JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Water Production Reaction on Rh(110)

Cristina Africh, Haiping Lin, Martina Corso, Friedrich Esch,
Renzo Rosei, Werner A. Hofer, and Giovanni Comelli

J. Am. Chem. Soc., 2005, 127 (32), 11454-11459+ DOI: 10.1021/ja0524301 « Publication Date (Web): 22 July 2005
Downloaded from http://pubs.acs.org on March 25, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 2 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0524301

JIAICIS

ARTICLES

Published on Web 07/22/2005

Water Production Reaction on Rh(110)

Cristina Africh,*"* Haiping Lin,® Martina Corso,™* Friedrich Esch,* Renzo Rosei,"*
Werner A. Hofer,® and Giovanni Comellit#
Contribution from the Physics Department and Center of Excellence for Nanostructured
Materials, Unbersity of Trieste, 1-34127 Trieste, Italy, TASC-INFM Laboratory,

1-34012 Basoizza (Trieste), Italy, and Surface Research Centre, Department of Chemistry,
The Unversity of Lierpool, Liverpool L69 3BX, United Kingdom

Received April 14, 2005; E-mail: africh@tasc.infm.it

Abstract: By means of scanning tunneling microscopy and density functional theory calculations, we studied
the water formation reaction on the Rh(110) surface when exposing the (2 x 1)p2mg-O structure to molecular
hydrogen, characterizing each of the structures that form on the surface during the reaction. First the reaction
propagates on the surface as a wave front, removing half of the initial oxygen atoms. The remaining 0.5
monolayers of O atoms rearrange in pairs, forming a ¢(2 x 4) structure. Second, as the reaction proceeds,
areas of an intermediate structure with c(2 x 2) symmetry appear and grow at the expense of the ¢(2 x
4) phase, involving all the oxygen atoms present on the surface. Afterward, the ¢(2 x 2) islands shrink,
indicating that complete hydrogenation occurs at their edges, leaving behind a clean rhodium substrate.
Two possible models for the ¢(2 x 2) structure, where not only the arrangement but also the chemical
identity is different, are given. The first one is a mixed H + O structure, while the second one resembles
the half-dissociated water layer already proposed on other metal surfaces. In both models, the high local
oxygen coverage is achieved by the formation of a hexagonal network of hydrogen bonds.

1. Introduction is still covered by oxygen in the initial (2 2) structure, while

Hydrogen oxidation is one of the most widely studied catalytic nSide FO islands form. The major pathway to OH formation
reactions since the beginning of catalytic research with Berze- IS N0t via H+ O addition but by water reacting with oxygen in
lius! Because of its apparent simplicity, this reaction is 2:1 stoichiometry, as proved by DFT calculatididevertheless,

considered a model system for more complicated processes_this disproportionation reaction is not completed but stops at a

Nevertheless, its mechanism on the atomic scale still offers newMix€d OH+ HO phase, the second water molecule acting only
unknown details, as recently evidenced, for example, on @S & catalytic promoter in the dissociation of the firsOH
platinum surfaced? The structure of water on metal surfaces Molecule. Itis this mixed OH- H20 layer that is observed as
itself is currently one of the most debated open questions in a reaction intermediate struc@ure in STM, with all molecules in
surface science, especially concerning a possible partial dis-N€xagonal arangement and interconnected by a hydrogen bond
sociation of the adsorbed water molecuies. network, as confirmed by several theoretical studi€s1 The
final hydrogenation of the OH+ H,O phase is proposed to
proceed by proton transfer: OH groups at the leading edge of
the ring are hydrogenated by H atoms, and protons are
transferred to the internal edge where the pure water areas form.
?—|20 molecules are easily displaced by the tunneling tip and
thus often are not resolved in STM imades.

On Rh(110), the situation is potentially more complicated,

Scanning tunneling microscopy (STM) experiméatshowed
that on Pt(111), below the water desorption temperatlire (
170 K), the reaction proceeds via a wave front. A ring of an
intermediate structure in hexagonal arrangement expands on th
surface while maintaining its width. Outside the ring the surface

T University of Trieste.

