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Abstract

Electrochemical reactions depend on the electrochemical interface between the electrode surfaces and
the electrolytes. To control and advance electrochemical reactions there is a need to develop realistic
simulation models of the electrochemical interface to understand the interface from an atomistic point-
of-view. Here we present a method for obtaining thermodynamic realistic interface structures, a
procedure we use to derive specific coverages and to obtain ab initio simulated cyclic voltammograms.
As a case study, the method and procedure is applied in a matrix study of three Cu facets in three
different electrolytes. The results have been validated by direct comparison to experimental cyclic
voltammograms. The alkaline (NaOH) cyclic voltammograms are described by H* and OH*, while
in neutral medium (KHCOj3) the CO} species are dominating and in acidic (KCI) the Cl* species
prevail. An almost one-to-one mapping is observed from simulation to experiments giving an atomistic
understanding of the interface structure of the Cu facets. Atomistic understanding of the interface
at relevant eletrolyte conditions will further allow realistic modelling of electrochemical reactions of

importance for future eletrocatalytic studies.
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Introduction

Electrochemical energy conversion technologies are key in the transition to a sustainable society[1].
Despite the long and well-established history of (electro)catalysis, further understanding of the elec-
trocatalytic interface for electrochemical reactions is needed. Computational studies within catalysis
have e.g. revealed scaling relations|2, 3], which have been used to gain fundamental insight of catalytic
reactions. This has in combination with computational screening for active surfaces|4| accelerated cat-
alyst development, as the scaling relations can be used to derive Sabatier principles between calculated
binding energies and the experimental activities of materials for key reactions|5, 6]. However, in these
models, inclusion of the electrolyte or the surrounding conditions have only been sparsely investigated
at the atomic-scale, but interest has increased in the recent years|7].

A particular useful experimental technique to gain an understanding of the catalyst-electrolyte
interface is cyclic voltammograms (CVs). CVs can be carried out on different electrode materials.
However, for the purpose of gaining atomistic insight it is preferable on well characterized single
crystal electrodes. Distinct oxidation and reduction features can be observed in the CVs, which define
the electrochemical properties of the electrochemical interface. Under specific experimental conditions
(pH, anions, cations, scan rate, etc.) the features observed in the CVs can be considered a fingerprint
of the changes in the interface structure. Ultimately, explaining the features observed in a CV gives a
deep understanding of the complex electrochemical interface region.

To date, one of the most intensively studied single crystal system is Pt[8, 9, 10, 11, 12|, as Pt
materials are state-of-the-art catalysts in e.g. polymer electrolyte membrane fuel cells. Other metallic
single crystal surfaces such as Ag[13, 14], Au[8, 9], Pd[15, 10], Rh[10], Ir[8, 16], Ru[17] and Cul[18, 19,
20, 21, 22, 23] have also been electrochemical investigated in the literature.

Cu single crystals are an interesting electrochemical interface to study as Cu metal has been shown
to enable electrochemical CO, and CO reduction reactions towards valuable hydrocarbon and alco-
hol products|24, 25, 26, 27] and moreover the product distribution have been shown to be dependent
on both the different facets and the compositions of the electrolyte [28, 29, 30, 31, 32]. Hence, un-
derstanding Cu single crystals with different electrolyte conditions in the metallic phase is of great
interest.

In Figure la, the Pourbaiz diagram for Cu shows stable phases under aqueous conditions as a
function of the Standard Hydrogen Electrode (SHE) potential and pH, and the dashed black line indi-
cate the potential versus the reversible hydrogen electrode (Vg g). In this work, only the potentials
and pH values where metallic Cu is stable is of interest, as this is where the electrochemical CO5 and
CO reduction reactions takes place. Figure la have been colored denoting the three pH-potential re-

gions in which the electrochemical interface will be screened, corresponding to the following electrolyte
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Figure 1: (a) Pourbaix diagram of Cu shwoing the stable phases as a function of potential (Usyg)
and pH at 25°C and the dashed line indicate Ugpyp—0 V. Data is adapted from|37]. (b) Schematic of
the electrolyte parameter space when investigating electrolytes in contact with a metal facet. The 2nd

clectrolyte corresponds to mixing multiple anions and cations.

conditions; Acidic (yellow), Neutral (green) and Alkaline (blue).

Metallic Cu single crystals have been previously investigated experimentally. For instance, Cu(111)
in alkaline NaOH conditions has been studied by CV showing asymmetric double adsorption peaks
around 0.05 Vi e and double desorption peaks around -0.05 Vg p.[21, 19, 18, 20] For Cu(100) in
NaOH, CVs have been found stable with symmetric adsorption and desorption peaks observed around
-0.15 Viy .19, 18, 20] However, as recently shown in a comprehensive work and literature study by
Engstfeld et. al[23], the Cu(100) CV peak shape, size and potential depends on both, preparation
procedure and amount of residual O, in the electrolyte. Clearly, this introduces several uncertainties
for the interpretation of the Cu CVs. For Cu(110) in NaOH, a relatively flat CV has been observed.[20]

In the intermediate (neutral) pH range, single crystal CVs on Cu(111) and Cu(100) have been mea-
sured in a CO(g) saturated phosphate buffer.[32] These experiments show adsorption and desorption
peaks for Cu(100) around -0.3 V gy g, in good agreement with our recent calculations on Cu(100) with
CO and phosphate species|29).

