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Abstract:



The direct electro-reduction of CO2 to functional molecules like ethene is a highly desirable variant of CO2 utilization. The formation of, for example, ethene from CO2 is a multistep electrochemical process going through various intermediates. As these intermediates are organic species, the CO2 reducing electro-catalyst has to be competent for a variety of organic functional group transformations to yield the final product. In this work, the activity of an in situ-grown nano-structured copper catalyst towards a variety of organic functional group conversions was studied. The model reagents were selected from the product spectrum of actual CO2 reduction reaction (CO2RR) experiments and from proposals in the literature. The CO2 bulk electrolysis benchmark was conducted at 170 mAcm−2 current density with up to 43% Faradaic Efficiency (FE) for ethene and 23% FE for ethanol simultaneously. To assure relevance for application-oriented conditions, the reactivity screening was conducted at elevated current densities and, thus, overpotentials. The found reactivity pattern was then also transferred to the CO reduction reaction (CORR) under benchmark conditions yielding additional insights. The results suggest that at high current density/high overpotential conditions, also other ethene formation pathways apart from acetaldehyde reduction such as CH2 dimerization are present. A new suggestion for a high current density mechanism will be presented, which is in agreement with the experimental observations and the found activity pattern of copper cathodes toward organic functional group conversion.
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1. Introduction


During the last few decades, researchers began tackling the problem of fossil fuel usage. The main task is the establishment of a closed carbon cycle and the implementation of renewable energy sources. Characteristic for the latter one are seasonal and weather-induced fluctuations [1,2]. To compensate for such intermittency, the installation of large overcapacities is necessary, which yet will produce stranded energy under optimal weather conditions. CO2 electro-reduction is a feasible storage pathway for this stranded energy, which, at the same time, recycles emitted carbon, thus creating a closed carbon cycle [3,4]. These considerations have led to a vast increase of research efforts in CO2 electro-reduction [5]. In this context, copper seems to be a unique element that unifies the properties of a high H2-overpotential enabling operation in low-cost aqueous electrolytes, comparably low CO2-reduction overpotentials and being the only element featuring C–C–bond formation and formation of products originating from transfer of more than two electrons [6,7].



Products like ethene are of particular interest as their economic value as chemical feedstock exceeds their heating value by up to more than one order of magnitude (example in Supplementary Material (SM)). Pioneering work in CO2 reduction was done by Hori [8] and Paik [9] on mercury electrodes. Copper-catalyzed CO2 reduction to hydrocarbons was first reported by Hori in 1985 [10]. In the following decades, publications using copper electrodes [11,12,13,14,15,16,17], copper oxide electrodes [18,19,20,21], copper-containing perovskites [22], oxide-supported copper catalysts [23], halide-derived copper catalysts [24,25,26,27], copper-based alloys [28], copper-based metal-organic frameworks [29], molecular copper complexes [30], as well as alternative systems [5,31,32,33,34,35,36] vastly increased. Also pyridine-based co-catalysis known from Pd electrodes [37] could recently be transferred to copper-based systems [38]. Only recently, NiGa alloys have also been reported to produce trace amounts of ethene [39] and cobalt-proto-porphyrins producing methane [40].



Systematic catalyst development in this area requires a reliable model for the relationships between the products, intermediates and the catalyst properties. Understanding the mechanism is therefore a key to CO2 electro-reduction as an applicable technology.



Attempts tackling the mechanism of CO2 reduction by means of DFT-calculations [41,42,43,44,45,46,47], in operando spectroscopy [48,49,50] and surface science methods [21,50,51] are numerous. Yet, there is only one limited attempt of studying the reactivity of certain model compounds [52]. The research in this area is mainly focused on ethene, ethanol and formate and there is still lack of a general scheme covering all products. In this study, a more general approach to the mechanism was chosen. During the reduction of CO2 to C2 or even C3 hydrocarbons and mono-oxygenates, the reaction goes through several electron transfer steps and numerous intermediates. These intermediates, however, have in common that they are organic or copper-organic species. The functional groups in these species are converted by electrochemical reduction into others in each step. Thus, studying the activity of a copper cathode catalyst towards reductive conversions of organic functional groups is a feasible way of tackling the mechanism. This method will elucidate which reactions are feasible to get from one intermediate to another, without limiting the understanding to a particular product. By this attempt, guidelines for mechanistic pathways can be obtained. Therefore, we conducted a screening at previously found optimum conditions by variation of 22 reactants.



It should be noted that the entire study was deliberately executed far from reaction onsets at potentials <−1 V vs. Reversible Hydrogen Electrode (RHE), as they occur at application relevant current densities. In contrast, the majority of mechanistic studies is conducted at close-to-onset potentials and therefore does not reach application relevant current densities. These conditions are often chosen to avoid non-equilibrium conditions and the corresponding local gradients, such as high pH values, concentration gradients and high overpotentials. In this study, these conditions are regarded as an inevitable aspect of applied CO2RR and it is intended to reevaluate concepts found for close-to-onset conditions under high current density conditions.




