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Effect of a humid environment on the surface structure of RuG(110
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Combining density-functional theory and thermodynamics we compute the phase diagram of surface struc-
tures of rutile Ru@(110) in equilibrium with water vapor in the complete range of experimentally accessible
gas phase conditions. Through the formation of hydroxyl or waterlike groups, already lowest concentrations of
hydrogen in the gas phase are sufficient to stabilize an oxygen-rich polar oxide termination even at very low
oxygen pressure.
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. INTRODUCTION RuO,(110) already lowest amounts of hydrogen in the gas
phase lead to an overwhelming stability of hydrogenated sur-
Metal oxides are employed in a wide range of technologiface phases. Through the formation of hydroxyl or waterlike
cal applications, as for example catalysighere they may groups an oxygen-rich polar oxide termination is then stabi-
serve as the support or the active matergadd corrosion or lized over the complete range of accessible oxygen pres-
wear protection in mechanical systems. A microscopic undersures. Concomitantly, the strength of the O-H bonds formed
standing of the function of these compounds requires knowlis so high, that even in ultrahigh vacuutdHV) annealing
edge of their often complex surface atomic structdres, temperatures of the order of 600 K will be required to fully
which may be sensitively influenced by temperature and paremove hydrogen from this transition-metaM) oxide sur-
tial pressures in the surrounding environment. This depenface. While this not only indicates the danger of uninten-
dence could be particularly prominent in oxygen-containingtional hydrogen contamination iSurface Sciencexperi-
environments, where oxide terminations of varying stoichi-ments, our findings also demonstrate the sensitive
ometry are easily perceived as a function of the abundance afependence of oxide surface structure and composition on
oxygen in the surrounding. The situation becomes even morthe surrounding gas phase. The latter should be systemati-
complicated by realizing that also hydrogen is almost alwaygally taken into account when addressing the functionality of
present in real-life systems, e.g., as a species in the reactathiese surfaces in technical applications.
feed gas or as a bulk impurity. Then, it is in fact very plau-

sible that surfaces are terminated by hydroxyl groups, as has Il. THEORY
recently been exemplified by Wangetal. for the
a-Al,05(0001) surfacé. In equilibrium with a given environment, characterized by

Although it is quite obvious that such variations in the temperaturelT and partial pressurel;}, the stable surface
oxide surface structure and composition may affect the funcstructure minimizes the surface free energy, defined as
tion of these materials in applications, systematic studies L
analyzing this issue are surprisingly sparse, even for well- _
defined oxide surfacés’ To this end we describe in the fol- (TP =3 G<T,{pi},Ni>—Ei Niwi(T,pi) |-
lowing how the method of first-principles atomistic
thermodynamics®® can be employed to construct a phaseHere, G(T,{p;},N;) is the Gibbs free energy of the finite
diagram of the most stable surface structures of an arbitrargrystal,N; and ;(T,p;) are number and chemical potential
oxide surface in equilibrium with its environment in the of the species ofth type, andy(T,{p;}) is normalized to
complete range of experimentally accessible temperature arghergy per unit area by dividing through the surface dea
pressure conditions. As a specific example we choose thia the present application to Ry(110) in contact with a gas
RuG,(110) surface in contact with a humid gas phasephase containing oxygen and hydrogen, the surface free en-
formed of hydrogen and oxygen. Recent experiments havergy is thus a function of the three chemical potentials of Ru,
not only shown this surface to be an efficient CO oxidationO, and H. Assuming that the surface is also in equilibrium
catalyst>*?but also a sensitive dependence of the measurewith the underlying oxide bulk constrains the chemical po-
turnover rate on the amount of hydrogen present in the sydentials of the two oxide components, as their stoichiometric
tem was reporte In these measurements, Ry(@10) sum has then to equal the Gibbs free energy of the bulk
showed a particularly high reactivity for the low-temperatureoxide. As a consequence the surface free energy can be dis-
oxidation of CO by humid air, i.e., conditions where mostcussed just in terms of a dependencewgnand u, which
technological catalysts cannot be applied due to anodiare both determined by the surrounding gas phase reservoirs
corrosion™® This renders this oxide an interesting object ofand thus directly related to the experimentally controllable
study despite its problematic technological applicability dueparameters, temperature and partial presdtfte.
to the poisonous nature of Ru. We also note that not the absolute valueGdfT,{p;},N;)