$TASC-INFM Laboratory. as it has been reported that on this surface oxygen induces a
$The University of Liverpool. variety of reconstructions
(1) Berzelius, J. JJahresber1836 15, 237—245. . . . .
(2) Sachs, C.; Hildebrand, M.; Vkening, S.; Wintterlin, J.; Ertl, GScience Recently we investigated the Water formation reaction on a
2001 293 1635-1638. reconstructed Rh(110) surface, starting from the {1@)-O
(3) Michaelides, A.; Hu, PJ. Am. Chem. So@001, 123 4235-4242. 3 . . . .
(4) Feibelman, P. Bcience2002 295, 99-102. structure!® This surface is characterized by a%12) missing
(5) Puisto, S R.: Lerotholi, T. J.; Held, G.; Menzel, Surf. Re. Lett 2003 row reconstruction and the presence of strain in the topmost
(6) Ahdersson, 'K.; Nikitin, A.; Pettersson, L. G. M.; Nilsson, A.; Ogasawara,
H. Phys. Re. Lett 2004 93, 196101. (10) SKarlberg, G.; Olsson, F. E.; Persson, M.; Walimstr@.J. Chem. Phys
(7) Weissenrieder, J.; Mikkelsen, A.; Andersen, J. N.; Feibelman, P. J.; Held, 2003 119 4865-4872.
G. Phys. Re. Lett 2004 93, 196102. (11) Karlberg, G. S.; Wahnstno, G. Phys. Re. Lett 2004 92, 136103.
(8) Volkening, S.; Bedrftig, K.; Jacobi, K.; Wintterlin, J.; Ertl, GPhys. Re. (12) Comelli, G.; Dhanak, V. R.; Kiskinova, M.; Prince, K. C.; RoseiJrirf.
Lett 1999 83, 2672-2675. Sci. Rep1998 32, 167—231.
(9) Sachs, C.; Hildebrand, M.; \keening, S.; Wintterlin, J.; Ertl, GJ. Chem. (13) Africh, C.; Esch, F.; Li, W. X.; Corso, M.; Hammer, B.; Rosei, R.; Comelli,
Phys 2002 116, 5759-5773. G. Phys. Re. Lett 2004 93, 126104.
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metal layer, which leads to a nanoscale segmentation. We

showed that the reaction proceeds in two distinct steps: in a |4l

first step, half of the adsorbed O atoms are removed by a

reaction front; this leads to relaxation of the surface strain and

to formation of new patches of clean Rh where molecular

hydrogen can adsorb and dissociate. These patches act as specifg

sites in the second reaction step, which starts homogeneousl|
on the surface, reacting off all remaining oxygen. In both
reaction steps our STM images did not show any evidence of
the formation of an intermediate structure.

In this work, we present the results of an STM/density
functional theory (DFT) study of the oxygen hydrogenation

reaction on the unreconstructed Rh(110). Our approach has

been: (i) to characterize by STM tllynamicsof the overall
reaction, which involves the formation of intermediate structures
at least on part of the surface; (ii) to generate and study these
intermediate structurestatically (i.e., by preparing them in
equilibrium conditions all over the surface), both from the
experimental and the theoretical point of view. The starting
surface is saturated by 1 monolayer (ML) of oxygen in a<(2
1)p2mg structure. This structure is characterized byig-zag
arrangement of O atoms in 3-fold sites along the close-packed
[110] metal rows!2 The surface is exposed to molecular
hydrogen, and the water production reaction is monitored by
acquiring series of STM images. We show that a reaction front

another one with a lower coverage, with a rearrangement of
the remaining O atoms, as confirmed by DFT calculations and
simulated STM images. At this point, steady-state islands of
an intermediate structure form, attracting and capturing all
existing O atoms, before being converted from their borders to
water, which immediately desorbs. Two hypotheses on the
nature of this structure are given.

2. Experimental Section

The rhodium crystal has been prepared by sputtering withidas
(1 keV) and annealing to 1200 K. The annealing temperature was

¥

Figure 1. STM images of the water formation reaction on a{2)p2mg
O/Rh(110) surface reacting withotit 260 K P, = 5 x 1072 mbar): (a)

initial surface; (b) a reaction front propagates over the surface, removing
half of the initial O atoms, while the remaining oxygen rearranges in pairs;
(c) brighter areas of an intermediate structure nucleating at defects; (d) final,
propagates on the surface, converting the saturated structure telean surface. Small bright/dark features are ejected rhodium atoms/holes

on the metal substrate, already present on the initial surface. Dimensions:
50 x 50 nn?. Scanning parameterd:= 1.58 nA,Vs = +0.14 V. Time:
(a—b) 665 s; (b-c) 175 s; (e-d) 805 s.

of oxygen at 200 K and subsequently annealing the surface to 260 K
(see Figure 1a).

