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Abstract: The effect of preadsorbed oxygen on the subsequent adsorption and reacti@tsr ain
Ru(0001) has been studied using low temperature scanning tunneling micrasddplT calculations.
Experiments were carried out for O coverages close to 0.25 Mtadtfound that no dissociation of
water takes place up to the desorption temperature of ~180-230 K. Mdtilattans show that intact
water on O(2x2)/Ru(0001) is ~ 0.49 eV more stable than the dissogmatidacts, H and OH, at their

preferred fcc and top adsorption sites.

1. Introduction

The practical relevance of wetting by water on different sagfattracts a great deal of interest in the
scientific community:* The delicate balance between water-surface and water-wetictions leads
to a variety of water-solid interface structufésThis has lead to difficulties in the theoretical
predictions of the structure and stability of water on many swgfaas well as to controversial
experimental results due to the formation of metastable anidiatyfinduced structures. The literature
on the adsorption of water on the Ru(0001) surface offers a cleaplexafrthese difficulties, and also
how today a coherent vision of the theoretical and experimentalsrésiittally being reachet? The
emerging picture is that water adsorbs intact at low teryerawith the structure depending on the
coverage. At low coverage flat, finite networks of hexamer rangformed with maximized number of
molecules with the plane parallel to the surface. Close to Saturd the monolayer water reorganizes
in a buckled ice-like bilayer structure where molecules with ti@ecular plane parallel and
perpendicular to the surface coexist in a 1:1 ratio, possibly agange chain like structurelUpon

heating this layer undergoes partial dissociation and forms a stedke structure of mixed B and



OH, forming elongated structures along preferred crystallogragingctions of the hexagonal Ru
surface’

Although studies of water adsorption and reactions on the clean Ruesaréaitnportant, particularly
in chemical and catalysis applications, it is equally importargtady the adsorption on oxygen pre-
covered surfaces, since water-oxygen interactions play an impodie in chemistry and wetting.
Several experimental groups have already shown that the additiodrah@tically affects the thermal
stability of water, with very different results depending on the remed%***>X-ray photoemission
spectroscopy (XPS) experiments indicate that the addition of ssmallnts of O, below ~0.20 ML,
promotes the partially dissociated phase, while above this regiorffibet is the opposite and
dissociation is inhibited® However, a detailed understanding of the interaction between wat€ &
still missing and very few theoretical works deal with theradtBon of co-adsorbed water and atomic
oxygen'®

In this paper we report the results of a study, using a combinatiecanhing tunneling microscopy
(STM) and density functional theory (DFT) calculations, of the thertahllgy of water on O/Ru(0001)
at oxygen coverages close to 0.25 ML where the transition betwdenept&al dissociation and intact
desorption occurs. We propose an explanation for the coverage dependé¢mf €fen the stability of

water based on the energy balance between initial state and final producteatloer énergy barriers.

2. Experimental Method

The experiments were performed using a home-built low tempesatanaing tunneling microscope
(STM).}" The base pressure in the STM chamber was < 2'kTl@rr, and all data were collected at 6 K
using electrochemically etched W tips. In the STM body, the sawgdeheated when necessary with a
resistor mounted near the sample plate, and the temperature wadlembntith a Si diode mounted
between the resistor and the sample. A single crystal Ru(O88pJes was cleaned in-situ following a
previously established procedudféThep(2x2)O superstructure was obtained by exposing the sample to

O, gas for 60 seconds at the pressure of 1'% T at a sample temperature between 500-800 K. The
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dosing parameters to create a 2x2 superstructure were calibyasenultaneously tracking the intensity
of the 2x2 spots in the LEED pattern while dosing. The structuresutasequently checked by STM
before dosing water.

Water was dosed through a leak valve and a dosing tube pointing tahestiample inside the STM
body. The source was Milli-Q water in a glass tube that wakeupurified by repeated cycles of

freezing, pumping and thawing prior to introduction in the microscope chamber.

3. Theoretical M ethod
Density functional theory (DFT) calculations were performed ushey Vienna Ab initio
Simulation Package (VASPY;? within the Perdew-Wang 1991 (PW91) version of the general gradient
approximation (GGAJ! The projector augmented wave (PA®A® method was used to describe the
interaction of electrons with Ru, O and H atoms.

