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Abstract: In this study, we employed EC-MS to elucidate the role of 

halide anions in electrochemical CO2 and CO reduction. We found 

that the undesired hydrogen evolution reaction (HER) was 

suppressed depending on the anion used. Specifically, the rates of H2 

production decreased in the order KF > KCl > KI, meaning that I− most 

strongly suppressed HER. Interestingly, CO reduction products 

showed an inverse relationship to HER, with KI leading to the highest 

rate of CO reduction. By pairing our experimental findings with 

classical molecular dynamics simulations, we propose a mechanism 

wherein halide anions influence the dynamic interplay between CO 

reduction and HER by modulating the competition of H* and CO* for 

active sites on the Cu surface. We propose that this interaction might 

be enabled by the interfacial concentration of K+ being greater in the 

presence of F− than in I−. Our results highlight the need to more 

broadly consider the properties of all ions at electrocatalytic interfaces 

and they point to thus far underappreciated avenues to optimize 

hydrocarbon production while suppressing hydrogen evolution.  

Introduction 

The electrochemical reduction of CO2 (eCO2R) promises novel 

avenues for storing renewable electricity and for the sustainable 

production of feedstock chemicals.[1,2] Copper has long stood out 

as a unique electrocatalyst for this reaction because it catalyzes 

the transformation of CO2 into valuable hydrocarbons and 

oxygenates, such as methane and ethylene, among many 

others.[1,3] However, despite extensive research efforts, the 

reaction continues to suffer from high overpotentials, poor product 

selectivity, and competition with the hydrogen evolution reaction 

(HER).[2] To understand the origin of these challenges and to 

develop avenues to address them, substantial efforts have been 

dedicated to study the mechanism of Cu-catalyzed CO2 reduction. 

These investigations have led to the realization that the electrolyte 

has a major impact on the reaction rate and selectivity of 

eCO2R.[4–8] In particular, electrolyte cations have been shown to 

modulate the formation of C2+ products, putatively by interacting 

with the electron-transfer transitions states leading to the 

formation of these products.[9–18] Yet, numerous questions remain 

unaddressed. In particular, the role of anions in eCO2R is less 

clear and discussion of their role has primarily focused on their 

activity as pH buffers,[19–21] and their supposed adsorption to 

electrode surfaces.[22–31] In addition, questions remain as to how 

CO2 reduction and hydrogen evolution intersect and how the 

properties of the electrochemical interface control each process. 

This lack of insight may partially be explained by shortcomings in 

the experimental methodologies used to investigate CO2 

reduction reactions. Typically, steady-state electrolysis is 

performed over long periods of time. However, analysis of these 

long experiments is convoluted by several phenomena such as 

deposition of carbonates, catalyst reconstruction and degradation, 

and mass transport limitations.[32]  

To alleviate some of the issues associated with steady-state 

electrolysis, we herein used electrochemical-mass spectrometry 

(EC-MS, Figure 1a, Figure S1-Figure S5) to study the dynamic 

evolution of products on Cu during the electrocatalytic reduction 

of CO and to understand how these processes are influenced by 

anion identity. EC-MS brings a mass spectrometer into close 

contact with an electrochemical interface,[33] allowing for rapid 

product analysis during the course of potential sweeps. 

Our data provides insight into the dynamics among H* and CO* 

adsorbates in generating hydrocarbon products and undesired 

hydrogen. They further show how the nature of electrolyte anions 

modulates interfacial properties influencing HER, demonstrating 

that anions can be used to suppress H2 production. Our findings 

help bridge the gaps between previously proposed roles of anions 

in electrochemical CO2 and CO reduction. 



 

Figure 1: (a) Electrochemical-mass spectrometry (EC-MS) allows real time product analysis, and thus gives insights into transient phenomena within the 

electrochemical double layer. (b) Linear sweep voltammetry (LSV) was performed at a scan rate of 1 mV s−1 in 0.5 M KF under CO. EC-MS analysis shows the 

production rates of H2, CH4, and C2H4. The presented data is the average of three independent measurements. Replicates are shown in Figure S6.

Results and Discussion 

Baseline: CO Reduction in the Presence of F− 

To establish a baseline for the product distribution observed from 

electrochemical CO reduction (eCOR) on copper, we carried out 

eCOR in the presence of 0.5 M KF. We used CO as substrate to 

avoid convolution of our data by the complex speciation of CO2 in 

aqueous solutions.[2] F− anions were chosen as a baseline for 

comparing the behavior of other anions since F− is reported to 

only weakly interact with Cu.[26,27] In all experiments, glassy 

carbon was used as a conductive support for copper 

nanoparticles (25 nm diameter), which served as the working 

electrode in an aqueous electrolyte. EC-MS was used to quantify 

the generation of products in real-time during linear potential 

sweeps. A detailed description of the experimental protocol can 

be found in the Supporting Information. 

