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ABSTRACT 

Cu electrodes are promising materials to catalyze the conversion of CO2 and CO into renewable 

fuels and valuable chemicals. However, detailed description of the properties of the Cu-electrolyte 

interface is still crucial to reach a complete understanding of the CO reduction mechanism. Herein, 

we have investigated the interfacial properties of Cu(111) and Cu(100) in phosphate buffer 

solutions at different pH conditions and in presence of CO. Ab initio molecular simulations of the 

Cu-electrolyte interface were combined with voltammetric experiments carried out on Cu(100) 

and Cu(111) single-crystalline electrodes. Combining multiple cyclic voltammograms on Cu 

single crystals across the whole pH scale with simulations allows for an in-depth insight into the 

stability of specifically adsorbed protonated (H2PO4* or HPO4*) or non-protonated (PO4*) 

phosphate species from the electrolyte. We show that the adsorption strength of phosphate species 

on the different Cu facets affects the potential range at which CO poisons the surface, thus 

evidencing that the properties of the Cu-electrolyte interface control the potential range for CO 

reduction on Cu. This combination of systematic experimental and theoretical analysis across the 

pH scale is a robust method to gain fundamental structural insight of electrochemical interfaces.   
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Introduction 

Selective and efficient conversion of greenhouse gases such as carbon dioxide (CO2) into green 

fuels and chemicals is one of the most important technological and environmental challenges that 

the society is currently facing.1–3 Electrocatalytic CO2 reduction (CO2RR) is a sustainable 

alternative to convert CO2 into renewable fuels and valuable chemicals, allowing for the transition 

to a decarbonized scheme of energy.4–6 Up to date, copper is the only pure metal catalyst that can 

reduce CO2 beyond carbon monoxide (CO), producing a wide range of fuel alcohols and 

hidrocarbons.7–9 In parallel, studies dedicated to investigate the CO reduction reaction on Cu have 

provided indirect insights for deeper understanding of the CO2RR.10–16 The pioneering work by 

Hori and co-workers on electrocatalytic CO reduction on Cu in the 80s10,16 have inspired our 

community for the search of a rational explanation of the reaction mechanism, that continuous to 

be a focus of debate. In particular, the use of model Cu surfaces such as single-crystalline 

electrodes, has represented a progress in the understanding of both the CO2RR and the CORR, 

allowing to find the relations between electrocatalytic performance, surface structure and 

electrolyte effects.12,13,17–24  

There is a large number of reports that have analyzed electrolyte effects on the CO 

reduction,6,14,23,25,26 as well as the effect of the local pH change on the catalytic performance of Cu 

catalysts. The latest is particularly relevant as the interfacial pH affects the product distribution on 

the CO reduction.25,27–29 Thus, assessing the effect of both the solution pH and specific anion 
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adsorption on the minimum required potential for the CO or its intermediates to remain stable on 

Cu single crystalline electrodes is essential for detailed description of the CORR.12,22,30,31 

Noteworthy, both pH and electrolyte effects have been widely investigated in other electrocatalytic 

reactions of interest, such as the oxygen reduction reaction on Pt,32–35 evidencing the key role of 

the pH and selected electrolyte while assessing the performance of an electrocatalytic reaction.  

Hori and co-workers investigated the effect of the pH on the adsorption of CO on different Cu 

single-crystalline surfaces at low temperature and in phosphate buffer solutions.30,36,37 They 

observed that CO weakly adsorbs on Cu, inducing the appearance of a quasi-reversible pair of 

voltammetric peaks, which corresponded to the competing desorption/adsorption reaction between 

either the protonated or non-protonated electrolyte anion, and the CO molecules.30 In CO-saturated 

phosphate buffer solutions, assuming a reduction reaction, the elementary displacement reaction 

occurring is: 

𝐻𝑚𝑃𝑂4
∗ + 𝐶𝑂  + |𝑛 − 𝑚|𝐻+ + |3 − 𝑚|𝑒− ⇌ 𝐻𝑛𝑃𝑂4

−3+𝑛(𝑎𝑞) + 𝐶𝑂∗ (1) 

where 𝐶𝑂∗ and 𝐻𝑚𝑃𝑂4
∗ are the stable CO and phosphate adsorbates, and 𝐻𝑛𝑃𝑂4

−3+𝑛 corresponds 

to the dominant phosphate specie in solution. The parameters m and n are chosen according to the 

protonation of the phosphate anion adsorbed and in solution, respectively. The charge of the 

adsorbate is assumed neutral.   

Assuming that, in the previous proton-coupled electron transfer reaction (1), the electrochemical 

equilibrium is achieved, the CO-peak potential value would approach linearly to the pH, according 

to the Nernst equation in the 10-log form, as follows:38 

𝐸𝐶𝑂−𝑝𝑒𝑎𝑘 ≈ 59.2 𝑚𝑉 ∙
|3 − 𝑚|

|𝑛 − 𝑚|
≈ 59.2 𝑚𝑉 ∙

𝑦

𝑥
(2) 



5 
 

with x being the number of transferred protons, and y the number of transferred electrons in the 

reaction.  

The experimentally obtained slope (59.2 𝑚𝑉 ∙ 𝑦/𝑥) is an indicative parameter to shed light on the 

chemical nature of both adsorbed species and species in solution in the CO-saturated electrified 

interface. Hori and coworkers observed that the voltammetric CO-peak on Cu(100) linearly shifted 

approximately 30 mV per pH unity,30,36 from which they concluded that HPO4
* and PO4

* were the 

main adsorbed species on the surface competing with the CO. The potential value of the 

voltammetric CO-displacement peak depends not only on the employed electrolyte and solution 

pH, but also on the surface orientation. Recently, we analyzed the voltammetric features of 

Cu(111) in different electrolytes and under the presence of CO.23 Our work showed that the main 

singular voltammetric features, obtained in presence of CO, were highly affected by both the 

selected electrolyte and the surface structure.  

Herein, we combine ab initio molecular dynamics (AIMD) simulations with cyclic voltammetry 

carried out on Cu(100) and Cu(111) single-crystalline electrodes, to shed lights into the Cu | 

electrolyte interface properties, and their effect on the onset potential of the CORR. Both 

simulations and voltammetric experiments were conducted on Cu(111) and Cu(100) in contact 

with phosphate buffer electrolytes, covering the whole pH scale. This study provides rational 

description of the Cu-electrolyte interfacial properties, and show that both pH and electrolyte 

anions play a key role in controlling the potential windows for electrocatalytic CO reduction. 

 

 

 



6 
 

Results 

Cyclic voltammograms (CVs) of both Cu(100) and Cu(111) | 0.1M phosphate solution interface 

in presence of CO were assessed. Figure 1A shows the voltammogram windows of Cu(100) in 

contact with CO-saturated phosphate solutions. The recorded CVs across the whole pH range 

display a quasi-reversible pair of peaks located in the low potential window, i.e. close to the solvent 

and CO co-reduction potential limit (Fig. 1A, potential range between -0.65 V and -0.9 V vs SHE). 

These voltammetric features correspond to weakly adsorbed CO that replaces the phosphate anions 

adsorbed on the surface by means of the CO-displacement technique. These results are in 

agreement with earlier work by Hori and co-workers.30,36 Notably, these peaks shift to more 

negative potential values by increasing the pH of the solution in the standard hydrogen electrode 

(SHE) scale, showing the pH influence on the voltammetric curves. On the other hand, the 

hydrogen evolution reaction (HER) on the surface slightly reduces the reversibility of the CO-

anodic peak (see blue line, Fig. 1A), which shifts to more positive potential values. This is likely 

due to surface restructuration or reconstruction induced by the HER, which affects the 

voltammetric profile.39–41 The irreversibility on the peaks is reduced by shortening the potential 

window (black lines, Fig. 1A). In contrast to CVs recorded in presence of CO, blank CVs of 

Cu(100) do not display any feature in the pseudocapacitive region in acidic and neutral pH (see 

Fig. S1A from the supporting information (S.I.) material, potential range between -0.2 V to -1.0 V 

vs SHE, pH<8). The absence of voltammetric features is due to the fact that phosphate adsorption 

in the blank CV of Cu(100) overlaps with the HER currents.30 Under the presence of CO, the 

characteristic CO-displacement peak appears because the CO poisons the surface, broadening the 

potential window. In contrast, at alkaline enough pH, the Cu(100) blank CV shows a quasi-

reversible peak which is related to the phosphate adsorption on the surface (Fig. S1A, potential 
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range between -0.94 V to -1.00 V vs SHE, pH > 8). The presence of CO in solution slightly shifts 

the phosphate peak to higher potentials, indicating that CO adsorbs on the surface at potentials 

close to the phosphate desorption potential region. 

Figure 1B shows the potential windows of the Cu(111) | 0.1M phosphate at different pH and under 

the presence of CO. The short potential windows (black line, Fig. 1B) display the quasi-reversible 

pair of peaks on this crystallographic orientation, and related with the CO adsorption on Cu(111) 

(peaks are located in the potential region between -0.53 V and -0.70 V vs SHE). 23 Unlike Cu(100), 

the blank CVs recorded on Cu(111) display the pair of peaks, addressed to adsorbed phosphate, at 

low pH up to 4 (Fig. S1B, potential region between -0.55 V to -0.72 V vs SHE ). This is because, 

on Cu(111), phosphate desorption occurs at considerable higher potentials well separated from the 

HER potential limit. As evidenced in Figure 1B, the presence of CO in solution modifies the main 

voltammetric features of the blank CVs,23 and slightly shift the phosphate peak towards more 

positive potential values due to the weak CO adsorption on Cu(111). Importantly, broad potential 

windows (Fig. 1B blue lines), i.e., scanning to more negative potential that the onset of the HER, 

highly affect the voltammetric profiles in the anodic scan (potential limits ranging between -0.85 

V to -1.4 V vs SHE by increasing the pH from 4 to 12). In particular, both the anodic CO and 

phosphate peaks (Fig. 1 and Fig. S1, blue lines) are considerably shifted to more positive 

potentials. The effect of the HER or solvent co-reduction on the voltammetric profiles of Cu(111) 

is considerably stronger than on Cu(100), which surface remains less altered by the selected 

potential limits. This shows that Cu(111) is highly sensitive to undergo surface changes under 

reduction conditions, as we have discussed in our previous report.23 The surface restructuring also 

takes places in the absence of CO, being an intrinsic behavior of the (111) orientation (Fig. S1B).  
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Importantly, the charge under the voltammetric peak remains constant with the pH on both 

Cu(100) and Cu(111), and the presence of CO does not modify this value. The charge value 

approaches to 45-55C cm-2 on Cu(100), and to 50-60 Ccm-2 on Cu(111), in agreement with 

previous works (Fig. S2).30,42 Given that the ideal one-electron surface charge areas of Cu(111) 

and Cu(100) are, respectively, 284 and 247 μC cm-2,43,44 the previous calculated charges from the 

