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Hydrogen adsorption on RuO,(110): Density-functional calculations
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The structural, vibrational, energetic, and electronic properties of hydrogen at the stoichiometyi@ O
termination are studied using density-functional theory. The oxide surface is found to bind both molecular and
dissociated K Apart from the most stable configuration in the form of hydroxyl grogpenohydridesat the
undercoordinated ® surface anions, we also identify a molecular state at the undercoordinatétaRums
(dihydrogen and a waterlike speciggihydride) at the &' sites. Hydrogen adsorption aPGites increases the
reactivity of the neighboring Rtf sites, which are believed to play a key role in catalytic oxidation reactions.
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I. INTRODUCTION temperature hydrogen adsorption at B({0) in UHV.18
Using high-resolution electron energy-loss spectroscopy
The widespread use of transition met@M) oxides, for (HREELS and temperature programmed desorptiofD)
example, in applications for catalysis, electrochemistry, gashey identified both a molecular and a dissociated hydrogen
sensors, and corrosion/wear protection is an increasingtate, the latter exhibiting vibrational properties of a water-
source of motivation for fundamental research on this matelike species with, however, a peculiarly blueshifted scissor
rial class. An important goal in such studies, focusing on thanode. Motivated by these results and as a first step towards
surface functionality of oxides, is to establish atomic-scalean understanding of hydrogen interaction with this surface,
insight into their surface structure and composition, as wellve set out to investigate the structural, vibrational, energetic,
as their interaction with gas phase speéiéBespite notable and electronic properties of possible H adsorption sites at the
efforts secure knowledge is still rather scarce. This holdsstoichiometric Ru@(110 surface using density-functional
even for well-defined single-crystal surfaces under theheory (DFT).2° The stability of molecular and dissociated
controlled conditions of ultrahigh vacuuitJHV), mostly  hydrogen is first discussed at either of the two prominent
due to the structural complexity of oxides and to their oftenadsorption sites exhibited by this oxide surfg&ecs. IV A
insulating nature which hampers the use of electromand IV B). Then higher coverages involving simultaneous
spectroscopie’. occupation of both sites are addresg8dc. IV §. Combin-
With respect to these issues crystalline Ru€presents a ing these static results with the detailed experimental data
good choice for a benchmark model system. It is one of thyrovided from the HREELS and TPD study of Wang and
few conducting TM oxides and its rutile bulk structure is of co-workers, one may even tentatively discuss some aspects
modest complexit§. This makes studying this system fea- of the intricate low temperature dissociation kinetics ofat
sible, but with, e.g., a reported high catalytic activity in oxi- this surface, as has been done briefly in a preceding
dation reactior’s” and being discussed as playing a sensitivecommunicatiori8
role in Pt-Ru based direct methanol fuel céllg,is also
s_ufficiently interesting from an applied perspective. Espe- Il. COMPUTATIONAL DETAILS
cially the low energy Rug(110 surface has recently re-
ceived particular attentioh’-*-6Focusing mostly on the CO ~ The DFT calculations were performed within the full-
oxidation reaction quite some detailed understandiexr  potential linear augmented plane waveFP-LAPW)
perimental as well as theoretigan the fundamental inter- method®2? using the generalized gradient approximation
action of O and CO with this model surface has emergedGGA)? for the exchange-correlation functional. The FP-
from these studies. LAPW basis-set parameters are as followgr=1.8 bohr,
From the potential interest for both catalytic and fuel cellRG;=1.0 bohr, R{;=0.6 bohr, EM =20.25Ry, EP%
applications it now appears natural to extend this knowledge 400 Ry, wave-function expansion inside the muffin tins up
also to the interaction of hydrogen with Ru@10. From a to I"nﬁfaX:12, and potential expansion uplf,=6. The Ru 4
chemical point of view this ubiquitous gas phase species ignd 4, as well as the O 2orbitals were treated as valence
expected to form strong bonds particularly with the oxygenstates, adding corresponding local orbitals to the LAPW
anions at the oxide surfaédntentionally or unnoticed, ad- basis set. The Brillouin zone integration employed a
sorbed hydrogen could therefore be present as surface spéx9x1) Monkhorst-Pack grid for(1x 1) surface unit-
cies in a wide range of conditions, significantly influencingcells, a(4x4x 1) grid for (1x2) cells, and a(5Xx5Xx8)
the functionality in the targeted application. In fact, a notice-grid for the bulk calculations.
able effect of hydrogen contamination on the CO turnover We stress that the very short-OH bonds represent a
numbers has already been discussed in a recent experimentatmidable challenge to electronic structure theory calcula-
study?’ tions in general. With respect to the FP-LAPW method em-
On a microscopic level Wanet al. have provided detailed ployed this translates into the necessity to use rather small
kinetic and vibrational experimental data on the low-nontouching muffin-tin spheres. Then, the convergence be-
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havior with respect to the interstitial plane wave cutoff is 4.60 M
rather slow, requiring one to use much higt{\, than the 4.58 - -
~17-19 Ry typical for late TM oxide studies involving 456 ]
muffin-tin sphere sizes only dictated by the O-metal bonds. asal 7]
Correspondingly, we tested this convergence by increasing < . r .
the plane wave cutoff up to 36 RY), as well as by doubling — 452 B
our k-mesh density. From these detailed t¢ststhe Appen- S 450 N

dix), we conclude that the structural properties of the sys- 448 -

tems addressed in the present study are well converged 446 -

within 0.02 A in bond lengths and 6° in bond angles at the 4'44 oL L L =
above statedE™ =20.25 Ry, which correspondingly was ' 3.03 3.06 3.09 312 315 3.18
chosen as our standard cutoff. Relative binding enelifry c(A)

ferenceshetween configurations involving the same number

of O and H atomse.g., when comparing tilted and untilted £, 1. Computed GGA energy contours as a function of RuO
geometries appear similarly well converged to within py jattice parametera andc (with optimized internal parameter
0.05 eV at this cutoff. For absolute H binding energies on the)) The energy zero corresponds to the optimized values of
other hand, in particular when they involve strong—® -4 52 A andc=3.13 A marked with %" and higher contour levels
bonds like in hydroxyl groups, the chosen, already rathege |apeled in the figure in meV per Ru@rmula unit. Addition-
high cutoff is, however, still not sufficient. Where such num- 5y shown are the bulk lattice parameters as determined by experi-
bers were required within a 0.1 eV/H atom numerical aCClments[* (Ref. 9, X (Ref. 27, and #(Ref. 28]. The bulk lattice
racy for our physical argument and are then listed in this,arameters obtained by an earlier DFT-GGA pseudopotential study

paper, we correspondingly ran subsequent calculations atgea=4.65 A andc=3.23 A(Ref. 9, outside of the range shown in

very (for routine calculations still prohibitivelyhigh cutoff  the figure.
of E"nﬁ;x:SO Ry employing the structure relaxed before at