In the acidic region, CVs have been measured for Cu(111), Cu(100) and Cu(110) in HCIO,, showing
featureless (flat) CVs.[22] Below the typical CV potential region of Cu, in the HER region, reconstruc-
tion of the Cu(100) facet has been observed by STM.[33| Adding HCI to the HCIO, electrolyte or using
HCI electrolyte changes the Cu(111) and Cu(100) CV from featureless to having broad adsorption and
desorption features at low potentials.[34, 35, 36]

Herein we study the Cu(111), Cu(100) and Cu(110) facets by Ab Initio Molecular Dynamics

(AIMD)[38, 39] simulations of explicit electrolytes in contact with the surfaces. From these, we obtain
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energetics as a function of the workfunction. This can be linked to the potential and ionic strength
dependence by employing the Generalized Computational Hydrogen Electrode (GCHE)[40, 41, 29], as
a posterior analysis of the system. This scheme allows explicit calculation of interface phase diagrams,
from which the coverage of species can be derived and allows to obtain theoretical CVs for a set of
surface structures. The theoretical CVs are then compared directly to experimental CVs and, when
features allow it, a simple fitting procedure from experiment to the calculated states were carried out.
Where the fitting only adjusts the binding energies of the simulated states (AEy,, — AEn,,,, +Egt)-
This means that structures not considered in the simulations, but existing in reality, cannot be fitted
or considered states can be overfitted. Furthermore, It should be noted that computational CVs are
a less studied field, due to the difficulties of simulating the electrochemical interface, as compared to
binding energy and other reactivity trend studies. Whereas, calculation of adsorbate coverages can be
found in the literature.[42, 43, 41, 44|

Investigating the three Cu facets with three pH/electrolyte regions entails a massive number of
parameters to be simulated/screened. This parameter space is shown in Figure 1b, with coverages
of H*, OH*, O*, Cation(s), Anion(s) and 2nd electrolyte parameters that in principle require explicit
calculations as well as their combinations (2nd electrolyte refers to secondary electrolyte effects). For
example, a first approach would be to only consider H* and OH* states and their combinations up to
half a monolayer (ML) coverage in a 12 atom unit-cell, which requires 7x7 = 49 AIMD simulations.
Hence, including Cation(s), Anion(s) and 2nd electrolyte will quickly become an unsumountable com-
putational task to span the whole parameter space. As a consequence, one has to be selective with
respect to resources and iteratively select relevant electrolyte parameters to simulate.

This work uses a method that gives an interface in equilibrium with the electrochemical conditions,
which ideally, should correspond to the experimental CV profiles. However, the modelling does have

its limitations and assumptions, which are listed below:

- No reconstruction of the Cu(hkl) facet is considered.

- The simulated CVs only includes structures/adsorbates which are selected with respect to the
electrolyte (i.e. no impurities).

- The simulated CVs corresponds to a reversible CV scan. Here the comparison is carried out with
respect to the anodic scans.

- The simulated CVs and available coverages are limited by the finite unit-cell size.

- Only some configurations (naturally occuring in the AIMD) are considered in the simulations.

- Estimating the adsorbates entropy in the interface with respect to the electrolyte is difficult.

Finally, it is important to realize that the peak positions of the simulated CV will rely on absolute

calculated adsorption energies which are related to a larger error than trends in adsorption energies,

(o]
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Table 1: Experimental and simulation matrix investigation of the three Cu facets in three different Ar

saturated electrolyte and pH conditions. The top row for each entry shows the electrolyte conditions

while the lower row shows the included simulated surface adsorbates.

Acidic (pH~1)

Neutral (pH~8.3)

Alkaline (pH~13)

Cu(111) | 0.1M HCIO; + 0.01M KCI 0.1M KHCO3 0.IM NaOH
H*, OH*, CI* H*, OH*, HCO3, CO; H*, OH*

Cu(100) | 0.1M HCIO; + 0.01M KCI 0.1IM KHCO; 0.1IM NaOH
H*, OH*, CI* H*, OH*, HCO3, CO3 H*, OH*

Cu(110) | 0.1M HCIO, + 0.01M KCI 0.1IM KHCO; 0.IM NaOH
H*, OH*, CI* H*, OH*, HCO3, CO3 H*, OH*

which is typically the strength of the successful volcano and scaling relation based Density Functional

Theory (DFT) studies|2, 3]. However, as we carry out an experimental and simulation type of matrix

study between Cu facets and electrolytes shown in Table 1, this mapping allows us to cross-reference

our absolute values and hence make our conclusions more robust.
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Methodology and Results

The procedure to make ab initio cyclic voltammograms is explained here and is followed by simulations,
fits and experiments of Cu(hkl) crystals in alkaline, neutral and acid media. Figure 2 summarizes the

five steps used to generate the simulated CVs which are:

(1) Relevant simulations of electrolyte structures are performed. For aqueous electrolytes this com-
prises the clean water-covered surface, H*, OH*, potentially also O*, cations, anions and other

electrolyte species/intermediates.

