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Abstract. X-ray photoelectron spectroscopy (XPS) is a powedol for surface and interface analysis, providin
the elementakcomposition of surfaces and the Iolgaiical environment of adsorbed species. CorwagitiXPS
experiments have been limitedterultrahigh vacuui\{) conditions due to a short mean free path e€tebns in a

gas ‘phase. The recent.advances in instrumentatioplexd with third-generation synchrotron radiatsmurces
enables in-situ XPS measurements at pressures &odue. In this review, we describe the basic gesif the
ambient pressuregXPS setup that combines diffalgmiimping with an electrostatic focusing. We pnésxamples
oftthe application ofin-situ XPS to studies of eraadsorption on the surface of metals and oxiu#ading Cu(110),
Cu(111), TiQ(110) under environmental conditions of water vapassure. On all these surfaces we observe a
general trend where hydroxyl groups form first|daled by molecular water adsorption. The importasfcgurface

OH groups'and their hydrogen bonding to water mdéscin water adsorption on surfaces is discusseefail.
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1. Introduction

Water adsorption on solid surfaces is ubiquitous in nature and teciynwligh makes the study. of water at,the
vapor-solid or liquid-solid interfaces highly interdisciplipa Interfacial water is a tepic~of research ‘in a
surprisingly wide range of scientific fields including hetgeneous catalysis [1-3], envirenmental science [4, 5],
atmospheric chemistry [6, 7], electrochemistry [8-10], coormshemistry [11], and biology [12, 13]. The,presence
of water on surfaces has a significant influence on the mesthardnd kinetics of'surface chemical-processes.
Adsorbed water molecules on surfaces can be a participanttatspén surface chemical reactions..For example,
water is a reactant or product in many heterogeneous catalgtitons such as water-gas shift(CO.®H CO,

+ H,) reaction or water formation reaction from oxygen and hydrogen on a platinfawesfir, 2]; traces of D

can promote a CO oxidation reaction on Pt(111) [14] and on Au narbgmgupported on TiJ15]. All surfaces

of importance to environmental problems are covered by watepwithithickrressgng from a few A (e.g., water
vapor on aerosol particle surfaces in the upper troposphere)rtiveirifiickness (e.g., particles in bulk solution).
Surprisingly, the growth of water on most surfaces — metalktje, biological and mineral — is still poorly
understood.

The interaction of water with solid surfaces has.beemsixtely studiedyusing surface science techniques in
ultra-high vacuum (UHV) and at low temperatures;,which has prowid¢ailed information on the water/solid
interface at a molecular level [16-18]. Yet most procesEederest inreal systems take place at ambient or higher
pressures and elevated temperatures. There is a fundamentaingassb whether the information obtained at
ideal conditions (UHV and low temperatures) can be extrapotateshlistic conditions (ambient pressures and
high temperatures). The surface structure and surface che&wmispbsitions in equilibrium with ambient pressure
vapor can be very different from‘those.in UHV. Inaddition, chenm@aadtions with high activation barrier can be
kinetically hindered at low temperatures. Theseximportanegsare often referred to as the "pressure gap" and
"temperature gap", respectively.” Therefore; in order to obtaleaular-level insight into surface chemical
reactions involving water, sit is” essential to/investigate atigorbed state and structure of water molecules on
surfaces in-situ under thexeaction conditions.

X-ray photoelectronspectroscopy (XPS) is a powerful experimtmubfor surface science studies due to its
high surface and“ehemical sensitivity. XPS provides informatiorthe elemental compositions and the local
chemical envirenment around a,specific atomic site on swfd®21]. The application of XPS to studies of
surfaces atselevated (Torr) pressures is not straightfdrdiage to elastic and inelastic scattering of the ednitte
photoelectrens by gas malecules. Conventional XPS experiments habedmugmited to UHV conditions.

Innthewpresent review, we first discuss how we overcome thectdsstan in-situ XPS by describing the
synchrotron-based ambient pressure XPS system at the MolBowiaonmental Science (MES) beamline at the
Advanced Light Source (ALS) in Berkeley that combines diffiéial pumping with an electrostatic focusing. We
then present examples of the application of ambient pressiBddXfPe study of water adsorption on metal and
metal oxidessurfaces under ambient conditions. The examples itd MRS studies presented in this review are
based on aur recent experimental results on water adsorption oriffeventd Cu surfaces of (110) and (111)
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orientations [22-24] and the Ti(110) surface [25]. We will also give an outlook of future agiong’ of in-situ

XPS to water on surfaces.
2. Experimental

In order to perform in-situ XPS under ambient pressure vapor, eedsnto reduce jthe attenuationw~of the
photoelectron signal due to scattering with gas phase molechkeatt€nuation ofthe photoelectron,signal in a gas
environment is proportional to exp&@/kT), witho as the electron scattering/cross section, and where z negrese
the distance that the electrons travel through a volume at pres3ine path length of the electrons through a gas
has to be minimized. The sample surface is thus placed closifferantially-pumped aperture, behind which the
pressure drops by several orders of magnitude. This general eppesabeen used, beginning with Hans Siegbahn
and coworkers’ early designs in the 1970’s [26-28], in all highspresXPS instruments that have been designed to
date [29-37].

Ambient pressure XPS setups also have to take into aceoutiteéh&tray sotirce (synchrotron or X-ray anode)
and the electron analyzer have to be kept under high vacuum. Tdae s$urce is usually separated from the
ambient pressure region either by differential pumping.or by uXeray transparent windows, e.g. aluminum or
silicon nitride membranes. The electron analyzer is kept uigleracuum using differential pumping between the
sample cell and the analyzer. For typical aperture dimensitimeimange of 0.1 — 10 nfmtypical pressure
differentials across apertures vary from*1010? respectively,'depending on pumping speed and the type of gas
pumped. To achieve ultrahigh vacuumin,the analyzer part aftttimber for pressures in the Torr range in the
sample cell, several differential pumping.stages are refjuyepending on the aperture sizes and their relative
spacing, the solid angle for collection.of electronsuis redudeel.smaller the apertures and the farther they are
spaced apart, the more efficientuis,the differential pumgitoyvever, the inverse holds for the count rate as a
function of aperture size andhwspacing. Traditionally, the éffeqiressure limit in ambient pressure XPS has
therefore been abouts/1 sTorr. The recent development of ambientunere¥®S instruments that use a
differentially-pumped electrostatic lens system has overc¢bimémitation. In these instruments, the electrons are
focused onto the apertures by electrostatic lenses thatcated in the differential pumping stages [35]. These
systems can operate ‘at pressure€s above 5 Torr (the vapar@reksvater at the triple point is 4.6 Torr) [35].
There are three instruments/based on this principle currenthperation, all at third-generation synchrotron
facilities (ALS bheamline 9.3.2 [35]; ALS beamline 11.0.2 [36]; BESSY)[37

The experiments described here were performed at beamline 11tl@e2A4d S in Berkeley. This beamline uses
photons.from an elliptically polarizing undulator with a 5 cm perg&] pnd provides photons in the energy range
fram™Z5 to 2150 eV=using a SX700 style plane-grating monochromatod(39which is equipped with two
gratings (150 and, 2200 lines/mm). The Kirkpatrick-Baez (KBYyanér (horizontal and vertical) are able to focus
the spot inthe experimental chambers down to below 2ax#0This is an advantage for ambient pressure XPS
experiments,since the entrance aperture of the differgnitaping system can be kept small (i.e., provide a high
pressure”differential between the ambient pressure chambeherilst differentially-pumped stage) without
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losing signal.