CVs are considerably low, especially if we assume that the adsorption of phosphate species involve 

the transfer of more than one single electron. The calculated charges through integrated 

voltammetric peaks suggest that there are uncertainties in the estimation of the real surface 

coverage through charge coverages on the surface. 
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Figure 1: Cyclic voltammograms of the Cu(hkl) | CO-saturated 0.1 M phosphate buffer interface 

as a function of the pH (right axis). Scan rate: 50mV/s. A) Cu(100), B) Cu(111). Red and green 

solid lines cross the CO peak at each pH. Blue lines and black lines are consecutive cycles recorded 

without breaking the hanging meniscus configuration. Black curves show the CVs recorded in 

short potential windows while, in the blue curves (long potential windows), the cathodic potential 

limit was enlarged towards the HER and the CO reduction.  
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extracted the CO-peak potential values from the voltammetric data recorded at narrow potential 

windows (Fig. 1, black lines). The averaged potential peak value is assumed to be close to the 

equilibrium potential of the competing adsorption/desorption reaction between the phosphate 

species and the CO on both Cu surfaces (Eq 1 and Fig. S3).30 The potential peak shift with the pH 

is about 36 mV pH-1 on Cu(111) (Fig. 2A, black circles) and 33 mV pH-1 on Cu(100) (Fig. 2A, 

blue squares).30 In contrast, in alkaline media this trend changes, and the potential shift with the 

pH is more flattered on both surfaces. The obtained slope is about 15 mV per pH unity on Cu(100) 

and 21mV on Cu(111). Figure 2A clearly shows that CO-peak values on Cu(111) appears allocated 

at more positive potential values than on Cu(100), which is likely due to phosphate poisons less 

strong  <111> facets than <100> facets.  

To get a deeper insight into the phosphate poisoning effect, we have compared the CVs of both 

Cu(100) and Cu(111) in phosphate blank solutions at high pH with the CVs obtained in the 

presence of CO (Fig. 2B). Here, we have plotted the cathodic potential peak of both Cu(111) and 

Cu(100) from either blank phosphate solutions or solutions with CO (Fig 2C). We have selected 

the potential of the cathodic peak (Ec) because the blank CVs of Cu(100) loses symmetry in the 

anodic scan at pH < 12 due to overlapping with the HER at these pH (See Fig. S1A). Red symbols 

represent the phosphate peak in the blank solutions, while black symbols are the CO peaks obtained 

from the CO-saturated solutions (Fig. 2C). The potential difference between phosphate and CO 

peaks on Cu(111) is small, about 30mV, supporting that CO weakly adsorbs on this surface. In 

contrast, on Cu(100), this potential difference between phosphate and CO peaks is considerable 

higher, about 100 mV (Fig. 2B and C). This suggests that CO possibly adsorbs stronger on Cu(100) 

than on Cu(111). Despite that, the CO peaks appear at more negative potential values on Cu(100) 
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than on Cu(111), which indicates that the strong adsorption of phosphate on both Cu(100) and 

Cu(111) is the main parameter controlling the potential windows for CO adsorption on the surface. 

 

Figure 2: A) Plot of (Ec-Ea)/2 vs pH of both Cu(100) (blue squares) and Cu(111) (black circles) in 

phosphate buffer solutions and in  presence of CO. B) C) Cyclic voltammograms of both Cu(111) 

and Cu(100) in red line) 0.1 M alkaline phosphate buffer solution, black line) same solution with 

CO. 50mV/s. C) Plot of the cathodic potential peak (Ec) vs pH in 0.1 M phosphate buffer solutions 

with CO (black symbols) and without CO (red symbols).  
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Experimental results were assessed under the lights of simulations of the interfacial region of Cu 

and the aqueous electrolyte, employing AIMD simulations of explicit electrolyte in contact with 

the surfaces. In the simulations of both Cu(100) and Cu(111) | phosphate electrolyte interface, the 

Cu surfaces were covered with H* and OH* from zero up to half coverage. Additionally, the 

electrolyte was simulated with single HxPO4 anions, as well as with (OC)CO* and (OC)COH* 

species adsorbed at the surface. The parentheses denote whether the adsorbed CO specie is a dimer 

or monomer, i.e. on Cu(100) the dimers are stable, whereas on Cu(111) the monomer is the stable 

CO specie. The adsorbates included in AIMD simulations are summarized in the S.I. (Table S1). 

In order to apply the generalized computational hydrogen electrode (GCHE) scheme, the work 

function and energy for each state from the AIMD simulations are saved. The GCHE scheme 

enables the explicit simulations of the interface phase diagrams, as the potential and the chemical 

potential of the ions are expressed by the work function and corresponding energetics. At each 

integer of pH, the most stable surface configurations were obtained by binning the work function 

in bins of a size of 0.02 eV. All GCHE energy states within each bin were Boltzmann-weighted.  

In Fig. 3A) and B), the coverage on Cu(100) (Fig. 3A) and on Cu(111) (Fig. 3B) of adsorbates are 

presented as a contour plot relative to the standard hydrogen electrode (USHE) potential and the pH. 

Each bin with a coverage above 0.1 monolayer of one of the (OC)CO*, (OC)COH*, and HxPO4 

adsorbates has been assigned with the respective color of the legend, whereas the varying 

coverages of H* and OH* are assigned with the color bar. The methodology of including phosphate 

anions in the GCHE has previously been applied for Cu22 and is further elaborated in the S.I (Fig. 

S4 and S5). In summary, the methodology accounts for the phosphate reference to change 

concurrently with changes in pH, i.e. the phosphate species in the bulk electrolyte become less 

protonated with increasing pH. The change in phosphate reference is depicted in the S.I. (Fig. S5).  
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The results from Fig. 3A) and B) show that in acidic and neutral pH, the Cu facets are covered 

with phosphate species up to high overpotentials, whereas at more alkaline conditions, the 

phosphate anions become unstable, leading to the CO* being adsorbed at an earlier potential. As 

the coverages of adsorbates change, a current (j) is generated. The resulting current density is 

derived by the gradients of the Pourbaix diagrams, as the derivative of the Boltzmann-weighted 

energetics corresponds to the isotherm from the surface. Differentiating once again and 

multiplying with a chosen scan rate yields the resulting current density from interchanging 

adsorbates45, hence this method of deriving current densities does not asses kinetics of surface 

reactions. The current density is per definition symmetric cathodically and anodically, hence the 

current densities are independent of the scan direction.  

Fig. 3C) and D) shows the resulting current densities from interchanging adsorbates for Cu(100) 

and Cu(111), respectively. When revisiting Fig. 3A) and B), it is possible to assign the current 

density to the corresponding interchange of adsorbates. The lower blue line with the negative slope 

per pH unity arises from the adsorption of 𝐻∗, allowing hydrogen to evolve. In addition, the 

interchange from 4 𝑂𝐻∗ to an adsorbed phosphate anion results in the other blue region. The 

current density in the deep red region arises from the adsorbate interchange of phosphate anion 

and CO species.  

To investigate the shift in the CO peak, a Gaussian distribution is fitted to the current density, 

arising from the interchange of phosphate anion and CO specie, at every pH unity. The mean of 

each Gaussian distribution is plotted in Fig. 3 as well. The potential peak shift follows a linear 

trend with the pH, which resembles the experimental observed trends, i.e. as the pH increases, the 

CO surface poisoning shifts linearly to higher overpotentials, with a slope of 41 mV per pH unity. 

In contrast, at alkaline pH values, the potential peak shift with the pH is smaller, with a slope of 
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18 mV per pH unity for Cu(100) and 24 mV per pH unity for Cu(111), respectively To rationalize 

the results from Fig. 3), a set of possible reactions of interchanging the phosphate adsorbates with 

CO species are proposed, based on the general reaction (1). The reactions are summarized in Table 

1. From Fig. 3), the dominating CO* species differ on the two Cu facets, i.e. OCCOH* is adsorbed 

on Cu(100) and CO* is adsorbed on Cu(111). This highlights that, beyond the fact that CO 

poisoning shows different strength and potential dependence in each orientation, the structure 

sensitivity in the intermediate formation may steer the different selectivity observed on both facets 

at sufficient applied potential. In addition to different CO species, the dominating phosphate anion 

species depend on the Cu facet as well, i.e. on the Cu(100) facet, HPO4* is the dominating 

phosphate specie, whereas the adsorbed phosphate species changes on Cu(111) from HPO4
* to 

PO4* towards more neutral pHs (Fig. S6). As pH is increased, the adsorption occurring on the 

surface evolves from Eq. (1) towards Eq. (4), with Eq. (2) and Eq. (3) being the most predominant 

reactions in the pH range of the experiment. The corresponding slopes are derived from the Nernst 

equation,38 in the base-10 log form, at room temperature.  

   Slope / [mV/pH] 

 1 𝐻𝑃𝑂4
∗ + 2 𝐶𝑂 + 3 𝐻+ +   3 𝑒− ⇌ 𝐻3𝑃𝑂4 (𝑎𝑞) + 𝑂𝐶𝐶𝑂𝐻∗ -59.2 

2 𝐻𝑃𝑂4
∗ + 2 𝐶𝑂 + 2 𝐻+ + 3 𝑒− ⇌ 𝐻2𝑃𝑂4

− (𝑎𝑞) + 𝑂𝐶𝐶𝑂𝐻∗ -39.5 

3 𝐻𝑃𝑂4
∗ + 2 𝐶𝑂 + 𝐻+ +  3 𝑒− ⇌ 𝐻𝑃𝑂4

2− (𝑎𝑞) + 𝑂𝐶𝐶𝑂𝐻∗ -19.7 

4 𝐻𝑃𝑂4
∗ + 2 𝐶𝑂 + 3 𝑒− ⇌ 𝑃𝑂4

3− (𝑎𝑞) + 𝑂𝐶𝐶𝑂𝐻∗ 0 

 1 𝐻𝑃𝑂4
∗ +  𝐶𝑂 + 2 𝐻+ + 2 𝑒− ⇌ 𝐻3𝑃𝑂4 (𝑎𝑞) + 𝐶𝑂∗ -59.2 

 2 𝑃𝑂4
∗ + 𝐶𝑂 + 2 𝐻+ + 3 𝑒− ⇌ 𝐻2𝑃𝑂4

− (𝑎𝑞) + 𝐶𝑂∗ -39.5 

C
u
(1

0
0
) 

C
u

(1
1
1
) 
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 3 𝑃𝑂4
∗ + 𝐶𝑂 + 𝐻+ + 3 𝑒− ⇌ 𝐻𝑃𝑂4

2− (𝑎𝑞) + 𝐶𝑂∗ -19.7 

 4 𝑃𝑂4
∗ + 𝐶𝑂 +  3 𝑒− ⇌ 𝑃𝑂4

3− (𝑎𝑞) + 𝐶𝑂∗ 0 

Table 1: A proposed set of equations of the adsorbate interchange between the CO species and 

phosphate anions. The slopes are determined according to the Nernst equation, in the base-10 log 

form, at room temperature.   

