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Abstract: The adsorption and dissociation of water on a Ru(0001) surface containing a

small amount< 3 %) of carbon impurities was studied by scanning tunneling mampgsc

(STM). Various surface species are formed depending on the &omgeiThese include

molecular HO, H,O-C complexes, H, O, OH and CH. Clusters of either pufe éf

mixed HO-OH species are also formed. Each of these species produtaseteristic
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contrast in the STM images and can be identified by experiarghbyab initio total
energy calculations coupled with STM image simulations. Maniuatf individual
species via excitation of vibrational modes with the tunnelingrelesthas been used as

supporting evidence.

1. Introduction

The adsorption of water on surfaces is a topic of long standing intares
electrochemistry, catalysis and environmental sciehtesall these fields, determining
the nature of the species formed upon adsorption of water is ialditst step for an
understanding of the chemical process and for the development of peedictdels of
reactivity and wetting characteristics of the material. The expaptecies include intact
molecules (HO), hydroxyls (OH), oxygen (O), hydrogen (H), in addition to reaciiuth
solvation products with other surface atoms. The scanning tunnelingscope (STM)
is an excellent tool to study the structure and spatial distribof these species. Precise
identification of different species by STM is, however, challegdiecause the observed
image contrast depends on their detailed composition and electrowcitist as well as

that of the tip.



In the past decade, inelastic electron tunneling spectrosc&gy)lby STM has
brought the capability of chemical identification through vibratiepectroscopy to the
single molecular levél.When molecular vibrational modes are excited by tunneling
electrons, anharmonic effects can couple the modes and induce moieotitars or
reactions such as diffusion and dissociation. Examples of thésesefnclude the
diffusion of water molecules on Pd(1T1¢u(111) and Ag(11D) after excitation of the
scissor or O-H stretch modes by tunneling electrons. In tdasss, although it is difficult
to obtain IET spectra, chemical information can be extractednbgsiigating the
vibrationally induced processes. We have made a detailed sttihsefeffects for water
and its dissociation products on Ru(0001). While a full report wilptesented in a
forthcoming article, some results will be briefly mentioned kéren needed to support
the identification of surface species. In this paper, we presatady of the various
species formed upon water adsorption and dissociation on Ru(0801)nitio
calculations of the structure and energetics of these speciethetogeth STM image
contrast calculations, are also presented. In addition to helpingtdrpretation they
provide a deeper understanding of the origin of the contrast mechemisach case.
Density Functional Theory (DFT) provided the adsorption geometry aswdratic

structure. Simulated STM images were obtained by expli@kyng into account the



tip-sample coupling. A theoretical analysis of the appearance of various atomic
adsorbates on Pd(111) was presented by Tilinin eThey found that atomic size and
electronegativity were among the factors that determined thei®alje contrast. Small
species that subtract electron density from the Fermi leveeahetal (by forming filled
bonding orbitals well below the Fermi level), such as H, O and ficaly lead to a
decrease in tunneling probability that produces negative contrdsprgssions in STM
images. For intermediate cases, where contribution of the at@me and
electronegativity are of the same order, the appearance canrbecamplex, such as
protrusions surrounded by a depression ring. Finally, if the atsir@ds large enough to
overcome the apparent depression cased by the electronegatittity species, they
appear as protrusions in the images. From the theoretical pointvof g system
presents a challenging case where different speciesstaaxithe same surface, often
with subtle differences among them. In order to reproduce the shaperangation of
all the species imaged under the same tip and tunneling conditions, we have additionally
explored a wide variety of tip apex structures.

The Ru surface used in these studies contained a certain amooatboh (C)
impurities (< 0.03 ML), with which water interacts to give éhrvariety of species and

complexes. Determination of the nature of such C-related specids to our



fundamental knowledge of the chemistry and catalytic role of Ruportant reactions

such as Fischer-Tropsch.

