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Abstract

:

The electrocatalytic conversion of CO2 on a Cu electrode has the potential to produce valuable chemicals such as hydrocarbons and oxygenated compounds. While the influence of electrolyte cation on the activity and selectivity of the CO2 reduction reaction (CO2RR) on Cu has been widely observed, the specific mechanism through which cation species affect the CO2RR remains unclear and subject to debate. In this work, the CO2RR in the carbonate electrolytes containing different alkali metals (Li+, Na+, K+, Rb+, and Cs+) was investigated at potentials from −0.1 to −1.1 V (vs. RHE) over a Cu electrode using electrochemical techniques. Charge transfer kinetics, adsorption of species, and mass transport were considered comprehensively during the analysis. It is found that several factors can play a role in the CO2RR, including hydrated cation adsorption, preferential hydrolysis, and interaction between the cation and adsorbed species, with the dominating factor determined by the external bias and cation species. Consequently, a coherent interpretation of the influence of electrolyte cations on the intrinsic kinetics of the CO2RR has been put forward. We envision that these insights will greatly contribute to the development of efficient catalytic systems and the optimization of catalytic conditions, thereby advancing progress toward commercial applications in this field.
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1. Introduction


The electrocatalytic CO2 reduction reaction (CO2RR) offers an important strategy to store electrical energy produced via renewable and intermittent resources like wind, hydro, and solar energy [1,2,3]. The high energy density of hydrocarbons and alcohols make these products more preferable compared to carbon monoxide and formic acid. So far, extensive efforts have been invested to seek out such catalysts that can directly produce hydrocarbons or alcohols, but only copper (Cu) is known to catalyze the C-C coupling with appreciable efficiency to generate a wide range of multicarbon products in an aqueous solution [4,5,6]. However, the application of CO2RR technology on a global scale faces significant technical challenges, including poor product selectivity, high overpotential, and slow reaction kinetics associated with Cu [7]. Consequently, gaining a comprehensive understanding of the reaction processes occurring on the surface of Cu is essential for the production of hydrocarbons and the precise tuning of target products [8]. The activity and selectivity of the CO2RR are largely influenced by factors such as catalyst structure, electrolyte composition, and pH levels during the reaction [9,10,11,12,13,14,15,16]. In order to comprehend and manipulate these influences, state-of-the-art strategies should be employed.



A number of reports have indicated that the species of electrolyte cations can play a significant role in influencing the activity and product selectivity of the CO2RR [2,17,18,19,20,21,22,23,24,25]. In the case of Cu electrodes, increasing the size of electrolyte alkali metal cations leads to higher C2 selectivity, like for ethylene and ethanol [18,19,23]. However, the origination of the effects from electrolyte cations is intricate and is still contentious today. Previous reports revealed that these cations can be adsorbed on the electrode surface at the outer Helmholtz plane (OHP), giving rise to changes in the local electric property to different extents due to hydration and/or influence on the formation/stabilization of the reduction intermediates [2,22,26,27]; while other research suggests that the surface pH can be influenced by different sized cations owing to the discrepancy in their buffer capacity, thus changing the pH-dependent reaction routes or surface CO2 concentration for the CO2RR [19,28,29]. The consistent explanation of how the electrolyte cations influence the CO2RR kinetics is challenging since the relevant factors in the electrolyte are complex (including mass transport, conductivity, and pH). Neglecting the comprehensive consideration of these factors can lead to confusion. For instance, Singh et al. have shown that cation-dependent pH at the electrode surface accounts for the different CO2RR performances under inadequate mass transfer conditions [19]. On the other hand, Resasco and coworkers reported that the interfacial dipole field dominates the cation-dependent CO2RR under the condition where influence from mass transport is avoided [2]. Therefore, robust methodologies are required to elucidate the specific role of cations in the CO2RR over Cu electrodes, taking into account various influencing factors.



Directly extracting information at the electrode/electrolyte interface during the reaction would be promising to study the influential mechanism of the electrolyte cations. According to classic catalytic theory, the properties of the electrode/electrolyte interface, such as the electrode/cation interaction, play a significant role in the reaction by regulating the local electrical field, charge, and mass transfer, as well as the adsorption/desorption process. However, the understanding of the electrode/cation interface remains limited primarily due to the lack of well-established characterization techniques for studying the electrolyte and its interaction with the electrode. Electrochemical characterization offers a mature and useful approach to comprehensively probe in an operando manner the electrode/electrolyte interface [30]. Linear scan voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) are frequently used techniques to study the kinetics of electrode processes in the CO2RR [31,32,33,34,35]. These methods are valuable as they can provide direct insights into the interfacial redox reaction mechanism at a low cost. Specifically, EIS enables the qualitative analysis of the kinetics of redox processes at the electrode/electrolyte interface, the adsorption/desorption behavior of species on the electrode surface, and mass transport. Recently, LSV and EIS were successfully applied to identify the processes during the CO2RR on tin foil [36]. However, the utilization of electrochemical techniques in analyzing the effect of electrolyte cations is still lacking and requires further exploration.