Linear sweep voltammetry (LSV) was performed on three 

independent samples at 1 mV s−1 from −0.88 V to −1.5 V (all 

potentials reported vs SHE) in 0.5 M KF, resulting in the averaged 

product distribution shown in Figure 1b (see Figure S6 for 

replicates). At low overpotentials, only hydrogen generation was 

observed. As the overpotential increased, we started to see the 

production of ethylene at around −1.20 V, followed by methane at 

−1.37 V. The observed Tafel slopes for both ethylene and 

methane production agreed with previous reports. Ethylene 

featured a Tafel slope of ~112 mV dec−1 (Table S1), which has 

been explained by a mechanism where two *CO adsorbates take 

up an electron to form a C‒C bond, resulting in the formation of a 

CO dimer (*OCCO−).[34–36] The production of methane, on the 

other hand, displayed a Tafel slope of ~39 mV dec−1 (Table S2), 

which might be representative of a mechanism involving a 

pre-equilibrated electron transfer followed by a rate-limiting 

electron transfer.[35,37] At −1.37 V, in concert with the onset of 

methane production, the rate of hydrogen generation increased 

substantially. This observation may be ascribed to the transfer of 

hydrogen atoms that are involved in both methane and H2 

formation.[36] Interestingly, at strongly reductive potentials, the 

production of hydrogen, methane, and ethylene all reached a 

plateau and became less dependent on the potential. The 

appearance of this plateau was nearly independent of the 

potential sweep rate (Figure S7). We hypothesized that the 

plateau may originate from the saturation of the catalyst surface 

with adsorbed species. However, the generation of deposits such 

as saturated KOH cannot be ruled out.  

HER Mechanism Changes in the Presence of CO 

Comparing the potential-dependent HER rate under He with the 

HER rate under CO shows that while CO suppresses HER at low 

potentials, the presence of CO leads to a higher rate of HER at 

high driving forces. It has commonly been reported that in the 

presence of CO, fewer surface sites are available for hydrogen 

atoms to adsorb and to form H2, leading to a lower HER rate in 

the presence of CO.[38–40] We indeed observe this suppression at 

potentials positive of −1.4 V (Figure 2). However, at potentials 

negative of −1.4 V, the rate of hydrogen evolution under CO 

exceeds the HER rate under He. This coincides with the onset of 

CH4 production (Figure S8a) and with a lowering of the Tafel 

slope for HER in the presence of CO (Figure S8b). We theorize 



that this observation may point to a change in the dominant HER 

mechanism. 

 

Figure 2: Linear sweep voltammetry (LSV) was performed at a scan rate of 

1 mV s−1 in 0.5 M KF under CO and under He. EC-MS analysis shows the 

production rates of H2 in the presence of CO and He. The presented data is the 

average of three independent measurements. Replicates are shown in 

Figure S6. 

Under normal conditions, i.e. in presence of He, HER on Cu has 

been suggested to take place through a Volmer-Tafel 

mechanism.[41] Introducing CO* is known to lower the hydrogen 

affinity of surfaces.[38,42] Forming adsorbed H* atoms in the 

presence of CO* thus requires more negative potentials but also 

creates more labile H* adsorbates, for which, rather than binding 

a second H* with the same energy cost, coupled transfer of a 

hydrogen atom from H2O and an electron to an adsorbed H* atom 

could become more favorable, resulting in a Heyrovsky-type 

mechanism (Figure S9). This might explain the decrease in Tafel 

slope, as shown in Figure S8b. It also agrees with a prior 

literature report that indicated a transition from a Volmer-Tafel to 

a Volmer-Heyrovsky mechanism for HER on Cu when 

benzaldehyde was adsorbed on the surface.[41] The observed 

increase in HER rate in the presence of CO is unexpected and 

has important implications for achieving high Faradaic efficiencies 

of CO2 reduction products. 

Impact of Anion Identity on COR and HER  

We found that the interaction between CO reduction and HER is 

significantly modulated by the identity of the anions present in the 

electrolyte. To gain insight, we used EC-MS to generate high 

resolution rate data for eCOR product formation in the presence 

of a series of halide anions. During all experiments, the total 

cation concentration was kept constant at 0.5 M K+. This was 

achieved by using 0.25 M KF as a supporting electrolyte and 

adjusting the concentration of the anion potassium salt to yield a 

total cation concentration of 0.5 M K+. In addition to 0.5 M KF, the 

electrolytes tested were 0.25 M KF + 0.25 M KCl and 0.25 M KF 

+ 0.25 M KI. Here, the 0.5 M KF electrolyte will be referred to as 

‘F−’, while the other electrolytes will be referred to by the other 

anion present in the mixture. 

 

Figure 3: Linear sweep voltammetry (LSV) was performed at a scan rate of 

1 mV s−1 under CO in the following electrolytes: 0.5 M KF, 

0.25 M KF + 0.25 M KCl and 0.25 M KF + 0.25 M KI. EC-MS analysis shows 

the production rates of (a) H2, (b) CH4, and (c) C2H4. The presented data is the 

average of three independent measurements. Replicates are shown in 

Figure S6, S10, and S11. 