2. Experimental
(@) Instrumentation

The experiments were performed using a home-built STM controftesbmmercial
RHK electronics. The system consists of two ultra-high vacuukVjUchambers
connected to each other, as shown in the schematic diagram of F{g)r&®ne contains
standard instrumentation for sample preparation and charatitarjzancluding low
energy electron diffraction (LEED), Auger electron spectrosc@p¥S), mass
spectrometry and ion sputtering. The other chamber holds a comnoeyostat from
CryoVac? with liquid nitrogen and liquid helium reservoirs. The STM head, shown i
Figure 1 (b) and (c) is based on the design of Pan’enfaére the coarse approach is
achieved by the slip-stick motion of the scanner using a skeaf piezos. The sample is
mounted on top of the scanner and the tip is stationary. The tip andntiplescan be
exchanged using a wobble stick. The sample can be heated from 6 tar8@@ekSTM
with a resistor mounted near the sample plate. The samplertgarpds measured by a

Si diode mounted between the sample plate and the heater. In #& prgseriments the



sample was annealed at different temperatures to induce ehesthanges and then

cooled back to 6 K for imaging.
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Figure 1.
(b) Sample preparation
The single crystal Ru(0001) sample was initially cleaned bgraé cycles of At
sputtering at 1 keV and annealing to 1500 K by electron-bombardmetet. thi

sputter-anneal cycles or after each STM experiment, it was repeatattd laed cooled
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from 750 K to 1500 K in an Datmosphere of 1-2 x TOTorr. Finally it was
flash-annealed to 1650 K in UHV in order to remove excess O fhensurface, as
confirmed by AES spectra that show no O peak within the experimesiution.
Occasionally a small O peak (corresponding to a very smaalidn of a monolayer) was
detected in spectra taken approximately 30 minutes afterrpteEpa The presence of
small amounts of C is difficult to determine by AES becaliee@ peak at 272 eV
overlaps with the main Ru peak at 273 eV. Its presence howevasilg éetected by
STM, as shown in the image of Figure 2. The dark spots in thgeia@ due to C atoms,
which segregate from the bulk after the high temperature-fliasbaling. We will discuss
the experimental evidence supporting this assignment in more delaw.bThe C
surface concentration was approximately 3 % of a monolayer @dlifhund by counting
spots and using the Ru surface atom density. Although the visusrappe of the image
gives the impression of a higher coverage of C, that is simplyodine relatively large
footprint of the C depression by convolution with the STM tip. As shater,| the
length of the tip trace as it scans over the atom is around 1 nm,Zabmés the lattice
distance in Ru. It should be noted that the observed C atoms in thex&igkls cannot be
due to e-beam assisted deposition during the AES measurement sindeaafter same

cleaning procedure was repeated before STM measurement.



Milli-Q water in a glass tube was degassed by repeatddscgt freezing, pumping,
and thawing prior to being introduced into the chamber through a leakaraleedosing
tube pointing towards the sample. After dosing, the sample wasdheatearious

temperatures in order to induce reactions and rearrangemeri® aihkl other species.

Figure 2.

(c) Tip preparation

All STM data were collected at 6 K at a base pressure b2lewl0' Torr, using
electrochemically etched W tips. The tips were further preparsttiu by field emission
and by voltage pulses and/or controlled contacts with the surface,sbati and
symmetric images of surface adsorbates were obtained. Thedinge of the tip apex,
however, could not be systematically controlled and the contrast @mdl legsolution

varied in images taken with different tips. The images obtainedeariassified into
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three types that we associate with blunt, sharp, and anomalous tips. The blunt tips do not
resolve the very small corrugation of the Ru lattice and arevaelito consist of multiple
atoms at the apex participating in the tunneling process. Inasbstiarp tips, which we
believe to have a single atom termination, do resolve the Ru lattice vathugation of

~2 pm (noise level is0.5 pm) at gap resistances around @&m or less, as shown in
Figure 3 (a). They also produce the sharpest images of atoms allesl Such tips
could be obtained after a gentle contact with the Ru surface. tAfsecontact a bump
was observed in subsequent images of the area of the contgstiog that the tip
structure was produced by transfer of a small amount of tipriaddtethe surface. Finally
anomalous tips, which occurred more rarely, produced unexpectedly higattka |
corrugation (3-8 pm), as shown in Figure 3 (b). These tips asvbdlto have an atom or
molecule attached to the apex, as they were produced (although no¢peducibly)
after exposure to gases such a®tdnd H or by applying small voltage pulses to capture
adsorbed species. While such tips are useful for determining adsoptes and
coverage, their unknown structure made them unsuitable for comparisaiheatetical

image simulations. Only the sharp tip images were used for that purpose.
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Figure 3.

3. Theoretical modeling

To simulate STM images a three-step procedure was follSWeédFirst, DFT
calculations were performed to obtain the optimized geometrylaciianic structure for
a given adsorption model and for different tip structures. Second,raqtazation of the
semi-empirical Hamiltonian of the Extended Hiickel Theory (EWa&¥ performed by
fitting the DFT derived electronic density of states (DOS)jquted onto the surface
atomic orbitals (AOs). Third and finally, an infinite system eosed of two

semi-infinite blocks for the tip and the sample was construateaploying the
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parameterized EHT to describe all electronic interactions, aed tgs calculate the
tunneling current.

