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Abstract

:

Managing the concentration of atmospheric CO2 requires a multifaceted engineering strategy, which remains a highly challenging task. Reducing atmospheric CO2 (CO2R) by converting it to value-added chemicals in a carbon neutral footprint manner must be the ultimate goal. The latest progress in CO2R through either abiotic (artificial catalysts) or biotic (natural enzymes) processes is reviewed herein. Abiotic CO2R can be conducted in the aqueous phase that usually leads to the formation of a mixture of CO, formic acid, and hydrogen. By contrast, a wide spectrum of hydrocarbon species is often observed by abiotic CO2R in the gaseous phase. On the other hand, biotic CO2R is often conducted in the aqueous phase and a wide spectrum of value-added chemicals are obtained. Key to the success of the abiotic process is understanding the surface chemistry of catalysts, which significantly governs the reactivity and selectivity of CO2R. However, in biotic CO2R, operation conditions and reactor design are crucial to reaching a neutral carbon footprint. Future research needs to look toward neutral or even negative carbon footprint CO2R processes. Having a deep insight into the scientific and technological aspect of both abiotic and biotic CO2R would advance in designing efficient catalysts and microalgae farming systems. Integrating the abiotic and biotic CO2R such as microbial fuel cells further diversifies the spectrum of CO2R.
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1. Introduction


Controlling atmospheric CO2 concentration is essential to the mitigation of global warming. Amongst all strategies, CO2 conversion to value-added chemicals should be a top choice. In principle, CO2 conversion can readily take place naturally (biotic) by cultivating plants or algae to absorb CO2 and artificially (abiotic) by using synthesized catalysts in a controlled system to accelerate electrochemical CO2 conversion. Photosynthesis is the most known naturally occurring CO2 conversion reaction [1]:
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(1)







The forward and backward reaction in Equation (1) indicates the photosynthesis and the respiration, respectively. The significance of Equation (1), in addition to the photosynthesis and natural respiration, is the involved chemical cycles of carbon, nitrogen, and phosphorus. This further implies that the reclamation of trace nutrients is an additional benefit to biotic      CO  2     conversion. By contrast, artificial CO2 conversion requires energy input since CO2 has no heat value. Recent progress in catalysis greatly reduces the energy requirement in artificial CO2 reduction (CO2R).



There are excellent reviews on the mechanistic aspects and effectiveness of CO2R catalysts [2,3,4,5,6]. Artificial CO2R can be achieved by processes, such as electrochemical [7,8,9], photochemical [10,11,12], and photoelectrochemical (PEC), by which electrons are transferred to CO2 molecules to increase their energy content [13,14]. Electrochemical CO2R is an electron transfer reaction between the cathode and the adsorbed CO2. Photochemical CO2R relies on the transfer of photogenerated electrons in the LUMO (the lowest unoccupied molecular orbital) of the catalyst to the HUMO (the highest occupied molecular orbital) of adsorbed CO2. In photoelectrochemical (PEC) CO2R, the photogenerated electrons are transported to the cathode in the presence of a bias electric field. The external electric field effectively suppresses the recombination loss of photogenerated charge carriers and enhances CO2R efficiency.



In all modes of CO2R systems, catalysts (in the form of photosensitive or electric conductive) are needed to facilitate the CO2 reduction reactions. Therefore, the stability and surface chemistry of catalysts (electrodes) become important operation parameters. For instance, it is suggested that a thin    γ −   Al  2   O 3     overlayer could effectively stabilize the Faradaic efficiency and the partial current density of the SnO2 catalyst in an electrochemical CO2R reaction [8]. Chang et al. (2016) have reported that photogenerated holes, not electrons, are the primary cause of instability of Cu2O catalysts, which require Cu2O to be operated as dark cathodes [13]. High-CO-affinity electrocatalysts (i.e., Cr, Mn, and Fe-N-C) exhibited high carbon monoxide (CO) Faradaic efficiency. The pyridinic and hydrogenated (pyrrolic) nitrogen moieties of the carbonaceous support are active sites for CO2 adsorption [9]. Accordingly, a relatively basic surface (such as the presence of    γ −   Al  2   O 3     overlayer and pyridinic modification) would have a positive effect on CO2R efficiency enhancement, likely through increasing the affinity of the catalyst surface toward CO2 adsorption. Defects in a catalyst would introduce coordinately unsaturated sites (i.e., active sites for molecular chemisorption) and provide spatially supply channels for energy and electron transfers in photochemical CO2R [10]. Note that among all available CO2R processes, electrochemical CO2R is probably the simplest; therefore, it is the easiest and most sustainable (relative to chemical reduction) for operations and scaling-up.



CO2R involves the consecutive transfer of one electron or hydrogen from the catalyst to CO2 and intermediates, which gradually reduces the carbon oxidation number stepwise. Only intermediates that possess even oxidation numbers are thermodynamically stable. This is why formic acid (FA, HCOOH), carbon monoxide (CO), formaldehyde (HCOH), methanol (CH3OH), and methane (CH4) are always found in CO2R reactions. This review focuses on recent advances of CO2R systems, both biotic and abiotic processes, and as far as the broad view of CO2 conversion is concerned, three significant implications are noted [15].



Mitigating greenhouse gas effect: Electrocatalytic CO2R is usually conducted with high-purity CO2 based on thermodynamics considerations. This means that additional electricity is required for concentrating CO2 feedstock; however, the majority of electricity in modern society is produced through fossil fuels. Adopting electrocatalytic CO2R for the mitigation of the greenhouse effect would instead increase atmospheric CO2 concentration [2,16]. Therefore, increasing the deployment of renewable energy would be equally important in addition to the efficiency improvement of electrocatalytic CO2R from the prospect of greenhouse gas mitigation.



Electrochemical conversion of CO2 to fuels: In order to achieve a carbon neutral footprint through electrocatalytic CO2R, produced hydrocarbons should not be fed to the combustion engines directly. Instead, they should be feed for fuel cells [15]. Again, increasing the efficiency of fuel cells for feeding CO2-derived methanol [17,18] or formic acid [19,20] is another issue of concern. Selectivity of CO2R catalysts is crucial too as it minimizes the carbon footprint required for subsequent separation and concentration of hydrocarbons produced from electrocatalytic CO2R [21].



Electrochemical conversion of CO2 to a building block: Electrocatalytic CO2R to carbonaceous fuels usually leads to a positive carbon footprint as mentioned above. However, a carbon neutral footprint could be possibly reached by converting CO2 to a building block as an alternative. This is because CO2 is a C1 building block that requires no extra energy for its production [22]. For example, carbon monoxide produced by electrocatalytic CO2R could be directly used as the source for producing phosgene [23,24]. Similarly, as-obtained methanol and formic acid could be feedstocks for reversible chemical hydrogen storage and other applications [5,25].



Apparently, converting CO2 to a building block for chemicals production could entice the pursuant of electrocatalytic CO2R. Indeed, all conceptual designs of an economically affordable CO2R business for achieving a negative carbon footprint have assumed that the CO2R catalysts could exhibit excellent reactivity and selectivity. For instance, Gai et al. (2016) performed a conceptual design of methanol production from CO2 at an industrial scale using ASPEN Plus® (Bedford, MA, USA) in which CO and H2 are produced from the electrolysis of CO2 and H2O [26]. They found that when CO2 conversion is less than 42%, the optimal methanol synthesis route is CO hydrogenation. Importantly, the achievement of a near zero carbon emission power plant is strongly built on the assumption that CO is the only intermediate and no additional energy is required for CO isolation [26]. Sun et al. (2019) have developed a 20 MWth solar–wind biodistributed energy system for simultaneously biomass cascade utilization, water resource conservation, waste heat recovery, and CO2 mitigation for hydrogen, formic acid, and grapheme production [27]. Again, in their framework, the energy efficiency is vulnerable to the compromised selectivity of electrocatalytic CO2R. Based on the above considerations, it is clear that the success of a CO2R industry strongly relies on multidiscipline cooperation and that technology is part of this. Additional bonuses such as creating jobs, building blocks for chemicals, and carbon right trading would make CO2R more sustainable. Integrating the knowledge of biotic and abiotic CO2R is another useful approach. A good example is the microbial electrosynthesis system (MES), in which the microbial is responsible for biotic CO2R, while engineering the electrode (abiotic CO2R) further improves the overall CO2R efficiency. Accordingly, recent advances in abiotic CO2R and biotic CO2R will be reviewed herein. Having a deep insight into the scientific and technological aspects of both abiotic and biotic CO2R would advance the design of efficient catalysts and the microalgae farming system. We first focus on the technology aspect of abiotic CO2R by discussing the reactivity and selectivity of CO2R catalysts and reaction mechanisms in both water and gas phases. The effect of the surface chemistry of synthesized catalysts on the reactivity and selectivity of CO2R will be addressed. This will be particularly beneficial to the rational design of high-efficient catalysts for CO2R conversion. CO2R through microalgae abstraction of CO2 is highly influenced by the bioactivity of selected microalgae. Separation and purification of various value-added chemicals obtained is another issue of concern, and further refinery of algal biomass is also included in this review. Additional considerations such as the involvement of other stakeholders that allow CO2R to be more sustainable are also discussed.




2. CO2 Conversion Processes


2.1. Homogeneous Catalysts for CO2R


Figure 1 illustrates the different reaction steps involved in the homogeneous and heterogeneous CO2R. In the homogeneous CO2R system, two reaction steps are suggested: (i) the redox of the catalyst and (ii) the charge transfer from the catalyst to CO2. The homogeneous CO2R catalyst is also known as the molecular catalyst and is designed by mimicking the structure of chlorophyll. In the chlorophyll structure, both the metal center (Lewis acid) and the chelating ligand (Lewis base) are known to have a strong influence on the energy gap and electron transfer pathway [12]. For example, the porphyrin (in porphyrin-Co, porphyrin-Cu, and porphyrin-Au homogeneous catalysts) has been identified as both a ligand and a photoswitch to regulate the electron transfer pathway to the metal center [12]. An important feature of the homogenous catalyst for CO2R is that CO2 reduction occurs at the potential of the catalyst, not at the thermodynamic potential, where the CO2 reduction takes place [2]. Accordingly, the mass transport of homogeneous catalysts from the diffusion layer to the electrode surface therefore regulates the CO2R efficiency. It is difficult to conclude whether either homogeneous or heterogeneous CO2R reduction is advantageous over the other. The CO2R efficiency in the continuous operation unit of the flow cell will be high over homogeneous catalysts. However, surface engineering at a heterogeneous catalyst for enhancing CO2R selectivity is relatively easy. The sluggish oxygen evolution kinetics occurring at an anode (as it involves a four-electron transfer) limits the overall CO2R efficiency [28].




