membrane. This can also lead to a stable lifetime operation.





2.2. Problems at the Process Level


2.2.1. Product Separation


The low solubility of CO2 in aqueous-fed systems leads to low conversion and is one of the major obstacles to be overcome for commercialization. This has been demonstrated by L.C. Weng et al. [27], who reported that only 30% of CO2 consumption could be achieved even when operating at up to 1 A cm−2 with a 50 sccm feed flow.



A closely related problem is the cost of separation after conversion has been completed in the electrolyzer. Due to the low conversion rate in the CO2RR, unreacted CO2 remains in the gaseous product stream, thus requiring a product separation unit. In this respect, pressure swing absorption (PSA) is a commonly used, cost-effective technology for the industrial separation and purification of electrolysis gases, with the CO2 being recycled back to the reactor [9,28]. However, the low conversion rate then leads to an increasing amount of unconverted CO2 in the separation/recycling loop, thus increasing the cost of separation and, hence, the size and capital cost of the PSA system [9].



Meanwhile, liquid products are mixed with the liquid electrolyte used in the H-cell and flow cell. The single-pass accumulation of liquid products is typically very small, thus allowing the electrolyte to be recycled until a significant amount of liquid product accumulates and steady-state separation begins. However, a significant accumulation of the product in the electrolyte can negatively impact the electrolyzer performance [9]. For example, the formate ions from formic acid products become mixed with other impurity ions from solutes (e.g., K+, HCO3−), thus requiring additional downstream separation steps to obtain the pure formic acid or formic acid solutions. This is both energy- and cost-intensive [29].




2.2.2. Electricity Costs


The cost of electricity is the main factor in operational expenditure [18,28]. The impact of electricity was determined by M Rumayor et al. when evaluating the economic feasibility of the electrochemical reduction of CO2 in formic acid production [30]. Two scenarios, designated Emin-82 and Emin-21, were considered in which a minimum amount of electric energy was consumed without overvoltage loss. In the Emin-21 scenario, the formic acid concentration obtained at the outlet via the electrochemical reaction is 21 wt %. The variable costs of production (VCP), including interest, overhead, supervision, taxes + insurance, operating labor costs, maintenance, water, rivers, and electricity, were investigated under this scenario to find a total VCP of 0.26 €kg−1, with the electricity bill making the largest contribution (0.15 €kg−1) [30]. Thus, even though minimal electrical energy consumption was assumed, a significant amount was consumed in the total VCP, thus demonstrating that a strategy for lowering the electricity cost is needed.



This is further illustrated by the work of Matthew Jouny et al., who developed a techno-economic model for a generalized electrochemical CO2 reduction (eCO2) plant to analyze the economic viability of various reduction products [9]. The result of their sensitivity analysis is reproduced in Figure 1. Here, the price of electricity is seen to be in the top 3 factors influencing process profitability for the majority of products. In particular, a change of just $0.01/kW h in the production of n-propanol results in a difference in the net present value (NPV) of nearly $40 million. These results indicate that the price of electricity is an important factor affecting the NPV and that a commercial eCO2 plant could be built if cheap electricity is continuously supplied.




2.2.3. Integrated Process Design


Although many researchers are presently working towards the commercialization of CO2 electroreduction by improving the performance of catalyst, device, and process, these aspects are generally examined in isolation and are rarely considered all at once. Nevertheless, the various factors are influenced by each other. For example, the composition of products from the electrolyzer will affect the subsequent separation process and ultimately determine the feasibility of the large-scale CO2 electroreduction. Hence, an integrated process design that encompasses every aspect of the CO2 electrochemical system from the small scale (e.g., the catalyst) to the large-scale (e.g., the overall process) is required for the development of a clean electrochemical system to replace petrochemical systems and produce chemicals in an economical and environmentally friendly way.






3. Cutting Edge Devices for an Electrochemical CO2-Reduction Reactor


3.1. The Membrane


Bipolar membranes (BPMs) are anion and cation exchange membranes that can be combined with a catalyst that promotes the auto dissociation of water at the interface while solving the pH gradient problem by maintaining a constant pH at the anode and cathode [22]. The BPM design enables the use of earth-abundant metal anodes that are only stable in basic conditions along with highly active acid-stable cathodes for CO2 reduction [31]. This is because the predominance of H+ and OH− species inside the cation exchange layer (CEL) and anion exchange layer (AEL) allows the major charge carriers of the electrolyte to remain constant [20,31]. As shown schematically in Figure 2, this BPM configuration could, in principle, be exploited to sustain a pH gradient in a water-splitting system [32].



The conversion of CO2 to CO was demonstrated by D.A. Salvatore et al. using a modified electrolyzer flow cell in which a solid-supported aqueous layer (1.0 M NaHCO3) was inserted between the silver-based catalyst layer and the bipolar membrane [31]. In addition, the cathode selectivity towards the reduction of CO2 to CO was improved by the use BPMs. The results indicated a high current density of 200 mA cm−2 and stable performance for 24 h. An experiment was also conducted to demonstrate the critical role of hydration on the performance of the solid-supported aqueous layer. When using a low-humidity CO2 inlet, the cell was found to rapidly decay within 2 h, whereas the use of humidified CO2 provided a 65% Faradaic efficiency (FE) and 100 mA cm−2 for >24 h. These results demonstrated that the BPM-based cell provides sufficient current density for commercialization and that the performance of the cell is influenced by the level of hydration [31].



In addition, Y.C. Li et al. compared the crossover properties of AEMs and BPMs to demonstrate that BPMs can inhibit the crossover of both the anionic and neutral products of CO2 electrolysis [23]. The experiments were performed in an H-cell with 0.5 M KHCO3 (80 mL) as the electrolyte in both the cathode and anode compartments in order to measure the rate of anionic and neutral molecule crossover. In particular, a linear decrease in the concentration of formate by up to 15% over a period of 4 h was observed at the cathode with the AEM. At the same time, the concentration of formate at the anode was seen to increase, thus indicating that the formate passed through the membrane to the anode. This was attributed to the similar size of the formate and bicarbonate anions, thus enabling the formate to pass through the AEM by electromigration. By comparison, the crossover rate of formate when using a commercial or 3D BPM under the same conditions was found to be 17 times lower and to further increase with increasing current density [23]. Thus, in view of the high current density requirements of large-scale applications, the BPMs are promising components.




3.2. The Device


The continuous flow reactor overcomes the mass transport limitations of the H-cell by circulating the reactants and products away from the electrode [14,33]. Moreover, a further advantage is that the continuous flow reactor overcomes the low solubility of CO2 by using gaseous electrochemical reduction [14]. Thus, several papers have reported a current density of over 200 mA cm−2 when using the GDE [34,35,36]. Hence, the present section is focused on the device configuration and discusses the microfluidic cell, zero-gap electrolyzer, and multilayer electrolyzer stack that make commercialization possible.