The measurements were performed with an Omicron VT-STM, with
typical scanning parameteiés = 0.14 V andl = 1.5 nA, while
exposing the surface to molecular hydrogen waith= 5 x 10-° mbar
on the surface-corrected for the sensitivity of the pressure gauge and
the screening factor of the tip of 5, as estimated in ref 19. The typical
acquisition time is 35 s/frame. Several reaction temperatures were
checked, and it turned out that 260 K is a good compromise between

chosen _to be high enough to dissolve subsurface argon bubbles, Wh'Cha reaction on a resolvable time scale and an acceptable induction period
are easily produced at lower temperatures. Then the surface has beeraof the order of some minutes)

further treated by cycles of oxidation and reduction at 770 K: for the
first two cycles 3 L of oxygen followed by 5.4 L of hydrogen were
dosed, then the sample was expogsed t of O, and 1.4 L of H three
times. In all previous studies, the §2 1)p2mgstructure was prepared

Low-electron energy diffraction (LEED) measurements were per-
formed in the 56-120 eV electron energy range with a beam current
below 2uA.

by simply dosing oxygen on the clean Rh(110) surface at temperatures3. DFT Simulations

T < 300 K121418 Nevertheless, we found that, on the atomic scale,
adsorption at different temperatures within this range leads to slightly
different surfaces. AT > 270 K, in fact, a well-ordered (2 1)p2mgO
coexists with a local reconstruction, where metal atoms jump above

The Rh(110) surface was mimicked by a five-layer film. The
lateral symmetry of the system has been used to reduce the
number of atoms per layer in a two-dimensional repeat unit to

the topmost layer, leaving one-layer deep holes on the surface, andeight. The two outer layers of the film were fully relaxed in all

align in chains, elongated in the [a]l direction. To avoid this
reconstruction, O exposure has to be performed at lower temperatures

three dimensions; the distance between repeat units of the
supercell in the vertical direction was larger than 1 nm. The

Even this procedure, though, does not give a perfect oxygen layer, asyjienna ab initio simulation program was used to determine the

chainlike defects, 0.40.7 A higher than the O structure, appear at
domain boundaries. The best compromise turned out to be dosing 6 L

(14) Comelli, G.; Dhanak, V. R.; Kiskinova, M.; Paolucci, G.; Prince, K. C.;
Rosei, R.Surf. Sci 1992 269270, 360-364.

(15) Comelli, G.; Dhanak, V. R.; Kiskinova, M.; Pangher, N.; Paolucci, G.;
Prince, K. C.; Rosei, RSurf. Sci 1992 260, 7—13.

(16) Gierer, M.; Over, H.; Ertl, G.; Wohlgemuth, H.; Schwarz, E.; Christmann,
K. Surf. Sci Lett 1993 297, L73-L78.

(17) Batteas, J. D.; Barbieri, A.; Starkey, E. K.; Van Hove, M. A.; Somorijai,
G. A. Surf. Sci 1995 339, 142-150.

(18) Comelli, G.; Baraldi, A.; Lizzit, S.; Cocco, D.; Paolucci, G.; Rosei, R.;
Kiskinova, M. Chem. Phys. Lettl996 261, 253—260.

atomic positions of adsorbed oxygen and OH on the surface
and the ground-state electronic structtfr@o account for the
limitation of pseudopotentials, we employed an all-electron
scheme, the projector augmented wave me#ho®n the
technical side, we note that the energy cutoff was 400 eV and

(19) Africh, C.; Esch, F.; Comelli, G.; Rosei, R. Chem. Phys2001, 115,
A477-481.

(20) Kresse, G.; Hafner, Phys. Re. B 1993 47, 558-561. Kresse, G.;
Furthmidler, J. Phys Re. B 1996 54, 11169-11186.

(21) Blechl, P. E.Phys. Re. B 1994 50, 17953-17979.
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the number of k points varied until the change of their number
did not affect the system energy. In total, we analyzed six
configurations with 0.5 ML of atomic oxygen and seven
configurations with a mixed oxygen and OH coverage following

ensuing STM images with a tungsten tip contaminated in certain 27A
cases by Rh or oxygen. The STM image was then compared to (001] Q@ ovgen
experimental data in view of the distance between features andg

the absolute height of a structure in the images. To check for

the influence of tip-adsorbate interactions we also performed

simulations where the tip was mimicked by a tungsten cluster

" . t ‘ ‘ d
and positioned above the surface. These calculations showe .