2.2. Heterogeneous Catalysts for CO2R


In the heterogeneous CO2R system, three reaction steps are involved: (i) CO2 adsorption at the catalyst surface; (ii) charge transfer from the catalyst to adsorbed CO2; and (iii) desorption of reduced products. The important CO2R intermediate in this system is the highly reactive      CO  2    −     radical anion, which is produced through reorganizing linear CO2 to the bent radical anion [29]. Apparently, bending linear CO2 requires significant amounts of additional energy to form/break chemical bonds (chemisorption) and transfer electrons. Accordingly, kinetics in bond-forming interactions and electron transfer significantly regulate CO2R efficiency. The distribution of CO2R products is further identified to be closely influenced by the activation energy of chemisorption [2,3,4]. For example, the activation energy of metallic catalysts, such as Pt, Ag, and Cu for CO2 chemisorption is relatively low. This accounts for the fact that CO is the major product in this case as CO2 reduction is initialized by the charge transfer from the catalyst surface to the adsorbed CO2 [30]. By contrast, hydrogen transfer would be the dominant reaction in CO2R if the activation energy for CO2 chemisorption is relatively high. This explains that the CO2R through Cu cathode mainly produces hydrocarbons, methanol, and formaldehyde [31]. Nanostructured catalysts are frequently used in heterogeneous CO2R because of the large specific surface area, which always comes with a great fraction of highly active low-coordination sites, such as edges, steps, and defects [32]. Composite CO2R catalysts, such as metal–metal oxide, metal–carbon, and others will exhibit synergistic effects as they accelerate reaction kinetics, enhance catalyst stability, and improve selectivity relative to their individual counterpart [3].





3. The Chemistry of Abiotic CO2R


3.1. Abiotic CO2R in Water Phase


CO2R can occur in the water or gas phase. In the former system, carbonate species, namely, H2CO3*, HCO3−, CO32−, are reduced. In the latter, gaseous CO2 is reacted with electron donors over catalysts and C1 or C2 compounds such as CO, formate, methanol, and oxalate are major products. Undoubtedly, the usage of rare and precious metals, such as Re and Pd, always leads to the highest CO2R efficiency [4]. The application of transition metals such as Fe, Mn, and Ni has received much attention recently because of material abundance and economical affordability [33,34].



3.1.1. Effect of Cu Surface Chemistry on Abiotic CO2R


Buckley et al. (2019) have studied the structure-reactivity relationships of electrocatalytic CO2R on modified Cu cathode surfaces [35]. The Cu cathode is first modified with long chain hydrocarbons so as to render the Cu surface hydrophobic. Modified electrodes are used to study the CO2R reaction in CO2-saturated KHCO3 (0.05 M) solution [36]. The Faradaic efficiency (ηF) of each species is calculated by Equation (2):


    η F  =  nFVC Q    



(2)




where F is the faraday constant (96,485 C-mol−1), V is the volume of electrolyte (specifically the catholyte), C is the concentration of carbonate species (M), and Q is the total charge passing through the cathode during electrocatalysis CO2R. n is the number of electron transfer in the CO2R process. For example, n = 2 for CO2 reduction to CO or HCOOH (FA). The partial current density (ji) of certain species is the product of the Faradaic efficiency and total current density (jtotal):


ji = ηF × jtotal



(3)







Figure 2 shows the replotted contour image of the current density of FA, CO, and H2 production in electrocatalytic CO2R over the modified Cu cathode [35]. Two interesting features are noted in Figure 2. First, FA is the major CO2R species on Cu-based cathodes as its value is about tenfold higher than that of CO. Second, the hot zone (the red area) of the hydrogen current occurs at the left-handed side of the figure that corresponds to the region with the lowest CO current. This clearly indicates that electrocatalytic hydrogen production profoundly competes with CO evolution. Importantly, the hot zone of hydrogen evolution appears in the region with a moderate FA current (0.5~2.5 mA/cm2). This means that FA formation is less affected by hydrogen evolution than that of the CO formation [13]. It must be mentioned that increasing operation potential inevitably leads to high H2 yield (Figure 3) [37]. Due to thermodynamics restrictions, FA and CO evolution in CO2R is suggested to be carried out at a relatively low potential condition.



Engineering electrochemical properties of cathode materials enhances the selectivity. Designing an efficient catalyst for CO2R is a highly technical challenge due to the strong completion from the hydrogen evolution reaction (HER) [3]. Factors such as catalytic reactivity, product selectivity, Faradaic efficiency, catalytic stability, and reduction mechanisms are crucial to controlling the efficiency of CO2R [38]. A systematical evaluation of the effect of catalyst structure on reaction selectivity is hence highly desirable [4]. Taking the electrocatalytic CO2R molecular system as an example, the energy required to dissociate an M–H bond to form a hydride is the key parameter in CO2R selectivity [2,4,39,40]. Figure 4 shows pathways regulating the transfer of either two protons (for CO evolution) or two electrons (for formic acid formation) and in both cases hydrogen evolution is always the major competitive side reaction.



In this framework, the preferential interaction between the catalytic metal center and CO2 over protons is responsible for the selectivity for CO evolution. While the moderate hydricity facilitates CO2 insertion into M–H bonds for FA production, strong hydride donors catalyze H2 formation [2,4,39,40]. It has been suggested that catalytic activity requires the presence of a weakly coordinating solvent molecule that can readily become dissociated during the catalytic cycle as to provide a vacant coordination site for water binding and assisting C−O bond cleavage [4]. Generally, H2 and FA formations are favorable reactions in aqueous solutions [39]. In fact, by plotting the hydricity as a function of individual free energy for the one-electron reduction of the parent species, a linear correlation appears indicating high FA selectivity over CO formation. Importantly, this correlation extends over a wide range of metals, ligand architectures, structural geometries, and overall charge of the metal hydride [40]. High overpotential is always found in CO2R [41]. Despite hydrogen evolution always being a competing reaction in CO2R, it is still worthy of scientific investigation on the hydrogenation of CO2 to FA and dehydrogenation of FA as a practical hydrogen storage pathway [5]. FA formation essentially increases the density of hydrogen gas [6]. This opens a practical alternative, such as the direct formic acid fuel cells (DFAFC) [42]. Major heterogeneous metal catalysts, such as In, Sn, Hg, and Pb exhibit high FA selectivity [5,6,41,42]. Electrochemical CO2R on polycrystalline Sn surfaces exhibits high FA selectivity too. Formation of *OCHO at Sn surfaces is the key intermediate for FA production due to optimal *OCHO binding energy. The results suggest that oxygen-bound intermediates are critical to understanding the mechanism of CO2 reduction to HCOO– on metal surfaces [43].



Cu is known to have relatively low CO selectivity because the CO produced is further reduced to several multi-carbon oxygenates (i.e., ethanol, acetate, and n-propanol) [41]. Specifically, sulfur-modified copper catalysts (Cu–S) exhibit positive correlation between particle size and selectivity toward FA evolution [44]. Nanostructured porous dendritic Cu-based catalysts show stable and selective conversion of CO2 into FA at high current density with low overpotential [45]. The relatively low CO selectivity on Cu surfaces results from consecutive CO electroreduction activity [46]. That is, in CO2-saturated aqueous solutions, polycrystalline Cu catalysts produce a mixture of compounds. Indeed, H2 evolution is dominated at low overpotential, CO and FA formation mainly occurs at high overpotential, while hydrocarbons, ethanol, acetate, and n-propanol formation happen at the most extreme overpotentials [47,48]. In a CO2 free environment, CO is reduced to hydrocarbons and multi-carbon oxygenates over the Cu catalyst [49,50]. Interestingly, oxide-derived Cu (Cu catalysts prepared by reducing Cu2O) shows much higher H2 selectivity than polycrystalline Cu [51]. Similarly, aqueous electrochemical CO reduction to C2 products by face-to-face coordinated thiol-terminated metalloporphyrins on copper electrodes exhibits 83% Faradaic efficiency and 1.34 mA/cm2 current density at −0.40 V vs. RHE. This is a significant improvement in both selectivity and activity by one order of magnitude over parent copper surfaces or copper functionalized with porphyrins in an edge-on orientation [52]. In a similar system, oxide-derived copper (OD-Cu) electrodes exhibit a high CO reduction performance by producing ethanol and acetate with >50 % Faradaic efficiency at −0.3 V vs. RHE [53].



In a short summary, the selectivity of abiotic CO2R in the aqueous phase is highly sensitive to the surface chemistry of Cu-family catalysts. CO2R occurring at the aprotic surface tends to yield CO as the major product. By contrast, CO2R happening at the protic surface is prone to produce hydrocarbons and multi-carbon oxygenates as the major products. In this case, the selectivity is strongly affected by the involved reaction pathway. In the former case, the reduction is achieved through the charge transfer, while in the latter case the hydride transfer is mainly responsible for the CO2R. The adsorption affinity between reduced intermediates and Cu-family catalysts is another critical factor regulating the CO2R selectivity. High adsorption affinity slows the desorption of the reduced intermediates, which enables their consecutive reduction. This explains that the hydrocarbons and multi-carbon oxygenates as the major products are found in this case. It is thus concluded that increasing CO2R selectivity could be achieved through the modification of surface hydrophobicity and adsorption affinity.




3.1.2. Effect of Surface Chemistry of Non Cu-Family Catalysts on Abiotic CO2R


In the iron-based CO2R, introducing the extra elemental Fe plate profoundly decreases the overpotential of the microbial electrosynthesis system (MES) [54]. In this MES system, all produced CO2 is reduced to formate at the cathode and vast hydrogen is produced during the digestion of waste activated sludge. This is attributed to the high selectivity toward formic acid evolution over CO and methane production to the reduction of H+ at the cathode due to the slow methanogensis in Fe-C MES [54]. In the case of photocatalytic CO2R, enhancing sunlight conversion efficiency is always accompanied with improving CO2R selectivity [55]. Similar to the strategy adopted in the dye-sensitized photoelectrochemical cells [56], increasing selectivity in FA formation is usually achieved through coordinating active metals with covalent organic frameworks. For example, the columnar orientation COFs (covalent organic frameworks) provides a high-efficient charge carrier transport through the ordered π-electronic pathway, which improves electron transfer from COF to metal moiety and thus increases the reactivity [55]. The results of density functional theory computations further reveal that COFs decorated with electron-donating substituents favor CO2 reduction by decreasing the hydricity of the Rh–H bond. This results in a lower hydride transfer barrier toward formic acid production [57] because the selectivity toward CO or HCOOH production is dependent on the coordination environment of the metal ion being capable of cleaving the C–O bond in the metal–CO2H intermediate [55]. Specifically, an electron-rich coordination environment breaks the C−O bond to form CO, whereas an electron-deficiency coordination environment tends to enhance the C−O bonding thereby enhancing FA formation [58]. That is, if the center metal in covalent-organic frameworks (COFs) is a strong π-donor, such as Co(II), it usually tends to promote CO evolution. By contrast, a weak π-donor, such as Zn(II), favors HCOOH production [55]. A catalyst exhibiting low adsorption energy for HCOO* (i.e., a large energy difference between the two adsorbed CO2 reduction intermediates, namely HCOO* and COOH* and large H* adsorption energy) would have high FA selectivity [59]. Ajmal et al. (2019) have studied the selectivity of the CO2 reduction reaction over bimetallic CuZn alloy catalysts and reported that the Faradaic efficiency and partial current density of FA on Cu0.5Zn0.5 (equal molar ratio of Cu and Zn) are enhanced by nearly 4 and 5 times, respectively, that of Cu foil [60]. The high selectivity of the CuZn bimetallic alloy catalyst is originated from the synergistic effect of Cu and Zn. In this case, the Zn (a weak π-donor) is likely to create a large energy difference for the adsorption of two CO2 reduction intermediates, namely, HCOO* and COOH*. An et al. (2019) have studied CO2 reduction over Sn/SnOx catalysts and reported a maximum FA Faradaic efficiency of 89% at −1.7 V (vs. Ag/AgCl) in a 0.1 M CO2-saturated KHCO3 solution [61]. The authors further concluded that Sn(IV) and Sn(II) species are mainly responsible for controlling the overpotential and suppressing H2 evolution toward improved FA selectivity. Chatterjee et al. (2019) have reported that nanoporous Pd-based alloys (np-PdX, X = Co, Ni, Cu, and Ag) exhibit FA selectivity following the order: np-PdAg > np-PdCu > Pd/C > np-PdNi > np-PdCo [62]. They have concluded that the composition-dependent behavior was governed by CO adsorption strength associated with the presence of transition metal alloying components near the Pd-skin surface and a composition-dependent change in the near surface H-sorption capacity. Interestingly, the free-standing np-PdCo and np-PdNi catalysts are able to sustain a high formate partial current density (>20 mA-cm−2) with high CO poisoning tolerance while exhibiting insignificant loss of the active area [62]. This further highlights the importance of durability and resistance of catalysts against CO poisoning during CO2R.