3.2.1. The Microfluidic Cell


This membrane-less electrolyzer decreases ohmic loss by operating without a physical barrier such as a membrane [18]. The structure of the microfluidic cell relies on the separation of the anode and cathode by appropriately designed, very thin (<1 mm) channels through which the liquid electrolyte passes in a laminar flow [33]. This eliminates the problems associated with mass transfer and neutralization between the acidic catholyte and alkaline anolyte due to crossover or mixing, which would reduce the concentration of OH− and H+ ions and, hence, the current density. Further, in contrast to the membrane-based electrochemical system where one electrode is immersed in an acidic medium and another in an alkaline medium, the membrane-less electrolyzer allows the individual compositions of the anolyte and catholyte to be adjusted, thus optimizing the kinetics and thermodynamics at both electrodes and greatly improving the cell performance [37]. For example, the high current density that can be achieved by the microfluidic device has been demonstrated in a study by J. J. Lv et al. on CO2 reduction in a microfluidic electrolysis cell with a nanoporous copper catalyst [38]. This configuration provided a rich supply of CO2 to the catalyst surface at the complex triple-phase boundary, thus enabling the investigation of CO2 electrolysis at high current densities of >400 mA cm−2 at an applied potential of −0.67 V (vs. the reversible hydrogen electrode) with a C2+ selectivity of 62%, which is one of the best-reported performances for CO2 electroreduction to C2+ products [38].



Nevertheless, several challenges still exist in microfluidic devices. For instance, the one-channel electrolyte flow design can result in the crossover from cathode to anode [18]. To mitigate this problem, a dual electrolyte system was introduced. For example, Xu Lu et al. (2016) reported a dual electrolyte microfluidic reactor (DEMR) that converts CO2 into formic acid with the advantage of pH optimization for both the anolyte and catholyte (Figure 3) [37]. Thus, at an applied voltage of 2.8 V, the current density was raised significantly from ~10 to 60 mA cm−2 after anolyte optimization (Figure 3a). Moreover, the peak FE was increased from 81.6% to 95.6%, and the energetic peak efficiency was increased from 41.7% to 48.5%. Further, a catholyte with a pH of 2 and an anolyte with a pH of 14 was found to provide the optimal cell performance, thus demonstrating that controlling the pH of the catholyte and anolyte provides a solution for the conversion of CO2 and may eventually facilitate large-scale application [37].



When considering the principle of the dual electrolyte microfluidic cell, the layer thickness between the catholyte and the anolyte is also important because it promotes the neutralization reaction. A significant amount of electrolyte must be used in order to maintain this thickness, which thus weakens the economic benefit. Hence, Xu Lu et al. (2017) performed an additional study to identify the operational conditions that allow electrolyte recycling in a microfluidic pH-differential network [39]. The key factors were found to be the electrolyte flow rate (with a threshold value of 500 μL min−1) and the electrolyte concentration.




3.2.2. The Zero-Gap Electrolyzer


Zero-gap electrolyzer cells are present of little interest but could contribute to large-scale applications in the future. The main difference between the zero-gap electrolyzer and the flow reactor is the absence of a catholyte flow channel in the former. This is because the configuration can convert CO2 into products without the need for a liquid catholyte, so the cell resistance is very low, and a liquid catholyte circulation loop is not required [40]. Moreover, this minimizes any losses due to the dissolution of CO2 in the catholyte and results in an approximately 50% decrease in the power required to generate the same amount of CO with the same family of electrocatalysts as the flow cell [41,42]. This makes the zero-gap electrolyzer a promising configuration.



The two possible flow field patterns of the zero-gap electrolyzer, namely the parallel pattern and the interdigitated pattern, are shown schematically in Figure 4. The performance of each type of zero-gap electrolyzer was compared with that of the well-known catholyte flow-by electrolyzer in a set of experiments by B. D. Mot et al. for 1 h at 100 mA cm−2 with a CO2 flow rate of 200 mL min−1 and a water injection rate of 0.3 mL min−1 into the gas stream [43]. The Faradaic efficiencies (FE) of formate, H2 and CO production in the catholyte flow-by, parallel pattern and interdigitated pattern, were found to be 67%, 43%, and 81%, respectively. Thus, while the parallel flow pattern zero-gap electrolyzer was less efficient than the catholyte flow-by electrolyzer, the interdigitated flow pattern zero-gap electrolyzer was significantly more efficient. This is because the interdigitated flow channel forces the CO2 into the GDE, so that mass transfer towards the catalyst surface occurs as a combination of diffusion and convection. Moreover, water was also pushed towards the GDE, thus providing more effective humidification of the membrane electrode assembly (MEA) [43].



In a similar study by W. H. Lee et al., a nanostructured Ag-based GDE was incorporated into an AEM zero-gap electrolyzer for converting CO2 to CO [40]. The silver catalyst layers were deposited onto polytetrafluoroethylene (PTFE)-coated carbon paper using an e-beam irradiation technique to produce an electrode designated as e-Ag. In addition, humidified CO2 was used as the cathode reactant instead of a CO2-saturated electrolyte in order to increase the upper limit of CO2 mass transfer. For comparison, additional experiments were conducted using an electrochemical H-cell in CO2-saturated 0.5 M KHCO3 and a zero-gap CO2 GDE flow electrolyzer. The results demonstrated that the zero-gap CO2 GDE has a higher current density, lower overpotential, and higher FECO than the H-cell. The maximum CO partial current density of the e-Ag coral electrode in the zero-gap CO2 flow was 312 mA cm−2 at −0.79 V vs. reversible hydrogen electrode (RHE) compared to only 2.7 mA cm−2 at −1.08 V vs. RHE for the H-type cell. In addition, the FECO values of all the Ag-based electrodes were essentially 100% in the 2.5–3.5 V cell voltage region, thus indicating their favorable efficiencies in the zero-gap CO2 flow. These results also indicate that the zero-gap electrolyzer with a porous structure can achieve suitably high current densities and durability for large-scale application.




3.2.3. The Multilayer Electrolyzer Stack


By combining the zero-gap electrolyzer with a stacking methodology, a suitable current density of 200 mA cm−2 for commercialization can be obtained. Moreover, the modular nature of the technology enables the production of multi-cell stacks, thus leading to low-cost structural materials for interconnects, gas diffusion layers (GDLs), and catalyst layers [44]. This strategy is well-established in fuel cells and polymer electrolyte membrane (PEM) water electrolyzers but has not been commonly used in CO2 electroreduction. Nevertheless, a zero-gap CO2 electrolyzer stack consisting of multiple electrolyzer layers and capable of operation without the need for either pressurized CO2 gas or a liquid catholyte has been described by B. Endrodi et al. [42]. The advantages of two different connections with respect to the distribution of the reactant CO2 gas were described, namely: (i) parallel connection, in, which the electrochemically active surface area is increased without any increase in the lateral size of the electrolyzer, and (ii) series connection, in, which the remaining unconverted CO2 gas from the first layer is fed into the subsequent layers for transformation into products, thus enabling a very high conversion efficiency. Because multiple single-cell electrolyzers operating in parallel have been shown to provide very similar FE values to that of a 3-layer electrolyzer stack, the use of a multilayer can lead to a reduction in capital cost, thus potentially assisting with industrial implementation. This is because the electrolyzer frame and the anolyte circulation loop only need to be built once, and the additional cells only require an additional bipolar plate, insulation, and membrane electrode assembly. Moreover, the use of the series connection resulted in a significant increase of ~70% in the CO2 conversion rate compared to that of the single-layer cell (i.e., 20%), even at low CO2 feed rates. At a higher gas feed rate, the FE for CO production was >95% in the electrolyzer stack [42].






4. Conceptual Process Design and Techno-Economic Analysis for Mass Production


4.1. Product Separation


Due to the incomplete conversion of the CO2 reactants by the electrolysis system, it is beneficial to separate the unreacted CO2 from other gaseous products and recycle it back to the upstream electrolytic process [28,45]. Thus, the overall conversion of CO2 can be increased. In addition, the use of solid electrolytes can reduce the need for product separation. Typically, the resulting liquid product is mixed with a solute in the electrolyte of the H- or flow-cell reactor and extra separation and concentration stages are required in order to recover the pure liquid in solution. However, solid ion conductors assist in the formation of pure products by transporting the electrically generated cations or anions, thus preventing them from mixing with the solute and shortening the separation process.



