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Abstract

:

The direct oxidation of methane to methanol is considered challenging due to the intrinsically low reactivity of the C–H bond of methane and the formation of a large number of unstable intermediates (methanol, formaldehyde, and formic acid) relative to the yield of methane. However, promising advances have recently been reported in this area based on the use of electrochemical systems that differ from traditional thermal catalysis. In this review, the recent advances in direct and indirect electrochemical methane conversion with homogeneous catalysts are reviewed and discussed, especially under low-temperature conditions. Finally, the limitations of the current electrochemical methane conversion technology and future research directions are discussed.
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1. Introduction


Methane (CH4) is a major component of various gas resources, including natural gas, associated gas, coalbed methane, shale gas, biogas, and gas hydrates [1]. Each gas resource possesses different reserves and compositions, but the total amount is considered sufficient to meet the current and foreseeable future needs of the energy and chemical industries [2,3]. Methane also exhibits the highest H/C ratio among hydrocarbons and relatively fewer impurities compared to coal and oil, thus making it an attractive feedstock for the production of energy and chemicals [4,5]. Moreover, methane is a major greenhouse gas along with CO2, and therefore, its utilization and emission management are important [6,7,8,9]. Recently, the use of methane as a chemical feedstock has become more prominent as renewable energy has replaced traditional power plants that use fossil fuels, including methane. However, the inertness of methane has hindered its widespread use in the chemical industry.



Methane possesses a tetrahedral geometry characterized by high symmetry and low polarity. As methane exhibits the highest dissociation energy of the C–H bond (439.3 kJ mol−1) among alkanes, activation of C–H bonds in methane has proved challenging [10,11,12]. Additionally, during the partial oxidation of methane, most intermediates (CH3OH, HCHO, HCOOH, and C2H4) are less stable than methane itself, thus resulting in low yields of these intermediates under the harsh conditions used for methane activation [1,13,14]. Therefore, the current commercial methane conversion process is based on an indirect route using syngas, which is a mixture of CO and H2. This is an energy-intensive process, and only large-scale plants are cost-competitive [15,16]. Numerous studies have been conducted using various thermal catalysts due to the advantages of direct methane conversion technology. However, the need for expensive oxidants, including H2O2 and N2O, and low product yields remain challenges [17].



One potential alternative is the use of electrochemical systems to directly convert methane into value-added products. Electrocatalysis has exhibited some promise for this purpose compared to thermal catalysis [1,13,18]. Electrochemical processes can promote methane conversion at low temperatures (below 100 °C), as the chemical potential of the catalyst surface can be controlled [19,20,21]. This method also possesses the potential to avoid the use of strong and expensive oxidants such as N2O and H2O2, as well as the significant thermal energy demand associated with the activation of methane and/or regeneration of active sites. The driving force of CH4 conversion can be controlled by changing the electrode potential, ultimately resulting in a non-equilibrium distribution of highly reactive metal centers and a faster reaction rate than thermal processes [22]. Mild reaction conditions prevent excessive methane oxidation [23]. Additionally, the electricity required for methane electrooxidation can be obtained from renewable energy sources such as sustainable solar and wind power [18,24]. Moreover, gas diffusion electrode-type reactors can be designed to operate at low overpotentials using efficient electrocatalysts, thus allowing them to selectively produce target chemicals using less electricity [25,26,27,28]. Due to their high degree of modularity, electrochemical devices are efficient and economically viable options for both small-scale applications and large-scale industries (Figure 1) [29].



In this review, we summarize the low-temperature electrochemical conversion of methane to high-value products (e.g., alcohol) using direct and indirect methods. We also discuss the research directions for the design of electrocatalysts with improved activity and selectivity. Finally, we discuss the issue of scaling up to increase the methane conversion.




2. Direct Electrochemical Conversion of Methane


Direct electrochemical methane conversion involves the activation of the C–H bond of methane with a reactive species produced by an electrocatalyst under an external bias. These reactive species must be able to efficiently activate methane, but they are not sufficiently reactive to cause excessive oxidation of the intermediate so that a high yield of valuable products can be obtained [30]. The direct conversion of methane has been explored using various electrochemical systems. The simplest system consisted of a single-compartment cell with working and corner electrodes submerged in an aqueous electrolyte (Figure 2a). In other systems, proton exchange membrane (PEM) and anion exchange membrane (AEM) electrolysis are performed for methane conversion at the anode. The ion− exchange membrane separates the anode from the cathode and allows only selective ion transport. In AEM electrolysis, the charge carrier OH− carries charge through the AEM from the cathode to the anode, while in PEM electrolysis, the H+ charge carrier works by carrying charge from the anode to the cathode through PEM (Figure 2b,c). Table 1 lists the reactions and standard potentials associated with methane oxidation via electrolysis. These electrochemical systems can be classified into two categories based on the target product. One was for C2+ alcohols, including ethanol, acetone, and propanol, and the other was for methanol.



2.1. Methane to C2+ Alcohols


Compared to thermal catalysis, the coupling of methyl radicals to form C2+ alcohols has been frequently reported, even at room temperature, in electrochemical systems. These can be further categorized according to the type of electrolyte used. Carbonate- or hydroxide-soluble electrolytes have been mainly studied, and there are also other electrolytes (polymer membrane electrolytes or gas-phase electrochemical reactions). The selection of an electrolyte significantly affects the electrochemical oxidation of CH4 to CH3OH. Carbonate electrolytes are attractive oxidizing agents due to their ability to provide a charged oxygen atom through the reaction (CO32− ↔ CO2 + O2−) under mild conditions. Methane can be effectively oxidized using a charged oxygen atom in the carbonate-soluble electrolyte at low temperatures and pressures. However, the carbonate-soluble electrolyte suffers from excessive CO2 emission during electrochemical methane conversion, which can be overcome by recycling the CO2 to CO32− by regulating the electrolyte pH [31]. The electrocatalytic conversion of CH4 in alkaline is more environmentally friendly [18]. The hydroxide ion is often used in the electrochemical oxidation of CH4 as an alkaline medium, which not only acts as a base but also serves as an oxidizing agent. Unfortunately, OH− ions have negligible oxidizing ability to abstract protons from the C–H bonds in CH4, especially under mild conditions. This is the reason why CH4 oxidation in hydroxide media does not show appreciable activity [32]. However, metal oxide catalysts reported for methane oxidation, e.g., NiO [33], Co3O4 [34], and NiCO2O4 [35], are more stable under alkaline conditions. In solid electrolyte conditions, ion conductivity, cell design, electrochemical stability, and the material’s pH environment can strongly affect the overall cell performance.



2.1.1. Carbonate Electrolyte


Kaur et al. investigated the electrocatalytic properties of mesoporous rutile TiO2 (r-TiO2) and Pt/r-TiO2 nanorods synthesized using a one-step hydrothermal method. They investigated the electrocatalytic interaction of CH4 with a Na2CO3 electrolyte over Pt/r-TiO2 nanorods. Pt nanoparticles (NPs) on r-TiO2 enhanced the reactivity between CH4 and •OH, thereby facilitating the production of methyl radicals (•CH3). Subsequently, 50 and 36 µmol/gcat. h of CH3OH and C2H5OH were produced along with a small amount of propanol using Pt/r-TiO2 at an applied potential of 1.5 VAg/AgCl [36].



