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ABSTRACT: To design electrochemical interfaces for efficient electric-chemical energy 

interconversion, it is critical to reveal the electric double layer (EDL) structure and relate it with 20 

electrochemical activity; nonetheless, this has been a long-standing challenge. Of particular, no 

molecular-level theories have fully explained the characteristic two peaks  arising in the 

potential-dependence of the EDL capacitance, which is sensitively dependent on the EDL 

structure. We herein demonstrate that our first-principles-based molecular simulation reproduces 

the experimental capacitance peaks. The origin of two peaks emerging at anodic and cathodic 25 

potentials is unveiled to be an electrosorption of ions and  an EDL structural phase transition, 

respectively. We further find a cation complexation gradually modifies the EDL structure and the 

field strength,  which linearly scales the carbon dioxide reduction activity. This study deciphers 
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the complex structural response of the EDL and highlights its catalytic importance, which 

bridges the mechanistic gap between the EDL structure and electrocatalysis.  
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INTRODUCTION 

Electrocatalysis lies at the core of most modern technologies, such as, fuel cells, electrolyzers, 

and carbon dioxide recycling, for sustainable energy conversion. All such processes separate into 

half-cells in which electrochemistry happens under an electrochemical potential difference 

between the cathode and anode. The application of a potential difference leads to the formation 5 

of an electric double layer (EDL) at the interface of an electrode and liquid electrolyte.  The EDL 

is one of the oldest and most fundamental concepts in electrochemistry1,2.   As a recent example, 

the electrochemical carbon dioxide reduction reaction (CO2RR) has been suggested to be 

controlled by the EDL structure3–10.  

Nonetheless, to date, the microscopic structure of the EDL has not been fully resolved  not 10 

only because the EDL is spatially concealed between the two bulk phases of solid and liquid11, 

but also because the electrochemical signals are highly convoluted by the complex, coupled EDL 

responses of the multiple components in the electrified interface12. Despite the recent successes 

based on X-ray absorption spectroscopy13 and shell-isolated nanoparticle-enhanced Raman 

spectroscopy (SHINERS)14, these spectroscopy-based investigations have been focused only to 15 

the explanation of the water orientations, and their quantitative association with electrocatalysis 

is yet to be established. However, a notable point of these studies is that the computational 

simulation has inevitably been employed; the simulated and experimental spectra have been 

matched with each other, based on which the structural details about the EDL have been obtained 

from the molecular simulations. 20 

Instead of explaining the peaks from photon-based spectroscopy, we herein demonstrate that 

our molecular simulation accurately reproduces the characteristic peaks from an electrochemical 

impedance spectroscopy — the famous camel-shaped curve15–19 of the capacitance in dilute 
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aqueous electrolyte —  without the requirement of empirical adjustment in the simulation. To 

reliably compute the differential capacitance, 𝐶𝐶, using its definition of 𝐶𝐶 = 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄  (where 𝜕𝜕 is a 

surface charge density, and 𝜕𝜕 is an electrode potential), the sensitive changes in the potential 

must be captured that require an extremely fine sampling of the data points, which is practically 

impossible using a full ab initio approach20. Therefore, we utilize a multiscale approach, density 5 

functional theory in classical explicit solvents (DFT-CES), that combines a density functional 

description of the metal electrode with a classical molecular dynamic description of the 

electrolyte21. Most notably, the interfacial interaction of the DFT-CES is developed as based on 

the quantum-mechanical energetics, i.e., so-called first-principles based multiscale approach, that 

enables us to directly validate our simulation results through comparison with experimental 10 

results (for the simulation details and backgrounds, the reader may refer to our previous 

publications21–23, and a summary is also presented in the Supplementary Notes 1–5). 

 

RESULTS  

With varying the 𝜕𝜕 by changing number of excess electrons in the Ag(111) electrode and excess 15 

ions (Na+ or F−) in the electrolyte, DFT-CES simulation of the interfacial system (Fig. 1a) 

predicts the change of the 𝜕𝜕, which is calculated using Trasatti’s absolute electrode potential24
 

(Supplementary Fig. 1 and Supplementary Fig. 2), yielding a 𝜕𝜕-𝜕𝜕 curve (Fig. 1b). Prior to 

evaluating the 𝐶𝐶, which is derivative of 𝜕𝜕, we observe a most unprecedented feature in the 𝜕𝜕-𝜕𝜕 

curve: an S-shaped region in the negative 𝜕𝜕 region. Thermodynamically, the S-shaped profile is a 20 

consequence of a bistable free energy landscape (its microscopic origin will be discussed in the 

following section) by considering the thermodynamic relation of 𝑑𝑑𝑑𝑑 = −𝑆𝑆d𝑇𝑇 + 𝜕𝜕d𝜕𝜕 (where 𝑑𝑑 
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and 𝑆𝑆 are the interfacial Helmholtz free energy and entropy, respectively, and 𝑇𝑇 is the 

temperature). Thus, a Maxwell tie-line can be constructed along which two bistable states coexist 

in equilibrium (Supplementary Fig. 3). Such a phase coexistence line in the free energy curve 

yields a horizontal (or vertical) line in the 𝜕𝜕-𝜕𝜕 (or 𝜕𝜕-𝜕𝜕) curve that eventually causes the 𝐶𝐶-𝜕𝜕 

curve, a derivative of the 𝜕𝜕-𝜕𝜕 curve, to exhibit a capacitance peak. 5 

Our theoretically predicted EDL capacitance curve is well matched with the curve 

corresponding to the experimental staircase potentiostatic electrochemical impedance 

spectroscopy (SPEIS) data measured for Ag(111) in a dilute 3 mM NaF electrolyte (Fig. 1c). In 

particular, the double-hump camel-shape of the capacitance curve is successfully reproduced at 

the peak potentials, comparable to that observed in the experiment within approximately 0.1 V. 10 