Herein, we performed a systematic electrochemical study to elucidate the origination of the electrolyte cation effect in the CO2RR over the Cu electrode. The information on charge transfer processes, adsorption of intermediates, and mass transport during the CO2RR was analyzed in detail. While the cation effect on activity and selectivity of the CO2RR have been reported previously [2,19], our work offers a more comprehensive approach by investigating the mechanism across a broad range of applied potentials. The role of cations with varying sizes and their influence on the CO2RR under different potentials are thoroughly investigated.




2. Results and Discussion


It has been reported experimentally that the CO2RR dominates over the hydrogen evolution reaction (HER) in electrolytes with larger cations (K+, Rb+, Cs+) compared to the smaller ones (Li+ and Na+) [2,18,19]. Meanwhile, the driving force is an important factor regulating the CO2RR performance [37]. Thus, the following discussion is divided into different parts, large (K+, Rb+, Cs+) and small (Li+ and Na+) cations, and high (−0.6 to −1.1 V) and low (−0.1 to −0.5 V) negative applied bias voltages. In addition, it should be pointed out that here, the discussions are based on the previously reported product distribution data affected by the electrolyte cations [2,19]. As the cation size becomes larger, HER is inhibited, and selective CO2RRs (especially C2 production) are favored.



2.1. Linear Scan Voltammetry


To investigate the influence of electrolyte cations on the Faradic current over the Cu electrode, LSV was carried out in CO2-saturated M2CO3 electrolytes (0.1 M, M = Li, Na, K, Rb, and Cs) (Figure 1). Figure 1a presents the LSV curves of the Cu electrode in CO2-saturated Li2CO3 and Na2CO3 solutions. A higher cathodic current density and onset potential can be observed for the reaction in the Li2CO3 electrolyte in the low negative potential region due to the higher HER and more facile charge transfer kinetics as compared to that in the Na2CO3 electrolyte. Both the onset potential and the cathodic current density increase once the cation size further increases from K+ to Cs+ (Figure 1b), demonstrating a more facile catalytic reaction in the case of a larger cation size. The level of cation hydration and extent of cation adsorption can explain this phenomenon well. The larger cations possess lower hydration power, and much more can be adsorbed on the electrode surface in the outer Helmholtz plane (OHP) [22]. Generally, the potential at OHP can be elevated by the adsorbed cations, leading to decreased concentration of positive H+ and accelerated the CO2RR by stabilizing the negatively charged intermediate CO2·-, thereby suppressing HER and enhancing the CO2RR. Therefore, for the reactions in electrolytes with large cations (K+, Rb+, Cs+) where the CO2RR dominates [18], the cathodic current density increases with the increase in cation size, as shown in Figure 1b. However, for the HER favorable cations in Figure 1a, since Na+ has a higher propensity to be adsorbed on the electrode than Li+, the repulsion of H+ from OHP is more pronounced in the Na+ electrolyte, resulting in lower current density than that in Li+.



It is noted that the driving force starts to meet the requirement for the CO2RR as the applied potential becomes more negative, like <−0.84 V (Figure 1a), which is more favorable to occur in the Na2CO3 electrolyte. A higher current density at more negative potentials in Na2CO3 than that in Li2CO3 indicates that other factors, rather than hydration discrepancy in the cations, become dominant in this region. According to previous reports, the CO2RR is mass transport limited at high cathodic current [38,39]. The hydrated cations can act as a buffer to maintain the interfacial pH value. A larger cation tends to exhibit higher power to sustain a low local pH near the electrode, and thus keeps the concentration of local CO2 at a higher level than that for a smaller cation [19,28,29]. Accordingly, the difference in buffer effect can reasonably explain the higher current density in Na2CO3 electrolyte than that in Li2CO3 under a more negative bias.



In addition, the current density in the K2CO3 solution exceeds that in Rb2CO3 at more negative potentials (Figure 1b). A hump in the LSV curve can be observed in K2CO3 at around −0.65 V, which is probably due to the reduction of CO2 to CO. However, this hump cannot be observed in any other electrolytes. Such abnormal phenomena indicate that other factors caused by the cation also play a role in the CO2RR. It is widely accepted that the catalytic performance of the CO2RR and HER can be impacted by various processes, such as mass transfer, adsorption/desorption of species, and local pH. The EIS analysis is thus carried out to further investigate the influential mechanism of cations on the catalytic performance over Cu electrodes under different applied biases.