A CO2RR system using a solid-state electrolyte (SSE) instead of the conventional dissolved solute to conduct ions such as the proton (H+) or formate (HCOO−) ion and obtain a liquid HCOOH product was described by Chuan Xia et al. [45]. To further improve the performance, a four-chamber solid electrocatalytic cell was used to produce H+, OH−, KOH, and HCOOH at the same time. The results indicated that a peak HCOOH partial current of about 150 mA cm−2 could be achieved at 3.36 V. More important, a pure KOH electrolyte solution with a concentration of up to 0.66 M was successfully collected at a deionized (DI) water flow rate of 16.2 mL h−1, thus demonstrating the feasibility of future application [45]. However, the use of DI water limits the product concentration, and a liquid electrolyte is still needed for the oxidation reaction at the anode.



By contrast, more recent papers by Lei Fan et al. have introduced an all-solid-state reactor that overcomes the above limitations for producing formic acid from CO2, as shown in Figure 5 [29]. Here, a GDL was used for both the cathode and anode in order to improve the mass transfer of CO2 and H2, and a flow of inert gas (N2) was used instead of DI water to carry away the formic acid vapors and, thus, provide a high-concentration product. The most remarkable aspect of the all-solid-state reactor was the ultra-high purity of the obtained formic acid solution, which contained less than 0.01 ppm iron, bismuth, and platinum, along with low levels of other impurities, as revealed by inductively coupled plasma atomic emission spectroscopy (ICP-OES). This level of purity is economically promising, as there are few additional separation steps required downstream.




4.2. Renewable Energy for Electricity


One strategy for lowering the production cost would be the use of a renewable energy source. The change in the global weighted-average levelized cost of electricity (LCOE) for utility-scale renewable power generation technologies between 2010 and 2019 is indicated in Figure 6. In 2019, the LCOEs of most renewable power technologies were within the gray box representing the cost of fossil fuel power generation, thus indicating that the use of cheap, easily accessible renewable energy is an attractive approach to producing carbon chemical feedstocks in a carbon-neutral way via electrochemical CO2 reduction [10].



Renewable energy resources such as wind, solar, hydroelectric, and geothermal energies can be utilized for the electrochemical conversion of CO2 to useful chemicals [47]. Notably, the global weighted-average LCOE of utility-scale solar photovoltaics (PVs) fell by 82% (from 0.378 to 0.068 $/kWh) between 2010 and 2019 due to the decline in module prices. In addition to its low cost, solar energy is advantageous in that it can be used to provide both electrical and thermal energy [48]. A study on the use of solar energy as a source of electricity for CO2 reduction was performed by W. H. Cheng et al. using a gas diffusion electrode (GDE) directly powered by a photovoltaic cell [49]. Under simulated laboratory conditions with AM 1.5 G (1 sun) illumination, a very high solar-to-CO efficiency of 19.1% was achieved during 20 h of operation. Moreover, the GDE remained stable and did not degrade even after more than 150 h, thus indicating the good performance and stability of the solar-powered PV-EC process. Nevertheless, the following challenges to the use of renewable energy sources still remain: (i) its use is limited to certain locations according to availability; (ii) wind and solar energy are also intermittent and, hence, cannot be used to provide reliable energy. Hence, to address these problems, renewable energy sources must be modified in some way [48].




4.3. Integrated Process Design


To commercialize the electrochemical CO2-reduction system, studies on the optimization of large-scale systems are required. Although not many studies have been conducted, some pilot-level studies were recently reported by K. Kim et al. [13]. For instance, a continuous pilot-scale electroreduction system for converting CO2 into CO was constructed and operated, and the optimum operating conditions for maximum CO production were obtained via Gaussian process Bayesian optimization (GPBO) with the operating variables as input. A maximum CO partial current density of 51.14 mA cm−2 was achieved within 25 experiments. Although this experiment was conducted on a pilot scale, this type of optimization process may be applicable for mass production.



In addition, a study on the superstructure that examined every possible process design for CO2RR-OOR coproduction, product separation, and recycling options has recently been described by J. Na et al. [7]. The superstructure is shown in Figure 7. The process design was automatically obtained using the Aspen Plus process simulator, which could not only design the full process, but also indicated the FE, current density, and overpotential, which are essential for large-scale operation. The results suggested that among CO2RR-OOR combinations, the direct synthesis of ethanol, n-propanol, acetaldehyde, and (especially) ethylene without the need to synthesize their precursors is a promising approach in terms of electrochemistry.





5. Stability Issues


For the commercialization of CO2RR, high product selectivity and production rates, along with low electrical power usage, are favored. In the study of electrocatalytic CO2RR, however, one prevalent issue that has often been overlooked is semipermanent stability. In addition, the long operation time must be addressed in order to achieve cost efficiency in mass production. As shown in Figure 8, we found that the levelized costs of chemicals (LCC) obtained from the electrochemical process, which represents the minimum selling cost for a net present value of 0, become smaller than the market prices at least after 2000 h of operation in the optimum scenario (100% recycling of the electrolyte, no labor-related costs, and a subsidized solar PV electricity cost of $0.032 kWh−1). The LCC of CO and HCOOH is highly sensitive to the catalyst life due to the increased maintenance costs associated with replacing the deactivated catalysts. A shorter life leads to an exponential increase in the maintenance cost and, hence, practical economic infeasibility. Therefore, from the economic point of view, it is very important to consider the previously reported stability issues. Specifically, catalyst poisoning, restructuring, compositional alteration, and flooding behavior are addressed in the following sections.



5.1. Catalyst Poisoning


Many studies have reported that the performance of the electrocatalytic CO2 reduction reaction (CO2RR) is compromised during electrolysis [2,50,51,52]. This is often attributed to catalyst deactivation by the adsorption of reaction intermediates. In the multiple steps of CO2 reduction, various intermediates formed and adsorbed at the catalyst surface are either subsequently released to the bulk electrolyte or undergo further reactions. Too strong an attachment of the adsorbed species, due to a high binding affinity to the catalyst surface, leads to the blocking of active sites, thus preventing fresh reactant from entering and taking part in the reduction reaction. In this section, the main catalyst deactivation mechanism during the CO2RR due to poisoning by reaction intermediates and other system impurities is discussed.



In a report by Rahman et al., the rapid decay in CH4 production in the presence of electropolished Cu was observed and was correlated with the absorption of a carbonaceous product by the catalyst surface, as revealed by the carbon signal measured by X-ray photoelectron spectroscopy (XPS) [2]. Similarly, Weng et al. reported the accumulation of carbonaceous species on the catalyst surface and illustrated the process schematically, as reproduced in Figure 9a [53]. During 2 h of electrolysis, this was shown to significantly decrease the FE from 56% to 13% for the formation of the hydrocarbons methane and ethylene and to increase the level of H2 evolution from 30% to 80%. An analysis of the changes in the C/Cu ratio of the C1s XPS spectra over the course of the electrolysis time also indicated that, while no metal species were deposited on the catalyst, the quantity of adsorbed carbonaceous species derived from HCO3− or CO2 was considerably increased (Figure 9b). Further deconvolution of the C1s spectra (Figure 9c) revealed the various types of bonds formed at the surface, thus indicating severe screening of the catalyst surface by carbon compounds [53].