Both theoretical and experimental 𝐶𝐶-𝜕𝜕 curves exhibit a minimum capacitance at the same 𝜕𝜕, that 

exactly corresponds to the point of zero charge (PZC) potential (EPZC). In addition, the 

capacitance values are predicted to be approximately 20 μF cm−2 near EPZC and in the highly 

polarized regions beyond the two humps on the curve; this is also consistent with the 

experimental results17. Theoretical peak behaviors are more exaggerated than those observed in 15 

the experiments and this can be attributed to the adiabatic potential change in theory. Indeed, the 

sharpness of the peaks increases as the potential sweep rate decreases in the experiments15. 

Therefore, we are now ready to elucidate the microscopic structural details of the EDL, which 

have been questioned but not fully resolved since the development of the early EDL theories in 

the 1900s2. In particular, we focus on what type of molecular structural response in the EDL is 20 

responsible for the two humps in the camel-shaped capacitance curves that have been measured 

from simple systems, such as the interfaces between planar metal electrodes and dilute aqueous 

electrolytes25–34.  
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Molecular origin of the camel-shape 

The key components of the EDL are water molecules, excess charges stored in the metal 

electrode, and ions in the electrolyte; all the local profiles of these along the 𝑧𝑧-direction are 

summarized to illustrate the complete structural details of the EDL in Figure 1d. Hereafter, the 5 𝑧𝑧-directional distances are referenced relative to the center of the top-surface atoms of the metal 

electrode. 

The local water density profile, 𝜌𝜌wat, shows that two water layers are formed near the 

electrode at around 𝑧𝑧 = 3 Å and 6 Å at all applied potentials, wherein the first layer is 

significantly adsorbed by the metal electrode (Supplementary Fig. 4). Therefore, it is 10 

reasonable to define the location of the inner Helmholtz layer (IHL) with respect to the location 

of this water adlayer33. Further, the ion charge density profile, 𝜌𝜌ion, exhibits a peak at around 𝑧𝑧 = 

5 Å that is attributed to the solvated ions near the electrode, and it is used to define the location 

of the outer Helmholtz layer (OHL)33. In addition, a region beyond the OHL is a diffuse layer 

(DifL). The excess charge density profile of the electrode, 𝜌𝜌electrode, is calculated by considering 15 

the difference between the electron charge density of the (dis)charged electrode and the 

uncharged electrode at the PZC. The value of 𝜌𝜌electrode indicates that electrons are added to or 

subtracted from the electron charge density tail in the profile of the metal surface, upon applying 

cathodic (𝜕𝜕 < 𝜕𝜕PZC) or anodic (𝜕𝜕 > 𝜕𝜕PZC) potential, respectively. 

When the electrode is positively charged (𝜕𝜕 > 𝜕𝜕PZC), the F− ions at the OHL are desolvated 20 

(Supplementary Fig. 5) and adsorbed on the electrode surface that increases the ion 

concentration at the IHL and decreases the ion concentration at the OHL (compare the change in 
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the two peaks of 𝜌𝜌ion at 𝑧𝑧 = 2 Å and 5 Å in the right panel of Fig. 1d). This specific adsorption 

of anions, proposed by Grahame28 and demonstrated through various approaches33,35, occurs 

because of  their large dispersive attraction toward the electrode36. By mapping the double layer 

onto an effective two-plate capacitor, for an intuitive understanding, the specific adsorption is 

realized as a decrease in the charge-separation distance, 𝑑𝑑, of the ions from the charged 5 

electrode, resulting in an increase in the capacitance, by considering the relation, 𝐶𝐶 = 𝜀𝜀eff𝜀𝜀0𝑑𝑑/𝑑𝑑 

(where 𝑑𝑑 is the interfacial area, and 𝜀𝜀0 is the vacuum permittivity). The effective dielectric 

constant, 𝜀𝜀eff, quantifies the average field screening ability of the water dipoles in the EDL that is 

conceptually similar to the 𝜀𝜀eff defined by Bockris, Devanathan, and Műller (BDM) in their 

seminal work on the BDM model33. The detailed quantification methods for 𝑑𝑑 and 𝜀𝜀eff are 10 

described in the Supplementary Note 6. 

Figure 2a shows that the anodic hump is an outcome of the capacitance increase, owing to the 

decrease in 𝑑𝑑 that is followed by the decrease in capacitance due to the decrease in and 

subsequent saturation of 𝜀𝜀eff. This trend is comparable to that in the previous dielectric saturation 

mechanism proposed by Booth30, Conway et al.31, Grahame29, and Macdonald32, developed after 15 

the Gouy25–Chapman26–Stern27 theory. In addition, our simulation elucidates the molecular 

origin of dielectric saturation at a large anodic potential. When the anions are located at the 

