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Abstract

The initial stages of water condensation, approximately 6 moldeykns, on two oxide surfaces,
CwO and AbOs, have been investigated using ambient pressure x-ray photoelectrinosspgry at
relative humidity values (RH) from 0 to > 90%. Water adsorbs disstociatively on oxygen vacancies
producing adsorbed hydroxyl groups in a stoichiometric reactign: ®Vacancies + b0 = 20H. The
reaction is completed at ~ 1% RH and is followed by adsorption ofcoiatewater. The thickness of
the water film grows with increasing RH. The first monolagezompleted at ~ 15% RH on both oxides
and is followed by a second layer at 35-40% RH. At 90% RH, about & lajé#O film have been

formed on A}Os.
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Keywords: wetting, oxides, CiD, Al,Os, H,O, adsorbed hydroxyl, ambient pressure x-ray photoelectron

spectroscopy.

Introduction

The study of water at interfaces is an active field whiamagivated by the desire to understand
many important processes involving water, such as corrosion, catallygisconmental chemistry, and
biological processes. Oxides are among the most relevant rsaterimany processes and thus have
received considerable attention. For example, oxides constitute maime afatural rock minerals
existing on the earth. They are also widely used in catalgsgipports, promoters, additives and as
catalysts. Therefore, the interactions between water and oxides ble@n extensively studied and
reviewed'™ Surface science studies in ultrahigh vacuum (UHV) and at loweratures have provided
detailed information of the interactions at a molecular 1&¢ehe of the main focus being molecwar
dissociative adsorption in the first monolayer, as this might deterthe structure and subsequent
growth characteristics of the films.

The presence of wetting layers of water on oxides is assumiee tiviquitous under ambient
conditions. However, molecular scale investigations of the procesadsd to wetting are rarely
carried out. Questions regarding the structure of the first Wagter in contact with the surface and the
thickness of the water film under typical relative humidity (Rdhditions are waiting to be answered.
Recently, investigations under near ambient conditions using near @dgedsorption fine structure
(NEXAFSY and x-ray photoelectron spectroscopy (XP3)ave successfully addressed adsorption of
water on oxides in equilibrium with the vapor. On SINEXAFS acquired at ~ 70% RH revealed that
the local electronic structure of the adsorbed water molecul&bnis as thin as 4-5 monolayers is
similar to that of the bulk liquid above®C, and to that of ice below that temperatuf@n the single
crystal TiQ(110) surface Ketteleat al. quantified the amount of adsorbed water as function of RH and
showed the important role played by surface OH in the nucleation tei Wwased on the ambient

pressure XPS resulls.



In this paper we present the results ofaambient pressure XPS study of two thin polycrystalline
oxide films, CyO and A}QOs, in the presence of water vapor at near ambient conditionf Sua p-
type semiconductor (band gap)(~ 2.0-2.2 eV) that attracts much attention due to its potential for
application in solar energy converting devité$.Copper is also used as electrical conductor in
electronic microcircuits and as an electrode material in electrotrer When exposed to air its surface
is covered by an oxide.Al,O; is a wide band gap oxida & 8.8 e\ used as insulating material in
electronic devices and also as a support in catalysis. We condystexhatic experiments on these two
surfaces to investigate their wetting characteristics. In baffes initial dissociation of ;@ to OH,
presumably at defect sites, was observed. This is followed by the growtiesfutar water films with a
thickness that was determined as a function of RH. The molecalarwetting mechanism is discussed

based on these findings.

Experimental
Surface preparation

Preparation of the GO surface was carried out by oxidation of a copperifeditu. Prior to
oxidation the pure polycrystalline Cu foil (99.999% from Alfa Aesaalswleaned by several cycles of
sputtering with Af ions (10° torr, 1.5 keV) for 30 minutes, followed by heating to 800 K for 5 minutes.
The clean surface was then exposed to 3 %tbér O, at 430 K for 30 minutes. After that treatment
XPS showed a valence band shape characteristic of an oxide witld &dge 0.9 eV below the Fermi
level }*** The thickness of the oxide overlayer was estimated tolb8 nm based on the depth profiling
by variation of the incident photon energy.

For AlL,Os; the native film formed in air on a pure polycrystalline Al f(99.999% from Alfa
Aesar) was used. The main contaminants on the surface were higdrospecies (CH), which were
removed by sputtering with Arions (10° torr, 1.0 keV) for 30 minutes. The & film was
characterized by an Alp peak at a binding energy (BE) of 75.7 eV and ats@eak at a BE of 532.8

eV in XPS. The original thickness of the oxide layer was estitnédo be 4.4 £ 0.1 nm using a



calibration method similar to that of Himpsel et'alwith the error indicating statistical dispersion. A

slight decrease of the thickness of the oxide layer (<0.7 nm) due to ‘tienAsputtering was observed.