The results of computational hydrogen electrode model simulation reveal a striking similarity in CO2R electrocatalytic activity for the Cu3 vs. Cu5 and Cu4 vs. Cu6 size-selected clusters [63]. The rate-limiting potential of Cu4 and Cu6 clusters in CO2R is the proton-electron (H+ + e−) transfer to CO* (species adsorbed on clusters) to form CHO*, which is also the rate-limiting step on Cu surfaces. On the other hand, with respect to Cu3 and Cu5 clusters, removing OH* from the cluster surface (OH*    → S + OH )    is the rate-limiting step in CO2R [63]. The above simulation unambiguously implies the role of surface defects, in addition to bulk electrocatalysts, in regulating CO2R reaction pathways. Indeed, the electrolysis of CO2 on 4-aminomethylbenzene-modified Pb electrodes exhibits a current density as high as 24.0 mA/cm2 (at −1.29 V vs. RHE) and a FA Faradaic efficiency greater than 80% [28]. Pt-based alloys having high-index facets generally show high specific catalytic activity over those having low-index facets [64]. Exposing the high-index facets of nanosized particles is promising to enhance Pt utilization and at the same time enriches crystalline defects in the CO2R catalyst [64]. Similarly, Pan et al. (2019) have reported that N,S-codoped carbon catalysts exhibit 92% CO Faradaic efficiency and CO current density of 2.63 mA/cm2 at a low overpotential of 0.49 V versus RHE [65]. Incorporating S in N-doped carbon introduces a high population of activate pyridinic N sites, which significantly decreases the free energy barrier for the formation of intermediate *COOH thereby enhancing CO adsorption toward high CO selectivity [65]. The high CO selectivity of the Pd85Cu15 catalyst is attributed to the presence of a larger number of low-coordination Cu sites than active monometallic Pd sites on the catalyst [66]. Accordingly, manipulating the size and chemical composition of bimetallic nanoparticles is critical to the selectivity of CO2R [66]. Results of density functional theory calculation indicate that high reactivity and selectivity are the outcome of defects that stabilize the *OCHO intermediate [67]. Surface modification of the Cu catalyst with protic, hydrophilic, and cationic hydrophobic species results in increasing the selectivity of H2, FA, and CO, respectively [35]. Table 1 summarizes the performance of various CO2R processes. Note that Faradaic efficiency alone is not sufficient to express the degree of selectivity because the current density of individual species is also an important characteristic of an efficient catalytic CO2R reaction. In addition, as mentioned above, a low faraday efficiency in CO/FA is usually accompanied by a high faraday efficiency in H2 evolution, which is another valuable product of CO2R in the aqueous solution.



Electrolytes also play a crucial role in determining CO2R selectivity. CO2R over the BDD electrode in the KClO4 electrolyte produces CO, whereas FA is the major product in the KCl electrolyte. This is because ClO4− promotes the adsorption of      CO  2     • −      intermediates [37]. Similarly, Eder et al. (2019) have reported that on Ru-based catalysts, hydrosilanes additives and KF stabilized formate intermediates (silylformate) forms form potassium formate with a turnover number of 110 mmol-formate/mmol-Ru [70]. Note again that the CO2R selectivity is a function of applied voltage, which gradually shifts from      HCOO  −    /HCOOH to CO/H2 with increasing overpotentials [68,69]. Based on the above consideration, a new approach for effective CO2R by an aluminum hydride-like reductant has been attempted [71]. The reductant is an organoaluminum complex containing a formal aluminum double bond (dialumene). Weetman et al. (2019) have demonstrated that dialumene improves the selective formation of formic acid equivalent via the dialuminum carbonate complex rather than the conventional aluminum–hydride-based cycle [71]. Likewise, Zhao et al. (2019) have reported that the      KBH  4     reduces      CO  2     to      HCO  2    −     readily, accompanied by the release of activate intermediate species and H+. Further, CO2R is accelerated by a Cu/Ni bimetal catalyst that effectively regenerated the active boron species [72].



Briefly, the surface chemistry of non-Cu-family catalysts also strongly influences the selectivity of abiotic CO2R in the aqueous phase. Unlike the Cu-family catalysts, the unique characteristics of non-Cu-family catalysts is that they can be tailored with a specific porous framework. In this configuration, the kinetics in the confined space govern the CO2R selectivity. The localized coordination environment is another factor regulating the overall CO2R selectivity, which can be modified via doping or introducing defects. Along with the modification is the adjustment in the energy levels that further affects the lifetime (stability) of the COR2 intermediate and consequently the CO2R selectivity.





3.2. The Chemistry of Gaseous Phase Abiotic CO2R


Several valuable chemicals such as CO, methane, methanol, low olefins, and long-chain carbohydrates could be produced from the gaseous phase CO2R reaction. To achieve selective CO2R, catalysts that are effective in activating both H2 and CO2 and stabilizing surface intermediates are needed. To this end, most catalysts are comprised of metallic sites, which are active in splitting adsorbed H2 (from H2 to H*) and exhibit a high affinity toward CO2 adsorption. Additional modification with alkali or noble metals can further change the surface acidity or aid in the formation of an extra alloy phase in the catalyst [73]. The metal/support interfacial sites are highly active in CO2 hydrogenation due to electron perturbation of the metal and partial reduction of metal oxide via the H-spillover mechanism [74,75].



Wet impregnation and co-precipitation are the two most frequently used methods to synthesize heterogeneous catalysts for CO2 hydrogenation [76,77]. Nanosized catalysts can be synthesized by flame-spray pyrolysis [78]. The catalysts made by pyrolyzing metal organic precursors can achieve a complex nanostructure with high surface metal loadings [79,80] and the carbon sites can promote the adsorption and activation of CO2 [81]. Fixed bed reactor configuration is applied in the evaluation of catalytic performance, in which specific amounts of catalysts are distributed over inert particles, such as SiC or silica, to the minimize hot spot phenomenon. After pre-reduction of the catalysts in H2 flow, the stream that contains certain ratios of H2/CO2/inert gas with a specific gas hourly space velocity (GHSV) is injected into the fixed bed reactor. The CO2 conversion (XCO2) and selectivity (S) toward CO and low hydrocarbons are measured from on-line gas chromatography, while the long chain hydrocarbons are collected in a cold trap for further quantification.



3.2.1. Hydrogenation of CO2 to CO and CH4


Under ambient pressure, hydrogenation of CO2 over most metal catalysts produces either CO or CH4. The product CO can serve as a feedstock in the methanol synthesis process and the Fischer–Tropsch process for further carbohydrate synthesis [73]. Conversion of CO2 to methane could buffer the fluctuations in energy supply via the power-to-gas process that converts excess electricity to H2 as the reducing agent in CO2 methanation [78]. Equations (4) and (5) present the Sabatier reaction and reverse water–gas shift (RWGS), corresponding to the hydrogenation of CO2 to methane and CO, respectively. Thermodynamically, the former reaction dominates at T < 500 °C, while the latter at T > 500 °C. However, as presented in Table 2, the selectivity toward CO and methane is greatly altered on the heterogeneous catalysts with the combination of various metals and supports.


     CO  2  + 4  H 2    →      CH   4  + 2  H 2  O   



(4)






ΔH298K = −165 kJ/mol










     CO  2  +      H   2    →    CO    +      H   2  O   



(5)






ΔH298K = 41 kJ/mol











In the presence of noble metals, CO2 hydrogenation to CO can be realized at a low temperature. This phenomenon is attributed to the lower activation energy of the hydrogenation process on the active sites of metals [86]. For instance, Dietz et al. (2015) have simulated RWGS at the (111) plane of several metals and found that Ni, Cu, and Rh favor the dissociation of CO2 → CO + O, while Ag, Pd, and Pt prefer the hydrogenation pathway: CO2 + H → COOH [86]. When Pt is loaded on silica and titania, the support itself enhances CO2 adsorption. The energy change of CO to HCO governs the selectivity toward CO, while the competition for *H2COH between hydrogenation and C–O bond cleavage affects the preferential production of CH4 or CH3OH [87]. The performance of Pt on RWGS is enhanced by the addition of a potassium promoter, which enables the formation of Pt-O(OH)-K interfacial intermediate that promotes the adsorption of the bicarbonate species, the precursor of CO via the formate pathway. CO2 conversion in the K-promoted Pt/zeolite system at 500 °C is 27.4%, which is 2-fold greater than the system without K-promoters [88]. Kattel et al. (2016) further reported that the interfacial sites between PtCo alloy and other reducible oxides (CeO2, TiO2 and ZrO2) are important to stabilizing surface intermediates [82]. Wang et al. (2015) have studied the mechanisms of CO2 hydrogenation over Pd/Al2O3 and concluded that RWGS and the Sabatier reaction do not take place at the same surface sites [89].