OHL, they can accommodate the oxygen-down (O-down) configuration of water molecules at 

the IHL and OHL (see upper left panels of Fig. 2b), mainly screening the interfacial electric 

field. However, when the anions are adsorbed on the electrode, the anions at the IHL stabilize the 20 

hydrogen-down (H-down) configuration of water molecules at the IHL and OHL, leading the 

dipole orientations to anti-screen the field at the interface. Consequently, the specific adsorption 

of the anions leads the interfacial water layers to exhibit no further macroscopic polarization 
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when 𝜕𝜕 > 5 μC cm−2 (upper right panel of Fig. 2b and Fig. 2c), causing a saturation behavior of 𝜀𝜀eff. 
As widely presumed37, when the electrode is negatively charged (𝜕𝜕 < 𝜕𝜕PZC), the Na+ ions are 

primarily accumulated at the OHL (Fig. 1d), keeping their first hydration shell intact 

(Supplementary Fig. 5) because of  their low dispersive attraction toward the electrode36, which 5 

is shown regardless of choice different water models (Supplementary Fig. 6). The absence of 

specific adsorption causes almost no change in 𝑑𝑑 (Fig. 2a), and therefore, the capacitance hump 

corresponding to the cathodic potential is primarily attributed to the change in 𝜀𝜀eff. 
Upon the negative charging of the electrode, 𝜀𝜀eff increases from  30 to  50, and subsequently 

decreases  to 10, resulting in a peak at around 𝜕𝜕 = −10 μC cm−2 (Fig. 2a). For the electrode less 10 

negatively charged than −10 μC cm−2 (−10 < 𝜕𝜕 < 0 μC cm−2), the water molecules at the 

interface rotate in a collective manner because of the hydrogen bond (HB) interaction via the 

following mechanism. As the electrode is negatively charged, the water@IHL favors an H-down 

orientation (see lower left panels of Fig. 2b), in agreement with the findings of the previous in 

situ sum frequency generation38 and SHINERS14 studies. Such a molecular orientation offers an 15 

HB accepting O to the water@OHL, leading the water@OHL to favor an H-down orientation 

and further promoting an H-down orientation of the water@DifL in a similar manner. Because of 

the cooperative behavior of water dipoles, a surface-normal macroscopic dipole of water layers, 𝑀𝑀⊥, concurrently increases in all parts of the EDL (including IHL, OHL, and DifL) for −10 < 𝜕𝜕 

< 0 μC cm−2 (Fig. 2c), increasing the magnitude of 𝜀𝜀eff. However, the negative charging of the 20 

electrode causes an accumulation of cations at the OHL that collapses the HB network formed 

across the IHL and OHL and therefore, impedes the cooperative rotation of the water dipoles 

(Supplementary Fig. 7). Furthermore, the cations accumulated at the OHL cause the nearby 
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water at the OHL and DifL to have an O-down orientation that populates more anti-screening 

dipoles and thereby, decreases 𝑀𝑀⊥ at the OHL and DifL (Fig. 2c), decreasing the magnitude of 

εeff when 𝜕𝜕 < −10 μC cm−2. Notably, this dielectric saturation mechanism is different from the 

previously suggested and broadly accepted speculations. Unlike the previous assumption that the 

water at the IHL cannot rotate further and therefore shows no further orientation polarization 5 

beyond a critical field strength30,31, the water at the IHL can indeed rotate its dipole further to 

screen the field (see lower right panel of Fig. 2b and Fig. 2c) because such a molecular 

orientation is accommodated by the cation at the OHL (see lower middle panel of Fig. 2b); 

nonetheless, the suppressed field-screening ability at the OHL and DifL leads to dielectric 

saturation.  10 

 

 

EDL structural phase transition  

We now demonstrate how the peak behavior of 𝜀𝜀eff can result in the cathodic hump. For a two-

plate capacitor model, the interfacial potential drop is proportional to 𝜕𝜕/𝜀𝜀eff. Consequently, when 15 𝜀𝜀eff monotonically increases as |𝜕𝜕| increases for −10 < 𝜕𝜕 < 0 μC cm−2
, as shown in Figure 2a, 

two different surface charges, 𝜕𝜕h and 𝜕𝜕l (where |𝜕𝜕h| > |𝜕𝜕l|), can have the same interfacial 

potential drop. In other words, at the same cathodic potential of 𝜕𝜕, two states with different EDL 

structures characterized by 𝜕𝜕h and 𝜕𝜕l are bistable (Fig. 3a). Then, the Landau-type free energy 

density per interfacial area, F, is given as 20 

𝐹𝐹 = 𝛼𝛼2 (𝜕𝜕 − 𝜕𝜕�)2 + 𝛽𝛽4 (𝜕𝜕 − 𝜕𝜕�)4 − (𝜕𝜕 − 𝜕𝜕�)(𝜕𝜕 − 𝜕𝜕�),   (1) 
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where 𝛼𝛼 < 0 for the bistable region, 𝛽𝛽 > 0, and the two states have the same 𝐹𝐹 when 𝜕𝜕 = 𝜕𝜕�, at 

which 𝜕𝜕� = (𝜕𝜕h + 𝜕𝜕l)/2. Using the Landau–Khalatnikov equation39, we define the time variation 

of EDL charging as,  

𝑅𝑅s 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = − 𝜕𝜕𝜕𝜕𝜕𝜕𝑑𝑑 = 𝜕𝜕 − 𝜕𝜕� − 𝛼𝛼(𝜕𝜕 − 𝜕𝜕�)− 𝛽𝛽(𝜕𝜕 − 𝜕𝜕�)3,   (2) 

where 𝑅𝑅s is the solution phase resistance. Using the equilibrium condition of 𝑑𝑑𝜕𝜕/𝑑𝑑𝑑𝑑 = 0, we 5 

finally obtain the equilibrium 𝜕𝜕 as a cubic equation of 𝜕𝜕, 

𝜕𝜕 = 𝛼𝛼(𝜕𝜕 − 𝜕𝜕�) + 𝛽𝛽(𝜕𝜕 − 𝜕𝜕�)3 + 𝜕𝜕�,    (3) 

that yields an S-shape in the 𝜕𝜕-𝜕𝜕 plane (black solid line in Fig. 3b). Therefore, the origin of the 