EV = 20.25 Ry. While already these numerical uncertainties ;| BULK RuO 2, CLEAN (110) SURFACE, FREE H,
due to basis sets that are presently feasible for such complex AND H,0
oxide surface calculations dictate a very careful and cautious
proceeding, one has additionally to be aware of the general Summarizing and extending the results of our earlier pub-
imprecision introduced by the approximate exchangelications on Ru®,*2-*®we first briefly describe the calculated
correlation functional employed in the DFT calculations. Toproperties of the bulk and the cleahl() surface, as well as
this end, we performed a number of calculations employindree H, and HO molecules, as far as they are relevant for the
also the local-density approximatighDA )?>* and will com-  understanding of the hydrogenated surface discussed below.
ment on the differences between results obtained within RuO, crystallizes in the rutile structure, described by lat-
LDA and GGA below. tice parameters andc, as well as one internal degree of
The RuQ(110 surface was modeled by a three trilayer freedomu specifying the positions of the O anions within the
O— (Ru,0,)—O periodic slab as detailed befd!3using  bulk unit cell? In order to determine the bulk equilibrium
a vacuum region of about 13 A to decouple the interactiondattice constants we scanned a gridairand ¢ near the ex-
between neighboring slabs in the supercell geometry. Alperimental values with 0.02 and 0.015 A steps, respectively,
structures were fully relaxed by a damped Newton schem&0th at our standard20.25 Ry and at a high interstitial
until the residual forces on the atoms were less thaPlane wave cutof30 Ry). At each grid point the internal
50 meV/A, keeping only the atomic positions in the centralparameteu was further optimized minimizing the computed
trilayer at their fixed bulk positions. Test calculations em-forces on the O atoms in the unit cell. The resulting energy
ploying 5 and 7 trilayer slabs and relaxing also deeper lyindandscapes were almost identical for both cutoffs and we
layers showed no significant structural changes beyond thghow in Fig. 1 the results at the higher cutoff, while Table |
topmost trilayer, neither was there an influence on the atomitists the determined bulk lattice parameters within the LDA
surface geometries as obtained with the three trilayer calclend GGA. Comparing with available bulk diffraction
lations. At this point we would further like to emphasize that studie$®2” we obtain very good agreement within the GGA.
the structural relaxation allowed for any symmetry breakinglnterestingly, two earlier DFT pesudopotential calculations
at the surface. This was found to be crucial to obtain thdLDAZ and GGRA) yield larger lattice parameters that devi-
correct energetics and structures, which often involve signifiate by more than 0.1 A from our LDA and GGA values,
cant tilting of the surface functional groups. respectively. We particularly checked on the GGA value by
For the calculations of the vibrational modes of the vari-Kim et al.® but find their geometry to be about 0.4 eV per
ous surface species, the dynamical matrix was set up by di®uO, formula unit higher in energy than our ground state
placing each of the involved surface atoms from their equi-geometry. Finally, we notice that thdattice parameter mea-
librium positions in 0.04 A steps. Anticipating a good sured in two independent low-energy electron diffraction
decoupling of the vibrational modes due to the large maséLEED) experiment$?® deviates from the bulk diffraction
difference between Ru and O/H, the positions of all atoms irfesults by about 0.1 A. In both LEED experiments thin
the substrate below the adsorption site were kept fixed ilRuO,(110 films grown on R@0001) were investigated,
these calculations. The normal modes were then obtained byhere thec lattice parameter corresponds to the size of the
subsequent diagonalization of the dynamic matrix. surface-unit cell in thg001] direction. Apparently, a thin
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(Bg) as determined within LDA and GGA, full-potentiéFP) and
pseudopotentialPP) calculations. Experimental values are from
x-ray diffraction (XRD) and low-energy electron diffraction
(LEED) experiments.

TABLE I. RuQ, lattice constantga, ¢, andu) and bulk modulus [110] br 3f cus br
2 t [ O O Ru Ru

a®d c@ u By (GPa

This work (FP-LDA) 4.42 3.05 0.306 352
This work (FP-GGA 4.52 3.13  0.306 294
Reference 25PP-LDA) 4.56 3.16  0.307 283
Reference 4PP-GGA 4.65 3.23 0.305 FIG. 2. Side view of the stoichiometric Ry@10 surface ter-
Reference 2¢XRD) 4.492 3.106 0.306 270 mination explaining the location of the two prominent adsorption
Reference 27XRD) 4.491 3.106 sites corresponding to undercoordinated surface atoms: bridging
Reference 28LEED) 451 318 oxygen @ and coordinatively unsaturatgdus ruthenium RG"S

' ' (Ru=light, large spheres; O=dark, small sphgres
Reference 9LEED) 451 3.23

below the first trilayer, neither in LEED, nor in our thicker

film (with an incommensurable structure to that of the metak|ab test calculations.
substratg prefers a slightly different geometry than a bulk  Finally, we summarize in Table Il the computed binding
crystal. energies, bond lengths, and frequencies for gas phasadi