 

Figure 3: A and B show the interface Pourbaix diagrams of the most stable species on A) Cu(100) 

and B) Cu(111) as a function of pH and potential, calculated by Boltzmann-weighted binning of 

the energetics obtained by the GCHE scheme. The black lines show the stable phases of Cu as a 

function of pH and potential at 25°C. Data is adapted from 46. C) and D) represent the current 

density for Cu(100) and Cu(111), respectively, as a function of pH and potential as derived by the 

A C

B D
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gradient of the Pourbaix diagram. The pale areas indicate a constant charge on the surface, whereas 

the blue and red areas indicate current arising when coverages of adsorbates change. The dotted 

lines are the means of the Gaussian distributions fitted to the current density at each unity of pH. 

 

To better compare experimental results with simulations, we have in Fig. 4 plotted the values of 

the averaged CO-potential peaks, (
𝐸𝑎+𝐸𝑐

2
), of Cu(100) and Cu(111) from the CVs in Fig. 2, with 

the CO peak values extrapolated from simulations (Fig. 3). In both experiments and simulations, 

the CO adsorption on Cu(111) occurs at more positive potentials because of the weak anion 

binding on Cu(111). The binding strengths of phosphate anions and CO species are shown in the 

S.I. (Fig. S7). The figure shows a clear tendency of Cu(100) binding adsorbates significantly 

stronger than Cu(111). The experimental measurements show similar behavior in the difference 

between the peak shifts. However, when compared to the experimental results, the peak potentials 

for Cu(111) are shifted quite considerably to more positive values. This discrepancy might be due 

to different uncertainties, arising from the simulation model, e.g. the entropy of the adsorbed 

species at the surface is approximated to 0. Nonetheless, the main limitations of the simulation’s 

validity arise from the limited number of included possible simulated interface structures and the 

corresponding sampled energetics. These limitations impose uncertainties on the coverages of the 

adsorbates, resulting in the uncertainties in the corresponding charge transfer and onset potentials.  

Noteworthy, the slopes of the linear trends for the CO-displacement peak originates from the anion 

reference and model itself, which omit the uncertainties from the simulations of specific coverages 

and energetics. The robustness by ± 0.5 eV of the anion reference is depicted in Fig. S8. Despite 

the uncertainties with coverage and the phosphate anion reference, the overall phosphate 
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electrolyte tendencies align with the experimental results obtained, and by previous observations 

made by Hori et al.30,36 and in simulations.22  

 

Figure 4: Plot of the CO-peaks as a function of the pH for black solid symbols) results obtained 

experimentally, red open symbols) from simulations of the Cu(hkl) | CO-saturated 0.1 M 

phosphate solution.  

 

In our previous report,22 we performed AIMD simulations to study the structure of the electrolyte 

interface Cu(100) for CO reduction, in contact with three different electrolytes: neutral bicarbonate 

solutions, neutral phosphate buffer solution and alkaline media.22,47,48 We observed that, in 

electrolytes containing anions that specifically adsorb on Cu(100), such as bicarbonate or 

phosphate anions, the anion poisoning the surface controlled the potential range at which the main 

CO* intermediate was stabilized. We suggested that the onset potential for the formation of the 

main products, i.e. C2H4 on Cu(100), in neutral buffer solutions, is clearly limited by the anion 
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blocking the surface and not only affected by the solution pH.12 Here, we show that both 

experiments and simulations underline that the CO poisoning on Cu single-crystalline electrodes 

is controlled by the specific properties of the Cu(hkl) | electrolyte interface. 

Additionally, our simulations in this work suggest that PO4* is the main adsorbed species on 

Cu(111), even at acidic pHs, while on Cu(100) we observe the protonated HPO4*. Hori et al.,30 as 

well as other authors for diverse reactions,49,50 postulated that the pKa of the adsorbed anions in 

the metal-electrolyte interface is considerably lower compared to the pKa in the solution. On 

Cu(111), the drop of the pKa must be particularly pronounced, since its tendency is to stabilize the 

deprotonated PO4* at low pH. Remarkably, the efficiency of the CO reduction on Cu and in 

phosphate neutral media, is considerably affected by competition with the hydrogen evolution 

reaction (HER).51 In contrast, the HER on Cu is better suppressed in other neutral electrolytes 

containing, e.g., bicarbonate, chloride or sulphate solutions, in which the product selectivity 

towards multi-carbon products is significantly improved.51 The strongest acidity gained by the 

phosphate anions (Table 1) at the electrode surface could also contribute to enhance the selectivity 

towards the HER, which makes the neutral phosphate buffer electrolyte a poor candidate for the 

CO reduction reaction. 

Conclusions 

Herein we aimed to provide a detailed description of the structure of the interface between Cu(111) 

and Cu(100) | phosphate buffer solutions in presence of CO. The interfacial properties of the 

Cu(hkl)-electrolyte interface were assessed by combining voltammetric CO-displacement 

measurements and ab-initio simulations of the Cu single-crystalline electrodes-electrolyte 

interfaces. Good alignment was found between experiments and simulations, from which we 

showed that: 
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a) CO adsorbs on the surface in the potential region close to the desorption of phosphate species 

anions from the electrolyte. Theoretical calculations suggest that the predominant adsorbed specie 

is HPO4
* on Cu(100), while it is PO4

*on Cu(111). 

b) The adsorption of CO on Cu(111) takes place at less negative potential values than on Cu(100) 

due to the lower binding energy of phosphate species on Cu(111). 

c) CO adsorption is stronger on Cu(100) than on Cu(111), shown by the more pronounced shift of 

the phosphate peaks CVs by CO on Cu(100) than on Cu(111), despite the fact that the phosphate 

adsorption on Cu(100) is stronger.  

d) Experiments and simulations evidenced that the onset potential at which CO adsorbs on the 

surface is controlled by the properties of the Cu(hkl)-electrolyte interface, and particularly limited 

by the anion blocking the surface. 

This work highlights the importance of combining cyclic voltammetry under potential control with 

theoretical calculations to find the relations between interfacial properties of Cu electrodes and 

electrocatalytic CO reduction. Future work should be encouraged to elucidate and rationalize how 

specific electrolyte interactions and solvent reaction affect the surface structure stability of Cu-

single crystalline surfaces under different potential conditions, as well as its influence on the 

CORR performance. 
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1. Experimental details 

Cyclic voltammograms were carried out in a three electrode glass cell. A Cu wire was used as a 

counter electrode, cleaned with diluted 50%water/50%nitric acid solution and rinsed with water. 

The reference electrode was a calibrated calomel electrode (SCE) separated from the solution 

through a luggin capillary. Potentials in this work were referred to the standard hydrogen electrode 

(SHE). The working electrode was a Cu(hkl) single crystal purchased from MaTech company. It 

was kept at the meniscus configuration during the recording of the cyclic voltammograms. Surface 

pre-treatment of Cu(hkl) was adapted from literature1,2: Galvanostatic Electropolishing was 

applied in a two-electrode cell containing a mixture of 10H3PO4:2H2SO4:2H2O (volume rate). The 

counter electrode was a Cu spiral-wire of large area. The immersed Cu(hkl) was electropolished 

at -1,8V during 10 to 30 seconds. Then, the single crystal was rinsed in Milli-Q water and 

transferred to the cell. Successive voltammetric cycling was carried out in the pseudo-capacitive 

region of the Cu(hkl) until the cyclic voltammetry was stable. The starting potential was a potential 

value within the pseudo capacitive region. Voltammetric experiments were recorded using a VSP-

300 Bio-Logic multipotentiostat. Ultrapure (99.99%) phosphoric acid (H3PO4) and sulphuric acid 

(H2SO4) were purchased from Merck to prepare the mixture for the electropolishing surface pre-

treatment. Phosphoric acid (H3PO4), sodium biphosphate (NaH2PO4), sodium hydrogen phosphate 

(Na2HPO4) and sodium hydroxide (NaOH) were used to prepare the different 0.1M phosphate 

buffer solutions. All of them were purchased from Merck company, with ultra-pure quality: 99.95-

99.99%. Blank cyclic voltammograms were carry out under inert conditions, i.e., after 

deoxygenating the solution with Ar. After carrying out the blank CVs, solutions were saturated 

with CO during ten minutes and then the cell was kept under CO atmosphere. pH was measured 

electrochemically, comparing the SCE reference potential in front of a reversible hydrogen 



electrode (RHE) made by immersing a Pt wire in the working solution and saturating the solution 

with hydrogen gas. pH was also measured using a pH-meter VWR-sympHony SP70P as a control 

measure of the pH. 

 

2. Blank cyclic voltammograms of Cu single crystalline electrode in phosphate solution. 

 

Figure S1: Plot of the cyclic voltammetries of the Cu(hkl) | 0.1M phosphate buffer interface as a 

function of the pH (right axis). Scan rate: 50mV/s. A) Cu(100), B) Cu(111). Blue lines and black 

lines are consecutive cycles recorded without breaking the meniscus configuration. Black curves 

are short potential windows, while in the blue curves, the cathodic potential limit was enlarged 

towards the HER reaction.  
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3. Analysis of the voltammetric data. charges and potential values of anion and CO 

peaks  

 

Figure S2:  Calculated charges involved in the CO or phosphate peak from the CVs. A) Cu(111) 

and B) Cu(100). Solid symbols correspond to the charge values (Q) of the CO-peak, while open 

symbols correspond to the charge values of the phosphate-peak, i.e. from the blank solutions. 

4 6 8 10 12
0

15

30

45

60

75

90

 without CO

 with CO

|Q
c
a

th
o

d
ic
|/
 

C
 c

m
-2

pH

Cu(111) | 0.1 M phosphate + CO

4 6 8 10 12

-60

-40

-20

0

20

40

60

 Ec, CO

 Ea, CO

 Ec, blank CV

 Ea, blank CVQ
 /

 
C

 c
m

-2

pH

Cu(100) | 0.1 M phosphate + CO

A

B



 

Figure S3: A) Plot of Ec and Ea (cathodic and anodic peak respectively) vs pH of A) Cu(111) and 

B) Cu(100) in phosphate buffer solutions and in presence of CO. Ec are black squares, Ea are red 

circles. 
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4. Computational details 

The atomic structures were modelled in the ASE.3 The metal facets of copper are composed of 

face-centered cubic (3x4x3) unit cells, with all layered fixed.  The model for water in the interface 

consists of three layers of water molecules with a total of 24 water molecules, which are all allowed 

to move freely during simulation. In order to resemble the density of pure water and to keep the 

water density in the interface constant, an additional immobile hexagonal water layer is placed on 

top of the mobile aqueous phase. The net dipole of this fixed water layer equals zero. The fixed 

top layer of water remains unchanged when atoms are added or subtracted from the interface. 