2.2. Electrochemical Impedance Spectroscopy


EIS is a powerful tool to probe the information at the electrode/electrolyte interface. Charge transfer kinetics and mass transport can be deduced from the EIS plot. In addition, the behavior of capacitance and inductance of an electrode process influences not only the magnitude of alternating current in the impedance spectroscopy, but also the phase, which can help analyze the adsorption/desorption phenomena. A negative value of the phase angle is usually ascribed to the adsorption of chemical species. The peak in the phase angle plot corresponds to the time constant, i.e., the charge transfer process at the electrode/electrolyte interface. Therefore, both the impedance and phase are taken into consideration in the following EIS analysis so as to study the electrochemical behavior at the electrode/electrolyte interface. The EIS was performed in a CO2-saturated 0.1 M M2CO3 electrolyte under different applied bias voltages. As analyzed in Figure 1, the Faradic reaction over the Cu electrode strongly depends on the cation size and applied potential. To clearly interpret the process, the impedance behavior of the Cu electrode in solutions with small (Li+ and Na+) and large cations (K+, Rb+, and Cs+) were studied and explained separately. For each of them, two different potential ranges, i.e., less (−0.1 to −0.5 V) and more (−0.6 to −1.1 V) negative potentials, were employed to study the process at the electrode/electrolyte interface during the electrolysis. Three different equivalent circuits are used to interpret the EIS spectra depending on the elements in the data, Rs(RctCPE), Rs((RctZW)CPE), and Rs((RctZW)CPE1)((RlL)RctCPE2)), where Rs represents series resistance; the constant phase elements CPE, CPE1, and CPE2 represent the capacitance; Rct and Rl are the charge transfer resistance; ZW is the Warburg impedance that describes diffusion process; and the inductive impedance L represents the adsorption process.



2.2.1. EIS Plots of Cu Electrode in Li2CO3 and Na2CO3 Electrolyte


The spectra recorded at less negative potentials are presented as Nyquist (Figure 2a) and Bode plots (Figure 2b,c), respectively. The impedance modulus has almost the same value for the two systems at a high frequency that corresponds to θ = 0 in the phase angle plots, which is the solution resistance between working and reference electrodes. The difference in ionic conductivity of the electrolytes with different cations is thus not considered in this work. It is noted that in most cases, only one characteristic peak is observed in Bode plots due to the charge transfer process (Figure 2c). The charge transfer resistance (RCT) is directly proportional to the arc radius in the Nyquist plot (Figure 2a), which decreases as the applied potential becomes more negative due to faster charge kinetics upon a larger driving force. Lower RCT in Li2CO3 than in Na2CO3 is observed at the same potential, indicating a more facile charge transfer at the Cu/electrolyte interface in Li2CO3.



The spectra in Figure 2a can reflect the HER to some degree during the electrolysis in Li2CO3 under low applied bias. In comparison, a different character in the Nyquist plot is observed for the Na2CO3 electrolyte, with an inductive loop in the low-frequency region. It is speculated that this is due to the adsorption process of the CO2RR intermediate and/or CO2. Specifically, since the ability to initiate the CO2RR is stronger in Na2CO3 than in Li2CO3 and a low overpotential is not large enough to drive efficient CO2RR and consume the adsorbates, reactants are easier to be adsorbed and/or accumulated on the Cu surface in Na2CO3, manifested as an inductive loop in the Nyquist plot (Figure 2a). It is worth mentioning that the adsorbates can block the active sites on the Cu electrode surface and can thus decrease the current density [40]. Hence, in addition to the more facile HER in Li2CO3 as compared to that in Na2CO3, the greater adsorption extent in Na2CO3 can also suitably explain the lower current density in LSV at a less negative potential (Figure 1a) and higher RCT (Figure 2a) in Na2CO3 as compared to in Li2CO3.



Interestingly, a sharp decrease in RCT is observed at −0.3 V in the Na2CO3 electrolyte as compared to those at −0.1 and −0.2 V (Figure 2a,b), implying that −0.3 V is the critical potential for the beginning of the Faradic reaction. Likewise, a further decrease in the applied potential (such as −0.4 V) can result in further decrement in the RCT value. Thus, the EIS results further prove that in the less negative potential region, reactions proceed easier in Li2CO3 than in Na2CO3 due to the dominant HER and less blockage of the Cu surface by the adsorbates.