In addition, the applied potential has been suggested to intensify the poisoning behavior. For instance, a more recent report by Dutta et al. indicated a more severe degradation behavior of Ag foam when used for CH4 production at a more negative potential of −1.14 V vs. RHE than that observed when used for CO production at the less negative potential of −0.8 V vs. RHE [55]. It was suggested that this might have been due to high coverage of *C chemisorption at the catalyst surface, thus preventing C-H bond formation in the CH4 pathway [56].



Many studies have shown a strong correlation between intermediate poisoning and the binding energy of the adsorbed species to the catalyst, such that the stronger the binding, the more adsorbed species tend to stay on the catalyst surface. Thus, density-functional theory (DFT) calculations have often revealed higher binding energy between the poisoned catalysts and the implicated species. For instance, Pd metal is known to bind strongly to CO and is more likely to be poisoned and undergo activity degradation in a short duration of time due to the reduction of CO2 to CO [50,51,52]. The strong CO adsorption arises from an increase in 2π* back donation interaction (i.e., electron donation from the d orbitals of the metal substrate to the 2π* orbital of CO) as the formed bonding resonances are filled at a more negative potential [57]. This, in turn, leads to a high CO coverage, along with a high chemical desorption energy barrier (Figure 9d) [54,58], thus blocking the active sites [56]. The CO accumulation can also be observed by in situ measurement techniques, such as Raman spectroscopy [59]. This technique is found to be useful in understanding the intrinsic interaction behavior between the catalyst surface and the adsorbed reaction intermediate.



In addition to the above-mentioned issues, another type of poisoning phenomenon was observed in a study by Hori et al. [60], where a deterioration in catalyst activity was associated with the deposition of metal impurities from the electrolyte onto the catalyst surface to form a new layer that both blocks the original active sites and provides activity towards the hydrogen evolution reaction [53,55,61]. This finding was supported by later studies that indicated the deposition of metal impurities, which may be present even in trace amounts in the electrolyte, the water source, the electrocatalyst, or the support materials [62]. Some studies even found that metal contaminants can be present due to the dissolution of the oxygen-evolution catalyst at the anode used as the counter electrode for the CO2RR and its subsequent re-deposition at the cathode, where it interferes with the CO2RR activity [63,64]. As stated by Won et al., the deposition of metal impurities is also problematic in the electrocatalytic CO2RR due to the complex steps and the susceptibility of the metal to deposition in the reductive potential environment [64,65].




5.2. Catalyst Restructuring


Mostly, enhancing the catalyst activity in electrochemical CO2 reduction involves tailoring the crystal morphology to better expose the active catalytic sites [66,67]. This strategy is known to provide energetically preferred sites for the adsorption of the desired CO2 reduction intermediate. However, in a reductive environment during electrocatalytic CO2 reduction, nanosized particles seldom succeed in retaining their structure due to the high-energy of the surface compared to the bulk material [64,68]. Although some studies have mentioned the importance of surface reconstructing for providing a fresh available catalyst surface and enhancing its electrochemical characteristics [69], more studies have attributed the observed degradation of catalyst activity and selectivity to transformations of the existing surface that alter the structure of the active sites. Hence, the following paragraphs examine the relationship between catalyst deactivation and restructuring.



The catalyst surface morphology has been acknowledged as one of the most important factors determining the catalyst activity and selectivity, especially in a heterogeneous electrocatalytic system [70]. The control of morphological features such as facets, grain boundaries, edges, corners, and surface distortions cannot only control the electronic structure of the catalyst but also influence the surface wettability, the adsorption/desorption behavior of various species, mass transportation, and external conditions such as the local CO2 concentration and pH value. Superior electrocatalysts have been shown to possess high densities of low-coordinated atoms as highly active sites, along with rougher surfaces and, hence, higher electrochemical active surface area (ECSA) values. The latter index affects the total reaction rate by allowing more reactants to reach the active catalyst sites [71]. For example, the direct growth of tin with an ordered cone-like structure on carbon paper was shown to produce a catalyst that effectively reduced CO2 to formate at a low onset potential of −0.46 V vs. RHE (which is 110 mV more positive than that of Sn-N-60) and a high FE of 92% at −1.13 V [70]. The improved activity was attributed to the improved morphology of the catalyst, which provided a higher ratio of active stepped sites on the higher preferential facets [70]. However, as the reaction progressed, these well-designed catalysts were unable to retain their morphologies and underwent restructuring, thus leading to a deterioration in activity [55,72,73].



The catalyst restructuring mechanism is shown schematically in Figure 10a–c [74], and is easily detected via microscopic examination, as shown in Figure 10b,c [74]. Here, the coalescence of an Ag-foam catalyst is clearly seen in the scanning electron microscope (SEM) images of the same location before and after CO2 electroreduction. In addition, in the case of a dispersed catalyst on a support material, where the particle size can be measured independently, the change in particle size and particle size distribution due to sintering during electrocatalysis can also be quantified via transmission electron microscopy (TEM). For instance, Duan et al. used this approach to reveal an increase in the average size of crystalline Cu nanoparticles (NPs) due to degradation during use in the CO2 reduction reaction [75]. This is attributed to the tendency for the small nanosized particles to adjust their surface energy via various widely-known particle growth mechanisms such as Ostwald ripening, coalescence, and reprecipitation [76,77]. In detail, Huang et al. observed a continuous decrease in the production of C2H4 by the electroreduction of CO2, and a continuous increase in hydrogen evolution, in the presence of Cu nanocubes (CuNC) as the catalyst (Figure 10a) [74]. In addition, the application of a highly negative potential to the CO-adsorbing catalyst was shown to promote an increase in catalyst mobility with decreasing particle size (with ~16 nm-sized particles exhibiting the fastest growth), thus leading to the formation of nanoclusters, which subsequently coalesced to form aggregates with few remaining active facets. Moreover, DFT calculations revealed a correlation between the tendency towards restructuring (loss of the cubic form) and a decrease in the interface energies for the (111) and (110) Cu surfaces when adsorbates were attached.



Hence, a careful investigation of catalyst morphology before and after the CO2RR is essential for a better understanding of the relationship between the morphology and activity of the catalyst [76,78]. In particular, as the catalyst particle size changes during the reaction, the actual effective size of the catalyst should be investigated closely [76]. For instance, while an Au particle with a size of ~2 nm has been reported as a robust and efficient catalyst for CO2 electroreduction [79,80], a recent study by Trindell et al. found that a catalyst consisting of 2-nm sized Au particles encapsulated in a hydroxyl-terminated poly(amidoamine) dendrimer exhibits a higher activity towards the production of H2 rather than CO, in agreement with a previous study on the hydrogen evolution reaction (HER) [81]. In addition to pre- and post-reaction characterization, in situ measurement have also been found useful in giving the real-time dynamic change of the catalyst surface morphology during CO2 electroreduction. Great achievements in acquiring morphological information of the catalyst surface have been the use of in situ XRD, EXAFS, and environment transmission electron microscopy (ETEM) [82]. For example, a study by Damsgaard et al. utilizes in situ ETEM to follow the morphological evolution of the catalyst surface, GaPd2. Complemented with in situ XRD and EXAFS results, it is useful to visualize the catalyst surface change during CO2 electroreduction [83]. Any degradation observed in the catalyst electrochemical activity, can be directly correlated with the information on morphological change during electrolysis operation.