XPS experiments

All XPS measurements were performed using a specially desjgmetoemission spectrometer
that can operate at near-ambient pressures (several Tored@tdhe undulator beamline 11.0.2. of the
Advanced Light Source (Berkeley, USR)!’ The O1s XP spectra were recorded at photon energies of
735 eV, corresponding to a photoelectron kinetic energy of 200 eV. To ensure the daingp gepth in
all spectral regions, the Gp and Al 2p spectra were recorded at photon energies of 310 and 285 eV
respectively, i.e. with the same photoelectron kinetic energy of 200 eV.

The relative humidity (RH) during the XPS measurements wasaotiedltrby varying the vapor
pressure and/or sample temperature. The RH is definp(h48) x 100, where, is the equilibrium
vapor pressure of bulk water or ice at the corresponding temperaturstudies on AlD3;, a RH of
higher than 90% could be achieved by lowering the surface tempe@66 K at a water pressure of
1.5 torr using a sample holder with a Peltier element. Howeverhdhder does not permit heating the
sample to temperatures higher than 350 K and thus could not be used fonerfgeon CpO, which
require heating to prepare the surface. In those experimentsnkesstasteel sample holder with a
ceramic button heater was used. The maximum RH there was limited in thie ca%@%"®

The XPS data analysis was analyzed using non-linear (Shirlekgyioaind subtraction and curve
fitting with mixed Gaussian-Lorentzian functions. For studies onOCuhe fitted peaks were
constrained at positions known from the literature but with independent aabledull width at half
maximum (FWHM, 0.9-1.1 eV) and intensities. In case ofO4l the peak parameters, such as the
percentage of Gaussian function (> 90%) and FWHM (2.1-2.4 eV), wstelétermined using the B3
spectrum recorded in UHV (a single peak due D4l Then these peak parameters were constrained
during the curve fitting process but with independent and variable posatohisitensities as optimized

by the program.



Results
Cu,0 surface in the presence of H,O

The O1s XPS spectrum of the as-prepared@surface in UHV (P < 1 x 1Btorr) is shown in
Figure 1. The spectrum can be deconvoluted into a major peak at 530.2 @€gsi@faed to the lattice
oxygen of CdO, and a small peak (~ 5%) at 528.9 eV, assigned to an unknown speciggesf. ahis
small, unknown oxygen species persists in all experiments (< B8d)as little influence on the results
presented here.

A new oxygen species with a BE of 530.9 eV was observed when theesaagpkxposed to 1 x
10 torr of HO at 295 K (corresponding to a relative humidity of 5%%), as shown in Figure 1. The
intensity of this peak increased rapidly with increasing RH up 1%.~By comparison with the
literaturé® we assign this species to OH (adsorbed hydroxyl). Other spmesly observed in UHV,
i.e., the lattice oxygen (BE = 530.2 eV) and the unknown species of ofggen 529.1 eV), remained
on the surface.

At ~1% RH, molecularly adsorbed,@ (BE = 532.6 eV) was detected, as shown in Figure 1. The
molecular HO peak grew with increasing RH and became the majority spacks% RH. The lattice
oxygen peak remained at BE = 530.2 eV, while the OH peak BE shifte@.ByeV to 531.1 eV. A
similar OH BE shift was observed in a recent study £ ldn Cu(110%° where the BE of OH shifted
from 530.45 eV (for pure OH) to 530.8-531.0 eV (OH bound40)H

It should be noted that at water pressures higher than 0.05 torr alyeas gas phase.8 is
observed at BE = 535.0 eV.

The normalized intensitidgice oxygen@ndlop,>* from XPS (Ols region) in the presence ob@ at
pressures < 1 x T0orr are shown in Figure 2. At these pressures the scatteringpifdteelectrons by
the gas phase @ molecules is negligible, so that the population of oxygen specidseasurface is
directly proportional to their XPS peak intensity. As shown in Fi@uide OH population increases at

the expense of lattice oxygen. We also find th@te oxygent ¥2lon = constant. This observation is in an



agreement with the model proposed in the literattfé>*where OH is formed by a stoichiometric

reaction involving O-defect vacancies at the surfag@ HVacancy + Qyice = 20H.
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Figure 1. O 1s XPS spectra of GO in UHV and at selected relative humidity (RH), showing the
presence of various oxygen species, including lattice oxygen £9,GDH (adsorbed hydroxyl) and
molecular adsorbed @, on the surface. A sharp peak at higher BE at ~535 eV due to gastHpBais
also visible in the spectra at water pressures higher than 0.05herCuO, with a thickness 1.5 nm,

was prepared biy-situ oxidation of a Cu foil.
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Figure 2. latice oxygen(SOlid squares) angy (solid triangles) normalized from & XPS spectra of GO
in the presence of 4 at pressures < 1 x ¥@orr?* and the values of correspondingice oxygent ¥2loH