S-shaped region in Figure 1b is attributed to the bistability of two different surface charge states 

in the cathodic potential range. Upon decreasing the potential from 𝜕𝜕PZC (by following the red 10 

dashed line in Fig. 3b), Landau-type theory predicts that an EDL structural phase transition will 

occur from the lowly charged phase (𝜕𝜕 > 𝜕𝜕�) to the highly charged phase (𝜕𝜕 < 𝜕𝜕�) at the 

mesocopically large electrode–electrolyte interface; furthermore, phase coexistence occurs at 𝜕𝜕 = 𝜕𝜕� (Fig. 3c), where the cathodic peak emerges. 

Notably, some theoretical models have predicted the emergence of a camel shape in the 15 

capacitance34,40–42; thus, it is useful to compare our approach to the previous model. One of the 

most recent and elaborate EDL models predicting the camel shape is the Kornyshev model34,43–

47, which is a lattice-gas model incorporating ion saturation behavior into the Gouy25–Chapman26 

theory, where water is coarse-grained as a dielectric. Although our mechanism for the cathodic 

hump indicates that the key to bistability is orientation polarization of the water molecular 20 

dipoles in the EDL, the Kornyshev model ascribes the emergence of the capacitance hump to ion 
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saturation34. Thus, a concentrated electrolyte is essential to manifest a camel shape in the 

Kornyshev model, and in the dilute limit, the results of this model approach those of Gouy25–

Chapman26 model. Therefore, the Kornyshev model is suitable for explaining the camel-shaped 

capacitance measured in a dense Coulomb system such as an ionic-liquid electrolyte34,43–48, 

whereas our mechanism explains the camel-shaped capacitance measured in a dilute aqueous 5 

electrolyte15–19.  

 

EDL structure and electrocatalysis 

To modify the EDL structure near the cathodically polarized electrode, we utilize the strategy of 

the complexation of Na+ with 15-Crown-5 (15C5). Through the DFT-CES simulation, we first 10 

identify that the 15C5 complexation prohibits the cation from being stably hydrated by the water 

at the IHL (Supplementary Fig. 8) that hinders the formation of a compact EDL structure and 

therefore increases 𝑑𝑑 approximately 1.5 times (Fig. 4a and Supplementary Fig. 9). This also 

increases the interfacial potential drop at the same 𝜕𝜕 that shifts the S-shaped region to a more 

negative potential in the 𝜕𝜕-𝜕𝜕 plane (Supplementary Fig. 10). Consequently, our simulation 15 

predicts the negative potential shift of the cathodic hump in the 𝐶𝐶-𝜕𝜕 curve that is also confirmed 

by our experiments (Fig. 4b). 

The increase of 𝑑𝑑 leads to a weakened interfacial field when the same potential is applied at 

the interface (Fig. 4c). Therefore, the EDL structural modification through cation complexation 

provides an appropriate experimental platform for selectively controlling the field strength with 20 

maintaining the same electrode potential49,50.  



 

12 

 

Recently, the mechanistic role of the local electric field in electrocatalytic reactions has been 

extensively discussed5,7–9,49–52. It is suggested that the rate of the electrochemical CO2RR to 

carbon monoxide (CO), is limited by the CO2 adsorption on the electrode surface, driven by the 

adsorbate dipole–field interaction8. From our CO2RR experiments on Ag(111) with varying 

15C5 concentration in the 100 mM NaHCO3 electrolyte, we observe that the CO partial current 5 

density, 𝑗𝑗CO, logarithmically decreases with an increasing 15C5 concentration (Fig. 4d and 

Supplementary Fig. 11). We conceive that the macroscopically large EDL has a locally 

inhomogeneous structure comprising a compact part consisting of uncomplexed cations (with 

small 𝑑𝑑) and an uncondensed part consisting of 15C5-complexed cations (with large 𝑑𝑑); our 

experimental results indicate that the CO2RR of the compact part of the structure, where the 10 

interfacial electric field is more intense, dominates the total activity, and therefore, a linear 

dependence of the log 𝑗𝑗CO on the ratio of the compact part that is considered to be proportional to 

the bulk 15C5 concentration, is exhibited. Not only the long-range dipole–field interaction, but 

also the short-range direct interaction of the cation with the adsorbate CO2 has been highlighted 

recently10,53. Our DFT-CES simulation further revealed that the coordination number of Na+ to 15 

the adsorbed CO2 decreases from 1.0 to 0.3 when the cation is complexed with 15C5 

(Supplementary Fig. 12). Thus, the decrease in the CO2RR activity can also be explained in 

terms of the decrease in the coordinating ability of a cation to the adsorbed CO2. In both 

mechanistic possibilities, our work demonstrates the importance of identifying the EDL structure 

for controlling the electrocatalytic activity. 20 

In summary, we have elucidated the complete structural details of the EDL based on a direct 

theory–experiment comparison of the EDL capacitance that is an electrochemical signal known 

to be sensitive to the EDL structure. This study demonstrates the ability to explore the detailed 
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EDL structures based on a combination of the first-principles-based simulation and SPEIS 

experiments and to further manipulate the electrocatalytic activity by tuning the EDL structure; 

this lays a foundation for establishing a link between the EDL structure and the electrocatalytic 

activity at a molecular level, that is a long-standing challenge in the electrochemistry. 