(2) The chemical potential is set for all species with respect to electrolyte conditions, accounting for

pH, electrode potential and concentrations (see equation (1)).

(3) Boltzmann weighting is carried out to give a distribution with the most stable configurations at

different potentials (see equation (2)).

(4) The slope of the Boltzmann-weighted energy corresponds to the charge of the interface. Differ-

entiating the Boltzmann weighted energetics, one obtains the isotherm from the surface.

(5) Differentiating one more time and multiplying with a chosen scan rate gives a simulated CV (see

equation (3)).

This article is protected by copyright. All rights reserved.
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Figure 2: Flow diagram showing the principles used to obtain coverages and CVs from an interface

model.
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Cu(hkl) in alkaline media

The first calculations needed to create the theoretical CVs are simulation of the different coverages
of H* and OH*. This set of simulation can represent CVs where electrolyte cation and anions have a
minor influence. Specifically for the Cu system, we have previously shown that the binding energies
are almost unaffected by the presence of cations|29].

From the simulations of H* and OH* on the three facets of Cu, in combination with the stepwise
procedure of Figure 2, the coverages (noted (Ogcg)) and theoretical CVs are obtained as shown in
Figure 3a-c and Figure 3d-f, respectively.

Experimental CVs in NaOH are shown in Figure 3g-i. The Cu(111) facet is observed to have
a double peak, the Cu(100) has one symmetric peak and the Cu(110) is rather featureless. This is
similar to the experiments by Schouten et al.[20] We must note that CVs reported in the literature
on Cu single-crystalline electrodes depend strongly on both the surface pre-treatment and the selected
potential range [20, 23]. Recently, Engstfeld et al. showed that Cu(100) electrodes prepared by
sputtering in ultra-high vacuum and annealing allowed the formation of highly-ordered surfaces [23].
The discrepancy between the reported CVs and those reported by Engstfeld et al. might be attributed
to the presence of defects.

The experimental CVs can be interpreted by integrating the CV peaks as shown in Figure S1
for relevant anodic scans. Figure Sla reveals that the Cu(111) double peak corresponds roughly
to about 3/12 or 4/12 ML charge. Figure S1b shows that the broad Cu(100) peak corresponds to
4/12 ML charge. For the case of Cu(111) and Cu(100) the experimental features allow for a fitting
of the simulated states, and this illustrates the deviation of the OH* adsorption onset potential from
simulations to experiment, with an approximate shift of 0.1 eV per. OH*.

The Cu(111) simulation in Figure 3a shows coverage, (Ogcg), of 0.33 ML (4/12 ML) OH*, which
is similar to the experimental integrated double peak. However, the peak exhibits an earlier potential
onset than the experimental results and the fit primarily move the OH* towards weaker binding.

The Cu(100) simulation in Figure 3b also reveals a coverage of 0.33 ML (4/12 ML) OH*, which is
similar to the integration of the experimental peak. However, again the OH* binds too strong relative
to experiments and by fitting the potential dependent increase in OH* coverage at more positive
potential resemble the experimental results.

The OH* shift for Cu(111) is roughly 0.1 eV destabilization per. OH*, while for Cu(100) including
only H* and OH* states the destabilization is larger (see Table S6). Another possibility for the
experimental CV for Cu(100), is that combinations of H* and OH* are present. In Figure S6 the
resulting simulation with combinations are shown with the fitting parameters in Table S8. This

approach reveals close to similar destabilization energy per. OH* with Cu(111). Furthermore, it

This article is protected by copyright. All rights reserved.



ChemPhysChem

10.1002/cphc.201900508

illustrates that multiple solutions to experimentally observed adsorption/desorption phenomena from

CVs exist and the difficulty of knowing the exact potentials and coverages.

The Cu(110) simulation exhibits a fixed OH coverage of 0.18 ML (3/16 ML) OH* over the inves-

tigated potential range, which resembles the flat experimental CV i.e. no fitting have been carried

out.

Including only simulated H* and OH* intermediates in the interface to calculate theoretical CVs

is shown to fit relatively well with the alkaline CVs of the Cu facets. Minor offsets in simulated and

experimental peak positions are observed. which can be a result of deviating absolute DFT values.
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Figure 3: Simulations (blue) and fitting (black) of H* and OH* coverages (a-c). the derived CVs (d-f)

and the experimental CVs (g-i) in alkaline (NaOH) for the three Cu(hkl) facets. Fitting parameters

are given in Table S6.
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Cu(hkl) in neutral media

For Cu(hkl) in neutral electrolytes, different H*, OH*, cation and anion configurations need to be
considered. Previously[29] we have shown simulated results for phosphate and carbonate anions on
the Cu(100) facet and moreover CO% species has been experimentally observed on polycrystalline Cu
in KHCOj3[45].

