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Abstract 

Electrochemical reactions depend on the ele trochemical interface between the electrode surfaces and 

the electrolytes . To control and advance electrochemical reactions there is a need to develop realistic 

imulation rnodel of the electrochemical interface to under tand the interface frorn an atomi tic point­

of-view. Here we present a me hocl for ob aini1 g thermodynamic realistic interface structures, a 

procedure we use to derive specific coverages and to obtain ab initio simulated cyclic voltammograms. 

As a casc study, thc rncthod and proccdurc is applicd in a matrix study of thrcc Cu faccts in thrcc 

different electrolytes. The results have been validated by direct cornparison to experimen al cyclic 

voltammograms. The alkaline (NaOH) cyclic voltammograms are describecl by H* ancl OH*, while 

in neutral medium (KHC0 3) the C03 species are domina ing and in acidic (KCl) the I* species 

prcvail. An almos onc-to-onc mapping is obscrvcd from Simulation to cxpcrimcnt giving an atomistic 

understanding of the interface structure of the Cu facets . A ornistic understanding of the interface 

at relevant ele rolyte conditions will further allow reali tic modelling o elec rochemical r action of 

importance for future eletrocatalytic stuclies. 
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Introduction 

Electrochemical energy conversion technologies are key in th transition to a sustainabl societyll l. 

Despi te the long and well-established history of ( electro )catalysis, further understanding of the elec­

troca.ta.lytic interfa.ce for electrochemica.l rea.ction i needed. Computational tudie within cata.ly i 

have e.g. revealed scaling relations[2, 3] which have been used o gain fundamental insight of catalytic 

reactions. This has in combina ion with computational screening for active surfaces[41 a.ccelerated cat­

alyst dcvclopmcnt, a thc sca.ling rcla.tions can bc u cd to dcrivc Sabatier principlcs betwccn calculated 

binding energies and the experimen a.l activities of materials for key rea.ctions[5, 6] . However, in these 

models, inclu ion of the electrolyte or th urrounding condition have only been spar ely inv tigated 

at the atomic-sca.le, but in erest has increased in the recent yearsl7 J. 

A particula.r useful experimental technique to gain an understanding of thc catalyst-clectrolyte 

interfa.ce is cyclic voltammograms (CVs). CVs can be carried out on different electrode material . 

However , for the purpose of gaining a omi tic insight it is preferable on weil charac etized in le 

crystal electrodes. Distinct oxidation and reduction fea ure can be observed in the CVs, which define 

the clectrochemical properties of the electrochemical interfa.ce. nder specific experimental conditions 

(pH, anions, cations, scan rate, etc.) the features observed in he CVs can be considered a fingerprint 

of the changes in the interfa.ce strncture. 1 imately explaining the features observed in a CV gives a 

deep understanding of the complex electrochemical interfa.ce region. 

To datc, one of thc most intensively studicd single crystal systcm is Pt[ , 9, 10, 11, 12], as Pt 

materials are state-of-the-art catalysts in e.g. polymer elec rolyte membrane fuel cells. Other metallic 

ingle cry tal surfaces uch as Ag[l3, 14], Aul8, 9], Pd[l5, 10] , Rhllü], Irl8, 16], Ru[l7] and Cu [18, 19, 

20 21, 22 231 have also been electrochemical investiga ed in the litera ure. 

Cu inglc crystal are an interc ting clectrochemical in erfacc to study as Cu meta) has been shown 

o enable electrochemical C02 and CO reduction reactions towa.rds valuable hydrocarbon a.nd alco­

hol products[24, 25, 26, 27] and moreover the product distribu ion have been shown tobe dependent 

on both the di fferent fa.cets and the compositions of the elec rolyte J2 , 29, 30, 31 , 32J. Hence, un­

dersta.nd ing Cu single crystals with different electroly e conditions in the metallic phase is of great 

interest. 

In Figure l a , the Pourbaix diagra.m for Cu shows stable phas s under aqueous conditions as a 

function of he Standard Hydrogen Electrode ( HE) potential ancl pH , and the dashed bla.ck line indi­

cate thc potential versus the rcver i ble hydrogen clcctrode (V RJ-IE) . In this work, only the potentials 

and pH values where metallic Cu is stable is of interest, as this is where the electrochemical C0 2 and 

CO reduction rea.ctions ta.ke place. Figure l a ha.ve been colored denoting the three pH-potential re­

gions in which the clectrochemical interfa.ce will be screened, corresponding to he following clectrolyte 
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b) Anion * 

igur 1: (a) Pourba.ix diagram of Cu hw ing th "tabl phasel as a fun tion f po cn ial ( HE) 

and pH at 25°C and th dashcd line indicate UR H E=O V. Data is adapted from[37j. (b) chematic of 

thc electrolyte parameter pace when investigating clectrolytcs in contact with a metal facet. The 2nd 

electrolyte correspond to mixing multiple anion and cati n . 

condj ions; Acidi (ycllow) Neutra! (grcen) and Alkaline (blue). 

Metallic Cu single cry tals have been previously investigated experimentally. For instauce, Cu(lll) 

in alkalin aOH condi io11 · has b en studied by CV showit g asymrnetri doubl adsorp i n peaks 

around 0.05 V RJ·IE and double desorption peab around -0 .05 V RNE- [21 19, 18 20] For Cu(l00) in 

NaOH CVs havc bccn founcl stabl witlt symmetric adsorption and dcsorption pcaks obscrvcd ar0twd 

-0.15 V RHE-119, 18 20] How -ver as re ently ·hown in a comprehensivc work ancl 1.iteraturc study by 

EngstJ, ld t. al [23], the Cu(lO0) V peak shape iz and potential depends 011 bo h, preparation 

procedure and amount of residual 0 2 in th lectrolyte. l arly this introd I es veral un ertai.ntie 

for thc interprctation of th Cu CVs. For Cu(ll0) in NaOH, a rclativcly flat V has bccn observcd.[20] 

In the intermediate (neutral) pH rang , inglc rystal CVs on Cu(lll) and u(lO0) have be n mea­

sured in a CO(g) saturated phosphat buffer.(32] The · experim nts show adsorp ion an d orption 

peaks for Cu(lO0) around -0 .3 V RH E in good agr ement with our rccent calculations on u{lO0) wi b 

CO and pbosphatc specics[29I. 