(solid circles). The GO, with a thickness 1.5 nm, was prepared bysitu oxidation of a Cu foil.

The ratio of OH to lattice oxygen and the thickness of the adsorp@dldyer on CpO (see
supporting information for detailed estimation method) as a functidmeafelative humidity are shown
in Figure 3. Hydroxyls formed readily on & even at very low RH (5 x10%), reaching saturation at
~ 1% RH. This result is similar to that obtained in the study g tdsorption on Tig§110)°
Molecularly adsorbed #0 appeared at ~ 1% RH and grew monotonically with increasing didhing

a monolayer (assuming 3 A per layer) at ~15% RH and two layers (or 6 A thickne3syaRH.
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Figure 3. (a) Ratio of OH to lattice oxygen and the thickness of the adsétif@dayer on CpO as a
function of relative humidity. (b) Enlarged view of the low relatwemidity region. The GO, with a

thickness> 1.5 nm, was prepared bysitu oxidation of a Cu foil.



Al,O3 surface in the presence of H,O

A single peak (BE = 532.8 eV) was present in th&sxXPS spectrum of the as-prepared@l
surface in UHV (Figure 4). We assign this peak to the latiggen of AbOs. The full width at half
maximum (FWHM) of the peak was 2.2 eV, about twice larger tha®thepeak in CyO, which was
about 1 eV. We attribute the large width of the peak, at leastintpanhomogeneous charging effects
(photoelectrons and secondary electrons). This is likely due to tpe band gap of AD; (A = 8.8

eV and its thickness of 4.4 + 0.1 nm, which favor the presence of charge traps.
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Figure 4. O 1s XPS spectra of AD; in UHV and at selected low relative humidity (RH), showing that
OH is readily formed. The ADs, with a thickness of 4.4 £ 0.1 nm, was prepared by sputtering cleaning

the native AJOs film formed in air on a pure polycrystalline Al foil.

As in the case of GO, OH was also produced readily on the@l surface at low RH. The
hydroxyl O 1s peak, with a BE of 534.6 eV, was visible when the sample was exppgeddr vapor

pressures higher than 1 x3rr H,0 at 295 K (corresponding to a relative humidity of 5 ¥ %), as



shown in Figure 4. The chemical shift between OH and the lattiggeaxs 1.8 eV, consistent with the

value in the literaturé®
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Figure 5. O 1s and Al 2p regions of the AlO; XPS spectra at selected RH values, showing the growth
of a water film. In the O region, the adsorbefHproduces a peak at BE = 534.2 eV. In the Al region,
the Al 2p peak is progressively attenuated due t® Fhdsorption. Both s and Al 2p peaks were
normalized to the x-ray beam flux. The 4.4 + 0.1 nOAlfilm was prepared by sputtering cleaning the

native ALOs film formed in air on a pure polycrystalline Al foil.

Representative @s and Al2p XPS spectra acquired at higher RH values are shown in Figure 5.
In the Olsregion, the XP spectra can be deconvoluted into three peaks at: @BRE eV, due to the
lattice oxygen of AlO3;, 534.2 eV, assigned to adsorbegtHand 535.7 eV, assigned to gas phage.H
Unfortunately, unlike the case in & when adsorbed moleculap®lis present we could not resolve

the OH peak from that of #0 because the peaks are too broad and their BE are too close. The growth of
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the HO overlayer with increasing RH produces an attenuation of theelaikygen and ARp peak

intensities.
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Figure 6. The ratios oflon + H20 1O ljatice oxygen quantified from the XPS data (Os region), on a
sputtered (solid symbols) and on an anneale@Alopen symbols) as a function of RH. The sputtered
Al,O3 surface was prepared by sputtering cleaning the natiy®;Allm formed in air on a pure
polycrystalline Al foil, while the annealed surface was prephyeannealing the sputtered surface in O

(1 x 10° torr) at 800 K for 5 minutes followed by cooling in @ x 10° torr).