Park et al. designed an electrochemical system employing a Co3O4-incorporated ZrO2 nanotube as an electrocatalyst in HCO3− as a supporting electrolyte. The design of this system was based on the activation of CH4 by oxygen vacancies on the Co3O4 surface, and the bicarbonate electrolyte acted as an active oxygen donor for CH4 conversion [34,37]. They performed electrochemical anodization of zirconium foil to form a ZrO2 nanotube powder with a high specific surface area that was decorated with Co3O4 NPs, ultimately leading to a reduced onset potential for the electrochemical activation of methane. After 12 h at 1.4–1.8 VRHE, the final product contains 1-propanol and 2-propanol with 92% total selectivity, along with a small proportion of CH3OH [34]. They demonstrated that the synthesis of these higher alcohols occurred through the coupling of •CH3 and surface intermediates with delayed desorption from the catalyst surface [37]. The low selectivity for CH3OH can be caused by the complexity of the oxygen species produced through carbonate oxidation at the anode, ultimately leading to similar results to previous study [38]. Similarly, Spinner et al. reported the low-temperature electrochemical conversion of methane to CH3OH, HCHO, CO, and HCOO− by CO32− ions. The CO32− ions were transferred through an ion-conducting electrolyte to a NiO/ZrO2 anode, where the negative charge oxygen of CO32− was suggested for methane oxidation. Figure 3 presents the mechanistic pathways for the formation of methanol, ethanol, and other products [33]. In another similar study, Omasta et al. demonstrated the role of zirconia in methane activation at low temperatures in carbonate cells, in which carbonate ions provide active oxygen, unlike hydroxide-based cells, where NiOOH itself acts as the oxygen donor [39]. Even in a bilayer catalyst system consisting of NiOOH and an Mn porphyrin mediator, a cascade of O* occurs for CH4 oxidation at ambient temperature. The methanol and formate were generated at 10.9 and 23.6% Faraday efficiency (FE), respectively, at 1.05 VSHE, where the overoxidation to CO2 was suppressed [40].



Similarly, Xu et al. performed the electrochemical conversion of methane to liquid products at room temperature. A capsule-like ZrO2/CuOx bimetallic electrocatalyst was synthesized using a hydrothermal method. The high methane conversion activity of the bimetallic catalyst can be attributed to the synergistic interaction between ZrO2 and CuOx, which produces a unique electron transport route for enhancing electrochemical activity. DFT calculations indicated that ZrO2-supported Cu2O(111) exhibited an enhanced charge distribution, and this increased CH4 dissociation and established a rapid electron transfer network. Considering these advantages, ZrO2/CuOx produced 1-propanol and 2-propanol as the primary products after 18 h [41]. Luo et al. demonstrated the electrocatalytic conversion of CH4 to acetic acid over ZnO nanosheets in a bicarbonate electrolyte. The ZnO exhibited 75.5% FE, accompanied by 85% selectivity towards acetic acid at 1.3 VRHE. The DFT estimation confirms that the strong bonding between adjacent Zn and O atoms lowers the reaction energy of the CH3* + COOH*   →   CH3*–COOH* step. A mechanistic investigation revealed that HCO3− was the reactive oxidative species that provided COOH during electrocatalytic methane oxidation [42].



Surno et al. developed electrocatalysts by exploiting single Cu and Rh atoms dispersed in NH4BF4-modified alumina for the selective and direct oxidation of methane to C2 products such as acetic acid and ethanol at ambient temperature. The alumina-supported single-atom catalyst possessed many Brønsted acid sites that play an important role by directly inserting CO into reaction intermediates. The Rh-based electrocatalyst obtained 95% current efficiency for acetic acid within 40 min, while the Cu-based electrocatalyst obtained 90% current efficiency for acetic acid after 120 min at 2.0 VPt with high yields of 33.57 and 33.57 μmol h−1 cm−2, respectively [43].



Kim et al. designed a shell/core-structured electrocatalyst consisting of NiO/ZnO nanorods for high CH4 electrochemical conversion that was based on the 1D morphology of the nanorods and the built-in potential at the NiO/ZnO interface that allows fast charge transfer. The conversion of CH4 can be optimized by controlling the length of the nanorod catalyst, as presented in Figure 4a–e. Regarding the 600 nm long NiO/ZnO nanorod, FE, selectivity, and conversion values were recorded as 61%, 81%, and 1084 μmol gNiO−1 h−1, respectively, at 1.5 VPt. Mechanistic studies revealed that the ethanol production pathway includes the formation of active oxygen species by dissociative adsorption of the CO32− oxidant, CH4 activation for methanol formation, and coupling of CH4 and deprotonated methanol (Figure 4f). Furthermore, the ethanol yield was improved by increasing the methanol solubility using sulfolane as a cosolvent and by in situ generation of the CO32− oxidant [44].




2.1.2. Alkaline Electrolyte


Sun et al. demonstrated that a NiO/Ni interface exhibited significant activity for the electrooxidation of CH4, particularly with regard to the production of ethanol (Figure 5). The NiO/Ni interfacial catalyst attained 85–89% FE in ethanol at an applied potential of 1.40 VRHE. The increase in the peak current indicated the oxidation of NiII to NiIII in the presence of CH4 in the linear sweep voltammetry (LSV) polarization curves, and this further confirmed the high potential of the NiO/Ni interface for CH4 activation. DFT calculations confirmed the effective activation of C–H bonds on the Ni(200)/Ni(111) interface that resulted in the non-oxidative coupling of C–C bonds, thus leading to the highly selective production of ethanol from the electrooxidation of CH4 [45,46].



Xie et al. developed Rh/ZnO nanosheets for the electrochemical conversion of CH4 into ethanol. Uniformly distributed Rh NPs were responsible for methane absorption, whereas ZnO provided excess active oxygen species for CH4 activation. Rh/ZnO nanosheets exhibited 85%, 22.5%, and 789 μmol gcat−1 h−1 values for selectivity, FE, and conversion, respectively, towards ethanol at 2.2 VRHE in a 0.1 M KOH solution [47].



Kim et al. performed oxygen evolution reaction (OER)-assisted electrochemical CH4 oxidation at low temperatures using Fe–N–C single atom catalysts (SACs) to achieve high conversion and FE. A high FE for methane oxidation was obtained by employing the Fe single-atom catalyst, and this enabled the formation of OOH*, which is a potentially limiting step in the OER, thus allowing the maintenance of a stable O* intermediate (Figure 6). The O* intermediate spontaneously activated CH4 to form methanol, which then underwent deprotonation and was coupled with CH4 to form ethanol. Fe–N–C SACs exhibited an ethanol selectivity of 85%, FE of 68%, and ethanol production rate of 4668 μmol gcat−1 h−1, respectively, at 1.6 VRHE. The authors also demonstrated the methane conversion in direct diffusion flow cells for rapid mass transfer, ultimately achieving an 11,480 μmol gcat−1 h−1 ethanol production rate [48].