In ue a idic region, CV: · have been measured for Cu(lll) Cu(lO0) and u(ll0) in H 10 4 howing 

featurele (flat) CVs.(22] B low the typical V poten ial r gion of Cu in the HER region reconstruc­

tion of the u(l00) facct bas bcen observed by TM. [33] Addi.ng HCl to tbe HClO,1 electrolytc or u ing 

HCl clcctrolytc changes thc Cu(lll) and Cu{lO0) CV from fcaturcless to having broad adsorption and 

d orption features at low potential -134, 35, 36] 

Herein we study the Cu(lll ) Cu(lO0) and C 1(110) face s by Ab lnitio Molecular Dynamics 

(AUvID)[38, 39] simulations of xplicit el ctrolyte in contact with tbe surfac s. From th se we obta.in 
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energ tics as a function of the workfunction. This can be linked to the potential and ionic strength 

dependence by employing the Generalized Computational Hydrogen Electrode (GCH )[40 41, 29], as 

a po terior analysis of the yst m. hi eherne allow expli it calculation of interfac phase diagra.m , 

from which the coverage of specics can be derived and allows to ob ain thcoretical CVs for a set of 

urface structures. The theoretical CVs a.re then compa.red directly to experimental CV: and, when 

features allow it , a simple fitting procedure from experimen o he calculated s ates were carried out. 

Where the fit ing only adjusts the binding ener0 fo of the simulated stat (t-. Hn, = t-. H. ,m + fit)­

This means that structures not considcred in thc simulations, but existing in reality, cannot be fitted 

or considered states can be overfitted. Furthermore I should be noted that computational CVs are 

a less s udied field , due to the difficulties of simula ing the elec rochemical interface, as compared to 

binding energy a.nd other reactivity trend studie . Whereas, ca.lculation of ad orbate coverages can be 

found in the literature. [42, 43, 41 , 44] 

Inve tiga. ing the three Cu facets with three pH/ electrolyte region entail a rnas ive number of 

parame ers to be simulated/ screened . This parameter space is shown in igure b, with coverages 

of H• , OH*, o•, Cation(s) , Anion(s) and 2nd electrolyte parame ers tha.t in prin iple r quire explicit 

calculations as weil as their combinations (2nd electrolyte refers to secondary electrolyte effects). For 

example, a. fir t approach would be to only con ider H* and OH• ates and their combination up to 

half a monolayer (ML) coverage in a 12 a om uni -cell which requires 7x7 = 49 AIM simulations. 

Hence, including Ca.tion(s), Anion( ) and 2nd electroly will quickly become an unsumountabl com­

putational task to span the whole parameter space. As a consequence, one has to be selective with 

respect to re ources and iteratively elect relevant electroly e pa.rameters o irnula.te. 

Thi work uses a method that ives an interface in equilibrium with the elec rochemical conditions, 

which ideally, should correspond to the experimental V profiles. However , he modelling does ha.ve 

its limitations and assumptions, wbicb arc listcd bclow: 

- I o reconstruction of the Cu(hkl) facet is co11 idcrcd. 

- The imulated CV: only include tructures/ adsorbates which are selected with respect to the 

electroly e ( i. e. no impuri ies). 

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

rcspcct to thc anodic scans. 

- The simulated CVs ancl available coverages are limitecl by the finite unit-cell size. 

- Only ome configu.ra.tions (naturally occuring in th AIMD) are considered in the simulation 

- Estimating tim adsorba es entropy i11 the interface with respect to the electrolyte is difficult. 

Finally, it is importan to rcalize tbat thc pcak positio11s of thc ·irnula.tcd CV will rcly 011 absolute 

calculatecl adsorption energies which ar r lated to a )arger error than trends in adsorption energics, 

5 

This article is protected by copyright. All rights reserved. 

•-L. 
ü 
cn 
::::J 
C 
ro 
~ 
,:, 
Q.) 

+-' 
C. 
Q.) 
ü 
ü 
<( 



ChemPhysChem 10.1002/cphc.201900509 

Table 1: Experimental and simulation matrix investigation of he three Cu facets in thrcc different Ar 

satura ed electrolyte and pH conditions. Th top row for each en ry shows he electrolyte conditions 

while the lower row show he includ d imulated urface ad orba es. 

Acidic (pH~ l ) eutral (pH~8.3) Alkaline (pH~ 13) 

Cu(lll) 0.lM HClO4 + 0.01M KCl 0.lM KHCO3 0.lM NaOH 

H*, OH*, !* H* , OH* , H 0 3, CO3 H*, OH* 

Cu(lO0) 0.lM HCIO4 + 0.0lM KCl 0.lM KHCO3 0.lM NaOH 

H*, OH*, Cl* H* , OH*, HCO3, CO3 H*, OH* 

Cu(ll0) 0.lM HC1O4 + 0.01M KCI 0.lM KH 0 3 0.lM NaOH 

H* OH*, Ci* H*, OH*, H 0 3, CO3 H*, OH* 

which is typically the strength of he successfu l volcano and scaling relation based Density Functional 

Theory (DFT) s udie [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 ab olute values and hence make our conclu ion more robu . 
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Methodology and Results 

The procedure to mak ab initio cyclic voltammograms i explained h re and is followed by simulations, 

fits and experiments of Cu(hkl) crystals in alkaline, neu ral and acid media. Figurc 2 summarizes the 

five tep u ed to generate the simulated CV: which are: 

(1) Relevan imulation of electrolyte ru t ures are performed. For aqueous electrolyte this com­

prises the clean water-covered surface, H*, OH*, potentially also o•, cations, anions and other 

clcctrolytc spccics/ intcrmcdiatcs. 