A schematic of the ambient pressure XPS spectrometérSabsamline 11.0.2 is shown in figure IxThe key part
of the spectrometer is the differentially-pumped electrigstahs system that separates thesambient pressure
chamber from the hemispherical electron analyzer (Phoibos 15G)Spmexdent X-rays fromsthe beamlinetare
admitted to the ambient pressure chamber through a silicon niridew (thickness 100'nm, active window area
1x1 mnf). The sample is placed at a distance of ~0.5 mm from theneateperture. (diameter 0.3,mm)-to the
differentially pumped lens system. Electrons and gas molecedeape throdgh this aperture=into the
differentially-pumped lens system. The electrons are focusi ifirst differential pumping stagetento a second
aperture (diameter 2 mm), and in the second differential statgea third aperture, also with/a,2 mm diameter,
before entering a final lens stage and being eventually foaugedhe entrance slit of the hemispherical analyzer.
The pressure differential between the ambient pressure chamib#ae hemisphere is about'8 orders of magnitude.
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Figure 1. A/lschematic of the ambient pressure XPS spectrometer at Alrlibe 11.0.2

For the investigationof samplessin ascontrolled humidity atmaeple to the condensation point of water, the
sample surface has, to be the coldest point in the chamber. Wdéhaaleped a transferable sample holder cooled
by a two-stagewPeltier element, which is isolated fromthenber atmosphere. This sample holder, combined with
a stand-alene ‘ehiller for temperature control of the sample hdtaing station which acts as a heat sink for the
hot side of/the Peltier “element, allows control of the samplepdmture from 220 to 350 K. For
surfacesscience-type.experiments, a button heater combined withditoigen cooling provides the temperature
range.from 100 te 1000 K. Besides the ambient pressure chamber,dientapnessure XPS endstation has a
preparation chamber which is equipped with a sputter gun, low-emdegyron diffraction (LEED) and an
evaporator<or thin film deposition. A load-lock chamber alléagt exchange of samples. The base pressure in the
ambient pressure and preparation chamber is™2xdr.



Here we briefly describe the experimental procedures used imgbent study of water adsorption,on metals and
oxides. Further experimental details are found elsewhere [22-28]sdmple surfaces of Cu(110),*Cu(111), and
TiO»(110) were prepared in UHV by standard sputtering and anneatingdarres as described in Ref. [22-25]. ‘A
monolayer (ML) is defined as one molecule per unit cell, i.e., 1@8ent for Cu(110), “:77x18/cn? for
Cu(111), and 5.2xtécn? for TiO,(110), respectively.

Quantification of surface species under ambient pressure Vaparallenging because the intensity of a
photoelectron peak is attenuated by gas-phase molecules. il flsonbted that'beth)gas-phase‘attendation and
transmission of electrons through the lens optics are enepgndent. In” order to obtain the.coverage of
O-containing species on Cu surfaces, we take the ratio of fleead Cu 3p¥XPS peaks that/are measured with
identical electron kinetic energies to cancel out the gaspttenuationiand lens transmission function. Then we
calibrate it against the O 1s/Cu 3p ratio for the p(2xDu@110) §=0.5 ML) prepared in)UHV [41, 42]. The
coverage of O-containing species on Ji0) at ambient conditions is obtained fram the comparison of the
absolute intensity on Ti{110) with that of a know coverage on, Cu(110) [25].

The amount of adventitious carbon contamination onasample surfacesgligible under UHV conditions.
However, experiments under Torr pressure of water vapor.eausereased rate of contamination accumulation
on surfaces. This is due to the fact that the chamber vehlimdually without pumping during ambient pressure
experiments (the valve to the turbo pump needs to stay cloaatbant pressures). Sources for contaminations on
the surfaces are displacement of contaminants‘by water at the charhloertieawater source itself (prepared by
3 cycles of freeze-pump-thaw). We have monitored the C\1s regiah times in our experiments and have
specified the amount of C contaminations,simply by usingthet€Qsls XPS ratio measured on th@©gEspecies
with known x:y ratio. Contamination_is. minimized when the experiard performed rapidly after exposure of
the surfaces to water vapor, with frequent sampleeleaning cyclesdretvater exposure experiments.

3. Results

3.1 Water on metals

3.1.1 Introduction
Here we shall briefly’'sum up the information on the adsorbddsstd water on Cu(110) and (111) surfaces
obtained in previous UHV studies. On the closed-packed CuglitfBce, water is adsorbed molecularly intact and
desorbs areund 160 K without dissociation [43, 44]. On the corrugated@gdrface, molecular adsorption is
observed atdow temperatures below 150 K. Above 150 K, however, theinthlced water dissociation is
observed./on Cu(110)Y45]. The intact water monolayer desorhmdird70 K in kinetic competition with
dissogiation, forming=mixed #0:0OH phases [45]. The mixed:®:0OH phases on Cu(110) under UHV conditions
can be generated,thermally, by X-ray and electron-induced dalmageadsorption of }© with small amounts of
atomic O, or by reacting adsorbed atomic O with atomic HespeRefs[45-53]. These mixed phases show a
varying andhcomplex temperature programmed desorption (TPD) pdefilending on sample preparation and
heatingrate [48, 52, 53]. The main features in TPD from the mixed phadéfapm/e = 18) desorption peaks at
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about 200, 235 and 290 K [48, 52]. The 200 K and 235 K peaks are assigngd tesdrption from=mixed
H,O:0OH phases [48, 52]. Above 235 K, only a pure OH phase exists auttaee [48-52, 54| xIhis phase
decomposes near 290 K via an OH recombination reactiogy{@MH,gs 2 H2Ogas + Oug9 [48]5 Where water
desorbs with leaving behind an atomic O coverage half that of the inHigb@erage in the,pure,OH phase.

We will show the connection between the adsorbed statestef an two different Cu surfaces of (110) and (111)
orientations under elevated water pressures and tempergi{iieg®)= 1 Torr, T= 268 — 518 K), using,ambient
pressure XPS, with UHV studies. One essential question is wlibtheesults atlow pressures and temperatures
can be extrapolated to ambient conditions.