Similar to the results obtained by Wanegtal. for  enters the calculation of(T,{p;}), but only the difference
a-Al,05(0001) 2 we show in the following that also for of the surface and the bulk Gibbs free energies. In Ref. 9 we
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35 ployed to describe the individual surface phas¥esry simi-
30 lar yVP(T) are also obtained if we use typical vibrational
251 modes of these two surface functional groups when adsorbed
a5 | on metallic surface¥’ Although the individual modes
< sl change, these variations have apparently little effect on the
3 composite quantityy'®(T). Furthermore, if we restrict our
g 10¢ — (HO) in (Hzo)m/_“‘"?..::\\ ] discussion toT<700-800 K, alsq the temperature depen-
g_ ST s (HO)™ in O"(H,O™ '\;\\\ ] dence of this vibrational contribution to the surface free en-
0f —= (OH)in (OH)°;{(OH)°“51= \\"'\\.,§:\\\- ergy becomes very small, cf. Fig. 1. Correspondingly, we
gl == (8:>:: in g)w'l")o /}ﬁt') N may approximately take it into account by simply adding a
Jol— oRmoMem” L . . . constanty'"® of 15 meV/& per present hydroxyl-group and
0 100 200 300 400 500 600 700 800 900 1000 30 meV/A& per present waterlike species in the computation
Temperature (K) of the y(T,{p;}) of corresponding hydrogenated surface

FIG. 1. Vibrational contribution of surface hydrogen groups to phases.

the surface free energy of various hydrogenated phases @ ONfé alr?)/r}g at an aﬁcuracﬁ bettﬁr tharf1 the Sta.ted

RuG,(110). See text for an explanation of the nomenclature used to~ me » we may.t en rep acg the two free energies

describe the individual phases. enteringy(T,{p;}) by their total energies, and calculate them
using density-functional theory within the full-potential lin-

ear augmented plane-wavEP-LAPW) approact? and the

could show that for Rug(110) in an oxygen environment yeneralized gradient approximati6BGA) for the exchange-
the vibrational and entropic contributions to this difference

Vb, . scorrelation functionat® The high accuracy of the basis <et
Yruo,(T), cancel to a large degree. This does, however, nofmployed in these supercell calculations has been detailed in
comprise the contributions from adsorbate functional groupsa preceding publication that discussed the stability of
Since they have no counterpart in the bulk Gibbs free energyRu0,(110) in a pure oxygen environmehthus the numeri-
their absolute vibrational energy and entropy enters into &al accuracy of differences betweef(iT,{p;}) values of dif-
contributiony*(T) to the surface free energy of the corre- ferent surface structures is better thas meV/A2, while
sponding phas®.In most cases involving atomic or small we stress that the aforedescribed approximate treatment of
molecular adsorbates this extra contribution is fortunatelwibrational and entropic contributions does not allow us to
still.  negligible  within  our aspired accuracy of distinguish between phases whigi(T,{p;}) differ by less
+10-15 meV/A&, as there is only a limited number ¢bw-  than about 10—15 meV/AA In comparison to our previous
energy vibrational modes that gives rise to it. work we were forced to reduce the oxygen muffin-tin radius

Due to their high-energy modes, hydrogen functionalto 1 bohr, in order to treat the short O-H bonds in the present
groups form a notable exception to this line of thought,extension to a gas phase containing both oxygen and hydro-
yielding rather highy""®(T) already for hydroxyl groups or gen. Consequently we had to increase the plane-wave cutoff
waterlike species at the surface. This is illustrated in Fig. Jin the interstitial region from 17 to 20.25 Ry for the wave
for various such phases discussed later in the text. Thfunctions and from 169 to 400 Ry for the potential to main-
y"®(T) have been obtained from a detailed vibrationaltain the same level of accuracy. Otherwise the same setup is
analysis of the various surface species, diagonalizing thesed for our computations as detailed before.
complete dynamic matrix while leaving the substrate fifed.  To further assess our ability to properly describe particu-
We see that forT<700 K '*(T) is of the order of larly the energetics of O-H bonds within our DFT-GGA ap-
15 meV/& for hydroxyl groups and of the order of proach, we computed the binding energy, as well as vibration
30 meV/R for waterlike adspecies. Interestingly, there isfrequencies of free Hand H,O molecules in the gas phase
little variation in these values, when the functional groupsby diagonalizing their dynamic matrix. The results are com-
adsorb in different surface sites, or even coadsorb closely tpiled in Table | and compared to our results for molecular
each othe(see text below for the specific nomenclature em-O,. In contrast to the known strong overbinding in the latter

TABLE |. Experimental and theoretical binding energigsas well as vibration frequencies of isolated
H,, O,, and HO molecules. The theoretical values are obtained within our DFT-GGA approach using the
same basis set that is also employed in the slab computations.