(2) The chemical po ential is set for all pecies with respec o electroly e condition , accounting for 

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

(3) Boltzmann wcighting is carricd out to givc a distribution wi h thc most stablc configurations at 

different potentials (see equation (2)) . 

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

cntiating thc Boltzmann wcightcd cncrgctics, onc obtains thc isotherm from thc surfacc. 

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

equation (3)) . 
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F igur 2: Flow diagram s}1owing th principles used o obtain cov rag s and Vs from an interface 

modcl. 
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Cu(hkl ) in alkaline media 

he first calculation needed to er ate the th oretical CVs are simulation of he differ nt overage 

of H• and OH*. This set of simulation can represent CVs where elec rolyte 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 cation [29]. 

·om the simulations of H* and OH* on he three facet of Cu, in combina ion wi h h tepwise 

procedure of Figure 2, the coverages (noted (0 GcE)) and theoretical CVs are obtained as shown in 

Figurc 3a-c and Figure 3d-f, rcspectively. 

xperimental CVs in aOH are shown in Figure 3g-i. 

a doubl peak, the Cu(lO0) has on symmetri peak and th 

he Cu(lll) facet is observ d to have 

u(ll0) is rather ~ aturel ss. Thi is 

similar to the experiments by Schauten et al.[20] We must note hat CVs reported in the literature 

on Cu singlc-cry ·talline clectrode depend trongly on both the urface pre-trea ment and the clected 

potential range [20, 23]. Recently, ngstfeld et al. showed hat Cu(lO0) electrodes prepared by 

puttering in ultra-high vacuum and annealing allowed he forma ion of highly-ordered surfa es 123]. 

The discrepancy between the reported CVs and those reported by Engstfeld et al. might be attributed 

to the presence of defccts. 

The experimen al CVs can be interpreted by integrating the CV peaks as shown in Figure S1 

for relevan anodic can . Figur Sla r veals that he Cu(lll) double peak corT pond roughly 

to about 3/ 12 or 4/ 12 ML charge. Figure Slb shows that the broad Cu(l00) peak corresponds to 

4/ 12 11 charge. For the case of Cu(lll) and Cu(lO0) the experimental fca ure allow for a fitting 

of he simulated sta es, and his illustra es the deviation of the OH* adsorp ion onset po en ial from 

simulations to experiment, with an approximate shift of 0.1 eV per. OH*. 

The Cu(lll) simulation in Figurc 3a shows covcragc, (0GcE), of 0.33 ML (4/ 12 ML) OH* , which 

similar to the experimental integrated double peak. However, the peak exhibits an earlier potential 

onset han the experimental results and the fit primarily move the OH* towards weaker binding. 

The Cu(lO0) simulation in Figure 3b al o r veals a cov rage of 0.33 ML (4/ 12 ML) OH*, whi h is 

similar to thc intcgration of thc experimental pcak. Howcvcr again thc OH* binds too strong relative 

to cxperiments and by fitting thc potential dependent increase in OH* coverage at more posi tive 

potential resernble he experimental result . 

The OH* shift for Cu(lll) i roughly 0.1 V destabilization per. OH*, whil for Cu(lO0) including 

only H* and OH• statcs the dcstabilization is !arger (sec Table 6). Another possibi lity for the 

experimental CV for Cu(lO0) is that ombinations of H* and OH* are present. In Figure S6 the 

resul ing simulation with combinations are shown with the fitting parameters in Table S8. his 

approach reveals clo e to imi lar de tabilization energy per. OH* with Cu(lll). Furthermore, it 
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illustrates that multiple olu ions to xperimentally observed ad orption/ desorption phenomena frorn 

CV exist and th diffi ulty of knowin, th xa ·t potential ancl eoverag . 

The u(ll0) simulation exhibi s a fix d OH ov rag f 0.1 ML (3/ 16 ML) OH* over th inves­

tiga ed poten ial range, whlch rcsembles the flat experimental CV i.e. no fitting have bccn carried 

out. 

focluding only simulated H• arid OH* intenned.iates in the interface to calcula e theoretical Vs 

is hown to fit relatively weil with th alkaline V of th u facet . Minor ofE ·ets in simula ed and 

experimental peak positions are observed. which can be a rcsul t of deviating ab olute DFT values. 
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Cu(hkl ) in neutral media 

For Cu(hkl) in neu ral electrolyt , diffi ren H*, OH*, cation and anion confi ura ion ne d o be 

considered. Previously[29l we have shown simulated resul s for phosphate and carbonate anions on 

thc Cu(lO0) facet and morcovcr CO3 spccie ha.s bcen experimcntally obscrved on polycrystallinc Cu 

in KHCO3[45]. 

igure 4 shows imulation and fi con id rin bicarbona e anions a.s weil a.s H* and OH* ogether 

with the experimental CVs in KHCO3 for the three Cu facets . The features of the experimental CVs 

changc significantly with rcspcct to the alkalinc NaOH CVs prcscntcd in Figure 3. 