Depending on the oxygen-content in the surrounding gasi,0. For the binding energies we also needed the total en-
phase, either a stoichiometric or an oxygen-rich terminatiorergies of atomic O and H. For both the molecular and atomic
is stabilized at the Rugd110) surface!?!® Figure 2 shows calculations we employed the same muffin-tin spheres as de-
the surface geometry of the stoichiometric termination exhib+ailed before for the slab calculations. We furthermore made
iting two kinds of surface species, the nearest neighbor shedure that symmetry constraints would not impose an artificial
of which has been reduced by the creation of the surface: Aigher energy configuration with fractional occupation of the
twofold coordinated bridging oxygen®(threefold coordi- eigenlevels. The total energies for the isolated, spin-polarized
nated in the bulkand a fivefold coordinated ruthenium atom atoms are obtained by adding to the total energy value from
Ru™s (sixfold coordinated in the bu)k The only other sur- a non-spin-polarized FP-LAPW calculation a constant spin-
face species present3Qstill maintains its bulklike threefold  polarization energy of 1.52 e¥O) and 1.10 eM(H) taken
coordination to in-plane Ru atoms. The oxygen-rich terminafrom a relativistic atomic DFT calculation for spherical
tion differs from this geometry only by extra oxygen atoms atoms2°-34 With respect to structural and vibrational proper-
adsorbed on top of the Rtfatoms. In the following we will  ties we obtain very good agreement with the experimental
focus exclusively on the interaction of hydrogen with thedata, as well as with previous DFT studi€s? While the
stoichiometric termination, attempting to make contact withgeometries are well converged already at 20.25 Ry, the slow
the existing data from ultrahigh vacuumUHV)  convergence of the O-H bond energetics already described
experiments® where the stoichiometric termination is the in the preceding section is also well apparent for the free
standard surface produced after a high-temperature anneal 30 molecule, which is why we list the computed values
600 K591 The discussion of hydrogen interaction with the both at the routine 20.25 Ry and at the very high LAPW
oxygen-rich termination is deferred to a consecutive publicacutoffs of 30 Ry and 36 Ry. The 30 Ry cutoff is used later

tion. on to obtain quantitative binding energies at the surface as
Due to the cutting of bonds the surface atoms relax. Mostliscussed above.
prominently we find that the ®atoms move inward, reduc-  With respect to the 36 Ry cutoff we assess the numerical

ing their bond length to the underlying Ru atothenceforth  convergence of the gas phase binding energies to be within
denoted RU¥) to 1.91 A (bulk: 1.99 A, and, correspond- 0.1 eV. This points then at some err@re., overbinding
ingly, the interlayer distance is reduced to 1.09(82%  compared to the experimental values when oxygen is in-
smaller than bulk These findings are in very good agree- volved even within the GGA, which is a well-known restit.
ment with a recent LEED study which determined a bondAlthough some error cancellation could occur in the compu-
length of 1.94 A and a first layer contraction of ~13% attation of binding energies at surfaces, we conclude that a
RuO,(110),° and they are similar to the geometric changescautious reasoning is necessary when judging on the endo- or
observed at the isostructural Ti@10 surface?® Although  exothermicity of adsorption with respect to the gas phase
not as pronounced, also the under-coordinatefaloms  molecules. To this extent, we stress that all corresponding
relax a bit inwards, thereby inducing a buckling within the conclusions below refer only to the explicit GGA functional
first trilayer plane of 0.16 ALEED: 0.18 A). Contrary to  used. In most cases, the numbers are such that they appear
other transition metal oxide surfaces like, e.g.,outside the uncertainty range of current gradient-corrected
Al,05(0002)%° the structural relaxations are therefore ratherfunctionals, but a real verification would require higher level
small, and in particular damp away rapidly: No significantcalculations, which are unfortunately at present prohibitive
deviations from the bulklike positions are found for atomsfor such complex surface systems.
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TABLE Il. Structure parametergbond lengthd in A and angle in dey binding energyE, (in eV), and
vibrational frequenciew (in meV) for gas phase FHand HO. Compared are the computed values for LDA
and GGA(at two different LAPW cutoffg with the corresponding experimental dééth zero-point energy

removed.

LDA GGA
Cutoff (Ry) 20.25 30 36 20.25 30 36 Experiment
Hz
dv_n 0.77 0.77 0.77 0.75 0.75 0.75 0.7Ref. 3)
Ep 4.79 4.87 4.88 4.45 4.56 4.57 4.7Ref. 3)
Vstretch 538 546(Ref. 32
H,0O
do_n 0.98 0.98 0.97 0.97 0.97 0.97 0.9Ref. 32
Z HOH 102 102 103 103 103 102 104(Ref. 32
Ep 10.71 11.12 11.16 9.67 10.03 10.15 106&f. 33
Vsym 424 454(Ref. 32
Vasym 435 466(Ref. 32
Vscissor 189 198(Ref. 32

IV. THE HYDROGENATED RuO ,(110) SURFACE ticular along the Ionge[?lo] direction of the surface unit

cell, where the next-nearest site would be 6.4 A away. Cor-

In the following sections we discuss the hydrogen inter- ; . ; .
. . - ; respondingly, we only test for lateral interactions in selected
action with the various surface species present at the sto-

ichiometric RuQ(110 termination. The energetics will be configurations employing larget < 2) cells, aIIowmg us to
. ) model structures where then only every second(sit®.2 A
described with respect to the free, Hinolecule, where a

negative binding energy denotes endothermicity with respe%'StanCQ is occupied along thgd01] direction(see, e.g., Fig.