The DFT calculations were performed using the SIESTA palkageder the
generalized gradient approximation (GGA)lIsolated species or complexes were
modeled by slab geometries containing 3 Ru layers along the [0001] direction with a p(4
x 4) unit cell. We used standard parameter values for k-sampliddyasis and other
SIESTA specific parameters, and checked that the resultshaedéy modified upon
increasing the convergence criteria. The binding energies eléduoaem the present
calculations are listed in Table 1 for all the structuresidensd. Although the reported
adsorption energies may deviate from the experimental values die towultiple
approximations involved, the qualitative trends can be reliably ¢ettdmom the table

(e.g., the energetic hierarchy among different adsorption sitegyfeea species).

Table 1.
Species hcp fcc Top
@) 7.84 7.59
C 9.05 8.64
H 4.07 4.10
CH 7.63 7.42 5.92
OH 4.24 4.22 3.31
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H,O b) 0.36 0.70

H,O-C? 9.85

To model the tip apex we considered several pyramidal clusterked on periodic,
un-relaxed W-bcc slabs oriented either along the [110] or [111¢tairs. We also
modeled a [111] W-fcc slab since it provides a sharper apexhibaf4#bcc. In order to
minimize apex-apex interactions, we used a p(4 x 4) unit catése DFT calculations.
The clusters typically contained 10 to 14 atoms, also allowindhéoptesence of C, O,
CH or H species. We will only present here results obtained with a W-fcc¢fiémhjed
tip with a sharp 10 atom pyramidal termination because thisepgpoduced best the
images obtained with the experimental sharp tips described abovearWet rule out,
however, that other tip structures could give similar results.

A fit of the EHT parameters to reproduce the SIESTA deriv&iSDwas then
performed for eachab initio calculation on each model systémWe employed a
single-zeta basis set for all elements, with dashell described by one or two Slater
orbitals. The only exception was the water molecule, for whiclageked a second s
orbital to the H in order to account for the lowest and next lousstcupied molecular

orbitals, the LUMO and LUMO+1, respectively. Figure 4 illussatthe level of
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agreement obtained with the EHT fit for this case by shothiagrojected DOS (PDOS)

onto the water molecule and the Ru atom below it. Similar or kegteement has been

obtained for the other atoms in the slab and for the rest ofnsystensidered. A

decomposition of the water EHT-PDOS into its MO contributionssis ptesented in the

figure. By inspecting the broadening of these states, one may dédiidbe highest

occupied MO (HOMO) and the LUMO+1 show the largest interactiomis the Ru

atoms (states LBand 2B). An excellent correspondence between the SIESTA and EHT

calculations is obtained except for the LUMO+1 state. Given therpbability of DFT

for describing unoccupied states, we do not feel that this discreparsgnificant.

Furthermore, the EHT provides a larger gap between thariB2B MOs, which should

partly correct the too-small gaps typically obtained with GGA.
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In the last step, the DFT optimized geometries for the saidad tip apex atoms are
each attached to Ru(0001) and W bulk slabs to construct the sampije l@lodks. After
independently solving the Green's function for each surface, theetwiinfinite blocks
are brought close to each other and matched up to first order inpé&xesarface
interactions in order to calculate the elastic tunneling curtewirfg between tip and
sample'! In the matching process, a rigid shift between the tip and s&@pte levels of
eVip was imposed for a given biaspV Topographic images were simulated by repeating
the matching process while scanning the tip over the entirdY4wface cell with 50 pm

resolution. At each pixel the tip height was adjusted until the etbesiurrent was
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achieved. We fixed the tunneling parameters in all casegt 00 mV and | = 0.2 nA
following the typical experimental conditions. Apparent heights &ages of species

derived in this way are summarized in Table 2, together wigieraxental ones for

comparison.