The experimen al CV on Cu(lll) exhibits two separate peaks on he anodic scan and only one 

in the cathodic scan. Th differenc in anodic and athodic s an led to speculation of reconstru tion 

occur on the Cu(lll) facetl461, which is not addressed here. lntegrating of he two anodic peaks 

indicatc that thc fir t pcak corrcspond to 2/ 12 ML chargc and thc srnallcr sccond pcak incrca.scs thc 

charge coverage o 3/ 12 L see igure Slc. he experimental CV for Cu(lO0) have a small decrease 

of charge over the potential range inve tigat d, while Cu(ll0) exhibits a minor increas in charge due 

to a subtle feature around -0.05 VRHE · 

For thc bicarbonatc CV at Cu(lll) , thc corrcction found for thc alkalinc Cu(lll) CV i u cd for 

H* and OH* together with simulations of HCO3 and CO3 anions. Here the coverage of a CO3 anion 

i se to 2/ 12 ML to ma eh the charge and the fact tha he anion approximately akes up two ites a 

the surface. This suggests that initially one 0 3 anion and one OH* adsorps and at higher potentials 

additional ad orption of CO3 incrcasc thc total covcragc. This rcsults in simula tion of two rclativcly 

sharp peaks with too much charge as compared to the experiment. When fi ting is carried ou , the 

CO3, 2CO3 and lOH* stat ar all de tabilized , allowing for a better fi to the experim nt (fitting 

valucs is listcd in Tablc S7). Anothcr high covcragc solution for CO3 anions can also bc identificd as 

shown in Figure S7, with he fitted value in Table S9. Thi also reproduces the experimental CV 

with a stronger average CO3 binding. Finally, a pure OH* and H* solu ion could also sa isfy the 

experimental data, but this is negl cted due to the ob ervation of CO3 on polycrys aline Cul45l. 

Thc Cu(l00) simulation shows a surfacc covcrcd by two CO3 anions giving risc to a rclativcly 

fcaturclcss CV cornpa.rablc to thc cxpcrirncnt. Only a srnall dccay of a pcak fcaturc at low potcn ial 

i shown from early ad orption of he carbonate anions and at high potentials from increa.sed CO3 
coverage. 

The u(ll0) simulation shows first a 3/ 16 ML OH* covcrage (bluc) , followed by the adsorption of 

two CO3 anion . This gives rise to a peak in the sirnulated CV, whe.rea.s the experimental CV i · flatter. 

The fi ted model suggests hat CO3 also binds stronger relative to tliat indica ed by he simulations. 

However, t ill due to the fini te size, the fit overestimates the CV peak ize. Further, a pure OH* and 
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H* olution could also hav satisficd thc cxpcrim nt . 

I is obscrved tliat adding arbonatc ai ion sp ci to bc simulations agree r lati vcly weil wi h 

h xp rimental CVs. Tbe dual p ak of u(lll) is almo r produced , th 6 atw-el s 

arisc due to a constant CO3 coveragc and thc Cu(ll0) d via e a bit. 
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Figme 4: Simulations and fitti ng of H* OH*, HCO3 and 0 3 coverag s (a-c), th d riv d V (d-f ) 

and thc xperimental CVs (g-i) in n utral (I HCO3 ) for he hre Cu fac ts. Th CO3 binds trongly 

hence poisoning be urface with respect to the OH* intermedfa es. Eacl1 CO3 has been et to covcr 

two surfac sitcs and fitting paramctcrs for Cu(lll) is givcn in Table S7. 
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Cu(hkl ) in acidic media 

For the acidic elec rolyte, we invcstigat the inAucnce of the trongly adsorbing Cl* peci on thc Vs 

of the Cu facetsl43I. The previous investigations showed that he strong adsorbing Cl* anions can give 

rise to ad orption/ desorption fcatures at low overpotential[34, 35, 36] and importantly, the Cu urfaee 

known to recon truct in acidic condition [33]. 

In this work, he experimen al CV for HC1O4 + KC1 electroly e are hown in igure 5. he Cu(lll) 

and Cu(l00) CVs are rather featureless CVs, while the Cu(ll0) CV has an almost symmetric peak 

observed at -0. l V RHE , corrcsponding to a changc in cbarge of 1/ 16 ML as intcgratcd in Figurc Sld. 

The Cu( 1) sirnulations sbow an initial coverage of 1/ 12 ML Cl* which increases up to 3/ 12 11 

Cl* at -0.1 VRHE· This increase gives ri e to a broad r gion of positive current in he imulated CV. 

This broad fea ure does not exist in our experimental Cu(lll) HCIO4 + KCI CV. Instead, an increased 

negative current is ob erved frorn an a umed slow HER while having Ci* at the urface. ote that 

bis irreversible current contribution frorn H R is not captured by he model i.e. this discrepancy 

between imulation and experimental CV i not urpri ing. 

The Cu(l00) simulations show a constant coverage of 3/ 12 ML Cl* in the investigated region. This 

rcsults in a fcaturcless (flat) sirnulated CV, which coincide weil with that observed in the experiment. 

However, at higher potentials, the simulation uggest higher Ci* coverages , while the experimental CV 

could simply how oxidation / di olution. 

The Cu(ll0) sirnulations show an initial Cl* coverage of 3/ 16 ML which increases to 4/ 16 ML Cl*, 

giving rise to a sirnulated peak in the CV. Thi change in charge correspond to the experimental CV, 

where the charge a the surface increases a -0.1 VRHE· The fi ted simula ions show that only minor 

binding energy changes of l* move he imulated peak to fit the experiment. ote that thi can al o 

be a rcsult of rcconstruc ions at thc surfacc by thc strong Cl* interaction. 
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F igme 5: Simula iom; a.nd fitting of H* OH a.nd Cl* coveragcs (a-c) th dcrived CV (d-f) and the 

experimental CV (g-i) in acidic (HC104 + KCl) for thc thr c Cu faccts. Th Cl auion known to 

poison urfaces, bind strongly to th urfa and has a poi oning cff t with resp t o OH*, wb i b 

res mblc he cxpcrimcnts. 
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D iscussion 

This work demonstrates how it is possible to ut ilize AIMD simulations of explicit electrolytes in contac 

with various smface face s to calculate the coverage of H* OH* and differen anions. Further , CVs 

have been derived and compared to experiment . A relatively good comparison is obtained and by 

fi ting he simulations, the origin of the differences is revealed. However, i is highly relevant to discuss: 

(i) the differences between AIMD and vacuum simulations, (ii) whether the workfunction reference is 

nccdcd and ( iii) diffcrcnccs bctwccn thc proposcd inactivc HCIO4 and I aOH clcctrolytcs. 