to the gas phase species and the bare surface, i.e., a me at_)elovm.
stable situation. As we find the interaction with the threefold
coordinated in-plane ®to be energetically very unfavorable
(even the formation of a monohydride is endothermal by
~-0.3 eV/H aton), the discussion will concentrate on the  We start with the molecular adsorption of, ldt the un-
two undercoordinated surface species, i.e“Rand @". At  dercoordinated R site (O”'/HS"). This analysis was mo-
first we discuss hydrogen to be present at one of these sitéyated by the aforementioned recent UHV HREELS experi-
only (Secs. IV A and IV B; and then we consider simulta- ments that attributed a weak peak at 367 meV to the stretch
neous adsorption at both sitéSec. IV Q. Consistent with mode of a molecular hydrogen species at the surface with a
our previous publications we will employ a shorthand nota-TPD activation energy of about 0.3 é¥Relaxing a H mol-
tion to characterize the manyfold of studied geometries, inecule in(1x 1) cells from a height at about 2 A atop the cus
dicating first the occupancy of the bridge site and then of thesites our calculations indeed find suckneetgstable species
cus site, e.g.(OH)"/HS" for a configuration with an OH- with a computed binding energy of +0.32 eV/Mith re-
group at the bridge site and & ltolecule at the cus site.  Spect to molecular 5 The resulting adsorption geometry is
Lateral interactions between functional groups at directlyshown in Fig. 3 together with the calculated vibrational
neighboring cus and bridge sites are implicitly containedmodes. At a height of 1.85 A thezinolecule lies parallel to
within our calculations employingl X 1) surface unit cells. the surface above the cus sitege-on configuration Inter-
With these cells only integer multiples of one monolayerestingly, we find almost no corrugation of the potential en-
(ML) hydrogen coverage can be studigdML defined as €rgy surface with respect to an azimuthal rotation of the flat-
monoatomic occupation of all sites of one tyge or cug].  lying H, molecule: The optimal bond orientation about 30°
Further reaching lateral interactions, e.g., towards a moietfrom the[110] direction is only by insignificant 3 meV more
at the same site type either alofjl0] (at a distance of stable than any other orientation, i.e., the bthaves essen-
6.4 A) or along[00]] (at a distance of 3.1 A, see Fig) 3 tially like a free-rotator(helicopter modg as also reflected
could lead to the formation of more dilute superstructuredy the very low rotational vibration frequency of 12 meV, cf.
with fractional MLs hydrogen coverage. From a systemat|c|:|g 3. The Sim”arly low in-plane translational modes further
study of oxygen adsorption at Ry@10) we find such lat- Point at a rather expressed delocalization of thentblecule
eral interactions to be below 0.1 eV between sites more thaparallel to the surface, particularly in th&l0] direction, i.e.,
6 A away at this rather open oxide surfaeWe do not approaching the neighboring bridging oxygens. Despite this,
expect this to be significantly different for hydrogen, in par-the H, bond length is with 0.81 A noticeably stretched com-

A. Hydrogen at Ru®"s
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FIG. 4. Difference density plot for Hadsorbed at RYS The
contour plot depicts the plane parallel to the idolecular axis and
trans. 93 meV trans. 56 meV trans. 38 meV normal to the surface. Areas of electron accumulation and depletion

. . . have positive and negative signs, respectively, contour lines are
FIG. 3. (a) Top and side view of the adsorption geometry of 1 drawn at 0.01e/ A3 intervals

ML H, at RS (Ru=light, large spheres; O=dark, small spheres;
and H=white, small sphergsAdditionally shown is the size of the ygacuum side. Due to the interaction with the Hhe back-
(1x1) surface unit cell. Note that the azimuthal direction of the hond of the REFSatom to the underlying O substrate atom is
plotted H, is arbitrary, as it is freely rotatingb) Six vibrational slightly weakened, the Ru atom moves 0.03 A upwards and
modes of the adsorbed,Hnolecule. The directions and lengths of thereby reduces the clean-surface-buckling in the topmost
the arrows indic_ate approximately the directions and relative magtrilayer.
nitudes of the displacements of the atoms. The structure and symmetry of the difference density plot
suggests the major interaction in the occupied states to be
pared to the free gas phase molect@e75 A). This is con-  due to a hybridization of Ral2 and H-o orbitals. Analyz-
sistent with the rather high binding energy and the signifi-ing the computed local density of states we indeed find the
cantly decreased stretch vibratigdl3 meV compared to bonding governed by this and a smaller hybridization of the
538 meV in the gas phase Ru-d,,/dy, with the H,-o* orbitals. The bonding of the H
These properties reflecting a moderate interaction are vemnolecule to the cus site can therefore be understood within
similar to molecular H at late transition metal surfacgge, the familiar donation/backdonation pictufewhere the hy-
e.g., Pd100)%7), if adsorption is restricted to take place at the bridization with the H-o orbital causes a small H-Ru
on-top site. Of course, at the latter surfaces the on-top site isharge transfer that is counteracted by some backdonation of
not even a local minimum and Hvould dissociate towards electronic charge from the metal to thg-b* level, strength-
higher-coordinated hollow sites. The different geometry ofening the coupling to the substrate while weakening and
RuG,(110 does not offer such sites, and thus stabilizes theslongating the H—H bond.
molecular adsorption at R In this respect we attribute the ~ Contrary to the situation at most, more reactive TM sur-
nondissociative interaction of Hwith these sites more to a faces this backdonation is, however, not strong enough to
geometry effect, rather than to an electronic effect, i.e., comdissociate the kimolecule. This is supplemented by the sur-
pared with the weak physisorption of,tt noble metal sur- prising result that atomic hydrogen is not stable at th€'Ru
faces like Ag111).4 site: We compute an endothermal binding energy of
The relatively strong interactiog@lectron polarization and —0.33 eV/H atom with respect to 1/2,Hat 1 ML
bond formation is also obvious in the “difference density” H-coverage, i.e., if1X 1) unit cells. Checking whether H
plot shown in Fig. 4. The “difference density” is obtained by bonding might become more favorable in more dilute super-
subtracting from the electron density of the adsorbate systerstructures we also employéd x 2) cells to model a 0.5 ML
that of the clean surface and that of the free mole¢tiie  H-coverage with H only at every second site along [(B@1]
latter two with the same interatomic distances as found fodirection. However, with —0.20 eV/H atom with respect to
the adsorbate systerf? A rather strong polarization of the 1/2 H, the binding energy is still endothermal. Since we
flat-lying H, is apparent, with electron density accumulationexpect no further strong changes in binding energy for even
on the substrate side of the molecule and depletion on thmore dilute H-phases, where neighboring molecules are then

[001] X poijx” ¥ [001] X
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always further than 6 A away, we conclude that only mo- a) Top view
lecular hydrogen may be stabilized at the cus sites.
Forming the basis for, e.g., relations between heteroge:

neous and homogeneous catalysis it is interesting to compar o
these findings for the Ru atom at the surface of an oxide with L. [0
the hydrogen bonding to TM atoms in other frameworks like,
e.g., at the surface of metals or in a TM complex. As already
mentioned, coupling of hydrogen to TM surfaces is generally
associated with Kdissociatiorf® The observation of nondis-
sociative chemisorption of #has so far been restricted to a
few exceptional caseé;*®> mostly connected with a prior
saturation of the most reactive sites at the surface withb) 0w}