Although the water model is realistic, it still suffers from limitations due to number of water layers, 

area of unit cell, periodicity of cell, and more.  

The electronic structure calculations are performed at the Generalized Gradient Approximation 

Density Functional Theory level with the projector-augmented wave method, as implemented in 

GPAW4. The interface is simulated by AIMD at a constant temperature of 300 K, using Berendsen5 

NVT dynamics, applying a timestep of 1 fs, and a time cooling constant of 200 fs. To achieve 

thermal equilibration and a sufficient number of states for the GCHE approach, the electronic 

structures are carried out by RPBE6 calculation in the LCAO mode with a grid-spacing of 0.18Å 

and using 1x1x1 k-points.  

In the GCHE scheme, the energies of the phosphorous electrolyte of each state of the AIMD 

configurations for a given potential and pH are defined by 

Δ𝐸𝐺𝐶𝐻𝐸(𝑛, 𝑝, 𝑞, 𝜙𝑒− , 𝑝𝐻)

= 𝐸(𝑛, 𝑝, 𝑞, 𝜙𝑒−) − 〈𝐸({𝑛, 𝑝, 𝑞, } = 0)〉 − 𝑝𝜇𝐶𝑂 (𝑔) − 𝑞𝜇𝐻3𝑃𝑂4(𝑎𝑞) − 𝑛
1

2
𝜇𝐻2

°

− 𝑛(𝜙𝑆𝐻𝐸 − 𝜇𝑒− − 2.3𝑘𝐵𝑇𝑝𝐻) 



where 𝑝 = {0, 1, 2}, 𝑞 = {0, 1}, and 𝑛 = {−6 … 6}. The energy,  Δ𝐸𝐺𝐶𝐻𝐸, is a function of the 

number of protons n removed or added, the number of CO adsorbates p, the number of 

𝐻3𝑃𝑂4(𝑎𝑞) q, the work function 𝜙𝑒− , and pH. 𝜇 denotes the chemical potential of molecules, 

𝜙𝑆𝐻𝐸  is the defines standard hydrogen electrode potential of 4.4 V7 on an absolute scale {ref}, 

𝑘𝐵 is the Boltzmann constant, T is the absolute temperature, and 〈𝐸({𝑛, 𝑝, 𝑞, } = 0)〉 is the 

reference energy.  

To obtain the energetics and coverages of the interface, all GCHE energy states are Boltzmann 

weighted by binning the data within a bin of chosen size as:  

〈𝐴〉 =
1

𝑍
∑ 𝐴𝑖𝑒𝑥𝑝 (−

Δ𝐸𝐺𝐶𝐻𝐸(𝑛, 𝑝, 𝑞, 𝜙𝑒−)𝑖

𝑘𝐵𝑇
)

𝑁

𝑖=1

 

𝐴 = {Δ𝐸𝐺𝐶𝐻𝐸 , ΘGCHE} 

Where Z denote the partition function, N is the total number of states in the bin, and 〈𝐴〉 is the 

property of intereset, in this case, the energy (〈Δ𝐸𝐺𝐶𝐻𝐸〉) and the coverage (〈ΘGCHE〉).  

Eventually, the current is calculated as: 

𝑗 =
𝑑𝑄

𝑑𝑡
=

𝑑𝑄

𝑑𝑉

𝑑𝑉

𝑑𝑡
=

𝑑𝐸

𝑑𝑉

1

𝑑𝑉

𝑑𝑉

𝑑𝑡
=

𝑑𝐸

𝑑𝑉

1

𝑑𝑉

𝑑𝑉

𝑑𝑡

𝑄1𝑀𝐿

𝑒
 

where 
𝑑𝐸

𝑑𝑉

1

𝑑𝑉
 is the double differentiation of the phase diagram, 

𝑑𝑉

𝑑𝑡
 is a chosen CV scan speed, and 

𝑄1𝑀𝐿 is the charge of one monolayer on the two Cu facets.  The charge (𝑄1𝑀𝐿) is calculated as 

the number of surface sites for each facet with a copper lattice constant of 3.6149 Å,  arriving at 

283 𝜇𝐶 𝑐𝑚2⁄  and 245 𝜇𝐶 𝑐𝑚2⁄  for Cu(111) and Cu(100), respectively. 

 



5. Simulated adsorbates 

Table S1: an overview of adsorbates simulated on Cu(100) and Cu(111), respectively.  

Cu(100) Cu(111) 

CO 

2 CO 

OCCO as dimer 

OCCHO 

OCCOH 

[0;6] H 

[1;6] OH 

PO4 

HPO4 

H2PO4 

H3PO4 

CO 

2 CO 

(the OCCO dimer is not stable) 

CHO 

COH 

[0;6] H 

[1;6] OH 

PO4  

HPO4  

H2PO4 

H3PO4 

 

 

6. Energetics of the anion reference: taking pH into account 

Table S2: Thermodynamic data at standard conditions used for phosphate 

 H3PO4 (aq) H2PO4
− (aq) HPO4

2−(aq) PO4
3−(aq) 

𝐺°    [𝑘𝐽 𝑚𝑜𝑙⁄ ]⁄  −1142.6 −1130.0 −1089.2 −1018.7 

 



 

Figure S4: Schematic illustration of how the energetics of the anion is set.  

 

Phosphoric acid is triprotic: 

 

𝑘𝑎1 =
[𝐻+][𝐻2𝑃𝑂4

−]

[𝐻3𝑃𝑂4]
 

= 7.1 ∙ 10−3 

𝑘𝑎2 =
[𝐻+][𝐻𝑃𝑂4

2−]

[𝐻2𝑃𝑂4
−]

 

= 6.2 ∙ 10−8 

𝑘𝑎3 =
[𝐻+][𝑃𝑂4

3−]

[𝐻𝑃𝑂4
2−]

 

= 4.5 ∙ 10−13 

 

At all pH:  

𝐺𝐻3𝑃𝑂4
= 𝐺𝐻2𝑃𝑂4

−+𝐻+ = 𝐺𝐻𝑃𝑂4
2−+2𝐻+ = 𝐺𝑃𝑂4

3−+3𝐻+ 

Hence, at varying pH: 

𝑘𝑎 = [𝐻+] ∙
𝑥

1 − 𝑥
 

= 10−𝑝𝐻 ∙
𝑥

1 − 𝑥
⇔ 𝑥 =

𝑘𝑎

10−𝑝𝐻 ∙
1 + 𝑘𝑎

10−𝑝𝐻

 

With x denoting the most protonated anion in the equilibrium of interest,  

The Gibbs free energy of H3PO4 (aq): 
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Δ𝐺𝐻3𝑃𝑂4_𝑥1
= 𝐺°𝐻3𝑃𝑂4

+ 𝑘𝐵𝑇 ∙ ln (1 − 𝑥1) 

The Gibbs free energies of the following phosphate anion are set with respect to H3PO4 (s). As 

the anion 𝐻2𝑃𝑂4
− occurs in two equilibria, the Gibbs free energies can either be expressed with 

𝑥1 or 𝑥2, with the subscript of 𝑥 ascribing the equilibrium of interest:  

Δ𝐺𝐻2𝑃𝑂4
−+𝐻+_𝑥1

= 𝐺°𝐻2𝑃𝑂4
− + 𝑘𝐵𝑇 ∙ (ln(𝑥1) + 𝑙𝑛([10−𝑝𝐻])) 

Δ𝐺𝐻2𝑃𝑂4
−+𝐻+_𝑥2

= 𝐺°𝐻2𝑃𝑂4
− + 𝑘𝐵𝑇 ∙ (ln(1 − 𝑥2) − 𝑙𝑛([10−𝑝𝐻])) 

Hence, 𝐻𝑃𝑂4
2− and 𝑃𝑂4

3− are expressed as:  

Δ𝐺𝐻𝑃𝑂4
2−+2 𝐻+_𝑥2

= 𝐺°𝐻𝑃𝑂4
2−+𝑘𝐵𝑇 ∙ (ln(𝑥2) + 2 ∙ 𝑙𝑛([10−𝑝𝐻])) 

Δ𝐺𝐻𝑃𝑂4
2−+2 𝐻+_𝑥3

= 𝐺°𝐻𝑃𝑂4
2−+𝑘𝐵𝑇 ∙ (ln(1 − 𝑥3) − 2 ∙ 𝑙𝑛([10−𝑝𝐻])) 

Δ𝐺𝑃𝑂4
2−+3 𝐻+_𝑥3

= 𝐺°𝑃𝑂4
3−+𝑘𝐵𝑇 ∙ (ln(𝑥3) + 3 ∙ 𝑙𝑛([10−𝑝𝐻])) 

The energetics of the phosphate anion in the range of pH is set with respect to the Gibbs free 

energy of H3PO4 (s). As seen in the scheme in Fig. S4, Δ𝐺1 is obtained as the difference 

between H3PO4 (s) and the minimum of: 

𝑚𝑖𝑛 [Δ𝐺𝐻3𝑃𝑂4𝑥1
, Δ𝐺𝐻2𝑃𝑂4

−+𝐻𝑥1
+ , Δ𝐺𝐻2𝑃𝑂4

−+𝐻𝑥2
+ ,

Δ𝐺𝐻𝑃𝑂4
2−+2 𝐻+_𝑥2

, Δ𝐺𝐻𝑃𝑂4
2−+2 𝐻+_𝑥3

, Δ𝐺𝑃𝑂4
2−+3 𝐻+_𝑥3

 ] 

 

Thermodynamic data from Atkins8 and Nørskov9 et al. used to set the energy of the phosphate 

anion. On the surface, the entropy of the adsorbed anion is assumed to be 0.  

 H3PO4 (aq) → 𝐻2𝑃𝑂4
∗ + 1 2⁄  𝐻2 (𝑔)  
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−𝑇Δ𝑆 −0.34 eV  0 eV  − 1 2⁄ ∙ 0.41 eV  

𝑍𝑃𝐸 1.46 eV  1.059 eV  1 2⁄ ∙ 0.27 eV  

Δ𝐺2      −0.13 eV 

 

 H3PO4 (aq) → HPO4
∗  + H2(g)  

−𝑇Δ𝑆 −0.34 eV  0 eV  −0.41 eV  

𝑍𝑃𝐸 1.46 eV  0.781 eV  0.27 eV  

Δ𝐺2      −0.48 𝑒𝑉 

 

 H3PO4 (aq) → 𝑃𝑂4
∗ + 3 2⁄  𝐻2 (𝑔)  

−𝑇Δ𝑆 −0.34 eV  0 eV  − 3 2⁄ ∙ 0.41 eV  

𝑍𝑃𝐸 1.46 eV  0.429 eV  3 2⁄ ∙ 0.27 eV  

Δ𝐺2      −0.0 eV 
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Figure S5: Plot of the variation in Δ𝐺1 according to pH change. Δ𝐺1 is obtained as the minimum 

Gibbs free energy of the phosphate species. The dotted lines correspond to 𝑝𝐾𝑎1, 𝑝𝐾𝑎2, and 

𝑝𝐾𝑎3, respectively.  