5.3. Changes in Catalyst Composition and Valency


The presence of a metastable oxide layer on the catalyst surface often promotes CO2 reduction by stabilizing the intermediate [4]. However, in an electrocatalytic CO2-reduction system where the catalyst is being exposed to a certain potential, it is difficult to identify its chemical state. The change in the catalyst composition will also alter the catalyst activity [84]. For instance, the Cu(I) species with (100) facets is known for its selectivity towards C-C coupling reactions and has therefore been proposed for C2 production, as indicated in Figure 11a [85,86]. In particular, a study by Lin et al. demonstrated that Cu-Cu(I) ensembles could asymmetrically couple with two CO molecules, thus potentially enhancing the selectivity of the catalyst towards C2 production [6]. To rule out the morphologic effect of the catalyst and carefully observe the effect of changing the surface oxidation state of the catalyst, oxide-derived copper was prepared using hexadecyl amine. Compared to the stable Cu(I)/Cu ratio when using a potential switching approach (Figure 11b), the Cu(I) exhibited a continuous reduction in its valency under steady application of a negative potential (−0.75 V vs. RHE) during chronoamperometry (Figure 11c). Further, although there is a negligible decrease in the current density, the reduction of Cu(I) to metallic Cu has been shown to shift the selectivity from the C2+ pathway to the C1 pathway [2,72].



Although the surface composition is key to modifying the reactant and/or intermediate bonding strength of alloy catalysts [50,54,87], several cases have been reported in which the alloying materials undergo segregation during CO2 electroreduction [88,89]. For example, Cu surface enrichment was shown to occur in Ag-rich CuAg bimetallic electrodes during the first 20 min of electrolysis as measured using XPS and ion scattering spectroscopy (ISS) [90]. During this time, the initially dissolved Cu in the Ag phase segregated to the surface to form a Cu-rich skin with a thickness ≥ 1 nm. This segregation was attributed to the stronger interaction of CO with Cu rather than Ag [90,91]. As a result, the production of CO (which is favored on an Ag surface) was decreased, and that of ethylene (which is favored by a Cu surface) was increased.




5.4. Electrolyte Flooding


Given that the source feed gas must reach the catalyst surface in order to undergo reaction, one of the main limiting parameters for enhancing the rate of the CO2RR is mass transport. Hence, although conventional reactors (e.g., H-type cells) have been previously explored, these cannot be practically implemented due to the low solubility of CO2 in the aqueous electrolyte and slow mass transport to the catalyst surface, which results in a low current density. A continuous flow cell equipped with a GDL electrode has been proposed to address these drawbacks because it can provide an exceptional re-refreshed three-phase boundary between the electrolyte, catalyst, and CO2, thus enabling fast CO2 transfer [17]. The GDL electrode consists of micro- and macroporous layers and a catalyst layer, where the microporous layer serves as both a support for the catalyst layer and a barrier to keep the nearby electrolyte in its channel, while the macroporous layer serves as a gas diffusion medium and current collector [12]. It is worth noting that the three-phase boundary should be maintained, especially to prevent the electrolyte from entering the gas channel, since the presence of a liquid may limit the effective concentration of the gas near the catalyst. As the micro- and macropores play important roles in this respect, they should possess a good balance between hydrophilicity and hydrophobicity. However, the increase in the hydrophilicity of the electrode as the reaction proceeds causes the electrolyte to become immersed in the catalyst layer, thus preventing the gas from contacting the catalyst and taking part in the reduction reaction [92]. This phenomenon is widely known as electrode flooding and is shown schematically in Figure 12a. This issue leads to the formation of H2, the deterioration of CO2-reduction activity, and the blocking of available gas channels by precipitation of electrolyte salt underneath the electrode.



An understanding of the underlying mechanism of GDL degradation is important for formulating the correct strategy for the prevention of electrode flooding. For instance, when Dinh et al. observed degradation in activity within 1 h of CO2 electroreduction regardless of the catalyst or the electrolyte type, further investigations in which the reaction was performed on the GDL under a negative potential without catalyst deposition revealed a doubling of the oxygen content and a decrease in the hydrophobicity (water contact angle) of the GDL [94]. These effects were attributed to the presence of surface OH and COOH on the carbon electrode and led to obstruction of the CO2 diffusion pathway.



In addition to a change in the electrode wettability due to product formation, changes in the solid-electrolyte contact angle due to the applied potential difference between the solid and the electrolyte (the electro-wetting effect) [95,96], and due to the production of ions and gas, may also affect the integrity of the GDE [97]. For example, Jeanty et al. observed the formation of droplets on the gas side of the porous layer (referred to as perspiration), which impeded CO2 permeation and produced an increasing quantity of salt precipitates under high gas pressure [97]. Similarly, Leonard et al. studied the effect of applied current density upon the electrode flooding behavior to demonstrate that high cathode alkalinity leads to a lower breakthrough pressure and a higher rate of electrolyte infiltration due to an increasing rate of carbonate salt precipitation (Figure 12b,c) [97].



Alongside the previously-mentioned flooding mechanisms, mechanical leaching of the catalyst from the GDL support may also cause a deterioration in activity. This behavior is also indicated by an increase in H2 production due to easier access of water to the catalytic sites [98]. Although the mechanism and cause of this material leaching have yet to be discovered, a valuable study by Bienen et al. may be useful in elucidating the underlying physical processes during the electroreduction of CO2 using a GDE; it was suggested that an EIS study might reveal the degradation mechanism and, thus, enable further optimization of the GDE for the CO2-reduction process [99].





6. Existing Strategies in Overcoming Performance Stability Issues


For a decade, many researchers have attempted to solve the stability issues and overcome the observed degradation of catalyst and electrode. Several such strategies that can help to provide a better understanding of the issues and to progress the development of the technology are discussed in the present section.



6.1. Modifying the Electronic Structure


In terms of catalyst design, modulating the electronic structure provides the benefits of directly adjusting the binding energies of the reaction intermediates. Thus, Zhang et al. [100] described several strategies for modifying the electronic structure, including the use of alloying [87,101], single-atom catalysts [102], phase-junction catalysts [61], and surface groups [69]. Among these strategies, the alloying of several metals are particularly promising for relieving the poisoning of the catalyst by intermediates. For example, the deactivation rate of Pd-based catalysts, which are known to be susceptible to CO poisoning, has been shown to be minimized when certain metals are introduced into the Pd lattice [8,9,10,61]. Thus, the strong CO-binding characteristics of Pd are lowered by incorporating a metal that has a weak affinity towards CO (usually a poor HER catalyst) [101]. In this respect, the CO and H binding energies of several Pd alloys have been calculated by Chatterjee et al. (Figure 13a) to find that the CO-binding energy decreases when the co-adsorbed species (H) is present on the catalyst surface [50]. This reduction in CO-binding energy also has been shown to be closely related to the specific type of alloying compound, with Pd3Co being both theoretically and experimentally the most resistant alloy against CO poisoning [55,74].