  5 
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METHODS 

DFT-CES simulations  

Our mean-field quantum mechanics/molecular mechanics (QM/MM) multiscale simulation, 

namely, DFT-CES21, is implemented in our in-house code that combines the Quantum 

ESPRESSO54 density functional theory simulation engine and LAMMPS55 molecular dynamics 5 

simulation engine. Computational details can be found in the Supplementary Note 1. 

 

Electrochemical measurements  

Electrochemical measurements were conducted using an SP-150 potentiostat (Bio-Logic). An H-

type electrochemical cell was fabricated using polyetheretherketone (PEEK) with a computer 10 

numerical control (CNC) milling machine (TinyCNC-SC, Tinyrobo). Each compartment of the 

cell had an opening area of 1.5 × 1.5 cm2 on one side, where the electrolyte was separated by a 

Nafion 115 membrane (DuPont). A graphite rod and a saturated Ag/AgCl electrode (RE-1A, EC-

Frontier) were used as the counter and reference electrodes, respectively. The reference electrode 

was doubly separated using a glass bridge tube to avoid halogen contamination56. A single 15 

crystalline Ag foil with a (111) orientation (1 × 1 cm2, 99.999%, MTI) was used as the working 

electrode, the surface of which was covered with Kapton tape, and an opening area of 0.16 cm2 

was ensured. The counter/reference and working electrodes were located in the different 

compartments of the electrochemical cell. Electrolytes were prepared by dissolving NaF (≥99%, 

Sigma-Aldrich) salts in ultrapure water (>18.2 MΩ, Arium® mini, Sartorius) with and without 20 

15C5 (98%, Sigma–Aldrich).  
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Prior to each electrochemical measurement, the electrochemical cell was boiled in 0.5 M 

H2SO4 (98%, Daejung) and then ultrapure water for 2 h to clean the cell. The single-crystalline 

Ag electrode was chemically polished using the following procedure57–59. The Ag electrode was 

first immersed in a solution mixture of 0.3 M KCN (≥96%, Sigma–Aldrich) and H2O2(29–32%, 

Alfa Aesar) with a volume ratio of 1.5/1 for 3 s, during which vigorous gas evolution occurred 5 

and thereafter, it was exposed to air for another 3 s. The Ag electrode was subsequently soaked 

in a 0.55 M KCN solution until gas evolution ceased, and it was thoroughly washed with 

ultrapure water. A highly reflective and homogenous surface was obtained after repeating the 

chemical polishing procedure 10 times. The Ag electrode surface was protected by a droplet of 

ultrapure water before it was transferred to the electrochemical cell. The differential capacitance 10 

was measured through SPEIS. The measurement was performed in a potential range from −1.3 to 

0.2 V (vs SHE) with a frequency of 20 Hz and a potential amplitude of 10 mV in a deaerated 

electrolyte under Ar (5N) protection. The ohmic drop was compensated using a manual IR 

compensation (MIR, 85%) program during the SPEIS experiments.  

The electrochemical CO2RR on the Ag(111) electrode was conducted in an H-type customized 15 

reactor consisting of separated compartments for the counter/reference and working electrodes, 

with a Nafion 115 membrane (DuPont). A 100 mM NaHCO3 solution (≥99.7%, Sigma-Aldrich) 

with and without 15C5 was used as the electrolyte, in which CO2 gas (5N) was continually 

bubbled at a flow rate of 20 sccm during the CO2RR. A sequential chronoamperometry was 

conducted for 1 h at each potential in a range from −1.4 to −0.8 V (vs SHE). The reaction 20 

products, H2 and CO, were monitored using an online gas chromatograph (GC; YL6500, YL 

Instrument) equipped with a thermal conductivity detector (TCD) and flame ionization detector 
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(FID). A Carboxen-1000 column (12390-U, Supelco) was used for both TCD and FID, and Ar 

was used as the reference gas. All the potentials were compensated for IR loss. 

 

DATA AVAILABILITY  

All data is available in the main text or the supplementary information. 5 

 

CODE AVAILABILITY  

The DFT-CES code as well as input and output files are available from the corresponding 

authors upon reasonable request. 

 10 

REFERENCES 

1. Helmholtz, H. Ueber einige gesetze der vertheilung elektrischer ströme in körperlichen leitern mit anwendung 

auf die thierisch-elektrischen versuche. Ann. Phys. Chem. 165, 211–233 (1853). 

2. Schmickler, W. Double layer theory. J. Solid State Electrochem. 24, 2175–2176 (2020). 

3. Singh, M. R., Kwon, Y., Lum, Y., Ager, J. W. & Bell, A. T. Hydrolysis of electrolyte cations enhances the 15 

electrochemical reduction of CO2 over Ag and Cu. J. Am. Chem. Soc. 138, 13006–13012 (2016). 

4. Resasco, J. et al. Promoter effects of alkali metal cations on the electrochemical reduction of carbon dioxide. J. 

Am. Chem. Soc. 139, 11277–11287 (2017). 

5. Ringe, S. et al. Understanding cation effects in electrochemical CO2 reduction. Energy Environ. Sci. 12, 3001–

3014 (2019). 20 

6. Ludwig, T. et al. Atomistic insight into cation effects on binding energies in Cu-catalyzed carbon dioxide 

reduction. J. Phys. Chem. C 124, 24765−24775 (2020). 