As the applied potential becomes more negative (i.e., −0.6 to −1.1 V), a reversal in the RCT occurs, i.e., faster charge transfer kinetics at the electrode/electrolyte interface in Na2CO3 as compared to Li2CO3 (Figure 3). This reversal suggests more facile charge transfer in the Na2CO3 electrolyte, as the high potential can drive charge transfer to the adsorbed species, which will otherwise passivate the electrode surface and hinder the reduction reactions at less negative potentials. Interestingly, only one arc is observed in the Nyquist plots at high frequency (Figure 3a), perhaps because of the comparable or merged time constants of different reactions. Since various products can be produced during the CO2RR via sequential reduction reactions along with HER, the apparent single time constant is indeed a combination of several time constants [36]. Similarly, the negative phase angle values at low frequency imply the intermediate’s adsorption under high applied potential.



An exception is that a charge transfer process without an inductive element is observed at a low frequency for the reaction in Li2CO3 at −0.6 V, which may be caused by the low amount of adsorbates that can be consumed instantly. As the applied potential becomes more negative, the impedance spectra in Li2CO3 electrolyte start to resemble those in Na2CO3 with diffusion and adsorption process observed, as a higher driving force can lead to faster charge kinetics and thus a high amount of adsorbed CO2RR intermediates and/or exhausted molecular CO2 at the electrode surface and, thereby, the rate-determining step of CO2 diffusion.



It is worth mentioning that the low-frequency arc representing the diffusion process can be observed at high applied potentials (Figure 3a), indicating the accelerated reactions due to rapid consumption of CO2, which is more prominent for those in Na2CO3. It is noted that the surface pH rises during the catalytic reaction, resulting in a pH gradient in the vicinity of the electrode [41,42]. The pH value adjacent to the electrode is high at large negative applied potential due to the weak buffer capacity of Li+ and Na+. As the CO2 solubility is pH dependent, the concentration of surface molecular CO2 decreases as the local pH becomes higher. Thus, dissolved molecular CO2 will transport to the electrode surface for equilibrium and supplement. Considering CO2 is consumed in a faster way in the electrolyte containing larger Na+ cations, the diffusion element can be observed in a clearer way in the Na2CO3 electrolyte than in Li2CO3.




2.2.2. EIS Plots of Cu Electrode in K2CO3, Rb2CO3 and Cs2CO3 Electrolyte


The EIS plots of Cu electrode in the electrolytes with larger cations (K+, Rb+, and Cs+) behave differently than those with smaller ones (Li+ and Na+), as the larger cations adsorbed on the electrode surface can influence the interfacial reactions in more complicated ways as compared to the smaller ones. The RCT at less negative potentials decreases in the following order: K+ < Rb+ < Cs+ (Figure 4a,b). At −0.1 V in the K2CO3 electrolyte, the inductive loop at low frequency shows adsorption behavior on the Cu electrode, as evidenced by the negative phase in Figure 4c, which is otherwise absent in the case of the Rb2CO3 and Cs2CO3 electrolytes. Such difference at −0.1 V is probably due to the neutral or positive property of the adsorbed species and greater blockage extent of the electrode surface by Rb+ and Cs+ as compared to K+. The sharp decrease in impedance at −0.3 V additionally supports the above conclusion that it is the critical CO2RR potential that is similar to that in the Na2CO3 electrolyte. Further reducing the applied potential will decrease the impedance and facilitate the CO2RR. Reactions at the potentials of −0.4 and −0.5 V give rise to a new semicircle at low frequency, probably corresponding to the reduction of the intermediates.



For the reactions in Rb2CO3, the charge transfer is more facile as compared to that in K2CO3. Although it is hard to distinguish, it seems the EIS in Rb2CO3 at −0.1 V consists of two different time constants, as manifested by the two peaks in Figure 4c. It becomes more evident at potentials < −0.2 V, with a new semicircle appearing in the Nyquist plot, representing the sequential charge transfer processes. A small inductive loop at low frequency by further reducing the potential (−0.4 and −0.5 V) suggests the intermediates’ adsorption. Likewise, the impedance plot for Cs2CO3 shows a similar phenomenon to that for Rb2CO3 at −0.1 V. However, the impedance spectra at −0.2 to −0.5 V for Cs+ cation present two semicircles related to the charge transfer processes, with no inductive loop observed. This may be due to the fact that the adsorbed species can be consumed instantly, owing to the fast reaction kinetics in the Cs2CO3 electrolyte.



