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ABSTRACT: The reactivity of the Pt/Au(332) surfaweasstudied using high resolution photoelectron
spectroscopy andarbon monoxide adsorpticat 3.5 x 1¢ mbar The characterization of Pt/Au(332)
indicates the formation of a At surface alloy at the top most atomic layer of the (332) crystal due to an
atomic exchange mechanism at both terrace and step edge. The anadlayedfAu atoms has proven

to be depetient on the amount of Pt deposited in the coverage range investigated. The activation of Au
atoms by alloying is detected by comparing the ability of the surface to adsorbh@® pressures. By
analyzing theC 1sand O lgphotoemission lingit is possble to conclude thaCO adsorption is both
dissociative and molecular on the PtAu/Au(332) surface, differently from the behavior observed for Au
ard Pt single crystals. Also, by rising the temperature o€CBadsPtAu/Au(332)surface a dissociative
reacton path is followed with theccumulatiorof graphiticcarbon on the stace and the oxygen desorp-
tion. Thus, our results shows, not only the differential catalytic behavior of Pt@Au/Au(hkl) model sur-

faces but also that Au atoms have an active role oretieion mechanism.



INTRODUCTION

Transition metal nanoparticles have been extensively studied over the years because of their remarkable
properties as catalyst in a variety of matertalEhese materials have been tested, in some cases success-
fully, for a widevarietyof chemical reactions ranging fromhdelrogenation to oxidation of small organic
compounds.

Particularly in the case of #tased binary nanopatrticles, their applicability in the field of electrocatalysis
has been a subject of research for the last decades due to the promising resultsdbrafyaications.

In this sense, the main reactions for which thesdysasshave been testaege mainly oxygen reductién
andhydrogen, methandl, ethanol or glycerof oxidation Whether the material is used asanode or
cathoden afuel cell, the mainconcern is the high Pt content of these materials. In oodengrovePt
utilization, the so called corshell nanoparticles were creatgging different methodshere anon-noble

metal core is protected by a Au shell where Pihoted Pt-TM (TM= transition metalynonolayers are
deposited as the macatalyticallyactive phaseln this respegtpromising results were reported in the
literature for various reactiomsgarding their application to fuel celsuch as metharfoi® and ethandl
oxidation, and oxygen reductién

In a generalvay, the aim of alloying Pt with a secomt¥l is toincrease the reactivity of Pt. The mecha-
nism responsible for the activity enhancement is always referred ascagrig i) electronidligand or

i) geometric/ensemblkffects although in mostasest is the result o& combination othese effectsin

the specific case of the-Ru bimetallic system, the effect of Au on the properties of Pt has been ration-
alized as being consequence of the lattice mismatch of ca. 4 % between Au and Pt and ibiéitpasds
charge transfer from Au atoms to Pt, despite the fact that Au has a higher electronegativity. In this sense,
variousreports have addressed the enhancement regBtivity due to Au alloying in terms the case

of carbon monoxid&™!t. However, the role of Au atoms in-Rt1 alloys habeen greatly ignored in terms

of their participation in theeactionmechanism of theatalyzedchemical oreven electrochemical reac-
tions. Inother wordsthe role of Au on Pt@Au alloys, from nanoparticles to thin filimg)terpreted as

being an indirect modification of f the enhancement of adsorb&ebond strengtproperties due to
electronic and ensemble effect, disregarding the pitisgiof a direct participatiorof Au atomsduring

the reaction.

The adsorption afarbon monoxideGO) on single crystalline surfaces of Au, both basal and vicinal, has
been the subject of many studies in the last decades using a variety of techniqassITSUIZhHRXPS
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andFTIR?14, All these papers have reported the weak interaction afn@Gl@cules with Au, reflected by

the necessitpf perfornming the adsorption experiment at low temperatuaesisupported bgimulations

15 Moreover increase irtheenergy of adsorption @O has been observeith goingfrom a basal plane

to a vicinal surface of Au, indicating the higher reactivity of kiakd stedike surface atoms\leverthe-

less, m results on CO dissociation have been reported on Au surfaces, even those having high density of
defects at room temperature