Ru-based catalysts show great catalytic methanation at a low temperature. Dreyer et al. (2017) have investigated the hydrogenation of CO2 using Ru-based catalysts dispersed on different metal oxide supports, including Al2O3, ZnO, MnOx, and CeO2 [78]. They have found that methanation occurs by partial reduction at metal oxides supports, which increases the coverage of H* but strengthens the C–O bond of CO*. The highest CO2 conversion (83%) and methane selectivity (99%) at 300 °C is obtained by the Ru/CeO2 system [78]. Guo et al. (2018) have demonstrated the metal-support interactions and the effect of H-spillover on CO2 methanation [90]. By varying the degree of Ru dispersion from the size of a single atom to nanoparticle (4 nm) on Ru/CeO2, metal-support interaction is the strongest for a single-atom Ru/CeO2 that facilitates CO* activation, whereas H-spillover prevails in large Ru clusters and prevents the catalyst from poisoning by enhanced H2O removal [90]. Thus, controlling the size of Ru at around 1.2 nm achieves an appropriate balance between the two phenomena, leading to a turnover rate of 1.6-fold and 14-fold greater than single-atom and 4-nm Ru, respectively [90]. The interactions between Ru and TiO2 are fortified by syngas pretreatment at 600 °C, which leads to an increase in interfacial sites on Ru-TiO2 by encapsulation of Ru [91]. Hydrogenation of CO2 on nickel-based catalysts has been explored extensively. Dispersing Ni on SiO2 support is deterministic of selectivity, in which the 10 wt% Ni/SiO2 is effective in stabilizing the monodentate configured HCOO intermediate, which does not occur on catalysts of low Ni loadings (0.5 wt%) [92]. Bi et al. (2019) have demonstrated that impregnating Ni on an MCM zeolite with a sodium-free alkaline agent enhances the synergism between Ni and NiO during CO2 hydrogenation via H2 adsorption and CO2 activation, respectively [85]. The catalyst exhibits remarkable CO2 conversion (68.3%) and methane selectivity (91.4%) with high stability [85]. Doping Ni/ZrO2 with iron enhances the reducibility of Ni and ZrO2 owning to the electron-donating property of Fe(II), which in turn promotes the synergism effects of Ni-NiO and metal-support interactions [83,93].



Based on the above discussions, it is noted that in addition to the reactivity of CO2R catalysts, the chemical environment of the support also plays an important role in CO2R selectivity in the gaseous phase. This is because the gaseous abiotic OC2R is conducted in a high temperature (in comparison with the condition of the aqueous CO2R). In this configuration, the dispersion of CO2R catalysts and consequently their contact with support is highly sensitive to the stability of support. A relative alkaline support such as alumina is beneficial for CO2R efficiency as      CO  2     is regarded as a weak acid in this configuration. It is thus suggested that in addition to the characteristics of the CO2R catalyst, its dispersion over the support is another issue of concern for rationally engineering a CO2R catalyst with high selectivity and efficiency.




3.2.2. Hydrogenation of CO2 to Methanol


Methanol is a valuable CO2 reduction product as it can be served as biofuel, building blocks in organic synthesis, and fuels for a methanol-based fuel cell. Table 3 shows CO2 conversion to methanol at a pressure of 1–4 MPa over different metallic meal oxide catalysts. Catalyst Cu/Zn/Al2O3 plays an important role in the commercial methanol production from syngas. DFT studies reveal that the stabilization of the transition surface species is the key to achieving high selectivity in the syngas conversion. The formate pathway predominates the total process on the surface of Cu/ZnAl2O4 and Cu/Zn/Al2O3, in which the rate-limiting step is the formation of H2COO* and H2COOH* [94,95]. The CO production via RWGS is the major byproduct in methanol synthesis. Based on the H/D isotope substitution technique, it is known that methanol synthesis and RWGS occurrence take place at difference surface sites on Cu/ZnO/Al2O3, Cu/MgO, Cu/SiO2, and Pd/SiO2 [96]. Karelovic and Ruiz (2015) have suggested that ZnO loads with larger Cu particles tend to suppress the activity of RWGS as the specific methanol formation rate per surface Cu is independent of Cu particle size, while that of CO is enhanced by smaller Cu particles [97]. Ro et al. (2016) have studied the synergistic effect by dispersing Cu on ZrO2 and reported that the rate constant of CO2 conversion on Cu-ZrO2 interfacial is eight times greater than that on plain Cu [98]. Phongamwong et al. (2017) have added colloidal silica on Cu/Zn/ZrO2 as geometric spacers to enhance the stability and performance of the Cu-based catalysts in CO2 hydrogenation [99]. The authors have reported that 1% of SiO2 loading increases the methanol synthesis activity by 26% and retains 12% more activity after emerging from the steam for 96 h at 280 °C.



Bimetallic Pd, such as PdZn and PdCu, exhibits a high methanol yield similar to Cu-based catalysts even at low temperatures [73]. The Pd dispersed in ZnO shows exceptional stability attributed to the particle size being maintained at 5 nm even after pre-reduction at 400 °C. While the colloidal dispersion technique is effective in stabilizing the interfacial sites of PdZn, its methanol formation yield is 40-fold greater than the same catalysts synthesized by the traditional wet impregnation method [101]. PdCu and PdCu3 bimetallic catalysts exhibit a methanol formation rate of 0.31 μmol gcat−1 s−1, which is 3.4-fold and 6.2-fold greater than monometallic Pd and Cu, respectively [100]. Results of DFT simulation further indicates that the (111) plane of PdCu is highly active in methanol evolution, particularly at the low-coordinated Pd on the stepped surface [102]. Furthermore, methanol evolution through the formate pathway again is the major catalytic reaction, which can be further promoted by adsorbing small amounts of water to lower the energy barrier through the H-shuttled mechanism [102]. A novel metal-free In2O3 catalyst is also known to exhibit high selectivity in reducing CO2 to methanol [76]. The oxygen vacancies on In2O3 are important to CO2 hydrogenation. Specifically, the In2O3 with optimal oxygen vacancy exhibits a methanol yield of 3.7 mol kg-cat−1 h−1, CO2 conversion of 7.1%, and methanol selectivity of 40%, respectively, at 330 °C and 4 MPa [75]. Martin et al. (2016) have reported that the selectivity toward methanol over In2O3 approaches 100% in the temperature range of 200–300 °C [104]. The methanol yield is further promoted by increasing the density of surface oxygen vacancy through Ar sputtering, syngas pretreatment, and ZrO2 support [104]. Likewise, incorporating a small fraction of Mn into the spinel Co3O4 structure greatly enhances the methanol selectivity in CO2 hydrogenation, likely attributed to the increase in surface basicity [103]. In brief, the significance of the thermal stability of the support in the CO2R to methanol is relatively less profound than that in the CO2R to CO and methane. This is because the former is usually carried out in a relatively lower temperature than that of the latter. In this case, the surface basicity becomes much more significant in affecting the reactivity of CO2R catalysts.




3.2.3. Hydrogenation of CO2 to Low and Long Chain Chemicals


CO2 conversion to lower olefins (C2–C4), building blocks, and other long chain hydrocarbons in the gasoline range (C5–C11) or diesel range (C12–C21) has been explored extensively. Again, catalysts that are reactive in both CO2 hydrogenation and the Fisher–Tropsch reaction will be capable of achieving the CO2 conversion objectives [105]. Table 4 lists the performance of CO2 hydrogenation to low and long chain hydrocarbons on Fe-based catalysts. Upon CO2 hydrogenation to different hydrocarbons, the Fe-based catalysts undergo consecutive phase transitions together with the creation of multivalent charges and this surface reconstruction process further diversifies distinct active sites on the catalyst [84]. The creation of multivalent charges results in the spinel iron (Fe3O4) being composed of Fe3O4, iron carbides, and α-iron, which enhance the activity of RWGS, carbon chain growth, and olefins’ secondary reactions [106]. It is therefore suggested that an appropriate fraction of Fe3O4 and Fe5C2 is necessary for the production of high olefin and paraffin [107,108]. Pretreatment of Co-Fe bimetallic under various reducing gases (i.e, H2, syngas, and CO) is another effective ex-situ modification strategy to precisely control the phase transition [77]. Under the selected reducing environment, CO activation leads to the formation of CoFe alloy and carburized phases (Co2C and FeCx) that shift the selectivity toward low hydrocarbons and oxygenate [77]. While most Fe-based catalysts produce lower hydrocarbons, delafossite (CuFeO2) exhibits high selectivity toward long chain hydrocarbons (C5+) and 85 wt% of the produced long chain hydrocarbons are in the gasoline and diesel range [109]. Doping alkali metals on Fe-based catalysts is also beneficial to chain growth propagation due to stronger COx adsorption [106]. Compared to Na-free Fe3O4, incorporating 1.18 wt% of Na greatly enhances the CO2 conversion and selectivity toward light olefin from 29.3 to 40.5% and 0.1 to 40.3%, respectively [110]. The presence of potassium promoter on Fe-Co/Al2O3 diminishes the density of hydrogen on metal surfaces, which in turn suppresses the hydrogenation of olefins [111].



Bifunctional catalysts have emerged actively in synthesizing hydrocarbons from CO2 with great flexibility. Combined In2O3 and zeolite (HZSM-5) effectively synthesizes liquid fuels (C5+) from CO2 by suppressing undesired C1 products [112]. In the process, CO2 is first hydrogenated to methanol at the reduced site on In2O3. Methanol that diffuses to the acidic site of zeolite transforms to hydrocarbons by the hydrocarbon-pool mechanism, which results in 78.6% of C5+ hydrocarbons [112]. Replacing the zeolite HZSM-5 by SAPO-34 increases the selectivity toward lower olefins, probably as a result of changes in topology [74]. Notably, the bifunctional catalyst must be packed in granular instead of powder form as the surface acidity of the zeolite support is another important factor controlling the selectivity of CO2 hydrogenation toward hydrocarbons [112]. HZSM-5/Na-Fe3O4 composite also effectively converts CO2 to hydrocarbons in the gasoline range [110]. The above catalyst composites provide three distinct active sites: Fe3O4 sites for RWGS, Fe5C2 sites for FTS, and zeolites for oligomerization [105]. Na-Fe3O4/HZSM shows little deactivation; the CO2 conversion and C5+ selectivity remain at 27% and 54%, respectively, over 1000 h of operation [105]. Based on the above discussions, it is noted that the surface chemistry of the support is of equal importance to catalysts in CO2R. Interestingly, surface acidity instead of surface basicity is much more important in this case as the development of long chain chemicals strongly relies on the hydride transfer.



In short, there are advances in the development of heterogeneous catalysts for CO2 hydrogenation in recent years due to a better understanding of the elementary reactions via DFT simulation, catalytic performance of metal-support, and metal-dopant interfacial sites. With appropriate modifications, CO2 can be hydrogenated to CO, CH4, CH3OH, and other low and long chain hydrocarbons. Further challenges are reducing cost and increasing durability of catalysts, reducing cost of renewable hydrogen sources, and carbon dioxide capture.