Figure 5 presents the impedance spectra at high negative potentials where the CO2RR is dominant. At −0.6 V, the impedance behavior is similar in the three electrolytes, i.e., two distinct peaks corresponding to two separate time constants. The decrease in impedance magnitude with increasing negative potential is again attributed to the faster kinetics under high negative biases. At potentials from −0.7 to −1.1 V, the charge transfer kinetics follows the order of K+ < Cs+ < Rb+ (Figure 5). So far, it is still unclear why the EIS spectra exhibit an elevated charge transfer in the electrolyte with smaller-sized Rb+ than Cs+. A possible speculation is that not only the cation size but also the nature of products play a role in this potential region. It is reported that HER is more favored at −1 V in Rb2CO3 electrolytes than in the K2CO3 and Cs2CO3 electrolytes, demonstrating a lower reaction barrier in electrolytes containing Rb+ [2]. Moreover, the inductive loop in the low-frequency region becomes evident in these three electrolytes (Figure 5), indicating the intermediates’ adsorption on the electrode surface at a large driving force, which is otherwise absent under less negative bias. As manifested by the inductive loop, the greater adsorption extent for large cations shown in Figure 5 than that for the smaller ones presented in Figure 3 indicates that the large cations in the electrolyte can stabilize the intermediates on the electrode surface in a better way. These results imply that the adsorption phenomena on the electrode surface depend on the bias voltage and electrolyte cation size. Given the dynamic nature of the processes involved in the generation, stabilization, and reduction of intermediates, it is not universally valid that selective and efficient CO2RRs come from the high extent of adsorption. Figure 5 indicates that the adsorption decreases in the case of large cations and at high negative potentials like reactions in Cs2CO3 at −1 V, probably due to the rapid consumption of negatively charged intermediates and, thus, efficient generation of the final products. Moreover, mass diffusion can also be observed in Figure 5, which is more prominent than that in small cation electrolytes shown in Figure 3.





2.3. Mechanism Analysis of Cations Effect on CO2RR


Different theories have been proposed previously for the cation effect on the CO2RR over the Cu electrode, including hydrated cation adsorption, preferential hydrolysis, and interaction between the cation and adsorbed species. However, there are still some phenomena that cannot be explained by these theories. For example, it was reported that higher local pH is favorable for the intermediates’ dimerization and hence the formation of C2 products [43]. According to this claim, it is expected that the higher local pH in the case of small cations with less buffering capacity should produce more C2 products. However, the trend is the opposite, and the C2 formation is more favorable in the electrolyte with large cations [2]. Thus, not only do the buffering capacity and modulation of local pH account for the CO2RR performance, but other factors can also play a part. On the basis of the LSV and EIS analysis here, it is found that the CO2RR performance over the Cu electrode in electrolytes with different cations is a result of the interplay among various factors, including effects from the cation hydration, hydrolysis, and adsorption processes. The dominant factor influencing the electrochemical reactions is determined by both the cations and the applied potentials, and their specific influences are summarized in Figure 6.



At low negative potentials, mass transport is not the rate-determining step for the CO2RR, and variation in the local pH resulting from cation hydrolysis cannot be the major factor either since it is negligible, or no CO2RR occurs under such conditions. The reaction in electrolytes with small cations (Li+ and Na+) and the dominant HER are taken as examples here to explain the influence of cation hydration. If the cations are strongly hydrated, it would be unfavorable for them to be adsorbed on the electrode. According to the literature [22], the hydration power is in the order of Li+ > Na+ > K+ > Rb+ > Cs+. Therefore, the smaller cation with a higher hydration number, like Li+, tends to adsorb less on the Cu electrode as compared to the larger ones [44], leading to a lower increase in the OHP potential with less blocked surface by the cations (Figure 6). The concentration of H+ is inversely proportional to the value of OHP potential since it is positively charged, while the concentration of CO2 is not influenced by OHP potential because it is not electrically charged (Figure 6). Thus, the cation hydration can impose a larger influence on the HER under low overpotentials. The cations adsorption and hydration propensity of small and large cations is schematically shown in Figure 7a,b, respectively. In the electrolyte with small cations and more negative OHP potential, the concentration of H+ ions at the Cu electrode surface is higher than that of the large cations, according to Equation (1) [22]:


       H +      electrode   =    H +    e x  p    −  F φ    RT      



(1)




where [H+]electrode and [H+] are the respective H+ concentration at the surface and in the bulk, F is Faraday’s constant, φ is the OHP potential, R is the general gas constant, and T is the absolute temperature. The increase in [H+]electrode leads to a higher HER and, hence, faster charge transfer kinetics at the electrode surface, as manifested in the Nyquist plots (i.e., higher HER in Li+ than in Na+ in the potential range of −0.1 V to −0.5 V). These results agree well with the previously observed phenomenon of an increase in the HER with an increase in the electrolyte concentration due to the decrement in OHP potential [45].