Ep Vsiretch (Sym/asym Vscissor
H, expt. 4.52 eV/mol(Ref. 21 546 meV(Ref. 17
theory 4.50 eV/mol. 538 meV
0O, expt. 5.16 eV/mol(Ref. 21 193 meV(Ref. 22
theory 5.86 eV/mol. 180 meV
H,O expt. 9.60 eV/mol(Ref. 23 454/466 meV(Ref. 17 198 meV(Ref. 17
theory 9.81 eV/mol. 424/435 meV 189 meV
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GisiE  heidgesis ~(OH) /0™ the cus site, e.g., (OMY— for an OH group at the bridge
2.8 8 0 ¢ site, the cus site being empty, cf. Fig. 2. Although adsorption
of H or O is in principle also conceivable at other sites on the
surface, test calculations always resulted in significantly
lower binding energies compared to adsorption at the cus or
bridge sites. Correspondingly, we may restrict our discussion
to these two prominent sites in the following. In view of the
more than 20 studied geometries we would like to emphasize
at this point that a complete structural relaxation—including
symmetry breaking at the surface—was essential to obtain
the correct energetics, as we find particularly the tilting of
OH and waterlike groups to decisively influence the relative

FIG. 2. Top view of the Rug(110) surface explaining the lo-
cation of the two prominent adsorption sitésidge and cus which
continue the bulk-stacking sequengeentral panel Additionally
shown are perspective views of the two most stabl {} termi-

. . ) stabilities of the tested geometries.
nations involving only O(left pane). The geometry of hydroge- Our self-consistent DFT total energies implicitly contain
nated surfaces is exemplified for two cases, comprising once a hy-

d : i . all lateral interactions within the consideredX1) surface
roxyl group at the bridge sit@op righy and once adsorbed water . A . ; -
at the cus sitébottom righy. See text for explanation of the short un!t cell. Slgnmc.am lat(.aral mteracuons beyond the first-
hand notation used to describe the various surface phases. Fﬂ?'ghbor CUS—bI" interaction, cf. Fig. 2, CO_UId' e.g., lead to
=light, large spheres, ©dark, medium spheres, +white, small ordered adsorption phases that are more dilute. qu pure oxy-
spheres. gen phases we therefore performed a systematic study to
extract all lateral interactions between adsorbed oxygen at-
case® the hydrogen-related results show close agreemerfMs employing large surface unit cells up toX4) and
with reported experimental values. With a procedure de{2x2) periodicity** We found only very small lateral inter-
scribed in detail in our previous publicatidnye can signifi- ~ actions, which we understand being a consequence of the
cantly reduce the large error introduced into the computedather open surface structufeompared to the more often
surface free energy due to the oxygen overbinding, giving u§tudied close-packed metal surfacéd/e do not expect this
finally good confidence that the chosen setup is adequat®icture to change significantly in the case of H and O coad-
Checking especially on the approximate nature of thesorption, as confirmed by a series of test calculations em-
exchange-correlation functional we additionally repeated th@loying (1x2) surface unit cells. The remaining small lat-
most relevant computations entering into the construction ofral interactions or disorder effects will only affect the
the surface phase diagram within the local-density approxi[E'&tive stabilities close to the boundaries between different
mation (LDA),?* and will comment on these findings in the stable phases. In the present study we aim to construct the

discussion below. large scale phase diagram in the whole range of experimen-
tally accessible gas phase parameters. Small variations in the
lll. SURFACE STRUCTURE OF RuO ,(110) vicinity of the obtained phase boundaries do not change the