Table 2.
Blunt tip Sharp tip
Specieg Site
Experiment Theory
c he 35-45 pm round ~45 pm triangular 23 pm triangular
P depression depression depression
o he 35-45 pm round ~70 pm round 48 pm round
P depression depression depression
50-65pm round ~55 pm round 51 pm round
H>O top . . .
protrusion protrusion protrusion
20-35 pm ~30 pm protrusion and 37 pm protrusion and
protrusion and ~20pm depression 17 pm depression
H,O-C | top-hcp
10-20 pm
depression
H fec 10-25 pm round ~35 pm slightly 15 pm slightly
depression triangular depression triangular depressior
15-25 pm round ~25 pm triangular 18 pm triangular
CH hcp depression depression with a depression with a
center maximum center maximum
3-10 pm round ~10 pm round 11 pm round
OH hcp protrusion protrusion surrounded protrusion surrounded
by ~2 pm deep ring| by 13 pm deep ring
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4. Resultsand Discussion
(a) Ru(0001) surface before water adsorption

Figure 2 shows a typical STM image of the as-prepared Ru(000fhrsuiThe Ru
atoms lattice is not resolved in this large image obtainedanaunt tip. Many circular
35-45 pm depressions (dark spots) are visible due to impurity atomsidtheand depth
of the spots did not depend on tunneling parameters, within the range usad in
experiments: Vampe= +25 to 1000 mV,¢E 0.05 to 2 nA. The impurity concentration was
approximately 0.03 ML. Sometimes the impurities formed smalremgges, with a
minimum separation of two Ru lattice constants.

The most likely atoms responsible for the dark spots are C and OthHibspecies,
such as sulfur, was detected by AES. Carbon is a main bulk imptiRty and oxygen is
used during sample cleaning. By adsorbin@®5 K, which dissociates upon adsorption
on Ru(0001)**” we could obtain reference images of O atoms. With blunt tips the
adsorbed O atoms appear also as circular depressions ~45 pm ddeysanrd difficult
to distinguish from the preexisting dark spots, as shown in Fig(ag However with
sharp tips the oxygen atoms produce circular depressions ~70 prwlitethe initial

impurities, which we assign to C atoms, produce triangular shapeesdepms ~45 pm
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deep. Simulated sharp tip STM images and height profiles of C atdn®, shown in

Figures 5 (c¢) and (d), support this assignment. The experimentaderved contrast:

triangular depressions for C and deeper, symmetric depression®, fare well

reproduced. Although the relative depths for C and O are consisterd|¢hkated depths

are smaller by a factor of ~2 for C and ~1.5 for O. Such quangitdisagreement is not

surprising due to multiple approximations involved in the STM thealdtiemalism and

the fact that the precise apex structure is unknown.
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Figure 5.
We have also confirmed through image simulations that the tip slsarmédeed
responsible for the contrast difference between Figure 5 (a)oqn8dr blunt tips the
depressions become rounded and shallower, closely resemblinghlowg®in Figure 5

(a). A decomposition of the current in terms of adsorbate and sebstratribution®’
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reveals that the triangular shape of the C atoms in the imagée result of direct
tunneling into the surrounding Ru atoms, whose electronic structstremngly perturbed

by presence of the C. We also note that the orientation of the triangular shapelo¢ C in t
images is inverted with respect to the triangle of 3 Ru atmsnd the hollow site
(Figure 3 (a)). Similar shapes have been reported for O\@rademetal surface's;*®
although in many cases the triangle orientation was the opposite.

Atomically resolved images of the Ru surface lattice, Iik@sé in Figure 3, indicate
that both O and C atoms occupy the same type of hollow siteDHFT results, presented
in Table 1, are in line with this finding since they predict the hollow site as the
preferential adsorption site for both C and O.

(b) H,O monomers

In order to study individual ¥© molecules, approximately 0.004 ML of,® was
adsorbed on the surface at 25 K and imaged at 6 K. The STg#snavealed new bright
features or protrusions with a density that increased in proportwatés vapor exposure.
They were therefore assigned to intact water monomerskiioiwn that water does not
dissociate on Ru(0001) at this temperafdre.

Two types of protrusions with different heights were observesh@sn in Figure 6 (a)

and (b). The higher ones are due to isolated molecules, defibethgsat least 2 lattice
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distances away from any C impurity; the lower ones are @weater molecules on top
sites next to hollow-site C atoms. In both cases, water adsotop site, which was also
confirmed by DFT calculation. A close-up view of an isolatedewatolecule obtained
with a sharp tip is shown in Figure 6 (c), together with a calculated imgdg Despite
H,O being a closed shell system there is a substantial broaddgniheglB and 2B MOs
due to their interaction (see Figure 4), which leads to a norgit#glH,O PDOS at the
Fermi level, favoring direct tunneling into the molecule and givipgstive contrast. In
Figure 4, we indicate the percentage contribution of each M@ timtal current when the
tip is placed on top of the monomer. As expected, the HOMO domingtesxanately
half the current (45 %). Indeed, the rounded shape of thelOB1O is reflected in both
the theoretical and experimental images. There is also a caloigaontribution from the
LUMO+1 (37 %) and more surprisingly, a negative contributielB(%) from the 2A
state despite its being located well below the Fermi lewalil&8 negative contributions
from deep states have been previously reported for other moféanesare clearly due
to interference effects in the electron tunneling processcohgibutions of these two
latter MOs somewhat distorts the circular symmetry oH}@ bump, as can be seen both
in the theoretical and experimental images. The remaining 3286 cbntribution to the