At high negative potentials, CO2 is consumed quickly, and a local pH gradient is built [46]. Thus, the hydrolysis of cations starts to take action, which can provide a buffering effect on the local pH (Figure 6). The reaction in electrolytes with large cations (K+, Rb+, and Cs+) and dominant CO2RRs are taken as an example. In general, the cations undergo hydrolysis by following Equation (2):


     M +       H 2  O    n    +      H   2  O ↔   MOH      H 2  O     n − 1     +      H   3   O +   



(2)







The distribution of dissolved CO2 among molecular CO2, HCO3−, and CO32− is highly pH dependent, and a high pH value leads to reduced concentration of molecular CO2 due to its rapid consumption with hydroxyl anions to form HCO3− and CO32− at high negative potentials. A reduction in the pH near the cathode surface induced by the buffering action of large alkali metal cations can cause an increase in the concentration of dissolved molecular CO2 at the electrode surface and, thereby, increase selective CO2RR. Usually, a larger cation possesses a stronger buffering capacity (Figure 6). Among the three large cations, the Cs+ ions are expected to give rise to minimal local pH, followed by Rb+ and K+. The low local pH can help to maintain the local CO2 at a high level in the electrolyte with large cations than with small ones, favoring the selective CO2RR and suppressing the HER from the aspect of CO2 supply like Cs+ (Figure 6). Another important factor worth mentioning is the ability to adsorb/stabilize the intermediates, as manifested by the EIS results. Cations play a significant role in the adsorption of CO2 and other intermediates by changing their local concentration and stabilities. The interaction between cations and the species in solution can work through both the medium-range and short-range effects. For the medium-range effects (i.e., field-dipole interactions), the higher concentration of larger cations at OHP can result in stronger electrostatic interaction between cations and the adsorbed intermediates having large dipole moments, and thereby enhance the CO2RR compared to the smaller cations [2]. Moreover, a large cation can interact with more than one intermediate simultaneously, favoring the formation of C2 products [47]. For the short-range (i.e., electrostatic interactions), the stabilization of negatively charged CO2RR intermediates can be strengthened by coordinating with partially dehydrated cations [48]. Thus, various effects played by the electrolyte cations balance in the case of different conditions, eventually leading to various CO2RR performances in diverse electrolytes.





3. Materials and Methods


3.1. Materials


Various metal carbonates (99.999% metal basis) were purchased from Sigma-Aldrich (Shanghai, China). Copper (Cu) foil (99.9999% metal basis) was bought from Alfa Aesar (Shanghai, China). CO2 (≥99.999%) and argon (Ar, ≥99.9992%) were used to purge the electrolyte. Ultra high-purity water (18.2 MΩ cm) obtained from a Millipore system (Molsheim, France) was used through the experiments.




3.2. Electrode and Electrolyte Preparation


Cu foil (Figure S1) was cut into 1 × 1 cm2 pieces, which were cleaned by sonication consecutively in acetone, isopropyl alcohol, and water for 30 min. Then, the Cu electrode was electro-polished at 2 V for 30 min in 85% phosphoric acid, followed by being rinsed with water and dried by Ar stream (Figure S2). Aqueous electrolyte of 0.1 M metal carbonate (M2CO3, M = Li, Na, K, Rb, and Cs) was prepared and purged with Ar for 30 min and CO2 for another 60 min before the measurements.




3.3. Electrochemical Measurements


Electrochemical characterizations were carried out using an IM6 electrochemical workstation (Zahner, Kronach, Germany). Linear scan voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) were performed with a homemade electrochemical cell, using Pt foil as the counter electrode and Ag/AgCl as the reference electrode (Figure S2). The potentials in this work were all converted to RHE scale by using the equation E(vs. RHE) = E(vs. Ag/AgCl) + 0.059pH +0.197. A slight negative potential was first applied to the electrode before all the electrochemical measurements so as to avoid the formation of oxides on the Cu surface. LSV was carried out from 0 to −1 V at a scanning rate of 50 mV s−1. EIS spectra were collected in the frequency range of 1.5 mHz to 100 kHz in a potentiostatic mode with an AC amplitude of 100 mV. The applied bias in EIS was varied from −0.1 to −1.1 V in order to analyze the potential dependent electrocatalytic performance. The above experiments were repeated at least three times to ensure the results were reasonable and reproducible.