Accordingly, we propose the use of a Pt/Au(332) substrate as a model surface to studgatental
properties (electronic and morphological) of Pt@Au esirell naoparticles.The morphology of the
Pt/Au(332) surface asstudied and recently reported in a previous pdpkrthat report we showed that

the growth of Pt nanostructures proceei@ an island formation mechanism. The growth is anisotropic,
with the preferential axis of growth being parallel to the step edge due to the energy barrier fer hetero
diffusion across the step edge (Ehrdi@thwoebel barrier). The transition from a monolayer to a bilayer
regime was alsobserved as coveragepkenent

In thepresent paper wehowhigh resolution photoelectron spectroscogsults thasuggesthat Ptatoms

have a promotion effect on Au atoms by turning them into active sites upon albyyimgans of carbon
monoxide adsorptiofreaction in contrast to the umodified Au(332) surface.In this sense, the
Pt/Au(332) surface exhibit anique catalytic behaor for CO cracking at room temperature, differently
from Au and Pt bare surfacbeth basal and vicinaRdditionally, the results suggest that Au atamesy

have an active role in the adsorption/reaction of CO in addition to the indirect modification of the catalytic
properties ofPt nanostructuresince a different catalytic response was observed compatsath bare

Pt and Au surfaces

RESULTS AND DISCUSSONS
Bare Au (332) surface: characterization and reactivity

Prior to the deposition of Pt nanostructures, the Au(332) surface is characterized. The rdsghs of
resolution core leveHRCL) spectra before and after CO exposure are shown in Figuretheafitting
results are presented in Takavailable in the&Supplementarflectronic Material

In the case of clean Au(332) the fitting procedure reveal the existence of 2 components in the Au 4f
core line. As can be seen from the data in T&ilea splitting of-0.33 eV is obtained for the surface
component relate to thesubsurfacefeature.This value is in excellent agreement withadglteady pub-
lished forsurface core levedhifts on basal planes of Al Also, the intensity ratio (surface/bsurface
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cal cul at e diredsinagreempeatavith’'the expected value for a probing depth of 2 deyrais

(hn =180 eV) From row on, the components will be referréalassurface and suburface At this point

it is worth mentioning thaticcording to data reported in the literatfoethe inelastic mean free path o

Au 4f photoelectrons with a kinetienergy of 95 eV and the intensity ratio of the components shown

in spectra of Figure lésurface:suksurface = 1.2ye conclude that, under the experimental condition
used, the signal should be limitedsentiallyto the surface ahsubsurface atomic layer of the Au(332)
crystal.

In order to investigate the reactivity of the bare Au(332) substrate prior to Pt deposition the surface was
exposed to CO and HRCL spectra were collected after the exposure. The resulting #pedfra are

shown in Figure 1b and the parameters resulting from the fitting are presented i8I &hténg results

reveal that no changes are observed o\théf7,> photoemission line in terms of chemical shifts of the
surface feature or even int@ty ratio of the two components considered in the fitting. The presence of C

is detected after exposure to CO but at a verydomcentratioras can be inferred from tlo®emparison

of C1s spectréor the Pt/Au surface, as discussed in the next se(g@riigure 7, red line) In contrast,

no O is detected on the surface under the experimental conditions used. Considering the fact that the
atomic subshelphotoemissiomrross section of Csand O 1s lines are comparable at the photon energies
used (400 an@50 eV, respectivelyy, one could expect the same sensiifir detection of C and O,
implying that only C is indeed present on the surface after exposure. Thisrektiie BE of this feature
suggest that C detected should be a §p¢cie rather than CO, a common contaminant of even high purity
CO gas that bexnes significant when working at relatively high pressures. However, since its surface
concentration is very low, its presenceednot change the results that will be shawrthe next section
regarding the adsorption studies on Pt/Au(332).

The adsorptin of CO on bare Au single crystals of low Miller index such as (111), (100) and (110) has
been explored in the past by various auti®f& Eventhough these results were obtained by adsorbing

CO at low temperatures, they provide an interesting framework to understand the reactiveness of Au
surfaces. Also, among the three basal ggathe (110) plane can be considered as being part of the same
family of planes as Au(332), having the structure Au(S)[n(111)x(111)], with n indicating the number of
atoms that constitute the terrace and the 3 numbers in parenthesis the crystallogeaghieoa of the

terrace and the step, respectively. In the case of Au(332), n = 6, while in the case of Au(110) n = 2.
Because of this, the (110) surface is a suitable candidate for comparison in terms of reactivity, since it has
the maximum density oftep-like defect possible for this vicinal family. In this sense, Meier et'al.

reported that for a Au (110) surfader temperatures above 250 K, #dsorptiorof CO is discarded for
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by means of infrared reflection absorption spectroscopy data at pressurasibathrangeThese results
agreevery well with the absence of adsorbed CO on Au(8B8grvedfrom HRCL spectra of Figure 1b.