3.1.2 Water chemistry on Cu(110) at near ambient conditions
First we show in-situ O 1s XPS spectrum on Cu (110) measudedidrr water vapor at 295K (figure 2). In the O
1s XPS spectrum, two spectral features are observed. A stndrefharp peak at 535{75%V binding energy (BE) is
attributed to gas phase water molecules within the excitatioime in-front of the entrance aperture. A broad peak
with two maxima at 534 — 530 eV BE originates fron©OHand OH species adsorbed on the Cu(110) surface, as
discussed below. Thus the surface signal is shifted to.Jowembirdiergies by )2 — 5 eV as compared to the gas
phase signal. The large chemical shift due to the finghsféects [21] allows a clear distinction between the gas
phase and the surface contributions. Hereafter we only show the(contsifubionsurface species for clarity.
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Figure 2. © A$*XPS spectrum on Cu(110) in 1 Torr water vapor at 295 K.

Next we, show how the chemical composition on the Cu(110) suffaceyes as a function of temperature under
nearambient pressure.water vapor. Figure 3 shows O 1s XRfaspeasured on Cu(110) in the presence of 1 Torr
water, vapor at the, temperature range of 275 — 518 K. The O 1deéRfes observed under 1 Tors(tHare
compared with=these reported in earlier UHV studies atttmperatures. This leads to the assignment of XPS
peaks observed at near ambient conditions to specific surface species.
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Figure 3. O 1s XPS spectravmeasured,on Cu(110) in the presence of Wwdwmr vapor at sample
temperatures of 2754 518K: (a) 275 K, (b) 301 K, (c) 323 K, (dK348) 378 K, (f) 428 K, (g) 453 K, (h)
483 K, (i) 498 K and(j)/518 K. The gas phase water peak is olobsareeind 536 eV (not shown). The
marked spectral/features for “OH(#®)” and “OH,,." are for OH species H-bonding with,8 or not,
respectively. Fhe dots are the*experimental data and thesdhdhline is the result from a least-square
peak-fittingsyproeedure. Thesincident photon energy was 735 eV.

At the Jowest temperature.of 275 K (figure 3a), two broad peaks are edssound 532.8 and 531.0 eV. These
energies are in good agreement with previously observed O 18K®8f HO and OH in the mixed 1:0H
phaseson Cu(11Q)under UHV and low temperature conditions [45, 50, 54, 5&fofd¢he O 1s peaks around
532.8 and 531,0' eV are assigned @tnd OH, respectively. As the sample temperature increases, the G 1s XP
peak of adserbed water decreases in intensity and shiftghier BE by ~0.4 eV at temperatures between 323 K
(figure 3c)"and“348 K (figure 3d). Molecular water is presenthenCu(110) surface in 1 Torr,@8 up to 428 K
(figure 3f). After desorption of molecular water at tempaned above 428 K (figure 3g-j), only one peak due to OH



species is observed in the O 1s XPS spectra. The bindingyefi¢ings OH species is ~0.5 eV lower than that of OH
species observed when water is present on the surface atdowperatures. The intensity of the Q'Ls\XPS peak for
OH species further decreases with an increase in temperature 3fg).

In order to obtain quantitative insights into the water chigynigy Cu(110) at near ambient conditions, the partial
coverage of surface species is derived by a least-squaktdifhieg procedure on O 1s XPS,spectra. The O AsXPS
spectra presented in figure 3 are well fitted with four comptenat 532.90, 532.55, 530.95, and 53045V [23].
The first two components (at 532.90 and 532.55 eV BE) and the latteatVB8d:95, and 530.45 eV“BE) are
attributed to HO and OH, respectively, as discussed below; the differedifty energies of the same chemical
species (KO or OH) reflect the different molecular environments gbldr OH«0onN the metal surface. To show the
change in molecular environments gfHor OH on the Cu(110) surface,the total coverageof(He., 532.90 and
532.55 eV) and the coverages of two different OH components en Cu(110Ylurmlewatervapor are plotted as
a function of temperature (figure 4).
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Figure 4. Partial coverages for surface species on Cu(110) in the O 1spde8a presented in figure 3
recorded at 1 Terr partial pressure gfHand sample temperatures of 275 — 518 K. Note the identical
coverage of “"HQ" (crosses) and *OH(+D)" (open circles) at 348 K. The nhomenclature used for the OH
speciesy’ "OH(+HO)” and"{OH,,¢ (filled circles), are for OH species H-bonding with@H or not,
respectively.

At lower temperatures-between 275 and 323 K, the Cu(110) surfamesied to a saturation (i.e., 1 ML) with the
mixed HO and QH'layer where the ratio of®ito OH is 2:i[footnote_1]. When the sample temperature increases
t0:348 K, the coverage of water decreases andABa(HH ratio is decreased from 2:1 to 1:1. Upon transition of the

! [footnete_ 1] At the lowest temperature of 275 K afid,0)= 1 Torr (figure 3a), the #:0OH ratio is slightly
largerithan2:1 (see figure 4). This may indicate the presenceatifquantities of KO on top of the 2:1 }0:0OH
phase.
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surface phase from a 2:1 to a 1. 0HDH mixed phase, the binding energy eOHshifts from 532.55 eV t0:532.90
eV. We thus conclude that there exist two differes®DH mixed phases which exhibit a large €hemical shift of
~0.4 eV in the O 1s XPS peak of adsorbed water; one is withkH@:OH ratio (HO BE: 532.55.eV) and the other

is with a 1:1 HO:OH ratio (HO BE: 532.95 eV). Note that the binding energy of OH speciesaitagesto 530.95

eV in the surface phase transition from a 2:1 to a 3:®H mixed phase. With a furtherincrease in temperature,
the coverage of water continues to decrease while $ieHH ratio remains close(to 1:1. Molecular water is
observed on the surface in the 1:10HOH phase up to 428 K under 1 Tors@;.correspondingsto a-relative
humidity (RH) as low as 2.5 x T®. The RH is defined as p(f)x100, wheresis the equilibrium vapor pressure
of bulk water or ice at the corresponding temperature. Whepatmple temperature reaches to 378 K, a new
spectral feature appears at 530.45 eV as a shoulder in the |lomigrgbénergy side of OH\peak. This new peak
becomes the only distinct spectral feature observed tetmgeraturesange 453 — 518 K, where no molecular water
is adsorbed on the surface. We thus assign this new feattire OH species that.arexnot H-bonded with water
molecules. Hereafter, we refer to the OH species thadt-drended to'water (530.95,eV BE) as “OHgEN" and

the OH species that are not H-bonded to water (530.45,eV BE) Hs.cONete that both “OH(+HO)” and
“OHpue’ Species coexist on the surface at temperatures betweem@#2& K. The total coverage of OH (i.e.,
“OH(+H20)” and “OH,,.’) decreases with an increase in.temperature above 378 K.