(i) 1s the AIMD, calcula ing he energy and workfunction to utilise the GCE scheme, really needed 

o obtain valid coverages on an RH ale? In Figure S2, S3 and S4 he Computational Hydrogen 

Electrode (CHE)l2] surface Pourbaix diagrarns and coverages are presented to be compared with the 

GCE rc ult. A diffcrcncc is tha t thc CHE mcthod has a stcp function fcatmc of thc covcragcs, which 

is similar to Pourbaix diagrarns. The GCHE rnethod has a srnooth transition in coverages, which is 

based on the Bol zmann weigh ing of the tates with differen coverages and i he basis for deriving ab 

initio CVs. CVs can al o be derived from HE coverages, but only by an as umption on the transition 

bctwccn statcs (Langmuir isotherm or othcr). Comparing hc covcragcs, thc H*, OH* and to somc 

extend Cl*, the AIMD GCE and CHE re ul ts are relatively close to each other while the HCO3 and 

CO3 anions exhibit significant difference . To inves iga e whether this is solely an effect of the AIMD 

water, the AIMD and vacuum energies of H* H2O, Cl* CO*, H 0 3 and CO3 have been co-plotted 

as ti.EAI MD vs. ti.Evacuum in Figurc 6. Thc figurc clucidatcs that the H*, Cl* and eo· cncrgetics arc 

similar in AIMD and vacuum, with minor differences of H2O and, conversely, the CO3 exhibit very 

different AIMD and vacuum binding nergy with around 2.5 eV in difference. This could b a result 

of the references used to set t he energy of 0 3 by t im following equation: 

CO+ 2H2O--+ eo; + 2H2. 

However, t he references CO(g)--+CO*, H2 O(g)--+H2O and ½H2 (g)--+H* show that the trong binding of 

CO3 at low coverages is mainly a result of the AIMD water stabilisation, whereas high anion coverages 

may bc troublcsomc in our currcnt sctup. Overall it shows that somc intcrmcdiatcs/ anions rcquircs 

the explicit water stabilisation, in agreernent with our previous work[29]. 

(ii) One could discu s whe h r it i n c sary o calcula he workfunction and utiliz this as a 

econd reference point. The GCE eherne u es the workfunction to get tructures at the intended 

potentials. We find that this is irnportant for cases where the specific structure of the interface at a 

specific po en ial is needed and for coverages and CVs, when he energetics are close to each o her (in 

the order of ~ka ) . However, if the energetics of two comparable states are larger than ka , then 

thc cncrgctics dominatc and thc sampling of thc workfunction is ncgligiblc for t hc purposc of CV and 
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Figure 6: Comparison of binding energies between aqueous electrolyte AIMD simulations and vacuum 

simulation for sing! adsorbates. For both types of calculation thc samc rcfcrcnces arc uscd. Colors 

determine the adsorbate and the marker the u facet. 

covcrag plots. 

( iii) ll.lt · rcstingly, thc H* and OH* imulation · c m o fit tbe alkaline CV for u. For Pt the 

H• and OH* sirnula ion have been ugges d to fit h acidi Vs in he propos d ina tiv H 10,1 

cl ctrolytel441. However there are differences between u and Pt. The workfunctions are .12 - 5.93 

eV and 4.53 - 5.10 V for Pt and Cu, rcspectivcly. Fur hermore, the binding en rgics arc different and 

tbc potential region of thc CV . 

A omparisou of th H 104 and aOH [, rolyt xp riment. .is shown in Figur 7 ~ r Cu(lll) 

and u(lO0). he HCIO4 experiments show features close to the ionisation potential of Cu Cu2+ 

+ 2e- (Eo= 0.34V SH s)- Thc incorporation of the c1O: anion to model the V would bc s cmingly 

natural. Howcvcr, trying to carry out th • 104 ani n cal ulatiou in thc AlMD model r ' vcals that 

h - int rfacc po ntial is b low the tabl 104 ion po en ial and th ion quickly br ak · p rt in o 

othcr ions. Whethcr Cu surfaccs really reduccs thc 104 ion to obtain a small 10„ overage is as 

of yet not known. Hcre, simulating H* and OH* in cquilibrium at pH = 1 shows hat this docs not 

correspond to thc HClO4 clectrolyt V: . In tha instance the ·imulations rath r exbibit tbe pcak 
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featurc sccn in th NaOI-1 Vs. But r tr activ 1 comparing tltc NaOH and HC1O4 CV docs rcvcal 

·imilarities. h Cu(lll) HCIO4 exhibit as mmetric p ak at a high r RH• pot n ial than NaOH 

which also di play an asymm tri peak. Furth r th u(lO0) exhibit a symm tric peak in both HCIO4 

and aOH. However at differcn potentials and sizc. Hcncc, for both Cu(lll) and Cu(l00) thc HCIO4 