The role of undecoordinated atoms in the adsorptive properties of Au surfaces has been discussed by
Mehmood et al?® and the calculated energy of adsorption of CO on flat, stepped and kinked Au reveals
a stronger adsorption amdercoordinated atoms; although, the energies of adsorption obtained are con-
siderably smaller than for Pt surfaces. Weststtatied Ruggiert® obtained the same conclusion using

vicinal surfaces as substrates and techniques such as high resolution XPS, TPD and FTIR spectroscopy.

hv =180 eV

hv =180 eV

85 |84 B3 82
BE/eV

Figure 1. High resolution spectra of4. core line for Au(332) taken before (a) and after (b) exposure to
CO atroom temperatureCO dosing was 7.9 x £0.. Red (2) and blue (1) components represent surface
and subsurface contributions both casegespectively.

From all the arguments presented above we believe that CO adsorption must be reversible on Au(332),
i.e., CO molecules physically adsorbs onto Au(332) surface but once CO is pumped out of the UHV
chambeythe adsorbed molecules desorb, leaving behind a bare Au(332) surface. Moreover, the adsorp-
tion should be molecular, since no measurable traces dfiticagarbonwveredetected in our experiments

with the bare Au(332) surface. This is an important result since the modification with Pt induces a differ-

ent behavior from the catalytic point of view, as will be discussed in the next section.



The effect badding Pt orAu(332)

Figure 2 shows the high resolution core level spettha 4f;2 and Pt 4f photoemission lines for a sample
having a Pt/Au ratio of 036 (all peaks were normalized for the corresponding photoemission cross
section and analyzer transmissioA$ can be seen, in the case of Au, the existence of a third component
at the lower BE tail of the 45 line emergesafter Pt deposition (green compemt (3) in Fig. 2aat 83.20

eV). The position of this third componedbesnot change with surface concentration of Pt, although its
contribution to the total envelope increases almost linearly with Pt/Ay tlati® confirming its assign-
ment to Au atomsni close contact with Pt atoms, as shown in FigufEn®.Au surface componetite-
longing to Au atoms in the vicinity of Pt atoms(componenB) shows achemical shift of ca0.21 eV
relative to thébare surfacécomponent 2)leaving the position of suburface and p u-suedcecompo-
nents(1 and 2JunchangedMoreover regarding thét4f7,2 photoemission line in Figurb, the presence

of a main componens detectecgt~70.1 eV(componentl), representing a negative shift of ed.8 eV
compared to thvalue reported by Keister et?dfor Pt nanostructures on SiGee red line in Figure 2b),

where nostrongPtsupportinteraction is expected.

The results obtained from the fitting of both Au and Pk4ihes for various samples are ented in

Figure S1lin the Electronic Supplementary Material. For instance, in all samples three components were
detected for Pisee numbers in Fig. 2kh contrast to Au where only one additional component under Au
4f7;2 line emerges upon depositigcomponent 3n Fig. 2g. In the case of Pt, results suggests that as the
coverage increases, at least two diffetgpes of Pt emerge having both componérdaad?2 a BE lower
thanthat expected for bare Pt. From the fitting results it is observed that the component at 69.80 eV
(componen®) increases with Pt coverage in detriment of the main compon&0t& eV (component

1), a trend that islepicted in Figure 3. Thisehaviourarises from the fact that as coverage increases there
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Figure 2. High resolution core level spectracorded at room temperatuaed fitting resultof Au 4f72
(a) and Pt 4f,> (b) photoemission lines for the sample witbAu ratio of 0.136.Components 1, 2 and 3
under the Au 4f7/2 line correspond to subsurface, surface and surface alloyed goldtommsgtribespec-
tively. Components 1,2 and 3 under Pt 4{7/2 line correspond! amd. 2 layers on Pt nanoislands and
impurity, respectivelyFor resultgegarding samples havirggdifferent Pt:Au ratio the readerrisferred
to the Supplementary Electrariaterial of this manuscrigtvailable online

is a transition from monolayer (ML) to bilayer (BL) heights of the nanoislands, as demonstrated by us in
a previous report using scangitunnellingmicroscopy®. Thus, componeri could be ascribed to the
topmost atomic layer of Hayered nanoislands, with the atomic layer beneath being responsibtarfor
ponentl. Thus both componestshow a negative shift compared to a bare Pt surface due to the tensile
strain by the lattice mismatch between Au and Pt, but comp@mgmpears atvenlower BEs in the same

way thatthe surfacecore level shift emergds 4f7> photoemission linef clean gold (component 2 in