physical conclusions we deduce on the basis of this phase

RuG,(110) has recently attracted considerable interest adiagram and are thus not of present concern. Hence we will
playing a key role in the catalytic CO oxidation at a restrict the discussion here to thstill large) number of
Ru(000) surface that is exposed to high oxygen (1x1) geometries and defer a systematic study of larger
pressur€-1#%-31 The atomic arrangement of this rutile unit-cell phases to a forthcoming publication.
(110 surface, also known from Tif0110), exhibits two dis-
tinct adsorption sites within the computed (6:43.12 A)
rectangular surface unit cell. Figure 2 shows these two
prominent sites over the oxygen-poor termination of
Ru0,(110): The so-called coordinatively unsaturateds When now discussing the dependence of the computed
site (atop of fivefold coordinated Ru atoms, ®Y, and the surface free energies on the chemical potentials of the gas
bridge (br) site between two fourfold coordinated Ru atomsphase species, we note that experimentédigd assuming
(R, The bulk stacking sequence would be continued bythat thermodynamic equilibrium appliego cannot be var-
oxygen atoms first occupying the bridge¥)0and then the ied without bounds. If it gets too low, all lattice oxygen at-
cus (G sites, thus leading to the two otherX1) termi-  oms would preferably go into the gas phase, i.e., the oxide
nations of a rutilg110) surface shown in perspective view in would decompose. On the other handui§ gets too high,
the left panels of Fig. 2; cf. Ref. 9 for more details. oxygen will start to condense on the surface. Theoretical

To evaluate the surface phase diagram we computed whattimates for both extremes can be derivadd we will
we believe are all possible §11) (co-)adsorption geom- correspondingly restrict the presentation of the surface free
etries of O and H at the cus and bridge sites of Ri@0).  energies to the limited range between this O-poor and O-rich
Additionally, we also considered any possible combinationboundary, respectively.
of adsorbed molecular ;1 OH, and HO groups at these two Extending this to a multicomponent environment we note
adsorption sites. In the following we will use a shorthandthat depending on the gas phase reaction bgsyian equi-
notation to characterize this manifold of studied geometrieslibrium composition may or may not be present in the gas
indicating first the occupancy of the bridge site and then ophase. If the barrier is rather high, as in the case of the CO

IV. SURFACE PHASE DIAGRAM OF HYDROGENATED
RuO,(110)
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oxidation reaction, thdirst-principles atomistic thermody- Po, @ T = 600K (atm)
namicsconcept can, e.g., be employed to address the situa
tion of aconstrained equilibriunwhere each gas phase spe-
cies is separately in equilibrium with the surface, but not 180 |
with the respective other gas comporientDepending on

the reaction barriers for the adsorbed species, surface kineti .
effects may then become important for certain temperaturE?s 120 |
and pressure conditions, so that the actual surface structur %
deviates from the prediction of the thermodynamic E

10% 10" 10° 1 10’

150

0 ’l.u CU
approacht T 60 Er M ~ |
This problem does not arise if one concentrates on the [ . QML o“g()g',),:/,gc"sm 5 s
situation where the environment s itelf ully equiliorated. In 2 | oy oy o oo
the present context of a gas phase containing oxygen an 0 L ! :
hydrogen this corresponds to allowing for the possibility of -20 -1.5 -1.0 -0.5 0.0 0.5
water formation in the oxyhydrogen reaction. In fact, over Ugo (eV)

the whole finite stability range possible over R{OL0), uo

is already so high that water is not only a possibility, but the ~FIG. 3. Surface free energies of the threex(IL)-Ru0;(110)
dominant gas phase component, if such a full equilibrium iderminations involving only ox_yge(solld lines. The correspondlng
reachedModeling this particular situationthe chemical po-  ¥(T.iPi}) of hydrogen containing phases are drawn with dashed
tential of hydrogen atoms at the Ru(@10) surface is there- !lnes, ifno O is present at the cus sites, and Wlth dotted Illnes, if O
fore determined by a 4O reservoir in the following. To is present(see Fig. 2 for nomenclature and site explanatidme

assure that we restrict the discussion to a humid environqoned vertical lines indicate the allowed range of oxygen chemical

ment, i.e., stay within the gaseous state of water for an potential, while the chemical potential of H is in this plot chosen for

t t th . idered will )(/ery H-rich conditions corresponding to the experimental critical
emperature or pressure, the maximgyg,o consicgered wi point of water[,uH20= —0.91 eV(Ref. 14]. In the topx axis, the

be at—0.91 eV with respect to the total energy of 8%  gependence opo(T,po,) has been cast into a pressure scale at a
molecule, which corresponds to the chemical potential ofixeq temperature of =600 K.

