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AbstratDensity Funtional Theory (DFT) studies were performed on the adsorption of sulfate on Au(111).Fousing on the well-known (√3×
√

7)R19.1◦ struture reported by various surfae sensitive tehniques,the oadsorption of H3O+ and/or H2O has been onsidered in di�erent ombinations. The alulatedbinding energies show that the oadsorption of a single H3O+ per sulfate is the most stable on�guration,whih is in agreement with experimental observations. Further, we �nd that in the ase of oadsorptionof both H3O+ and H2O along with sulfate, one of the protons of hydronium moves to sulfate, �nallyleading to bisulfate with two oadsorbed water moleules. Besides the morphology and energetis of thedi�erent on�gurations, we also disuss the nature of the surfae bonds by analyzing the harge densitydistribution. WidmungTo Prof. Dr. Dieter M. Kolb for his 65th birthday.
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1 IntrodutionSpei� adsorption of anions is a topi of interest in interfaial eletro-hemistry for the past two deades. Sine the adsorption of anions, espe-ially (bi)sulfate plays a major role in the strutural modi�ation of ele-trode surfaes, it has been extensively investigated by employing variouseletrohemial tehniques in onjuntion with in-situ struture sensitivemethods [1, 2℄. In the ase of an Au(111)-eletrode in ontat with anaqueous eletrolyte ontaining sulfuri aid, the nature of the speies ad-sorbing at positive eletrode potentials is still ontroversial. While thepredominantly adsorbed speies is mostly assumed to be sulfate, the pres-ene of bisulfate annot fully be exluded, resulting in the expression(bi)sulfate often used in literature. Although there is an agreement thatthe role of oadsorbates is to stabilize the sulfate struture, there is stillno lear onlusion on their nature and geometry.From Infrared Re�etion Absorption Spetrosopy (IRAS) [3, 4℄ it hasbeen observed that in the range of 0.4�1.2V (vs. SCE�Saturated CalomelEletrode) the adsorbed speies is sulfate ordered in a (√3 ×
√

7)R19.1◦struture with oadsorption of hydronium ions. Similar results have beenreported from Sanning Tunneling Mirosopy (STM) [5℄, Chronooulom-etry, Radiotraer method [6℄ and Seond Harmoni Generation (SHG) [7℄studies. However, images obtained by Atomi Fore Mirosopy (AFM)[8℄ indiated that the adsorbed sulfate has C2v-symmetry with oadsorp-tion of water moleules in a zigzag-like struture. Using Surfae-EnhanedInfrared Re�etion Absorption Spetrosopy (SEIRAS) [9℄ in the range of0�1.2 V (vs. RHE�Reversible Hydrogen Eletrode) implies that between0.75 and 1.0V water oadsorbs along with sulfate, but below 0.5V oad-sorption of hydronium ions is seen with weak intensity. But from reentSEIRAS studies with an Attenuated Total Re�etion (ATR) on�gurationon 20 nm thik Au(111)-�lm eletrodes, Wandlowski et al. [10℄ proposeda new model, representing the adsorption of ordered (√3 ×
√

7)-sulfatein three-fold hollow sites in onjuntion with oadsorption of hydratedhydronium ions H5O+
2 (Zundel-ions). In this on�guration one proton isshared between two water moleules, hydrogen-bonded to adjaent sulfatemoleules.While all previous studies agree that sulfate is adsorbed on the Au(111)-surfae, using a ombination of Fourier Transform Infrared Re�etionAbsorption Spetrosopy (FTIRS) and Low Energy Eletron Di�ration(LEED) under Ultra-High Vauum (UHV) Shingaya et al. [11, 12, 13℄onluded that the adsorbate is ordered bisulfate with oadsorption ofhydronium ions. This model is somehow supported by the inrease ofmass measured with Quartz Crystal Mirobalane (EQCM) [14℄, whihagrees with spei� adsorption of hydrated bisulfate anions (HSO−