4. Conclusions


In summary, LSV and EIS were performed to probe the influence mechanism of different alkali metal cations in electrolytes on the CO2RR over the Cu electrode. The results indicate that the influence of cations is not solely on the basis of their function from one aspect. Several factors, including hydrated cation adsorption, preferential hydrolysis, and interaction between the cation and adsorbed species, should be taken into account comprehensively. The dominant factor in the reaction varies with the external bias and cations. Specifically, at low negative potentials, the alteration of potential at OHP and interaction between the cations and adsorbed species in OHP have an impact on the performance, especially in the case of small cations like Li+ and Na+. When at high negative potentials, the influence of the difference in cation hydrolysis and surface adsorption dominates in the reaction, especially for the large cations of K+, Rb+, and Cs+. Rational control of the delicate balance between these factors should lead to better regulation of the CO2RR over the Cu electrode. We envision that this work will take a step forward in understanding the role of cations in tuning the electrode/electrolyte interface and, thus, the activity and selectivity of the CO2RR.
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Figure 1. LSV curves of Cu electrode in 0.1 M CO2-saturated electrolytes. (a) Li2CO3 and Na2CO3 and (b) K2CO3, Rb2CO3, and Cs2CO3. Scanning rate of 50 mV s−1. 
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Figure 2. EIS spectra of Cu electrode in CO2-saturated 0.1 M Li2CO3 and Na2CO3 under less negative bias voltages (−0.1 to −0.5 V). (a) Nyquist plots and corresponding Bode plots of (b) impedance vs. frequency and (c) phase vs. frequency. Inset is zoom-in of the figure. 
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Figure 3. EIS spectra of Cu electrode in CO2-saturated 0.1 M Li2CO3 and Na2CO3 under more negative bias voltage (−0.6 to −1.1 V). (a) Nyquist plots and corresponding Bode plots of (b) impedance vs. frequency and (c) phase vs. frequency. Inset is zoom-in of the figure. 
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Figure 4. EIS spectra of Cu electrode in CO2-saturated 0.1 M K2CO3, Rb2CO3, and Cs2CO3 at less negative bias voltage (−0.1 to −0.5 V). (a) Nyquist plots and corresponding Bode plots of (b) impedance vs. frequency and (c) phase vs. frequency. Inset is zoom-in of the figure. 
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Figure 5. EIS spectra of Cu electrode in CO2-saturated 0.1 M K2CO3, Rb2CO3, and Cs2CO3 under more negative bias voltages (−0.6 to −1.1 V). (a) Nyquist plots and corresponding Bode plots of (b) impedance vs. frequency and (c) phase vs. frequency. Inset is zoom-in of the figure. 






Figure 5. EIS spectra of Cu electrode in CO2-saturated 0.1 M K2CO3, Rb2CO3, and Cs2CO3 under more negative bias voltages (−0.6 to −1.1 V). (a) Nyquist plots and corresponding Bode plots of (b) impedance vs. frequency and (c) phase vs. frequency. Inset is zoom-in of the figure.
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Figure 6. Effects of electrolyte cations on CO2RR. 
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Figure 7. Illustration of cation hydration on the surface of Cu electrode during the CO2RR in aqueous carbonate media: (a) small and (b) large alkali metallic cations. 






Figure 7. Illustration of cation hydration on the surface of Cu electrode during the CO2RR in aqueous carbonate media: (a) small and (b) large alkali metallic cations.



[image: Catalysts 13 01092 g007]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(@)

@ = Li* or Na*

© = Water of hydration

(b)

@ K*,Rb* or Cs*

O = Water of hydration






media/file4.png
-Z"/ kQcm™

—a—-0.1V-Li
——-0.1V-MNa
-a—-02V-Li
——-0.2 V-Na
~m— =03 V-Li
—e—-0.3 V-Na
—a—-0.4 V-Li
—ir— —0.4 V-Na
~m—- =05 V-Li
—— 0.5 V-Na

—
O
e —
)
o

—Phase / °

—a— -0 1 V-Li
—— 0.1 V-Na
—a— 0.2 V-Li
—&— -0.2 V-Na
—a— 0.3 V-Li
—u—=0.3 V-Na
—a—-04V-Li
—a— -0 4 V-Na
—m— =05 V-Li
—i— =0 .5 V-Na

wwin
L b L]

50-
40-
304
20-

10 -






nav.xhtml


  catalysts-13-01092


  
    		
      catalysts-13-01092
    


  




  





media/file2.png
— 0.1 M Li,CO,

—— 0.1 M Na,CO,

-0.8

06  -04  -02
Potential / V vs RHE

0.0

(b) ©f

a1

£

G

< -2-

S .

S—

2 7387

O ~4-

U L

I=

o 91

= |

>

O -6-
-7

—— 0.1 MK,CO,
—— 0.1 MRb,CO,
— 0.1 M Cs,CO,

-0.8

06  -04
Potential / V vs RHE

-0.2

0.0





media/file5.jpg
(LIt = o] e
s
L oel® == -
N - B
£ ol s g
H e Lo
o et §
o
o
b ol
Z /kacm? " .