2. Results and Discussion


2.1. CO2 Bulk Electrolysis Benchmark


We recently introduced a nano-scale copper dendrite electro-catalyst, which on a carbon gas diffusion layer (GDL) is capable of achieving over 50% Faradaic Efficiency (FE) for ethene at 170 mAcm−2 [53,54]. For this screening, this was the model catalyst of choice.



The catalyst is grown in situ from an acidic 6.4 mM CuSO4 solution. The unique feature of this catalyst is its fine nano-scale dendrite structure, which creates many high index planes that are known to be beneficial for ethanol evolution [55]. This structure is created by the templating effect of hydrogen bubbles, which are present due to the high current density and the low initial pH [56].



To be able to properly reflect the product scope of actual CO2RR in the choice of the model reagents, the liquid phase products were also analyzed in the same 10 min time grid as the gaseous products. The FEs of all major gaseous and liquid products are compiled in Figure 1.


Figure 1. Faradaic Efficiency (FE) vs. time for major products of CO2 bulk electrolysis at 170 mAcm−2.
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The main liquid phase product was ethanol. Besides, also n-propanol, acetate, ethylene glycol and formate (FE 2%–5%) and traces of allyl alcohol, methanol and acetone (FE < 1%), were quantified.



Noteworthy, the liquid analysis revealed an excellent performance of the catalyst also for ethanol formation in addition to the ethene performance. The FE for ethanol reached 23% after 30 min of electrolysis, which equals a partial current density of 39.1 mAcm−2. This is among the highest reported values for ethanol. The Kenis group has reported an even higher value of 53 mAcm−2, yet in an open system with a non-cycled KOH electrolyte at pH = 14 [57]. In our closed electrolyte cycle, which is closer to a continuously operable setup, using KBr and KHCO3, the pH sets to ~7 due to the CO2/HCO3−buffer. Figure S35 (SM) gives evidence for this buffer along with working electrode (WE) potential and voltage data for the experiments.



In terms of functional groups, the products spectrum of CO2RR features alkanes, electron-rich alkenes, carboxylates, terminal alcohols and ketones. The model reagents were chosen accordingly. On the other hand, the product scope lacks aldehydes, secondary alcohols, electron-deficient alkenes and alkynes. However, their absence may be explained either by lack of a formation pathway or by very high reactivity. Therefore, these classes are actually candidates for highly reactive intermediates. In addition, suggestions from the literature as glyoxal (20) or ethylene glycol (21) were also evaluated.




2.2. Model Reagent Screening


The screening was conducted on freshly prepared in situ-grown model catalyst on a solid copper support as also described in the previous work [54]. This method is more feasible for liquid or solid model reagents and allowed more precise measurements due to the reduced electrolyte volumes. The reagents are tested by addition of a sub-stoichometric amount (with respect to the total charge) after 10 min of catalyst deposition time. The galvanostatic bulk electrolysis strategy has the advantage that also reactions with lower onset potentials and with low Faradaic Efficiencies can be observed. Experiments with authentic products/intermediates are depicted in the suggested mechanism in Scheme 1. Additional model reactions are illustrated in Scheme 2.



Table S2 in the Supplementary Materials (SM) compiles important reactivity data obtained from each reactant. The given potentials are average values for the WE potential 50 s after addition of a reacting reactant. Those substrates usually cause a spontaneous distinctive rise of the potential, while it remains practically constant for inert or poorly reacting substrates. Examples of working electrode potential curves for both reacting and inert substrates are compiled in Figure S27 (SM). We also identified the subsiding of hydrogen evolution as a descriptive feature for the feasibility of a transformation. Also, CO2RR itself is a competing process to the hydrogen evolution reaction (HER). Thus, reactions that cannot compete with the HER are unlikely to participate in the mechanism. Notable changes in the electrolyte conductivity due to small volumes and the Nafion® separator lead to corruption of the IR-drop compensation. Table S2 (SM) therefore shows uncompensated values. Additional Spectra, GC data and exemplary electrical parameters are compiled in the Supplementary Materials (SM).



2.2.1. Reactivity of CO2 and HCO3−


In order to exclude any perturbation, it was verified that HCO3− is inert under these conditions. Electrolysis in an Ar-purged KHCO3 electrolyte indeed yielded only H2. Importantly, KOH was used as anolyte to ensure that no gaseous CO2 is liberated at the cation exchange membrane.