Fig. 1a) FurthermorecomponenB (at ca.71 e\) could be explained by the contamination at a very low

extent of the very reactive Pt ensemldasing the experiment
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Figure 3. Variation of @mponents area under Au and Pix4fore lines extracted from fitting of spectra

in Figure S1 of the Electronic Supplementary Material for Pt/Au(332) samples with different Pt:Au ratios.
Green and red curves in the upper graph correspond to alloyed réexck stontribution in Au 4f line,
respectively. Blue and green curves in the lower graph correspond to the contribution8 &2t
atomic layer in Pt nanoislands.

The fact that, for both Pt and Au, a negative shift is observed upon deposition indicates the existence of
an atomic exchange process between Au and Pt atoms at the topmost atomic layer of Au(332) at room
temperature, since similar chemical shifts havenlreported for PAu bulk alloys by Hornstrom et al.

24 with the magnitude of the chemical shift being dependent of the alloy composition for both surface and
bulk Au and Pt core levelSomepapers as for example in réf, haveaddressedhe possibility of an
interatomic exchange in the first layer of Au(1lLppnPtdepositionespecially in the low coverage limit,
suggesting thaheformation of a phase of mixed compositiomplausble.

We showedin a previous publication that Pt grewn the Au(332) surface via island formation with a
monolayeredML) to bi-layered(BL) phasedransitionupondeposition within the coverage range inves-
tigated The growth proceeds anisotropically ivihepreferredaxis of growth being parallel to the step
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edge sincethe surface diffusion across the monoatomic step is hinééredm temperature due to the
Ehrlich-Schwoebel barrier. In this sensessihinew results regarding the HRPS study corrobmates that
thenanaslands should have mixed composition generated bgttraic exchange of topmost Au atoms

of the Au(332) surfacwith incoming Pt.In this context, the negative shifts observed in Pt 4f (see

Fig. & in electronic supplementary informatiorgn be attributed to the fact that Pt atoms inserted into

the Au matrix are submitted to tensile strain due to the lattice mismatch between Au lantiétase

of Au, ad-band shiftof the occupied dtateshasbeen predicted by Freire etZlfor the Pt/Au(111)
surfacewithin theintermixing scenariousing DFT calculation&a. 0.20.4 eV depending on the surface
composition) In this sense, the direction and magnitude or thartl center shift correlates the chemical
shifts for the alloyed Au componeWe believe that this comparisonvialid since the Au(332) surface
contains (111) domains (terraces) separated by monoatomic&tegour resultstronglysuggest that

in the case of Pt/Au system balectronic and ligandeometriceffects are important in determining the

final properties of the mad Pt/Au(332)surface.

Many authors have discussed the driving force feAlPintermixing in the Pt/Au(hkl) and Au/Pt(hkl)
systems. For instance, Stolbewal?® calculated the PPt and P#u binding energy and concluded that

PtPt interaction is stronger than-Rti, somethinghat could be ralted with a segregation trend. How-

ever, Bergbreer et aP’ showed that the entropic tac due to dilution is aery importantaspectthat
cannotbe disregarded and utiately mayleadto the formation of a surface alloy. Still, the extent of
miscibility of both metals will ultimately depend on the temperature of the sapnoleided that atom
mobility is sufficient to allow intediffusion.

Figure4 shows a sphere model of the Pt/ABZP surface structure with different scenarios that may arise
upon Pt deposition on Au(332) depending on the Pt surface loading. For instance, at very low coverage,
the incoming Pt atoms can be exchanged with Au atoms both in the terrace and at thgestephethe

more favorable position being the step edge position due to the uncoordinated nature of these type of
atoms, as we were able to corroborate with Sf*MTrhus, the displaced Au atoms begin to form 2D
agglomerates where new Pt atoms can condense, forming nanoislands of mixed composition. As coverage
increases, nanoislands undergo a ML to BL phase transition, withghayier having a mixed compo-

sition. The different chemical environment of these Au atoms is responsible for the third component in
HR-XP spectra in Figure 2a (green component). The fact that this component exhibits appreciable changes
upon CO adsorptionmoboth Pt and Au 4f core lines in the KPS spectra is a strong indicative that both

sites, Pt and Au, are involved in the adsorption/reaction. For instance, the adsorption of CO molecules on
Au sites in surfaces having-Rt mixed sites has been predittey G&® and Tereshchuk et &P using
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Density Functional Theory (DFT). The-bandideritenaofs’ ¢
Au in a PtAu alloys shiftsipwards towards the Fermi level, giving rise to a strengthenedCbnd.