tunneling current not indicated in Figure 4 is due to direct tump@iito the six Ru atoms
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surrounding the one directly bound to the water molecule. As shown in the experimental
and theoretical line profiles in Figure 6 (e), the typical appdreight of isolated water is
50-65 pm. The width (FWHM) varies from 0.28 nm with sharp tips to 0.70 rimblint

tips. Different tunneling parameters did not appreciably changeagparent height.
These dimensions are similar to those found for water monomers on ro#tal
surfaces*® By drawing a 1 x 1 grid of Ru atom sites (using the C imiesriand
atomically resolved images as references), the monomersouarkto always adsorb on

top sites.

22



)O
-
. I"'] | g

0 1 2 3 4 5 6 7
Position (nm)

-15 H | H H ; H .
1.0 -05 00 0.5 1.0
Position (nm)

Figure 6.

23



The second type of protrusions, also due to water on top sites, has edradight of
20-35 pm. A height profile along the two types of water moleaslekown in Figure 6
(b). These lower-contrast molecules are always found adjadérattums. Because of the
substantial overlap of the C and® profiles, it is difficult to determine the exact
adsorption site of water in these images. Fortunately, by applgitage pulses with the
tip, we could displace the ;@ molecule from the C, thus allowing for an accurate
measure of the in-plane,8-C distance, as shown in the images of Figure 7 (a) and (b).
Although not shown here, by using the same procedure we could reyesilkert one
type of water molecule into the other. Topographic profiles obtdieéore and after
displacement of the molecule (Figure 7 (c)) give an average(CsEparation of 0.32 £
0.03 nm (0.31 nm in the figure), which matches within experimental #reodistance
between the top site and the second nearest hollow Ru lattic# 8if&l nm. Knowing
that water adsorbs with its plane nearly parallel to the ceffawe propose the
configuration illustrated in Figure 7 (d) for the®C complex. After annealing to 100 K,
no isolated water molecules were observed, all having moved to éonplexes with C
atoms or to form clusters with other water molecules nucleatethé C impurities. This

reflects the attractive nature of the@4C interaction.
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In agreement with this finding, total energy calculations indidhat the HO-C

complex is more stable than coadsorbed C agd iH a non-bonding configuration by

100 meV — see Table I. The optimized geometry of tf@ kolecule corresponds to a
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molecular plane nearly parallel to the surface, as drawn irrd=igud), even in the
complex. This also involves small lateral shifts (around 30 pm) oDthéoms from its
respective top site towards C, with an Q@) C distance of 310 pm. The large H-C bond
distance of 220 pm suggests that the stabilization mechanism is analogoudrimgay
bond. Interestingly, the reduction in contrast height from isolatedidou@id HO in the
images cannot be explained by a simple superposition of the maxdorito water and
the minimum due to C. Using the experimental values as a reg@neduction as large
as 30 pm in the monomer apparent height would occur only if ther wadkecule
occupied the same site as the C atom which, as shown above,hs gaseé. This is a
clear indication of bond formation between C angDHlespite the large interatomic
distancé® and excludes a pure van der Waals bonding mechanism. The STNt&ms
and height profiles for the J@-C complex as well as for a non-bonding system are
presented in Figure 7 (e)-(g), respectively. In approximate @gme with the
experiment, we obtain a 20 pm decrease in the height of themaleszule in the KED-C
complex. A detailed comparison between thegOHPDOS for the bonding and
non-bonding configurations (not shown) reveals that the formers saffererall upshift

in energy of only 0.2 eV while the C PDOS remains essentialljhanged. Most

important is, however, the contraction of the 1s AO of the H bound to teading to
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more localized MOs and a corresponding decrease in tunneling cdrnemefore, the
reduction in the height of the protrusions upon formation of ty@-& complex is an
electronic effect arising from the covalent character ofHi4-C bond, and reveals a
high sensitivity of the STM to detect hydrogen bonds.
(c) Surface species formed by thermal dissociation of water