; ; ; i~ Figure 2. c(2 x 4)-O structure: (a) zoom on the surface behind the reaction
that interactions are not relevant for the obtained adsorption front, Dimensions: 11.5 7.5 n. Parameters] = 1 nA. Vi = +0.13

energies and the STM topographs. Here, we present only they (b) STM image of the structure obtained by dosing 0.6 @100 K
final results of this extensive analysis, while other configurations and annealing to 270 K. Dimensions: 2020 nn?. Parametersi = 1

and their simulated STM imag@sare omitted. nA, V|.3 = +0.42 V. (c) Structural model of the(2 x 4)-O. (d) Simulated

The adsorption energy per unit cell was calculated in the ST™ image Vs = +130 eV, = 0.05 nA).
standard fashion:

(i) For thec(2 x 4), structure the adsorption energy is the
difference between the total energy of the clean Rh(110) surface
and two oxygen molecules in the gasphase, reduced by the total
energy of four oxygen atoms adsorbed at the surface

AEqp,4) = Erpuig) 2Eo2 ~ Eqona

(ii) The adsorption energy for the two trig2 x 2) structures
was determined in a similar way

[©]

Distance [nm)]

_ o Figure 3. c(2 x 2) structure: (a) zoom on the reaction intermediate
AEC(Zx2) - ERh(110)+ 4E02 + 6EH2 EC(Zx2) structure. Dimensions: 6.0 2.5 nn?. Parameters! = 0.6 nA,Vg = +0.6
V. (b) Line profile on the hexagonal structure along [001]. (c) STM image

In all he Rh(11 ni Il consi f a five-l r film of the surface obtained by dosing water up to saturation at 170 K on 0.35
all cases, the (110) unit cell consisted of a five-laye L O adsorbed at 200 K and annealing the surface to 223 K. Dimensions:

with eight atoms per layer. 15 x 15 nn?. Parameters! = 1 nA, Vg = +0.12 V.

4. Reaction Dynamics: STM Results in an anisotropic way, until alpaired featuresdisappear.

When the sample is exposed to molecular hydrogen, after anConcomitantly, the(2 x 2) islands grow and partly merge but
induction period of about 166200 s, the reaction starts prop- N€Ver cover the whole surface. From our images on various
agating on the surface as a wave front (Figure 1b). The presencdengdth scales, we can deduce that they cover about half of the
of an ongoing reaction is evidenced by the formatiopaifed surface at the maximum extension. .
features which gradually cover the whole surface irc@ x Once the maximum extension is reached df#ex 2) islands
4) structure. Figure 2a shows a zoom on these features, whichstart to shrink again, restoring an oxygen-free substrate (Figure
are 0.3-0.4 A high, with an internal distance 2.8 A. 1d).

The reaction then continues with the formation of islands of 5 piscussion
an intermediate structure, which appear brighter in STM images . . . . ) )
(Figure 1c). A closer inspection reveals that the islands are made W€ Pegin the discussion with the first part of the reaction,

of an hexagonal arrangement of double-peak features, leading™/hich 1eads to the formation of the2 x 4) structure.
to ac(2 x 2) structure, as shown in Figure 3a,b. The internal _ 1h€ nucleation and propagation mechanism can be traced

distance between the peaks is on average A, and a corru- back to the lack of free space on the initial surface for molecular

gation of 0.25-0.35 A is measured between adjacent features hyd“?ge” adsorption and .dissociation, which is converselly
in the [001] direction (see the line profile in Figure 3b). The possible at defects (nucleation) and on areas where the reaction

units are 0.3 A higher thapaired featuresn the c(2 x 4). has already started, leading to an autocata]ytic process: when
Thec(2 x 2) islands nucleate at surface defects, such as in further O atoms are removed by the reaction front, new free
proximity of ejected rhodium atoms and holes in the substrate, 2dsOrption sites are created, where furthercein adsorb and
both resulting from the preparation of the initial structure, after dissociate and_the ff‘?”t propagates._A similar explanatlon for
completion of theo(2 x 4) structure and grow at its expense: the autocataly.tlc role in the propagation of a reactlon front has
the paired featuref the ¢(2 x 4) structure get disordered in already been inferred for the water formation reaction on the

a rim around the(2 x 2) islands. This disordered rim expands feconstructed (16« 2)-O/Rh(110) surfacé’ _
Regarding thee(2 x 4) structure, the appearance of paired

(22) Lin, H.; Hofer, W. A., in preparation. features on the Rh(110) surface strongly reminds the results of