In previous UHV studies at low temperatures [45, 50, 54, 55], thelgjmdfiergies of WD and OH were reported
as follows: 530.3 — 530.6 eV for the pure OH species {IH 530.8 — 531.0 eV for the OH species that are
H-bonded to water (“OH(+D)"), and 532.4.— 532.9 eV for‘water molecules that are H-bondedHt¢'lD,O
(+OH)"). These binding energies in UHV-at low temperaturesraexcellent agreement with those eHand OH
observed at near ambient conditions.in‘the present study; 530.45 80Hg,.’, 530.95 eV for “OH(+HO)”",
532.90 and 532.55 eV for 9 (+OH)™

To summarize, three different‘phases were,observed on th&0Twrface under 1 Torr water vapor in the
temperature range 275 — 518'K: A 2: XHOH'mixed phase, a 1:1,8:0H mixed phase, and a pure OH phase, in
increasing order of stability.

3.1.3 Comparison withithe previousWHV. studies at |ow temperatures
We have gained/quantitative insights into the surface ploasgs(110) under equilibrium with water vapor of near
ambient pressure*at elevated'temperatures. We have fountidiais a close correspondence in XPS binding
energies ofssurface species between our results at nbararoonditions and the previous UHV studies at low
temperatures. This indicates)that the local chemicat@mwvients of HO and OH species are very similar at near
ambient,conditions and in UHV at low temperatures. Here ushdr discuss the similarities and differences
between our resulis+at near ambient conditions and the previousstlidies at low temperatures, particularly
regarding the surface phases, and their relative stability.

First we eompare the surface phases and their relativditgtalbinear ambient conditions with those in the
previous UHV studies at low temperatures. At near ambient tomsli we observe three different phases on
Cu(210)~in the following order of stability; 2:1,8:0H < 1:1 HO:OH < OH,.e The previous UHV studies
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reported the following surface phases in increasing ordstability; intact HO < 2:1 HO:OH <1:1 HO:OH <
OHyue < O [48, 52]. Therefore, the order of stability of three phaseserved at near ambient cenditions, 2:1
H,0:0H <1:1 HO:OH < OH, is fully consistent with that observed in UHV at low tempetatures.

In contrast to UHV conditions, no statistically significantoamt of atomic O is observedwnder 1 TosOHN the
temperature range 275 — 518 K. This can be understood by the faittett@ formation via Ok + OHyure 2
H,0g4as+ Ougsis fast above 290 K in UHV [48-50, 55], while the reversetiea HOyas +Osgs> OHpure + OH, ¢S
very facile for the O coverages below 0.15 ML even at 150 K [48%0At near ambient conditionsytherefore, the
reaction equilibrium between OH and O is strongly shifted tdsvthe OH side’due to the presence.of water vapor.
Indeed, only atomic O is observed on the Cu(110) surface at loer wattial pressures 1 X 10* Torr and
temperatures above 300 K (not shown).

As for OH species, we find the maximum coverage of adsorbetb®@El 0.42 ML (see figure 3d and figure 4),
but most frequently it saturates between 0.33 — 0.35 ML in the mix@mH phases.These values are higher than
the previously reported OH saturation coverage of 0.25 MLiiwhvigs generated*by,8 + O coadsorption on
Cu(110) at low temperatures in UHV [48, 55]. Note that\the“kiglerage of OH at near ambient conditions
remains on the surface in vacuum after evacuation of wapervf the sample temperature is below 290 K, where
an OH recombination reaction becomes facile. The. difference gatheation,coverage of OH may originate from
the difference in the formation route of OH, i.e., thermaibuced(water dissociation or preadsorbed oxygen
mediated water dissociation.

So far we have established the close correlation betwearsts at near ambient conditions and the earlier
UHYV studies at low temperatures in terms,of XPS bindinggge® of surface chemical species, the surface phases,
and their order of stability. Next we will‘eheck if the sudfgahases observed at near ambient conditions can be
explained using the kinetic information available~from the previodd/ Wtudies. Here we focus on the 1:1
H,0:0H phase on Cu(110) observed at 428 K.invl Torr water vapor (figure 3f), withvealewcoverage of 0.04
ML.

At thermodynamic equilibrium, the rate of adsorption is equdlgadte of desorption. The rate of desorption for
0.04 ML H,0 in the 1:1 HO:OH phase on'Cu(110) at 428 K gi{ti,O)= 1 Torr is evaluated based on the kinetic
information available in, UHV. In UHV, the J@ desorption from the 1:1,8:0H phase on Cu(110) is observed at
235 K and exhibitalmost no coverage dependence, which valilatassumption of first-order desorption kinetics
[48, 52, 53]. The desorption barrier. fos®in the 1:1 HO:OH phase is thus calculated to be 0.69 + 0.045 eV, using
the TPD data [48] and the.expefimentally determined range faréhexponential facton) for H,0 of 10 s*
[56-59].«Onuthe basis of thisidesorption barrier, we obtainkgD desorption rate of 0.97 — 8.3 x°ML s* as
calculated from the first-order Polanyi-Wigner equation [@0].the other hand, the rate of adsorption is expressed
as a‘product of an impingement rate and a sticking probabilityinffiagement rate under 1 Torr water vapor is
calctlated to be 4.3 1ML s*[61]. In consequence, the desorption rate 4 Hbtained above matches well with
the rate of adsorption resulting from the sticking probabilibgelto unity. Equally good agreement is reached for
the data atT. = 378 K anmfH,O)= 1 Torr (figure 3e).

The, presence of OH groups on the surface is essential l@rettpe amount of adsorbed water at near ambient

10



conditions. Here we estimate the hypothetical desorption rate#ML HO on Cu(110) observed. at 428 K and
p(H,O)= 1 Torr if we assume that these water molecules exisie form of monomers or clustersswhere water
molecules are in 2-dimensional H-bonding network. The adsorption emnerghe desorption barrier, of water
monomers on Cu(110) has been calculated to be 0.375 eV [62]. The hypothetiqaiaesatefor 0.04 ML KD
monomers on Cu(110) at 428 K is calculated using the first-Galanyi-Wigner equation'te bé 1.5 x*1éML's™.

In the case of water monolayer on Cu(110), the desorption bamigresimentally determined to be ~0:52 eV [45],
corresponding to a desorption rate of 3.0 ¥*1®IL s™. The desorption rate of watef in 2-dimensienalH-bonding
network is thus largely decreased as compared with that & w@onomers due to an attractiveCHH,O
H-bonding interaction. However, the desorption rates derived from the desdratriers for water, monomer and
water monolayer are significantly higher than the impingemeaget under 1 Torr water vapor. In the absence of
surface OH groups, therefore, we would not expect to observe any wat@bnt pressure) XPS (detection limit
~0.01 ML) on the Cu(110) surface. The surface OH groups actrasriagcand clustering sites for.B, slowing
down the water desorption rate (i.e., increasing its surface resideegaltanstically.