Figure 3a, b, and c show the production of hydrogen, methane 

and ethylene under CO in the presence of F−, Cl−, and I−. Since 

eCOR occurs at strongly negative potentials where negatively 

charged ions are displaced from the electrochemical interface, 

one could assume that anions minimally influence catalysis.[43] 

Indeed, ethylene production is not strongly impacted by the 

identity of the electrolyte anion present (Figure 3c). However, in 

contrast to the relatively small impact on ethylene formation, the 

electrolyte anion significantly impacts the production of hydrogen 

and methane (Figure 3a,b). Specifically, Cl− and I− show 

substantial suppression of hydrogen evolution activity relative to 

F− (Figure 3a). On the other hand, halide anions that lead to a 

suppression of HER, simultaneously lead to a relative increase in 

the rate of CH4 production at high overpotentials (Figure 3b). 

A possible explanation for these observations would be changes 

in the electrolyte pH. Yet, the poor overlap in Figure S12, which 

displays hydrogen production as a function of RHE calculated 

from the simulated local pH, points against pH from being 



responsible for differences in hydrogen production. Similarly, 

Figure S13 shows differences in methane production on the local 

pH corrected RHE scale between the various electrolytes, and the 

poor overlap also points against pH from being the sole factor in 

explaining differences in CH4 production. 

Other than the pH, an explanation for the observed 

anion-dependence would be the adsorption of anions.[44–46] Within 

the literature, there are multiple hypotheses on how specifically 

adsorbed halides could influence eCO2R/eCOR. Some reports 

have suggested that specifically adsorbed anions could donate 

charge to CO* or CO2 and thereby strengthen their adsorption to 

Cu.[28,47] Other studies claimed that adsorbed halides indirectly 

strengthen the adsorption of CO* by modifying the electronic 

structure of Cu sites.[29,30] Yet, direct evidence for anion specific 

adsorption under CO2 reduction potentials is lacking, and some 

reports mention explicitly that they could not detect the presence 

of adsorbed iodide species under experimental conditions using 

in-situ Raman spectroscopy.[28,30] In addition, previous literature 

reports indicate that on Cu, at −0.913 V vs SHE the surface 

coverage of Cl− becomes negligible, pointing against an important 

role of specific anion adsorption.[48] Indeed, when we performed 

classical molecular dynamics (MD) simulations of the interface 

formed between Cu(100) and electrolytes containing 0.5 M KF 

and 0.5 M KI, we found that that neither F− or I− specifically adsorb 

to Cu(100) under the simulated conditions. The MD simulations 

were performed using a constant charge method (calibrated as 

discussed in the Supporting Information) in which the charge 

densities at the electrodes were set such that the negative 

electrode was at −0.7 V vs PZC, which we estimate to correspond 

to −1.43 V vs SHE based on a PZC of Cu of −0.73 V vs SHE.[49,50] 

Combined with our experimental results, our MD simulations, and 

prior literature, this suggests that possibly something other than 

the specific adsorption of anions may be leading to the beneficial 

impact of anions on HER suppression and CO reduction.  

We suggest that our observations might instead be explained by 

an interplay between electrolyte anions and cations, which 

modulates the supply of H* to the electrode surface and thereby 

controls the surface reactions leading to HER, CH4, and C2H4 

production. It has been suggested that the identity and 

concentration of electrolyte cations plays a critical role in 

determining the rate of HER in neutral to alkaline electrolytes.[51–

53] The reason for this is that electrolyte cations are needed to 

stabilize the transition state leading to the formation of surface-H* 

species (Figure S14).[51] Here, we suggest that these 

cation-induced effects may be modulated by the anions present 

in the electrolyte. Specifically, our MD simulations of Cu(100) in 

0.5 M KF and 0.5 M KI at −0.7 V vs PZC (Figure 4a) indicate that 

the chemical identity of the anion present in the electrolyte 

controls the effective concentration of cations near the electrode 

surface (Figure 4b). This may be because the positive charge on 

the cation needs to be partially compensated by anions for cations 

to be able to exist at high concentration at a point in space.[54,55] 

As a result, the concentration of K+ in the electrochemical double 

layer (EDL) is lower in the presence of I− than in the presence of 

F− (Figure 4c), likely because the approach of I− to the electrode 

is hindered by its size, solvation and coulombic interactions with 

other electrolyte components. Indeed, our calculations indicate 

that I− has a larger solvated radius than F− (see SI).[56,57] We 

hypothesize that it is this anion-mediated modulation of the local 

cation concentration that influences the rate of water dissociation 

and thus of HER (under neutral to alkaline conditions, like here). 

This effect may explain why H2 production is enhanced in the 

presence of F− relative to I− in both CO (Figure 3a) and He 

(Figure S15) atmosphere. 