When the Ru surface was annealed to 140 K or above, three nevs spe@dormed
as a result of the partial dissociation ofCH Two of these are observed outside the
clusters of water molecules, as shown in Figure 8 (a). One3 am depression,
approximately 0.30 nm wide in images obtained with sharp tips, whiamasdy
differentiated from C or O. It was identified as H by comgaariwith images obtained
after adsorption of H from pureyigas. DFT calculations (Table 1) predict H adsorption
in fcc hollow sites. Experimentally, the fcc nature of thewde confirmed by extending
a 1 x 1 grid of points onto Ru sites by using the C sitesfasences. The assignment also
agrees with previous theoretitzd® and experimental results obtained by LEEB and
STM.3?The simulated image of H (Figure 8 (b) inset) is a smallhtyugiangular shaped
15 pm depression and is a result of direct tunneling into Ru statesidigte is oriented

opposite to that formed by the neighboring Ru atoms. Although thdat&ld contrast for
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H is smaller than the experimental one by a factor of 2 (Eigu(b)), the trend of

increasing depth from H to C, to O is fully consistent with the experiments

(@)

05 00 05
Position (nm)

Figure 8.
In addition to isolated H atoms, another species can be found that appearsidara circ
depression 0.60 nm in diameter with a maximum at the center (sandirape), in
images obtained with sharp tips, as shown in Figure 8 (a) @bd With blunt tips it

appears as a depression 15-25 pm shallower than C, as shown irOH@uré/e assign
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this species to CH based on theoretical calculations (Fige)¢ &(d the observation that
it can be dissociated back into C and H by voltage pulses fro8iltkigip. The same CH
species can also be produced in the absence of water by expesswgface directly to
H, gas molecules, which readily dissociate (at the adsorption tetaperof the
experiment of 100 K) to form adsorbed H. We find that C and CH hqueradent
adsorption sites and the DFT total energy results presentedl@a Teonfirm that the

most energetically favorable site of CH is the hcp hollow, with the C-H bondalertic

Position (nm)

Figure 9.
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A remarkable observation from these water thermal dissociaipariments is the

absence of isolated O atoms or OH molecules. This indicatethéhdissociation takes

place inside the water clusters, which originally consistegpusé water molecules.

Indeed the structure of the clusters changed substantialtpnbng flatter and with a

peculiar high contrast (bright) periphery, as shown in Figure 1¢h ¥harp tips the

internal structure of the clusters can be resolved and seen tot @drissagonal units.

Since no isolated OH or O could be observed, it follows that thesespaast be located

inside the new clusters, which must then consist of mixtures@fadd OH, and perhaps

also O. A detailed analysis to be presented soon in another pggestsuthat the clusters

consist of a mixture of ¥0 and OH with all O-H bonds parallel to the surface.
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Figure 10.

(d) Formation of isolated OH molecules using tip manipulation techniques

Although thermal treatment did not generate isolated OH, thmdd be produced

using the tip and the tunneling electrons to either separate the cluster intotita@atss

or to directly dissociate the molecules. In the example showrgurd=iL0, the tip was
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repeatedly scanned over the cluster on the right of the imaga séatimple bias of 0.5-0.7

V. As a result, isolated water molecules, OH molecules antbi@sawere produced by

the disassembly of the cluster as well as by the dissatiafiHO and/or OH. In this

experiment the tip changed structure during manipulation form blurd),ito(sharp, in

(b), possibly functionalized by picking up a molecule. We also foundrtti@ige pulses

of 1 volt or higher applied when the tip is over a water molecol@ymed OH and H. This

and other tip-induced effects will be discussed in detail elsewhere.

Figure 11 (a) shows two OH molecules produced by dissociatiomtef \molecules.

They are imaged as ~10 pm high protrusions. The H atom produced durmgjadisa

was usually not found on nearby sites due to its easy diffusion wketed by tip

voltages as low as 80 mV. Using the lattice extrapolation techdiegseibed above for

the other species, we determined that the adsorption site of @ié iscp hollow,

although it could occasionally be displaced to fcc or bridge sites dovamgpulation

experiments. The DFT results are in line with these observatie@msbtain similar

adsorption energies for OH at the hcp and fcc hollow sites (Tawlaile adsorption on

top sites is clearly unfavorable. The inset in Figure 11Hbys a simulated OH image.

Like CH, OH appears as a shallow depression with a bump atrter,deut the 3-fold

symmetry is not present in OH. The dark ring surrounding the bumplyclesible in
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simulated images, is difficult to see in the experimentajegsalue to its smaller contrast,

as shown in the height profile in Figure 11 (b). The calculateabe exhibits also a

slightly higher central protrusion.