4. Biotic CO2R


Biological CO2R has been around for a long period of time. CO2R by microalgae cultivation takes additional advantage over terrestrial plants because the photosynthesis efficiency of the former is about 10~50 times greater than that of the latter system [113]. The additional advantage of microalgae cultivation over other higher plants lies in this capability of being spatially cultivatable. Spatial arrangement can effectively maximize the land usage in accordance with the theme of the UN Sustainable Development Goals in which the balance among the natural science, social science, and stakeholders is particularly emphasized. Research activities, such as screening for appropriate microbial species, developing a novel cultivation strategy, and separating value-add byproducts have attracted much attention. Nutrient removal and recovery from nutrient-rich wastewater is an additional bonus of microalgal CO2R [114]. Sunlight, algal, carbon source, and nutrients are four essential components in microalgae CO2R as shown in Equation (1), which can be operated in open (outdoor with ponds and raceway reactors) or closed systems (indoor with columns) [113,115]. The crucial component in biological CO2R facilities is the photobioreactors (PBRs), which can be assembled in a variety of configurations, such as tubular, flat-plate, bubble column, and airlift PBR. CO2 bubbles are injected at the bottom of PBR to facilitate gas–liquid transport [116]. Operation variables include gas aeration rate (volumetric gas flow rate per unit volume of culture medium, vvm), biomass productivity (dry cell weight, DCW, per liter of medium per day, (g-DCW L−1 d−1)), specific growth (d−1), and CO2 sequestration/fixation rate (g-CO2 L−1 d−1) [117,118].



4.1. Biotic CO2R by Microalgae Farming


Table 5 summarizes the performance of different algal species in biological CO2R. Chlorella is a genus of green algae that has been widely studied due to its fast growth rate. In the Chlorella family, Chlorella sp. and Chlorella vulgaris exhibit the highest CO2R rates and highest lipid productivity (precursor of biodiesel) over others [119,120,121]. Scenedesmus sp., a microalga isolated from a marble mining site, is active at a high CO2 stream (~15% CO2) [122]. Asterarcys quadricellulare and Chlorella sorokiniana isolated from water bodies near a steel plant, survive at a high CO2 concentration (15%) and temperature (40 °C) [123]. Yun et al. (2016) isolated Acutodesmus obliquus from an acid mine drainage site that remains active in an acidic environment [124]. Microalgae collected from a domestic wastewater treatment plant (WWTP) remains active even under 50% CO2 (without aeration) in pH 7 to pH 11 [125]. In addition to naturally occurring microalgae, genetic engineered Chlorella sp. is able to survive in an alkaline environment (pH 6~11) with a biomass productivity 12-fold higher than the wild type [126]. Introducing an aldolase gene of cyanobacteria into the chloroplast of Chlorella vulgaris increases the biological CO2R efficiency by 1.2 times that of the original strain [127]. Li et al. (2015) have reported that genetic engineered Chlorella sp. is tolerable to high CO2 concentration and exhibits a biomass yield of 4.06 and 3.68 g-L−1 in 1 and 30% CO2, respectively, which are 1.3-fold and 3-fold that of the original strain [128]. The mixed culture of nitrifying bacteria and Chlorella exhibits a synergetic effect that enables biological CO2R at relatively high dissolved oxygen while achieving high biomass production (23%) [129].



In light of the cultivation condition, it is known that factors including pH, light intensity, temperature, level and form of carbon, nitrogen, and phosphate and trace elements significantly affect the efficiency and biomass composition of biological CO2R. The microalgae cultivation is often conducted at neutral pH (ca. 7~9). Acidification occurs mainly by dissolution of NOx and SOx and to a lesser extent CO2, and complicates the biological CO2R, especially when flue gas is the sole carbon source. The addition of pH buffers, such as phosphates [130], HEPES [123] and bicarbonate [131] minimizes pH fluctuation. An intermittent gas injection strategy based on pH feedback precisely controls the pH of the growth medium within a 0.5 unit [132]. Vo et al. (2018) have studied the performance of Chlorella sp. and reported that the highest CO2 fixation rate (1.65 g-CO2 L−1 d−1) is an N:P ratio of 15:1 [133]. Domestic wastewater [134,135], aquaculture wastewater [120,136], and landfill leachate [137] can serve as nutrient sources for microalgae cultivation to lower operational costs. Liu et al. (2017) have reported that Chlorella vulgaris, cultivated using WWTP effluent discharge, consumes ammonia then nitrate [134]. On the other hand, Fu et al. (2019) have reports that feeding urea to Chlorella vulgaris instead of nitrate as a nitrogen source increases the biomass productivity by 14%, and a low dose of D-glucose could stimulate its photoautotrophic biomass production [138].



CO2 fixation efficiency and biomass productivity are highly related to CO2 concentration in gas aeration and the injection modes of bioreactors. Posadas et al. (2015) have showed that the metabolic pathway of Chlorella vulgaris is sensitive to dissolved inorganic carbon concentrations [135]. Gonçalves et al. (2016) have studied the effect of CO2 concentration on biological CO2R of algae, i.e., Chlorella vulgaris and Pseudokirchneriella subcapitata, and cyanobacteria, i.e., Synechocystissalina and Microcystis aeruginosa and reported that the optimal CO2 concentration is 5.35 ± 0.34% [118]. Intermittent aeration of 10% CO2 to mutated Chlorella sp. achieves a CO2 utilization efficiency of 20.4%, which is 5-fold greater than continuous aeration. The rate of CO2 biosquestration in the continuous mode is greater than that of the injection mode (1.61 vs. 1.33 g d−1) [126]. The rate of biomass production and CO2 biosequestration are closely proportional to light intensity. However, algal growth at different life stages requires a different spectrum and intensity of light. Dineshkumar et al. (2016) have reported that the light intensity of 50~125 μmol m−2 s−1 is enough to sustain Chlorella minutissima initially (~24 h) [139]. Xie et al. (2014) have demonstrated that increasing light intensity on Desmodesmus sp. improves CO2 biofixation rate [117].




4.2. The Unit Processes for Biotic CO2R


Common microalgae farming systems includes batch, fed-batch, and semi-continuous cultivation. Although batch cultivation is easy to operate, nutrient depletion and declining light penetrability owing to biomass accumulation gradually loses its efficiency. Fed-batch supplies nutrients periodically to maintain necessary nutrient levels. For example, Xie et al. (2014) have reported that nitrate concentration at 2 mM is necessary to maximize the productivity of lutein by Desmodesmus sp. in the batch reactor [117]. Semi-continuous cultivation, which replaces certain amount of microalgal suspension with fresh medium in order to replenish nutrients and reduce the concentration of biomass, is probably the most common strategy in large-scale algae cultivation [126,144]. Furthermore, Huang et al. (2016) have studied a pre-harvesting cultivation strategy, using filtration to decrease the concentration of microalgal cells, and reported that nitrogen utilization efficiency can reach 76%, which is 1.7-fold that of semi-continuous cultivation [143].



Biological CO2R using flue gas is a highly desirable approach as it directly reduces the CO2 emission to the atmosphere. In general, flue gas contains 5~15% CO2 in addition to certain amounts of NOx, SOx, and H2S, which is somewhat harsh to algal growth. A mixed microalgal community collected from a freshwater lake can survive in 100% flue gas (11.2% CO2, 206 ppm NO2, and 273 ppm SO2) [130]. Cultivating Scenedesmus dimorphus with synthetic flue gas containing 15% CO2, 400 ppm SO2, and 300 ppm NO under continuous aeration can suffer a sudden pH drop that eventually suppresses algal growth. Under such a circumstance, there is the intermittent sparge of flue gas damping pH fluctuation that gives rise to a high productivity of algal biomass and CO2 removal [132]. The presence of NOx in the aeration gas is beneficial for microalgae in lipid productivity [123]. Sulphate accumulation up to 870 ppm resulting from the medium recycle has limited influence on CO2R by Tetraselmi ssuecica; however, the presence of H2S inhibits the growth of Chlorella sorokiniana [121,144]. In contrast, flue gas from a nature-gas boiler containing 8% CO2 and being purged continuously at 0.05 vvm exhibits limited influence on Chlorella sp. growth [136]. Kuo et al. (2016) have reported that algal biomass production in CO2 biofixation using Chlorella sp. in large-scale bubble column PBRs is the same as that of indoor laboratory scale reactor using flue gas streams that contain 24~26%, 10~80 ppm, and 15~90 ppm of CO2, NOx, and SO2, respectively [136].




4.3. Additional Ecomomic Benefit of Biotic CO2R


The economic benefits of microalgae CO2R are unsettling. Ou-Yang et al. (2018) have argued that carbon sequestration by microalgae is not profitable for coal-fired power plants even with government subsidies and the consideration of carbon price [145]. Zhu et al. (2016) have evaluated the economy of Chlorella zofingiensis cultivation in southern China and reported that growing algae with nutrient-rich wastewater significantly reduces the cost of biomass by $451 tonne−1 from savings of water and nutrients, when the credit of wastewater treatment at $0.55 m−3 is counted [146]. The production of one kg of biomass and one L of algal oil cost approximately $1.2 kg−1 and $3.9 L−1, respectively. Large-scale microalgae cultivation for biofixation of CO2 is capital intensive and requires massive land space [147]. Therefore, the cost of the microalgae growth facility has tremendous impacts on the economy of CO2 biofixation. At a photosynthetic efficiency of 4% and target CO2 fixation of 40%, the make-even market price of microalgae is at least $440 tonne−1. Therefore, maximizing the revenue of microalgae is vital for biofixation technology from an economic perspective. There are attempts to assess the microalgae economics in terms of algae farming toward energy production, e.g., the unit area of algal biomass production and CO2 fixation. As shown in Table 5, among a total of 29 references reviewed, the biomass production rate varies by 3 orders of magnitude (0.07–2.06 g-DCW L−1 d−1), whereas some specific growth rate (d−1) data are unavailable. Without definitively and reliably consistent data, it is beyond a reasonable challenge to examine the economic feasibility of algal farming. Apart from the economic feasibility assessment, it is certain that for those existing microalgae farming pilot plants, optimization of the unit process is a top priority as it makes the microalgae farming one step closer to the market-driven business.




4.4. The Utilization of Microalgae Biomass


The conversion of microalgae biomass to valuable products, i.e., biorefinery, is key to overcoming the economical obstacle toward CO2-derived bioeconomy [148]. Figure 5 depicts the concept of biotic CO2R coupled with further refinery of microalgal biomass to a variety of products, such as biofuel, pigments, health supplements, and pharmaceuticals [149]. As mentioned above, a market-driven CO2R business will definitely be more sustainable. Based on this consideration, CO2R with flue CO2 will have a strong incentive within the industry as it eventually reduces the carbon footprint in response to the Paris Climate Agreement. Micronutrient reclamation in microalgae farming further allows the biotic CO2R to be integrated with the wastewater treatment system of the agriculture sector [150]. The interest in microalgae biomass as a renewable and sustainable feedstock for biofuels (biohydrogen, biomethane, biodiesel) and various bioproducts has inspired a new focus in biorefinery [151]. Biofuel, pigments, health supplements, and pharmaceuticals derived from the biomass harvest not only give additional economic incentives but also allows for value-added green chemicals.



Khan et al. (2018) have reported that employing microalgae to convert atmospheric CO2 to useful products such as carbohydrates, lipids, and other valuable bioproducts through photosynthesis, essentially achieves environmental and economic sustainability [152]. Algae also need N and P as nutrients, which account for 10–20% of algae biomass [153]. These nutrients can be applied as biofertilizer and redeployed in agricultural lands, and the reduction of greenhouse gas (GHG) emissions, which enables meeting the current challenges toward a circular bioeconomy. To meet the increasing food demands, microalgae are potential alternatives to animal and aquatic feeds (i.e., millet, grams, and small fishes) because of the possibility for rapid and eco-friendly cultivation, higher protein content, omega 3 fatty acids, and carotenoids [154,155].