 

Figure 4: Classical molecular dynamics (MD) simulations were performed to 

model 0.5 M KF and 0.5 M KI electrolytes confined between Cu(100) electrodes 

at −0.7 V vs PZC. (a) Snapshot of the 0.5 M KI simulation system near the 

negatively charged electrode. The z-axis is drawn at the bottom with the value 

of z = 0 nm indicated for comparison to Figure S29. Some water molecules are 

removed for visual clarity. Cu atoms are brown, K+ ions are green, I− ions are 

purple, and the red and white molecules are water (oxygen atom is represented 

by red and the hydrogen atoms are represented by white). (b) Local K+ 

concentration and (c) local anion concentration near the negatively charged 

electrode in 0.5 M KF and 0.5 M KI. 

Recent studies have suggested that cations of different identities 

can disrupt the hydrogen bonding network of interfacial water and 

impact eCO2R/eCOR and HER rates.[58,59] Since the cation 

identity stays constant in our work, we expect that the interfacial 



solvation environment remains similar,[58,59] suggesting that our 

data may not be dominated by an effect involving the disruption 

of interfacial water. Beyond influencing HER, we propose that the 

anion-mediated modulation of the rate of water dissociation also 

controls the outcome of CO reduction reactions. As the rate of 

water dissociation is increased under greater local concentrations 

of electrolyte cations (i.e. in F− relative to I−, Figure 4b), we expect 

to observe a greater rate of hydrogen evolution. Indeed, the rate 

of H2 production is greater in F− relative to I− in both CO and He 

atmospheres (Figure 3a, Figure S15). When the rate of water 

dissociation occurs more readily (i.e. in F−), the surface coverage 

of H* will likely be greater as compared to when water dissociation 

occurs more slowly. In this case, the surface coverage of CO* 

may decrease relative to H* since H* and CO* compete for 

surface sites on Cu.[6,38–40,42,60–62] Thus, fresh hydrogen atoms 

from water molecules will have a greater likelihood of reacting with 

H* rather than CO* (relative to when water dissociation occurs 

more slowly), leading to an increase in H2 production relative to 

CH4 production. In contrast, when water dissociation occurs more 

slowly (i.e. in I−), the surface coverage of H* will decrease (relative 

to when water dissociation is facile), and the surface coverage of 

CO* relative to H* will increase. Consequently, the hydrogen 

atoms from water molecules will have a higher likelihood of 

reacting with CO and forming CH4 (relative to when water 

dissociation occurs more rapidly). It is through this mechanism 

that the rate of water dissociation modulates the relative surface 

population of H* and CO* at the surface. This mechanism may 

explain the decreased CH4 production rate in the presence of F− 

relative to I−. Similarly, at higher CO coverage (i.e. under I−), we 

expect to observe a higher rate of ethylene formation, which 

decreases as the CO coverage becomes lower (i.e. under F−). 

This trend can be observed throughout all the halide anions tested 

herein, whereas the CO reduction rate to methane and ethylene 

trends inversely with HER rates. Indeed, previous literature 

supports that relative to other anions, I− led to the greatest 

coverage of CO* on Cu surfaces.[30]  

It is important to note that Figure 4b shows that the interfacial 

cation concentration is greater in the presence of F− than in I−. To 

understand if different local cation concentrations influence the 

strength of the electric fields at the electrode surface, we 

calculated the electric fields in KF and KI electrolytes. As shown 

in Figure S31, the electric field strengths are found to be nearly 

identical in KF and KI electrolytes. This is because the electric 

field is largely dominated by the solvent dipoles (H2O), as has 

been described by the Bockris-Devanathan-Müller (BDM) 

model.[63] Our experimental results may thus not be explained by 

differences in the electric field strengths, but instead by the 

effective concentration of the ions present at the interface. 

Furthermore, if the electrostatic field strength was greater in the 

presence of F− than in I−, one could expect that F− would lead to 

the greatest production rate of ethylene since it has been 

proposed that the interfacial electric field strength can impact the 

stability of the OCCO− intermediate and the resulting production 

of ethylene.[13,17,18] However, Figure 3c shows that at high 

overpotential, the production rate of ethylene is the lowest in F− 

and the greatest in I−. This discrepancy may also suggest that 

something other than differences in the electric field strengths is 

responsible for the trends in our data.  

Importantly, we continue to observe the anion-mediated 

suppression of HER between F‒ and I‒ in constant-potential 

experiments carried out in a gas diffusion electrode (GDE) cell at 

‒1.1, ‒1.3, and ‒1.5 V (Figure S16-18). This supports our EC-MS 

based findings. In addition, our GDE tests also confirmed the 

increase in C2+ compounds under I‒ compared to F‒, which we 

ascribe to the surface population of CO, as mentioned above. As 

part of these experiments, we also identified the formation of liquid 

products at steady-state. Liquid C2+ product formation increased 

from F‒ to I‒ at ‒1.3 V, in agreement with the hypothesized CO 

coverage. It is important to note that for steady-state polarization 

experiments, mass transport limitations of CO and 

hydrogen supply are likely to occur, which may convolute the data. 

To support our hypothesis of the role of anions, we need to further 

consider alternative explanations for the observed phenomena. 