A symmetric slab of seven Ru layers and the same amount of vagasimsed to represent the Ru
(0001) surface. The oxygen and water species are placed on each surfacgnofibieis slab. A plane-
wave cutoff of 400 eV, a 3x3x1 k-point sampling and a lateral 4x4 supese been used for
calculations on both clean Ru(0001) and O(2x2)/Ru(0001) surfaces. The s laferal supercell
allows for the study of low water coverages down to 0.0625 ML. In the &w&jture previous to water
deposition, the oxygen atoms are located at hcp sites, 1.17 A above the Ru togenoati lgeometries
have been optimized by allowing relaxation of all degrees of freexfdire top and bottom Ru layers
and adsorbates until residual forces were smaller than 0.03 eV/A.pfbiedure was checked in
previous work to be accurate enodgf’

The adsorption energies of the water molecule and the dissociated fractigreseEcalculated from:

E

ads — _( Eadsorbatesurface_ Esurface - Eai::joslorbate) (1)
whereEagsorbate+surfacdS the energy of the optimized combined systegkac.the energy of the relaxed

Ru(0001) or O(2x2)/Ru(0001) surface, &}l . . the energy of the relaxed species isolated in wacuu



calculated using the same 4x4 supercell. In theutations of H and OH in vacuum, spin polarization
has been taken into account.

The STM simulations were performed using the Térisaimann approximatioff:?’

4. Results

The O(2x2)/Ru(0001)

An example of the@(2x2}O structure prepared as described in the expetahsaction is shown in
Figure 1 a. The tunneling conductance is lower dlierO atoms, which brings the tip closer to the
surface, giving rise to dark spots in the gray esgabresentation. Several defects are presentisn th
image. O-vacancies appear as bright triangularysimns with a density of 0.007 ML relative to the
density of Ru atoms. Another defect appears askasp@t surrounded by 3 O atoms (marked by a circle
in the figure). Its concentration can vary betw8ed02 ML, as in this image, and 0.01 ML, depending
on the experimental conditions. Pairs of impuriseparated by two lattice constants can be frefyuent
observed. By comparison of experimental and siradlaimages (see below) and from its easy
displacement by application of voltage pulses abb®@ mV we identify these defects as atomic H
sitting in the open fcc sites of the 2x2 unit cell.

There is the possibility of atomic C being presenfin impurity substituting O in the 2x2 latticairO
Ru surface contained around 0.03 ML of C prior ¢sidg O*’ Since both C and O occupy hcp hollow
sites and have similar contrast in the STM imagabstitutional C in th@(2x2}O superstructure is not
easy to detect by simple inspection of the imaljedl. C atoms would stay on the surface after dQ<D
they would represent about 12 % of the adatomisar2k2 superstructure and, therefore, we belieat th
they do not affect our conclusions.

In Figure 1 a the bright and sharp spot marked \&itharrow is a water molecule used for the
identification of the adsorption site of H. Knowititat water adsorbs on top sfteand O on hcp site®,
the images indicate then that H adsorbs on fcooho8ites, in agreement with the minimum-energy

adsorption site calculated for H, both on the cleama O-covered Ru(0001) surface, although the
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binding energy decreases from 2.90 eV to 2.60 ethenpresence of preadsorbed hcp O atoms (see

Table 1).

Adsorption of water at 20 K

The coverage dependent adsorption geometry andjenémwater has been presented elsewfiere;
therefore it will only be briefly reviewed here. \&fn the water coverage is below 0.25 ML, the
molecules adsorb on top Ru sites inside the O(RxZP001) unit cell with the molecular plane nearly
parallel to the surface and forming H-bonds witlo tof the neighboring O atoms of the 2x2 unit cell.
This H-bonding contributes an additional bindingergy of 0.14 eV, as compared to the energy on the
clean Ru(00013® As the water coverage increases and the exposedpraites are filled, water forms a
2x2 structure over that of the O-layer. There isditect water-water bonding in this structure. Some
fuzzy lines observed in images acquired after dpsvater at 20 K suggest the presence of unstable
monomers or clusters that are dragged by the timglscanning. The sample was then annealed to 75-
140 K in order to bring the system into a stablefiguration. This eliminated the unstable monomers,
probably by facilitating their diffusion to stabBx2 top sites without affecting the overall struetuA
similar stabilization of the adsorption configuaatiin this temperature range has also been repfoted
water on O(2x2)/Ni(1113**° Figures 1 b and ¢ show the surface after depgsiti67 ML and 0.23 ML
of water and annealing to 140 K and 75 K, respebtivlihe coverage refers to immobile molecules in
the 2x2 structure. It does not include the wealdyridl molecules that are dragged by the tip and
produce the fuzzy lines in the STM image.