Phase *






media/file3.jpg
@*

-Z'Ikaem?

oo ®)
et s
iy
pae i
Tlosew 4
oavan o
iy 3
g
A 2,
)
1
o






media/file1.jpg
‘Current density / mA cm *

s

(b) o
5.
— £ —ormeco,
ne £ e
i
£

Potential 1V vs RHE

PotentalV vs RHE.





media/file7.jpg





media/file10.png
—A— 06 VK (b) 0.30 0.6 VK
-0—-0.6 V-Rb
—k— _06V-Cs
—h— 0.7 V-K 0.24 -
== -0.7V-Rb
—k— -0.7V-Cs
== 0.8 V-K
—0—-0.8V-Rb
—— -0.8V-Cs
—h— -0 9V-K
——-09V-Rb
—de— 0.9 V-Cs
_ —— 1.0 V-K
0.02 0.08 0.0 0y2 ~o—-1.0V-Rb
—d—_1.0V-Cs

0.06 ~ —h— 1.1 VK 0.06 4

-0--1.1 V-Rb
] ——_1.1V-Cs )
0.00 -
T T 0.00

L v T T v T v
0.00 0.06 012 0.18 024 0.30 -3

Z' 1 kQ cm™

0.18 -

0.12 -

1Z| / kQ cm™

(c) 40

~-Phase / ©






media/file12.png
Potential/V
hydrated cation adsorption/OHP

o — 01

H* concentration =02

Hydration _—- -0.3

CO, concentration -0.4
~ unaffected

buffering capacity

Hydrolysis E local pH
CO, concentration i






media/file9.jpg
(a)o30-

"‘E o018:

-z

om.






media/file0.png





media/file14.png
(a)

@ = Li" or Na*
@

= Water of hydration

(b)

@ = K",Rb"or Cs"

O = Water of hydration






media/file8.png
—i— =0 1 V-K (b) 5 —a— 0 1V-K
—0— 0.1 V-Rb| 1
—— -0.1V-Cs
—h— .2 V-K
——=0.2 V-Rb|
——=02V-Cs
il =0 3 VK
—— 0.3 V-Rb|
—&— 03V-Cs
—b— = 4 V-K
—0— =0.4 V-Rb|
—%— =04 V-Cs
=0.5V-K
0.5 V-Rb|
05V-Cs

(c) 8o —A— 0.1 VK
~0--0.1V-Rb
—k——0.1VCs
A 0.2VK

-0~ -0.2 V-Rb
—d- 0.2 V-Cs
A 03 VK

~0- =03 V-Rb
—k— =03 V-Cs
—A- 04 VK

-0~ -0.4 V-Rb
—d— =04 V-Cs

60 4

.
[
1

-Phase / ©

20 4

--------






media/file11.jpg
Li*

Potential/V
hydrated cation adsorption/OHP.

e 01

H- concentration B

Hydration o —- 0.3

CO, concentration -0.4
~ unaffectea
-0.

buffering capacity

Hydrolysis E local pH
CO, concentration i





media/file6.png
(a) 0.18 4
0.154

0.12 +

-Z" | kQ cm™

0.06 4

0.03 +

0.015 1

4 0.010 4

0.09 40

0.020

0.03

0.00 +

0.00

0.03

-m—-06V-Li (b) 018
—#--0.6 V-Na —m— 0.6 V-Li
& -0.7V-Li ] —4— 0.6 V-Na
P 0.15- —m——0.7 V-Li
:_u:a V:Na o~ —— 0.7 V-Na
= 0.8 VLi £ 012 = -08V-Li
09 VN S ™ —+— 0.8 V-Na
Dt S = —09V-Li
——-1.0 V-
- -1.1V-Li — 0.09- ——-0.9 V—N_a
0.06 0.08 —4—-1.1V-Na N ~m—-1.0V-Li
——-1.0V-Na
0.06 4 —m- 1.1 V-Li
——-1.1V-Na
0.03- . I....I'I' ....................
- T T T - T ¥ - 1 =
009 012 015 0.18 0.00 : . . . . ]
7' | kO cm™2 -3 =2 - 0 1 2 3 4 5
log f
(c) 30
| - -0.6 V-Li
- -06 V-Na
2541 @ -07VdLi
J ——-0.7V-Na
- -08V-Li
201 ——-0.8V-Na
2 - -09V-Li
- 09 V-Na
@ 151 & _1ovi
E 1 - -1.0V-Na
1l =-11vdi
ul' 10 - -1.1V-Na
54
ol R REenE
—5 T T T