Halide anions have been suggested to reconstruct Cu surfaces 

under electrochemical potentials.[24,25,30,64] To ensure that the 

findings mentioned above are not convoluted by anion-induced 

surface reconstructions, we performed an electrolyte exchange 

experiment where the Cu catalyst was first put into contact with 

0.25 M KF + 0.25 M KI electrolyte, followed by replacement with 

0.5 M KF electrolyte (see Figure S19a for experimental details). 

Throughout the duration of this experiment, the production rate of 

hydrogen, methane, and ethylene was measured using EC-MS. If 

our experimental results were controlled by anion-induced 

surface reconstruction, we would expect that the high production 

rates for hydrocarbons would persist after removing I−. However, 

as shown in Figure S19b, we see that once the KI-based 

electrolyte is fully replaced by the pure KF electrolyte, the 

production of hydrocarbons decreased significantly, while 

hydrogen increased. These results match the trends observed 

during our LSV measurements (Figure 3). Our findings thus 

support prior literature that pointed against anion-induced surface 

reconstructions from being the sole contributor to the anion 

effects observed in CO2 reduction.[30] In addition, our MD 

simulations point against an interaction of the anions with the 

electrode surface (Figure 4c), which also points against 

anion-induced surface reconstruction under the simulated 

conditions. Furthermore, to confirm that our results were not 

affected by halogen evolution at the counter electrode, we 

performed LSV experiments under CO in 0.25 M KF + 0.25 M KI 

electrolyte with a membrane to prevent product diffusion from the 

counter to the working electrode. As shown in Figure S20, the 

production rates of hydrogen, methane, and ethylene are nearly 

identical with and without the use of a membrane, confirming that 

our analysis is not convoluted by halogen evolution. Finally, we 

note that the formation of OH− could modulate the interactions 

between halides and electrolyte cations.[65] These interactions 

should be the subject of future studies. 

 

Conclusion 

Herein, we used EC-MS to provide novel insight into the role of 

halide anions in electrochemical CO2 and CO reduction. We found 

that electrolyte anions could substantially suppress the undesired 

H2 production, while showing an inverse relationship between the 

rate of CO reduction and H2 generation. Notably, I− strongly 

suppressed H2 production and led to greater production rates 



towards methane and ethylene compared to other halide anions. 

We hypothesize that the inversed trends between H2 production 

and eCOR production rates may indicate that the electrolyte anion 

modulates the relative surface coverages of H* and CO*. To 

further probe the role of anions, we performed classical MD 

simulations of KF and KI electrolytes at an applied potential 

relevant to eCOR. We found that under the simulated conditions, 

F− and I− do not specifically adsorb to Cu. Furthermore, our MD 

simulations showed that the interfacial concentration of K+ near 

the Cu surface is greater in the presence of F− than in I−. Based 

on this, we propose that non-specifically adsorbed anions may 

influence the effective concentration of K+ near the Cu surface, 

which in turn may influence the surface competition between CO* 

and H*, possibly explaining how anions influence eCOR and HER. 

Strengthening this hypothesis will require future investigation to 

directly connect interfacial structure to catalytic outcome. Our 

experimental results indicate that more consideration should be 

put into how the properties of non-specifically adsorbed ions can 

impact reactions at the electrode surface. Our data also points to 

important interactions between cations and anions in the 

electrochemical double layer, which should be the subject of 

future studies. Overall, our work opens the door to leveraging thus 

far unappreciated electrolyte effects in eCOR. These effects are 

important as they allow us to suppress the parasitic HER and 

increase the production of desirable hydrocarbons. 

Supporting Information 

The authors have cited additional references within the 

Supporting Information.[1,13,33‒35,37,41,49–51,56,66–86] 

Data Availability Statement 

The data that support the findings of this study are available 

from the corresponding author upon reasonable request. 

Acknowledgements 

The authors thank the David and Lucile Packard Foundation for 

funding through a Packard Fellowship for Science and 

Engineering. We thank the University of Wisconsin-Madison and 

the Wisconsin Alumni Research Foundation for Funding. This 

material is based upon work supported by the National Science 

Foundation under Grant No. 2245375. 

Keywords: CO2 reduction • Electrochemistry • Electrocatalysis • 

Anions • Heterogeneous catalysis 

[1] K. P. Kuhl, E. R. Cave, D. N. Abram, T. F. Jaramillo, Energy Environ. 

Sci. 2012, 5, 7050–7059. 

[2] S. Nitopi, E. Bertheussen, S. B. Scott, X. Liu, A. K. Engstfeld, S. Horch, 

B. Seger, I. E. L. Stephens, K. Chan, C. Hahn, J. K. Nørskov, T. F. 

Jaramillo, I. Chorkendorff, Chem. Rev. 2019, 119, 7610–7672. 

[3] Y. Hori, H. Wakebe, T. Tsukamoto, O. Koga, Electrochim. Acta 1994, 39, 

1833-1839. 

[4] G. P. S. Lau, M. Schreier, D. Vasilyev, R. Scopelliti, M. Grätzel, P. J. 

Dyson, J. Am. Chem. Soc. 2016, 138, 7820– 7823. 