Height (pm)

000 050
Position (nm)

Figure 11.

5. Conclusions
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Using a newly constructed low temperature STM we determinesptwes formed by

the adsorption of pD, its dissociation, and reaction products on Ru(0001). Dissociation

was produced by thermal annealing and also by tip-induced proc&bsefllowing

surface species were identified by STM: O, C (presean aspurity atom), 6O, H, CH,

OH, H,O-C complexes and #-OH clusters. Identification could be accomplished by

purely experimental methods, such as the direct adsorptiop aidHQ molecules that

are dissociated into H and O, or by tip-induced dissociation ofesp@to its components

as in the case of CH and OH.

We performedab initio total energy calculations to identify adsorption sites and

relative adsorption energies for each species. STM image siomglawere then

performed based on the DFT geometry. This provided an understandivegafgin of

the STM contrast and greatly helped in the interpretation.

The library of fingerprint images of the various products thubksied is a first and

necessary step for any additional study based on STM of theamems of water

dissociation and other reactions on Ru. The results can be extenoiritd’t group

metals although differences in electronic states of diftemeetals can probably change

the absolute values of height or depth of each species. Thertriredapparent height of

the various species, however, should remain the same; e.g., fortenstadated tips
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water should always appear as a protrusion, while O, C and H asssieps of

decreasing depth.
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Figure Captions

Figure 1.

(a) Schematic diagram of the low temperature UHV STMesystb) Cross-section and

front view schematic of the microscope body. (c) A photograph of tb@sacope body

inside the liquid He shield.
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Figure 2.

Typical STM image (10 nm x 10 nm) of the as-prepared Ru(000Bcsurfhe surface

contains approximately 0.03 ML of C atoms, imaged as 35-45 pm depresssible as

dark spots in a gray scale representation. The corrugation of the Ru atoms islittm sma

be visible. The C atoms are present as a result of segregationhie bulk during high

temperature annealing. Tunneling conditions: 50 mV, 200 pA.

Figure 3.

(@) STM image (1.4 nm x 2 nm) of the Ru(0001) surface obtained vgitlarp, single

atom terminated tip. The Ru atoms, located at the weak maximednaith red dots,

have a corrugation of 2 pm in this image. The two large dark apotiue to C atoms. (b)

STM image (3.5 nm x 5 nm) obtained after dosing a small amounttbbHmodified the

chemical nature of the tip apex. The corrugation of the Ru datticsubstantially

enhanced with chemically modified tips. In this image the tipctire changed during

the scan from an initial state (right side) to a more resolved one (centenearzhtk to

its initial state. The corrugation of Ru lattice is 3 pmhia tight and left area and 4-5 pm
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in the middle. The same tip can produce 7-8 pm corrugation by bgjhgr tunneling

current. Tunneling conditions: (a) 21 mV, 100 pA; (b) 209 mV, 48 pA.

Figure 4.

Density of states (DOS) for the Ru(0001)-p(4 x 4ydHystem projected (PDOS) onto

the HO molecule and the Ru atom below it. Dashed lines are the SIP®S and

solid lines show the results of extended Huckel theory (EHT)Tite molecular orbital

(MO) decomposition of the # PDOS is also shown. Top views of the gas phase MOs

and their respective energies are sketched at the bottom faduhe The percentages

below the MO charge density plots give the relative contribution df eebital to the

tunneling current when the tip is on top of the molecule. The otherc@2fésponds to

the contribution from surrounding Ru atoms.

Figure 5.

(@)-(b) STM images (1.8 nm x 1.8 nm) of O and C atoms on Ru(0001)dnvétea

blunt tip (a) and a sharp tip (b). With a blunt tip O and C argewas similar circular
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depressions. With sharp tips O appears circular while the C shap®unded triangle.

(c)-(d) Experimental height profiles (dotted red or blue cuna)athe lines indicated in

(b) together with simulated images (inset) and profilesqdméck curves) of C and O at

the hcp hollow site. The + symbols in the simulated images marngoigons of the

underlying Ru atoms. Note that the dip at aroudd nm in the experimental O profile is

not related to atomic O, but is due to another species presenity.ndainneling

conditions: (a) 50 mV, 200 pA; (b)-(d) 45 mV, 260 pA.

Figure 6.