11456 J. AM. CHEM. SOC. = VOL. 127, NO. 32, 2005
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ref 23, where low-coverage oxygen atoms were found to arrangeimage of the structure obtained after dosing water up to
in pairs. The height and the internal distance are in good agree-saturation at 170 K on 0.35 L of Qadsorbed on the clean
ment with the present data, even though in that cag2 & 4) Rh(110) substrate at 200 K, and annealing the surface to 223
disposition was not observed but O pairs were ordered in a (2K. It clearly displays an hexagonal arrangement due to double-
x 3) or ac(2 x 6) pattern. To confirm that also th#€2 x 4) peak features in a2 x 2) disposition, with~2.8 A internal
structure is a pure oxygen adsorption structure, we dosed 0.6 Ldistance and-0.2 A corrugation, very similar to the observed
of O, at 100 K on clean Rh(110) and annealed to 270 K, to see reaction intermediate structure.

if it was possible to obtain &(2 x 4) phase when using slightly Before attempting a detailed chemical description of the units
higher doses and annealing temperature. The resulting surface informing thec(2 x 2) phase, we can assume that the bright pro-
deed displays a clea(2 x 4) LEED pattern and the STM images  trusions in STM images are related to oxygen, either as single
(see Figure 2b) doubtless show the same structure that formsgtoms or as part of a molecule (OH;®). If we interpret each
during the water production reaction, thus giving a clear hint gouble-peak feature as composed of two distinct O-containing
for the identification ofpaired featuresas couples of O atoms.  adsorbates, we can infa 1 ML coverage for oxygen in the

A model where oxygen atoms sit in short-bridge sites has ¢(2 x 2). This conclusion, together with the observation that,
been proposed for the O pairs in ref 23, despite the apparentlyas discussed in the previous sectiof® x 2) islands cover a
shorter G-O distance in STM images, which has been attributed maximum area of about half of the surface, indicates that, before
to an electronic rather than to a geometric efféct. complete hydrogenation and desorption as water molecules, all

Our DFT results support short-bridge as the actual adsorptionthe oxygen atoms present on the surface indfe x 4)-O
site also for O atoms in th&2 x 4) structure (Figure 2c). The  condense in the(2 x 2) structure, implying a constant overall
adsorption energy per atom was found to be 2.6 eV. Simulated O coverage of 0.5 ML. There must be, therefore, a strong attrac-
STM images (Figure 2d) show remarkable agreement with the tive interaction in the latter structure. O pairs can easily diffuse
STM data, as (i) oxygen atoms appear as protrusions whenon clean rhodium patches, created as a consequence of the
imaged with a clean W tip; (ii) the apparent-@ distance is  formation of the firstc(2 x 2) nuclei. This statement is based
~2.8 A; and (iii) the height of the O pairs is 0.28.40 A. on the observation that(2 x 2) islands are surrounded by a
Regarding point (i), it is important to note that, even though region where diffusing species, whose height corresponds to oxy-
oxygen atoms adsorbed on a metal surface usually appear agen in thec(2 x 4), are resolved; moreover, in these angaised
depressions when imaging with a tungsten tip, recent resultsfeaturescan sometimes be imaged by STM at random positions.
for oxygen on Ru(0001) showed that different coverages, as\When diffusing O pairs get close toc2 x 2) island, they are
well as the local geometry and the actual electronic structure “trapped” by the strong attractive interaction inside the structure.

of the system, can result in a reversed contta&t. From STM images where both tie€2 x 2) and thec(2 x 4)

The agreement between experiments and simulations stronglyphases are present, we can determine the register of the bright
suggests that the(2 x 4) superstructure is composed of only 2 » 2) protrusions, on the basis of the known position of the
0.5 ML of oxygen. This entails that when the reaction front o pajrs forming the(2 x 4) structure, whose model is depicted
propagates on the surface, removing O atoms from the (2 iy Figure 2c. According to this procedure, the oxygen atoms

1)p2mg structure (1 ML), the remaining oxygen immediately  associated to the protrusions in #{@ x 2) phase sit in alternate
rearranges in a lower coverage structure. This sequential reactiors_fo|q sites.

dynamics is therefore in remarkable similarity with the one
recently found for water formation on (10 2)-O/Rh(110)}3

with a wave front removing only half of the initial oxygen
coverage. During this initial stage of the reaction, no intermedi-
ate product can be seen in our images, water forming and
desorbing quickly from the surface.