2.1.3. Other Electrolytes


Ramos et al. utilized a proton-exchange membrane fuel cell as a single-stage solid electrolyte reactor (SER-FC) to transform methane into C2 and C3 products under mild conditions. The Pd/C electrocatalyst was synthesized using the sodium borohydride reduction technique, and this resulted in a cubic palladium crystal structure with a face-centered arrangement and an average nanoparticle diameter of approximately 6.4 nm. The Pd catalyst activates water molecules, subsequently leading to the formation of methyl radicals due to the strong affinity of Pd for CH4. Figure 7 presents the reaction pathways in which non-oxygenated radicals such as •CH3 are formed at the propagation stage of the radical reaction under mild conditions, thus confirming the formation of C2 and C3 compounds such as C2H6, C3H8, C2H5OH, acetaldehyde, and acetic acid [49].



Hibino et al. also examined the individual production of CH3OH and ethane from CH4 using a thermo-electrochemical cell in a gas flow setup that operated within a temperature range of 150 to 200 °C. The direct oxidation of methane occurs at an anode consisting of Pt and Fe particles. The authors reported that methanol was synthesized by activation of water vapor to produce active oxygen species (H2O   →   O* + 2H+ + 2e–; CH4 + O*   →   CH3OH), while ethane was synthesized via the dimerization of •CH3 radicals (2CH4   →   2•CH3 + 2H+ + 2e–; 2•CH3   →   C2H6) [50].



Li et al. synthesized ultrathin WO3 nanosheets with high oxygen vacancies for high conversion of CH4 to ethanol. The oxygen vacancy facilitates the electrocatalytic activity and ethanol selectivity for CH4 conversion by enabling the activation of C–H and coupling of the C–C bond. The WO3 nanosheets outperform previous results by achieving a high ethanol selectivity of 99.4%, an FE of 50.7%, and a production rate of 125,090 μmol gcat−1 h−1 at 1.2 VRHE after 8 h of operation [51].



The performance of the electrochemical cell is significantly affected by the choice of an electrolyte, which influences the ion conductivity of the electrode material, surface reactivity, and stability. In alkaline media, the catalyst surface is oxidized via an electrolyte, resulting in electronic rearrangement, which generates lattice oxygen species for methane oxidation. In carbonate media, the methane is effectively oxidized via charged oxygen atoms, resulting in a lowered reaction barrier and accelerated kinetics for the methane oxidation reaction. Moreover, the utilization of a suitable electrolyte for a specific system can also affect the selectivity and yield of the desired product.





2.2. Methane to Methanol


Santos et al. synthesized a Pd–Ni electrocatalyst via NaBH4 reduction. The PdNi catalyst was studied as an anodic material in alkaline direct methane fuel cells (ADMEFCs), and the effect of the Ni content in the electrocatalyst on the methanol selectivity and fuel cell performance was investigated. It was observed that an increase in Ni content increased the power generation ability of the fuel cell. However, this system causes the over-oxidation of methanol due to the high water activation properties of NiOx [52]. Considering the CH4 activation properties of Ni-based catalysts, Surno et al. designed a novel NiO–V2O5/Rh electrocatalyst in which Rh was dispersed on a mixed-metallic oxide composite. The novel composite exhibited methanol productivity of 650 μmol g−1 h−1 with an FE of 91% and a selectivity of 98%. The uniformly distributed Rh NPs on the NiO matrix adsorbed CH4, whereas V2O5 provided active oxygen species for CH4 activation, resulting in excellent catalytic performance [53]. Similarly, Godoi et al. utilized PdxCuy/C catalyst combinations for the partial oxidation of CH4 under moderate conditions using an alkaline fuel cell-type solid electrolyte reactor. The Pd90Cu10/C and Pd50Cu50/C electrocatalysts effectively activated H2O and provided adequate carbophilic sites for CH4 oxidation, thus resulting in high methane conversion to methanol and energy generation. Furthermore, the analysis revealed the existence of dimethyl ether and methyl formate, along with methanol [54].



Electrochemical methane conversion is significantly affected by water, as both processes compete at the anode surface. Water oxidation improves methane oxidation by forming active oxygen species. Arnarson et al. reported that the presence of active oxygen species facilitated hydrogen abstraction and improved methane conversion. The DFT results for monolayer MXenes and rutile transition-metal oxides indicated that the catalyst for which water oxidation is a bottleneck process exhibited the least tendency towards CH4 oxidation. The materials on the left side of the volcano plot (Figure 8a) easily form adsorbed oxygen (O*), thus making them suitable for methane oxidation. Considering the availability of O*, they calculated the energy barrier for CH3OH formation that decreased with increasing applied potential and ultimately resulted in an increase in the CH3OH formation rate (Figure 8b). Additionally, the rate of CH3OH formation versus the OER was studied as a function of the O* binding energy. Figure 8c indicates that a high electrode potential facilitates the OER, ultimately resulting in the formation of abundant active sites on the electrode surface. Consequently, O2 was the major product, and methanol productivity decreased. Although the OER provides active oxygen species, it also competes for methane conversion at high potentials [20].



Hsieh et al. also supported the involvement of O* generated during the OER on an N-doped graphene material for methanol formation. Density functional theory (DFT) calculations indicated that the nitrogen atom in the vicinity of the active site stabilizes O* for C–H bond activation. The presence of active oxygen (O*) on the N-doped graphene led to a consistent electrode potential of 1.10 VSHE. Consequently, compared to O*-free N-doped graphene, active oxygen reduces the kinetic barrier energy of the rate-determining step (C–H bond activation) by 0.82 eV. This indicates the significant role of the anodic potential in the O* reactivity towards methanol formation. The activation of the C–H bond initiated by hydrogen transfer, coupled with the excitation of one electron from the O* lone pair to the surface π orbital, increased the radical character of O* for transferring hydrogen [55]. Similarly, Kang et al. provided important information for understanding the relationship between the stability of active oxygen species, C–H bond activation, and the selectivity of oxygenates. The O-terminated anode surface was predominant over the OH-terminated and metal-terminated surfaces under an applied potential. O* can accumulate on the surface of the catalysts when the lower limit of the electrochemical potential for O* formation is less than that of O*. Figure 9a indicates that the MXenes in the right leg of the volcano plot are suitable for CH4 oxidation, whereas those in the left leg favor OER. MXenes with a high proton affinity tend to stimulate the activation of the C–H bond, as indicated by the change in ΔEa,TS (C–H bond activation) for the ΔEOH* − ΔEO* (affinity energy of proton) that is presented in Figure 9b. In comparison to single-metal MXenes, bimetallic MXenes such as TaHf2C2O2 and CrHf2C2O2 can effectively perform CH4 conversion due to their low energy barriers for C–H activation. In the case of TaHfC2O2, the formation of a relatively stable intermediate species depends on the applied potential for TaHfC2O2. (Figure 9c). Additionally, TaHf2C2O2 favors the formation of oxygenates over hydrocarbons. The high tendency towards oxygenates can be attributed to the Hf–O bond being stronger than the Hf–C bond due to the small number of electrons in Hf (5d2) of TaHf2C2O2 (Figure 9d). Previous studies have reported that the formation of hydrocarbons, CO, and CO2 on metallic Pt can be explained by strong Pt and C interactions. As presented in Figure 9e, the number of electrons in the antibonding orbital of Pt–C was lower than that in Pt–O [56].