In this sense, the same behavior is expected for Pt where the same siuéind denter is observed.
Experimental evidence of the stronger-®0chemical bond in this system waported by Prieto and
Tremiliosi-Filho 1° where the onset potential for CO electrooxidation has proven to be higher than for

bare Pt on a series of Pt/Au(hkl) electrodes belonging to the same family of planes.

Figure 6 Sphere model of the Pt/Au(332) surface showing the origin of the components observed in high
resolution core level spectra of Figure 3. The scheme represents the different situations that can be found
on the crystal surface depending on the amoumt afeposited. Red spheres represent Ritachs that

can be incorporated into the Au matrix or form nanoislands on the surface of the crystal. Green-and light
blue spheres represent Au atoms either in the surrounding of an inserted Pt atom or withisiandano
respectively.

Reactivity of Pt@Au/Au(332)

Figure5 showsa set ofnormalizeal high resolution spectra fawo samples having different:Ru ratio

before and after expositida 7.9 x 16 L of carbon monoxide. As can be seen, a series of changes can be
ascribed to the specific adsorption of Qfifferently from the behavior observed for the bare Au(332)
exposed to COFor instance, a completely ndeaturein Pt 4f appearafter adsorptionindicating the
existence of a neshemical state of Pt atoms. The centroid of this new sigshifted from the main Pt
component by +1.2 e\\ndicaing that thenew featureriginated upon CO adsorptiglmesnot matchthe

BEs reported for platinum oxid¢BtQ.), with a chemgal shifthigher than+1.8 eV?°, depending on the
chemical nature of thoxide Regarding théine shapef Pt4f lines, Tao et al® reported a similar change

for CO adsorption oniginal Pt(557) surface under similar experimental conditions. In their case, the
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authors suggested that the adsorption should be reveisithleing structural changes in the stepped
structure of the surface by breaking the stepped nature of the cléacesitowever, the authors dis-
carded the possibility of a dissociative adsorption path, even at relatively high pressures.

On the other hand, the changes observed in Agptfotoemission linén Figure5 are interesting in the

sense that they depict tpeomotion effect that Pt has on Au duethe surface exchange proceBsr
instance, it is possible to see thatakisorption of CO promotes a chemical shift of the alloyed component

at lower BEs on both samples of @V (see blue and red arrows iretfigure) Chemical shifts in the

same direction have been reported by other authors regarding the adsorption of CO at low temperatures
on a series of vicinal Au surfacEs®, where thenew component on Au photoemission line emerges at
temperatures below 100, Klthough the magnitude of the chemical shift gnsicantly higher At this

point it is important temphasizehat all data reported in the literature regarding the study of the interac-
tion of bare Au surfaces, basal or vicinal, have been performed at low tempesatgrasit is well

known, bare Auveakly interacts with gases at room temperature. In this respect, CO adsorption experi-
ments performed on bare Au(332) under the same experimental conditions did not show the changes in
Au 4f72 core line as in Figd a and b, thus confirming the appartuk of reactivity of theinmodified

surface dspite the high density of steps.

In both samples studied, the high resolution spectra of C 1s photoemission line indicates the existence of
two different features in the C 1s region. Based oniesodlcarbonaceous species on Au, the contribution

at 283.97 eV could be associateithvgraphitelike carbori* resulting from the dissociative adsorption of

CO on Pt@Au mixed sites. Moreover, the component at 286.4 eV can be associated with CO following a
molecuar adsorption. It is worth mentioning that O 1s line is also detected, supporting our assignment to
the aforementioned component at BE > 286 eV. Thus, the C 1s component with highar &feement

with data reported by various authors for the adsmmpif CO on a series of TM(hkurface®?=®.