 

7. Simulations of the Cu | blank phosphate solution 

 

 

Figure S6: Simulations of the Cu surface and phosphoric electrolyte without including any CO 

species. Pourbaix diagrams of A) Cu(100)  and B) Cu(111), respectively. C) (Cu(100)) and D) 

(Cu(111)) represent the corresponding current, obtained as the gradient of the Pourbaix diagram. 

A C

B D
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A Gaussian is fitted to every integer of pH, and the means are plotted as green dots.  The dotted 

lines are fitted to the means. For Cu(111) a shift of the peak is observed.  

 

8. Binding energies of adsorbates 

 

Figure S7: binding energies (Δ𝐸𝑥) of the adsorbate x on Cu(100) and Cu(111), respectively. As 

dimers were found to be unstable on Cu(111), the parentheses denote the stable dimer on Cu(100).   
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9. Robustness in the phosphate reference 

 

Figure S8: A) and B) are test of the robustness of the phosphate reference in Cu(100). The Δ𝐺1 

reference is changed with either +0.5 eV or -0.5 eV, respectively. The green dotted lines originate 

from the fit of Gaussians of coverages obtained without any correction to the Δ𝐺1 reference. The 

deviations in the currents in C) and D) and the linear trends point towards the importance of a 

proper phosphate reference. The Cu(111) facet shows analogous behavior.  
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ABSTRACT

Cu electrodes are promising materials to catalyze the conversion of CO2 and CO into renewable

fuels  and  valuable  chemicals.  However,  detailed  description  of  the  properties  of  the  Cu-

electrolyte  interface  is  still  crucial  to  reach  a  complete  understanding  of  the  CO reduction

mechanism. Herein, we have investigated the interfacial properties of Cu(111) and Cu(100) in

phosphate buffer solutions at different pH conditions and in presence of CO. Ab initio molecular

simulations  of  the  Cu-electrolyte  interface  were  combined  with  voltammetric  experiments

carried out  on Cu(100) and Cu(111)  single-crystalline electrodes.  Combining multiple  cyclic

voltammograms on Cu single crystals across the whole pH scale with simulations allows for an

in-depth insight into the stability of specifically adsorbed protonated (H2PO4* or HPO4*) or non-

protonated (PO4*) phosphate species from the electrolyte. We show that the adsorption strength

of phosphate species on the different Cu facets affects the potential range at which CO poisons

the  surface,  thus  evidencing  that  the  properties  of  the  Cu-electrolyte  interface  control  the

potential  range  for  CO  reduction  on  Cu.  This  combination  of  systematic  experimental  and

theoretical analysis across the pH scale is a robust method to gain fundamental structural insight

of electrochemical interfaces.  
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Introduction

Selective and efficient conversion of greenhouse gases such as carbon dioxide (CO2) into green

fuels and chemicals is one of the most important technological and environmental challenges that

the  society  is  currently  facing.1–3 Electrocatalytic  CO2 reduction  (CO2RR)  is  a  sustainable

alternative  to  convert  CO2 into  renewable  fuels  and  valuable  chemicals,  allowing  for  the

transition  to  a  decarbonized scheme of  energy.4–6 Up to  date,  copper  is  the  only pure metal

catalyst that can reduce CO2 beyond carbon monoxide (CO), producing a wide range of fuel

alcohols  and  hidrocarbons.7–9 In  parallel,  studies  dedicated  to  investigate  the  CO  reduction

reaction on Cu have provided indirect insights for deeper understanding of the CO2RR.10–16 The

pioneering work by Hori and co-workers on electrocatalytic CO reduction on Cu in the 80s10,16

have inspired our community for the search of a rational explanation of the reaction mechanism,

that continuous to be a focus of debate.  In particular,  the use of model Cu surfaces such as

single-crystalline electrodes, has represented a progress in the understanding of both the CO2RR

and  the  CORR,  allowing to  find  the  relations  between  electrocatalytic  performance,  surface

structure and electrolyte effects.12,13,17–24 

There  is  a  large  number  of  reports  that  have  analyzed  electrolyte  effects  on  the  CO

reduction,6,14,23,25,26 as well as the effect of the local pH change on the catalytic performance of Cu

catalysts. The latest is particularly relevant as the interfacial pH affects the product distribution
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on the CO reduction.25,27–29 Thus, assessing the effect of both the solution pH and specific anion

adsorption on the minimum required potential for the CO or its intermediates to remain stable on

Cu  single  crystalline  electrodes  is  essential  for  detailed  description  of  the  CORR.12,22,30,31

Noteworthy,  both  pH  and  electrolyte  effects  have  been  widely  investigated  in  other

electrocatalytic reactions of interest, such as the oxygen reduction reaction on Pt,32–35 evidencing

the  key  role  of  the  pH  and  selected  electrolyte  while  assessing  the  performance  of  an

electrocatalytic reaction. 

Hori and co-workers investigated the effect of the pH on the adsorption of CO on different Cu

single-crystalline  surfaces  at  low  temperature  and  in  phosphate  buffer  solutions.30,36,37 They

observed that CO weakly adsorbs on Cu, inducing the appearance of a quasi-reversible pair of

voltammetric  peaks,  which  corresponded  to  the  competing  desorption/adsorption  reaction

between either the protonated or non-protonated electrolyte anion, and the CO molecules.30 In

CO-saturated  phosphate  buffer  solutions,  assuming  a  reduction  reaction,  the  elementary

displacement reaction occurring is:

−¿⇌Hn PO4
−3+n (aq )+C O¿

¿
Hm P O4

¿+CO+|n−m|H+¿+|3−m|e¿(1)

where C O¿  and Hm P O4
¿

 are the stable CO and phosphate adsorbates, and Hn P O4
−3+n

corresponds to the dominant phosphate specie in solution. The parameters  m and n are chosen

according to the protonation of the phosphate anion adsorbed and in solution, respectively. The

charge of the adsorbate is assumed neutral.  
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Assuming that, in the previous proton-coupled electron transfer reaction (1), the electrochemical

equilibrium  is  achieved,  the  CO-peak  potential  value  would  approach  linearly  to  the  pH,

according to the Nernst equation in the 10-log form, as follows:38

ECO−peak ≈ 59.2 mV ∙
|3−m|
|n−m|

≈ 59.2 mV ∙
y
x

(2)

with x being the number of transferred protons, and y the number of transferred electrons in the

reaction. 

The experimentally obtained slope ( 59.2 mV ∙ y /x ) is an indicative parameter to shed light on

the  chemical  nature  of  both  adsorbed  species  and  species  in  solution  in  the  CO-saturated

electrified interface. Hori and coworkers observed that the voltammetric CO-peak on Cu(100)

linearly shifted approximately 30 mV per pH unity,30,36 from which they concluded that HPO4
*

and PO4
*  were the main adsorbed species on the surface competing with the CO. The potential

value of the voltammetric CO-displacement peak depends not only on the employed electrolyte

and solution pH, but also on the surface orientation. Recently, we analyzed the voltammetric

features of Cu(111) in different electrolytes and under the presence of CO.23 Our work showed

that the main singular voltammetric features, obtained in presence of CO, were highly affected

by both the selected electrolyte and the surface structure. 

Herein, we combine ab initio molecular dynamics (AIMD) simulations with cyclic voltammetry

carried out on Cu(100) and Cu(111) single-crystalline electrodes, to shed lights into the Cu |

electrolyte  interface  properties,  and  their  effect  on  the  onset  potential  of  the  CORR.  Both

simulations and voltammetric experiments were conducted on Cu(111) and Cu(100) in contact

with phosphate buffer electrolytes, covering the whole pH scale. This study provides rational
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description of the Cu-electrolyte interfacial properties, and show that both pH and electrolyte

anions play a key role in controlling the potential windows for electrocatalytic CO reduction.

Results

Cyclic voltammograms (CVs) of both Cu(100) and Cu(111) | 0.1M phosphate solution interface

in presence of CO were assessed. Figure 1A shows the voltammogram windows of Cu(100) in

contact with CO-saturated phosphate solutions. The recorded CVs across the whole pH range

display a quasi-reversible pair of peaks located in the low potential window,  i.e. close to the

solvent and CO co-reduction potential limit (Fig. 1A, potential range between -0.65 V and -0.9 V

vs  SHE).  These  voltammetric  features  correspond to  weakly adsorbed  CO that  replaces  the

phosphate anions adsorbed on the surface by means of the CO-displacement technique. These

results are in agreement with earlier work by Hori and co-workers.30,36 Notably, these peaks shift

to more negative potential values by increasing the pH of the solution in the standard hydrogen

electrode (SHE) scale, showing the pH influence on the voltammetric curves. On the other hand,

the hydrogen evolution reaction (HER) on the surface slightly reduces the reversibility of the

CO-anodic peak (see blue line, Fig. 1A), which shifts to more positive potential values. This is

likely due to surface restructuration or reconstruction induced by the HER, which affects the

voltammetric profile.39–41 The irreversibility on the peaks is reduced by shortening the potential

window (black lines, Fig. 1A). In contrast to CVs recorded in presence of CO, blank CVs of

Cu(100) do not display any feature in the pseudocapacitive region in acidic and neutral pH (see
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Fig. S1A from the supporting information (S.I.) material, potential range between -0.2 V to -1.0

V vs  SHE,  pH<8).  The  absence  of  voltammetric  features  is  due  to  the  fact  that  phosphate

adsorption in the blank CV of Cu(100) overlaps with the HER currents.30 Under the presence of

CO,  the  characteristic  CO-displacement  peak  appears  because  the  CO  poisons  the  surface,

broadening the potential  window. In contrast,  at  alkaline enough pH, the Cu(100) blank CV

shows a quasi-reversible peak which is related to the phosphate adsorption on the surface (Fig.

S1A, potential  range between -0.94 V to -1.00 V vs SHE, pH > 8).  The presence of CO in

solution slightly shifts the phosphate peak to higher potentials, indicating that CO adsorbs on the

surface at potentials close to the phosphate desorption potential region.