7. Chan, K. A few basic concepts in electrochemical carbon dioxide reduction. Nat. Commun. 11, 5954 (2020). 



 

17 

 

8. Ringe, S. et al. Double layer charging driven carbon dioxide adsorption limits the rate of electrochemical 

carbon dioxide reduction on gold. Nat. Commun. 11, 33 (2020). 

9. Huang, J. E. et al. CO2 electrolysis to multicarbon products in strong acid. Science 372, 1074–1078 (2021). 

10. Monteiro, M. C. O. et al. Absence of CO2 electroreduction on copper, gold and silver electrodes without metal 

cations in solution. Nat. Catal. 4, 654−662 (2021). 5 

11. Zaera, F. Probing liquid/solid interfaces at the molecular level. Chem. Rev. 112, 2920–2986 (2012). 

12. Magnussen, O. M. & Groß, A. Toward an atomic-scale understanding of electrochemical interface structure and 

dynamics. J. Am. Chem. Soc. 141, 4777–4790 (2019). 

13. Velasco-Velez, J.-J. et al. The structure of interfacial water on gold electrodes studied by x-ray absorption 

spectroscopy. Science 346, 831–834 (2014). 10 

14. Li, C.-Y. et al. In situ probing electrified interfacial water structures at atomically flat surfaces. Nat. Mater. 18, 

697–701 (2019). 

15. Valette, G. Double layer on silver single-crystal electrodes in contact with electrolytes having anions which 

present a slight specific adsorption Part I. The (110) face. J. Electroanal. Chem. 122, 285–297 (1981). 

16. Valette, G. Double layer on silver single-crystal electrodes in contact with electrolytes having anions which 15 

present a slight specific adsorption Part II. The (100) face. J. Electroanal. Chem. 138, 37–54 (1982). 

17. Valette, G. Double layer on silver single-crystal electrodes in contact with electrolytes having anions which 

present a slight specific adsorption Part III. The (111) face. J. Electroanal. Chem. 269, 191–203 (1989). 

18. Hamelin, A. & Stoicoviciu, L. Study of gold low index faces in KPF6 solutions. J. Electroanal. Chem. 234, 93–

105 (1987). 20 

19. Ojha, K., Arulmozhi, N., Aranzales, D. & Koper, M. T. M. Double layer of Pt(111)-aqueous electrolyte 

interface: potential of zero charge and anomalous Gouy-Chapman screening. Angew. Chem. Int. Ed. 58, 1–6 

(2019). 

20. Le, J.-B., Fan, Q.-Y., Li, J.-Q. & Cheng, J. Molecular origin of negative component of Helmholtz capacitance 

at electrified Pt(111)/water interface. Sci. Adv. 6, eabb1219 (2020). 25 

21. Lim, H.-K., Lee, H. & Kim, H. A seamless grid-based interface for mean-field QM/MM coupled with efficient 

solvation free energy calculations. J. Chem. Theory Comput. 12, 5088–5099 (2016). 



 

18 

 

22. Gim, S., Cho, K. J., Lim, H.-K. & Kim, H. Structure, dynamics, and wettability of water at metal interfaces. 

Sci. Rep. 9, 14805 (2019). 

23. Gim, S., Lim, H.-K. & Kim, H. Multiscale simulation method for quantitative prediction of surface wettability 

at the atomistic level. J. Phys. Chem. Lett. 9, 1750–1758 (2018). 

24. Trasatti, S. The absolute electrode potential: an explanatory note: (recommendations 1986). Pure & Appl. 5 

Chem. 58, 955–966 (1986). 

25. Gouy, M. Sur la constitution de la charge électrique à la surface d’un électrolyte. J. Phys.: Theor. Appl. 9, 457–

468 (1910). 

26. Chapman, D. L. LI. A contribution to the theory of electrocapillarity. London Edinburgh Philos. Mag. J. Sci. 

25, 475–481 (1913). 10 

27. Stern, O. Zur theorie der elektrolytischen doppelschicht. Zeit. Elektrochem. 30, 508–516 (1924). 

28. Grahame, D. C. The electrical double layer and the theory of electrocapillarity. Chem. Rev. 41, 441–501 (1947). 

29. Grahame, D. C. Effects of dielectric saturation upon the diffuse double layer and the free energy of hydration of 

ions. J. Chem. Phys. 18, 903–909 (1950). 

30. Booth, F. The dielectric constant of water and the saturation effect. J. Chem. Phys. 19, 391–394 (1951). 15 

31. Conway, B. E., Bockris, J. O. & Ammar, I. A. The dielectric constant of the solution in the diffuse and 

Helmholtz double layers at a charged interface in aqueous solution. Trans. Faraday Soc. 47, 756–766 (1951). 

32. Macdonald, J. R. & Barlow, C. A. Theory of double-layer differential capacitance in electrolytes. J. Chem. 

Phys. 36, 3062–3080 (1962). 

33. Bockris, J. O., Devanathan, M. A. V. & Muller, K. On the structure of charged interfaces. Proc. R. Soc. A 274, 20 

55–79 (1963). 

34. Fedorov, M. V. & Kornyshev, A. A. Ionic liquids at electrified interfaces. Chem. Rev. 114, 2978–3036 (2014). 

35. Doubova, L. & Trasatti, S. Crystal face specificity of fluoride adsorption on Ag electrodes: the (111) face. 

Electrochim. Acta 42, 785–791 (1997). 

36. Gould, T. & Bučko, T. C6 coefficients and dipole polarizabilities for all atoms and many ions in rows 1–6 of the 25 

periodic table. J. Chem. Theory Comput. 12, 3603–3613 (2016). 