2.2.2. Reactivity and Role of 2e− Carboxylate Species


As the screening is related to CO2 electrolysis, reagents were chosen that derive from CO2 by 2 electron (e-) reduction. CO (2) is the key intermediate toward all higher reduced products. [20,32,34,35,58]. This could also be verified for the model catalyst. Conclusively, the first key step in our scheme is the reduction of physically dissolved or gaseous CO2 (1) to CO (2).



In CO2 electrolysis, formate (4) and oxalate (5) as well as their conjugated alcohols methanol (26) and ethylene glycol (21) are found. Addition of formate (4) to the electrolyte under argon purging, however, did not yield any reduction products. Its reduction to methanol is evidently possible as ligand on a heavy metal complex [59], but not on copper cathode with competing HER. Like HCO3− (3) and CO2, also formate (4) is related to CO (2) as its hydrate form. In both cases, only the neutral gaseous form was found to be electrochemically active.



Despite it never having been observed in our system, oxalate (5) was also used as reactant. Firstly, it is well known in anhydrous electrolytes, where carboxyl-radicals (6) usually dimerise (6) → (5) instead of being reduced by a hydrogen radical (6) → (4). Secondly, it is a C2 building block and, therefore, a possible intermediate to ethanol (17) or ethylene glycol (21). Yet, no evidence for electrochemical conversion of oxalate (5) could be found even after passing more than 4 e– per molecule into the system. Thus, oxalate is a dead end.




2.2.3. Reactivity of Higher Carboxylates


Ethanol (17) could arguably also from by reduction of acetate (14). However, when adding sodium acetate to our model system, no evidence was found for acetate (14) being further reduced to any liquid or gaseous product. This result, together with the results from formate (4) and oxalate (5), suggests that carboxylates in general are inert to electro-reduction by the in situ-grown copper catalyst. Acetamide (36), which in contrast to acetate is not negatively charged, also underwent no transformation. Also carboxylate groups, which are part of an α,β-unsaturated π-system as in fumarate (31), remain untouched.




2.2.4. The Role of Acetaldehyde Acyl-Species and Enolates


In the literature, several pathways to hydrocarbon products are discussed. The most widely accepted one begins by formation of a C2O2 intermediate and is supported by the work of the Hori [60] and the Koper group [44]. Ma et al., recently proposed a mechanism under high current density conditions, featuring ketene (13) and methylene (10) as key intermediates [57]. In this mechanism, ethene (12) is produced by dimerisation of two methylene (10) units. Ethanol (17) is formed by carbonylation of one methylene (10) to ketene (13) and two subsequent reduction steps to acetaldehyde (16) and ethanol (17). Both these mechanisms feature acetalydehyde (16) as an intermediate. In the first mechanism, it is the “Selectivity Determining Intermediate” (SDI) and precursor to ethene (12) and ethanol (17) [44,45,46]. In the latter, it is only precursor to ethanol (17).



Bertheussen et al. [52] recently reported the observation of considerable quantities of acetaldehyde (16) in an authentic electrolysis experiment and demonstrated the authentic bulk electro-hydrogenation of acetaldehyde (16). We attempted to reproduce these results and also intended to demonstrate the ethene (12) from acetaldehyde (16). The affinity of the catalyst towards aldehydes is very high, even under elevated current density conditions. Addition of acetaldehyde (16) to a running electrolysis under Ar purging suppressed the HER from 100% to 4%. This affinity was also reflected in the WE potential, which rose from −1.86 V to −1.39 V vs. Ag/AgCl by addition of the acetaldehyde (16) at a current density of 30 mAcm−2.



While we could also confirm the reduction of acetaldehyde (16) to ethanol (17) under our model conditions, no ethene (12) could be found in the gas phase. This contradicts an ethene formation from acetaldehyde (16) and rather supports the scheme of Ma et al., where only ethanol (17) is formed from acetaldehyde (16) [57].



DFT calculation for the C2O2 mechanism suggests that acetaldehyde (16) is adsorbed in its enolate form [44,45,46]. To enforce this tautomeric form, vinyl acetate (28) and ethylene glycol vinyl ether (29) were used as models for enolates.



Indeed, in both cases ethene (12) evolution was observed. Vinyl acetate (28) reduction however suffered from the participation of free acetaldehyde (16) from saponification of the ester. The bulk of the reagent was actually converted into ethanol (17) and acetate (14). The appearance of small quantities of n-butanol (41) proved the presence of free acetaldehyde (16). In contrast to the ester, the ether protection group was stable against hydrolysis. Indeed, its addition yielded only ethylene glycol (21) in the liquid phase and ethene (12) and ethane (18) in the gas phase. This can only be explained by an oxidative addition/dissociative adsorption of the vinyl-ether (29) into an alcoholate and a copper vinyl complex (15), which was then terminated by a hydrogen-radical or reduced. This, on the other hand, supports an ethene (12) formation from acetaldehyde (16) as featured in the C2O2-based mechanism.