4 +4H2O).While many experimental investigations on (bi)sulfate adsorption onAu-eletrodes exist, at present there are only few theoretial simulations3



on the eletroni struture and the interation between (bi)sulfate andAu(111). Patrito et al. [15℄ have extensively studied the nature of thesulfate�Au(111) surfae bond by performing ab initio alulations at theseond-order Møller-Plesset (MP2) level on Au-lusters ranging from 22to 64 atoms. Considering a single sulfate moleule only, they found themost stable adsorption site to have C3v-symmetry, with three oxygensof sulfate being bound to three-fold hollow-sites (f), giving an overallbinding energy of the anion of 143.9 kal/mol.Further studies on the eletroni struture were performed by Legaultet al. using Density Funtional Theory (DFT) on �nite Au-lusters sizedbetween 3 and 13 atoms [16℄. They onentrated on the adsorption ofbisulfate and found the most stable orientation to be tripod-like, wheresulfur is loated above a f-position with three oxygens pointing towardsthe next-nearest gold atoms. These latter interations stabilize the sulfateorientation, for whih they alulated a binding energy of 38.87 kal/mol.In order to mimi the presene of an eletrode potential, they additionallyvaried the overall harge state of the systems and disussed its behavioron the binding energy and geometry.Hermse et al. [17℄ performed Kineti Monte Carlo (KMC) simulationsemploying a lattie gas model for the substrate in order to study theadsorption of bridge-bonded anions on fae-entered ubi (111) surfaes.The simulated voltammograms, whih were obtained by determining theanion-overage as a funtion of eletrode potential, showed similarity tothe behavior of (bi)sulfate adsorption on f(111) surfaes. In addition,they were able to ompare the in�uene of sweeping rate, presene ofsurfae steps, and the e�et of lateral interations to experiments.Motivated by these somehow ontroversial models for the struture androle of the oadsorbates, we performed DFT-alulations on the natureof these oadsorbates on SO2−
4 /Au(111). Conentrating on the (√3 ×√

7)R19.1◦ struture of sulfate various ombinations of oadsorbed wa-ter and/or hydronium ions have been investigated. After giving a shortdesription of the methods (setion 2), we will �rst disuss eah systemseparately and afterwards draw ombining onlusions for the realistisystem (setion 3). Finally, setion 4 will summarize and motivate futurediretions.2 MethodsIn order to study the nature of adsorbates on the Au(111) surfae, weused SeqQuest [18, 19℄, a periodi DFT program with loalized basissets represented by a linear ombination of Gaussian funtions, togetherwith the PBE [20℄ Generalized Gradient Approximation (GGA) exhange�orrelation funtional. A standard (non-loal) norm-onserving pseudopo-tential [21℄ was applied to replae the 69 ore eletrons of eah Au-atom,leaving the 5d- and 6s-eletrons in the valene spae and invoking a non-4



linear ore orretion [22℄. The basis sets were optimized �double zetaplus polarization� ontrated Gaussian funtions.All alulations were performed on a six-layer slab, in whih the lowesttwo layers were �xed to the alulated bulk rystal struture (with a lattieonstant of a0=4.152Å), while the remaining four surfae layers and theadsorbates were allowed to fully optimize their geometry (to < 0.01 eV/Å).Finally, all alulations were done (and tested to be onverged), using aBrillouin zone (BZ) sampling of 8×5 k -points for the (√3×
√

7) unitell.It should be remarked that although the adsorption of sulfate is usuallyunderstood as binding of a negatively harged anion to the surfae, af-ter adsorption the eletroni struture of the system is determined by theFermi-energy of the entire system. Consequently, we allowed the eletronistruture of the system to optimize self-onsistently without manually ma-nipulating the harge distribution. Future work will aim on investigatingthe role of an external eletrode potential.3 Results and DisussionIn the following setions, we �rst disuss the strutural properties of ad-sorbed sulfate on Au(111) (see Fig. 1). Then the geometries and energet-is of di�erent ombinations of oadsorbed water and/or hydronium ionsare explained (Figs. 2�6). While strutural parameters on ovalent- andhydrogen-bonds are summarized in Tables 1, 2 and 3, binding energies aregiven in Table 4. Besides these information we will also ompare hargedensity distributions, giving further insights into the eletroni strutures.3.1 Sulfate AdsorptionOur alulations on the nature of oadsorbates we began with �rst onsid-ering sulfate only. Besides the well-known (√3×
√