A more detailed analysis of HR XPS speatras perfomed for the sample with Pt:Au = 0.136 and the
fitting results of Pt, Gind Olines are presented in FiguseParameters extracted from the fitting can be
found in Table 1The main conclusion drawn from these results is that the C featurehat 8§ is
composed by 3 components at 288287.11 and 286.43 eMhese components, when compared with
data reported in the literatyrean be ascribed to C belonging to CO adsorbed on Pt in top and bridge
positions (287.11 and 286.43 €¥and m Au (288.10eV)* 4 once agairsuggestinghat both Pt and Au

sites are active for CO adsorptiahroom temperatuyéhe same contributions of top and bridge positions
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Figure 5. High resolution core level spectra of Au# find Pt 4f photoemission lines, as indicated, for
two different samples. Pt/Au ratio of 0.028 (a) and 0.136 (b). Carbon monoxide dasidgne at room
temperature and with an exposofe.9 x 1§ L. All spectra were collected with a photon energy8if 1
ev.

are detect# in O 1s core ling¢with the BE range in agreement with data already reptetis worth
mentioning athis point that the assignment of the C 1s component at 288.1 eV is in agreement with the
results of Eyrich et & regarding TPD studies of CO on PtAu/Pt(111) suaaed those reported by
Tereshchuk et &f predicted by DFT saulations for the Pt/Au(332) systeidowever, since the surface
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has a mixed composition due to the interatomic exchange of Au and Pt atoms, we believe that bridge sites
could be both homogeneous and heterogeneouydprmed by PPt or PtAu atoms Moreover, the low

intensity (area) of the ACO component under the C 1s line can be explained by the fact that only those
Au atoms that are surrounded or in the vicinity of Pt atoms have their adsorptive properties modified by
geometric/electronic effect. Rliermore, we estimate an equivalent coverage for the sample with Pt:Au
=0.136 of 0.27 ML, meaning that only a small fraction of the total amount of Au surface atoms are indeed
tune by the presence of PEitting results of the Pt 4p core line revealhte existence o2 different
components, other than the main metallic component, under the new feature that arises upon CO adsorp:
tion at 7100 eV and 71.43 eV. We believe that these components can be ascribed to CO molecules
bounded to Pt atomat two different Pt sites in agreement with the two CBt components observed

under C 1s photoemissioncorelinet he component at higher -PBsEesbei n
andPt sites surrounded byAu atoms It is possible to see that the contribution to the total envelope of
componen® in Figure6 decreases after CO exposure, thus indicating that CO adsorption is taking place
at the topmost Pt atomic layer of the nanoislands.

The dissociative adsorption CO on pure Pt(hkl) surfaces, both basal and, nemdleen reported by
McCrea et af’. The authors determined that the existence of under coordinated atoms have the ability to
break the €0 bond at pressures in the mbar range even on Pt(111). Howevegpbeagd that a critical
temperature is needed in order to promote the cracking of thedpoegbed molecule, the temperature
being dependent on the density of defects on the surface. On the other hand, results regarding CO adsorf
tion on stepped Pt(hklusfaces indicate that the process is molecular rather than dissc€idtivenis

sense, our results indicate that the Pt@Au/Au(332) surface has an inherent abiliydfesakiationof

CO since this process is observed at room temperature.
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Figure 5. High resolution sectra and fitting results for C 1s, Pt4&nd O 1s photoemission lines corre-
sponding to the CO/Pt/Au(332) sample having a Pt:Au ratio of 0.136. All spectra were recorded at room
temperatur@nd after CO dosage of 7.9 x°10 Contribution of RO in bidge and ortop position can

be seen under the C sl line, in addition to-AOand graphitic carbon, resulting from the cracking of
CO. For Pt 4f line, component 1 and 2 correspond to contributions originated frafhathe 2¢ layers

on Pt nanoislandand components 4 and 5 to®® intop andbridgeconfiguration, respectively. Blue

and magenta components under O1s line correspdog Bnd bridge positions, respectively

In order to study the reactivity of the Pt@Au/Au(332) surface, the sample hakingaratio of 0.136
was submitted to thermal annealing after CO exposure, since this sample exhibited the more pronounced
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changes in the Au 4# core line. Figure 7 shows a set of high resolution spectra for #uPf 4f, C and

O 1s photoemission lisdefore and after the thermal annealing.