An explanation for these ambiguous results may be different potential and current density regimes. The C2O2 mechanism was derived a specific crystal plane Cu(100) and a potential of −0.4 V–−0.45 V [45,46] vs. RHE.



In the case of this study, a dendritic catalyst was used at around −1.0 V vs. RHE. Under such conditions, other mechanistic pathways on other crystal planes may prevail. This is supported by recent results provided by Surendranath [61] and coworkers, who found a pH-invariant strong rise of the CO-binding ability of copper surface for potentials more negative than −0.6 V and a saturation of CO-binding strength for potentials more negative than −0.8 V. This clearly sets up two different potential regimes. This study and the work of Ma et al. [57] were both executed in a high current density and, therefore, high overpotentials regime. It appears that under high overpotentials, the rate of electro-hydrogenation of acetaldehyde (16) vastly exceeds the rate of sp2C–O bond cleavage. However, the reaction can be enforced using protection groups. This again emphasizes that the mechanisms at onset potentials and high current densities are not necessarily comparable.



There appear to be multiple pathways to ethene (12), which become accessible under different potentials. Recently, Ledezma-Yanez et al., also reported that the hydrogenation or cleavage of acetaldehyde (16) is very site-sensitive [62], which may play an important role on a dendritic catalyst. Nevertheless, the same catalyst that was used for the acetaldehyde reduction yields higher FEs for ethene (12) than ethanol (17) for CO2RR. The lack of ethene observation therefore cannot be a sole site effect.



The reductive cleavage of vinyl alcohol derivatives is actually a very interesting reaction even if just considered an electrochemical bulk transformation on its own. It is an electrochemical Reverse Wacker Oxidation.




2.2.5. Reactivity of C=O Double Bonds


The mechanistic scheme that is presented here features many electro-hydrogenations of C=O and C=C bonds, which were therefore studied in detail. Aldehydes, as mentioned above, readily undergo electro-hydrogenation to the corresponding alcohols. To further probe the reactivity of C=O double bonds, also acetone (30) was evaluated and i-propanol (37) was obtained. Reactivity-wise, however, already this simplest ketone acetone (30) was far less reactive than the aldehydes. The WE potential did not change notably when it was added. Less than 10% were actually converted after passing 4.8 F/mol. It cannot be ruled out that, in case of ketones, the reduction takes place via hydrogen in statu nascendi. There are no reliable reports about i-propanol (37) or any other secondary alcohols in CO2RR. In this case, this is due to the low reactivity of the corresponding ketones and, therefore, the lack of an efficient formation pathway.



As origin of acetaldehyde Bertheussen et al. [52] proposed a surface HC2O2 intermediate (22) towards the formation of acetaldehyde (16). Its mono-hydrogenation may yield glyoxal (20), which was also found by Kuhl et al. [17]. Subsequent hydrogenation of glyoxal (20) yielded ethylene glycol (21). In conclusion, glyoxal (20) is an intermediate to ethylene glycol (21), which is also found in Cu-catalyzed CO2 reduction, usually at low overpotentials. It should be noted that glyoxal (20) also rapidly undergoes benzilic-acid rearrangement [63] when exposed to high pH values as present in the vicinity of the electrode to yield glycolic acid (23) [64].



In the C2O2-based low overpotential mechanism, the reduction to acetaldehyde (16) also proceeds via sp2C–O bond cleavages. As for acetaldehyde (16), also in this case the balance between C–O bond cleavage and C=O bond hydrogenation may shift completely to the latter at higher overpotentials. Ethylene glycol (21) evolves at lower overpotentials (>−0.9 V vs. RHE) [17] than those where pronounced ethene (12), ethanol (17) or acetate (14) evolution is observed (<−1.1 V vs. RHE). Thus, C2O2 and HC2O2 species (22) are evidently present at very low overpotentials, as suggested by the Strasser, Chorkendorff and Nørskov groups [16,51,52,65] and may yield acetaldehyde (16) as intermediate for ethanol (17) and ethene (12) evolution at low overpotentials, which yet is no longer valid at high current densities. These conditions, however, are not within the scope of this work.



CO (2) and HCO (7) species, which are proposed to form C2O2 or HC2O2 (22), are also precursors for methanol (26) via formaldehyde (25) as intermediate. Formaldehyde (25) in the experiment was rapidly reduced and fully converted to methanol (26). Noteworthy, no other products were observed. Formaldehyde (25) was controversially discussed as intermediate for chain growth in Fischer-Tropsch chemistry [66]. Also for CO2RR no evidence for C–C bond formation from formaldehyde (25) was found. In conclusion, the liberation of formaldehyde (25) from surface formyl (7) or hydroxycarbene (8) species is irreversible.