7)R19.1◦ struture wealso tested a p(2 × 2)-on�guration, but as expeted found the latter oneto be less stable (i. e. higher surfae free energy). The binding energies(Ebind) of the adsorbates on the slab were alulated as,
Ebind = Etot − E

clean
slab − E

gas
ads. (1)where Etot, Eclean

slab and E
gas
ads. are the total energies of the substrate�adsorbates system, the lean slab and the adsorbate moleules in gas-phase, respetively. The binding energy for top-adsorption of sulfate,where three of the Oxygens form single ovalent bonds on top of surfaeAu-atoms (see Fig. 1), is alulated to be 2.41 eV. However, few earlierinvestigations about the adsorption of single sulfate ions on Au(111) pro-posed a struture in whih these three oxygen atoms are adsorbed atsurfae hollow sites. So, in order to ompare the stability of top and hol-low sulfate adsorption strutures, we performed similar alulations on5



C3v�hollow symmetry, but found a 0.58 eV lower binding energy. There-fore, it seems that top-adsorption beomes favorable when establishingan ordered adlayer on Au(111). Motivated by this result, in our furtherstudies we onentrated on the top-adsorbed struture only. In this geom-etry the three surfae-bound O-atoms are 2.19Å above the surfae planeand their onnetions with the entral sulfur are ≈ 1.55Å. In ontrast,the non-oordinated Oxygen, whih points away from the surfae, has
d(S�OS4)≈ 1.45Å.3.2 With CoadsorptionAlthough several experimental methods have hitherto been employed, theomposition and role of oadsorbate(s) is still a ontroversy. Moreover,theoretial investigations so far, have been mainly foused on adsorption ofsulfate only without onsidering oadsorbate(s). Therefore, we performedalulations on di�erent strutures of oadsorption of H3O+, H2O andtheir mixture along with sulfate.3.2.1 One Water MoleuleFor this system we onsidered two possible orientations of water moleulesat di�erent adsorption sites, one in whih the moleule is oriented paralleland another with perpendiular orientation with respet to the surfae.Among these strutures, we �nd the parallel orientation to be more stableby 0.85 eV. Interestingly, both possible adsorption sites shown in Fig. 2 arealmost degenerate in binding energy (∆Ebind = 0.03 eV). This is ertainlya result of the water moleules at both binding sites to be able to form thesame amount of hydrogen bonds to neighboring sulfate moleules. For thesystem shown in Fig 2 a the oadsorbed water moleule forms hydrogen-bonds to OS1 of one sulfate moleule [d(OS1�H1

W1)=1.99Å℄ and OS3 of thediagonally opposite sulfate, whih forms a hain�like struture along the√
3-diretion [d(OS3�H1

W2)=2.01Å℄, whereas in Fig 2 b hydrogen-bondsare established to OS1 and OS2 of two adjaent sulfates. The overallbinding energy of the former struture has been alulated to be 3.35 eV.In order to better understand the surfae bond, we analyzed the hargedensity distribution, whih showed a negative harge �ow from Au surfaeatoms to the highly eletronegative oxygen atoms of sulfate oordinatedto the surfae. In addition, there is also a slight harge �ow from thesurfae to the oadsorbed water, indiating, that besides the two hydro-gen bonds mentioned before the oadsorbates weakly bind to the surfae.This is supported by the behavior of the overall binding. Assuming thesame sulfate�surfae bond strength as for the system without oadsorbates(Ebind = 2.41 eV) and no water�surfae onnetion, we would be able todedue an energy ontribution per hydrogen bond of ∆Ebind = 0.47 eV,whih is 0.19 eV larger than the typial hydrogen bond energy obtainedfor a water-bilayer adsorbed on Pt(111) [23℄.6