In addition to direct food consumption, microalgae can be feedstock for further conversion to various chemicals and fuels through thermochemical processes, such as liquefication, gasification, and pyrolysis. Liquefication of microalgae takes place in sub/supercritical water, which omits the energy-intensive drying process. The yield and selectivity during thermochemical liquefication depend on the chemical composition of biomass. The application of sodium carbonate as the homogeneous catalyst promotes a bio-oil yield of carbohydrate-rich microalgae at higher temperatures (300~350 °C) and a bio-oil yield of protein-rich microalgae at low temperatures (250 °C) [156]. Gai et al. (2015) have detailed the reaction pathways of hydrocarbons, proteins, and lipids during hydrothermal liquefaction of Chlorella pyrenoidosa and Spirulina platensis [157]. Liquefying microalgae over Co/CNTs catalysts improves the biomass conversion and bio-oil yield and enhances the selectivity toward hydrocarbons [158]. On the other hand, the liquid phase produced in hydrothermal liquefication is rich in phenolic compounds with high nitrogen content [157], which can be further applied to cultivate Chlorella vulgaris and Nannochloropsis gaditana [159].



Gasification converts carbonaceous substances in microalgae to combustible gases, such as syngas and methane. Conventional gasification, which partially oxidizes dry microalgae under 800~1000°C and 1~10 bar, is a mature technology but suffers from low thermal efficiency [160]. Raheem et al. (2017) have explored the feasibility of microalgae gasification using air as a gasifying agent and reported that hydrogen gas content is decreased from 24.2 to 19.5% when the loading of biomass is increased from 1 to 2 g in the quartz reactor at the optimal temperature of 95 °C [161]. Supercritical water gasification (SCWG) enables oxidization of wet microalgal biomass in a short reaction time, in which the proper catalyst is crucial for high gas conversion and selectivity toward combustible gases [162]. A continuous SCWG of Chlorella vulgaris has been demonstrated in Switzerland to produce methane-rich gas (55~60%) [163].



Chemical looping gasification (CLG) of microalgae is a novel technology that oxidizes biomass to syngas using an oxygen carrier (MexOy, preferably iron ores) in the fuel reactor, while the reduced oxygen carrier (MexOy−1) is regenerated in the air reactor [164]. The performance of CLG on Chlorella vulgaris is enhanced by microwave pretreatment of biomass and by the adding of CaO to absorb produced CO2 in the fuel reactor [165,166]. Pyrolysis of microalgal biomass in an oxygen-free environment produces syngas, bio-oil, and char. According to the heating rate and vapor residence time, pyrolysis can be categorized into slow mode (5~10°C min−1, 10~30 s) and fast mode (10~600°C/min−1, 1~3 s) [160,166]. Wang et al. (2017) have proposed the pyrolysis pathways of carbohydrate, lipid, and protein extraction from Nannochloropsis sp [167]. To improve the biofuel and vapor quality produced from pyrolysis, catalytic pyrolysis using zeolite has received much attention. Catalytic cracking of the pyrolysis vapor over zeolite HZSM5 promotes the selectivity toward monocyclic aromatic hydrocarbons, which are important chemical building blocks [168]. Catalytic pyrolysis of Chlorella vulgaris on Ni-supported zeolite enhances the quality of bio-oil, which produces less oxygenated and acid compounds compared to non-catalytic pyrolysis [169]. Based on the above discussions, an effective catalyst straightforwardly governs the gasification efficiency. This, once again, signifies the blurry line between the abiotic and biotic CO2R. Knowledge on the rational design of efficient abiotic CO2R catalysts is essential to engineering the surface chemistry of gasification catalysts.



The biological conversion of the harvested microalgal biomass via microorganism includes anaerobic digestion (AD) and fermentation. Anaerobic digestion of the biomass produces biogas containing carbon dioxide and methane through four stages: hydrolysis, acidogenesis, acetogenesis, and ethanogenesis [170]. Fermentation converts microalgal biomass to bio-ethanol in the presence of yeast or bacteria, and to biobutanol through the classic acetone-butanol-ethanol fermentation (ABE) process [171,172]. For both cases, it is necessary to rupture microalgal cells and pretreat biomass to improve the bioavailability, anaerobic biodegradability, and fermentability. The common pretreatments are mechanical, (thermo)chemical, and biological methods. Passos et al. (2015) have reported that thermal, hydrothermal, and microwave pretreatment of microalgal biomass enhances the bio-methane yield in AD by 72, 28, and 21%, respectively, whereas those by ultrasonication exhibit no significant increase [173]. Alkali thermochemical pretreatment on microalgae with polysaccharide-based cells, e.g., Chlorella and Nannochloropsis, effectively improves the biomass biodegradability and methane production in AD mode [174]. The enzymatic pretreatment is another effective route to degrade the cell wall and solubilize cellular biomass. Passos et al. (2016) have suggested that the composition of microalgal cell walls (cellulose, hemicellulose, pectin, and glycoprotein) is a critical issue in enzymes selection to achieve maximal biomass solubilization [175]. As for fermentation, the conversion of microalgal carbohydrates to fermentable sugar is accomplished during the pretreatment process. The combination of sulfuric acid treatment and enzymatic hydrolysis achieves maximal sugar release from Chlorella sorokiniana and Nannochloropsis gaditana (128 mg/g-DCW), while sole sulfuric acid treatment is the most effective method for Scenedesmus almeriensis (88 mg/g-DCW) [176]. Shokrkar et al. (2017) have reported that the combination of three thermostable enzymes achieves effective carbohydrates hydrolysis using wet biomass, which lowers the cost by 30% by avoiding drying [177]. When using microalgae as feedstock in the ABE process, sequential alkali-acid pretreatment of Chlorella vulgaris removes the proteineous substance in biomass, an inhibitor of ABE fermentation bacteria that increases biobutanol yield [171]. Cheng et al. (2017) have showed that hydrolysis and fermentation can be performed simultaneously in a single reactor to lower the total capital cost and minimize contamination risk [178].



The lipid content in microalgal biomass can be extracted and converted to fatty acid methyl esters (FAMEs), major constituents of biodiesel, by an esterification reaction using an acid/base catalysis within supercritical fluid [149,179]. Lipid extraction, which consumes 90% of overall energy, is the bottleneck toward commercialization of microalgal biodiesel. Recent research focuses on developing green solvent and a novel extraction process to minimize the usage of a conventional chloroform-based solvent, which is costly, flammable, and toxic [180]. Pretreating wet/dry microalgal biomass with surfactants effectively ruptures the cell of microalgae, which enables efficient extraction of lipids using a chloroform-free hexane/isopropanol solvent [181]. Orr et al. (2016) have screened over 30 varieties of room-temperature ionic liquids for microalgal biomass rupture, followed by hexane extraction [182]. Among them, [C2mim][EtSO4] gives satisfactory oil recovery of 30 wt% and can be operated with wet microalgal biomass with no deterioration after 5 cycles [182]. The protein and carbohydrate contents in biomass residues after bio-diesel production are richer, which is advantageous to the performance of thermochemical and biological biofuel production [183]. El-Dalatony et al. (2019) have proposed that sequential fermentation of microalgal biomass to bio-ethanol and higher alcohols, followed by biodiesel production from fermentation residue can utilize 89% of biomass [184]. Other than biofuels, valuable biochemicals, such as lutein and C-phycocyanin, can be extracted from microalgae as well [185,186]. To make the process economically feasible, the microalgae farming for CO2 sequestration must be optimized with respect to the fixation rate of CO2, the productivity of valuable biochemical compounds, and the biorefinery process of biomass to biofuels.




4.5. The Circular Bioeconomy


Last but not the least; the awareness of the circular bioeconomy has become an irreplaceable consideration in biotic CO2R. The ultimate goal of the circular bioeconomy is to keep the value of products, materials, and resources as long as possible while minimizing waste generation [187]. As discussed above, the operation of separation and thermal units of biorefinery is energy intensive, which means that achieving a neutral carbon footprint while extracting chemicals via biotic CO2R at the same time remains a technical challenge today. In other words, producing value-added chemicals in biotic CO2R to be economically competitive is equally important to reducing atmospheric CO2 concentration. A recent strengths, weaknesses, opportunities, and threats (SWOT) analysis of organic waste management based on the circular bioeconomy points out that the logistic cost and supply chain management, seasonality, availability of homogenized organic residue, quality and efficiency of the alternative product, and lack of technical standards and regulation are the main threats and weaknesses [188]. The weakness in the availability of homogenized organic residue is particularly true when extracting high-value chemicals such as hydrocarbons and polysaccharides from algae residues. In this case, advances in fermentation technology will be the solution as it narrows the list of fermentation products [189].



Edging conversion technologies that are capable of efficiently destructing the cell walls of algae such as thermocatalytic processes, mechanochemical depolymerization, and their combination will further facilitate the recovery of high-value chemicals [190]. High-energy efficiency of edging conversion technologies will be the additional bonus that further reduces the carbon footprint in biotic CO2R. Of equal importance is the customized biorefinery procedure through optimizing an algal farming strategy and integrating harvest, extraction, fractionation, and purification processes based on the algae cultivation conditions [191]. The above engineering and technology considerations are essential to reaching the goal of value-added products, materials, and the maintenance of resources in the economy toward circular bioeconomy [192]. Apart from individual technology, integrated approaches of microalgae are promising too. For example, integration of microalgae cultivation with seaweed’s anaerobic digestion allows the acquisition of additional biogas. In this case, the methane yield is noted to vary widely depending on the species of microalgae/seaweed and digestion conditions [193]. In-situ transesterification of Chlorella pyrenoidosa with spent coffee grounds enhances a 79.9% higher biodiesel yield and better quality of biodiesel than without spent coffee grounds [194]. The application of waste glycerol, which is the byproduct of biodiesel production from scum-derived oil, is also proposed to balance the C/N ratio of the wastewater in microalgae cultivation [195]. Similarly, the addition of lipid-free algal biomass and waste glycerol in the growth medium for microalgae Scenedesmus obliquus cultivation increases biodiesel production by ~15% [196]. The above integrated approaches will definitely promote the commercialization of market-driven microalgae-derived biofuel production.



In addition to engineering and technology considerations, job creation and new investment opportunities as the result of the development of a new business model is the unique strength of biotic CO2R [188]. For example, based on the circular bioeconomy concept, algae-based feed supplements and recombinant therapeutic production exhibit the potential in response to increasing aquacultural fish demands worldwide [197]. This is because the algal biomass is rich in protein and lipids that offer enormous opportunities to improve animal health, disease resistance, and yields. In fact, being another important sector of the circular bioeconomy, sustainable aquaculture also seeks a condition to reduce waste production while maintaining the value of products, materials, and resources. In this case, algae can be regarded as a valuable source of key nutrients for high quality fish feeds. Recycling algal residues to produce valuable organic matter for further application in fertilizers or amendments is also possible [198]. This means that the nutrients recovered from algae can be returned to nature to further fertilize the stock feed for livestock. Similarly, manures produced by livestock can be utilized for algae farming [199]. As shown in Figure 6, biotic CO2R plays a contributory role to economic and environmental sustainability and is an indispensable link of the circular bioeconomy.