2.2.6. Reactivity of Alcohols and Ethers


Ethylene glycol (21) was also proposed as an intermediate to ethanol (17) [17]. The cleavage of ethylene glycol vinyl ether (28) has proven that C–O bond cleavage is possible also for non-organometallic intermediates. Addition of ethylene glycol (21) to our model electrolysis did not yield any reduction products nor affected potential or HER. Likewise, ethanol (17) did not undergo any transformations, for example, to ethane (18). In contrast to the aforementioned enol-ether (29), acetaldehyde-dimethylacetal (35) (Scheme 2) also did not react. It was concluded that, in general, saturated compounds and alcohols are inert towards reduction by an in situ-grown copper electro-catalyst. The C–O single bond cleavage appears to be limited to strongly adsorbed high energy species with multiple bonds to the surface as CO (2), hydroxymethylene (8), hydroxymethyne [17], and CO2•− (6), which cannot exist as free molecules in solution or enolates under specific conditions.



The strong driving force for the reduction of such species as opposed to their liberation is reflected in the almost negligible FEs for methanol (26) (<0.1%) as opposed to C2 or C3 products with only one oxygen-containing functional group (e.g., ethanol (17), acetate (14) and n-propanol (39)) in this system. We have experimentally proven that neither formaldehyde (25) nor formate (4), once liberated, can be re-adsorbed and reduced to the C1 carbene precursors for ethanol, acetate or ethene (12).




2.2.7. Reactivity of Alkenes


The first experiments concerning C=C double bonds were carried out with allyl alcohol (32), as both ally alcohol (32) and its saturated pendant n-propanol (39) are present in the CO2RR product scope. Addition of allyl alcohol (32) to the electrolyte while purging with argon yielded n-propanol (39). Thusly, the formation of n-propanol (39) proceeds, at least partially, via the intermediate allyl alcohol (32), which therefore is never observed in large quantities. The complete discussion of the C3-product scope of copper catalyzed CO2 reduction is out of scope for this publication. This experiment authentically demonstrated that electro-hydrogenation of C=C double bonds are feasible reaction steps on the surface of a copper electrode. It is actually quite surprising, that a rather electron-rich alkene like allyl alcohol (32), which is therefore deactivated towards reduction, is electro-hydrogenated by the in situ-grown copper catalyst with competing HER.



Some references of copper-catalyzed CO2RR mention trace amounts of ethane (18) [20]. Taking the results with allyl alcohol into concert, we concluded that ethane (18) must originate from the in situ electro-hydrogenation of ethene (12). This was verified by using ethene (12) as feed gas, which was partially reduced to ethane (18). The conversion was very low (0.03% conversion, 2.2% FE) and the HER was barely attenuated. This observation is in agreement with literature reports of high ethane (18) efficiencies being rare. The ethene (12) hydrogenation ability of the in situ-grown copper electro-catalysts and, obviously, most other copper-based systems, is rather poor. Examination of the liquid phase did not show any products, which ruled out that ethanol (17) is at least partially produced by in situ hydration of ethene (12) → (17).



In contrast to ethene (12) and allyl alcohol (32), electron-poor double bonds are very reactive. This was confirmed by electro-reduction of potassium fumarate (31). Potassium succimate (38) was observed as sole product of this reaction.



The transformation was particularly interesting as the conversion was quantitative and the HER was completely suppressed after addition. This behavior was also reflected in the WE potential, which dropped from −1.83 V to −1.34 V vs. Ag/AgCl upon addition (also see Figures S9 and S10 in the Supplementary Materials (SM)).



The copper electro-catalyst, in conclusion, has certain ability for alkene hydrogenation yet requires activated substrates. This is in full agreement with the actual CO2RR product spectrum, which features several electron-rich alkenes, yet no electron-deficient alkenes, and suggests the latter as highly reactive intermediates.




2.2.8. Reactivity of Alkynes


Several even very different mechanistic models incorporate carbyne species [17,44,45]. As the dimerization of carbynes to alkynes is even known to proceed on single metal centers [67], they could also be proposed as intermediates. As models for triple-bond ethyne (19), propargyl alcohol (33) and 2-butyn-1-ol (34) were used. The latter served as model for an internal triple bond. C≡C triple bonds turned out to be surprisingly reactive towards the in situ-grown copper catalyst. In our experiment, the transformation of propargyl alcohol (33) to allyl alcohol (32) was quantitative with only small amounts of n-propanol (37) found from further reduction. Allyl alcohol (32) as reactant gave much lower conversion of 34% at more charge per moles passed. Also, the addition of propargyl alcohol (33) completely suppressed the HER and lowered the WE potential to −1.41 V at 30 mAcm−2, while allyl alcohol was reduced with only 15% FE at −1.67 V.