It has been commonly recognized that metal alloying can induce a lowering in the d-band center, possibly via charge transfer, thus allowing more electrons to fill the metal-adsorbate antibonding orbitals, leading to a reduction in CO back bonding and, hence, a significant reduction in CO poisoning [51]. This is supported by linear sweep voltammetry (LSV) data indicating that the alloying of Pd with Ag results in a lower CO stripping peak due to a weaker Pd-CO bond and, hence, a lower energy requirement for the removal of CO from the catalyst surface (Figure 13b) [51]. However, while positive results have been obtained by alloying Pd with Au [103] and Sn [63], the CO poisoning resistance of the partially covalent Pd-In alloy comes at the expense of the CO2-reduction activity [52]. Additionally, intermetallic compound studies may be important in resolving poisoning behaviors by tuning the geometric and electronic effects to obtain a catalyst with the desired adsorption behavior [87,101].



The obvious importance of the above-mentioned alloying strategy makes it attractive for further implementation and development. Moreover, the electrochemical behavior of the alloy can be predicted via a DFT analysis of the reaction energetics [104,105]. For example, a study by Zheng et al. demonstrated that a theoretically calculated Cu-Sn alloy could successfully produce formate with up to 95% FE without any significant decrease for 50 h of operation [105]. In addition to minimizing catalyst poisoning by tuning the binding energy, this strategy could exert control towards the desired concentration of active species on the catalyst surface. For example, the change in morphology induced by alloying an Sn catalyst with Sb was shown to provide a balanced number of active species (Sn atoms) on the catalyst surface [61].



Although the alloying strategy shows some promise for alleviating performance stability problems, its widespread practical application remains limited by the linear scaling relation between the adsorption energies of intermediates [71], as well as by the dynamic compositional changes taking place during the reaction [106,107]. Therefore, further enhancements and deeper investigations are needed in order to provide a better strategy for minimizing the performance degradation without sacrificing the activity itself.




6.2. Utilization of Support Materials


In addition to tuning the electronic structure of the catalyst material, the use of a support material has been shown to be practical for enhancing not only the electrochemical characteristics of the catalyst [108,109] but also the retention of catalyst particles [110]. Further benefits of this strategy include preserving the original form of the material and providing a synergetic effect between CO2 adsorption and activation. Catalyst support materials are classified into two types, namely: carbon-based supports and metal compound supports. Further, as the material itself may possess an intrinsic activity towards CO2 electroreduction or other reactions, activity testing of the premodified supporting materials is usually performed.



According to studies on metal-free carbon material as CO2 electrocatalysts, the carbon materials themselves exhibited prolonged stable CO2 reduction activity [111,112]. In all the pre-existing studies, no major degradation was observed in the resulting electrolysis activity descriptors (current density and FE) and the resulting material characteristic after the reaction, which is inferred from before-after material characterization (SEM, TEM, or XPS). The stability is attributed to its high resistance or insensitivity to CO, which normally causes performance attenuation in metal-based catalysts [111]. Additionally, the CO2 reduction activity in carbon-based materials is related to the characteristic electronic structure in the carbon vicinity, which may arise from its intrinsic structural defect or can be induced by heteroatom doping [112]. Unlike metal-based material whose activity greatly depends on the polycrystalline facets of the crystal [113], the carbon materials are less susceptible to activity degradation caused by morphological change due to their robust structure. However, the metal-free carbon materials are reported to have inferior activity compared to that of metal-based, namely the resulting current density and overpotential needed. Therefore, the additional metal decoration is encouraged to enhance the overall activity of the carbon material. When incorporating a metal catalyst into a carbon-based material, it is essential to ensure the corrosion resistance of the support, since corrosion could result in a decrease in the available metal surface area followed by metal sintering and leaching from the support [114].



The interaction between metal nanoparticles and the carbon support arises by charge transfer from the metal to the carbon support. Thus, according to a model by Hegenberger et al., an increase in the number of surface carbon atoms with uncompensated bonds will lead to an increase in the charge transfer between metal and support along with an increase in the stability of the metal particles towards sintering [115,116]. The carbon atoms with uncompensated bonds are usually present in the form of chemical or structural defects and can act as anchoring sites [117]. For example, although Cu nanoparticles (NPs) are prone to surface restructuring [73], the use of graphene oxide as a support has been shown to provide a stable ethanol production performance (FE 56.3% at −0.250 V vs. RHE) for 24 h [118]. The strong interaction between the Cu NPs and oxide sites on the graphene oxide creates a sufficient anchoring effect, thus stabilizing the size and morphology of the Cu NPs [116]. In another example, interconnected SnO2 nanocrystals were embedded in an N-doped carbonaceous dopamine-based polymer, followed by carbonization under mild conditions to generate SnO2–NCs with great structural confinement of SnO2 nanocrystals (~8 nm) and high-performance stability towards formate production at −0.92 V with ~73% FE for 20 h [73]. However, it also has been noted that the morphology of metal nanoparticles varies according to the initial size, so that size control is also important in determining the activity and stability of the catalyst [74].



The use of a metal compound support increases the electron density on the deposited metal due to a change in the lattice energy along with partial charge transfer from the substrate to the supported metals. The resulting chemical bonds help prevent the deposited metal from undergoing agglomeration [119, 120]. For example, Cu3N and Cu2O have been used as supports that stabilize the Cu(I) species, which is the active site for C2+ production (Figure 14a,b) [119]. Compared to the bulk Cu foil, the Cu supported on Cu2O and Cu3N exhibited better stability with respect to time, as demonstrated in Figure 14c. A difference in the relative abilities of Cu2O and Cu3N to stabilize the Cu(I) species was also observed due to an additional barrier against the N atoms diffusing from their original positions in the first layer of the support to the catalyst surface. Hence, the N atoms tend to be retained in their original positions, thus stabilizing the oxidation state of Cu in their vicinity.



Another example of metal-stabilizing support material is that of the 3D ordered mesoporous Sn–Ti–O electrocatalysts, in, which the transfer of electron density from Ti to Sn has been shown to promote the dissociative adsorption of COOH*, thus preventing the reduction of SnOx and the removal of oxygen atoms from the crystal lattice [121]. In addition, the use of oxidized Cu nanorods as a support for the Sn catalyst has been shown to provide increased performance stability along with only a negligible change in the resulting nanostructure [66].




6.3. Single Atom Fixation


Single-atom catalysts have been shown to be beneficial for providing dispersed active sites and fixing metal atoms within the support materials by complexation. In addition, the single-atom catalyst provides efficient intermediate stabilization and easy charge transfer. Fixation can expose the single metal atom to the reactants, assisted by the abundant coordination N sites and high electrical conductivity of the support material [122]. For example, the use of polymer-derived hollow N-doped porous carbon spheres (HNPCSs) as a support material, with cobalt (Co) as the metal center, has been shown to provide a high activity for CO production along with stable performance of 90% FE at −0.73 V for 10 h. Hence, this N-coordination strategy has been shown to maintain both CO production and the valence state of the Co sites. This ability to maintain the metal valence state during electrolysis is attributed to the electronic coupling between the metal and the conductive carbon support, which both enhances the CO2 affinity of the metal sites and facilitates the redistribution of electrons in the vicinity of the coordinating metal via adaptation of the geometrical structure [102,123]. For example, Gu et al. [102] examined the use of a Fe-doped ZIF-8-derived carbon framework in CO2 electroreduction to demonstrate that the conjugation of Fe3+ to the conductive carbon matrix generated an electronic coupling effect, which adjusted the Fe3+/2+-reduction potential to match the Fermi level of the carbon support upon application of an external bias [102]. This strong coupling effect can explain the stability of the Fe3+ species and the lack of redox chemistry on conjugated molecular sites during potential cycling [123]. The resulting stable 3+ oxidation state of Fe has been observed using X-ray absorption spectroscopy (XAS) during electrolysis and has been shown to result in facile CO2 adsorption and CO desorption during 12 h of operation at an overpotential of 340 mV even in a different electrolyte matrix [102].