5. Conclusions


The reduction of atmospheric CO2 (CO2R) can be achieved through the abiotic or biotic route. Knowledge of the rational design of efficient abiotic CO2R catalysts and optimization of the biotic CO2R unit process straightforwardly govern the success of CO2R. Advances in catalyst engineering enable delicate control of the surface chemistry of catalysts for adsorption/absorption of CO2/carbonate, surface activation of hydrogen, and stabilization of key intermediates. These surface phenomena not only regulate the abiotic CO2R efficiency but also the selectivity. The latter is another important issue of concern as separation and purification processes require input of external energy. In general, the electrochemical conversion of carbonate in the aqueous phase gives rise to the selective formation of formic acid, while CO2 hydrogenation in the gaseous phase results in the production of CO, CH4, methanol, and hydrocarbons. Further technology breakthroughs are needed to design durable and affordable (electrochemical) catalysts with exceptional CO2 conversion efficiency and selectivity. Promoting biotic CO2R efficiency strongly relies on the resilient microalgae strain and cultivation strategy. The economic feasibility of biotic CO2R remains challenging and additional revenue from microalgae biomass ought to be further maximized through biorefinery by optimizing the cultivation strategy. The latter would be the foundation for the successful implementation of a circular bioeconomy. In addition to the scientific and technological challenges, transdisciplinary cooperation such as the engagement of stakeholders would allow CO2R to be more sustainable.
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Figure 1. Electrochemical CO2R in heterogeneous (left) and homogeneous (right) catalyst systems. 
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Figure 2. Current density of FA, CO, and H2 production in electrocatalytic CO2R over modified Cu electrode. Replotted data from Buckley et al. (2019) [35]. 
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Figure 3. Faradaic efficiency of CO, FA, and H2 production in electrocatalytic CO2R over boron-doped diamond (BDD) cathodes as a function of operation potential. Replotted data from Tomisaki et al. (2019) [37]. 
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Figure 4. Illustration of CO2R pathways occurring at the protic and aprotic surface. Rearranged from Buckley et al. (2019) [35]. 
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Figure 5. Biosequestration of CO2 by microalgae and further bio-refinery to valuable products. 
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Figure 6. Conceptual presentation on the role of biotic CO2R in the circular bioeconomy. 
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Table 1. Summary of CO2R performances included in this study.
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	Base of Catalyst
	FE (%) in FA
	CO2R Condition
	Reference





	Cu modified with polymeric
	38–45
	−0.7 VRHE in 0.05 M K2CO3 and 4 mM KCl with 5 sccm CO2
	[35]



	boron-doped diamond
	~70
	−2.1 V (vs. Ag/AgCl) in KCl aqueous solution
	[37]



	polycrystalline Sn
	~70
	−1.0 VRHE in 0.1 M KHCO3with 20 sccm CO2
	[43]



	sulfur-modified copper
	~80
	−0.8 VRHE in 0.1 M KHCO3with 20 sccm CO2
	[44]



	Cu
	~85
	−1.6 V vs. ferrocenium voltage in CO2-saturated [EMIM](BF4)/H2O (92/8 v/v) ionic liquid solution
	[45]



	Cu (1.5 cm    ×    3 cm)
	~20
	−0.8 VRHE in 0.1 M KHCO3 with 20 sccm CO2
	[47]



	Cu
	~20
	−1.4 VRHE in 0.5 M KCl with 70 sccm CO2
	[48]



	Cu2O@Cu
	~40
	−0.7 VRHE in 0.1 M KHCO3 with 5 sccm CO2
	[51]



	Iron-graphite electrode pair
	~18
	−0.6 VAg/AgCl with CO2 saturated 0.5 MNaHCO3 in anaerobic sludge digestion process
	[54]



	Co incovalentorganic frameworks
	   1.02      mmol   h    − 1    g  − 1      in CO
	MeCN with triethanolamineas sacrificial reducing agent and Ru(bpy)3Cl2·asphotosensitizerunder simulated sunlight
	[55]



	In0.6Bi0.2Sn0.2 alloy on a halide perovskite
	~95
	−1.3 VRHE in 0.5 M KHCO3with 20 sccmCO2under simulated sunlight
	[59]



	Cu0.5Zn0.5
	~60
	−1.3 VRHE in CO2 saturated 0.1 M KHCO3 under simulated sunlight
	[60]



	SnOx/Sn
	~80
	−1.7 VAg/AgCl in 0.1 M CO2-saturated KHCO3
	[61]



	Pd15Ni85
	~50
	−0.5 VRHE in 1.0 M CO2-saturated KHCO3
	[62]



	Pb modified with 4-aminomethylbenzene
	~80
	−1.3 VRHE in 1.0 M CO2-saturated KHCO3
	[28]



	N,S-codoped carbon catalysts
	~90 in CO
	−0.6 VRHE in 0.1 M KHCO3with 34 sccm CO2
	[65]



	Pd85Cu15/C
	~86 in CO
	−0.9 VRHE in 1.0 M CO2-saturated KHCO3
	[66]



	defective

β-Bi2O3 double-walled nanotubes
	~90
	−0.8 VRHE in 0.5M KHCO3with 20 sccm CO2
	[67]



	3.7 nm Pd nanoparticles
	~90 in CO
	−0.9 VRHE in 1.0 M CO2-saturated KHCO3
	[68]



	boron-doped Pd catalyst
	~70
	−0.5 VRHE in 1.0 M CO2-saturated KHCO3
	[69]
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Table 2. Performance of the selected catalysts for CO2 hydrogenation to CO and CH4.
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Catalyst

	
T (°C)

	
P (MPa)

	
H2/CO2/Inert

	
GHSV

(mL g−1 h−1)

	
XCO2 (%)

	
SCO (%)

	
SCH4 (%)

	
Reference






	
Ru/MnOx

	
300

	
0.1

	
22/5/73

	
150,000

	
25

	
10

	
90

	
[78]




	
Ru/Al2O3

	
32

	
6

	
94




	
Ru/CeO2

	
83

	
1

	
99




	
Ru/ZnO

	
1

	
94

	
6




	
PtCo/TiO2

	
300

	
0.1

	
67/33/0

	
36,000

	
8.2

	
99

	
1

	
[82]




	
PtCo/CeO2

	
9.1

	
92

	
8




	
PtCo/ZrO2

	
7.8

	
90

	
11




	
Co/ZrO2

	
400

	
3.0

	
80/20/0

	
3600

	
92.5

	
< 1

	
> 99

	
[81]




	
Co/SiO2

	
80.1

	
2

	
98




	
Co/Al2O3

	
77.8

	
3

	
97




	
Co/TiO2

	
30.9

	
96

	
4




	
Ni/ZIF-8 a

	
420

	
0.1

	
80/20/0

	
15,000

	
43.8

	
97

	
3

	
[81]




	
Fe/ZIF-8 a

	
43.8

	
97

	
3




	
Ni/Fe/ZrO2

	
230

	
0.5

	
80/20/0

	
5000

	
82

	
14

	
86

	
[83]




	
γ-Fe2O3

	
400

	
0.1

	
20/0.1/80

	
1,500,000

	
45

	
30

	
70

	
[84]




	
Ni/MCM b

	
400

	
0.1

	
80/20/0

	
90,000

	
73.2

	
8

	
92

	
[85]








a ZIF-8, a zinc-based zeoliticimidazolate framework, is pyrolyzed before metal doping; b MCM as zeolite.
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Table 3. Performance of the selected catalysts for CO2 hydrogenation to methanol.
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Catalyst

	
T (°C)

	
P (MPa)

	
CO2/H2/Inert

	
GHSV

(mL g−1 h−1)

	
XCO2 (%)

	
SCH3OH (%)

	
Reference






	
Cu/SiO2

	
250

	
4.1

	
72/24/4

	
3600

	
2.8

	
15

	
[100]




	
Cu/ZnO

	
180

	
0.7

	
90/10/0

	
4000

	
0.9

	
94

	
[97]




	
Cu/ZnO/ZrO2/SiO2

	
240

	
2.0

	
30/90/10

	
39,000

	
5.2

	
38

	
[99]




	
Cu/ZnO/ZrO2/MgO/Al2O3

	
250

	
2.0

	
75/25/0

	
2000

	
12.1

	
36

	
[93]




	
Pd/ZnO

	
250

	
2.0

	
25/75/0

	
3600

	
10.7

	
60

	
[101]




	
Pd/SiO2

	
250

	
4.1

	
72/24/4

	
3600

	
3.0

	
23

	
[100]




	
Pd-Cu/SiO2

	
6.6

	
34




	
Pd-Cu/SiO2

	
250

	
5.0

	
75/25/0

	
30,000

	
1.6

	
27

	
[102]




	
MnOx-Co3O4

	
250

	
1.0

	
60/20/20

	
120,000

	
45.1

	
22

	
[103]




	
In2O3

	
270

	
4.0

	
60/20/20

	
15,000

	
1.1

	
55

	
[76]




	
In2O3

	
330

	
4.0

	
60/20/20

	
15,000

	
7.1

	
40




	
In2O3/ZrO2

	
300

	
5.0

	
80/20/0

	
16,000

	
5.2

	
>99

	
[104]
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Table 4. Performance of the selected catalysts for CO2 hydrogenation to hydrocarbons.
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Catalyst

	
T (°C)

	
P (MPa)

	
H2/CO2/Inert

	
GHSV

(mL g−1 h−1)

	
XCO2 (%)

	
SCO (%)

	
Hydrocarbon Distribution (%)

	
Reference




	
CH4

	
C2=-C4=

	
C2−-C4−

	
C5+






	
Fe3O4

	
320

	
3

	
72/24/4

	
2000

	
29

	
17

	
60

	
<1

	
36

	
3

	
[110]




	
Na-Fe3O4

	
320

	
3

	
72/24/4

	
2000

	
41

	
14

	
16

	
47

	
8

	
30




	
Fe2O3

	
350

	
1.5

	
70/23/7

	
1150

	
23

	
21

	
18

	
82

	
[107]




	
K-Fe3O4/Fe2O3

	
270

	
5

	
73/25/2

	
2700

	
37

	
14

	
24

	
42

	
9

	
29

	
[106]




	
CuFeO2

	
300

	
1

	
75/25/0

	
1800

	
18

	
32

	
4

	
31

	
5

	
60

	
[109]




	
CuFe2O4

	
300

	
1

	
75/25/0

	
1800

	
16

	
28

	
38

	
1

	
49

	
11




	
K-Fe-Co/Al2O3

	
300

	
1.1

	
72/24/4

	
700

	
31

	
18

	
16

	
27

	
6

	
51

	
[111]