[5] B. Deng, M. Huang, X. Zhao, S. Mou, F. Dong, ACS Catal. 2022, 12, 

331–362. 

[6] M. Moradzaman, G. Mul, J. Phys. Chem. C 2021, 125, 6546–6554. 

[7] M. Schreier, P. Kenis, F. Che, A. S. Hall, ACS Energy Lett. 2023, 8, 

3935–3940. 

[8] S. Noh, Y. J. Cho, G. Zhang, M. Schreier, J. Am. Chem. Soc. 2023, 145, 

27657–27663. 

[9] A. Murata, Y. Hori, Bull. Chem. Soc. Jpn. 1991, 64, 123– 127. 

[10] M. C. O. Monteiro, F. Dattila, B. Hagedoorn, R. García-Muelas, N. López, 

M. T. M. Koper, Nat. Catal. 2021, 4, 654– 662. 

[11] M. M. Waegele, C. M. Gunathunge, J. Li, X. Li, J. Chem. Phys. 2019, 

151, 160902. 

[12] A. N. Frumkin, Trans. Faraday Soc. 1959, 55, 156–167. 

[13] S. Ringe, E. L. Clark, J. Resasco, A. Walton, B. Seger, A. T. Bell, K. 

Chan, Energy Environ. Sci. 2019, 12, 3001–3014. 

[14] G. Hussain, L. Pérez-Martínez, J. B. Le, M. Papasizza, G. Cabello, J. 

Cheng, A. Cuesta, Electrochim. Acta 2019, 327, 135055. 

[15] L. D. Chen, M. Urushihara, K. Chan, J. K. Nørskov, ACS Catal. 2016, 6, 

7133–7139. 

[16] M. R. Singh, Y. Kwon, Y. Lum, J. W. Ager III, A. T. Bell, J. Am. Chem. 

Soc. 2016, 138, 13006–13012. 

[17] E. Pérez-Gallent, G. Marcandalli, M. C. Figueiredo, F. CalleVallejo, M. T. 

M. Koper, J. Am. Chem. Soc. 2017, 139, 16412–16419. 

[18] J. Resasco, L. D. Chen, E. Clark, C. Tsai, C. Hahn, T. F. Jaramillo, K. 

Chan, A. T. Bell, J. Am. Chem. Soc. 2017, 139, 11277–11287. 

[19] Y. Hori, A. Murata, R. Takahashi, S. Suzuki, J. Chem. Soc., Chem. 

Commun. 1988, 17-19. 

[20] Y. Hori, A. Murata, R. Takahashi, J. Chem. Soc., Faraday Trans. 1 1989, 

85, 2309-2326. 

[21] R. Kas, R. Kortlever, H. Yilmaz, M. T. M. Koper, G. Mul, 

ChemElectroChem 2015, 2, 354–358. 

[22] V. J. Ovalle, M. M. Waegele, J. Phys. Chem. C 2020, 124, 14713–14721. 

[23] L. Ou, W. You, J. Jin, Y. Chen, Phys. Chem. Chem. Phys. 2023, 25, 

23977‒23987. 

[24] X. Wang, C. Guo, B. Zhu, D. Xiao, D. Gao, Z. Liu, F. Yang, J. Chem. 

Phys. 2023, 158, 204701. 

[25] J. J. Masana, B. Peng, Z. Shuai, M. Qiu, Y. Yu, J. Mater. Chem. A 2022, 

10, 1086–1104. 

[26] I. T. McCrum, S. A. Akhade, M. J. Janik, Electrochim. Acta 2015, 173, 

302–309. 

[27] S. A. Akhade, I. T. McCrum, M. J. Janik, J. Electrochem. Soc. 2016, 163, 

F477–F484. 

[28] T. Yuan, T. Wang, G. Zhang, W. Deng, D. Cheng, H. Gao, J. Zhao, J. 

Yu, P. Zhang, J. Gong, Chem. Sci. 2022, 13, 8117‒8123. 

[29] A. S. Varela, W. Ju, T. Reier, P. Strasser, ACS Catal. 2016, 6, 2136–

2144. 

[30] Y. Huang, C. W. Ong, B. S. Yeo, ChemSusChem 2018, 11, 3299–3306. 

[31] K. Ogura, J. R. Ferrell III, A. V. Cugini, E. S. Smotkin, M. D. 

Salazar-Villalpando, Electrochim. Acta 2010, 56, 381– 386. 

[32] E. R. Cofell, U. O. Nwabara, S. S. Bhargava, D. E. Henckel, P. J. A. 

Kenis, ACS Appl. Mater. Interfaces 2021, 13, 15132–15142. 

[33] D. B. Trimarco, S. B. Scott, A. H. Thilsted, J. Y. Pan, T. Pedersen, O. 

Hansen, I. Chorkendorff, P. C. K. Vesborg, Electrochim. Acta 2018, 268, 

520–530. 

[34] K. J. P. Schouten, Y. Kwon, C. J. M. van der Ham, Z. Qin, M. T. M. Koper, 

Chem. Sci. 2011, 2, 1902–1909. 