From the comparisons between our results at near ambient conditidrthe previous UHV studies at low
temperatures, we find a very good agreement in the localicaleenvironments (XPS binding energies)O:HOH
ratios, and relative stability of the observed phases.onithe Cigif@ie. The adsorption-desorption equilibrium
kinetic consideration shows that the kinetic information obtainétHM'and low temperatures conditions is well
extrapolated to the present conditions of elevated pressuresnamelatures. Furthermore, it shows that surface
OH groups play an essential role in watertadsorption on the seafake through strong hydrogen bonds that
stabilize water molecules. The importanee of surface OH giiawpater adsorption is further demonstrated below
by a clear cut example on the Cu(111) surface.

3.1.4 Water adsorption on Cu(111)at,near ambient'conditions
Here we show that the Cu(11%) surface exhibits a vergrdift wetting behavior than the Cu(110) surface at near
ambient conditions. Figure)5 shows O 1s(XPS spectra measured on Cu(110) andiGt&lddesence of 1 Torr
water vapor at 295 K, corresponding t0.5.0 % RH. The Cu(110) sisfeoeered with a saturated monolayer of the
mixed HO and OH phase, as also shown in figure 2 and figure 3. In contraSt(ttikl) surface remains clean and
adsorbate-free under the identical condition. No adsorbate isvetdsem Cu(111) under 1 Torr,@ vapor in the
temperature rangefrom 333 to 268 K, corresponding to the RH framg®.67 to 32 % [22]. The Cu(111) surface
is thus mueh merbydrophobic than the Cu(110) surface.
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Figure5. O 1s XPS spectra measured in the presence of 1 Torrwagiaron two different Cu surfaces at
295 K (a relative humidity of 5.0 %): Cu(110) and,Cu(l111). Théigbaseverages of OH and.B on
Cu(110) in 1 Torr HO at 295 K are 0.34 and 0.68 ML, respectively. Fhe gas phase water peakvswbse
around 536 eV (not shown). The incident photon/energy was 735.eV:

The different wettability on two Cu surfaces,(110) and (1dtéms frem a difference in the activation barrier for
the OH formation (i.e., water dissociation). Thedlower disda/barrier on Cu(110) than Cu(111) is demonstrated
by the present experiments at near ambient conditions fromctitéida OH species are present on Cu(110), but not
on Cu(111) (see figure 5). It is also supported by previous Wtddies showing that thermally-induced water
dissociation occurs on Cu(110) [45,49,'50, 52], but'not on Cu(111) [43, 44]. Emealas OH groups on Cu(111)
in the present experimeniy(Kl,0)= IxTorr, T= 268 — 333 K) indicates kinetic limitations of water diggimei on
Cu(111) under these conditions. The dissociation barrier in the tmerage limit has been determined
experimentally from kinetic ‘measurements.of the water-gidisreaction on Cu(110) and Cu(111) to be ~0.87 eV
[63] and ~1.17 eV [64],«espectively. Thesewalues are in good agreeritie the calculated dissociation barriers
of water monomers on Cu surfaces’using-density functional theory (DFT) taltsi[&5].

The difference in, dissociation "barriers of water on the two Cidaces is explained by the linear
Bransted-Evans-Polanyi (BEP) ‘relationship [66, 67] betweervaticih energies and enthalpy changes for
dissociativeradsorption [68-70]i a larger thermodynamicalrdyiforce AH) leads to a lower activation barrier for
similar reactions. The water,diSsociation reaction is exothdrhle 0) on Cu(110) [62], but thermoneutraH=
0) on.Cu(d11) [71, 72]Hence the different wetting properties of Cu(110) and Cu(&affaces manifest the
essential role of surface’OH groups in water adsorption on mettdsesur

3.1.5 Water adsorption on the oxygen precovered Cu(111)
It is well known that preadsorbed oxygen on metal surfaces careimchater dissociation [16, 17]. Figure 6 shows
O 1s XPS.spectra for a partially oxygen-covered Cu(11l)curfeeasured in UHV and in the presence of 1 Torr
water vapor at 295 K. The preadsorbed atomi6£0(12) on Cu(111) reacts with 1 Torr water vapo(H O—
12



20H) to form a mixed OH and_ B layer. The hydrophilicity of the Cu(111) surface is thus gaid by the
formation of OH groups that stabilize water molecules through strgaigpgen bonds, similar to what.we observe
on the Cu(110) surface.
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Figure 6. O 1s XPS spectra for a partially oxygen-covered Cu(11liaeengo= 0.12) measured in ultrahigh
vacuum (UHV) and in the presence of 1 Torr waterwvapor at 2860%RH). The partial coverages of OH and
H,O on Cu(11l) in 1 Torr 0 at 295 K are 0.26 and 0.17 M=y respectively. The gas phase wateispe
observed around 536 eV (not shown). The'incident photon energy was 735 eV.

3.2 Water on oxides

3.2.1 Introduction

Titanium dioxide, especially rutile (110) surfacenis one ofbst extensively studied oxide surfaces [17, 73, 74].
The particular interest in water chemistry oniI#@rfaces has been stimulated by their important propertibsasu
the photochemical production. of hydrogenfromrwater and the photo-induced hydropfibcit6].

The interaction of water with Tii110) has”been extensively studied in UHV. It has been shown thett wat
chemistry on TiQ(110),is largely influenced by the presence of oxygen vacaimctee rows of bridging oxygen
atoms [17, 73, 74]. The dissociatien ofswater molecules at bridgingeoxyarancy sites has been directly imaged
by scanning tunneling microscepy«(STM) and atomic force microscopyljAn UHV [77-82]. On the defect-free
perfect TiQ(110) surface, in contrast, many experimental studies in UHYestighat water does not dissociate [17,
74, 77, 78]; different theoretical calculations predict both diatwe (at least at low coverages) [83-86] and
molecular adsorption 487=89] on the defect-free surface. Tinertt disagreement between experiments and
theoretical calculations may be due to the existence of hiihaion barriers that hinder dissociation and
molecular rearrangement [86], raising the question of whetlembdynamic equilibrium is reached in low
temperature, UHV studies. In addition, oxygen vacancy defegtmpglan important role in water dissociation on
TiO»(110) may=be healed and absent under ambient conditions. Thedekpite its great importance, information
on the adsorbed water layer on the J{iQ0) surface under realistic ambient conditions is sc&iogple questions

suchyasithe amount of adsorbed water in equilibrium with vapor and the gtrafctioe first water layer in contact
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with the surface, including the possibility of dissociatiotoiOH and H groups remain largely,(unanswered.
Therefore the nature of adsorption sites for water on(TiD) and whether water dissociation is required for water
adsorption is still elusive under ambient conditions. To answee tugsstions, we have studied\the adsorption-of
water on the Tig{110) surface under near ambient conditions of pressure and tdumpdi(H>0)< 1.5 Torr, T=

265 — 800 K), using ambient pressure XPS.