CV could bc fittcd by only the H* and OH*, althougli with a !arge destabili ·ation of the OH* as 

compru:cd o the NaOH case. This could indicatc a possible stabibilizatioJJ of ClO.r sp cics covering tbc 

m fa , and tha a er tain potential i r quired for OH* to di pl th •se 10„ pe i and incr as -

thc coveragc. Thcreby leaving a similar but smallcr OH* foaturc at high potent ial. Howcvcr, this is 

only p cula ions. 
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Figure 7: V experimcnts of u(lll ) and Cu(l00) in HCLO,1 (acidic) and aOH (alkalinc) clcctrolytcs. 
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Conclusion 

lt has been shown that the developed method can be used to derive coverages and Vs from simulated 

interface phase diagrams, which can be directly compared to experimental CVs. The results showed 

a relatively good compari on between calculated CV a different electrolyte and pH condition for 

he Cu(ll ), Cu(lO0) and Cu(l 0) facets. In alkaline conditions, the experimen s were weil described 

by only having OH* on the surface, while in neutral bicarbonate condit ions the surfaces for the Cu 

faccts arc covcrcd by CO3 anions. lt hould bc notcd that thc corrcct cvalua ion of anion ad orption 

in neu ral pH widely relies on AIMD simulation, while only a srnall effect on H and OH adsorption 

i noted when compared to vacuum calculation . In acidic chloride containing media, the Cu urface 

exhibit significant Cl* coverages. otable differences between the simulated and experimental Vs 

wcrc obscrvcd. These dcviations wcrc fittcd whcn possiblc, bu hc dcviations could also bc a dircct 

consequence of the limitations and assumptions listed in the in roduc ion e.g. irreversible changes in 

he surface structures from recon ruction or oxida ion ect . 

Here we presen a deeper under tanding of what is present at the electrified interface, showing 

that wc can obtain rcalistic clcctrochcmical intcrfaccs. Oncc having rcalistic clcctrochcmical intcr­

faces, electrochemical reactions can be studied rnore accurately by considering the relevant interface 

conditions hat influence mul iple reactions at acid ic, neutral or alkaline conditions. 
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Methods 

Electrochemical measurements 

Prior to each experiment, Cu single crystal electrodes (MaTecK 1 cm diarneter, 99.999 %) with (100), 

(111) and (110) orien ation were electropoli hed a 3 V vs. Ti foi l for 10 s in a H3PO4/ H2SO4 solution 

consisting of 130 mL H3PO4 (VWR, 5 wt%) 20 mL H2SO4 (VWR, 95 wt%) and 60 mL ultrapure water 

(Elga, 1 .2 MD cm) . Thc clectrodes were then rinsed with ultrapure water and quiekly transfcrred 

into the electrochernical cell. CV measurernents were carried out at 50 rnV / s in Ar-saturated (Air 

Liquide, N50) solutions containin 0.1 aOH (ACS. Reag. Merck), 0.1 M KHCO3 (99.9%, Sigma-

Aldrich) and 0.1 M HC1O4 + 0.01 M K 1 (A S. Reag. Merck). A custom-made el ctrochemical cell 

was used in a three elcctrode configuration, with a gold wirc as a counter clectrodc and a reversible 

hydrogen electrode (RHE, HydroFlex, Gaskatel) as a reference electrode. A BioLogic 240 potentio tat 

was employed to con rol the electrode potential. All elec rochemical measurements was done at room 

temperature in a hanging m ni cus onfiguration . 

Generalized Computational EI ctrode (GCE) 

In order to generate the interface diagrams from our AIMD trajectories containing energy and work­

function, wc apply hc Gcncralized Computational Hydrogen Elcctrodc schemc.140, 41 J 

The G E[29] equation for different electrolyte inves iga ions defines the energy of each tate of the 

AIMD configurations for a given potential, concen ration and pH as: 

.6.EccE(n ,x,ef>c- , PH) = E(n, x, ef>e- ) - (E({x, n} = 0)) - xµx(g) 

eUnue 

- n½µ~ 2 - n (4> HE - <Pc- - 2.3ksTpH) , where n = {-6, .. , 6} . (1) 

Here the energy, .6.Ec E, i a function of the number of protons n removed or added, the workfunction 

<Pe- , pH (UrrttE) and the numbcr x of adsorbates X added a thcrmodynamic cquilibrium conditions. µ 

denotes the chemical potential of a chernical specie , <PS HE is he defined tandard hydrogen electrode 

(SH ) po ential of 4.4 V on the absolute scale[48] ke is Boltzmann's constant, T is the absolute 

temperature and (E({n x} = 0)) is the reference energy. 

In order to obtain thc cnergctics and covcrages of hc in crface at specific conditions dctermincd 

by eq. (1), all the GCE energy states are Boltzmann-weighted by binning he data within a bin of 

cho en ize as: 

(A) = !._ '°' A · , ( - .6.EccE(n,x,ef>c- , PH)i ) 
Z L, , exp k T , 

i=l B 
A = {.6.EccE, eG E}, (2) 
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whcrc Z is thc partition function, is thc total numbcr of statcs in thc bin and (A) is thc propcrty 

of interest, in this case the energy (t>.Ec . ) and the coverage (0 E). 

Finally, the CV current is calculated a : 

I _ dQ _ dQ dV _ d 1 dV _ d 1 dV QtML 
- - - -- - --- - -----

d dV d dV dV dt dV dV dt e 
(3) 

where the j~ d~ is he double differen ia ing of the phase diagram, ~v is th CV scan speed (here 50 

mV / s) and Q11v1L is th charge of one monolayer of the three face s. Here the charge, Q1 ML , is calculated 

as thc numbcr of surfacc sitcs for cach facet with a copper lattice constant of 3.6149 , arriving at 2 3 

µC / m2 , 2451-iC/ cm2 and 347 µC / cm2 for Cu(lll), Cu(lO0) and Cu(ll0) , respectively. Carrying out 

he double differentiation on the Boltzmann wei hted GC s ates imposos considcrable noise on thc 

resul s, so for smoothne s, the SciPy's built-in splines differentia ion is u ed to create the CV: . 