(@) STM image (8.5 nm x 10 nm) of Ru (0001) with ~0.03 ML of C atatask(spots)

after adsorption of ~0.004 ML of @ at 25 K. The brighter protrusions are isolate®H

monomers and the less bright features are water monomers bourdam< (b) Cross

section along the line in (a) through an isolated and a C-boundmaliecule. Note that

the C associated with the C-boungHs not the one on the left, but on the upper side,

which is almost invisible due to the overlap witbHand also due to the blunt tip. (c)

STMimage (2.3 nm x 3 nm) of an isolategHnolecule. (d) Simulated image of isolated

top-site molecules. (e) Experimental (red dotted) and thedrébtzck solid) height
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profiles of the isolated ¥© monomer from (c) and (d). Tunneling conditions: (a) 50 mV,

200 pA; (c) 50 mV, 100 pA.

Figure 7.

STM images (3.7 nm x 3.7 nm) obtained (a) before and (b) after disatef an HO

molecule (bright) from one C atom (dark) to another. (c) Heighfiles along the lines

indicated in (a) and (b). In this way we can determine theahdistance between the

center of C and D features in the complex, to be 0.31 nm. (d) Proposed model of the

H,O-C complex. (e) Simulated images of Z0HC complex, and (f) of isolated,8 and

C (C on hcp hollow site, #D at the fourth nearest top site). (g) Theoretically caledla

height profiles along the lines in (e) (black solid) and (f) (blietted). Tunneling

conditions: (a) and (b): 23 mV, 990 pA.

Figure 8.

(@) STM image (2.25 nm x 2.25 nm) showing an isolated H atom, C atomdsCH

species on Ru(0001). (b) Observed (red dotted) and calculated (bladtk hsmght
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profiles through the H atom along the line indicated in (a) Isg®ulated image for H at

fcc hollow site. Tunneling condition: 10 mV, 500 pA.

Figure 9.

STM images (1.75 nm x 1.75 nm) showing C (upper left) and CH spethes three) on

Ru (0001) imaged with a blunt tip (a) and a sharp tip (b). The blumnages C as

circular 45 pm depression and CH as a shallower 25 pm depressibnatdmically

sharp tips C appears as a triangular depression of similar ddpkta,CH appears as a

triangular depression with a maximum at the center. (c) Erpatal height profiles (red

dotted) of the line indicated in (b) together with the theoretiaiyved profile (black

solid). Inset: simulated CH at an hcp hollow site. The + symbols in the satiutaages

mark the positions of the underlying Ru atoms. Tunneling conditions: (aV1@®.79

nA; (b) 9.5 mV, 0.79 nA.

Figure 10.

(@) STM image (9 nm x 9 nm) of a Ru(0001) surface after introdueater at 180 K.

Clusters of mixed kD and OH (bright regions), coexist with CH species and C and H
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atoms. The difference between C and CH is difficult to datex in this image because of

the tip condition. (b) same region after repeatedly scanning ovdutiteron the right at

a sample bias of 0.5-0.7 V. This separated the components of the iclutstéower half,

revealing isolated O, #0, and OH. During this process, the tip apex changed and became

atomically sharp. Tunneling conditions: 9 mV, 500 pA.

Figure 11.

(&) STM image (2.6 nm x 2.6 nm) showing two OH near CH and C.x{b¢rinental

height profiles (red dotted) of the line indicated in (a) togeth#r the theoretically

derived profile (black solid). The + symbols in the simulated imagge& the positions of

the underlying Ru atoms. Inset: simulated image of OH at an hagmhsile. Tunneling

condition: 24mV, 490 pA.

Table 1.

DFT derived adsorption energies [eV] for all the species comslderthis work and for

different high symmetry sites.

Footnote:
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The calculations have been performed for a p(4 x 4) cell and thedquatees
correspond to the total energy difference between the isolated gas-pbaes pjus the
clean Ru(0001) p(4 x 4) slab and the adsorbed species including the Ru slab.

a) H,O-C complex with the geometry depicted in Figure 7 (gD ldt top and C at
hcp sites. The gas phase contribution to the adsorption energy iddsure the
same as the sum of the isolated C an@®:Hd3.75 eV. Hence, the difference
between the adsorption energies is an estimate of the strehdtre H-C
hydrogen bond, for which we obtain a value of 100 meV.

b) A metastable minimum in the total energy at this site wasfowtd. Upon
relaxing, the water molecule shifted to the top site.

Table 2.

Summary of adsorption sites, apparent height and shape in STM iotatgesed with

blunt and sharp tips.

Footnote:

a) Theoretically derived appearances are shown only for the sharp tip.
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