water at the(experimental critical point*

Before addressing the equilibrium with the two compo-scribed abové? For this particular chemical potential
nent gas phase, it is instructive to first discuss the oxidqﬂHzo:—o_gl eV) the lines corresponding to the most
surface structure in a pure2®tmospher8._'l'hen, the surface  gaple structures studied are included in Fig. 3: Dotted lines
free energy depends only on the chemical potential of 0Xy;epresent geometries including®® atoms, while dashed
gen, which in turn represents the two-dlmens!onal depenypes depict phases, where no oxygen is present at the cus
dence on temperature and oxygen pressure. Figure 3 shoWges. |nterestingly, we find several cases where different sur-
the limited stability range between the O-poor and O-richtace geometries of identical stoichiometry, which corre-
boundary. To make the dependence/ofa bit more lucid,  gpondingly exhibit paralle}(T,{p;}) lines in Fig. 3, turn out
we additionally show a pressure scale in the xoaxis for  gnergetically virtually degenerate, i.e., their surface free en-
fixed T=600 K, which IS 2 typical annealing temperature grgies within DFT-GGA differ by less than'5 meV/A2 and
employed in this systert:**The solid lines indicate the sur- are thys not distinguishable within the approximations of our

face free energies of the three possible<() terminations  5nhr0ach described above. In such cases we only include one
of a rutile (110 surface. While the mixed O-Ru termination, |ine in the graph and label it with both geometries.

where both cus and bridge sites are unoccupied), is Particularly relevant for the future discussion will be the
rather high up in energy, the two lines corresponding to thgy thicker drawn dotted lines, each representing a degener-

other two terminations displayed in Fig. 3 intersect in aboutyse pair of surface phases. In the first case, two H atoms are
the middle of the possible range of oxygen chemical potenyesent per (k1) surface unit cell, forming either a chemi-
tial. At lower wg, corresponding to ultrahigh vacuuidHV) sorbed waterlike species at the cus site27(H,0)®] or
conditions, the traditionally discussed stoichiometric termi'hydroxyl groups at both bridge and cus sites
nation is stable, where oxygen occupies only the bridge SiteF(OH)br/(OH)CUﬂ. In the second case, one H atom per unit

at the surface ,(@_)- However, towards higher oxygen ce|| forms a hydroxyl group either at the bridge or at the cus
pressures we find a second, O-rich termination to becomgite[(OH)br/Ocus and O/(OH)™“S respectively, cf. Fig. 2.

more ;sutable, in which ©° atoms are now also present \ye note that particularly the virtual degeneracy of these last
(0*10°9). ) o ) two phases is somewhat surprising, as they correspond to
When next addressing the equilibrium with a gas phasgite different geometries, namely to bridge-bonded and
containing additionally water vapor, the one-dimensional deatop—bonded OH groups at different surface sites. As appar-
pendence of the surface free energyongets extended t0  ent from Fig. 3, the surface free energy in this H-rich limit is
the two-dimensional dependence qid(,un,0). The maxi-  sjgnificantly lowered in both caseghick dotted line} in
mum effect of the additional gas component on the surfaceomparison to the two stable pure O terminati¢thsck solid
structure can be seen from the surface free energies of hyines discussed before.
drogenated geometries in the upper H-rich Iimit;quo de- Allowing variations of,quo away from the H-rich limit,
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FIG. 4. Surface free energies of the four stable phésesle- Ho (V)

generate phase pajrsjiscus_sed in the text, as a fur_lctio_n of_ FIG. 5. Surface phase diagram of stable structures of
(#0,1n,0). The corresponding phases are drawn as thick lines 'rhuQ(nO) in equilibrium with a humid environment, i.e., as a

Fig. 3 for the H-rich limit. function of (uo,un,0) in the gas phase. The additional axes show
the corresponding pressure scale§ &300 and 600 K.

the two-dimensional graph in Fig. 3 turns into the three-

dimensional one shown in Fig. 4, where we now only in- In order to check how much our results may be affected

clude the surface free-energy planes of the four most stabley the exchange-correlation functional, we recomputed the

phasegor degenerate phase pajrhat will play a role in the  stable surface phases using the LDA, i.e., considering the

later discussion. Note that at the maximum,o LDA lattice constant for the substrate (6x43.16 A) and

— —0.91 eV along the fronk axis in Fig. 4 we simply re- including a full geometry reoptimization. Although the abso-
cover the two-dimensional dependence of Fig. 3. While thdute surface free energies are found to be on average about
y(T.{p;}) of the two pure O terminations, %)— and ~15 meV/A higher compared to the DFT-GGA results, the