Regarding the geometry of the adlayer, the oadsorbed water moleuledoes not in�uene the bond distanes within the sulfate moleule. In-stead it slightly weakens the surfae bonds of those oxygen atoms it formshydrogen-bonds to, resulting in a slight inrease in their distane to thesurfae plane.3.2.2 Two Water MoleulesThe oadsorption of two water moleules per surfae unitell has beenonsidered with di�erent initial orientations. While the �rst water hasbeen hosen to be parallel to the surfae, the other moleule was alulatedeither perpendiular (H-up and H-down, see Ref. [23℄) or parallel to thesurfae. In all ases the �nal relaxed geometry aomplished with bothwater moleules being oriented parallel to the surfae (Fig. 3). In thison�guration OS2 of sulfate is hydrogen-bonded to the two neighboringwater moleules (on di�erent sides), leading to a distane to the surfaeof 2.31Å, whih is 0.09Å larger ompared to the surfae distane of OS1and OS3. Furthermore, Fig. 3 reveals that the oadsorption of two watermoleules along with sulfate forms a densely paked adsorbate layer witha ontinuous hain�like water network, onneted by hydrogen bonds (seedashed lines in Fig. 3). This leads to a on�guration more stable thanoadsorption of a single water, whih is also re�eted in the overall bindingenergy. Starting with sulfate only, oadsorption of the �rst water inreasesthe overall binding energy by 0.94 eV, but with the seond water moleulefurther inreases by additional 1.12 eV to 4.47 eV for the �nal system.The larger inrease oming with the seond water an also be seen in theharge density distribution, showing over-proportionally more hanges onthe surfae atoms ompared to the oadsorption of a single water moleule.3.2.3 Hydronium IonSine besides sulfate or bisulfate the eletrolyte ontains hydroniums aspositively harged speies its oadsorption along with sulfate is of parti-ular interest. Although the spei� adsorption of sulfate on Au(111) isobserved at positive eletrode potentials only, the two negative eletronharges onneted with eah SO2−
4 somewhat overompensate the posi-tive harge distribution at the eletrode surfae. As a onsequene, theeletrolyte feels a net negative harge, attrating ations, i. e. hydroniums.Fig. 4 shows the top and side views of the most stable struture weobtained for oadsorption of a hydronium ion. In this geometry, eahhydronium forms two hydrogen-bonds to OS3 of adjaent sulfate moleules(d(OS3�HH1)=1.72Å and d(OS3�HH2)=1.91Å). This weakens the surfaebond of OS3, leading to a distane to the surfae of 2.56Å, whih is 0.24 eVlarger than the surfae distane of OS1 and OS2 (2.32Å).In order to study the surfae bonds and the eletroni struture of thesystem in more detail, we again analyzed the harge density distribution.7



Fig. 5 a represents the side view of the single sulfate moleule oadsorbedwith hydronium on Au(111), while Fig. 5 b and  give the orrespond-ing positive and negative harge density distribution of this system. Foromparison, Figs. 5 d�f are the analogous plots for the system in whihbesides sulfate no oadsorbate is present on the surfae. These plots showthat the in�uene of sulfate on the harge density distribution of thesurfae is mainly limited to the three Au-atoms it binds to, whih anbe understood by the high eletronegativity of the Oxygen atoms. As aonsequene, quite some negative partial harge is aumulated at theseOxygens (Figs. 5  and f), oming from the three Au-atoms but also fromthe entral sulfur atom (Fig. 5 b and e). By omparing the harge densityplots with and without oadsorbed hydronium, it turns out that there isno �ow of harge from the surfae to the oadsorbate, whih means thatthere is no or only minor diret interation of hydronium with the sur-fae. Instead, due to the rather large positive partial harge loated ateah H-atom of hydronium, whih interats with and is polarized by theadjaent oxygen atoms of sulfate, hydronium establishes two relativelystrong hydrogen�bonds to sulfate. Therefore, it is luid that the majorrole of hydronium as oadsorbate is only to stabilize the ((√3×
√