[35] J. Li, X. Chang, H. Zhang, A. S. Malkani, M. Cheng, B. Xu, Q. Lu, Nat. 

Commun. 2021, 12, 3264. 

[36] M. Schreier, Y. Yoon, M. N. Jackson, Y. Surendranath, Angew. Chem. 

Int. Ed. 2018, 57, 10221–10225. 

[37] L. Wang, S. A. Nitopi, E. Bertheussen, M. Orazov, C. G. Morales-Guio, 

X. Liu, D. C. Higgins, K. Chan, J. K. Nørskov, C. Hahn, T. F. Jaramillo, 

ACS Catal. 2018, 8, 7445–7454. 

[38] Y. J. Zhang, V. Sethuraman, R. Michalsky, A. A. Peterson, ACS Catal. 

2014, 4, 3742–3748. 



[39] H. Ooka, M. C. Figueiredo, M. T. M. Koper, Langmuir 2017, 33, 9307–

9313. 

[40] Y. Hori, A. Murata, R. Takahashi, S. Suzuki, Chem. Lett. 1987, 16, 1665–

1668. 

[41] H. Chen, J. Iyer, Y. Liu, S. Krebs, F. Deng, A. Jentys, D. J. Searles, M. 

A. Haider, R. Khare, J. A. Lercher, J. Am. Chem. Soc. 2024, 146, 13949–

13961. 

[42] E. R. Cave, C. Shi, K. P. Kuhl, T. Hatsukade, D. N. Abram, C. Hahn, K. 

Chan, T. F. Jaramillo, ACS Catal. 2018, 8, 3035–3040. 

[43] J. Wang, Y. Qin, S. Jin, Y. Yang, J. Zhu, X. Li, X. Lv, J. Fu, Z. Hong, Y. 

Su, H. B. Wu, J. Am. Chem. Soc. 2023, 145, 26213–26221. 

[44] Z. Jusys, R. J. Behm, ChemPhysChem 2019, 20, 3276– 3288. 

[45] T. Kumeda, N. Hoshi, M. Nakamura, ACS Appl. Mater. Interfaces 2021, 

13, 15866–15871. 

[46] J. X. Wang, N. M. Markovic, R. R. Adzic, J. Phys. Chem. B 2004, 108, 

4127–4133. 

[47] D. Gao, F. Scholten, B. Roldan Cuenya, ACS Catal. 2017, 7, 5112–5120. 

[48] X. Yuan, K. Lee, J. R. Schmidt, K. S. Choi, J. Am. Chem. Soc. 2023, 145, 

20473–20484. 

[49] A. Łukomska, J. Sobkowski, J. Electroanal. Chem. 2004, 567, 95–102. 

[50] A. Auer, X. Ding, A.S. Bandarenka, J. Kunze-Liebhäuser, J. Phys. Chem. 

C 2021, 125, 5020‒5028. 

[51] J. T. Bender, A. S. Petersen, F. C. Østergaard, M. A. Wood, S. M. J. 

Heffernan, D. J. Milliron, J. Rossmeisl, J. Resasco, ACS Energy Lett. 

2023, 8, 657–665. 

[52] M. C. O. Monteiro, A. Goyal, P. Moerland, M. T. M. Koper, ACS Catal. 

2021, 11, 14328–14335. 

[53] A. Goyal, M. T. M. Koper, Angew. Chem. Int. Ed. 2021, 60, 13452–13462. 

[54] J.O. Bockris, A.K.N. Reddy, M. Gamboa-Aldeco, Modern 

Electrochemistry 2A, Springer, 2000, pp. 771‒1033. 

[55] J.O. Bockris, A.K.N. Reddy, Volume 1: Modern Electrochemistry, 

Springer, 1998, pp. 175‒286. 

[56] I. S. Joung, T. E. Cheatham III, J. Phys. Chem. B 2008, 112, 9020–9041. 

[57] Y. Marcus, Chem. Rev. 1988, 88, 1475‒1498. 

[58] X. Yang, H. Ding, S. Li, S. Zheng, J. Li, F. Pan, J. Am. Chem. Soc. 2024, 

146, 5532–5542. 

[59] Z. Zhang, H. Li, Y. Shao, L. Gan, F. Kang, W. Duan, H. A. Hansen, J. Li, 

Nat. Commun. 2024, 15. 

[60] A. A. Peterson, F. Abild-Pedersen, F. Studt, J. Rossmeisl, J. K. Nørskov, 

Energy Environ. Sci. 2010, 3, 1311–1315. 

[61] Y. Huang, A. D. Handoko, P. Hirunsit, B. S. Yeo, ACS Catal 2017, 7, 

1749–1756. 

[62] J. Heyes, M. Dunwell, B. Xu, J. Phys. Chem. C 2016, 120, 17334–17341. 

[63] J. O’M. Bockris, M.A.V. Devanathan, K. Müller, Proc. R. Soc. Lond. A 

1963, 274, 55‒79. 

[64] D. Gao, I. Sinev, F. Scholten, R. M. Arán-Ais, N. J. Divins, K. 