[001] /‘ y”

Side view

atomic hydrogen. Concomitantly, we computed the bonding
of atomic H at R¢000)) to be exothermic at least up to 1
ML coverage. Molecular precursors have more been identi-

Z z
fied at noble surfaces like A#j11),** yet then physisorbed s N ' /
and certainly not exhibiting such a strong bond elongation ¥ v y
and downshift of the stretch frequency as found at \ 4 Y
X X X

RuG,(110. The latter findings resemble much more the data

from organometallic complexes: For so-calleéH, (dihy- stretch 404 meV lib. 30 meV lib. 102 meV
drogen single metal atom complexes, in which the-HH

bond remains intacd€ TM-H, bond energies in the range of z 7 .
0.1-0.3 eV/H are estimated! significant redshifts of the f 7

stretch frequendy*® and bond elongation up to 0.9 A are ‘ y 7 -
reported'®59 In fact, neutron scattering experiments further- Y y Y
more indicate rapid rotation af?-H, ligands with an activa- X % X

tion energy of less than about 10 mé¥just as we find for Yrans. S8 meV tpans, A e brars. T8 o

the molecular hydrogen at R Even the donation/
backdonation bonding model is analogously discussed for FIG. 5. (a) Top and side view of the adsorption geometry of 1
the TM complexe$! Yet, there(just like at TM surfacesthe ML H at O, computed in(1x 1) unit cells. (b) Six vibrational
backdonation may also break the-HH bond, and often i~ modes of the formed hydroxyl group.

as well as H-ligands are attached to the same metal center

and can even exhibit continuous changes between botg1 eV//H atom compared to the higher-svmmetry. ub-right
conf|gurat|on'§.7'48AF RuO,(110), in contrast, the bonding to configuration. Again,Fl))oth the compuqced stryetch fre):querr)wqg as
the surrounding oxide apparently depletes the electron deRge| as the binding energy, are found to be in good agree-
sity at the undercoordinated Riatom already in such & ment with the recent HREELS and TPD data from the hy-
way that the back-bonding only weakens theliénd, butno  groxylated surfacé® and the strong binding is also nicely
longer breaks it. visible in the difference density plot shown in Fig. 6.

With only a 0.1 eV energy difference between the tilted

B. Hydrogen at O and upright position, the hydroxyl groups will at finite tem-

peratures frequently swing from one orientation to the other.
Checking whether this may occur in concerted wavelike mo-
tions along a chain of bridge sites, we repeated the calcula-
tion with 1 ML coverage, but now in @l X 2) cell with each
. : OH-group alternatingly tilted in one or the other direction as
well as lower coverages in dx2) cell d|d_we observe shown in Fig. 7a). The only structural difference obtained is
spontaneous dissociation above th& ge. This leads us to a somewhat larger tilt angle of about 60°, while bond length

conclude that molecular adsorption primarily takes placeand binding energy remain to within 0.01 eV/H atom virtu-

over the aforediscussed cus sites. Atomic hydrogen, on th§|| ; ; ;
: ] . : ’ unchanged. Testing for further reaching lateral interac-
other hand, binds at the "Osites, i.e., forming a surface y 9 g 9

hydroxyl group. The optimized geometry of the 1 ML tions by decreasing the total coverage to 0.5 ML as shown in

. . L Fig. 7b), we again find the binding energy within
bry_
(OH)®/- phase computed ifL X 1) cells is shown in Fig. 5. 0.02 eV/H atom degenerate to the previous two cases, lead-

The strong binding within the OH-group weakens the bong,; s to conclude that each OH-group tilts and swings es-
to the underlying RY substrate atoms and elongates it S!9-sentially independent of the others and of the total coverage,
nificantly from 1.91 to 2.06 A. The surface OH-group itself which may thus easily reach the full 1 ML with eacH"O
has a bond length of 0.97 A, nearly identical to the O-Hgiom hydroxylated.

distance in HO, and is inclined towards thel10] direction The low temperature HREELS and TPD experiments by
with a 40° angle with respect to the surface normal. Thewanget all® show that the coverage of dissociated hydrogen
computed binding energy is +0.89 eV/H atom stronger thartan be increased above 1 ML. There is evidence for a hydro-

molecular B, and the energy gain by the tilting is

For H, molecules approaching the Rp@urface at the
undercoordinated ® atoms we find that they will either
slide towards the R sites or that they are repelled into the
gas phase. In no casgee., testing many K orientations, as
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Top view
0.06
0.05
0.04
0.03
0.02 Side view 219A\:32§
0.01 S
-0.01
0.02 FIG. 8. Top and side view of the adsorption geometry of 0.5 ML
e waterlike species at the bridge sites, oriented along [tHEO]
-0.03 direction.
-0.04 ) )
0.05 the intramolecular bonds and normally widens the

H—O—H angle, both these effects would rather tend to
-0.06 make the bending mode soft€rTrying to address this puz-
N zling finding we computed such waterlike configurations at
the bridge sites first at 1 ML jD-coverage inN1x1) cells
FIG. 6. Difference density plot of a hydroxyl group at the bridge and with the water-axis oriented once aldi@@1] and once

sites(OH)P"/~. The contour plot depicts the plane paralle[1d.0] along [TlO]. Both configurations exhibit only a very low
and normal to the surface. Areas of electron accumulation angtability and can thus not account for the experimental wa-
erletion have positive aan negative signs, respectively, ContOl{rerIike species with a desorption temperature around
lines are drawn at 0.0&/A% intervals. 300 K2 We therefore proceeded to relax the same two con-
figurations at lower coverages (t X 2) cells with waterlike
species now only at every second bridge site. While the
model with orientation along thf001] axis is still slightly
endothermal, the binding energy of the other orientation
shown in Fig. 8 finally turns out already at least exothermal
by +0.48 eV/H. Still, as almost expected the calculated
scissor mode for this configuratigjust as much as the one
Sf the other three modelds 168 meV significantly lower
than the one of free water, and thus in strong disagreement
with the experimental data.