In the case of the GDL-based flow cell, retention of the catalyst on the support material is of paramount importance to ensure a prolonged high CO2-reduction activity. However, material leaching has been often reported and results in a significant deterioration in the electrocatalytic activity. Hence, strategies have been developed for the design of robust catalysts with enhanced stability and minimal detachment of the electroactive species [124, 125]. For example, the synthesis of a porous carbon membrane with interconnected nanofibers and hierarchical pores as a single nickel atom (NiSA) support is shown schematically in Figure 15a, and the results of long-term stability testing in a GDL-based flow cell (black line represents current density and red squares for CO production Faradaic Efficiency) are presented in Figure 15b. Thus, long-term performance stability of 80% FECO for 120 h was observed at a current density of 300 mA cm−2 in the flow cell [124]. In addition, XPS, XRD and XANES analyses were used to conclude that the Ni single atoms were preserved (i.e., not agglomerated) in the low valence state.




6.4. Electrode, Electrolyte and Process Modifications


Process modification strategies are also important for maintaining the stability of catalyst performance. For example, the application of two-step cyclic electrolysis has been shown to maintain a constant current density during formate production on a PdAg alloy with an FE of 97.8% for up to 45 h of continuous operation (Figure 16a) [58]. As demonstrated in Figure 16b, this prolonged sustained current density was achieved via a programmed cycle consisting of a reduction step (−0.18 V vs. RHE for 590 s) and an oxidation step (1.22 V vs. RHE for 10 s) for 270 cycles. As shown in Figure 16c, this method allowed the initial current density value to be fully maintained along with a high FE for formate by careful consideration of the oxidation period in order to completely eliminate CO from the surface, i.e., by decoupling the formate production from CO adsorption. However, determining the optimum time for each step requires the process to operate at the highest possible energy efficiency. More recently, a similar procedure was used to achieve 86% recovery of CH4 production by sweeping a deactivated Pt electrode up to 0.3 V to allow the back-oxidation of CO to CO2 to occur simultaneously [126]. In addition to mitigating catalyst poisoning by intermediates, the potential cycling strategy has been shown to eliminate the deposition of metal impurities on the step/kink sites of the catalyst, thus recovering the deactivated electrode and enabling a prolonged catalyst lifetime [127].



As discussed previously, the use of the GDL electrode suffers from gradually reduced hydrophobicity and consequent flooding behavior. The idea of maintaining the hydrophobicity of the gas diffusion side along with a good balance of the three-phase boundary has been recently developed. In 2018, the Sargent group demonstrated the flooding-resistant electrode structure composed of graphite, carbon NPs, Cu catalyst, and PTFE membrane shown in Figure 17a, with stable performance for up to 150 h [94]. In this setup, the GDE hydrophobicity was ensured by utilizing a PTFE membrane as a more stable hydrophobic gas diffusion layer, thus inhibiting excessive water infiltration to the gas chamber. To uniformly distribute the current density over the geometric surface, carbon black NPs were spray-coated on top of the Cu catalyst layer, and a graphite layer was added as the overall support and current collector.



In another approach, the Wang group successfully demonstrated an all-solid-state electrolyte-based reaction system, as shown in Figure 17b [45]. The reactor was supplied with humidified CO2 gas to facilitate CO2 mass transport on the cathode side, while 0.5 M H2SO4 was circulated on the anode side as the counter water oxidation. The cathode and anode were entirely separated by positioning the solid-state electrolyte at the center, with the anion-exchange membrane (EM) and the cation-exchange membrane (CEM) on either side. Thus, the electrical field drives the product (HCOO−) through the EM towards the solid-electrolyte channel, where it is balanced by H+ ions produced by water oxidation at the anode and subsequently released by a slow stream of deionized water or a flow of humidified inert gas. A total operation time of 100 h and stable generation of 0.1 M HCOOH was obtained with negligible degradation in selectivity and activity. Moreover, this performance was improved to nearly 100 wt % pure formic acid by using a dry inert gas carrier, thus eliminating the need for purification [29]. Notwithstanding the remarkable performance of this reactor design, further improvements are still needed in order to increase the efficiency of the cell along with the stability of the solid electrolyte and ion exchange membranes under low water conditions, thus preventing product crossover [29].



To address the mechanical stability problems encountered when utilizing the GDE, a strategy for improving the attachment of the catalyst material to porous support was reported by Hou et al. [128]. Here, photonic curing was performed as a pretreatment step to apply a mild sintering effect to the Cu catalyst (Cu-NW) in order to locally confine the reactants to their points of contact with the catalyst. This approach can also remove the surfactants, which are used to control the catalyst size and morphology during synthesis. In this manner, any loss of catalyst from the support during massive gas evolution can be prevented.





7. Conclusions


Many efforts have been devoted to achieving a stable CO2 electroreduction performance in terms of catalyst design, electrode engineering, and system-level modification. The main issues and solutions were discussed in detail in the present review and are summarized in the following paragraphs.



Among the issues that hinder the mass production of electrochemical CO2 reduction, the biggest issue is low productivity and difficulty in product separation due to low current density and Faraday efficiency. In order to solve this at the device level, studies are being conducted to optimize the membrane and device structure. Through the introduction of a microfluidic cell, zero-gap electrolyzer, multilayer electrolyzer stack, etc., to reduce the amount of electrolyte used and accelerate the CO2 conversion reaction rate, mass production is getting closer to reality. In terms of the process, various techno-economic analyses have been performed, indicating that formic acid can be commercialized under certain conditions even with the current technology level. However, many lab-scale studies ignore the impact of separation processes that separate final products from electrolytes or unreacted gases. In recent studies, it was found that the separation process occupies a significant part of the operating cost, and overall process integration is being performed for this part. In order to replace the conventional petrochemical industry with electrochemical CO2-reduction processes in the future, electric energy should be supplied by renewable energy sources such as wind and solar. Recent studies have been increasing attention to the large-scale electrochemical reduction of CO2 in government sectors through analysis of economic feasibility and life-cycle assessment according to energy sources.



The catalyst poisoning behavior resulting from a high intermediate binding energy is alleviated by utilizing alloy electrocatalysts that are more resistant to poisoning and is completely solved by the introduction of a cyclic two-step electrolytic process in, which the reduction and oxidation potentials are applied periodically. In addition, the degradation in activity caused by metal impurities can be controlled by using a purified electrolyte. In particular, the use of support material and single-atom fixation provide intriguing strategies for addressing catalyst degradation caused by the restructuring and compositional changes and, thus, retaining the particle size, morphology, and valency state. In addition, the use of a membrane or hydrophobic electrode has been shown to minimize flooding behavior, thus extending the operation time to hundreds of hours.