O°/0%S " do not, of course, depend 0. the hydroge- Same energetic sequence as displayed in Fig. 3 was obtained.

nated geometries become increasingly less favorable thIn particular, the two pairs of degenerate surface structures

I . . : iscussed before give again surface free energies differing by
ower the 'water Che'f”'ca' potential becomes, i.e., the Iesisess than 15 meV/Afrom each other and thus exhibit sta-
hydrog?” 'S_ present m_the g_as phase. For the Iowegb bilities that cannot be distinguished within the current ap-
shown in Fig. 4, all H involving phases have then alreadyp oximations. Correspondingly, the phase diagram obtained
become less stable than the pure O terminations fordly  within the LDA exhibits the same four stable regions and the
i.e., the H content in the gas phase is so low that no hydrogegame qualitative structure as the one shown in Fig. 5. Quan-
can be stabilized at the surface anymore. _ titatively, the phase boundaries of the hydrogenated phases

Although instructive, the three-dimensional presentationyre shifted by about 0.5 eV towards lower, o, indicating

2 1

d_oes not gllowlan easy access to the most relevant inform hat hydrogen bonds are stronger within the LDA. In line
tion contained in Fig. 4, namely which phase has the lowes

. L . .~“Wwith our preceding studywe therefore conclude that the
surface free energy for given gas-phase conditions, i.e., given

( ). Therefore we display in Fig. 5 this surface uncertainty in the DFT exchange-correlation functional may
Ho:HH,0)- piay 9. affect transition temperatures or pressures between stable

phase diagram. of stable structures, which corresponds to tabhases deduced on the basis of the constructed phase dia-
ing a look at Fig. 4 from below. We find all four phas@s  grams. Yet the transitionser se i.e., the overall structure of
degenerate phase pairdiscussed up to now to be most e phase diagram, are not changed.

stable in different f.o,un,0) regions: At the lowesiy,o To translate the dependence on the chemical potentials
shown so little hydrogen is present in the environment, thainto temperature and pressure, the pressure scales at room
just the surface structure dependence of RU®@O) in a pure temperature and =600 K are also included in Fig. 5. From

0, atmosphere is recovered, i.e., the stoichiometfd-©  those we can derive, e.g., what pressures would be required
phase is stable at loyo, while towards higher oxygen in the gas phase in order to stabilize hydrogen at Ru@0).
pressures, &° is additionally stabilized leading to the The transition from the pure O terminations to the H involv-
O°70°%s phase. Upon increasing the H content in the gasng phases at somewhat academic hydrogen pressures of the
phase hydrogen first forms one hydroxyl group per surfacerder of 10 3 atm for T=300 K simply indicates that the
unit cell [(OH)?70%s or OP7(OH)®Y, whereas towards oxide surface will always be hydrogenated at this low tem-
H-rich and O-poor conditions in the upper left part of Fig. 5 perature in any realistic environment, or in other words that
the maximum coverage of two H atoms per surface unit celthe other areas of the phase diagram are experimentally not
is reached. This leads either to two hydroxyl groups at bottaccessible at #300 K. From our results we can further con-
bridge and cus site(OH)7(OH)®“ or to a chemisorbed clude that even under UHV conditions, temperatures of the
waterlike species, bound with 1 eV to the cus sites as showarder of 500—600 KGGA, or 600—700 K within the LDA

in the right bottom panel of Fig. pOP/(H,0)]. would be required to remove hydrogen completely from the
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surface, while at atmospheric pressure this rises to abowf the topmost layer distance, although this compression is
1000 K, i.e., to temperatures already close to the decomparoticeably reduced compared to the hydrogen free surface. In
sition of the whole oxide. It is interesting to notice that in a contrast it had been found that the topmost layer is already
number of recent experimental studies on R(IA0) an an-  strongly relaxed outwards at the fully hydroxylated corun-
nealing temperature of onlj=600 K was employed-'>?®  dum Al,04(0001) surfacé.Finally we note in passing that
According to our results this might not have been sufficientoth studies interestingly obtain a rather low site specificity

to completely remove residual H contaminants from the surfor the formation of OH groups on the O-rich surface, as in
face. Similarly, our results also imply that hydrogen has to beour case expressed by the degenerate surface free energies of
taken into account as a likely surface species under all reathe (OHP70%S and @7(OH)®s phases. Recalling the large
istic gas phase conditions up to rather elevated temperaturedifference in binding energy betwee'@nd G 2.5 vs 1.2