Reduction of ethyne (19) gave ethene (12) as major product. Small quantities of ethane (18) were also observed. Analysis of the electrolyte showed no further liquid products. The HER could not be totally suppressed probably due to the poor solubility of ethyne (19) in water. However, up to 61% of the charge passed went into the reduction of ethyne (19) to ethene (12) as opposed to 2% ethane (18) yield for ethene (12) feed. Palladium, a noble metal well known for its hydrogenation activity, was also recently reported to selectively electro-hydrogenate ethyne (19) to ethene (12) by Song et al. [68]. Finding a similar behavior for copper is a terrific result, not only giving insight to copper-catalyzed CO2 electro-reduction, but also opening new pathways for organic electro-synthesis.



In all experiments, we found a strong preference for the reduction of triple bonds over double bonds. A straightforward explanation for this may be that terminal alkynes form copper alkynides even in the presence of rather weak bases, which leads to a much stronger adsorption than the π-complexes that are formed by alkenes. In order to clarify the role of alkynides, the internal alkyne 2-butyn-1-ol (34) was used as model reactant. The results contradict the alkynide theory. Despite being more sterically hindered and more electronically deactivated, 2-butyn-1-ol (34) showed much higher reactivity and higher conversion than allyl alcohol (32). Noteworthy, while the conversion to crotyl alcohol (40) was quantitative, n-butanol (41) was only observed in barely detectable traces, though the charge passed into the system was more than enough (4.8 F/mol passed, 4 needed) to convert the whole sample into n-butanol. The resulting crotyl alcohol (40) is already too sterically hindered to be reduced by the copper catalyst in aqueous environment. The effect on the WE potential for 2-butyn-1-ol (34) was not as pronounced as for terminal alkenes and more comparable to allyl alcohol (32). The participation of acetylide species (9) in the case of terminal alkenes therefore cannot be fully ruled out. Yet, it is not the sole explanation for the high reactivity of triple bonds toward Cu-catalyzed electro-reduction.



As for electron-deficient alkenes, also in the case of alkynes, their high reactivity rather renders them highly reactive intermediates than products without formation pathway. Due to these results, we propose the participation of ethyne (19) and vinyl (15) species in the formation of ethene (12). The first can be formed from carbyne–carbyne (9,9) coupling on the surface, the latter from carbyne–carbene (9,10) coupling or re-adsorption and one electron reduction of ethyne (19). We found a high reduction activity of in situ-grown copper electro-catalysts toward C≡C triple bonds. It appears plausible that ethyne (19) may be formed as intermediate but is quantitatively reduced to ethene (12) and therefore not observed.



It is worth mentioning that carbene (10) and carbyne (9) species are also featured in the C2O2 mechanism as intermediates towards methane (27) but not ethene (12) [44,45,46]. At very small conversion rates, the population of methylene units may indeed be too low for a reasonable rate of dimerisation. At elevated current densities and the corresponding high overpotentials and conversion rates, dimerisation becomes more feasible and may prevail over ethene (12) formation from acetaldehyde (16) which in this regime is exclusively reduced to ethanol (17). The same concept also applies to carbyne (9) intermediates, which can either dimerise to the evidently rapidly reduced ethyne (19) or be coupled with methylene (10) to vinyl (15) species that also yield ethene (12).





2.3. CO Bulk Electrolysis at High Current Density


From the perspective of CO2 reduction, the most straightforward model reactant is actually CO (2). Thusly, we chose to directly compare CO2 (1) and CO (2) under identical high current density conditions (Figure 2). Like in the original publication [54], these experiments were conducted with gas diffusion electrodes at 170 mAcm−2.


Figure 2. FE vs. time for major products of CO bulk electrolysis at 170 mAcm−2.
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In analogy to the CO2 benchmark, the gaseous and liquid products were sampled every 10 min. CO (2) electrolysis yielded a product distribution, that was surprisingly similar to the one observed with CO2 (1) under the same conditions.



Thus, CO (2) is key intermediated to most products, which also corresponds to current literature [50,52,58,61]. The most prominent difference was the absence of formate (4) as product. As we have shown, this electro-catalyst is not capable of formate reduction. Thus, formate (4) is exclusively formed from CO2 (1).



As for CO2 reduction, the catalyst also showed a good selectivity for carbon products, but with a different product distribution pattern.



The FE of acetate (14) (yellow in Figure 2) reached 11% after 40 min, which corresponds to 18.7 mAcm−2 specific current density. Compared to the CO2 bulk electrolysis, this is an increase of 300% in the total amount formed and a factor of two in FE. The effect was less pronounced for ethanol (17). The FE was increased to 29% (light green in Figure 2) and the specific current density reached 49.8 mAcm−2. Nevertheless, this still results in a 90% increase of ethanol (17) formation rate and is the highest ever reported specific current density for ethanol formation from CO (2).