On transition metal oxides, electrochemical methane oxidation occurs via the physical adsorption of CH4, which is followed by C–H bond activation. Upon physical adsorption, the tetrahedral symmetry of CH4 was transformed into a distorted symmetry (D2d), thus increasing the H–C–H bond to 120°. Therefore, the binding energy of CH4 increases linearly with the Madelung potential. Active catalysts such as TiO2, IrO2, PbO2, and PtO2 possess high CH4 binding energy (>0.23 V) and low Madelung potential (<−40 V). Based on the DFT profile, active catalysts such as TiO2, IrO2, PbO2, and PtO2 that exhibit higher adsorption energy of O* are capable of creating more reactive M−O sites and thus lowering the methane activation barrier [57].



Su et al. performed methane conversion using LaCo0.5Fe0.5O3 as an anodic catalyst in a [BMIM]BF4 ionic liquid with low water content as the supporting electrolyte. Trace water provided active oxygen species via water oxidation on the LaCo0.5Fe0.5O3 surface. The extent of the CH4 conversion depends on the generation of O*. The LaCo0.5Fe0.5O3 electrocatalyst attained a methanol production rate of 93 μmol gcat−1 h−1 with 59% FE in an ionic liquid with 2.0 mol L−1 water content at 1.0 VAg/AgCl [58]. Another heterogeneous catalyst, Co0.6Ni0.4Fe2O4 loaded onto N-doped carbon nanocubes, exhibited high methane oxidation activity. The Co0.6Ni0.4Fe2O4-N/C produced methanol at a rate of 1925.4 mmol gcat.−1 h−1 with 82.8% selectivity at 0.8 VAg/AgCl. The strong trimetal–carbon electronic interaction and high lattice oxygen/oxygen vacancy ratio of the Co0.6Ni0.4Fe2O4-N/C nanocubes are responsible for their robust catalytic performance [59].



Shen et al. electrochemically deposited various thin-film transition metal (oxy) hydroxide electrocatalysts for the partial oxidation of methane. Among the various catalysts, CoOx has been used as a prototypical CH4 partial oxidation electrocatalyst. The effects of film thickness, overpotential, temperature, and electrochemical cell hydrodynamics on activity and methanol selectivity were optimized. The high thickness of the film provided a longer pathway for methanol on the catalyst surface, ultimately resulting in over-oxidation. Methanol was favorably produced at medium overpotentials ranging from 0.86 to 1.06 VSHE. DFT analysis revealed that fully hydroxylated CoOOH provided a favorable thermodynamic pathway for methane activation and desorption. High temperatures result in low selectivity due to the high rate of thermal steps in CH4 activation and CH3OH overoxidation [60]. Overall, the electrochemical conversion of methane at low temperatures is still in its infancy, and optimal electrocatalytic systems should consider overcoming overoxidation and competitive reactions and increasing CH4 conversion with high selectivity to methanol. There is also a lack of research on competing reactions, such as oxygen evolution reactions. It is very important to evaluate not only the selectivity for methane oxidation but also the selectivity of other by-products from the electrolyte. Table 2 summarizes the literature focused on electrochemical CH4 at low temperatures.





3. Indirect Electrochemical Conversion of Methane


Indirect electrochemical methane conversion involves electrochemical systems in which methane is not directly converted to methanol but to stable intermediates such as methane bisulfate and methyl chloride [22,64]. As they are more stable than methanol, they allow for efficient methane conversion with high product selectivity. Subsequently, hydrolysis can further convert these into methanol (Figure 10) [65].



This process is based on homogeneous methane activation with highly active species such as radicals. Electrochemistry focuses on the generation of these radicals that convert CH4 to CH3OH or to its derivatives that can easily be converted to CH3OH. The origins of this strategy can be traced back to the late 1980s and the early 1990s. These studies focus on the formation of HO• using the Fenton process [64], the generation of Cl• through photochemical reactions [66] in a complex system, and the formation of O2•− radicals in alkaline media for methane activation [67]. The mechanism of methane activation is based on a radical chain reaction that results in the formation of more than one product. Although methanol is produced using these strategies, the selectivity and current efficiency are insufficient for scaled-up applications [64,67].



Inspired by this approach, electrochemistry can overcome some of the limitations of typical homogeneous catalytic systems [22]. Typically, transition-metal complexes are used with an external agent (usually a co-catalyst that can reoxidize the complex) for methane activation under ambient conditions [68]. The identification of a suitable co-catalyst with a higher redox potential than that of the catalyst is a significant challenge in homogeneous catalysis [22,68]. The redox potential of a co-catalyst is directly related to the number of catalytic cycles, where a higher redox potential is associated with a greater number of catalytic cycles. Therefore, the use of electrodes as co-catalysts is emerging as an attractive alternative for providing the potential difference required to promote catalyst regeneration [39,67,69].



Surendranath et al. selectively oxidized CH4 to CH3OH using an electrochemically assisted homogeneous catalyst [22]. Initially, they reported the conversion of CH4 into two methanol derivatives, methyl bisulfate (CH3OSO3H) and methanesulfonic acid (CH3SO3H), using PdSO4 at mild temperatures in a concentrated H2SO4 solution (Figure 11a) [22,70]. The system exhibited remarkable catalytic activity that was 5000-fold higher than that of an unassisted homogeneous catalyst system [22]. Similarly, Deng et al. employed vanadium (V) oxo dimer as a catalyst for CH4 conversion to CH3OSO3H with 90% FE under ambient conditions [69]. Other catalytic systems advanced one step further and produced methanol as the final product [62,71]. Inspired by the homogeneous catalysis activity with Pt complexes [72,73], Kim et al. utilized PtCl42− and PtCl62− as catalysts, resulting in methanol production with 70% selectivity at mild conditions [62]. Significant progress has been achieved in nonaqueous environments [71]. The system demonstrated the potential of the Rh complex as a catalyst for selective methanol production by controlling the O2 concentration along the Si nanowire electrodes under ambient conditions. However, the complexity of the catalytic system restricts methane conversion (Figure 11b) [71].



This electrochemically assisted homogeneous catalytic system exploits several possibilities for the highly selective conversion of methane to methanol. The integration of electrochemical and heterogeneous catalysis reduced the potential for OER and oxygen reduction reactions (ORR), thus allowing the production of methanol without overoxidation. However, it is important to note that this also possesses limitations. Specifically, effective electron transfer from the electrode to the catalyst must occur to regenerate the catalyst and continue the conversion of methane to methanol [69]. Additionally, it is important to use a suitable catalyst with a metal center that promotes rapid electron transfer to avoid a high overpotential during catalyst regeneration [22].