Figure 4 shows simulations and fits considering bicarbonate anions as well as H* and OH* together
with the experimental CVs in KHCOg for the three Cu facets. The features of the experimental CVs
change significantly with respect to the alkaline NaOH CVs presented in Figure 3.

The experimental CV on Cu(111) exhibits two separate peaks on the anodic scan and only one
in the cathodic scan. The difference in anodic and cathodic scan led to speculation of reconstruction
occur on the Cu(111) facet[46], which is not addressed here. Integrating of the two anodic peaks
indicate that the first peak corresponds to 2/12 ML charge and the smaller second peak increases the
charge coverage to 3/12 ML, see Figure Slc. The experimental CV for Cu(100) have a small decrease
of charge over the potential range investigated, while Cu(110) exhibits a minor increase in charge due
to a subtle feature around -0.05 Vgyug.

For the bicarbonate CV at Cu(111), the correction found for the alkaline Cu(111) CV is used for
H* and OH* together with simulations of HCO3 and CO3 anions. Here the coverage of a CO3 anion
is set to 2/12 ML to match the charge and the fact that the anion approximately takes up two sites at
the surface. This suggests that initially one COZ3 anion and one OH* adsorps and at higher potentials
additional adsorption of CO} increases the total coverage. This results in simulation of two relatively
sharp peaks with too much charge as compared to the experiment. When fitting is carried out, the
CO%, 2C0O% and 10H* states are all destabilized, allowing for a better fit to the experiment (fitting
values is listed in Table S7). Another high coverage solution for CO anions can also be identified as
shown in Figure S7, with the fitted values in Table S9. This also reproduces the experimental CV
with a stronger average COj binding. Finally, a pure OH* and H* solution could also satisfy the
experimental data, but this is neglected due to the observation of CO3 on polycrystaline Cul[45].

The Cu(100) simulation shows a surface covered by two COZ anions giving rise to a relatively
featureless CV comparable to the experiment. Only a small decay of a peak feature at low potential
is shown from early adsorption of the carbonate anions and at high potentials from increased CO3
coverage.

The Cu(110) simulation shows first a 3/16 ML OH* coverage (blue), followed by the adsorption of
two CO3 anions. This gives rise to a peak in the simulated CV, whereas the experimental CV is flatter.
The fitted model suggests that CO3 also binds stronger relative to that indicated by the simulations.

However, still due to the finite size, the fit overestimates the CV peak size. Further, a pure OH* and

11
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H* solution could also have satisfied the experiment.
It is observed that adding carbonate anion species to the simulations agrees relatively well with
the experimental CVs. The dual peak of Cu(111) is almost reproduced, the featureless Cu(100) CV

arise due to a constant COZ coverage and the Cu(110) deviate a bit.
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Figure 4: Simulations and fitting of H*, OH*, HCO} and CO} coverages (a-c), the derived CVs (d-f)
and the experimental CVs (g-i) in neutral (KHCOj3) for the three Cu facets. The COZ binds strongly
hence poisoning the surface with respect to the OH* intermediates. Each COj has been set to cover

two surface sites and fitting parameters for Cu(111) is given in Table ST.
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Cu(hkl) in acidic media

For the acidic electrolyte, we investigate the influence of the strongly adsorbing C1* species on the CVs
of the Cu facets|43|. The previous investigations showed that the strong adsorbing C1* anions can give
rise to adsorption/desorption features at low overpotential[34, 35, 36] and importantly, the Cu surface
is known to reconstruct in acidic conditions|33].

In this work, the experimental CVs for HC10,4+KCl electrolytes are shown in Figure 5. The Cu(111)
and Cu(100) CVs are rather featureless CVs, while the Cu(110) CV has an almost symmetric peak
observed at -0.1 Vryg, corresponding to a change in charge of 1/16 ML, as integrated in Figure S1d.

The Cu(111) simulations show an initial coverage of 1/12 ML CI* which increases up to 3/12 ML
CI* at -0.1 Vryge. This increase gives rise to a broad region of positive current in the simulated CV.
This broad feature does not exist in our experimental Cu(111) HC1O4+KCl1 CV. Instead, an increased
negative current is observed from an assumed slow HER while having C1* at the surface. Note that
this irreversible current contribution from HER is not captured by the model i.e. this discrepancy
between simulation and experimental CV is not surprising.

The Cu(100) simulations show a constant coverage of 3/12 ML C1* in the investigated region. This
results in a featureless (flat) simulated CV, which coincide well with that observed in the experiment.
However, at higher potentials, the simulation suggest higher Cl* coverages, while the experimental CV
could simply show oxidation/dissolution.

The Cu(110) simulations show an initial CI* coverage of 3/16 ML which increases to 4/16 ML C1*,
giving rise to a simulated peak in the CV. This change in charge corresponds to the experimental CV,
where the charge at the surface increases at -0.1 Viypg. The fitted simulations show that only minor
binding energy changes of C1* move the simulated peak to fit the experiment. Note that this can also

be a result of reconstructions at the surface by the strong C1* interaction.