Mechanistic Conclusions: Acetate and Ketene


The massive increase of acetate (14) formation in the case of CO (2) feed may lead to several mechanistic conclusions. It demonstrates that the acetate (14) does not originate from nucleophilic reactions between surface methyl species (11) and CO2 (1) as its formation is even enhanced in absence of CO2 (1). In fact, the formation of acetate is not covered by the C2O2 mechanism [44,45,46]. This is different for the scheme suggested by Ma et al., The formation of ketene (13) from CO (2) and methylene (10) is a well-known reaction in molecular organometallic chemistry of copper, nickel and iron [69,70,71]. Several publications also show that the dimerisation of methylene (10) and the carbonylation to ketene (13) are competing reactions and the carbonylation can proceed by coupling with endogenous and capture of exogenous CO (2) [72,73]. Introducing an additional path to Ma’s scheme, where ketene is not reduced to acetaldehyde (16) but hydrated, explains the occurrence of acetate (14) in straightforward manner in line with known chemical reactivity.



In the comparison experiment, both putative products of ketene (13), ethanol (17) and acetate (14), were significantly pronounced, while ethene (12) showed the same current yield. This goes well with the model of ketene (13) as “Selectivity Determining Intermediate” (SDI) for ethanol (17) and acetate (14), as its formation is promoted by a higher abundance of CO (2). Ethene (12) formation, on the other hand, is not affected by the CO (2) concentration. As methylene (10) dimerisation does not involve CO (2) addition, this points to methylene (10) as “SDI” for ethene (12) and ethanol (17)/acetate (14). Surendranth and coworkers have recently proven that under high current densities, COads is in a potential-invariant quasi equilibrium with COfree [61]. This would also support an enhancement for carbonylation reaction in presence of high CO concentrations.






3. Materials and Methods


Electrolytes were prepared form deionised water (ISO 3686) with a resistance of 18.2 MΩcm−1 (Milli-Q Advantage A10 water purification system: Merck, Darmstadt, Germany). KBr and KOH were purchased from Alpha Aesar (Haverhill, MA, USA) in >99% and p.a. purity. 5N CuSO4 purchased from Alpha Aesar (Haverhill, MA, USA) and recrystallised once from water prior to use.



4.5N CO2, 4.7N CO, 4.5N ethylene, 4.5N methane and solvent free ethyne were purchased from Linde AG (Munich, Germany). The examined model compounds were purchased from ABCR (Karlsruhe, Germany) and Sigma Aldrich (St. Louis, MO, USA) in p.a. or better quality and used without further purification. 5N H2SO4 was purchased from Alpha Aesar (Haverhill, MA, USA) and used as received.



Deuterated solvents and internal NMR standards were purchased form Sigma Aldrich (St. Louis, MO, USA).



Carbon GDL’s were purchased from FuelCellsEtc (College Station, TX, USA). Electrochemical measurements were conducted on a Metrohm Autolab PGSTAT302N potentiostate-galvanostate (Deutsche Methrom GmbH & Co KG, Filderstadt, Germany).



Gas composition was analyzed on a Thermo Scientific Trace 1310 gas chromatograph (Thermo Fisher Scientific, Waltham, MA, USA) (custom setup purchased from S+H Analytik, Mönchengladbach, Germany). Carbon monoxide, ethylene, ethane, methane and carbon dioxide were separated on a Shincarbon™ column (Restek, Bellefonte, PA, USA) using He as carrier coupled to a thermal conductivity detector (TCD). Hydrogen was analyzed on a 5 Å molecular sieves column (Restek, Bellefonte, PA, USA) with Ar carrier also coupled to a TCD.



NMR Spectra were recorded on a Bruker Avance 400 (400 MHz) NMR spectrometer (Bruker, Billerica, MA, USA) equipped with a Autotune BBO, 5 mm, 109Ag-31P probehead and pulsed field gradient unit. NMR spectra were recorded using the “composite pulses”—presaturation pulse sequence for water suppression. For each spectrum 32 scans were accumulated. The D1-delay was set to 4 s to ensure total spin relaxation after each pulse. NMR-samples were prepared according to the following protocol. To 300 µL of electrolyte 250 µL of D2O and 50 µL of an internal standard stock solution was added. A 1.2 M aqueous solution of dimethylsulfone (DMSO2) was used as internal standard. For experiments with CO feed a 0.06 M solution of potassium fumarate was used as we found that DMSO2 is prone to undergo H/D-exchange with the solvent under elevated pH-values as present in our CO-feed experiments.