Zheng et al. performed the electrochemical conversion of CH4 to CH3Cl using *Cl reactive species that were generated electrochemically on cobalt–nickel spinels. The CoNi2Ox efficiently facilitated methane conversion in seawater, with an outstanding productivity of 364 mmol  g−1  h−1 at 2.3 V. The electrochemically generated *Cl was stabilized by Ni3+ in the Co–Ni spine, which lowered the overpotential for *Cl formation. The small overpotentials for *Cl generation play a crucial role in enabling the efficient activation of CH4 and subsequent conversion to CH3Cl, thus avoiding over-oxidation to CO2 [74]. The Cl–-mediated environment also promoted methane oxidation to CH3OH on Cu–Ti bimetallic oxides with 28% FE at room temperature and 72% FE at 40 °C [75].



These studies discussed above are commonly known as indirect electrochemical conversions of CH4 to CH3OH. The term indirect refers to strategies that use methyl sulfonate or chloromethane as an intermediate product, as well as regeneration of the reagents for methane activation. An indirect strategy that uses electrochemical methods to produce and maintain highly reactive high-valent metal species is useful. This approach can accelerate a variety of kinetically demanding reactions by accessing catalytic intermediates for the functionalization of other chemically inert substrates. However, in indirect systems, back-reaction or cross-reaction of homogeneous intermediates is a concern; therefore, careful design of cells and catalysts is required for high conversion efficiency of methane. Finally, Figure 12 schematically illustrates the advantages and disadvantages of direct and indirect methane conversion.




4. Electrochemical Conversion of Methane via a MEA Structure Reactor


The MEA architecture may consist of a fully vapor-fed configuration or incorporate a liquid electrolyte solution such as carbonate or hydroxide supplied to one or both sides of the cell. This arrangement increases the reactant concentration on the electrocatalyst by forming a gas–liquid–solid ternary-phase interface. The reactant and electrolyte are supplied through the nanostructured porous transport layer, and a high concentration of the gas reactant at the ternary-phase interface stimulates the reaction rate on the electrocatalyst. Moreover, this interface regulates the pH and microenvironment of the electrolyte within the diffusion layer. The central characteristic of the MEA architecture lies in its ability to facilitate the efficient transport of reactants and products to and from the catalyst layer while minimizing ohmic loss through the membrane. MEAs have proven to be successful in applications such as fuel cells, electrolyzers, and various energy-conversion technologies, thus making them potentially ideal architectures for the partial oxidation of methane to methanol [76,77].



As presented in Figure 13, an MEA comprises an ionically conducting separator or membrane with an anode catalyst layer on one side and a cathode catalyst layer on the opposite side. The ion-conducting medium situated between these catalyst layers can be either ceramic or polymer-based (proton- or anion-conducting), typically with a thickness of approximately 100 μm. Gas diffusion layers (GDLs) are positioned externally on catalyst layers to enhance the transport of gas-phase reactants and products. To ensure effective ion transport to and from the catalyst nanoparticles within the catalyst layers, the catalyst nanoparticles were coated with an ionomer that typically possesses properties similar to those of a membrane separator. The ionomer also acts as a bridge for ion transport through the membrane.



A porous catalyst-supporting layer can function as a gas diffusion electrode (GDE) and is applicable in both aqueous and gas-fed systems [76]. The gas reactant (CH4) can diffuse to the electrocatalyst and electrolyte through nano-sized voids in carbon-based nanoporous materials. Generally, carbon felt or carbon paper is used as a diffusion layer. Notably, controlling the cell temperature and promoting the mass transport of methanol away from the electrode surface can suppress the complete oxidation of the products. Furthermore, the transport of methanol can be improved by varying the shape of the electrode surface and optimizing the reactant gas flow [20,26,78,79]. The catalyst and ion-conducting medium (the ionomer and membrane, respectively) constitute the two pivotal components of an MEA.



The ionomer and membrane often determine the upper limit of the MEA operating temperature, and they must exhibit high ionic and electronic conductivities to minimize the internal resistance of the cell. Ceramics and polymers are membrane materials possessing distinct advantages and disadvantages. A ceramic separator demands operation within a temperature range of 100–300 °C to demonstrate effective ionic conductivities (0.06–0.2 S/cm) [80]. Operating at elevated temperatures can enhance methane activation but may pose challenges in preventing complete oxidation [81]. A drawback of ceramic separators is their brittleness, which potentially limits their service life due to the risk of cracking. However, these separators exhibit minimum product crossover [80,82]. In contrast, polymeric membranes can achieve a conductivity of approximately 0.1 S/cm at room temperature but require full hydration for optimal performance [81,83]. Additionally, polymeric membranes often face methanol crossover issues; however, they offer the advantage of methanol recovery without further oxidation [84].



Performance-Limiting Factor of the MEA Electrochemical Reactor


The overall performance of the MEA reactor can be expressed in terms of the energy efficiency (EE), which is the product of the voltaic efficiency (VE) and Faradaic efficiency (CE), as presented in Equation (1).


  E E = V E × C E  



(1)







Therefore, optimizing both VE and CE for efficient methane oxidation is necessary. There are various limiting factors, such as mass transportation and the number of reactions at a single electrode, and cell operating conditions, such as potential, temperature, and reactant flow rate.



First, the VE can be defied using Equation (2),


  V E =     V   t h e r m o       V   a p p l i e d      



(2)




where Vthermo is the thermodynamic operating potential for methane-to-methanol conversion (0.58 VSHE), and Vapplied is the actual operating potential. Three primary factors limit VE. First, the transport processes in MEA are critical and must be understood to control the transportation of reactants and products. Figure 14a presents the gas and ion flows in the MEA structure during methane oxidation. The reactants, CH4 and H2O, should be transported to the electrocatalytic layer but not to the crossed membrane. However, protons should be transported to the cathodic electrocatalytic layer through an ion-conductive membrane, and the methanol product should not cross the membrane. However, the crossover of chemicals or poor proton transportation directly affects the VE of the MEA reactor due to the back reaction or reaction rate, which is limited by the poor mass transportation rate (mass transport losses). Second, the kinetics of the electrocatalyst are also critical for the efficiency of the overall reaction, as the overpotential of the electrocatalyst is directly related to the reaction kinetics on the catalyst surface (kinetic losses). Third, the ohmic resistance of the reactor influences the ohmic loss (VE). These three limiting factors are primarily controlled at different reaction rates (i.e., currents). For example, kinetics is the primary limiting factor for the overall reaction under low reaction rate conditions, but the ohmic resistance of the reactor becomes the primary limiting factor when the reaction rate is very high. The limiting factors controlling Vapplied are depicted in Figure 14b, in which the ohmic losses are coupled to mass transfer as the hydration of the membrane and ionomer depends on water transport. Both of these losses can be minimized by optimizing the reaction conditions (temperature and membrane width); however, reactant or product crossover and material stability can be the result of these tradeoffs.



The CE describes the amount of current utilized for the formation of CH3OH from CH4 after including possible side reactions such as product crossover and reversible reduction to methane as presented in Equation (3), where


  C E =     i   m e t h a n o l   −   i   c r o s s o v e r       i   T     = F E −     i   c r o s s o v e r       i   T     ≈     N   m e t h a n o l         i   T     2 F      



(3)




iT represents the overall current density, and imethanol denotes the partial current density specifically associated with the production of methanol at the anode. In the absence of any crossover or methanol reduction to methane, CE is equivalent to the FE. The FE for methanol production can be less than 1 due to additional reactions occurring at the anode, including the OER. Generally, icrossover is not easily measured, and thus the CE is evaluated by quantifying the overall methanol flux (Nmethanol) and comparing it to the corresponding total equivalent flux if all the current were transformed into methanol as determined with Faraday’s law.