3.2.2 Water chemistry on TiO,(110) at near ambient conditions
First we characterize the clean F{@L0) surface in vacuum using XPS. We have found that assmalird of
O-vacancy defects are always present on the cleaflTiQ) surface after surface preparation, even after gpiolin
O,. These O-vacancy defects are revealed with charactéeiatioes in the Ti 2p and O 1sfegions as well as in the
valence band [74, 90]. Figure 7 shows (a) E.2md (b) O 1s XPS spectra for the defective,{i00) surface that
was prepared by Arsputtering, annealing to 900 — 950 K in vacuum. In the Ti.2p‘regishpalder feature is
observed at the lower binding-energy side of tié 2, , peak due torthe reduced Tispecied'@nd/or Tt") [90,
91]. In the O 1s region, a small component is observed atabothitjley binding energy than the lattice oxygen
peak at 530.5 eV. This is assigned to O atoms next to vacdasybsicause this feature is not observed on the
stoichiometric surfaces. In addition, a defect state appetrs band gap at'about 1 eV below the conduction band
(not shown), which is attributed to the occupied 3d stdt€s {92, 93]. The defect concentration is determined by
the TF*/Ti*" ratio under consideration of the eleetron mean free'path ahdz@ngeometry, as described in Ref.
[90]. The TiGQ(110) surfaces presented in figure 7a and b have defect catimarg of 0.156 ML and 0.125 ML,
respectively.

a)Ti2p b) O 1s
900K, UHV
N I
—’/ N \‘\- 295K, res.gaﬁ E
461 Bi‘:]é&n;éEene;tgé;[eﬁ]? 456 534 533 5.é2.551 530 529 528 527
Binding Energy [eV]

Figure 7.(a) Ti 2p, XPS spectra of defective Tj(10) before water exposure (solid line) and after
introduction of 1. Terr H,O at 420 K (dashed line). The defective Fi10) surface is prepared by *Ar
sputtering, followediby annealing to 950 K in vacuum. The incidestoprenergy was 630 eV. (b) O 1s XPS
spectra of defective TifiL10) measured at 900 K in vacuum (top curve) and measuredadtigrg down to
295 K inya residual gas atmosphere (mainly water) 8fTdr (bottom curve). The incident photon energy
was 690 eV.

After thé defective Tig(110) is exposed to T0Torr water (see figure 7a), the*Ti* shoulder in the Ti 2 peak
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is readily quenched except for a very small residual ameudiO3 ML), which we attribute to bulk defeets [74].
Concurrent with the change in Ti 2p, in the O 1s region a new peak appears at ~113eWih@jng energy than
the lattice oxygen peak. This new feature is assigned to rOttpg at bridging sites [94, 95]. In figure 7bs the
coverage of OH saturates at around 0.25 ML. The OH coverage of @25 intleed expected from the initial
defect concentration of 0.125 ML, if each water molecule dissgciate an OH groupsthat fills the vacancy
(Vriage)» @and a H atom that forms an identical species by binding toemwidging O site (Rage): H20 +Vpridgé +
Obrigge = 20H,rigge FOr defect concentrations lower than 0.125 ML, the final OH, ag)éegis also lower, but'always
twice the defect concentration. The following experiments weréormed on a surface with an.initial defect
concentration of 0.125 ML.

Next we investigate the hydroxylation and water adsorptionhenTiO,(110) surface“under near ambient
conditions of pressure and temperate. Figure 8 shows O 1s XR&rdifespectra on TH110) recorded at four
different sample temperatures in a constant pressure of 0.4 Jowdor (isobar). The XPS spectra in the isobar
were obtained with decreasing sample temperature. To show'tigeeshia O 1s XPStspectra clearly, the difference
spectrum is obtained by subtracting the XPS spectrum meagudddV beforezwater exposure from each XPS
spectrum at different sample temperatures after normalizationheitlattice’ oxygen peak.

H,O XPS O1s
p(H,0) = 0.4 Torr

538 536 534 532 530 528
Binding Energy [eV]

Figure 8, On1s"XPS difference. spectra on J{OL0) recorded in the presence of 0.4 Torr water vapor at
samplestemperatures of 810,°470, 350, 278 K. The difference spectitaired by subtracting the XPS
spectrum.measured inUHYV before water exposure from eachpdesusm at different sample temperatures
in,0.4.Jorr HO after normalization with the lattice oxygen peak. The gaseplvater peak observed around
536.€V in the raw=Q 1s XPS spectra is cancelled out by stibtraf the fitting line for the well-separated
gas phase peak:The dots are the experimental data after the subtracédorpsoexplained above and the
thin soliddine is the result from a least-square peaikditbrocedure. The incident photon energy was 690

ev.
As*seen in figure 8, the OH feature already saturates@K8ibh 0.4 Torr HO. As the sample temperature
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decreases, a second peak appears at ~3.5 eV higher binding eitiengspect to the lattice oxygen peak. This
peak can be attributed to either hydroxyl [94] or molecular wWarat Ti** sites between bridging O rows. As
shown in figure 7b and further evidenced by the experimental régliits, the saturation coverage of OH is twice
the initial coverage of oxygen vacancies. This indicatet waer dissociation on Ti@l10)~eccurs only“at
O-vacancy defects and does not proceed at the fivefold coadifidt sites. We thus’attribute this featdre”to
molecular water adsorbed on the fivefold coordinatéf dites. With a further decrease in temperature, the
coverage of adsorbed water increases with its O 1s XPS peak shiftimgetdinding’energies by ~0.5%eV.

Figure 9a shows the coverages of OH ap@ bbtained from the same isobar experiment that provided thénda
figure 8. The OH coverage is constant at 0.25 ML over the tetoperange fram 800 K to 275/, which is twice
the initial defect concentration of 0.125 ML. Water adsorbs omyldeoxylated surface until its coverage equals
that of the OH groups. Above a water coverage of 0.25 ML, wat@rage increases more)rapidly. Between 0.25
ML and 2 ML water coverage, the O 1s XPS peak of adsorbed statesrtowards lowerbinding energies by ~0.5

eV, with most of the shift taking place below 1 ML (see figure\8).

.
o]

L |

Figure9. Uptake curves of OH and,8 on Ti0,(110) obtained from (a) isobgr< 0.4 Torr) with decreasing
sample temperature and (b) isotheffa 98 K) with increasing water pressure. (c) The same data a
plotted as a.function of relative humidity. Filled symbolsfardsobar and open symbols are for isotherm.
Both results collapse into the same curve, demonstratindghthatitface and gas phase are in thermodynamic
equilibrivm. Dashed and solid lines are inserted as a visual aid.
Qualitatively similar results are obtained from isotherssshown by the room temperature data set in figure 9b
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Both isobar and isotherm uptake curves collapse into one when therdaplotted as a function of=relative
humidity (RH), as shown in figure 9c. This confirms a thermodynamiglibrium between vapor and, surface in
the present experiments. A point that is worth considering is thia¢ iisobar experiments the sample temperature
is changing while that of the vapor remains constant at reampdrature. The temperature*used to compute the
relative humidity is that of the sample. The error in hativmdifferent temperatures is however very small/due to
the fact that the surface temperature is in the exponential of th@tiesaate, while that of the gas is-in,the form
T°%in the expression for the impingement rate with the surface.