Figure 1B shows the potential windows of the Cu(111) | 0.1M phosphate at different pH and

under the presence of CO. The short potential windows (black line, Fig. 1B) display the quasi-

reversible pair of peaks on this crystallographic orientation, and related with the CO adsorption

on Cu(111) (peaks are located in the potential region between -0.53 V and -0.70 V vs SHE). 23

Unlike Cu(100), the blank CVs recorded on Cu(111) display the pair  of peaks,  addressed to

adsorbed phosphate, at low pH up to 4 (Fig. S1B, potential region between -0.55 V to -0.72 V vs

SHE  ).  This  is  because,  on  Cu(111),  phosphate  desorption  occurs  at  considerable  higher

potentials well separated from the HER potential limit. As evidenced in Figure 1B, the presence

of CO in solution modifies the main voltammetric features of the blank CVs,23 and slightly shift

the phosphate peak towards more positive potential values due to the weak CO adsorption on

Cu(111).  Importantly,  broad  potential  windows  (Fig.  1B  blue  lines),  i.e.,  scanning  to  more

negative potential that the onset of the HER, highly affect the voltammetric profiles in the anodic

scan (potential limits ranging between -0.85 V to -1.4 V vs SHE by increasing the pH from 4 to

12). In particular, both the anodic CO and phosphate peaks (Fig. 1 and Fig. S1, blue lines) are
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considerably shifted to more positive potentials. The effect of the HER or solvent co-reduction

on the voltammetric profiles of Cu(111) is considerably stronger than on Cu(100), which surface

remains less altered by the selected potential limits. This shows that Cu(111) is highly sensitive

to undergo surface changes under reduction conditions, as we have discussed in our previous

report.23 The surface restructuring also takes places in the absence of CO, being an intrinsic

behavior of the (111) orientation (Fig. S1B). 

Importantly,  the  charge  under  the  voltammetric  peak remains  constant  with  the  pH on both

Cu(100) and Cu(111), and the presence of CO does not modify this value. The charge value

approaches to 45-55C cm-2 on Cu(100), and to 50-60  Ccm-2 on Cu(111), in agreement with

previous works (Fig. S2).30,42 Given that the ideal one-electron surface charge areas of Cu(111)

and Cu(100) are, respectively, 284 and 247 μC cm-2,43,44 the previous calculated charges from the

CVs are considerably low,  especially if  we assume that  the adsorption of phosphate species

involve the transfer of more than one single electron. The calculated charges through integrated

voltammetric  peaks  suggest  that  there  are  uncertainties  in  the  estimation  of  the  real  surface

coverage through charge coverages on the surface.
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Figure 1: Cyclic voltammograms of the Cu(hkl) | CO-saturated 0.1 M phosphate buffer interface

as a function of the pH (right axis). Scan rate: 50mV/s. A) Cu(100), B) Cu(111). Red and green

solid lines cross the CO peak at  each pH. Blue lines and black lines are consecutive cycles

recorded without  breaking the  hanging meniscus  configuration.  Black curves  show the  CVs

recorded in  short  potential  windows while,  in  the blue curves (long potential  windows),  the

cathodic potential limit was enlarged towards the HER and the CO reduction. 

To analyze in detail the effect of the pH on the onset potential of CO adsorption on Cu-single

crystalline electrodes, we have plotted the potential average value between anodic peak (Ea) and
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cathodic peak(Ec) of the CO-displacement voltammetric feature, i.e. (
Ea+Ec

2
¿  (Fig. 2A). We

have extracted the CO-peak potential  values  from the voltammetric  data  recorded at  narrow

potential windows (Fig. 1, black lines). The averaged potential peak value is assumed to be close

to  the  equilibrium  potential  of  the  competing  adsorption/desorption  reaction  between  the

phosphate species and the CO on both Cu surfaces (Eq 1 and Fig. S3).30 The potential peak shift

with the pH is about 36 mV pH-1 on Cu(111) (Fig. 2A, black circles) and 33 mV pH-1 on Cu(100)

(Fig. 2A, blue squares).30 In contrast, in alkaline media this trend changes, and the potential shift

with the pH is more flattered on both surfaces. The obtained slope is about 15 mV per pH unity

on Cu(100) and 21mV on Cu(111). Figure 2A clearly shows that CO-peak values on Cu(111)

appears  allocated  at  more  positive  potential  values  than  on Cu(100),  which  is  likely due  to

phosphate poisons less strong  <111> facets than <100> facets. 

To get a deeper insight into the phosphate poisoning effect, we have compared the CVs of both

Cu(100) and Cu(111) in phosphate blank solutions at high pH with the CVs obtained in the

presence of CO (Fig. 2B). Here, we have plotted the cathodic potential peak of both Cu(111) and

Cu(100) from either blank phosphate solutions or solutions with CO (Fig 2C). We have selected

the potential of the cathodic peak (Ec) because the blank CVs of Cu(100) loses symmetry in the

anodic scan at  pH < 12 due to overlapping with the HER at these pH (See Fig. S1A). Red

symbols represent the phosphate peak in the blank solutions, while black symbols are the CO

peaks  obtained from the  CO-saturated  solutions  (Fig.  2C).  The potential  difference  between

phosphate and CO peaks on Cu(111) is small, about 30mV, supporting that CO weakly adsorbs

on this surface. In contrast,  on Cu(100), this potential difference between phosphate and CO

peaks is considerable higher, about 100 mV (Fig. 2B and C). This suggests that CO possibly

adsorbs  stronger  on  Cu(100)  than  on  Cu(111).  Despite  that,  the  CO  peaks  appear  at  more
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negative potential values on Cu(100) than on Cu(111), which indicates that the strong adsorption

of  phosphate  on  both  Cu(100)  and  Cu(111)  is  the  main  parameter  controlling  the  potential

windows for CO adsorption on the surface.

Figure 2: A) Plot of (Ec-Ea)/2 vs pH of both Cu(100) (blue squares) and Cu(111) (black circles) in

phosphate  buffer  solutions  and  in   presence  of  CO.  B)  C)  Cyclic  voltammograms  of  both

Cu(111) and Cu(100) in red line) 0.1 M alkaline phosphate buffer solution, black line) same

solution with CO. 50mV/s. C) Plot of the cathodic potential peak (Ec) vs pH in 0.1 M phosphate

buffer solutions with CO (black symbols) and without CO (red symbols). 
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Experimental results were assessed under the lights of simulations of the interfacial region of Cu

and the aqueous electrolyte, employing AIMD simulations of explicit electrolyte in contact with

the surfaces. In the simulations of both Cu(100) and Cu(111) | phosphate electrolyte interface,

the Cu surfaces were covered with H* and OH* from zero up to half coverage. Additionally, the

electrolyte was simulated with single HxPO4  anions, as well as with (OC)CO* and (OC)COH*

species adsorbed at the surface. The parentheses denote whether the adsorbed CO specie is a

dimer or monomer, i.e. on Cu(100) the dimers are stable, whereas on Cu(111) the monomer is the

stable  CO specie.  The adsorbates  included in AIMD simulations  are  summarized in  the S.I.

(Table S1). In order to apply the generalized computational hydrogen electrode (GCHE) scheme,

the work function and energy for each state from the AIMD simulations are saved. The GCHE

scheme enables the explicit simulations of the interface phase diagrams, as the potential and the

chemical potential of the ions are expressed by the work function and corresponding energetics.

At each integer of pH, the most stable surface configurations were obtained by binning the work

function in bins of a size of 0.02 eV. All GCHE energy states within each bin were Boltzmann-

weighted. 

In Fig. 3A) and B), the coverage on Cu(100) (Fig. 3A) and on Cu(111) (Fig. 3B) of adsorbates

are presented as a contour plot relative to the standard hydrogen electrode (USHE) potential and

the pH. Each bin with a coverage above 0.1 monolayer of one of the (OC)CO*, (OC)COH*, and

HxPO4 adsorbates has been assigned with the respective color of the legend, whereas the varying

coverages  of  H*  and  OH*  are  assigned  with  the  color  bar.  The  methodology of  including

phosphate anions in the GCHE has previously been applied for Cu22 and is further elaborated in

the S.I (Fig. S4 and S5). In summary, the methodology accounts for the phosphate reference to

change  concurrently  with  changes  in  pH,  i.e.  the  phosphate  species  in  the  bulk  electrolyte
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become less protonated with increasing pH. The change in phosphate reference is depicted in the

S.I. (Fig. S5). 

The results from Fig. 3A) and B) show that in acidic and neutral pH, the Cu facets are covered

with  phosphate  species  up  to  high  overpotentials,  whereas  at  more  alkaline  conditions,  the

phosphate anions become unstable, leading to the CO* being adsorbed at an earlier potential. As

the coverages of adsorbates change, a current (j) is generated. The resulting current density is

derived by the gradients of the Pourbaix diagrams, as the derivative of the Boltzmann-weighted

energetics  corresponds  to  the  isotherm  from  the  surface.  Differentiating  once  again  and

multiplying  with  a  chosen  scan  rate  yields  the  resulting  current  density  from interchanging

adsorbates45, hence this method of deriving current densities does not asses kinetics of surface

reactions. The current density is per definition symmetric cathodically and anodically, hence the

current densities are independent of the scan direction. 

Fig. 3C) and D) shows the resulting current densities from interchanging adsorbates for Cu(100)

and Cu(111), respectively. When revisiting Fig. 3A) and B), it is possible to assign the current

density to the corresponding interchange of adsorbates. The lower blue line with the negative

slope  per  pH  unity  arises  from  the  adsorption  of  H ¿ ,  allowing  hydrogen  to  evolve.  In

addition, the interchange from 4 OH¿  to an adsorbed phosphate anion results in the other blue

region.  The current  density in  the  deep red  region arises  from the  adsorbate  interchange of

phosphate anion and CO species. 

To investigate the shift in the CO peak, a Gaussian distribution is fitted to the current density,

arising from the interchange of phosphate anion and CO specie, at every pH unity. The mean of

each Gaussian distribution is plotted in Fig. 3 as well. The potential peak shift follows a linear

trend with the pH, which resembles the experimental observed trends,  i.e. as the pH increases,
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the CO surface poisoning shifts linearly to higher overpotentials, with a slope of 41 mV per pH

unity. In contrast, at alkaline pH values, the potential peak shift with the pH is smaller, with a

slope of 18 mV per pH unity for Cu(100) and 24 mV per pH unity for Cu(111), respectively To

rationalize the results from Fig. 3), a set of possible reactions of interchanging the phosphate

adsorbates with CO species are proposed, based on the general reaction (1). The reactions are

summarized in Table 1. From Fig. 3), the dominating CO* species differ on the two Cu facets,

i.e. OCCOH* is adsorbed on Cu(100) and CO* is adsorbed on Cu(111). This highlights that,

beyond the fact that CO poisoning shows different strength and potential dependence in each

orientation,  the  structure  sensitivity  in  the  intermediate  formation  may  steer  the  different

selectivity observed on both facets at sufficient applied potential. In addition to different CO

species, the dominating phosphate anion species depend on the Cu facet as well, i.e. on the

Cu(100)  facet,  HPO4*  is  the  dominating  phosphate  specie,  whereas  the  adsorbed  phosphate

species changes on Cu(111) from HPO4
*  to PO4* towards more neutral pHs (Fig. S6). As pH is

increased, the adsorption occurring on the surface evolves from Eq. (1) towards Eq. (4), with Eq.