To accurately ascertain the total methanol flux and achieve a precise overall carbon balance, measuring the concentrations and volumetric flow rates in both the gaseous and liquid streams is necessary. Additionally, the overall volumetric flow rate exiting the cell is not equivalent to the total inlet flow rate, as different species are transported across the membrane during the reaction. Therefore, the precise determination of the outflow rate from the cell is important for the accurate quantification of the molar flow rate of the resultant products. This can be achieved using various calibrated devices and flow meters. At high current densities, precise measurement is critical, as a large amount of reactant is involved in the reaction. The use of the inlet flow, in this case, can result in inaccurate FEs [85]. Furthermore, the residence time of the gases is also important, as it can be measured from the inlet flow rate and free volume of the cell. The importance of residence time is often greater for half-cells than for MEAs, as the available volume in MEAs is mostly concentrated in the channels and backing layers. Residence time is a significant factor only in cases with high conversion rates.



The primary limiting factor for CE is the selectivity of the electrocatalyst. Generally, water oxidation is the main competitive reaction for methane oxidation under water vapor or liquid environmental conditions. Additionally, selective methanol formation without the formation of side products is important for increasing the CE of the electrocatalyst (reactor). The selectivity can also be affected by experimental conditions such as the temperature, pressure, methane solubility, or flow rate of the electrolyte. However, the most important property is the catalytic activity for the partial oxidation of methane for methanol production.



Lee et al. studied the oxidation of methane to methanol under low-temperature conditions. This investigation was conducted using a reactor designed as a fuel cell, wherein a combination of methane and water vapor was introduced to the anode while air was introduced to the cathode. Various electrocatalysts, including noble metals and transition metal oxides, were impregnated onto catalyst supports and analyzed for methanol production. Among the various catalysts, the V2O5/SnO2 anode yielded noteworthy results at a temperature of 100 °C. The catalyst attains 61.4% current efficiency and 88.4% selectivity towards methanol. Oxygen-active species are efficiently generated at the vanadium-active sites [26]. Hibino et al. investigated methanol production by mixing high-activity Pd–Au–Cu/C with proton-conducting Sn0.9In0.1P2O7 and reported the role of active oxygen species on the surface of the anode and cathode in a proton-exchange membrane fuel cell for the oxidation of methane to methanol at a Pd–Au/C cathode. The methanol formation (selectivity ~6.03%) was attributed to the generation of O* as a result of an oxygen reduction reaction at the cathode surface [25]. In another study, high-activity Pd–Au–Cu/C mixed with proton-conducting Sn0.9In0.1P2O7 particles achieved methanol synthesis with high selectivity and yield at high temperatures and pressures. However, a mixed catalyst in a liquid system is expected to decrease the required reaction temperature and pressure [86].



MEAs follow the same reaction mechanism (radical formation) as those of conventional electrochemical systems. Santos et al. demonstrated the electrochemical partial oxidation of CH4 using hydroxyl radicals as the oxygen source in alkaline anion exchange membrane fuel cells (AAEMFCs). The AAEMFCs achieved 20% methane conversion at room temperature over Pt/C, Pd/C, and Ni/C, with methanol and formate as primary products. Product stability and reaction pathways were identified using in situ infrared (IR) analysis. The methanol synthesis over Pt/C begins at open circuit potential (OCP) (0.3 V), and the methanol peak disappears as the potential approaches 0.0 V, thus indicating the overoxidation of CH3OH to COO. However, the methanol band exists at all applied potentials on the Pd/C surface, although the intensity of the band decreases around 0.0 V. Ni/C also facilitates methane activation by regulating the applied potential [87]. Nandenha et al. reported the activation of CH4 by H2O2 injected into the cathode of a solid membrane reactor–PEMFC at ambient temperature. The catalytic layer adsorbed both reagents on the active sites, thus resulting in the generation of •OH that subsequently reacted with CH4 to produce CH3OH [88]. However, in a carbonate electrolyte system, negatively charged oxygen in CO32− was the primary source of oxygen. In addition to methanol, carbonate-exchange MEAs yielded various additional products, such as C2H5OH, C3H7OH, HCHO, CO, HCOOH, and ethers. These exchange MEAs were employed to evaluate the catalytic activity of Ni, Co, and Fi catalysts that exhibit instability under acidic conditions [33,34,35].



Rocha et al. designed TiO2/RuO2/PTFE GDEs for methane conversion to methanol in a 0.1 M Na2SO4 solution. This system achieved ≈30% current efficiency for methanol formation at 2.2 VSCE, along with the formation of 10% formaldehyde, 40% formic acid, and 20% O2. In a follow-up study, Rocha et al. incorporated V2O5 into TiO2/RuO2/PTFE to enhance methanol selectivity. The methanol formation rate increased twice at 2.0 VSCE when 5.6% V2O5 was added to TiO2/RuO2 by assuming the formation of formaldehyde and formic acid [63,89]. Reported studies on electrochemical methane oxidation have used both aqueous electrolyte cells and MEAs. In all published studies on methane oxidation (Table 3), the selection criteria for the electrocatalysts are not well reported. Most of the materials selected for methane oxidation are also highly active on OERs; however, no detailed explanation is given as to why these materials are expected to be active in methane oxidation. Table 3 summarizes the reported studies focused on low-temperature electrochemical methane oxidation in both MEAs and half-cells.





5. Conclusions and Outlook


In this review, we summarize the developments in electrochemical CH4 conversion under ambient conditions. We discuss electrochemical strategies for the activation of C-H bonds and the stability control of intermediates. Despite significant efforts to enhance CH4 conversion and selectivity, considerable challenges persist for practical CH4 utilization. This review highlights the complexities of low-temperature CH4 electroconversion while focusing on the electrolyte role and yield optimization for methanol and higher alcohols. Significant challenges in low-temperature electroconversion of CH4 require innovative solutions and collaborative efforts across various scientific domains. Despite promising strategies employing high-valence metal catalysts, issues such as competitive reactions and electrolyte stability persist. Overcoming these challenges necessitates the exploration of alternative redox pairs compatible with water and the development of catalysts that protect the products from overoxidation, thus making them viable for industrial applications. Additionally, the utilization of indirect electrochemical methods that require the in situ generation of oxidizing agents holds potential but requires further investigation to avoid extreme conditions and high economic value.