On the less densely O covere@ x 4) surface, conversely,
the reaction sequence proceeds slowly, through the formation
of an intermediate structure witlf2 x 2) periodicity. To better
characterize the(2 x 2) phase, the same structure has been
produced also by dosing water on a low-coverage oxygen
predosed Rh surface. This procedure generally facilitates partial
water dissociation on late transition mef&ig® and has already
been used to study a reaction intermediate for the water
formation reaction on Pt(11%Y:28 Figure 3c presents an STM

We performed DFT calculations and STM image simulations
of thec(2 x 2) structure for nine different setups, varying not
only the chemical composition (OH and,®) but also the
positions of oxygen atoms (see ref 22 for further details). For
an equal number of O and H atoms, the most stable configura-
tions involved a position of the hydrogen atoms between oxygen
atoms, so that all atoms are roughly in one plane (the adsorption
energy per OH in this case is about 3 eV). However, if a 1:1
stoichiometry is retained, then a full coverage means that areas
exist on the surface, where oxygen atoms are next to each other
without a bridging hydrogen atom. In this case oxygerygen
repulsion should have the effect that the coverage actually
decreases: exactly the opposite of the trend observed in the
experiments. High coverage can be obtained only if additional
hydrogen atoms are bonded to oxygen at the regions of
(23) Hia, S. W.: Lacovig, P.; Comelli, G.. Baraldi, A.; Kiskinova, M.; Rosei,  '€PuUISion, but this implies that the layer does not contain oxygen

R. Phys. Re. B 1999 60, 7800-7803. and hydrogen in 1:1 stoichiometry, as in OH groups. In addition,
(24) 03‘5’282‘3' F.; Comelli, G.; Baraldi, A.; Rosei, Rhys. Re. B 2002 66, all simulated STM images with “1:1” structural models are in

(25) Calleja, F.; Arnau, A.; Hinarejos, J. J./ xquez de Parga, A. L.; Hofer, stark disagreement with experimental images.
W. A.; Echenique, P. M.; Miranda, RPhys. Re. Lett 2004 92, 206101.

(26) Corriol, C.; Calleja, F.; Arnau, A.; Hinarejos, J. J. 2daez de Parga, A. We therefore suggest a different stoichiometry. If a 3:2 ratio
L.; Hofer, W. A.; Miranda, RChem. Phys. Let2005 405 131-135. . i H i

(27) Beduftig, K.; Vdlkening, S.; Wang, Y.; Wintterlin, J.; Jacobi, K.; Ertl, G. f0!’ hydrOgen'o.Xyger.] atoms in the structure .IS ConSI(.jered’. two
J. Chem. Physl1999 111, 11147-11154. minimum configurations are found. In the first configuration

(28) Clay, C.; Haqg, S.; Hodgson, Rhys. Re. Lett 2004 92, 046102. ; f o

(29) Canepa, M.; Cantini, P.; Mattera, L.; Salvietti, M.; TerreniS8arf. Sci (Se? Figure 4)’ which we cad:KZ x Z)A’ oxygen atoms sit in
1995 322, 271-284. a zig-zag arrangement along close packed Rh rows. As the
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Figure 4. (2 x 2)A structure. Left panel: structural model. Right top  fgyre 5. (2 x 2)B structure. Left panel: structural model. Right top

panel: corresponding simulated STM imagés = +130 eV, | = 0.04 anel: corresponding simulated STM imagyé & +130 eV,| = 0.002

NA). The protrusions correspond to oxygen couples while the depreSS'O”SnA). The protrusion maxima correspond to water molecules while the

are the hollow sites surrounded by-® complexes. Right bottom panel:  gepressions correspond to Rh atoms. Right bottom panel: simulated current

simulated current profiles along [001] at decreasing (light blue to reé)) tip  rofiles along [001] at decreasing (blue to red)-tiurface distances.
surface distances. . .
currents lower than the experimental oAe% To examine the