e.g., also in all catalytically relevant environments. eV with respect to molecular oxygér?® this result is rather
unexpected.
V. COMPARISON WITH HYDROGENATED  a-Al,04
The phase diagram in Fig. 5 reveals that the most notable V1. SUMMARY

complete range of possible oxygen pressure: While in th‘?)hase diagram of stable structures of R(I10) in equilib-
pure Q atmosphere the phase including"Tbecomes only  rjym with a humid environment formed of oxygen and water
more stable towards higher oxygen chemical potentials, thi§apor. We find the oxide surface to be completely hydroge-
species is present in all four stable hydrogenated phases fahted at room temperature for any realistic gas phase condi-
any uo at sufficiently highuy,o. cf. Fig. 5. In other words,  tjons. Depending on the partial pressures in the gas phase H
already lowest concentrations of hydrogen in the gas phass either present in form of hydroxyl groups at bridge and/or
are sufficient to stabilize a nonstoichiometric surface termi-cus sites, or in form of a waterlike species at the cus sites of
nated by either hydroxyl group®ne H at O or waterlike ~ RuG,(110). A complete structural relaxation allowing also
specieqtwo H at O. This finding is analogous to the results for a tilting of the various surface groups was found neces-
on a-Al,05(0001) obtained by Wangt al.® who reported  sary in order to arrive at the correct relative stabilities of the
the purely hydrogen-induced stability of the O-rich O-planevarious phases.
termination of this corundum structure. Yet, while in the lat- The most notable effect of hydrogen on the oxide surface
ter case the polar termination is never favorable without thestructure is the stabilization of a polar, O-enriched surface
presence of hydrogen, a humid environment only increasestructure through a considerable reduction of the finite dipole
the stability range of the O-rich surfage terms of hydroxyl moment introduced upon addition of the corresponding ter-
groups in the case of Rug{110). minal oxygen atoms. This finding is analogous to the one of
The hydrogenation goes in both cases hand in hand with a previous study on the effect of hydrogenation on the sta-
drastic reduction of the work function. For Ry@10) add-  bility of the a-Al,05(0001) corundum surface. The lower
ing the O“* atoms first significantly increases the work func- H-ORu bond strength does, however, not lead to an instabil-
tion by +1.5eV, reflecting the increased dipole moment ofity of the bulk oxide structure, as reflected in the reported
the O-rich &70%Stermination’ On the contrary, adding hy- negative surface free energies of fully hydroxylated
drogen into the surface geometry markedly reduces the work-Al,0;(0001) surfaces under H-rich conditions. Still, the
function again by—2.0 or—3.5 eV for the phases involving O-H bonds formed on Ruf110) are strong enough that
one or two hydroxyl groups, respectively. Qr-Al,O;, even in UHV annealing temperatures of the order@&00 K
which was found to stabilize up to three hydroxyl groups pemwill be required to completely remove residual H contami-
surface unit cell, even larger work function reductions bynants from the surface. For atmospheric gas phase pressure
more than 6 eV were obtainéd. this stability extends roughly up to 1000K, indicating the
Unfortunately it is not clear whether the latter 3H per cell necessity to include H as a likely surface species when mod-
coverage corresponds already to full saturation, as the possHing the function of Ru@ oxide surfaces in technological
bility of waterlike species was not considered in the study byapplications like, e.g., catalysis.
Wanget al2 Nevertheless, already for the fully hydroxylated
a-Al,05(0001) surface negative surface free energies were
obtained in the H-rich limit, indicating the strength of the
H-OAIl bond and consistent with the negative heat of the This work was partially supported by the Deutsche For-
a-Al,03+ 3H,0— 2Al(OH); reaction® On the other hand, schungsgemeinschaftSchwerpunkt “Katalyse}. Q.S. is
the weaker H-ORu bond never leads to negat&,{p;}) thankful for an Alexander von Humboldt grant. Valuable dis-
even at the most H-rich conditions, cf. Fig. 3. This lower cussions concerning the experimental preparation of hydro-
bond strength is also reflected by the result that the fullygenated Rug(110) with H. Conrad, A. Lobo, K. Jacobi, J.
hydroxylated Ru@(110) surface still exhibits a compression Wang, and C.Y. Fan are gratefully acknowledged.
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