Direct electrochemical conversion requires a shift from theoretical understanding to practical implementation. Innovative catalyst designs, including MXenes, bimetallic materials, metal oxides with low Madelung potentials, and high-entropy oxides supported by porous structures, can significantly enhance CH4 oxidation to alcohols. Doping and interface engineering can be further sought [96]. The direct conversion process involves the generation of reactive oxygen species (ROS) at the catalyst surface, which then interacts with methane to produce oxygenated products. However, significant challenges associated with this approach include the solubility of methane in solution, the effect of adsorption–desorption kinetics on overoxidation, and the high overpotentials required to drive the reaction forward. This often involves competition between the OER and methane oxidation that can be circumvented by the use of oxidants other than water, such as CO32− and OH−. The adsorption and desorption activities of methane can be optimized by employing highly active surface areas and intrinsic catalytic activities such as nickel-based electrocatalysts and metal–organic frameworks (MOF). The development of nickel composite catalysts with MOFs may represent a good strategy for enhancing catalytic efficiency. In comparison, indirect methane conversion has exhibited interesting preliminary results; however, this approach requires expensive noble metals as oxidizing agents and harsh reaction conditions. The electrochemical in situ generation of oxidizing agents such as H2O2 may be a promising strategy for the generation of value-added products.



Addressing issues related to electrolyte engineering and product separation is pivotal for minimizing overoxidation and improving selectivity, ultimately bringing us closer to achieving the goal of commercialization. Systematic studies are required to address the variability in the experimental conditions. Understanding the importance of factors such as potential, current, temperature, and CH4 pressure is critical for enhancing product yield. Additionally, advanced analytical techniques and real-time spectroscopy will be helpful for revealing the catalyst states and intermediate species, ultimately facilitating the design of novel catalysts. Furthermore, innovations in reactor design and detailed techno-economic analyses are important for scaling up electrochemical systems to meet industrial demands.



A comprehensive techno-economic analysis provides the economic viability of a methane-to-methanol fuel cell system that exhibits methanol selectivity of 70% at a cell potential of approximately 0.5 V, providing 100 mA cm−2 within the temperature range of 100 to 250 °C [29]. Existing electrocatalysts exhibit inadequacy with regard to meeting actual demands. The primary challenge in achieving this goal is the development of an efficient electrocatalyst that can selectively convert methane to value-added products at low potential and high currents under mild reaction conditions.



In addition, electrochemical methane oxidation can be coupled with other opposite cathodic reactions. In an aqueous electrolyte, when methane is oxidized at the anode, hydrogen is produced at the cathode. However, by changing the material at the cathode while the methane is oxidized, other value-added products can be synthesized at the cathode. For example, if the cathode for electrochemical CO2 reduction is used, alcohol at both the anode and cathode can be produced simultaneously [97,98,99]. However, this kind of co-production of alcohol (or co-production of other value-added chemicals) can only be performed in a certain voltage range due to competing reactions such as the oxygen evolution reaction or the hydrogen evolution reaction at each electrode. Therefore, it is important to determine the appropriate operating potential for co-production of the target product. The operating potential can be estimated from the electrocatalytic activity of each half-cell.



Enhancing the efficiency and selectivity of CH4 conversion using electrochemical methods is challenging. However, efficiency and selectivity can be increased by enhancing methane solubility. The solubility of methane can be enhanced by employing a solid–liquid–gas ternary phase at the interface of the electrocatalyst/gas diffusion layer in the electrolyte that allows CH4 gas to be introduced into the active sites of the electrolyte through a gas diffusion layer. Additionally, the exploration of appropriate organic solvents is a promising approach to overcome the low solubility of CH4 in water. Organic solvents may yield products that are different from those obtained using aqueous electrolytes. However, these solvents are less susceptible to electrocatalytic oxidation than water. The development of novel electrocatalysts for CH4 production to produce valuable C2/2+ products is an important research topic. Overcoming the challenges related to low electrical conductivity and high charge transfer resistance at the interface by designing carbon-based composites and doping foreign elements into the active electrocatalysts will improve the catalytic activity by altering the electronic properties.



Understanding the rate-determining step (RDS) is important for the development of efficient electrocatalysts. Investigating the charge-transfer mechanism using in situ and operando spectroscopy, along with in situ characterizations such as X-ray diffraction (XRD), transmission electron microscopy (TEM), and IR spectroscopy coupled with DFT calculations, can provide valuable insights for modifying existing electrocatalysts and designing new ones [100]. Moreover, techno-economic analyses incorporating device fabrication costs and methanol purification processes are pivotal for setting performance benchmarks.
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Figure 1. Thermal catalysis vs. electrocatalysis for selective oxidation of CH4. 
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Figure 2. Direct electrochemical conversion of methane (a) in one-body electrolyte, (b) in separated electrolyte via cation (proton) exchange membrane, and (c) in separated electrolyte via anion exchange membrane. 
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Figure 3. (a) Reaction mechanism of methane conversion via carbonate ions. (b) Formation of the C-C bond in ethanol. (c) Reaction pathways for methane activation via carbonate ions [33]. Copyright 2013, IOPscience. 
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Figure 4. (a) SEM images of NiO/ZnO nanorods. (b) Polarization curves for NiO/ZnO nanorod catalysts with N2- and CH4-purged electrolytes. (c) LSV and (d) EIS spectra for the NiO/ZnO nanorod. (e) electrochemical methane conversion over the NiO/ZnO shell/core nanorod. (f) Energy diagram of the reaction coordinate for methane–ethanol conversion [44]. Copyright 2023, Elsevier. 
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Figure 5. Electrochemical oxidation of CH4 on (a) Ni/NiO hollow fibers and (b) a NiO/Ni foam anode [45,46]. Copyright 2020, Elsevier. 
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Figure 6. (a) The free energy diagram for the OER on Fe–N–C SACs. (b) The surface coverage of OER intermediates on Fe–N–C catalysts [48]. Copyright 2023, Royal Society of Chemistry. 
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Figure 7. Proposed reaction pathways for partial oxidation of methane. The reaction pathways show the formation of C2 and C3 compounds via non-oxygenated radicals in the potential range of −0.2–0.8 V under mild conditions [49]. Copyright 2020, Wiley. 
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Figure 8. (a) Activity volcano plot of the OER for metal oxides (blue) and Mxenes (red). (b) Plot of methane activation energy versus the descriptor EOH − EO. (c) The reaction rates for the OER (black line) and methane oxidation (green line) versus EO and U at different temperatures [20]. Copyright 2018, Royal Society of Chemistry. 
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Figure 9. (a) Free energies of the OH adsorption, deprotonation, and OOH* formation in OER plotted against ΔEOH* − ΔEO*. (b) Plot of methane activation energy barrier (ΔEa,TS) as a function of ΔEOH* − ΔEO*. (c) Free energy diagram of stable products in methane oxidation at different potentials. (d) Schematic diagram of band filling of oxygen and carbon adsorbed on TaHf2C2O2 and (e) metal Pt [56]. Copyright 2021, Elsevier. The star mark represents the thermodynamic selectivity of the product under the corresponding external potential. 
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Figure 10. Schematic diagram of indirect electrochemical conversion of methane. (a) Indirect oxidation in catholyte and (b) indirect oxidation in anolyte [14,22,62]. 






Figure 10. Schematic diagram of indirect electrochemical conversion of methane. (a) Indirect oxidation in catholyte and (b) indirect oxidation in anolyte [14,22,62].