37. Nakamura, M., Sato, N., Hoshi, N. & Sakata, O. Outer Helmholtz plane of the electrical double layer formed at 

the solid electrode–liquid interface. ChemPhysChem 12, 1430–1434 (2011). 



 

19 

 

38. Schultz, Z. D., Shaw, S. K. & Gewirth, A. A. Potential dependent organization of water at the electrified 

metal−liquid Interface. J. Am. Chem. Soc. 127, 15916–15922 (2005). 

39. Landau, L. D. & Khalatnikov, I. M. On the anomalous absorption of sound near a second order phase transition 

point. Dokl. Akad. Nauk 96, 469–472 (1954). 

40. Lamperski, S., Outhwaite, C. W. & Bhuiyan, L. B. The electric double-layer differential capacitance at and near 5 

zero surface charge for a restricted primitive model electrolyte. J. Phys. Chem. B 113, 8925–8929 (2009). 

41. Keshavarzi, E., Rabiei-Jildani, S. & Abareghi, M. A new regularity used to predict the camel-bell shape 

transition in the capacitance curve of electric double layer capacitors. J. Appl. Electrochem. 51, 1229–1240 

(2021). 

42. Nakayama, Y. & Andelman, D. Differential capacitance of the electric double layer: The interplay between ion 10 

finite size and dielectric decrement. J. Chem. Phys. 142, 044706 (2015). 

43. Bazant, M. Z., Storey, B. D. & Kornyshev, A. A. Double layer in ionic liquids: overscreening versus crowding. 

Phys. Rev. Lett. 106, 046102 (2011). 

44. Fedorov, M. V., Georgi, N. & Kornyshev, A. A. Double layer in ionic liquids: The nature of the camel shape of 

capacitance. Electrochem. commun. 12, 296–299 (2010). 15 

45. Kornyshev, A. A. Double-layer in ionic liquids: paradigm change? J. Phys. Chem. B 111, 5545–5557 (2007). 

46. Zhang, Y. et al. Enforced freedom: electric-field-induced declustering of ionic-liquid ions in the electrical 

double layer. Energy Environ. Mater. 3, 414–420 (2020). 

47. Chen, M., Goodwin, Z. A. H., Feng, G. & Kornyshev, A. A. On the temperature dependence of the double layer 

capacitance of ionic liquids. J. Electroanal. Chem. 819, 347–358 (2018). 20 

48. Cruz, C., Ciach, A., Lomba, E. & Kondrat, S. Electrical double layers close to ionic liquid–solvent demixing. J. 

Phys. Chem. C 123, 1596–1601 (2019). 

49. Li, J. et al. Hydroxide is not a promoter of C2+ product formation in the electrochemical reduction of CO on 

copper. Angew. Chem. Int. Ed. 59, 4464–4469 (2020). 

50. Malkani, A. S. et al. Understanding the electric and nonelectric field components of the cation effect on the 25 

electrochemical CO reduction reaction. Sci. Adv. 6, eabd2569 (2020). 



 

20 

 

51. Gunathunge, C. M., Ovalle, V. J. & Waegele, M. M. Probing promoting effects of alkali cations on the 

reduction of CO at the aqueous electrolyte/copper interface. Phys. Chem. Chem. Phys. 19, 30166–30172 

(2017). 

52. Waegele, M. M., Gunathunge, C. M., Li, J. & Li, X. How cations affect the electric double layer and the rates 

and selectivity of electrocatalytic processes. J. Chem. Phys. 151, 160902 (2019). 5 

53. Chen, L. D. Cations play an essential role in CO2 reduction. Nat. Catal. 4, 641–642 (2021). 

54. Giannozzi, P. et al. QUANTUM ESPRESSO: a modular and open-source software project for quantum 

simulations of materials. J. Phys.: Condens. Matter 21, 395502 (2009). 

55. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 117, 1–19 (1995). 

56. Ji, S. G., Kim, H., Choi, H., Lee, S. & Choi, C. H. Overestimation of photoelectrochemical hydrogen evolution 10 

reactivity induced by noble metal Impurities dissolved from counter/reference electrodes. ACS Catal. 10, 3381–

3389 (2020). 

57. Jovićević, J. N., Jović, V. D. & Despić, A. R. The influence of adsorbing substances on the lead UPD onto 

(111) oriented silver single crystal surface–I. Electrochim. Acta 29, 1625–1638 (1984). 

58. Bewick, A. & Thomas, B. Optical and electrochemical studies of the underpotential deposition of metals Part I. 15 

Thallium deposition on single crystal silver electrodes. J. Electroanal. Chem. 65, 911–931 (1975). 

59. Adzic, R. R., Hanson, M. E. & Yeager, E. B. Structure of silver (100) and (111) single-crystal surfaces obtained 

by chemical polishing. J. Electrochem. Soc. 131, 1730 (1984). 

 

ACKNOWLEDGMENTS 20 

This research was supported by the Samsung Science and Technology Foundation under Project 

Number SSTF-BA2101-08, and also by the National Research Foundation of Korea (NRF) grant 

funded by the Korea government (MSIT) (No. 2021R1A5A1030054). We also acknowledge the 

support by the Korea Institute of Science and Technology Information (KISTI) National 

Supercomputing Center with supercomputing resources including technical support (KSC-2020-25 

CHA-0006).  