'E )’
'O

coverage [ML.]

o

Coverage [ML.]

Figure 10. (a) Coveragerof'OH and,8 oh,Ti0,(110) obtained from different isobars @ 1.5 Torr) as a
function of relative humidity. Small dots are data obtained with the hemteple holder and large dots with
the Peltier sampleholder. (b) Enlarged view of the lowtivgdhumidity region (data from three different
isobars: filledsdets,” 0.01 Torropen dots, 0.4 Torr; open squaresy)l Toe temperature scale at the top
corresponds,to'the 0.4 Torrisebar. Notice the change of the x-@xidifrear to logarithmic in the two plots.
There is-a plateau at 0.25 ML'in (b), when the coverage of water ecatatd @H.

Figure,10a shows thewuptake curves of OH agtd él7er a wide range of relative humidity. Details of tié &hd
HsO'eoverages atdow-relative humidity are shown in the esdlpipt of figure 10b, which summarizes the results
of three different ‘experimental isobars. Similar to whabiserved in figure 9, at the very low relative humidities
from 5x10°% to 3.5x10 %, the coverage of adsorbed water increases to be equalriti#h®H coverage (0.25
ML), where'the uptake curve shows an inflexion followed bgnall plateau. Another kink is observed around 0.75
ML. ‘The“Coverage of water increases rapidly between 0 and R %vith inflections at approximately 12 and
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25 % RH, which correspond to 2 ML and 3 ML, respectively. Between 25 and ~60 %tBiHwowerage changed
slowly, and then increased rapidly when approaching 100 % RH. Notth¢hebverage of OH species remains
constant at twice the initial defect concentration (0.25 ML) at a.RH

To summarize, water adsorption on the JIk20) surface occurs in distinct steps«.First; water mtdecu
dissociate at O-vacancies in bridge sites, producing a &toietric amount of OH bridge groups equal to twicethe
initial vacancy concentration: ;8 + Vpridge + Obriage = 20Hhrigge This step takes place even at verydewrelative
humidities. These Ofdyqe groups act as nucleation sites that anchor water‘meoleculesntostrongly=bound
OH-H,O complexes. The OH-® complexes continue to act as nucleation centers for fustheradsorption.
The wetting properties of TiQL10) are thus driven by moderate amountsy(<0.25 ML) of (stronghctie OH
sites that nucleate water molecules.

4, Discussion

The present results on the adsorption of water on Cu(120), Cu(111)j@4{iID) at near ambient conditions
demonstrate that the presence of surface OH groups_plagsential role in wetting properties of surfaces. Here
we compare the hydroxylation and water adsorption.on these surfacedjsauss the stability of .B-OH
complex and its generality on other surfaces.

We observe a general behavior in the adsorption of water suitfages studied here at near ambient conditions;
hydroxylation precedes water adsorption. We find a differenceancoverage of OH and the onset of water
adsorption on these surfaces. The onsetof water adsorptidmeddes the point where adsorbed molecular water
roughly equal to 0.1 monolayer can be detected by XPS.<The cowdrageon TiGQ(110) saturates at twice the
initial defect concentration, since'the*hydroxylationen,100) occurs only at O-vacancy defects. On the Cu(110)
surface, OH groups are formed on the terrace,and its coveragessaround 0.33 ML. On the Cu(111) surface,
hydroxylation is kinetically hindered under the/present conditiongekaethe oxygen preadsorbed surface. The
onsets of water adsorption 6n’ Cu(110) and,{iM) are ~2.5x1® % and ~1x10 % RH, respectively. Water
adsorption is not observed,on the clean Cu(111) surface up to 32 % RH.

We believe that the stability of,B-@H'complexes is a general phenomenon on metal and oxide sulrideesl,
previous UHV studies have shown that the mixe®I@H layers on metal surfaces exhibit distinct water
desorption states in the 200-240\K range, well above those fromutaslgdntact layers in the 160 — 180 K range
[16, 17]. Examples include a full range of metal substrates suCu@ 10) [48, 52]Ag(110) [97], Ni(110) [98],
Pt(111)4[99})y Ru(0001) 160, 101], Rh(111) [102], and Pd(111) [103]. On Cu(l11l0jndtance, the peak
deserption temperatures of water in the mixg@I@H layer are 200 and 235 K in UHV [48, 5@hich are higher
than'the desorptiontemperature of 175 K in the molecularly intact wase{4#y 48, 52]. The D desorption at
235 K from the 1:1 ' HD:0H phase on Cu(110) leads to the desorption barrier (i.adfoeption energy) of 0.18 £
0.01 eV (forp = 10™*! s%) higher than that from the molecularly intact layer on Cu(1IQ,= 175 K) [48]. The
H,O desorption process requires breaking bonds to the Cu selztrakll as to neighboring adsorbategldr
OH)s The larger desorption barrier (adsorption energy) inmixed HO:OH layer originates from the,B-OH
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H-bonds that is ~0.18 eV stronger than th®HH,O H-bonds. This is quantitatively in good agreement with a
recent theoretical work on the Pt(111) surface where tie®H H-bond strength is ~0.2 eV stronger than the
H,0O-H,O H-bond [104, 105].

In the case of Tig§110), previous TPD studies have reported the desorption featurat@f-at about 270 K,
which is ascribed to water molecules in the first monolayer [96, 106-108]. Wadsemolecules in the first layer
on TiO,(110) may be stabilized by the H-bonds with OH groups at defects sites, whldtbe presentin,various
amounts depending on the surface preparation. The adsorption @resgsption‘barrier) for the first menolayer
water on TiQ(110) (270 K) is larger than that for water in the 1;0HDH phase on Cu(110) (235K). This is
consistent with the earlier onset of water adsorption os(Ti0) than Cu(110):

Here we discuss the interaction between OH ai@@l dh metal and oxide surfaces in terms of their Bransted acid
and base character. The nature of the H-bonds between OH.@ni$ Idredominantly. electrostatic [109]. For
instance, OHions in solution have a formal negative charge, which makes it a strong H-loepdoadut a weak
H-bond donor towards 4@ (i.e., Brgnsted base). This strongodonor)-OH(acceptar) nature results in the O-O
bond length asymmetry of long OH donating H-bonds and short OH acceptingds [110]. In addition, OH
species adsorbed on metal surfaces generally carry.al pagiative charge, which depends delicately on the
interaction with the substrate [105, 111-113]. Therefore,«dsgmas to OHin solution, OH species adsorbed on
metal surfaces is of Brgnsted base character. The streg@gOH H-bond at metal surfaces is thus the
H,O(donor)-OH(acceptor) bond, while the reverse situation yialdery weak bond. This is consistent with
theoretical results on donor-acceptor properties'of OHepémivards D on Pt(111) [104, 105, 113] and Rh(111)
[114]. In contrast, the bridging OH groups on the ,{1Q0), surface have been argued to be of Brgnsted acid
character [115]. Recent AFM study .on the X00) surfacerhas shown that the bridging OH groups formed at
defect sites are positively charged using a charged AFM @b Therefore, the strong,8-OH H-bond on the
TiO»(110) surface should be the @H(donoryOtaceeptor) bond, which is the reverse of th@4DH H-bond on
metal surfaces.