13
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Figure 5: Simulations and fitting of H*, OH* and CI* coverages (a-c), the derived CV (d-f) and the
experimental CV (g-i) in acidic (HC1O4 + KCI) for the three Cu facets. The Cl anion, known to
poison surfaces, bind strongly to the surface and has a poisoning effect with respect to OH*, which

resemble the experiments.
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Discussion

This work demonstrates how it is possible to utilize AIMD simulations of explicit electrolytes in contact
with various surface facets to calculate the coverage of H*, OH* and different anions. Further, CVs
have been derived and compared to experiments. A relatively good comparison is obtained, and by
fitting the simulations, the origin of the differences is revealed. However, it is highly relevant to discuss:
(i) the differences between AIMD and vacuum simulations, (ii) whether the workfunction reference is
needed and (éii) differences between the proposed inactive HC1IO4 and NaOH electrolytes.

(7) Is the AIMD, calculating the energy and workfunction to utilise the GCE scheme, really needed
to obtain valid coverages on an RHE scale? In Figures S2, S3 and S4 the Computational Hydrogen
Electrode (CHE)|[2] surface Pourbaix diagrams and coverages are presented to be compared with the
GCE result. A difference is that the CHE method has a step function feature of the coverages, which
is similar to Pourbaix diagrams. The GCHE method has a smooth transition in coverages, which is
based on the Boltzmann weighting of the states with different coverages and is the basis for deriving ab
initio CVs. CVs can also be derived from CHE coverages, but only by an assumption on the transition
between states (Langmuir isotherm or other). Comparing the coverages, the H*, OH* and to some
extend CI*, the AIMD GCE and CHE results are relatively close to each other, while the HCO3 and
COj3 anions exhibit significant differences. To investigate whether this is solely an effect of the AIMD
water, the AIMD and vacuum energies of H*, H,O, CI*, CO*, HCO; and COZ have been co-plotted
as AEarap vs. AE ucuum in Figure 6. The figure elucidates that the H*, CI* and CO* energetics are
similar in AIMD and vacuum, with minor differences of H,O and, conversely, the CO% exhibit very
different AIMD and vacuum binding energy, with around 2.5 eV in difference. This could be a result

of the references used to set the energy of COJ, by the following equation:
CO + 2H,0 — CO; + 2Ho,.

However, the references CO(g)—CO*, H,O(g)—+H>0 and $H;(g)—H* show that the strong binding of
CO3 at low coverages is mainly a result of the AIMD water stabilisation, whereas high anion coverages
may be troublesome in our current setup. Overall it shows that some intermediates/anions requires
the explicit water stabilisation, in agreement with our previous work|29].

(ii) One could discuss whether it is necessary to calculate the workfunction and utilize this as a
second reference point. The GCE scheme uses the workfunction to get structures at the intended
potentials. We find that this is important for cases where the specific structure of the interface at a
specific potential is needed and for coverages and CVs, when the energetics are close to each other (in
the order of ~kgT). However, if the energetics of two comparable states are larger than kgT, then

the energetics dominate and the sampling of the workfunction is negligible for the purpose of CV and
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Figure 6: Comparison of binding energies between aqueous electrolyte AIMD simulations and vacuum
simulation for single adsorbates. For both types of calculation the same references are used. Colors

determine the adsorbate and the marker the Cu facet.

coverage plots.

(#2¢) Interestingly, the H* and OH* simulations seem to fit the alkaline CV for Cu. For Pt, the
H* and OH* simulations have been suggested to fit the acidic CVs in the proposed inactive HC1O,
clectrolyte[44]. However, there are differences between Cu and Pt. The workfunctions are 5.12 — 5.93
¢V and 4.53 — 5.10 ¢V for Pt and Cu, respectively. Furthermore, the binding energies are different and
the potential region of the CVs.

A comparison of the HCIO; and NaOH electrolyte experiments is shown in Figure 7 for Cu(111)
and Cu(100). The HCIO, experiments show features close to the ionisation potential of Cu—Cu?*
+2e” (Ep—0.34Vsyg). The incorporation of the ClO] anion to model the CV would be seemingly
natural. However, trying to carry out the ClO} anion calculation in the AIMD model reveals that
the interface potential is below the stable ClO} ion potential and the ion quickly breaks apart into
other ions. Whether Cu surfaces really reduces the CIO} ion to obtain a small ClO, coverage is as
of yet not known. Here, simulating H* and OH* in equilibrium at pH — 1 shows that this does not

corresponds to the HCIO, electrolyte CVs. In that instance the simulations rather exhibit the peak
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features seen in the NaOH CVs. But retroactively comparing the NaOH and HCIO; CVs does reveal
similarities. The Cu(111) HCIO, exhibits asymmetric peak at a higher RHE potential than NaOH
which also display an asymmetric peak. Further, the Cu(100) exhibit a symmetric peak in both HC1O4
and NaOH. However, at different potentials and size. Hence, for both Cu(111) and Cu(100) the HCIO,4
CVs could be fitted by only the H* and OH*, although with at large destabilisation of the OH* as
compared to the NaOH case. This could indicate a possible stabibilization of ClO, species covering the
surface, and that a certain potential is required for OH* to displace these ClO, species and increase
the coverage. Thereby, leaving a similar, but smaller OH* feature at high potential. However, this is

only speculations.
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Figure 7: CV experiments of Cu(111) and Cu(100) in HCIO, (acidic) and NaOH (alkaline) electrolytes.
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Conclusion