A series of changes take place after the annealing. For instance, regarding the Pt 4f lines, the vanishing of
the components at higher BEs as the annealing proceeds is evident. In addition, the changesah Au line
the low BE tail are consistent with the promotion of Pt incorporation. For instance, comBametgr

Au 4f7;> core line shifts to lower BE with annealing indicating that the temperature rise promoted the
intermixing of Au and Pt atoms, which is in agment with the expected antisegregation behavior pre-
dicted for Pt/Au(hkl) by Ruban et #l.using density functional theory and the STM results reported by
Bergbreiter et al. for Au/Pt(11%)

On the other hand, the most drastic changes can be observed in the C 1s photoemission line, as can b
observed from Figur@. In this caée, HRXPS spectrasuggest that thermal annealing induce a drastic
change in th€O-relatedcomponergundertheC 1s lineas evidenced from thariationin the intensity

ratio of both carbon signals. For instance, the intensityaghitelike signal(C2) increases in detriment

Table 1.Parameters resulting from the fitting of photoemission lines presented in Bigure

Photoemission Component Binding
line Energy
(eV)
CO-Au 288.10
CO'Ptbridge 287.11
C1s CO-Ptiop 286.43
Graphitelike 283.97
CO-Pt 533.13
O1s CO-Pt 532.41
Pt@AuCO 69.92
Ptmetallic 70.23
Pt 4f2 Pt+CO 71.00
PtCO 71.43
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of the CO related on€1), suggesting a transformation of one type of carbon into the gifeeided that

all spectra were normalized by AwAintensity and the respective cross sections of C 1s and Au 4f lines
Accordingly,the intensity of O 1s line decreases upon annealing, following the diminution in C1 signal
All these results suggest that the surface is catalytically active for the cracking of the carbon monoxide
molecule, leading to carbon that builds up on the saréad, probably, molecular oxygen that desorbs
from the surface due to its low affinity with the surface as stated by various authors for bare Adtrystals
41 Since the calculated :Ru ratio is rather small for the sample submitted to thermal annealing (0.136)
we expect that part of the surface should corre
in thevicinity, whosdocalactivity may well resemble the activity bare Au surfaces (unreactive or with

low reactivity towardsmolecularoxygen adsorption). For instance, even with the possibility of oxide
formation, it has been demonstrated that@yulayers are rather unstable and prone to decomposition
under UHV, suggsting the existence of a dynamic equilibrium between the oxide layer and oxygen at
the gas phasé

As a general picture of the surface and its reactivity we offer the following explanatioatobhie ex-
changeprocess that occurat the surface as soon as incoming Piasains arriveat the Au substrate
generate basically two types oadsorption sites for carbon monoxide molecules, in addition to those
already present on the unmodified surface (sge Au atoms), being Aalloyed and Pt sites. In both
cases, the effect of the atomic exchange is a negative shift ofodneddcenter towards the Fermi level,
ascan be anticipatéd from the negative shifts observe in cdme spectraof Au and Pt As a conse-
guence, a stronger CGRletal interaction is expected and this was particularly detected in the case of Au,
since no changes were observethmAu 4f7;2 core line upon CO exposition on bare Au(332) compared

to the Ptmodified surfaceAs a consequence, the adsorption of CO ath °t and Au sites is detected,
since different C 1s signals belonging to different-Rétal bonds were detected, as already discussed.
Also, a dissociative adsorption of CO is observed at room temperature, differently from bare Au and Pt
surfaces. In tls sense, it seems that this effect is a new property that arises from the alloying process,
although molecular adsorption is also detected as in the case of the pure counterparts even in the case c
vicinal surface where a high density of uncoordinatethatis available for the reaction to occur. There-
fore, Au sites seem to play an important and active role on the reactivity of the surface, in addition to the
indirect modification of the electronic properties of Pt nanostructures by charge transfer oy even

geometric effect due to lattice mismatch.
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The extent of ensemble effect on Au/Pt(111) has been the subject of study of various pubficitions

5 In these reports it is demonstrated that the process a surface atomic exchaingiioesy modifica-

tion on the surface atomic distribution that will have a direct impact on the reactivity of the surface as a
whole. For instance, the formation of dimers or even trimer structuresnodditiesthe adsorption site
preference of CO, something that may ultimately lead to different reaction paths. Although these results
are focused on the Au/Pt(111) complementary systems, we believe that the same situation is valid for the
Pt/Au(332) reported in thgresent paper. In this case, we also believe that the geometry of Au ensembles
should play a significant role on the reactivity of the surface, besides that of the Pt ensembles.
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Figure 7.HR-XP spectra showing Au#s, Pt 4f, C and O 4 photoemission core lines for the sample with
Pt/Au ratio of 0.136 before and after exposition to 7.9 ¥11@f CO at room temperature and after
annealingat 440 K for 10 minutesas indicated. Red spectra in C 1s set correspond to feature observed
afterCO exposure of unmodified Au(332). For fitting results of C 1s, O 1s and/RinHs the reader is
reffered to the Electronic Supplementary Material available online.