Computational details 

Atomic structur were built wi h AS [491. he water in erface model ar con ructed as orthogonal 

(3x4x3), (3x4x3) and (2x4x3) unit cells for the (111) (100) and (110) copper facets, respectively, 

to obtain sirnilar xy plane intcrfacial arcas of tho unit cclls. Each watcr intcrfacc modcl con ist of 

hree water layers with a total of 24 H20 rnolecules, which are allowed to move freely during the 

imulation, see Figure S for a side and top-view of he AI '1D setup. An additional hexagonal water 

layer on op of the mobile aqueous phase is also kept fixed in order to keep the wa er density of the 

interface rnodel constant and close to that of pure water. When atorns (pro ons or intermediates) 

are added and subtracted, the top water layer rernains unchanged. Finally, the vacuum meta! facet 

tructures where created by removing the water layer from the wa er in erface model. 

The electronic structure calculations arc carricd out at the Generalized Gradient Approximation 

Density Functional Theory (GGA-DFT) level with the projector-augmented wave rnethod as irnple­

mented in GPAW[50]. Different levels of electronic struc ure calculation were employed: (1) Finite­

differ nce calculation are carried ou for va uum binding energie using (4 x 4 x 1} k-points , the 

RPBE[51] functional and a 0.1 grid spacing. (2) The water/ coppcr intcrface is modcled by AIMD 

at a constant tcmpcraturc of 300 K (u ing Berendsen[52] VT dynamics with a time tcp of 0.5 fs and 

a time temperature cooling con tant of 100 fs} as irnplernented in GPAW. To achieve thermal equili­

bration and a sufficient numb r of s at s for th GCE approach, t he elec roni structur cal ulations 

are carried out by RPBE[51[ calculations in L AO modc wi h a grid spacing of 0.18 at thc gamma 

point. In Figure S9 the water AIMD runs of u(lll) , Cu(lO0} and Cu(110) is di played with total 

energie and workfunction ampling. 
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coverages as a function of potential. H* OH• I 0 3 and 0 3 structures from the AIMD simu.lations 

is uscd wi hout th watcr. ote that H 0 3 and CO3 structurcs are includcd, they arc just so unstable 

hat hey are not visible. 

2 

This article is protected by copyright. All rights reserved . 

-



ChemPhysChem 

0.5 

0.0 

- -05 

l -1.0 
w 
0 -1 . .5 

~ -2 .0 

-2., 

- XH 

--• t-H 

- "" 
--· i,ot1 

0 
-3.0 1--~--~--~---_, 

-0.3 -0.2 -0.l 0.0 0.1 0.2 0.3 0,4 0.5 

URH E [VI 

0.5 
CuUlU ,._HCI 

0.4 
1 

LLI 0.l 
:,: 
u 

© 0.2 

0.1 

0.0 
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 

URHE [V] 

0.5 

0.0 

> 
~ -0.5 

~ - 1.0 w 
<I 

-1.5 

- XH 

-·- '" 
- XOh 

--- '°" 
- X Y.ott 

0 
-2.0 1----.----''-,----~---"---l 

-0.3 -0.2 -0.l 0.0 0.1 0.2 0.3 0.4 0.5 

URHE [V] 

0.5 
Cu UOOI + MCI 

0.4 

„ 0.3 
:,: 
~ 

© ll2 

0.1 

0.0 
-0.3 -0.2 -0.l 0.0 0.1 0.2 0.3 0.4 0.5 

URHE [V] 

0 

- - 1 > 
Q) 

- -2 .. 
::z: - XH J1 -3 ••• Ut 

<J - XOH 

---4 = ::1,-0tl 
0 

10.1002/cphc.201900509 

-, ----~--~----'-' -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 

URHE [V] 

0.5 
Cu(llOl +Hel 

0.4 

1 w 0.3 
:,: 
u 

© 0.2 

0.1 

0.0 
-0.3 -0.2 -0.l 0.0 0.1 0.2 0.3 M 0.5 

URHE [V] 
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and covcragcs as a function of potential. H• OH* and Cl* struc ures from thc IIvID simulations is 

u d wi hout th wa r. 
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3 

This article is protected by copyright. All rights reserved. 

-



ChemPhysChem 10.1002/cphc.201900509 

Tablc S 1: Thcrmodynamic data used from Atkins [ 1 j o sct thc cncrgy of c1- ( aq) wi th rcspect to 

Ciz(g) . 

t..G 1/ 2 * 0 kJ / mol -131.23 kJ / mol 

-1.36eV 

Table S2: Thermodynamic data used from Atkins [1[ to set the energy of Cl* with respect to 

Wc assumc that at thc surfacc thc chlorinc ha zcro cntropy. 

1/ 2 Clz(g) 

-Tt..S -1/ 2*0.69 eV 

ZPE 0.049 eV 

t..G2 

S4 

• Cl* 

0 eV 

0.021 eV 

0.317 eV 
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Tablc S3: Thcrmodyna.mic data uscd for carbonatc at lM and pH= 0. 

HCO3(aq) 

G [kJ / mol] -623.08 kJ/ mol -586.77 kJ / mol -527.81 kJ / rnol 

When including dissolved CO2 (aq): 

At all pH 

G H,Coa = G Hco, +H+ = G o~- + 2H + 

Hence at pH= .3 and 0.lM, assuming majority of H C0 3 and H2CO3 

4. x 10- 1 = [H +][H COj"] = 10- ·3 x x H x = 0.098 7 
[H2CO3] 0.1 - X 

G Hco, +ff + = -5 6. 77kJ / mol + kaTln( [0.09 7]) + kaTln([l0 - 8 ·3]) = -640.2lkJ / mol 

able S4: Thermodynami data u ed from Atkin llJ to set he energy of H2 CO3 with r pect to 

CO(g), H2O(g) and H2(g). 