(2) and Eq. (3) being the most predominant reactions in the pH range of the experiment. The

corresponding slopes are derived from the Nernst equation,38 in the base-10 log form, at room

temperature. 

Slope / [mV/pH]

1 −¿⇌H3 PO4 (aq )+OCCOH ¿

+¿+3e¿

HPO4
¿+2CO+3 H ¿

-59.2

2 −¿ ( aq )+OCCOH ¿

−¿⇌H 2 PO4
¿

+¿+3e¿

HPO4
¿+2CO+2H ¿

-39.5
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3 2−¿ (aq )+OCCOH ¿

−¿⇌HPO4
¿

+¿+3e¿

HPO4
¿+2 CO+H ¿

-19.7

4 3−¿ ( aq )+OCCOH ¿

−¿⇌PO4
¿

HPO4
¿+2 CO+3 e¿

0

1 −¿⇌H3 PO4 (aq )+CO¿

+¿+2e¿

H PO4
¿+CO+2 H ¿

-59.2

2 −¿ (aq )+CO¿

−¿⇌H2 PO4
¿

+¿+3 e¿

PO4
¿ +CO+2 H ¿

-39.5

3 2−¿ (aq )+CO¿

−¿⇌H PO4
¿

+¿+3 e¿

PO4
¿ +CO+H ¿

-19.7

4 3−¿ (aq )+CO¿

−¿⇌PO4
¿

PO4
¿ +CO+3e¿

0

Table 1: A proposed set of equations of the adsorbate interchange between the CO species and

phosphate anions. The slopes are determined according to the Nernst equation, in the base-10 log

form, at room temperature.  
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Figure  3: A and B show the  interface  Pourbaix  diagrams of  the  most  stable  species  on  A)

Cu(100) and B) Cu(111) as a function of pH and potential, calculated by Boltzmann-weighted

binning of the energetics obtained by the GCHE scheme. The black lines show the stable phases

of Cu as a function of pH and potential at 25°C. Data is adapted from 46. C) and D) represent the

current  density for  Cu(100) and Cu(111),  respectively,  as  a  function of  pH and potential  as

derived by the gradient of the Pourbaix diagram. The pale areas indicate a constant charge on the

surface, whereas the blue and red areas indicate current arising when coverages of adsorbates

change. The dotted lines are the means of the Gaussian distributions fitted to the current density

at each unity of pH.
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To better compare experimental results with simulations, we have in Fig. 4 plotted the values of

the averaged CO-potential peaks, ( Ea+Ec
2 ) , of Cu(100) and Cu(111) from the CVs in Fig. 2,

with  the  CO  peak  values  extrapolated  from  simulations  (Fig.  3).  In  both  experiments  and

simulations, the CO adsorption on Cu(111) occurs at more positive potentials because of the

weak anion binding on Cu(111). The binding strengths of phosphate anions and CO species are

shown in the S.I. (Fig. S7). The figure shows a clear tendency of Cu(100) binding adsorbates

significantly stronger than Cu(111). The experimental measurements show similar behavior in

the difference between the peak shifts. However, when compared to the experimental results, the

peak  potentials  for  Cu(111)  are  shifted  quite  considerably  to  more  positive  values.  This

discrepancy might be due to different uncertainties, arising from the simulation model,  e.g. the

entropy of  the  adsorbed species  at  the  surface  is  approximated  to  0.  Nonetheless,  the  main

limitations  of  the  simulation’s  validity  arise  from  the  limited  number  of  included  possible

simulated  interface  structures  and  the  corresponding  sampled  energetics.  These  limitations

impose uncertainties on the coverages of the adsorbates,  resulting in the uncertainties in the

corresponding charge transfer and onset potentials. 

Noteworthy, the slopes of the linear trends for the CO-displacement peak originates from the

anion reference and model itself, which omit the uncertainties from the simulations of specific

coverages and energetics. The robustness by ± 0.5 eV of the anion reference is depicted in Fig.

S8.  Despite  the  uncertainties  with  coverage  and  the  phosphate  anion  reference,  the  overall

phosphate electrolyte tendencies align with the experimental results obtained, and by previous

observations made by Hori et al.30,36 and in simulations.22 
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Figure 4: Plot of the CO-peaks as a function of the pH for black solid symbols) results obtained

experimentally,  red  open  symbols)  from  simulations  of  the  Cu(hkl)  |  CO-saturated  0.1  M

phosphate solution. 

In our previous report,22 we performed AIMD simulations to study the structure of the electrolyte

interface  Cu(100)  for  CO  reduction,  in  contact  with  three  different  electrolytes:  neutral

bicarbonate solutions, neutral phosphate buffer solution and alkaline media.22,47,48 We observed

that, in electrolytes containing anions that specifically adsorb on Cu(100), such as bicarbonate or

phosphate anions, the anion poisoning the surface controlled the potential range at which the

main CO* intermediate was stabilized. We suggested that the onset potential for the formation of

the main products, i.e. C2H4  on Cu(100), in neutral buffer solutions, is clearly limited by the

anion blocking the surface and not only affected by the solution pH.12 Here, we show that both
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experiments and simulations underline that the CO poisoning on Cu single-crystalline electrodes

is controlled by the specific properties of the Cu(hkl) | electrolyte interface.

Additionally, our simulations in this work suggest that PO4* is the main adsorbed species on

Cu(111), even at acidic pHs, while on Cu(100) we observe the protonated HPO4*. Hori et al.,30

as well as other authors for diverse reactions,49,50 postulated that the pKa of the adsorbed anions

in the metal-electrolyte interface is considerably lower compared to the pKa in the solution. On

Cu(111), the drop of the pKa must be particularly pronounced, since its tendency is to stabilize

the deprotonated PO4* at low pH. Remarkably, the efficiency of the CO reduction on Cu and in

phosphate neutral media, is considerably affected by competition with the hydrogen evolution

reaction (HER).51 In contrast, the HER on Cu is better suppressed in other neutral electrolytes

containing,  e.g.,  bicarbonate,  chloride or  sulphate solutions,  in  which  the  product  selectivity

towards multi-carbon products is significantly improved.51 The strongest acidity gained by the

phosphate  anions  (Table  1)  at  the  electrode  surface  could  also  contribute  to  enhance  the

selectivity  towards  the  HER,  which  makes  the  neutral  phosphate  buffer  electrolyte  a  poor

candidate for the CO reduction reaction.

Conclusions

Herein  we aimed to provide  a  detailed  description  of  the  structure of  the  interface  between

Cu(111) and Cu(100) | phosphate buffer solutions in presence of CO. The interfacial properties of

the  Cu(hkl)-electrolyte  interface  were  assessed by combining voltammetric  CO-displacement

measurements  and  ab-initio  simulations  of  the  Cu  single-crystalline  electrodes-electrolyte

interfaces.  Good alignment was found between experiments and simulations,  from which we

showed that:
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a) CO adsorbs on the surface in the potential region close to the desorption of phosphate species

anions  from the  electrolyte.  Theoretical  calculations  suggest  that  the  predominant  adsorbed

specie is HPO4
* on Cu(100), while it is PO4

*on Cu(111).

b) The adsorption of CO on Cu(111) takes place at less negative potential values than on Cu(100)

due to the lower binding energy of phosphate species on Cu(111).

c) CO adsorption is stronger on Cu(100) than on Cu(111), shown by the more pronounced shift

of  the  phosphate  peaks  CVs by CO on Cu(100)  than  on  Cu(111),  despite  the  fact  that  the

phosphate adsorption on Cu(100) is stronger. 

d) Experiments and simulations evidenced that the onset potential at which CO adsorbs on the

surface  is  controlled  by  the  properties  of  the  Cu(hkl)-electrolyte  interface,  and  particularly

limited by the anion blocking the surface.

This work highlights the importance of combining cyclic voltammetry under potential control

with theoretical calculations to find the relations between interfacial properties of Cu electrodes

and electrocatalytic CO reduction. Future work should be encouraged to elucidate and rationalize

how specific electrolyte interactions and solvent reaction affect the surface structure stability of

Cu-single crystalline surfaces under different potential conditions, as well as its influence on the

CORR performance.
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1. Experimental details

Cyclic voltammograms were carried out in a three electrode glass cell. A Cu wire was used as a

counter electrode, cleaned with diluted 50%water/50%nitric acid solution and rinsed with water.

The reference electrode was a calibrated calomel electrode (SCE) separated from the solution

through  a  luggin  capillary.  Potentials  in  this  work  were  referred  to  the  standard  hydrogen

electrode (SHE). The working electrode was a Cu(hkl) single crystal purchased from MaTech

company.  It  was  kept  at  the  meniscus  configuration  during  the  recording  of  the  cyclic

voltammograms. Surface pre-treatment of Cu(hkl) was adapted from literature1,2: Galvanostatic

Electropolishing  was  applied  in  a  two-electrode  cell  containing  a  mixture  of

10H3PO4:2H2SO4:2H2O (volume rate). The counter electrode was a Cu spiral-wire of large area.

The immersed Cu(hkl) was electropolished at -1,8V during 10 to 30 seconds. Then, the single

crystal was rinsed in Milli-Q water and transferred to the cell. Successive voltammetric cycling

was carried out in the pseudo-capacitive region of the Cu(hkl) until the cyclic voltammetry was

stable.  The  starting  potential  was  a  potential  value  within  the  pseudo  capacitive  region.

Voltammetric  experiments  were  recorded  using  a  VSP-300  Bio-Logic  multipotentiostat.

Ultrapure (99.99%) phosphoric acid (H3PO4) and sulphuric acid (H2SO4) were purchased from

Merck to prepare the mixture for the electropolishing surface pre-treatment.  Phosphoric  acid

(H3PO4), sodium biphosphate (NaH2PO4), sodium hydrogen phosphate (Na2HPO4) and sodium

hydroxide (NaOH) were used to prepare the different 0.1M phosphate buffer solutions. All of

them were purchased from Merck company, with ultra-pure quality: 99.95-99.99%. Blank cyclic

voltammograms were carry out under inert conditions, i.e., after deoxygenating the solution with

Ar. After carrying out the blank CVs, solutions were saturated with CO during ten minutes and

then the cell was kept under CO atmosphere. pH was measured electrochemically, comparing the



SCE reference potential in front of a reversible hydrogen electrode (RHE) made by immersing a

Pt wire in the working solution and saturating the solution with hydrogen gas.  pH was also

measured using a pH-meter VWR-sympHony SP70P as a control measure of the pH.

2. Blank cyclic voltammograms of Cu single crystalline electrode in phosphate solution.

Figure S1: Plot of the cyclic voltammetries of the Cu(hkl) | 0.1M phosphate buffer interface as a

function of the pH (right axis). Scan rate: 50mV/s. A) Cu(100), B) Cu(111). Blue lines and black

lines are consecutive cycles recorded without breaking the meniscus configuration. Black curves

are short potential windows, while in the blue curves, the cathodic potential limit was enlarged

towards the HER reaction. 