7))R19.1◦sulfate struture, giving rise to the large overall binding energy of 7.11 eV.3.2.4 Mixture of Water and Hydronium IonFinally we studied the mixture of water and hydronium as oadsorbates.Interestingly, for all di�erent initial on�gurations of the oadsorbates wehave studied, it was observed that during the geometry optimization alu-lation one of the H-atoms of hydronium moves towards sulfate and heneforms bisulfate. Mapping the energy showed that there is no energetibarrier onneted with this onversion. So, the �nal relaxed struturewe obtained has one bisulfate and two water moleules (see Fig. 6 a) andgives an overall binding energy of 8.51 eV. Here it should be remarked thatthis binding energy is referened to the lean surfae, sulfate, water, andhydronium, thus inludes the formation energy:
(SO2−

4 )ad + (H3O
+)ad −→ (HSO−

4 )ad + (H2O)ad. (2)For omparison, referening to the lean surfae, bisulfate and two waterswould give an overall binding energy of only 3.14 eV, whih is 1.33 eVlower than the binding energy obtained for oadsorption of two watersalong with sulfate.Sine the bisulfate struture we obtained when starting the optimiza-tion with sulfate, water, and hydronium might represent a stable, buthigher energy on�guration, we also onsidered systems in whih we di-retly begin the geometry optimization proedure with an adlayer of bisul-fate and two water moleules. Here two di�erent bisulfate onformations,one with the H-atom onneted to OB1 (Fig. 6 b), and another with hy-drogen bound to OB4 (Fig. 6 ) are onsidered. Sine the former struture,8



whih an be understood as a lying-down orientation of bisulfate, shows aomparable binding energy of 8.53 eV, Fig. 6 a seems not to be only a lo-al minimum, but one of the degenerate lying-down strutures. However,both systems are less stable than the standing-up orientation of bisulfate,in whih the hydrogen is direted away from the surfae, giving an overallbinding energy of 8.72 eV.The barrier-less formation of bisulfate observed here might have someimpliations for experimental studies. In ase sulfate adsorbs speif-ially on the surfae together with hydronium and water (only wateris not su�ient), this results in an unstable adlayer, whih transformsinto low-lying bisulfate and two water moleules, again forming a hain-like hydrogen-bonded network. This transformation will also modify theoverall geometri and eletroni struture of the eletrode/eletrolyte-interfae. However, if bisulfate is already formed in the bulk-eletrolyteand adsorbs as suh on the eletrode surfae, it most probably will adapta standing-up on�guration together with the oadsorption of one or twowater moleules. In both ases there will most probably be no hydroniumbe present within the adlayer, is the single negative eletron harge ofbisulfate not su�ient to ompensate the repulsion between the positiveharges on the eletrode surfae and the hydronium moleules.4 Summary and OutlookDi�erent ombinations of water and hydronium as oadsorbates on (√3×√
7)R19.1◦-ordered SO2−

4 /Au(111) have been studied performing ab ini-tio DFT-alulations. From the alulated binding energies we �nd thatoadsorption of a single hydronium along with sulfate leads to the moststable struture. By analyzing the orresponding harge density distribu-tion it was found that hydronium has no in�uene on the surfae atoms,but instead stabilizes the ordered sulfate struture by forming onnetionsbetween adjaent sulfate moleules along the √
3-diretion via hydrogen-bonds. Interestingly, this onnetion was found to be even more relevantfor the overall stability of the sulfate-struture than analogous onne-tions along the √