In contrast to this observation, theoretical caltohs indicate the existence of a stable configuma
for 0.5 ML of water with the extra 0.25 ML consigdi of water molecules forming two H-bonds: one to
the molecules bound to the Ru on top sites (iocemihg dimers) and the other to the pre-adsorbed O,
instead of direct bonding to Ru in the availabledc hcp hollow site&> The absence of such a structure
in our STM images might indicate that its formatisnkinetically hindered by an energy barrier. To

stabilize this second phase a higher water covaaagehigher temperature treatment than the one used
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in these experiments would be necessary. The existef two different adsorption states is in linghw
the peak shifts in temperature programmed XPS @rpets at high water coverage reported by Gladys
et al*® The shift in the water-related O peak at 175 Kldde due to the desorption of the H-bonded
water in the dimer, whereas the peak of the moablet Ru-bonded water forming the 2x2
superstructure would remain up to higher tempeeatufurther work is required to clarify the possibl

relation between these observations and the cébclita5 ML structure.

Thermal annealing

In these experiments the surface was annealedf¢oatit temperatures and imaged after cooling back
to 6 K. The initial coverage of water in each aégh experiments was 0.06 ML. In Figure 2 we show
images obtained after annealing to 100 K, 180 K, RGand 230 K, as indicated. Figure 3 displays the
H,O and H coverage deduced from the images as aidanof temperature. The H coverage was
obtained by counting the isolated H atoms andasef clustering, assuming a 1x1 phase, which sets
an upper limit*

Figure 2 a shows the surface after annealing toKLOChe appearance is identical to the pre-annealed
surface, i.e., monomers adsorbed on Ru top sitéseoPx2 unit cells. The H concentration increased
from 0.004 to 0.014 ML. Since the water coveragaaieed unchanged, we attribute the increase in H
to adsorption of kdisplaced from the microscope body during anngalin

After annealing to 180 K (Figure 2 b), the wateverage decreased from 0.063 ML to 0.035 ML.
This decrease was not accompanied by a changeaméentration. We also did not see any decrease in
the pre-adsorbed O concentration. The possibilithaving OH substitutional or interstitial in the
p(2x2}0 lattice seems energetically excluded by out firfciples calculations, where adsorption of H
on top of the O atoms is 1.2 eV less favorable thanadsorption at fcc site. To better understéed t
outcome of these experiments, simulated STM imégeboth HO and OH + H were compared. The
latter was calculated for different OH-H distanedaich did not produce any important change in the

appearance of the species (with OH and H in theesamd in separate O(2x2) unit cells). Images for
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H,O and OH + H are displayed in Figure 4 and 4 hé&ligh both HO and OH appear as bright dots,
the apparent height for OH is lower than faxCH This decrease in apparent height is consistéhttiae
decrease observed from® to OH on the clean Ru(0001) surfatelthough in this latter case the
differences are larger. Since no change in appéreght of the bright features is observed durimg t
annealing series, we exclude the possibility ofita®H on this surface.

Annealing to 200 K results in the nearly complegsatption of water, with a residual coverage of
0.01 ML, which is again not accompanied by anyease of H concentration (Figure 2). Finally, after
annealing to 230 K, all water molecules are desbrligoroduced also a few changes in the struattire
the surface; for example, the O vacancies appeaodtesce into small clusters (Figure 2). Although
their concentration of approximately 0.015 ML igim the range found in other O precovered surfaces
before dosing water, a slight increase of O va@nduring annealing is possible and could explan t
decrease of H of 0.005 ML after annealing to 23@&water formation by recombination. H impurities
also coalesce in small clusters during the anngdtlark clusters in Figure 2 b-d). The remaininighur
dots are unidentified impurities also found on sheface before water dosing (indicated by an airow
Figure 5 a). Unlike water molecules, they cannoinamipulated by V pulses. In any case, the importan
conclusion that can be extracted from our thermgatinent experiment is that water gradually desorbs
intact in the temperature range of 180-230 K. Tésuilts are again in agreement with the gradual
decrease of XPS peak corresponding to the modestadier phase observed in the same temperature
range in Ref. 15.