[image: Catalysts 14 00058 g010]







[image: Catalysts 14 00058 g011] 





Figure 11. (a) Mechanism for electrochemical methane functionalization via a Pd2III,III intermediate [22]. Copyright 2017, American Chemical Society. (b) Electrochemical methane functionalization catalyzed via an Rh-based catalyst in nonaqueous media and Si nanowires as electrodes [71]. Copyright 2019, American Chemical Society. 
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Figure 12. Schematic diagram for comparison between direct and indirect electrochemical methane oxidation. 
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Figure 13. Schematic diagram of MEA reactor for methane oxidation. 
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Figure 14. (a) Transportation of gas and ions through the MEA. (b) Flow of reactant, product, and other transport mechanisms. (b) Distribution of applied potential for the MEA system by current level [28]. Copyright 2020, American Chemical Society. 
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Table 1. Electrochemical reactions for methane conversion in the membrane electrode assembly (MEA) [25].
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Half-Cell Reactions

	
Proton Exchange Membrane

	
V vs. SHE






	
Anode

	
CH4 + H2O → CH3OH + 2H+ + 2e−

2H2O → O2 + 4H+ + 4e−

	
0.58

1.23




	
Cathode

	
O2 + 4H+ + 4e− → 2H2O

2H+ + 2e− → 2H2

	
1.23

0.00




	
Anion Exchange Membrane




	
Anode

	
CH4 + 2OH− → CH3OH + H2O + 2e−

4OH− → O2 + 2H2O + 4e−

	
−0.18

−0.40




	
Cathode

	
O2 + 2H2O + 4e− → 4OH−

2H2O + 2e− → H2 + 2OH−

	
−0.40

−0.83











 





Table 2. Summary of current state-of-the-art systems for electrochemical transformation of methane into chemicals.
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	Electrocatalyst
	Temperature (°C)
	Product
	Potential (V)
	Electrolyte
	FE (%)
	Yield (mmol g−1 h−1)
	Selectivity (%)
	Ref





	NiO/Ni
	RT
	CH3CH2OH
	1.40 vs. RHE
	NaOH
	89
	2.5 × 10−2
	87
	[45]



	Co3O4/ZrO2
	RT
	CH3CH2CH2OH, CH3CH(OH)CH3
	1.6 vs. RHE
	Na2CO3
	---
	2.4
	92
	[37]



	NiCo2O4/ZrO2
	RT
	CH3CH2CH2OH, CH3CH(OH)CH3
	2.0 vs. Pt
	Na2CO3
	---
	1.2
	---
	[35]



	0.6% Rh/ZnO

CuO/CeO2

Rh/NiO/V2O5
	RT

RT

100
	CH3CH2OH

CH3OH

CH3OH
	1.4 vs. RHE

0.8 vs. SCE

0.7 vs. RHE
	KOH

Na2CO3

Nafion
	23



91
	0.79

0.75

6.5 × 102
	85

79

98
	[47]

[61]

[53]



	Pt(IV)
	130
	CH3OH
	0.68 vs. SHE
	NaCl, H2SO4
	100
	2.9 × 10−4
	70
	[62]



	NiO/Ni
	RT
	CH3OH, CH3CH2OH
	1.46 vs. SHE
	NaOH
	54, 85
	---
	78, 95
	[46]



	NiO/ZrO2
	40
	CH3OH, HCHO, HCOOH, C2H5OH, CH3COOH, C3H8O, C3H6O
	2.0 vs. Cathode
	Na2CO3
	---
	---
	HCHO: 44
	[33]



	TiO2/RuO2/V2O5
	RT
	CH3OH, HCHO, HCOOH
	2.0 vs. SCE
	Na2SO4
	57
	---
	CH3OH: 97.7
	[63]



	ZrO2/Co3O4
	RT
	CH3CH2CH2OH, (CH3)2CHOH, CH3CHO
	2.0 vs. Pt
	Na2CO3
	>100
	---
	>60
	[34]










 





Table 3. Experimental results for low-temperature electrochemical methane conversion via MEA reactors.
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	Electrode
	Temperature (°C)
	Potential

(V)
	Electrolyte/Membrane
	Oxidant
	Product

(Production Rate)
	Current Density (mA/cm2)
	Ref.





	V2O5/SnO2-PTFE anode
	100
	0.9
	Sn0.9In0.1P2O7
	H2O
	CH3OH
	4
	[26]



	PdAu/C cathode
	50
	
	Sn0.9In0.1P2O7
	O2
	CH3OH (0.4 µmol h−1 cm−2),
	400
	[25]



	Pt/C cathode
	85
	0.4
	Nafion 117
	H2O2
	CH3OH (0.14 mol L–1)
	
	[88]



	NiO-ZrO2 anode
	40
	2.0
	1.0 M Na2CO3 + DMF/ralex AM-PAD
	CO32−
	CH3OH, HCHO, CO, HCOOH, C2H5OH, CH3COOH,

CH3COCH3, CH3CHOHCH3
	21
	[33]



	Co3O4-ZrO2/CP-nafion 117 anode
	25
	2.0 VPt
	0.5 M Na2CO3/Nafion 117
	CO32−
	CH3OH (9.9 µg L−1 h−1), CH2O, C2H5OH, C2H4O, C3H8O, C3H6O
	~10
	[34,35]



	Pd/C Anode
	80
	0.05–1.2 V
	Nafion
	H2O
	HCOOH
	~10
	[90]



	PdZn/C Anode
	80
	0.05–1.2 V
	Nafion
	H2O
	CH3OH, HCOOH
	~10
	[91]



	PdAu/C Anode
	80
	0.05–1.2 V
	Nafion
	H2O
	CH3OH, HCOOH
	~10
	[92]



	Pd/C, Pt/C, Ni/C anode
	25 (anode)

85 (cathode)
	0.3
	6.0 M KOH/Nafion 117
	OH−
	CH3OH (0.9 mol L–1)
	~1
	[87]



	MOx anode (M = Mn, Fe, Ni, Os, Pt)
	160
	--
	KOH + H2O (catholyte)/ion exchange membrane
	OH−
	CH3OH
	--
	[93]



	MOx anode (M = Ni, Co, Cu, Ag, Pt, Au, Ce, Pb, Fe, Mn, Zn Os, Pt)
	25–160
	--
	KOH + H2O (catholyte)/Daramic anion exchange membrane
	OH−
	CH3OH, CO2
	--
	[94]



	[6,6′-(2,2′-Bipyridine-6,6′-Diyl)bis(1,3,5-Triazine-2,4-Diamine)](Nitrato-O)Copper(II) Complex/C Anode
	25
	0.2–0.3
	KOH-doped Nafion membrane
	OH−
	CH3OH (1.85 mol L–1 h–1), HCOOH
	~1
	[95]



	TiO2/RuO2/V2O5/anode
	25
	2.0 VSCE
	0.1 M Na2SO4/PTFE
	H2O (OH−)
	CH3OH (300 mg L−1 h−1), HCHO
	57
	[63]



	TiO2/RuO2 anode
	25
	2.1 VSCE
	0.1 M Na2SO4/PTFE
	H2O (OH−)
	CH3OH (220 mg L−1 cm2), HCHO, HCOOH
	30
	[89]
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