17



CONCLUSIONS

The electronic properties of the Pt/Au(332) interfaeze addresselaly means of high resolution photo-
electron spectroscopysing synchrotron radiatioihe deposition of Pt nanostructures on the vicinal Au
surface proceedsllowing an atomic exchange procedshe topmost atomic layer of the Au(38ystal,

at both terrace sites anapiike sites. Consequentlg, negative shift odf core levelof both Au and Pt

is anticipated, towards the Fermi lewath the corresponding chemical shift on both 4f core lines in HR

XPS spectra

We were able to dermine thathe atomic exchanggoceshas a promotion effect
by activating theAu atoms initially with a low affinity for CO adsorption/reaction. T®@ adsorption on
PtAu/Au(332)has proven to bleoth molecular and dissociative gig rise to grapite-like carbon on the
surface in additiomo adsorbed CO. The dissociative path setenbe the preferred reaction pathen-
peraturesigher than room temperature, as evidenced by the changes observed in C and O 1s core lines
of high resolution spectra. In this sense, the role of Au atoms have proveresséntial for this behavior,
sincethe dissociative adsorpti@t room temperatudgas not been reported single crystalline surfaces

(basal or vicinal) obothtransition metals.
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EXPERIMENTAL SECTION

All experiments were carried out in an utregh vacuum (UHV) system. The chamber is equipped with
LEED optics, an OmicroilA 125 hemispherical electroanalysemith 5-channeltron detection, an Ar

ion gun forsputtering, a water coolegbeamevaporator and a high precision two rotation axis manipu-
lator, allowing sample transfer and heating up to 1200 K by electron bombardment. The setup operates in
a base pressuoé 7 x 10 mbar and in th&.2 x10'° mbarregime during evaporation and measurements.

Au(332) crystal was purchased from MatecK Gmbh with orientation accuracy better than 0.1°. In order
to clean the surface prito each set of measurements sputtering of the surface was performed at 1 keV
for short periods of time, followed by annealing at 730 K for3®minutes in UHV. The surface order

was determined by means of Low Energy Electron Diffraction patterns showing the corresponding spot
splitting with 3fold symmetry of the (332) plane.

Pt nanostictures were grown using théoeam evapotan technique from a 99,995% Pt wparchased

from Alfa-Aesar which wagxhaustivelyoutgassed in order to avoid contamination during evaporation.
Evaporation flux was kept constant and deposition time was varied in order to reach different coverage.
The Au vicinal substrate was kept at room temperature during deposition in order to avoid Pt diffusion
into Au matrix. As a measure of the Pt surfacencentration, Pt/Au ratios were calculated from data
resulting from the fitting and the proper normalization of the corresponding photoionizatiorsecess
tions®. All XPS measurements were performed at normal incidence and room temperature.

The CO adsoron experimentsvereperformed in a adjoin eetion chamber where expositiom high
pressures of 99,99 % CO is allowed. All exposures were made following the same proceduré,.9vith
x 10° Langmuir(3.5 x 10° mbar for 5 min) Thermal annealing of Ptu(332) sample previously exposed
to CO was performed at 440 K for 10 minutes.

High resolution XPS experiments were perforratitieU11 PGM-beamline at the Brazilian Synchrotron
Light Source(LNLS). Pt and Au 4f core line spectra were collected using a photon energy of 180 eV,
while O and C 1s lines were collected with photon energies of 650 and 400 eV, respéeldtieelycer-
tainty in BE determination is estimated as being 0.02 eV according toegatded for this beamlirf®.
All metallic components in RS spectra were fitted using a Doni®lu nj i ¢ 1 andaShiley p e
background was subtracted in all cagesind O lines were fitted, when needed, using a Lorentzian line-
shapeMore details on the analysis of XPS spectra can be found in thtedgiecSupplementary Material.
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