It has been shown that the developed method can be used to derive coverages and CVs from simulated
interface phase diagrams, which can be directly compared to experimental CVs. The results showed
a relatively good comparison between calculated CVs at different electrolytes and pH conditions for
the Cu(111), Cu(100) and Cu(110) facets. In alkaline conditions, the experiments were well described
by only having OH* on the surface, while in neutral bicarbonate conditions the surfaces for the Cu
facets are covered by CO3 anions. It should be noted that the correct evaluation of anion adsorption
in neutral pH widely relies on AIMD simulation, while only a small effect on H and OH adsorption
is noted when compared to vacuum calculations. In acidic chloride containing media, the Cu surfaces
exhibit significant CI* coverages. Notable differences between the simulated and experimental CVs
were observed. These deviations were fitted when possible, but the deviations could also be a direct
consequence of the limitations and assumptions listed in the introduction e.g. irreversible changes in
the surface structures from reconstruction or oxidation ect.

Here we present a deeper understanding of what is present at the electrified interface, showing
that we can obtain realistic electrochemical interfaces. Once having realistic electrochemical inter-
faces, electrochemical reactions can be studied more accurately by considering the relevant interface

conditions that influence multiple reactions at acidic, neutral or alkaline conditions.
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Methods

Electrochemical measurements

Prior to each experiment, Cu single crystal electrodes (MaTecK, 1 cm diameter, 99.999 %) with (100),
(111) and (110) orientation were electropolished at 3 V vs. Ti foil for 10 s in a H3PO,4/H>SO, solution
consisting of 130 mL H3PO, (VWR, 85 wty, ), 20 mL HoSO,4 (VWR, 95 wty, ) and 60 mL ultrapure water
(Elga, 18.2 MQ c¢m). The electrodes were then rinsed with ultrapure water and quickly transferred
into the electrochemical cell. CV measurements were carried out at 50 mV /s in Ar-saturated (Air
Liquide, N50) solutions containing 0.1 M NaOH (ACS. Reag. Merck), 0.1 M KHCO3 (99.9%, Sigma-
Aldrich), and 0.1 M HCIO,4 + 0.01 M KCI (ACS. Reag. Merck). A custom-made electrochemical cell
was used in a three electrode configuration, with a gold wire as a counter electrode and a reversible
hydrogen electrode (RHE, HydroFlex, Gaskatel) as a reference electrode. A BioLogic 240 potentiostat
was employed to control the electrode potential. All electrochemical measurements was done at room

temperature in a hanging meniscus configuration.

Generalized Computational Electrode (GCE)

In order to generate the interface diagrams from our AIMD trajectories containing energy and work-
function, we apply the Generalized Computational Hydrogen Electrode scheme.|40, 41]
The GCE[29] equation for different electrolyte investigations defines the energy of each state of the

AIMD configurations for a given potential, concentration and pH as:

AEcce(n, @, 6o pH) =Bln,,6,) — (E({x,n} = 0)) - zux,,
eUrnuge

- 7:.%;1.%2 — ‘n'(d)sm: — Po- — 2.3kBTpH)‘, where n = {—6,..,6}. (1)

Here the energy, AEgcE, is a function of the number of protons n removed or added, the workfunction
¢, pH (Ugyg) and the number x of adsorbates X added at thermodynamic equilibrium conditions. g
denotes the chemical potential of a chemical species, ¢syg is the defined standard hydrogen electrode
(SHE) potential of 4.4 V on the absolute scale[48], kp is Boltzmann’s constant, 7" is the absolute
temperature and (E({n,z} = 0)) is the reference energy.

In order to obtain the energetics and coverages of the interface at specific conditions determined
by eq. (1), all the GCE energy states are Boltzmann-weighted by binning the data within a bin of

chosen size as:

14 —AEccg(n, , ¢, pH):
()= 3 Avesp (“EFEER AP ) 4= (AFocr, Bccr) @)
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where Z is the partition function, N is the total number of states in the bin and (A) is the property
of interest, in this case, the energy (AEgcg) and the coverage (Ogok).

Finally, the CV current is calculated as:

_@_@ﬂ_dE 1 dV_ dE 1 dV QimL

T dt  dVdt  dvdvdt  dvVdvdt e

®3)

where the % ﬁ is the double differentiating of the phase diagram, % is the CV scan speed (here 50

mV /s) and Q. is the charge of one monolayer of the three facets. Here the charge, Qqa1,, is calculated
as the number of surface sites for each facet with a copper lattice constant of 3.6149A, arriving at 283
uC/em?, 245 uC/em? and 347 uC/cm? for Cu(111), Cu(100) and Cu(110), respectively. Carrying out
the double differentiation on the Boltzmann weighted GCE states imposes considerable noise on the

results, so for smoothness, the SciPy’s built-in splines differentiation is used to create the CVs.