number of hydrogen atoms attached to oxygen in different Situation at higher currents, we generated simulated current vs
simulations is not constant (see text below), the extraction of position line scans at constant height, for decreasingsipface
adsorption energy values is not straightforward. We have distances (Figure 4 right bottom panel): when approaching the
therefore divided the total adsorption energy per unit cell by surface, the image maxima clearly show a double-peak structure.
the number of oxygen atoms. In this case the adsorption energy The agreement between this model, with its respective STM
is assigned to oxygen/hydrogen complexes, with a variable image simulations, and the experimental images is very good,
number of hydrogen atoms (one to two) per each oxygen atom.both involving an hexagonal arrangement of double-peak
The adsorption energy per oxygen/ hydrogen complex in this features with comparable internal distance (theory value 2.77
configuration is 2.0 eV. All the adsorption sites are equivalent, A, experimental value-2.8 A) and similar corrugation (theory
0.578 A left or right to the short bridge site. Ta&rzagis in ~0.5 A, experimental value 0.23.35 A).
antiphase between adjacent ] tows, thus leading to ©0 Another stable configuration with the same 3H:20 stoichi-
pairs in the [001] direction with an internal distance of 2.77 A.  ometry exists. This second model, presented in Figure 5 and
The distance between O atoms in thig-zagis 2.94 A. The calledc(2 x 2)B, involves OH groups and water molecules and
resulting geometry for O atoms is therefore a pseudohexagonalis very similar to the half-dissociated water layers found on other
arrangement. H atoms are placed exactly in the middle of two transition metal surfaces, e.g. Pt(111), where it forms also as
adjacent O atoms, sitting either above hollow sites or above onan intermediate during the water formation reacfi@md Ru-
top sites of first-layer Rh atoms, 2.2 A high from the surface, (0001)?with the only difference, in this latter case, that no single
therefore interacting more with O atoms than with the metal hydrogen atoms are involved in the structure. Also in our case,
substrate. The short distance between oxygen atoms (especiallyn fact, an hexagonal arrangement of molecules interconnected
for [001] O—O pairs) suggests that the configuration is stabilized by hydrogen bonds is considered, even though the layer is not
by an attractive force. According to the presence of H atoms flat as on the cited surfaces. O atoms belonging to OH groups
between these O atoms, this force is attributed to hydrogen Sit close to the surface in roughly short-bridge sites with H above
bonds. The H atom in the hydrogen bond would be located them pointing toward the closest® molecule; on the contrary,
midway between neighboring oxygen atoms instead of being water molecules are slightly farther from the surface, with O
covalently bound closer to one of them. This kind of configu- atoms almost above 3-fold sites and H pointing downward to
ration arises in crystals when the-@ distance is decreased adjacent OH groups. The adsorption energy per oxygen/
below 2.5 A, e.g., for ice at high pressure: from the low-pressure hydrogen complex in this case is 3.5 eV.
molecular phases Ice VIII, where one covalerti®bond and Simulated STM images (Figure 5 right top panel) show the
one H--O hydrogen bond form, first a proton disordered phase, hexagonal arrangement, but it is not possible to reproduce the
called Ice VII, with protons tunneling along the hydrogen bonds, double-peak features in the line profile (Figure 5 right bottom
and then a symmetric nonmolecular Ice X phase are créated. panel). There is therefore poor agreement with experimental
The O-0 distances in ouc(2 x 2) structure are certainly  data, even though structucg2 x 2)B turned out to be much
longer, but the surface might play a stabilizing role. In factitis more stable thart(2 x 2)A (1.5 eV per oxygen/hydrogen
known that the surface is able to strengthen intermolecular complex). However, we note also that the final step in the
hydrogen bondd and change the bond lengtrand therefore reaction, the reduction of the surface oxygen coverage by water
might play a role also in the HB symmetrization in b€ x desorption, is only exothermic for thg2 x 2)A structure (here,
2) structure. the desorption of water leads to a gain of 1.4 eV per molecule),
Simulated STM images of the{2 x 2)A structure, reported  While it is endothermic for the(2 x 2)B structure (under the
in the right top panel of Figure 4, exhibit an hexagonal Same conditions desorption leads to a loss of 0.6 eV per water
arrangement. It is important to note that the Bardeen approachmolecule).
we used in our calculations limits their validity to tunneling

(31) Meng, S.; Xu, L. F.; Wang, E. G.; Gao, Bhys. Re. Lett 2002 89,
176104.
(30) Benoit, M.; Marx, D.; Parrinello, MNature 1998 392 258-261. (32) Morgenstern, K.; Nieminen, Phys. Re. Lett 2002 88, 066102.
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Hence, we are not able to definitely identify th€ x 2) surface: complete hydrogenation occurs at the island borders
structure that forms during the water formation reaction. The where water molecules desorb, leading to a decrease in the island
simulated STM images point in favor of modef2 x 2)A, dimensions. This behavior contrasts the one observed during
which DFT predicts to be less stable thaf2 x 2)B. the reaction on the Pt(111) surface, where water molecules form

Furthermore, we calculated the transition energy between theand condense inside the intermediate structure 4#fgThe

two models and found that there is no barrier. This indicates difference can be due to the fact that on platinum the reaction
that the formation of the(2 x 2)B phase is not kinetically ~ was carried out below the water desorption temperature. On
hindered, i.e., the(2 x 2)A should immediately convert to the  rhodium, conversely, desorption takes place immediately at the
c(2 x 2)B. Finally, we cannot find a reasonable explanation outer border, without allowing proton transfer toward the inside
for the formation of the less stable structure when water is dosedof the hexagonal structure.