These considerations’showthat the formation of OH groups gteiysportant role in water adsorption (wetting)
on surfaces. The stabilization of,® with, the surface OH groups originates from th&O+OH H-bonding
interaction that is stronger than theQ4'H,O H-bonding interaction. The different wettability of solidfaoes
originates from thexdifference in the kinetic barrier for OHrfation and the number and nature of OH groups on
the surface,

5. Summary.and future outleok

Ambient pressuresXRPS was applied to the study of water ddtsoign the surface of metals and metal oxides
including Cu(110), €u(111), Ti0L10) under pressures and temperatures near those of thaarobiditions. The
synchrotron:based ambient pressure XPS setup, combining diffepemtiping and electrostatic focusing, enables
in situ XPSsmeasurements at pressures above 5 Torr. We haigedbquantitative insight into the molecularly
intact,and dissociative adsorption of water on metal and oxideceartander adsorption-desorption equilibrium
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conditions at near ambient water partial pressures.

We have found that surface OH groups play an essential roketém adsorption (wetting) on salid'surfaces. On
all the surfaces studied here, water adsorption takes plabe twdroxylated surface. Surface ‘OH groups act'as
anchoring sites for adsorbed water molecules throught®H H-bonding that is stronger than theOH H,O
H-bonding. The difference in the kinetic barrier for OH formatand the number and nature of OH groups on
surfaces results in the different wettability of surfaces.ifistance, the Cu(111) surface isimuch niydeephobic
than the Cu(110) surface at near ambient conditions. This can be explaineidigrattivation barrierfor water
dissociation on Cu(111) than on Cu(110). We have shown that the ¢Cg(ifdce becomesydrophilic by the
formation of OH groups induced by preadsorbed oxygen. On th€1Ti@) surface, the OH fofmation occurs only
at O-vacancy defects and thus its coverage is limited tetthie initialvacancy concentration. The acid or base
character of the OH species in the ObHomplex is different onCu,and on E{@10);/OH groups on Cu(110)
and Cu(111) are of Brgnsted base character, but OH groups-eilTOPare of Brgnsted acid character. The
difference in the number and nature of OH groups on surfaces b®tgponsible forthe difference in the onset of
water adsorption on surfaces. From the detailed comparisenafat@mistry onCu(110) between at near ambient
conditions and in UHV at low temperatures, we have“found a veog @greement in the local chemical
environments (XPS binding energies){HOH ratios, andsstability order of'surface phases on Cu(ldtefnore,
analysis of the adsorption-desorption equilibrium of.the sugfaase observed at near ambient conditions shows
that the kinetic information obtained in UHV atJow temperatisswell extrapolated to conditions of ambient
pressures and temperatures.

Here we briefly mention those areas which, in our opinion présent exciting scientific opportunities for future
in-situ XPS work.

First of all, it is highly desirable to‘extend the presenitin¥PS study of water adsorption on surfaces to not
only other metals and oxides but,also ionic_solids, semiconductotsgioal materials. The chemical-specific
guantification of surface compesitions by in-situ XPS allows u®tcelate water adsorption with the presence of
surface OH groups. This will'deepen our understanding how theédkioeetier for OH formation and the number
and nature of OH groups,on surfaces_affect water adsorti@hwill provide further evidence of the general
importance of surface*OH groups in water adsorption on solid surfaces.

One of the mastimportant areas for in-situ XPS studies igvestigate surface chemical reactions involving
water under the reaction conditions. In heterogeneous catatyisisyften found that the presence of water on
surfaces significantly alter, the Selectivity and acfivif catalytic reactions [1, 2, 14, 15]. Since the H-bonding
interactions.between water<(and/or OH) and other molecules adsonbsurfaces largely affect surface chemical
kineticsyitis important to have a general understanding ofHmnding influences various activation barriers for
elementary steps of'surface chemical reactions.

An important_and~complementary technique to XPS is X-ray absorgfiectroscopy (XAS), which can be
performed easily using the same experimental setup. We havelyetemonstrated that O K-edge XAS spectra
contains infermation on the structure of water in the bulk ligphigse [116], and when adsorbed as a monolayer on
metal, surfaces in UHV [47, 117]. These studies show that O K-ediS is very sensitive to H-bonding

20



environments of water molecules. However, the structureirofitm water in equilibrium with ambignt préssure
water vapor is still largely unknown and only recently somdainitesults are being obtained, [118]. The
fundamental questions that can be addressed by in-situ XA&léntthe structure of the thin water film and its
evolution as a function of film thickness, role of the substrand the important questionsof hew many layers are
required for water to reach its bulk structure.

It is noteworthy that the structure of water molecules on cesfaould be different between UHV, and low
temperature conditions and the more real life conditions of peeéstdiew Torr) andtemperature (hed@). In a
water monolayer on metal surfaces, for example, water moleatdasonnectéd by H-bonds to form/a hexagonal
honeycomb structure where half of the water molecules are adsorlan_oxygen-down canfiguration and the
other half take a configuration of pointing a free (i.e., non H-bon@é&btigither to a vacuum*(‘H-up”) or to a metal
surface (“H-down”). The recent UHV studies at low temperat(#£40 K) have provided the detailed insights into
the branching of water between “H-up” and “H-down” configurationsewmeial metal surfaces; water is adsorbed
predominantly in the “H-down” configuration on Pt(111) [117, 1488 on Ru(00041) [100, 120-122], while the
mixed “H-up” and “H-down” configurations are found foravater mogetaon*€u(110) (H-down: H-up = ~2:1)
[47] and on Rh(111) (H-down: H-up = ~1.3:1) [123]. The DFT calautatshow a small energy difference in the
order of 0~40 meV between “H-up” and “H-down’, cenfigurations [72y 124deéd, the energy difference is
experimentally estimated to be as small as 3~5 me\.in tkedabnfiguration phases on Cu(110) and Rh(111) [47,
123]. In addition, the kinetic barrier to flip theswater confagion, between “H-up” and “H-down” has been
reported to be as low as 76 meV on Pt(111),[124] and 55 meV on Ru(000L)TheEefore, the population ratio
between “H-up” and “H-down” speciesrsat realistic conditionsbjamt pressures and elevated temperatures) is
expected to be very different from that atideal conditions (UHV anddaweratures).
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