6G -137.17 kJ / mol -2 * 228.57 kJ / mol -6 0.21 kJ/ mol 0 kJ / mol 

6G1 -0.48 eV 
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Table S5: Thermodynamic da au ed from kin [11 and N(<lr kov e . a l.[21 o et the energy of HCO3 
and CO3 wi h respcct to CO(g) , H2O(g) and H2(g) . We assume that at the surfacc the carbonate has 

zero entropy. 

CO(g) + 2 * H2O(g) • HCO3 + 3/ 2 H2(g) 

- .6.S -0.612 eV -2 * 0.67 eV 0 eV -3/ 2* 0.41 eV 

ZPE 0.13 eV 2 * 0.56 eV 0.72 V 3/ 2 * 0.27 V 

.6.G2 1.22 eV 

CO(g) + 2 * H2O(g) -+ CO3 + 2 H2(g) 

-T.6.S -0.612 eV -2 * 0.67 eV 0 eV -2 0.41 eV 

ZPE 0.13 cV 2 * 0.56 cV 0.425 cV 2 * 0.27 cV 

.6.G2 0.85 eV 

fit [eV] Cu(lO0) aOH fit [eV] 

-0.072 E( - 1, p, </Je- ) 0.077 

0.192 E(-2,p </Je- ) 27.98 

E(- 3, p, </Je- ) 0.243 E( - 3, p, </Je-) 0.781 

E( -4, P, </Je- ) E( -4, p, </Je- ) 1.135 

E(- 5, P, </Je- ) E( - 5,p </Je- ) 31.21 

E(-6 p, </Je- ) 0.594 E( - 6, P, </Je- ) 1.00 

(n = {1 , .. , 6}, p </Je-) 0.080 E(n = {1 , .. , 6} , P, </Je-) 32.72 

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

Cu(lll) and Cu(lO0). 
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i me S6: Simulations and fittin y ofH• and OH• coverage incl udi.11 combioatioos for alkaline (NaOH) 

for the u(lOO) facet. Fitting pararn t r ar giv n in Tab! 8. 

u(lll) l<C03 EridcYj Cu(lll) K 0 3 fü [cVI 

E(- 1, P, <Pc- ) -0.072 E (- 1. P, <Pc- ) 0.23 

E(-2 p, <Pc- ) 0.192 E(-2 , V, <Pc- ) 63.3 

E(- 3, p, <Pc- ) 0.243 E( - 3, p, <Pc- ) 63.3 

E( -4, P, <Pc- ) 0.402 E(-4,p, <Pc- ) 63.5 

E( - 5. p, <Pc- ) .264 E( - 5. p, <Pc- ) 71. 

E(-6 , p, <Pc - ) 0.594 E(-6 ,J), r/Jc- ) 63.7 

E(n = {1 , .. , 6} ,p, <Pc- ) 0.080 E(n = {l , .. , 6} , p, 4>.,- ) 55.3 

E( {l. 2, 3}HC03, p. <Po- ) 0.0 E( {1, 2, 3}1-I 03, p, <Pc- ) 63.1 

E( C03 , p, <Pc- ) 0.0 ( 03 P, <Pc - ) 0.19 

E(2CO3, p. <Pc- ) 0.0 E(2C03 , p. rp0 - ) 52.9 

Table S7: Fitting parameter obtained from fit ing AIMD ates to experimen al KHCO3 CV for 

u(lll). Left how prior with aOH fitting parameter and right shows after fitting th V. 
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u(lO0) aOH Efit [eVI 

E( -1 , p , efi0 - ) 0.195 

E( - 2, p, ef>c- ) 0.115 

E( - 3, P, c/Jc- ) 0.310 

E( - 4 , P, efic- ) 0.642 

E( - 5, p, efJc - ) 10.95 

E (-6,p c/J0 - ) 0.514 

E (n = {l , .. , 6},p,efJ0 - ) -0.100 

Table u(lO0) fi ting paramet r for mbination of OH* and J:-1* obtain d from fitt ing AIMD 

states to experimental 'V. 
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F igme S7: Simulations and fitting of stronger binding CO3 coverages for the Cu(lll) facet in bicar­

bonatc solution. Fi ting parameters arc given in Tablc 9. 
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Cu(lll) KC03 Erit [eVI 

E(-1,p,efJc- ) 0.21 

E(- 2, p, efJc-) 73.6 

E( - 3, p, efJc- ) 73.7 

E( - 4, p, efJc- ) 73.9 

E(- 5, p, efJc- ) 81.7 

E( - 6, P, efJc-) 74.1 

E(n = {1 , .. , 6} ,p efJc- ) 65.7 

( {l , 2, 3}HCO3, p, efJc-) 73.5 

E( C03, p, efJc- ) -0.52 

E(2CO3, p, efJc- ) -1. 9 

Tablc S9: Fitting paramcters obtaincd from fitting AIMD s atcs to cxpcrimcn al KHC03 CV for 

Cu(lll), when having a stronger binding of C03 . These values are used in Figure S7. 
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Figure 9: Total cncrgy runs of th AIMD simulations with an inser of the workfunction clistribution 

with a normal fit . Left sidc ful l run and right idc th las 4000 state . The u(lll) u(l00) and 

Cu(ll0) i prcscntcd in top, middcl aJld bottom row, resp tivcly. Backsiel workfunction of th tup 

is found to b 4.14 eV, 3.94 eV, 3.71 N for Cu(lll), u(l00) and Cu(ll0) resp iv•ly. 
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