Recalling the strong tilting of the monohydride group at
OP" shown in Fig. 5 we then tested to similarly tilt the whole
waterlike species of the last most favorable model and ended
up with the geometry shown in Fig. 9 that is apparently
separated from the up-right configuration by a sizable energy
barrier (i.e., neither configuration relaxes automatically
into the other ong The tilt not only significantly
increases the binding energy of this configuration by
0.08 eV to +0.56 eV/H, but also the computed scissor
mode is 211 meV 12% higher than the one of a free water
molecule(189 meV, see Table )l Also the other computed
vibrational modes listed in Fig.(B) are now in reassuring
agreement with the experimental HREELS d@tap: stretch
436 meV, scissor 231 meV, libration 110 meV 76 meV,
translation 59 meV 28 me\V®

The question remains why this tilted geometry gives rise
to the counterintuitively blueshifted scissor mode. Inspecting
) the relaxed geometry displayed in Fig. 9 in more detail we

Side view & 2074 find the waterlike H—O—H bond angle with 108° slightly
increased compared to free wat@alculation: 103°, see
Table Il), lending more towards the argument favoring a

FIG. 7. (a) Top and side view of the adsorption geometry of 1 weakening of the bending mode. However, this angle to-
ML H at O, computed in(1x 2) unit cells with alternating tilting. ~ gether with the overall tilting of the whole functional group
(b) Top and side view of the adsorption geometry of 0.5 ML H at causes the lower OH-bond of the waterlike species to end up
o, almost parallel to the surfagenly 8° to the surface plane

gen state at & that exhibits frequencies resembling a water-
like H—O—H configuration, i.e., with two H atoms per

bridge site(dihydride. Surprisingly, the measured scissor
mode for this functional group is 231 meV higher than the
one of gas phase watéexp: 198 meV, calc: 189 meV, see

Table 1), whereas intuitively a redshift would be expected:
Considering that the molecule-surface interaction weaken

a) Top view

[001]

T—» [110]

Side view

b) Top view
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a)  Top view
0.06
0.05
0.04
0.03
0.02
Side view 0.99 ;\107,3\ 0.01
Cé \JZS 0.98 A - -0.01
b) g : \ & -0.02
o] i -0.03
o0i] y Naeo=s / 7 -0.04
x z / z z - -0.05
- - |pf / ™~ B4 -0.06
r e/X’
9 y —d L —~y (e/A7)
X X X i i i i
i i B =meT—_— FIG. 10. Difference density plot of the asymmetric waterlike

species of Fig. 9 at the bridge sites. The contour plot depicts the
plane parallel td110] and normal to the surface. Areas of electron

z z
z
/ / ¥ accumulation and depletion have positive and negative signs, re-
b/ 5 y j y spectively, contour lines are drawn at 0&A3 intervals.
f ¥
X X
X

would then be consistent with all available data: When H
interacts with Ru@(110), it is at first bound in molecular
form at the cus sitegbinding energy +0.16 eV/H atom

Z z Z
4 \ \ 5 Although the H bond is weakened in this process, the cus
% 5 y e site does not induce its complete cleavage. This is instead
/ \ ==y achieved via the waterlike metastable configuration at the
X X X

bridge sitegbinding energy +0.28 eV/H atonthat may be
trans. 52 meV WS 45 HEY trans. 23 meV accessed from the molecular, Htate at the cus site@s

FIG. 9. (a) Top and side view of the adsorption geometry of 0.5 indicated by the low translational mode in tfE10] direc-

ML waterlike species at the bridge sites, oriented asymmetricalljtion, cf. Fig. 3. From there the hydroxyl groups are finally
along the [110] direction. (b) Corresponding nine vibrational formed, presumably by activated H diffusion. This interpre-
modes. tation of H"*as a necessary precursor state to dissociation is

also supported by new low temperature HREELS and TDS
bringing the terminal H atom closer to the neighboring'Ru  experiments which report a suppressed population of the wa-
atom (2.72 A compared to 3.19 A in the upright model terlike species at bridge if the cus sites are first blocked by
shown in Fig. 8. This suggests a possible interaction be-CO molecule$? Only if the waterlike species are allowed to
tween these two species that is indeed verified by inspectinfprm, the hydroxyl groups result from moderate heating to
the computed difference density plot shown in Fig. 10. We350 K18 While the sketched, intricate picture of the disso-
interpret the well apparent polarization of the®®and the H  ciation kinetics fits therefore all available experimental and
atom as a bonding possible in this tilted configuration. Thistheoretical data, we stress again that further calculations ex-
hinders any movement away from Réparallel to the 110] plicitly addressing the potential energy barriers combined
direction and thus natura”y Stiffens not on|y the ScissorWith a fu” mOdeling Of the kinetiCS and StatiStical meChaniCS
mode, but also the corresponding librational madalc: ~ Petween the here discusseuetgstable configurations are
119 meV, exp: 110 meV, compared to “typical’ values Necessary to really arrive at a conclusive understanding.
around 80 meY.

This intricate coupling between neighboring bridge and
cus sites adds nicely to a first tentative picture of the low
temperature dissociation kinetics of, Hit RuQ(110) that Having discussed the lower coverage adsorption up to
emerges when combining the data presented in Secs. IV A H,-ML for both sites separately, we now proceed to higher
and IV B with the data from the detailed UHV-HREELS ex- total coverages involving hydrogen at both sites. Also with
periments by Wanget all® Although the thermodynamic various hydrogen functional groups present at the bridge
ground state for hydrogen at this stoichiometric surface isites we still find atomic hydrogen at cus to be always un-
given by the strongly bound hydroxyl-groups at the bridgestable. Correspondingly we restrict our detailed discussion to
sites (binding energy +0.89 eV/H atoi® direct dissocia- molecular H at cus and different hydrogen populations at
tion over these sites is apparently inhibited at least at lovthe bridge sites. Starting with the waterlike species at bridge,

temperatures by an energy barrier. The following scenaridhe (1 1) configuration(H,0)®"/HS" corresponding to a to-

lib. 81 meV lib. 86 meV lib. 119 meV

C. Hydrogen at both sites: Higher coverages
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Top view
0.06

0.05
0.04
0.03
0.02
0.01
-0.01
-0.02
-0.03
-0.04
-0.05
-0.06
IS

(001

T-» g

Side view

FIG. 11. Top and side view of the adsorption geometry of the
3 H-ML (OH)P"/HS" phase.