Computational details

Atomic structures were built with ASE[49]. The water interface models are constructed as orthogonal
(3x4x3), (3x4x3) and (2x4 x3) unit cells for the (111), (100) and (110) copper facets, respectively,
to obtain similar xy plane interfacial areas of the unit cells. Each water interface model consists of
three water layers with a total of 24 H,O molecules, which are allowed to move freely during the
simulation, see Figure S8 for a side and top-view of the AIMD setup. An additional hexagonal water
layer on top of the mobile aqueous phase is also kept fixed in order to keep the water density of the
interface model constant and close to that of pure water. When atoms (protons or intermediates)
are added and subtracted, the top water layer remains unchanged. Finally, the vacuum metal facet
structures where created by removing the water layers from the water interface model.

The electronic structure calculations are carried out at the Generalized Gradient Approximation
Density Functional Theory (GGA-DFT) level with the projector-augmented wave method as imple-
mented in GPAW/(50]. Different levels of electronic structure calculation were employed: (1) Finite-
difference calculations are carried out for vacuum binding energies using (4 x 4 x 1) k-points, the
RPBE|51] functional and a 0.18 A grid spacing. (2) The water/copper interface is modeled by AIMD
at a constant temperature of 300 K (using Berendsen|52] NVT dynamics, with a timestep of 0.5 fs and
a time temperature cooling constant of 100 fs) as implemented in GPAW. To achieve thermal equili-
bration and a sufficient number of states for the GCE approach, the electronic structure calculations
are carried out by RPBE|51] calculations in LCAO mode with a grid spacing of 0.18 A at the gamma
point. In Figure S9 the water AIMD runs of Cu(111), Cu(100) and Cu(110) is displayed with total

energies and workfunction sampling.
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Supporting Information

Ab Initio Cyclic Voltammetry on
Cu(111), Cu(100) and Cu(110) in
Acidic, Neutral and Alkaline

Alexander Bagger, Rosa M. Aran-Ais, Joakim Halldin Stenlid, Egon Campos dos Santos, Logi

Arnarson, Kim Degn Jensen, Maria Escudero-Escribano, Beatriz Roldan Cuenya and Jan Rossmeisl
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Figure S1: Shows the anodic CV (blue) and the integration (red) of anodic CV scans on relevant Cu
facets and electrolytes. The integration can be compared to charges lines for each facet obtained as
the charge of 1ML correspond to 283 uC/cm?, 245 uC/cm? and 347 pC/cm? for Cu(111), Cu(100)
and Cu(110), respectively. For Cu(110) having rows of atoms, both the top and bottom rows have

been used to deseribe 1 ML, given the highest charge per cm?.
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Figure S2: Vacuum binding energies and utilization of the CHE to create surface Pourbaix diagram
and coverages as a function of potential. H* and OH* structures from the AIMD simulations is used

without the water.
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Figure S3: Vacuum binding energies and utilization of the CHE to create surface Pourbaix diagram and
coverages as a function of potential. H*, OH*, HCO} and COj structures from the AIMD simulations
is used without the water. Note that HCOZ and COjy structures are included, they are just so unstable

that they are not visible.
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Figure S5: Experimental CVs in HCIO, solutions on Cu(111), Cu(100) and Cu(110).
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Table S1: Thermodynamic data used from Atkins [1| to set the energy of Cl~(aq) with respect to

Cla(g).
1/2 Clx(g) — Cl (aq)
AG  1/2*0kJ/mol -131.23 kJ/mol
-1.36eV

Table S2: Thermodynamic data used from Atkins [1] to set the energy of CI* with respect to Cla(g).

We assume that at the surface the chlorine has zero entropy.

1/2Cl(g) — CI*

-TAS  -1/2%0.69 eV 0eV

ZPE  0.049 eV 0.021 eV

AG, 0.317 eV
S4
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Table S3: Thermodynamic data used for carbonate at 1M and pH-—0.

H,CO3(aq) HCOj (aq) CO3 ™ (aq)
G |kJ/mol| -623.08 kJ/mol -586.77 kJ/mol -527.81 kJ/mol

When including dissolved CO,(aq):

[HY][HCO;4] . [HT)[CO3] =11
9 44 x 107", 2 2 =469 %10
[H,COs) % TECo;) x

At all pH
GHycos = GHC(); +HY = Gco§*+2m

Hence at pH-—8.3 and 0.1M, assuming majority of HC'O; and H,COj3

_; [HY)[HCO;] 10%3xz
441077 = SrrE e = Sy ¢ o= 000887

Ghcoy +n+ = —586.77k] /mol + kpTin([0.09887]) + kpTin([107%3]) = —640.21kJ /mol

Table S4: Thermodynamic data used from Atkins [1] to set the energy of HoCOj with respect to

CO(g), H20(g) and Ha(g).