 

21 

 

 

AUTHOR CONTRIBUTIONS  

H.K. and C.H.C. supervised the project. H.K. and H.-K.L. conceived the initial idea. S.-J.S. 

performed the DFT-CES simulation and analyzed the data. D.H.K. and G.B. performed the 

SPEIS experiments. S.R. analyzed the simulation results and contributed to manuscript editing. 5 

H.C. performed the CO2RR experiments. H.-K.L. contributed to development of algorithm of the 

DFT-CES simulation. All authors wrote and revised the manuscript.  

 

COMPETING INTERESTS 

The authors declare no competing interests. 10 

  



 

22 

 

 

(The all data are updated using new force-field in this figure.) 

Fig. 1. Molecular simulation of EDL charging curves and local profiles of constituents. a, A 

snapshot of the simulation system consisting of an Ag(111) electrode-electrolyte-vacuum 

interface. Excess charge density of the metal electrode, 𝜌𝜌electrode, is shown as a color map that is 5 

screened by either excess Na+ or F− ions in the electrolyte. b, Surface charge density, 𝜕𝜕, 

calculated as a function of the electrode potential, 𝜕𝜕 (vs standard hydrogen electrode (SHE)). A 

dashed vertical line is constructed along the coexisting line of two different charge states. c, 

Comparison between the camel-shaped curve of the differential capacitance, 𝐶𝐶, versus 𝜕𝜕 with 

that of the experiments on Ag(111) electrode in a 3 mM NaF electrolyte. d, Representative 10 

structures of hydrated ions near the electrodes. Local density profiles of water, 𝜌𝜌wat, are shown 
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as color maps in the background (unit: g cm−3) that define the location of the IHL, OHL, and 

DifL. 𝜌𝜌electrode, and the ion charge density profiles, 𝜌𝜌ion, are also shown in the below low. Local 

electrostatic potential profiles, 𝜙𝜙, are shown in the upper low, as a function of 𝜕𝜕. The black 

arrows indicate the increase in negative or positive charging from the PZC.  

 5 
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(The all data are updated using new force-field in this figure.) 

Fig. 2. EDL structural responses upon anodic and cathodic charging. a, Reciprocal value of 

charge-separation distance, 1/𝑑𝑑, and effective dielectric constant, 𝜀𝜀eff, are shown as a function of 

the surface charge density, 𝜕𝜕. The regions shaded pale-yellow correspond to the 𝜕𝜕-range 5 
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responsible for the humps in the differential capacitance curve. b, Schematics illustrating the 

structural changes of water molecules and ions upon EDL charging (left panels). Distinct 

orientational responses of the water dipoles are resolved depending on the layer at which water is 

located and also depending on whether the ion is coordinated (coord.) or not (uncoord.) (right 

panels), based on the average cos 𝜃𝜃 (𝜃𝜃 is the angle between the water dipole and the surface 5 

normal) that is a function of 𝜕𝜕. Depending on whether the water dipole screens or anti-screens 

the field, the increasing or decreasing trend of cos 𝜃𝜃 is labeled using the arrows with different 

colors. c, Surface-normal macroscopic dipole moment, 𝑀𝑀⊥, of different water layers is shown as 

a function of 𝜕𝜕, where 𝑀𝑀⊥ = ∑ 𝑚𝑚 cos 𝜃𝜃𝑖𝑖𝑖𝑖∈{IHL,OHL,DifL}  (𝑚𝑚 is the water molecule dipole).  

  10 
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Fig. 3. EDL structural phase transition yields the cathodic hump. a, Higher charged state 

with more-aligned water dipoles (that is, large |𝜕𝜕| and large 𝜀𝜀eff; 𝜕𝜕h state) and lower charged 

state with less-aligned water dipoles (that is, small |𝜕𝜕| and small 𝜀𝜀eff; 𝜕𝜕l state) are bistable at the 

same cathodic potential, 𝜕𝜕. b, Phase transition between bistable states, which is modeled using 5 

Landau-type theory, yields the S-shaped region, at which the Maxwell tie-line is constructed. c, 

At the mesoscopically large interface, 𝜕𝜕l state is more populated when 𝜕𝜕 > 𝜕𝜕�, forming a lowly 

charged phase (right panels), and 𝜕𝜕h state is more populated when 𝜕𝜕 < 𝜕𝜕�, forming a highly 

charged phase (left panels). Negative-potential sweep induces a phase transition from the lowly 

charged phase to the highly charged phase via a phase coexistence at 𝜕𝜕 = 𝜕𝜕�. 10 
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(Data of figure a, b of upper panel are updated using new force-field. The figure c is supplied 

with new simulation data.) 

Fig. 4. Structural change of EDL to modulate interfacial field strength and CO2RR activity. 

a, Simulation-calculated 𝑑𝑑 when Na+ complexed with (w/) 15C5 is approximately two times 5 

larger than the 𝑑𝑑 when Na+ is uncomplexed (w/o). b, A cathodic hump shifts to a more negative 

potential in our simulation (upper panel), and experiments corroborate the negative-potential 

shift of the cathodic hump following the crown ether complexation (lower panel). c, DFT-CES 

snapshots showing that uncomplexed Na+ develops a more direct interaction with the adsorbed 

CO2 than 15C5-complexed Na+, forming a compact EDL structure with a stronger field.  Also, 10 

the uncomplexed Na+ can easily make a direct coordination to the adsorbed CO2 (*CO2). d, A 
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logarithmic dependence of CO partial current density, 𝑗𝑗CO, on the 15C5 concentration that is 

experimentally measured for the Ag(111) electrode at −0.9 V (vs reversible hydrogen electrode 

(RHE)) in a CO2-bubbled 100 mM NaHCO3 electrolyte.  
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