Kvashnina, J. Timoshenko, B. Roldan Cuenya, Angew. Chem. Int. Ed. 

2019, 58, 17047–17053. 

[65] N. Agmon, H. J. Bakker, R. K. Campen, R. H. Henchman, P. Pohl, S. 

Roke, M. Thämer, A. Hassanali, Chem. Rev. 2016, 116, 7642–7672. 

[66] D. B. Trimarco, T. Pedersen, O. Hansen, I. Chorkendorff, P. C. K. 

Vesborg, Rev. Sci. Instrum. 2015, 86, 075006. 

[67] J. X. J. Zhang, K. Hoshino, Molecular Sensors and Nanodevices, 

Academic Press, 2019, 113–179. 

[68] G. Zhang, Z. J. Zhao, D. Cheng, H. Li, J. Yu, Q. Wang, H. Gao, J. Guo, 

H. Wang, G. A. Ozin, T. Wang, J. Gong, Nat. Commun. 2021, 12, 5745. 

[69] W. Luc, J. Rosen, F. Jiao, Catal. Today 2017, 288, 79–84. 

[70] G. Zhang, T. Wang, M. Zhang, L. Li, D. Cheng, S. Zhen, Y. Wang, J. Qin, 

Z. Zhao, J. Gong, Nat. Commun. 2022, 13, 7768. 

[71] N. Gupta, M. Gattrell, B. MacDougall, J. Appl. Electrochem. 2006, 36, 

161–172. 

[72] O. van der Heijden, S. Park, R. E. Vos, J. J. Eggebeen, M. T. M. Koper, 

ACS Energy Lett. 2024, 9, 1871–1879. 

[73] L. Zeng, J. Peng, J. Zhang, X. Tan, X. Ji, S. Li, G. Feng, J. Chem. Phys. 

2023, 159, 091001. 

[74] S. Izadi, A. V. Onufriev, J. Chem. Phys. 2016, 145, 074501. 

[75] H. Heinz, R. A. Vaia, B. L. Farmer, R. R. Naik, J. Phys. Chem. C 2008, 

112, 17281–17290. 

[76] I. Yeh, M. L. Berkowitz, J. Chem. Phys. 1999, 111, 3155–3162. 

[77] S. P. Kadaoluwa Pathirannahalage, N. Meftahi, A. Elbourne, A. C. G. 

Weiss, C. F. McConville, A. Padua, D. A. Winkler, M. Costa Gomes, T. 

L. Greaves, T. C. Le, Q. A. Besford, A. J. Christofferson, J. Chem. Inf. 

Model. 2021, 61, 4521–4536. 

[78] K. Kanhaiya, S. Kim, W. Im, H. Heinz, npj Comput. Mater. 2021, 7, 17. 

[79] L. Scalfi, M. Salanne, B. Rotenberg, Annu. Rev. Phys. Chem. 2021, 72, 

189‒212. 

[80] B. Hess, H. Bekker, H. J. C. Berendsen, J. G. E. M. Fraaije, J. Comput. 

Chem. 1997, 18, 1463–1472. 

[81] Y. K. Choi, N. R. Kern, S. Kim, K. Kanhaiya, Y. Afshar, S. H. Jeon, S. Jo, 

B. R. Brooks, J. Lee, E. B. Tadmor, H. Heinz, W. Im, J. Chem. Theory 

Comput. 2022, 18, 479–493. 

[82] K. J. P. Schouten, Z. Qin, E. P. Gallent, M. T. M. Koper, J. Am. Chem. 

Soc. 2012, 134, 9864–9867. 

[83] R. Sundararaman, D. Vigil-Fowler, K. Schwarz, Chem. Rev. 2022, 122, 

10651–10674. 

[84] D. A. Rakov, J. Sun, P. V. Cherepanov, K. Arano, P. C. Howlett, A. N. 

Simonov, F. Chen, M. Forsyth, Energy Environ. Sci. 2023, 16, 3919–

3931. 

[85] L. Zeng, X. Tan, X. Ji, S. Li, J. Zhang, J. Peng, S. Bi, G. Feng, Journal of 

Energy Chemistry 2024, 94, 54–60. 

[86] X. Liu, P. Schlexer, J. Xiao, Y. Ji, L. Wang, R. B. Sandberg, M. Tang, K. 

S. Brown, H. Peng, S. Ringe, C. Hahn, T. F. Jaramillo, J. K. Nørskov, K. 

Chan, Nat. Commun. 2019, 10, 32. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Entry for the Table of Contents 

 

We studied the role of halide anions in Cu catalyzed electrochemical CO reduction (eCOR). Our findings show that anions suppress 

the undesired hydrogen evolution reaction (HER). By pairing our experimental results with classical molecular dynamics (MD) 

simulations, we propose a model wherein anions modulate the interplay between adsorbed CO* and H* at the catalyst surface, 

controlling the outcome of the CO reduction reaction. 

Institute and/or researcher Twitter usernames: @MarcelSchreier2, @LabSchreier 

 