tal coverage of 2 ML is computed to be endothermal,  FIG. 12. Difference density plot of the high coveragex 1)
reflecting presumably already an oversaturation of the surOH)>/HS" phase shown in Fig. 11. Displayed are the induced
face with hydrogen. This improves in more dilutgX 2) electron density changes in the system when hydrogen forms a hy-
configurations with(H,0)® and H"® occupying only every droxyl group at the bridge sites. The contour plot depicts the plane
other site. The average binding energy for both a checkemormal to the surface that cuts through a bridge site and its next-
board arrangement and with both species occupying directiearest neighbor cus sitehis way passing very close to &Gtom
neighboring sites turns then out exothermic by aboufnd the positions which are neare§t to thel @re_indicated by__
+0.2 eV/H, with a slight preference for the checkerboard arrows).Aregs of.electron accumulatlon and depletlon have positive
arrangement in which the two hydrogen species maximizémd negative signs, respectively, contour lines are drawn at

.
their mutual distance. This average binding energy is, how?-01e/A% intervals.

ever, still lower than the average binding energy we obtainegjistant cus sites: electron density is depleted around tHé Ru
for the (1x 1) OP'/H3" phase(+0.32 eV/H, cf. Sec. VA atoms and clearly populates the bi*-orbital, thereby weak-
which also corresponds to a total coverage of N ening the molecular bond. At the same time therhetal
This leaves as interesting higher coverage phase beyorsbnd is strengthened, so that the absolute binding energy is
1 H,-ML only the possibility to combine Ef*with hydroxyl  only slightly altered (0.23 eV/H, compared to the
groups at the bridge sites. For this remaining combinatiorp.32 eV/H, without the presence of the hydroxyl group, cf.
even a dens¢l X 1) arrangement ofOH)”/H3*at 1.5 H,  Sec. IV A). Still, the molecule is more activated and adsorbs
-ML total coverage turns out very stable with an averagecloser to the surface.
binding energy of +0.6 eV/H This points at the possibility We interpret the surface’s capability to give a higher back-
that after the aforediscussed formation of hydroxyl groups atlonation to the cus-bond upon population of hydroxyl
bridge also the molecular state at the cus sites could simugroups at bridge as arising from an interesting bond order
taneously be populated upon continued hydrogen uptake. lpropagation effect. Due to the newly formed hydroxyl bond
other words that the Ruf110) surface offers the fascinating the G atoms become less bound to the underlyind'Ru
property that hydrogen may coexist both in the dissociatedtoms, as reflected by the considerable increase in bond
monohydride and in the nondissociated dihydrogen state. Inength from 1.91 to 2.01 A. Having thus lost a bit of their
specting the corresponding geometry shown in Fig. 11, theptimum bonding environment, the Riseek to fortify their
first striking effect of the simultaneous occupation of bridgeremaining back-bonds, among others also to the directly co-
and cus states is that the pronounced tilting of the hydroxybrdinated in-plane & atoms, cf. Fig. 2. The resulting elec-
group, cf. Fig. 5, has disappeared. Next, the atl the cus tron density rearrangement at the latter atoms can nicely be
sites appears slightly more activated compared to the situatiscerned in Fig. 12, which displays a plane connecting next-
tion discussed in Sec. IV A when the bridging oxygen atomsnearest neighboring bridge and cus sites and thus passes also
were bare: The bond length is increased from 0.81 to 0.83Aclosely by the & sites. With this slightly strengthened bond
and the molecule resides at 1.80 A height, i.e., 0.05 A closeto the R atoms the & atoms in turn adapt by weakening
to the surface. their bonds to the R atoms. Due to this propagation of
Interestingly, the formation of the hydroxyl group at the bond order the latter atoms find themselves in a neighbor-
bridge sites seems to influence the bonding properties at tH®od that is less electron demanding, allowing for an in-
neighboring cus sites, rendering the latter somewhat morereased backdonation into the-Ru®* bond.
reactive. The mechanism with which this happens is nicely The bonding properties at nearest-neighboring bridge and
identified on the basis of the difference density plot shown incus sites are thus obviously under a non-negligible mutual
Fig. 12. Plotted are the induced electron density variationgnfluence. This suggests that one could attempt to tune the
arising in the(OH)""/H5" phase when the hydroxyl group is reactivity of either site by a controlled population of the
formed. Apart from the obvious significant density rear-respective other site. Particularly for oxidation reactions at
rangement at the bridge sites themselwsich is very simi-  RuO,(110) several studies have already emphasized the key
lar to the one shown in Fig. 6 for the lower coveragerole played by the cus sité$-11:131%Correspondingly, modi-
(OH)""/- phasg, also some variations can be observed at thdications at the bridge sites like the present decoration with
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hydroxyl groups could have a noticeable impact on the over- TABLE IIl. Computed bond lengthed in A), tilt angle (in deg),

all catalytic activity of the surface, not only because of aand absolute binding energigs, in eV) as a function of interstitial
possible site-blocking of bridge sites, but also because of aplane wave cutoff and number of k-points in the irreducible part of
intricate tuning of the electronic structure at the cus sites. S Brillouin zone for three phases characteristic for the present
far, all reaction mechanisms discussed at this Ru@0) sur-  Study.