For commercialization of the CO2-reduction reaction, many advances are still needed in order to address the prevailing issues and disadvantages and enable continuous operation along with an optimal cost-result balance. While many studies have outlined approaches to tunable catalyst selectivity and the optimization of reaction conditions and electrolyzer design for achieving certain products, the long-term operating performance has been often omitted. Hence, further studies must include a more comprehensive study in terms of performance stability, including experimental results and characterization of the catalyst before, during, and after the electrolysis in order to identify the real-time degradation mechanisms.
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Figure 1. Sensitivity analysis of end-of-life net present value (NPV) for CO2-reduction products: (a) n-propanol, (b) carbon monoxide, (c) ethylene, and (d) formic acid. Adapted from Jouny et al. Reprinted with permission from ref. [9]. Copyright 2018, ACS. 
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Figure 2. The bipolar membranes (BPM) configuration with base (1 M NaOH) in the anion exchange layer (AEL) as the anode and acid (1 M HClO4) in the cation exchange layer (CEL) as the cathode. Thus, OH− is consumed at the anode and H+ is consumed at the cathode; Na+ and ClO4− transport is electrostatically attenuated, and the ionic current is enabled by water dissociation in the interfacial layer. Reproduced with permission from ref. [32]. Copyright 2014, Wiley-VCH. 
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Figure 3. The performance characteristics of the dual electrolyte microfluidic reactor (DEMR): (a) current densities at an applied voltage of 2.8 V before and after electrolyte optimizations; (b) cathode potentials at 100 mA/cm2 and catholyte pH values of 7, 1 and 0, and anode potentials at 150 mA/cm2 and anolyte pH values of 7, 13 and 14; (c) peak Faradaic and energy efficiencies before and after electrolyte optimization. Reproduced with permission from ref. [37]. Copyright 2016, Elsevier. 
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Figure 4. Schematic diagrams of the flow field patterns in the two types of zero-gap electrolyzer: (A) the parallel pattern, in, which mass transfer is due to diffusion, and (B) the interdigitated pattern, in, which mass transfer is a combination of diffusion and convection. Reproduced with permission from ref. [43]. Copyright 2020, Wiley-VCH. 
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Figure 5. Schematic illustration of the all-solid-state electrochemical CO2 to formic acid reactor: EM = anion exchange membrane, CEM = cation exchange membrane, GDL = gas diffusion layer, PSE = porous solid electrolyte. Electrochemically generated HCOO− and H+ ions are driven by the electric field to move across the EM or CEM into the PSE layer, where they recombine to form the formic acid molecule. This can then be released quickly in the vapor phase via the N2 carrier gas flow. Reproduced with permission from ref. [29] Copyright 2020, Springer Nature. 
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Figure 6. The global weighted average levelized cost of electricity (LCOE) from utility-scale renewable power generation technologies between 2010 and 2019. Reproduced with permission from ref. [46]. Copyright © IRENA 2020. 
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Figure 7. The superstructure of the electrochemical coproduction process is used to simultaneously consider all possible structures of the process. Reproduced with permission from ref. [7], copyright 2019, Springer Nature. 
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Figure 8. A techno-economic analysis of carbon monoxide and formic acid production via the electrochemical CO2-reduction process throughout the catalyst’s operative life under different scenarios. The process models and parameters of analysis are based on Na et al. [7]. 
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Figure 9. Catalyst deactivation mechanism by poisoning: (a) schematic diagrams showing carbon accumulation on a copper catalyst surface; (b) the calculated C/Cu ratios on the catalyst surface after electrochemical carbon dioxide reduction reaction (CO2RR) for various times; (c) bar chart indicating the types and relative abundances of carbonaceous bond observed on the catalyst surface after electrochemical CO2RR (reproduced with permission from ref. [53], copyright 2017, WILEY-VCH); (d) schematic illustration of the CO poisoning of a Pd electrocatalyst due to the strong binding (large desorption energy barrier) of CO (reproduced with permission from ref. [54], copyright 2019, ACS). 
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Figure 10. Catalyst restructuring: (a) schematic restructuring mechanism of the CuNC catalyst during the CO2RR, including nanoclustering (stage I) followed by coalescence (stage II) (reproduced with permission from ref. [74], copyright 2018, Springer Nature); (b,c) SEM images of the same location on an Ag-foam catalyst (b) before, and (c) after the electrochemical CO2RR at −1.5 V vs. RHE, showing restructuring of the catalyst (reproduced with permission from ref. [55], copyright 2018, ACS). 
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Figure 11. The effects of using a redox shuttle (i.e., an electrolyte additive capable of reversible oxidative-reductive reaction at a specific potential): (a) the potential dependence of the CO2RR product selectivity of the CuOx catalyst in 0.5 M CO2-saturated KHCO3 when using a redox shuttle. The error bars represent the standard deviation based on three individual measurements; (b) the time-resolved variations in the Cu species in CuOx and the corresponding electrochemical responses during the CO2RR at −0.75 V when using a redox shuttle; (c) for comparison, the time-resolved variations in the Cu species in CuOx and the corresponding electrochemical responses during the CO2RR at −0.75 V, obtained using chronoamperometry (reproduced with permission from ref. [6], copyright 2020, Springer Nature). 
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Figure 12. Degradation of the gas diffusion layers (GDL): (a) a schematic diagram showing the process of electrode flooding during electrochemical CO2 reduction; (b) the effects of current density upon GDL degradation; (c) a visualization of GDL degradation at different applied current densities (reproduced with permission from ref. [93], copyright 2020, WILEY VCH). 
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Figure 13. The influence of alloying and the presence of a co-adsorbent upon catalyst deactivation by CO: (a) the tabulated binding energies (in eV) of CO to a clean surface (CO*-1), a surface with co-adsorbed H* (CO*-2), and a surface with 2H* (CO*-3), along with the binding of H to a clean surface (H*-1), a surface with H* (H*-2), and a surface with CO* (H*-3) (reproduced with permission from ref. [50], copyright 2019, ACS); (b) linear sweep voltammetry of Pd and PdAg_2 immediately after application of a −0.27 V bias for 1 h in CO2-saturated 0.1 M KHCO3 (reproduced with permission from ref. [51], copyright 2020, Wiley-VCH). 
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Figure 14. The effects of various support materials for a Cu catalyst: (a) in situ Cu K-edge spectra obtained during the initial 30 min for the supported catalysts Cu-on-Cu3N (green) and Cu-on-Cu2O (orange), along with reference spectra for Cu (red) and Cu3N (yellow); (b) the ratio of Cu+ to reaction time at −0.95 V vs. RHE; (c) the stability of Cu, Cu-on-Cu2O, and Cu-on-Cu3N towards C2+ selectivity (reprinted with permission from ref. [119], copyright 2018, Springer Nature). 
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Figure 15. A robust Ni single atom supported on porous carbon fibers membrane (NiSA/PCFM): (a) schematic synthesis; (b) the results of current density (black line) and FE (red squares) for CO production long-term stability tests in a GDL-based flow cell at −1.0 VRHE (reproduced with permission from ref. [124], copyright 2020, Springer Nature). 
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Figure 16. (a) Comparison of the cyclic two-step electrolysis and potentiostatic electrolysis in terms of current density and product selectivity; (b) potential program and reaction scheme for the cyclic two-step electrolysis; (c) the dependence of the current density recovery (jtotal) and the HCOO− FE on the oxidation period (reproduced with permission from ref. [58], copyright 2019, Springer Nature). 
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Figure 17. (a) A comparison of the selectivity towards CO2 reduction to ethylene in 7 M KOH and the stability of a graphite/carbon NPs/Cu/PTFE electrode and a traditional carbon-based GDE. The insets show the cross-sectional SEM and energy-dispersive X-ray spectroscopy mapping of the sample after 150 h of continuous operation (reproduced with permission from ref. [94], copyright 2018, AAAS); (b) a schematic illustration of a CO2 reduction cell with a solid electrolyte. The SSE is either an anion or cation conductor (reproduced with permission from ref. [45], copyright 2019, Springer Nature). 
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