DFT calculations confirm the preferential intact tera adsorption versus dissociation on a
0O(2x2)/Ru(0001) surface, contrary to what occurs adan Ru(0001) surfaces. The results are
summarized in Table 1. Notice that the water cayermaf 0.0625ML, considered in the calculations, is
low enough to represent the adsorption of an iedlaionomer. We estimated that the interaction with
periodic images varies the adsorption energy ofntledecule by less than 8 meV, which is inside the
error bar for our calculated adsorption energiasti@ clean Ru(0001) surface fcc sites are enealti

preferred by both the H and OH fractions although $ites are also possible for OH, since theyuse |
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26 meV less stable than fcc. Actually, when OH &hdre co-adsorbed as first neighbors it becomes
energetically favorable (by ~70 meV) for OH and &l accupy neighboring hcp and fcc sites,
respectively, (configuration c in Table. 1) insteafdsitting on neighboring fcc sites. Dissociatiisn
~0.35-0.39 eV more favorable than non-dissociatvager adsorption, depending on the distance
between the two products, in agreement with previzalculations.However, the situation is reversed
on the O-covered surface, where non-dissociatigeration is more favorable by ~ 0.47-0.49 eV. The
distance dependent energy observed in both caflestsea slightly attractive interaction between OH
and H. Notice that the OH adsorption site changesp for the O(2x2)/Ru(0001) surface. A possible
mechanism to explain the preference for the tapisithe formation of an extended hydrogen bond, ~
2.58 A, between the OH fraction and the O atonthénsurface, as it is observed in the calculataon
schematically shown in Figure 4 c. Zero point eweopntributions would reduce these energy
differences by less than 0.1 &thus leaving the main result unaltered.

The thermal stability of molecular water on the @gwvered surface could driven by two different
factors. One is related to the modification of thesociation energy barrier by the presence of I T
importance of clustering for the dissociation of tevahas already been demonstrated both
experimentally and theoreticafly:***°For clean Ru(0001), water clustering is essemtiakeduce the
dissociation barrier from 0.85 eV to 0.50 eV, whistbelow the desorption barrigiVhen O covers the
surface with a 2x2 lattice, the situation is totallfferent. Clustering of molecules is not obserdie
to the larger adsorption energy that immobilizes mholecule in the 2x2 unit cell. The inhibition of
clustering on this patterned surface therefore diéaNor the quenching of dissociation.

The second factor is the modification of the rekatadsorption energies between the intact and
dissociated water. In the case of O(2x2)/Ru(0004. hawve shown that, not only intact water is stabdi
by ~ 0.14 eV respect to the clean Ru(0001) by fognwo extended H-bonds to adjacent chemisorbed
O atoms, but the adsorption energy of the dissedigiroducts OH + H is modified such that
dissociation becomes energetically unfavored inQf#x2) covered surface. Thus, regardless of energy

barriers, inhibition of dissociation can be expéinn terms of relative adsorption energies alone.
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Adsorption and dissociation of water on a defec{x2) surface

In order to study the nature of the sites leadindissociation of water, we prepared a surface aith
O coverage below the saturation of the O(2x2) stirecexhibiting small patches of clean Ru. An image
of such a surface is shown in Figure 5 a, with Cawnaies, comprising 2% of O in the 2x2 structure,
visible in the form of triangular features (medidomght contrast in the image) isolated or in clustdo
this surface, 0.003 ML of water were added, whicbhdpced the brighter spots. When the water
coverage was increased to 0.065 ML and anneal@@Qd, as in Figure 5 b, the water in the O(2x2)
areas remained intact. However, the molecules bddaon the clean Ru patches reacted to create new
structures with brighter perimeter, which is ch#gastic of mixed HO-OH clusters. These are very
similar to those formed on the clean Ru surfacesisting a mixture of 6D and OH->*?This process is
amplified by heating to 140 K, as shown in Figure. 3 he formation of the mixed B-OH clusters is
in stark contrast to the case of the complete Q(2where no dissociation was observed. Indeed
calculations indicate that on a Ru(0001) surfac ®i0625 ML oxygen coverage, corresponding to a

O(4x4) supercell, dissociative adsorption is entirglty favored by about 0.2 e{%.

5. Conclusions

Our combined STM studies and DFT calculations afewadsorption on O(2x2)/Ru(0001) show that
water remains intact up to 230 K, in contrast @ plartial dissociation observed on the clean RUP00
Water molecules, bound to the available Ru topast stabilized by H-bonding to the two neighboring
O, gradually desorb in the temperature range of2Z&D K. We have shown that the presence of O
vacancies is necessary for dissociation to occHI. Ealculations indicate that the change in thatned
adsorption energies of intact and dissociated wiatduiced by the presence of O is large enough to
prevent dissociation, excluding any energy bamedification effect. The calculations show alsottha
on more open structures, such as the O(4x4) expsaveral Ru atoms, dissociation of water is again

favorable.
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Figuresand tables

Table 1. Calculated adsorption energies for a water moéeand its dissociation products (H and OH)
on Ru(0001) and O(2x2)/Ru(0001) surfaces. The sipijases are calculated in a 4x4 unit cell. The
energy balance for the coadsorption of OH +AfE) is defined byAE = Eisv+ Eads.on— B0 _break
where E.o breakiS the energy cost to break a O-H bond in the m@t@ecule in the gas phase (~5.58
eV). The positive values &fE indicate energy release (exothermicity). The last corresponds to the
comparison between intact adsorption and dissatiatger fractions adsorbed infinitely distant and i
nearest neighbor hcp-fcc sites (in parenthesispabe values indicate preferred dissociation over

intact water adsorption, whereas the positive difiee favors molecular adsorption.