	
Co/Fe oxide a

	
270

	
0.9

	
72/28/0

	
2000

	
27

	
14

	
82

	
15

	
<1

	
[77]




	
Na-Co/Fe oxide a

	
270

	
0.9

	
72/28/0

	
2000

	
23

	
42

	
60

	
29

	
2




	
Pyrolyzed

Fe-MIL-88B b

	
400

	
3

	
75/25/0

	
3600

	
46

	
18

	
32

	
23

	
18

	
27

	
[108]




	
K-pyrolyzed Fe-MIL-88B b

	
400

	
3

	
75/25/0

	
3600

	
43

	
26

	
32

	
33

	
6

	
19




	
In2O3/HZSM

	
340

	
3

	
73/24/3

	
9000

	
13

	
45

	
1

	
20

	
79

	
[112]




	
Ga2O3/HZSM

	
340

	
3

	
73/24/3

	
9000

	
9

	
86

	
5

	
35

	
61




	
Fe2O3/HZSM

	
340

	
3

	
73/24/3

	
9000

	
7

	
74

	
2

	
28

	
71




	
Na-Fe3O4/HZSM

	
350

	
3

	
72/24/4

	
4000

	
33

	
26

	
8

	
18

	
74

	
[105]




	
In2O3-ZrO2/SAPO

	
400

	
3

	
73/24/3

	
9000

	
36

	
85

	
4

	
76

	
17

	
3

	
[75]








a Pre-carburized under CO stream at 250 °C; b Fe-MIL-88B is an iron-based metal organic framework.
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Table 5. Performance of the selected catalysts for CO2 hydrogenation to hydrocarbons.
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	Microalgae Species
	CO2 Conc. (v/v%)
	CO2 Fixation Rate

(g-CO2 L−1 d−1)
	Biomass Production Rate

(g-DCW L−1 d−1)
	Specific Growth Rate (d−1)
	Cultivation System
	CO2 Injection Rate (vvm), Mode
	Light Intensity (umol m−2 s−1), Light/Dark Cycle
	Reference





	Acutodesmusobliquus
	14.1
	0.22 b
	0.12
	1.09
	Flask
	1.66, intermittent
	120, 24/0
	[124]



	Aphanothecemicroscopica Nägeli
	15 a
	14.14 (from carbon balance)
	0.47
	1.4
	Bubble column
	1, intermittent
	150, 24/0
	[140]



	Asterarcysquadricellulare
	5 a
	0.39 b
	0.21
	1.2
	Flask
	0.5, continuous
	250, 14/10
	[123]



	Chlorella minutissima
	3.5
	1.17
	0.64
	1.66
	Airlift
	0.43, continuous
	50~260 f, 24/0
	[139]



	Chlorella sorokiniana
	5 a
	0.39 b
	0.22
	2.42
	Flask
	0.5, continuous
	250, 14/10
	[123]



	Chlorella sorokiniana
	15.6
	0.31
	0.17
	0.46
	Airlift
	0.33, continuous
	120, 24/0
	[121]



	Chlorella sp.
	1
	1.00
	0.53
	0.615
	Flat-panel
	0.25, continuous
	130, 24/0
	[131]



	Chlorella sp.
	2
	0.77 b
	0.42
	0.62
	Bubble column
	0.2, continuous
	400, 24/0
	[115]



	Chlorella sp.
	3
	0.46
	0.31
	NA
	Bubble column
	-, continuous
	115, 24/0
	[119]



	Chlorella sp.
	5
	1.65
	0.87
	0.15
	Bubble column
	0.5, continuous
	56, 24/0
	[133]



	Chlorella sp.
	5
	0.10
	0.06
	0.25
	Flask
	No aeration
	450, 24/0
	[141]



	Chlorella sp.
	8 a
	2.33
	0.84
	1.11
	Bubble column
	0.2, continuous
	300, 24/0
	[136]



	Chlorella sp. c
	10
	1.33
	0.73
	0.55
	Bubble column
	0.2, intermittent
	300, 24/0
	[126]



	Chlorella sp.
	12.5 a
	0.97 b
	0.53
	0.827
	Bubble column
	0.2, continuous
	300, 24/0
	[142]



	Chlorella sp. d
	30
	0.61 b
	0.33
	NA
	Bubble column
	0.67, continuous
	95, 24/0
	[128]



	Chlorella vulgaris
	2.5
	3.71
	2.06
	NA
	Bubble column
	0.36, continuous
	300, 18/6
	[138]



	Chlorella vulgaris e
	3
	0.31
	0.17
	NA
	Flask
	No aeration
	40, 12/12
	[88]



	Chlorella vulgaris
	5
	1.32 b
	0.72
	NA
	Bubble column
	0.1, continuous
	160, 24/0
	[143]



	Chlorella vulgaris
	5
	0.10
	0.12
	1.36
	Flask
	0.5, continuous
	160, 24/0
	[118]



	Chlorella vulgaris
	10
	0.43
	0.26
	0.46
	Tubular
	0.5, continuous
	100, 12/12
	[120]



	Chlorella vulgaris
	10
	0.31 b
	0.17
	1.34 c
	Flask
	-, intermittent
	40, 14/10
	[134]



	Desmodesmus sp.
	2.5
	1.58
	0.88
	NA
	Tubular
	0.2, continuous
	300~1000 f, 24/0
	[117]



	Microcystisaeruginosa g
	5
	0.11
	0.14
	1.5
	Flask
	0.5, continuous
	160, 24/0
	[118]



	Pseudokirchneriellasubcapitata
	5
	0.09
	0.10
	0.89
	Flask
	0.5, continuous
	160, 24/0
	[118]



	Scenedesmusdimorphus
	15 a
	0.89
	0.49
	NA
	Tubular
	0.25, intermittent
	100, 24/0
	[132]



	Scenedesmus sp.
	15
	0.17 b
	0.09
	NA
	Flask
	No aeration
	-, 16/8
	[122]



	Synechocystissalina h
	5
	0.11
	0.14
	1.65
	Flask
	0.5, continuous
	160, 24/0
	[118]



	Tetraselmissuecica,
	5
	0.11
	0.07
	0.29
	Flask
	No aeration
	450, 24/0
	[141]



	Chlorella sp., Scenedesmus sp., Sphaerocystis sp., Spirulina sp.
	20
	0.27 b
	0.15
	NA
	Flask
	No aeration
	80, 16/8
	[125]







a Synthetic or real flue gas; b Estimated by assuming that 1.83 g of CO2 is fixed in every gram of microalgal biomass (Cheah et al., 2015) [112]; c Chemically mutated strain by N-methyl-N′-nitro-N-nitrosoguanidine; d Evolved under 10% CO2 after 31 adaptive laboratory evolution cycles; e Genetically modified strain; f Between 0~36 h; g Cyanobacteria; h Increased linearly.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 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 (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
H, current density (mA/cmz)

2.5 6.0

¥
5.0

L 20
<
£ 40
P15
- ]
/5]
c 3.0
=
oo L
5 2.0
_—
T
B 054
< 1.0
o

0.0 - | 00

I I L] 1 LE 1 ' 1 L
0.05 0.10 0.15 0.20 0.25 0.30 0.35

CO current density (mA/cm?)





nav.xhtml


  sustainability-13-06962


  
    		
      sustainability-13-06962
    


  




  





media/file2.png
Heterogeneous CO2R system

Step 1: kinetics of CO,
adsorption/desorption

.\Step 2: charge transfer
from the catalyst to
adsorbed CO,

Step 3: desorption of
reduced products

Homogeneous CO2R system
Oxidized CO,

‘/ ‘
e |
Reduced R duced

Step 1: kinetics of catalyst products
regeneration

Step 2: charge transfer
from the catalyst to CO,





media/file5.jpg
70 70 'y
60
NaClo, 504 50
/
404 40
\
304 30 @,
L2
204 20 A
10 10 10
H, efficiency
0 0 0 e
22 20 18 6 22 20 18 46 22 20 48 -6

Potential (V vs. Ag/AgCl)





media/file3.jpg
25

FA current density (mA/cm®)
& B & g

=
& D

f
.05

H, current density (mA/cmz)
60

50

40

30

20

10

0.0

0.10

T

0.15

T T
0.20 0.25 0.30 035

CO current density (mA/cm?)





media/file1.jpg
Heterogeneous CO2R system

Step 1: kinetics of CO,
adsorption/desorption

Step 2: charge transfer
from the catalyst to
adsorbed CO,

Step 3: desorption of
reduced products

Homogeneous CO2R system

Oxidized o,

=

‘\

Reduced  peguced
Step 1 kinetics of catalystproducts
regeneration

Step 2: charge transfer
from the catalyst to CO,





media/file7.jpg
0, O,
o=c=0 6 '*(I:/\@
| s ® e, ® cine @

+1e > Protic Protic Protic

Approaching surface  Charge transfer CO2R product





media/file10.png
Biosequestration of CO, by microalgae

106007 ~ 16NO; + HPOI},_ +122H,0 + 18H7
= €106 2630 110F 1} + 1380,
{Microalgae protoplasm}

Health supplement

O2g)

Biodiesel

T Biomass harvest ‘

Microalgae Biorefinery Biofuel
COxtaq) _ N, P l Pigments
Light Pharmaceuticals

Synthetic broth or
! wastewater,

S richin N &P






media/file12.png
Biotic CO2R for circular bioeconomy

Aqg UL feeds )

m stock feeds






media/file9.jpg
Biosequestration of O, by microalgae

106C0; - 16X0; + HPOY” = 1221020 + 184
= (Crosh2630110P ) + 13807
{Microalgae protoplasm}

= Healin suppleent
e g

@ :,Binreﬁnerb—‘“’m
L v rgmens






media/file0.png





media/file8.png
+ L& >

A 4

[ Aprotic 1 Faer ’ [ Aprot1c ] —H,0 [ Aprotic ]
{)——=C=—=C)
0=C:—0 N O§c|? B O@
N—_—— @ tle” @{1) +1H* @)
+1e™ " [ Protic ] [ Protic ] ( Protic ]

Approaching surface Charge transfer CO2R product





media/file11.jpg
Biotic CO2R for circular bioeconomy

stock feeds





media/file6.png
Faradaic efficiency (%)
— Mo ) P 8] o))
o = o o e ==
] : ] : ] 1 | | ]

-}
] )

_ ‘CO efficiency‘

NaCIO,
/

L P '
22 -20 -18

-1.6

Potential (V vs. Ag/Ag(Cl)

70 4

70 -

_ IFA efﬁciency‘ ! .
60 - 60 +
50 - KCl 50 -
40 - A .'.\. 40 \

. ‘® d \ -
30 - /A 30 - \.\

- ...
204 @A ‘,l 20 - A

: - |
10 - ". f 10

KCIO, 1 |H, efficiency
0~ 0 -
| | . * 1 @ R TR LT T
22 -20 -18 -16 22 -20 -18 -1.6