on an O precovered layer. It is interesting to note that a similar  As the chosen reaction temperature is lower than the hydrogen
situation, where the most stable structure is not the one desorption temperatufé,H atoms are likely to be present on
experimentally observed, has recently been proposed for thethe final surface, even though they are not visible in the STM

water layer on Ru(000E} images.
The two proposed models for the2 x 2) structure differ
mainly in the role of hydrogen atoms: {2 x 2)A, in fact, 6. Conclusions

they do not belong to any specific oxygen but lay in the middle
of adjacent O atoms, while in(2 x 2)B they are close to
specific O atoms to which they are covalently bound, being
part of a molecule, either OH orJ@. However, in both cases
hydrogen bonding plays a crucial role. It is interesting to note

that an hexagonal hydrogen bond network forms, similarly to leaving back &(2 x 4) structure where the remaining oxygen
the OH+ H,O layer on Pt(111) and Ru(0001), even though g be ) ) 9 0%yg
(0.5 ML) is arranged in pairs.

the Rh(110) substrate has a rectangular geometry. This observa* )
tion indicates that the preference of hydrogen bonded systems VWhen the surface is aimost completely covered byc{ex
to form hexagonal adsorption structures, proposed in the 4) Structure, areas of a nee(2 x 2) structure nucleate in

theoretical study in ref 28, holds regardless of the substrateProXimity of surface defects. We were not able to clearly
geometry. establish the chemical identity of this structure but on the basis

Further investigations are needed to definitively clarify the of DFT calculations and STM image simulations two hypotheses

structure of thes(2 x 2) reaction intermediate. More compli- are given: in the first model a H O coadsorption structure is
cated configurations, not considered in our calculations, will considered, while the second one resembles the half-dissociated

have to be tested, e.g., the possibility that the double peak iswater layer proposed on Ru(0001) and Pt(111). Both models

due to the system switching between te(@ x 2)B symmetric involve a 1 ML Ocoverage and the formation of an hydrogen
configurations, triggered by the absence of an hydrogen atom,20nd network.
Coming back to the overall reaction, we can now try to depict

We studied the water formation reaction on Rh(110) at 260
K, starting from the saturated (1 ML) oxygen layer. STM image
series evidenced that upon exposure of the system to molecular
hydrogen, after a short induction time a reaction front propagates
across the surface, reacting off half of the oxygen atoms and

c(2 x 2) islands grow at the expense of #{2 x 4) structure,
a complete picture of the second part of the reaction mechanism Surrounded by disordered areas, where diffusion of O pairs from
The orderedc(2 x 4)-O surface appears to be unreactive at thec(2 X 4) toward the |sland_ borders occurs. H_ere (0] atQms in-
260 K: we always see the second step of the reaction nucleatingteraCt with hydrogen. A peculiar feature of the microscopic reac-
in the proximity of defects, where the firs{2 x 2) patches tion mechanism is that during the second stage of the reaction
appear. This indicates that only close to a defect atomic the local oxygen coverage increases, while th(_a overall O cover-
hydrogen can interact with O atoms, trapping them into an 29€ decreases or remains constant. d@ex 2) islands reach
hydrogen bond network. The condensation of oxygen atoms in & maximum extension corresponding to about half of the surface
the new structure creates free rhodium patches where O atomdi-€- an overall coverage 6f0.5 ML on the surface), and after-
can diffuse after detachment from to@ x 4) structure, giving ward they contract, due to water desorption from _the borders.
rise to the disordered rim. When these diffusing O atoms get Finally a clean (or partly hydrogen covered) rhodium surface
close to the borders of@2 x 2) nucleus, they get easily trapped is restored. A distinct feature of the observed reaction mecha-
by hydrogen bonds and the island therefore expands into theNism is that the intermediatg2 x_4) structure is unreactivg at
disordered rim. It is important to note that the presence of free the temperatures we used, and it needs to be converted into the
patches between th€2 x 4) and theo(2 x 2) phases is essential reactivec(2 x 2)_ structure (with no O loss) t_)efore thg reacuo_n
to the process, as only mobile oxygen atoms can be incorporated@n Progress with further water release. This transition requires
in the hydrogen bond network. Indeed in the STM images we the formation of a hydrogen-bonded network and the presence
see that at regions where the border betwef@nx 2) andc(2 of free metal patches for the oxygen to become mobile.
x 4) areas is locally sharp, with negligible rim width, tb@
x 2) island does not grow. As a consequence the growth of the
c(2 x 2) islands proceeds asymmetrically on the surface, until
all the oxygen originally present in thg2 x 4) structure has
been incorporated.

Only at this point further water molecules can leave the JA0524301
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