face have been found to be initial-state dominated, i.e., theb
reaction barriers scaled with the binding energies of the ad® /= dobr_pupr Ep(O)
sorbed reach_inFsl.3 The above described increased electron-,g o5 Ry, 18 k 1901 254
dqnauon ab|I|ty of the cus sites upon h_ydroxylatlon .o.f the25 Ry, 18 k 1.90 246
bridge sites might therefore lead to a different reactivity of
this oxide surface. Concomitantly we notice that a promoting25 Ry, 36 k 1.90 243

effect of small amounts of hydrogen on the CO oxidation30-25 Ry, 18 k 191 2.43
reaction over polycrystalline Ruyas already been reported 36 Ry, 18 k 191 2.37
in a recent experimental study, proposing this material as &0H)""/— dobr_grepr  Oiybr_opr Tilt Ep(H)
suitable candidate for the technologically important low-
temperature CO oxidation in humid &irThe present work 20.25 Ry, 18k 2.06 0.97 40 0.71
identifies an increased reactivity of the cus sites after hy25 Ry, 18 k 2.08 0.98 45 0.84
droxylation of the bridge sites at Ry@10). Further work 25 Ry, 36 k 2.08 0.98 46 0.82
involving atom-specific surface science experiments on th&0.25 Ry, 18 k 2.07 0.98 46 0.89
reactivity of hydrogenated RuGsurfaces is now required to 36 Ry, 18 k 2.07 0.97 46 0.91
check if this can be exploited not only for total oxidation gprpcus dopmpr Onmews  Oup Ep(Hp)
reactions, but possibly even more important for partial oxi
dation, where a controlled tuning of the reactive sites migh£0.25 Ry, 18 k 1.92 1.89 0.81 0.38
be crucial to obtain a high selectivity. 25 Ry, 18 k 1.92 1.89 0.81 0.35
25 Ry, 36 k 1.92 1.89 0.81 0.34
V. SUMMARY 30.25 Ry, 18 k 1.92 1.89 0.81 0.32
36 Ry, 18 k 1.92 1.89 0.81 0.30

In conclusion we presented a detailed DFT study of the
energetic, electronic, structural, and vibrational properties of

possible hydrogen states at the stoichiometric RUCD) ter-  pjications, in particular partial oxidation reactions where a
mination. A different interaction with the two undercoordi- precise tuning of the bond strengths could be crucial to ob-
nated, prominent adsorption sites at this surface is found: Afin high selectivities.

Ruf*Sonly a molecular state can be stabilized, while the ther-

_modynamic ground state is represent_eq by hydroxyl groups ACKNOWLEDGMENTS

involving the @ surface atoms. Combining our results with

the detailed experimental HREELS and TPD data from the Q.S. is thankful for an Alexander von Humboldt fellow-
group of Jacobi and Efft suggests that low-temperaturg H ship. Valuable discussions with K. Jacobi, Y. Wang, J. Wang,
dissociation would require the molecular state af'Ras a  C.Y. Fan, and G. Ertl are gratefully acknowledged.
precursor. We speculate that the low-temperatugedidso-

ciation kinetics proceeds from the initial molecular adsorp- APPENDIX

tion at Rif“sfirst to a waterlike dihydride state at’Qwhich ) )

exhibits a peculiar blueshifted scissor mode. This state can In order to check on the numerical accuracy with respect
be accessed from the molecular state af*Rpossibly by O the _f|_n|te basis set, we performed calculanon; with larger
diffusion of the adsorbed Hmnolecule to the neighboring® interstitital plane wave cutoffs _and de_nser k-point meshes,
site. At increasing temperatures, activated H diffusion tothe latter two being the most influential parameters in the
neighboring still undecorated ®atoms leads then to the FP-LAPW basis set. Specifically, we increased the cutoffs up
final hydroxyl groups. to 36 Ry in severa! steps and doublgd the k-point mesh in the
state at the Rif site and the dissociated monohydride statelengths, bond angles, and binding energies for three charac-
at bridge-site surface oxygen atoms become populated. THEristic phases involved in the present study: the bare
formation of the hydroxyl groups is hereby found to intri- RUOx(110 surface (O”/-), a hydroxyl-group at bridge
cately influence the reactivity at the neighboring cus sites|(OH)*/=], and molecular hydrogen at c(@""/H$". It can
allowing for an increased backdonation further activating theée seen that the structural parameters of all three phases are
H35“*bond. This modification of the bonding properties at cuswell converged already at the lowest cutoff list@®.25 Ry,

by hydrogen decoration at bridge is attributed to a bond orwith the exception of the hydroxyl group tilt angle in the
der propagation mechanism, possibly special to this metalli€OH)""/— phase. We find the latter to be due to a very shal-
oxide. It is argued that the resulting possibility of fine-tuninglow structure of the potential energy surfag@ES mini-

the cus site reactivity by controlled modification of the mum. As mentioned in Sec. IV B, it costs only 0.1 eV/H
bridge site population could be of relevance for catalytic ap-atom to reach the upright hydroxyl group positigie.,
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change the angle by 4p°Converging such a flat part of the of 30.25 Ry at least the H bond energies are converged to
PES is hard, and correspondingly the change in angle witkvithin 0.1 eV/H atom. Fortunately, the relative energetic
cutoff is a bit larger. We have carefully checked all otherdifferences between similar geometries involving an equal
adsorption phases and find the corresponding PES minima twumber of O and H atoms appear to converge much more
be much steeper with respect to the angular degrees of freeapidly. At all tested cutoffs between 20.25 Ry and 36 Ry,
dom(e.g., for the waterlike species at the bridge git&nce we find, e.g., the binding energy of the hydroxyl group at
also a doubling of the employed k-mesh has virtually nobridge either in an upright or in the tilted configuration to
influence on the structural parameters, we conclude fronexhibit an energetic difference of 0.1 eV/H atom, which re-
these tests that bond lengths and bond angles should be canains constant to within 0.01 eV/H atom. Similar results
verged to within 0.02 A and 6°, respectively, already at thewere obtained when comparing the different tilt geometries
standard basis set with cutoff 20.25 Ry. in Figs. §a) and {a). Correspondingly, we employed the

However, Table Il shows that the absolute binding enerimanageable cutoff of 20.25 Ry for structural relaxations, vi-
gies are not yet fully converged at this already quite demandbrational calculations, and when judging on the relative en-
ing cutoff, primarily due to the need to use very small ergetic sequence of similar structures. Only when absolute
muffin-tin spheres as discussed in the text. From the convebinding energies converged to within 0.1 eV/H atom are re-
gence behavior along the sequence 20.25-Rp Ry quired did we run additional calculations at 30 Ry, but then
—30.25 Ry— 36 Ry we conclude that only at a high cutoff with fixed geometry.
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