CO(g) +  2*HyO(g) - HyCO3 (aq) + Ha(g)
-2 * 228.57 kJ/mol -640.21 kJ/mol 0 kJ/mol
-0.48 eV

AG  -137.17 kJ/mol
AG,
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Table S5: Thermodynamic data used from Atkins [1] and Nerskov et. al.[2]to set the energy of HCO}

and CO3 with respect to CO(g), HoO(g) and Ha(g). We assume that at the surface the carbonate has

zero entropy.

CO(g) + 2*H,0(g) — HCO; + 3/2H(g)
-TAS -0.612 eV -2 ¥ 0.67 eV 0eV -3/2% 0.41 eV
ZPE  0.13 eV 2 *0.56 eV 0.728 eV 3/2 *0.27 eV
AGs 1.22 eV
CO(g) + 2*HyO(g) — COi + 2 H(g)
-TAS -0.612 eV -2 ¥ 0.67 eV 0eV -2 041 eV
ZPE  0.13 eV 2 *0.56 ¢V 0.425 ¢V 2 *0.27 eV
AG, 0.85 eV
Cu(111) NaOH Eg¢ [eV] Cu(100) NaOH Egy [eV]
E(~1,p, ¢o-) -0.072 E(-1,p, 6-) 0.077
E(~2,p, o-) 0.192 E(~2,p, éo-) 27.98
E(~3,p, o) 0.243 E(=3,p, ¢e-) 0.781
E(—4,p, o-) 0.402 E(~4,p, ¢o-) 1.135
E(=5,p, bo-) 8.264 E(=5,p, ¢e-) 31.21
E(=6,p, ¢o-) 0.594 E(~6,p, 6-) 1.00
E(n={1,.,6},p.0.) | 0.080 E(n={1,..6}.p,0.-) | 32.72

Table S6: Fitting parameters obtained from fitting AIMD states to experimental NaOH CVs for

Cu(111) and Cu(100).
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Figure S6: Simulations and fitting of H* and OH* coverages including combinations for alkaline (NaOH)

for the Cu(100) facet. Fitting parameters are given in Table S8.

Cu(111) KCO;4 EgileV]
E(-1,p, d6-) 0.072
E(=2,p, 6s-) 0.192
E(=3,p, ée-) 0.243
E(~4,p, s-) 0.402
E(-5,p,¢e-) 8.264
E(=6,p, ¢o-) 0.594

E(n={1,.,6},p,6.-) | 0.080

BE({1,2,3}HCO3.p. 6e-) | 0.0

E(CO3,p, do-) 0.0

E(2C03, p, ¢o-) 0.0

Cu(111) KCO;4 Egq |eV]
E(-1,p, ¢.-) 0.23
E(~2,p, 6o-) 63.3
E(—=3.p, ¢o-) 63.3
E(~4,p, ¢o-) 63.5
E(-5,p, ¢o-) 71.4
E(—6.p, ¢s-) 63.7

E(n=1{1,..,6},p,0.-) | 55.3
E({1,2,3}HCO3,p, ¢.-) | 63.1
E(CO3,p, ¢o-) 0.19
E(2C03,p, 6,-) 52.9

Table S7: Fitting parameters obtained from fitting AIMD states to experimental KHCO3; CV for

Cu(111). Left show prior with NaOH fitting parameters and right shows after fitting the CV.
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Table S8: Cu(100) fitting parameters for combinations of OH* and H* obtained from fitting AIMD

states to experimental CV.
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Figure S7: Simulations and fitting of stronger binding COZ coverages for the Cu(111) facet in bicar-

bonate solution. Fitting parameters are given in Table S9.
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Cu(111) KCO;4 Eg¢ [eV]
BE(~1,p, 6s-) 0.21
E(-2,p, o) 73.6
E(-3,p, ¢c-) 73.7
E(—4,p, ¢o-) 73.9
E(=5,p, ¢o-) 81.7
E(—6,p, do-) 74.1

E(n={1,.,6},p.¢.-) | 65.7
E({1,2.3}HCO3.p.¢.-) | 73.5
E(CO3,p, 6,-) 20.52
E(2C03,p, 6,-) -1.19

Table S9: Fitting parameters obtained from fitting AIMD states to experimental KHCO3; CV for

Cu(111), when having a stronger binding of CO3. These values are used in Figure S7.
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Figure S8: Structural setup of the AIMD simulations. From left the Cu(111), Cu(100) and Cu(110)

with sideview and topview, top and bottom, respectively.
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Figure S9: Total energy runs of the AIMD simulations with an insert of the workfunction distribution
with a normal fit. Left side full run and right side the last 4000 states. The Cu(111), Cu(100) and
Cu(110) is presented in top, middel and bottom row, respectively. Backside workfunction of the setup

is found to be 4.14 ¢V, 3.94 ¢V, 3.71 ¢V for Cu(111), Cu(100) and Cu(110), respectively.
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