Experiments with CO2, CO, potassium formate and sodium acetate were conducted in a stacked flow cell purchased from ElectroCell (Tarm, Denmark) (see Figure S1 (SM) for exact configuration). Anolyte and catholyte are pumped through the cell in 2 separate cycles by a peristaltic pump (Ismatec, Wertheim, Germany) at 100 mL/min. Hydrophobic carbon based commercial gas diffusion layers of the types Freudenberg H2315 C2™ and Sigracet 25 BC™ were used as working electrode blanks. The GDLs show comparable results. Figure 1 and Figure 2 show result received on the Freundenberg GDL. The GDL was mounted in a Capton®-sealed Cu-ETP frame with an electrochemically active area of 3.3 cm2. CO2/CO was supplied from behind and flowed through the GDL and the in situ grown copper layer into the electrolyte. The gases were fed with 50 sccm against atmospheric pressure using Bronkhorst (Ruurlo, The Netherlands) el-flow™ mass flow controllers. An Ag/AgCl/3M KCl electrode (ALS, Tokyo, Japan) was used as reference electrode. An IrOx coated Ti-sheet, which was purchased from ElectroCell (Tarm, Denmark) served as counter electrode with an active area of 10 cm2 active area. The electrolyte compartments were separated by a Nafion N 117 (DuPont, Wilmington, DE, USA) membrane to prevent crossover of products and reagents. The pH-value in the electrolyte reservoir was recorded using a Methrom Unitrode™ (Deutsche Methrom GmbH Co KG, Filderstadt, Germany) coupled to a pX-1000 module™ in the workstation. The overall voltage was monitored on a second pX-1000 module™ (Deutsche Methrom GmbH & Co KG, Filderstadt, Germany).



An aqueous solution of 0.1 M KBr was used as cathoyte and 2.5 M KOH as anolyte. 6.5 mM CuSO4 was added to the catholyte as copper source for in situ catalyst preparation. The initial pH-value of the electrolyte was adjusted to 2 by addition of 0.005 M sulfuric acid.



Bulk electrolysis was conducted in galvanostatic mode at 170 mAcm−2 for 3 h. During this time the gas stream was sampled in gas tight bags over 10 min intervals. In parallel 1 mL aliquots of the catholyte were sampled every 10 min.



Reactivity experiments were conducted in an H-type glass cell (custom cell, manufactured by Normag Labor- und Prozesstechnik GmbH, Ilmenau, Germany) with 5 mL electrolyte volume (per electrode), a 1 cm2 polished Cu sheet working electrode, Ag/AgCl 3M KCl reference electrode (ALS, Tokyo, Japan) and Pt-wire counter electrode. Nafion N117 was used as separator. Electrolytes had the same composition as in the flow cell setup. The reactivity essay was conducted after the following procedure. The catalyst was grown over a period of 10 min at a total current of 30 mA and continuous 10 sccm Ar purging. After this period the model reactant was added. Gases were supplied with 10 sccm. Solids were weighed to 0.5 mM and added dissolved in a small amount of electrolyte. Liquids were added neat in and 32 or 50 µL aliquot. Solid acids were neutralized with an equimolar amount of 5 M KOH prior to addition.




4. Conclusions


The cathodic reactivity of the previously presented in situ-grown copper catalyst towards various small molecules and functional groups was studied in detail. The spectrum of gaseous and liquid products of every transformation was fully characterized.



Several transformations, which were suggested by literature or DFT predictions such as the formation from ally alcohol to n-propanol, acetaldehyde to ethanol, ethane to ethane or glyoxal to ethylene glycol, were demonstrated.



The reductive cleavage of enols, which is a central reaction in the low overpotential evolution of ethene from acetaldehyde as intermediate, could be experimentally verified by the cleavage of two vinyl alcohol derivatives. However, the high current density formation of ethene from free acetaldehyde itself was not possible on the investigated catalyst. Reduction to ethanol is highly preferred in this system. Therefore, its high yield of ethene in CO2 and CO reduction must be formed on another pathway. An ethene formation by methylene dimerisation as suggested by Ma et al., was found feasible and the scheme could be even extended for further products, such as acetate, methanol or ethylene glycol.



The reduction of carboxylates was excluded for five model reagents.



The appearance of alkene products such as ethene and allyl alcohol was found to originate from a poor electro-hydrogenation capability of the copper catalyst.



The absence of secondary alcohols, aldehydes, electron-deficient alkenes and alkynes was elucidated with different results. Secondary alcohols cannot be formed due to the low ketone reduction activity of the catalyst. Aldehydes, electron-deficient alkenes and alkynes, on the other hand, are surprisingly efficiently hydrogenated by the in situ-grown copper catalyst yielding functional groups present in the CO2RR product scope. Putative intermediates such as ethyne, ketene or acrolein therefore cannot be observed in the electrolyte or with high surface concentrations, especially at the high overpotentials at which they are proposed. Further studies are required to clarify their presence.
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Scheme 1. Proposed mechanism for CO2 electro-reduction on copper-based electrodes. Experimentally disproven pathways are indicated by a red cross. Detectable products are shown with a black frame, key intermediates are highlighted. 
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Scheme 2. Model reaction supporting the pathways as depicted in Scheme 1. 
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