Ru(0001) 0(2x2)/Ru(0001)

Eads 1o (V) 0.47 (top) 0.62 (top)
Eads H(eV) 2.90 (fcc) 2.60 (fcc)

Eads on(eV) 3.50 (fcc) 3.10 (top)
AE?(eV) 0.82 (fcc/fece) 0.13 (top/fcc)
AE® (eV) 0.86 (fcc/fec) 0.13 (top/fcc)
AE° (eV) 0.87 (hcplfcc) 0.15 (top/fcc)
Eads_ o —AE 2 (€V) -0.35 0.49

11



Eads o —AE © (V) -0.39 0.47

#OH and H in a separate phase (infinite OH-H distan

POH and H coadsorbed in a 4x4 unit cell (close dist

“OH and H coadsorbed in a 2x2 unit cell (as clogeoasible).

Figure 1. STM images (20 nm x 20 nm) of: a) O(2x2) suparttre on Ru(0001). O vacancies (bright
triangular features) can be observed isolatedronifagy small aggregates. H atoms are also presaint (f
black spots marked by a circle). A water molecul&oduced for identification purposes is visible a
the bright spot marked with an arrow. Tunnelingditans: 184 mV, 102 pA. b) After dosing 0.07 ML
of water followed by annealing to 140 K. Water momss order in a 2x2 structure intercalated with the
O 2x2. Tunneling condition: —218 mV, 95 pA. c) Afeosing 0.23 ML of water on the surface shown
in b) followed by annealing to 75 K. The coveragereferred to the immobile molecules in the 2x2
structure (ordered background). In addition to ¢hestreaky lines are visible due to weakly bound

molecules being dragged by the tip during scannimgneling condition: 69 mV, 46 pA.

12



Figure 2. Thermal evolution of a 0.063 ML of water on the2€) Ru surface dosed at 20 K followed
by annealing to: a) 100 K, b) 180 K, c) 200 K, a)®30 K. Neither clustering nor dissociation oftera
is observed. Complete desorption takes place a2300K. During annealing the H impurities (dark
spots in b) and oxygen vacancies (grey clusted itoalesce into small clusters. The bright dotd)in
are unidentified impurities also found before dgsiater (indicated by an arrow in Figure 5 a). lmag
size is 10x10 nm. Tunneling conditions from a) Jo4D mV, 100 pA; 100mV, 100 pA; 50 mV, 400

PA; 50 mV, 345 pA.
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Figure 3. Water and hydrogen coverage as a function of dimgetemperature of 0.063 ML of water

dosed at 25 K.
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Figure 4. Simulated STM images at constant current for sagel of 150 meV on a 4x4 unit cell of the
(2x2)O/Ru(0001) surface. (a) One H atom adsorbeeamh fcc site of the 2x2 unit cell. (bp® on

each top site. (c) OH on a top site and H on aifiec

Figure 5. Thermal evolution of water on an incomplete O(2adlayer containing 2% of O vacancies.
The O-vacancies are visible as triangular mediuighbrfeatures either isolated or forming aggregates
that expose the clean Ru(0001) patches. A few atifde impurities are also found on the surface
before dosing water (marked by arrows in a)). Imaige is 20 nm x 20 nm. (a) 0.003 ML of water
dosed at 20 K. Water monomers adsorb both on thasacovered by the O(2x2) structure and on
vacancy islands. In the latter case, they tendtézlato the O atoms at the border. Tunneling dadi

106 mV, 152 pA. (b) Increasing the water coveraged.069 ML and annealing to 100 K. A 2x2
structure of water is formed in the O(2x2) coveaeelas, and some water clusters are observed on the
clean Ru patches. Tunneling condition: 150 mV, B4 (c) After annealing the previous surface, in b)

to 140 K. The elongated clusters with bright peteng on the clean Ru patches are characteristleeof
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partially dissociated clusters observed on thenclRa(0001) surfacE>? On the O(2x2) areas intact

water monomers are still visible. Tunneling coraiti103 mV, 204 pA.
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