3. Analysis of the voltammetric data. charges and potential values of anion and CO 

peaks 

Figure S2:  Calculated charges involved in the CO or phosphate peak from the CVs. A) Cu(111)

and B) Cu(100). Solid symbols correspond to the charge values (Q) of the CO-peak, while open

symbols correspond to the charge values of the phosphate-peak, i.e. from the blank solutions.



Figure S3: A) Plot of Ec and Ea (cathodic and anodic peak respectively) vs pH of A) Cu(111) and

B) Cu(100) in phosphate buffer solutions and in presence of CO. Ec are black squares, Ea are red

circles.



4. Computational details

The atomic structures were modelled in the ASE.3 The metal facets of copper are composed of

face-centered  cubic  (3x4x3)  unit  cells,  with  all  layered  fixed.   The  model  for  water  in  the

interface consists of three layers of water molecules with a total of 24 water molecules, which

are all allowed to move freely during simulation. In order to resemble the density of pure water

and to keep the water density in the interface constant, an additional immobile hexagonal water

layer is placed on top of the mobile aqueous phase. The net dipole of this fixed water layer

equals zero. The fixed top layer of water remains unchanged when atoms are added or subtracted

from the interface. Although the water model is realistic, it still suffers from limitations due to

number of water layers, area of unit cell, periodicity of cell, and more. 

The electronic structure calculations are performed at the Generalized Gradient Approximation

Density Functional Theory level with the projector-augmented wave method, as implemented in

GPAW4.  The  interface  is  simulated  by  AIMD  at  a  constant  temperature  of  300  K,  using

Berendsen5 NVT dynamics, applying a timestep of 1 fs, and a time cooling constant of 200 fs. To

achieve thermal  equilibration and a sufficient  number of  states for the GCHE approach,  the

electronic structures are carried out by RPBE6 calculation in the LCAO mode with a grid-spacing

of 0.18Å and using 1x1x1 k-points. 

In the GCHE scheme, the energies of the phosphorous electrolyte of each state of the AIMD

configurations for a given potential and pH are defined by



e−¿ , pH
n , p ,q ,ϕ¿

¿
e−¿

n , p ,q ,ϕ¿
¿

e−¿−2.3 kB TpH
ϕ SHE−μ¿

Δ EGCHE¿

where p= {0,1,2 } , q={0,1 } , and n={−6 …6 } . The energy,  Δ EGCHE , is a function of 

the number of protons n removed or added, the number of CO adsorbates p, the number of

H 3 PO4 (aq )  q, the work function 
e−¿

ϕ¿
, and pH. μ  denotes the chemical potential of 

molecules, ϕSHE  is the defines standard hydrogen electrode potential of 4.4 V7 on an absolute 

scale {ref}, k B  is the Boltzmann constant, T is the absolute temperature, and

⟨ E ( {n , p ,q , }=0 ) ⟩  is the reference energy. 

To obtain the energetics and coverages of the interface, all GCHE energy states are Boltzmann 

weighted by binning the data within a bin of chosen size as: 

e−¿

n , p ,q ,ϕ ¿
¿

Δ EGCHE (¿i¿¿kB T )
−¿

Ai exp¿

⟨ A ⟩= 1
Z ∑

i=1

N

¿

A= {Δ EGCHE , ΘGCHE }



Where Z denote the partition function, N is the total number of states in the bin, and ⟨ A ⟩  is the

property of intereset, in this case, the energy ( ⟨ Δ EGCHE ⟩ ) and the coverage ⟨ ΘGCHE ⟩
¿

). 

Eventually, the current is calculated as:

j=dQ
dt

=dQ
dV

dV
dt

= dE
dV

1
dV

dV
dt

=dE
dV

1
dV

dV
dt

Q1ML

e

where 
dE
dV

1
dV

 is the double differentiation of the phase diagram, 
dV
dt

 is a chosen CV scan

speed, and Q1 ML  is the charge of one monolayer on the two Cu facets.  The charge ( Q1 ML ) 

is calculated as the number of surface sites for each facet with a copper lattice constant of 3.6149

Å,  arriving at 283 μC/c m2  and 245 μC/c m2  for Cu(111) and Cu(100), respectively.

5. Simulated adsorbates

Table S1: an overview of adsorbates simulated on Cu(100) and Cu(111), respectively. 

Cu(100) Cu(111)



CO

2 CO

OCCO as dimer

OCCHO

OCCOH

[0;6] H

[1;6] OH

PO4

HPO4

H2PO4

H3PO4

CO

2 CO

(the OCCO dimer is not stable)

CHO

COH

[0;6] H

[1;6] OH

PO4 

HPO4 

H2PO4

H3PO4

6. Energetics of the anion reference: taking pH into account

Table S2: Thermodynamic data at standard conditions used for phosphate

H3 PO4(aq) −¿(aq)
H 2 PO4

¿
2−¿(aq)

H PO4
¿

3−¿(aq)
PO4

¿

G° /[kJ /mol ] −1142.6 −1130.0 −1089.2 −1018.7

Figure S4: Schematic illustration of how the energetics of the anion is set. 



Phosphoric acid is triprotic:

+¿
H ¿

¿
−¿

H 2 PO4
¿

¿
¿

k a1=¿

¿7.1∙10−3

+¿
H ¿

¿
2−¿

HPO4
¿

¿
−¿

H2 PO4
¿

¿
¿
¿

k a2=¿

¿6.2∙ 10−8

+¿
H ¿

¿
3−¿
PO4

¿

¿
2−¿

HPO4
¿

¿
¿
¿

ka3=¿

¿4.5 ∙10−13



At all pH: 

3−¿+3 H+¿

PO4
¿

2−¿+2H+¿=G¿

H PO4
¿

−¿+H+¿=G¿

H 2 PO4
¿

GH 3 PO4
=G¿

Hence, at varying pH:

+¿
H ¿

¿
ka=¿

¿10−pH ∙
x

1−x
⇔ x=

ka

10−pH ∙
1+ka

10−pH

With x denoting the most protonated anion in the equilibrium of interest, 

The Gibbs free energy of H 3 PO4(aq) :

x
ΔGH 3 PO¿ 1=G°H 3 PO4

+kB T ∙ ln  (1−x1)

The Gibbs free energies of the following phosphate anion are set with respect to H3 PO4(s) . 

As the anion 
−¿

H 2 PO4
¿  occurs in two equilibria, the Gibbs free energies can either be expressed

with x1  or x2 , with the subscript of x  ascribing the equilibrium of interest: 
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1

H 2 PO4
−¿+k B T ∙( ln ( x1 )+ ln ( [10−pH ]))

+¿¿=G°¿

−¿+H ¿

H 2 PO4
¿

ΔG ¿

2

H 2 PO4
−¿+k B T ∙( ln (1−x2)−ln ([10−pH ] ))

+¿¿=G °¿

−¿+H ¿

H 2 PO4
¿

ΔG¿

Hence, 
2−¿

H PO4
¿  and 

3−¿
PO4

¿  are expressed as: 

2

HPO4
2−¿+k BT ∙(ln ( x2 )+2∙ ln ( [10−pH ] ))

+¿¿=G °¿

2−¿+2 H ¿

HPO4
¿

ΔG¿

3

HPO4
2−¿+k BT ∙(ln (1−x3 )−2∙ ln ([10−pH ] ))

+¿¿=G°¿

2−¿+2H ¿

HPO4
¿

ΔG¿

3

PO4
3−¿+kB T ∙( ln ( x3 )+3 ∙ ln ([10−pH ] ))

+¿¿=G °¿

2−¿+3 H ¿

PO4
¿

ΔG¿

The energetics of the phosphate anion in the range of pH is set with respect to the Gibbs free 

energy of H 3 PO4(s) . As seen in the scheme in Fig. S4, ΔG1  is obtained as the difference 

between H 3 PO4(s)  and the minimum of:
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2
3
3

+¿¿

2−¿+3 H ¿

PO4
¿

+¿¿ , Δ G¿

2−¿+2 H ¿

HPO4
¿

+¿¿ , Δ G¿

2−¿+2 H ¿

HPO4
¿

−¿+H x2

+¿ , ΔG¿

H 2 PO4
¿

−¿+H x1

+¿ , ΔG¿

H 2 PO4
¿

ΔGH 3 PO4 x1

, ΔG¿

min¿

Thermodynamic data from Atkins8 and Nørskov9 et al. used to set the energy of the phosphate 

anion. On the surface, the entropy of the adsorbed anion is assumed to be 0. 

H 3 PO4(aq) → H 2 PO4
¿ +¿ 1/2H2(g)

−T Δ S −0.34 eV 0eV −1 /2 ∙0.41eV
ZPE 1.46 eV 1.059 eV 1/2∙0.27 eV
ΔG2 −0.13 eV

H 3 PO4(aq) → H PO4
¿ +¿ H2(g)

−T Δ S −0.34eV 0 eV −0.41eV
ZPE 1.46 eV 0.781 eV 0.27 eV
ΔG2 −0.48 eV

H 3 PO4(aq) → PO4
¿ +¿ 3/2H 2(g)

−T Δ S −0.34 eV 0eV −3 /2∙0.41 eV
ZPE 1.46 eV 0.429 eV 3/2 ∙0.27 eV
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ΔG2 −0.0eV

Figure S5: Plot of the variation in ΔG1  according to pH change. ΔG1  is obtained as the 

minimum Gibbs free energy of the phosphate species. The dotted lines correspond to pK a1 ,

pKa2 , and pK a3 , respectively. 

7. Simulations of the Cu | blank phosphate solution
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Figure S6: Simulations of the Cu surface and phosphoric electrolyte without including any CO 

species. Pourbaix diagrams of A) Cu(100)  and B) Cu(111), respectively. C) (Cu(100)) and D) 

(Cu(111)) represent the corresponding current, obtained as the gradient of the Pourbaix diagram. 

A Gaussian is fitted to every integer of pH, and the means are plotted as green dots.  The dotted 

lines are fitted to the means. For Cu(111) a shift of the peak is observed. 

8. Binding energies of adsorbates
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Figure S7: binding energies ( Δ E x ) of the adsorbate x on Cu(100) and Cu(111), respectively.

As dimers were found to be unstable on Cu(111), the parentheses denote the stable dimer on

Cu(100).  

9. Robustness in the phosphate reference
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Figure S8: A) and B) are  test  of the robustness of the phosphate reference in Cu(100).  The

ΔG1  reference is changed with either +0.5 eV or -0.5 eV, respectively. The green dotted lines

originate from the fit of Gaussians of coverages obtained without any correction to the ΔG1

reference. The deviations in the currents in C) and D) and the linear trends point towards the

importance of a proper phosphate reference. The Cu(111) facet shows analogous behavior. 
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