7-diretion. Instead of providing further stability, theombination of both kinds of onnetions, whih ould only be realized bythe mixture of oadsorbed water and hydronium, led to the formation ofbisulfate on the surfae in the low-lying orientation. However, this stru-ture, whih might have some relevane for the experiment, is less stablethan an analogous adlayer with standing-up-oriented bisulfate.5 AknowledgmentsSupport by the �Fonds der Chemishen Industrie� (FCI), the �DeutsheForshungsgemeinshaft� (DFG), and the �Alexander von Humboldt Stiftung�9
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System sulfate 1 water 2 water hydr. water + hydr.(Fig. 2 a) (Fig. 6 )OS1 2.19 2.26 2.22 2.29 2.54(bi)sulfate OS2 2.19 2.20 2.31 2.35 3.17OS3 2.19 2.18 2.22 2.56 2.55H1
W1 2.66 2.64 2.80water 1 H1
W2 2.64 2.66 2.71O1
W 2.38 2.42 2.53H2
W1 2.69 2.72water 2 H2
W2 2.65 2.80O2
W 2.43 2.54HH1 2.93hydr. HH2HH3

3.003.00OH 3.28Table 1: Distane between Au surfae atoms and the adsorbed sulfate,water and hydronium in Å. The struture with initially oadsorbed waterand hydronium transformed into bisulfate + 2waters during the geometryoptimization. See Figures for atom labeling.
System sulfate 1 water 2 water hydr. water + hydr.(Fig. 2 a) (Fig. 6 )S�OS1 1.55 1.55 1.54 1.52 1.49 (S�OB1/2/3)sulfate S�OS2S�OS3

1.551.55 1.541.55 1.561.54 1.531.60 1.64 (S�OB4)0.98 (OB4�HB)S�OS4 1.45 1.45 1.46 1.46water 1 O1
W�H1

W1O1
W�H1

W2

0.990.99 0.990.99 0.980.99water 2 O2
W�H2

W1O2
W�H2

W2

0.990.99 0.990.98OH�HH1 1.05hydr. OH�HH2 1.02OH�HH3 0.98Table 2: Bond lengths within the adsorbates in Å. The struture withinitially oadsorbed water and hydronium transformed into bisulfate +2waters during the geometry optimization. See Figures for atom labeling.12



System Bond length [Å℄1 water(Fig. 2 a) OS3�H1
W2OS1�H1
W1

2.011.992 water OS1�H1
W1OS2�H2
W2O2

W�H1
W2O1

W�H2
W1

2.542.081.941.96hydr. OS3�HH1OS3�HH2

1.721.91water + hydr.(Fig. 6 ) OB1�H1
W1O2

W�H1
W2O1

W�H2
W1OB2�H2
W2OB3�H2
W2

2.661.881.902.172.66Table 3: Length of hydrogen bonds between adsorbed speies. See Figuresfor atom labeling.System Ebind [eV℄sulfate 2.411 water strut. astrut. b 3.353.322 water 4.47hydr. 7.11water + hydr. strut. astrut. bstrut.  8.518.538.72Table 4: Total binding energies of the di�erent systems alulated usingequation (1).
OS1

S2O

OS3
  OS4

S

Figure 1: On-top adsorption of (√3 ×
√

7)R19.1◦ sulfate on Au(111).13
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Figure 2: The oadsorption of a single water on SO2−
4 /Au(111) at di�erentadsorption sites.
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Figure 3: Top and side view of the oadsorption of two water moleuleson SO2−
4 /Au(111). The hydrogen network is indiated by dashed lines.
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Figure 4: The oadsorption of hydronium along with sulfate on Au(111).Top and side view of the systems is shown.
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Figure 5: Side views of the struture of sulfate on Au(111) oadsorbedwith hydronium (a) and without (d). The orresponding positive [(b) and(e)℄ and negative [() and (f)℄ harge density distributions are also shown.In either ase the harge density plots represent the distributions withinthe system part shown by the hard-sphere model above.
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Figure 6: Top and side views of the oadsorption of one water and one hy-dronium on Au(111). (a) shows the �nal geometry obtained from initiallyadsorbing sulfate + water + hydronium, while (b) and () result from theadsorption of bisulfate + 2waters. HB represents the hydrogen atom ofthe bisulfate. Struture (), in whih HB is bound to the non-oordinatedO-atom of bisulfate (OB4) is most stable. Hydrogen bonds are indiatedby dashed lines. 17