Figure 6 shows the ratios of the integrated intensity under theHgiipeaks near 535 eVof; +
H20) and that under the lattice oxygen peak at 532.8 @¥eoxyged, ON Sputtered and on annealed@l
as a function of RH. The sputtered surface was prepared as deéscrihe experimental section, while
the annealed surface was prepared by annealing the sputtered isuface x 10° torr) at 800 K for 5
minutes followed by cooling in ©(1 x 10° torr). Although the OH and 4 peaks cannot be
deconvoluted due to their width and strong overlap, we assume that only @ekent at low RH (<
1%), based on the results of®on CyO. This assumption is consistent with the higher concentration
of OH at low RH on the sputtered surface (solid symbols) as ceohpgarthe annealed one (open
symbols). It suggests that, as in the case efDCdefect sites are crucial for dissociatingOHo OH.

The assumption of an exclusive presence of OH at low humidity falloafeer saturation, by growth of

11



molecular water is supported by the fact that Ithe: w20 curves in figure 6 converge into the same
curve at high RH, as it becomes dominated by molecularly adsorg@doHl both sputtered and

annealed AIO; surfaces.
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Figure 7. Thickness of the adsorbed OH +Mlayer on AjO3; as a function of relative humidity. Most
of the growth is due to ¥ as OH saturates very early, at RH <1%. The open symbols tadica
thickness values calculated from the 18 peak intensities (different open symbols correspond to
experiments performed on different samples and/or at different toacidy water vapor pressures),
while the solid circles indicate values calculated from thenattion of the ARp peak by the water
overlayer. The results from both calculations are in good agreefenfkLO3, with a thickness of 4.4

+ 0.1 nm, was prepared by sputtering the nativ®Afilm formed in air on a pure polycrystalline Al

foil.

The water overlayer thickness determined from the peak interastiagunction of RH is shown
in Figure 7. The open symbols indicate thickness values calculated thsing 1s peak intensities
(different symbols correspond to experiments performed on differenples and/or at different
background water vapor pressures). The solid circles indicate vallcegated from the attenuation of

the Al 2p peak by the water overlayer. The results from both calculations are in good agréensesn

12



in Figure 7, the adsorbed,@ formed a complete monolayer at ~15% RH. The second, third and fourth
layers of HO were completed at 40%, 55%, and 70% RH, respectively. Above 70% RHlakkrs

grew rapidly, reaching 18 A (or approximately 6 layers) at 90% RH.

Discussion

The dissociation of D on defective oxides, especially on Fj@as been investigated in detail in
UHV, 2%22%where it was shown that a,® molecule dissociates readily at oxygen vacancy sites,
resulting in the formation of two OH, one that fills the vacancy,atter by reaction of the released
hydrogen atom with a neighboring oxygen. This mechanism fits our obhsessanh CyO and AbOs in
the presence of low vapor pressures. Specifically, we founditfatxygent ¥2lon = constant (observed
on Cuy0O), in agreement with the stoichiometry of the above reaction. Ini@udthe observed
correlation between OH concentration and defect density observed,0p @ekarly indicates the
essential role of defect sites in dissociatin@®H

As shown in Figures 1 and 3, we diot observe molecularly adsorbed®until OH saturates on
CwO. This may simply reflect the more reactive nature of theeade$ites, where ¥ binds
preferentially to react and produce OH. It may also implyttatformation of OH might be a crucial
step in the wetting process of oxide surfaces. In fact, the observhat water desorbs at higher
temperatures from a mixed OH3®l layer than from a pure )@ layer on many metal surfaces,
including Cu(110Y,?% Ag(110)%° Ni(110)° Pt(110)** Ru(0001)*** and Rh(111§* suggests that the
attractive interaction between,® and OH is stronger than between two intact water moletules.
Similarly, on TiGQ(110), the adsorption enthalpy of water is larger at very low cogenaben it
coexists with OH speciés.

The role of OH in the binding of water can be gleaned from the olisBieshifts accompanying
the adsorption of molecular,B. As we have seen, the binding energy of OH shifts by +0.2 eV during
the initial adsorption of molecular water. This indicates an iotera that disturbs the local electronic

structure of OH in the direction of increasing itsl®binding energy. In a simplistic model this could

13



indicate that OH acts as an H acceptor forming HO---H-OH bondsul&ains usingab initio codes
however, such as DFT, are needed to verify this point. The formatiomladggn bonds between lattice
oxygen atoms at the surface angOHCuyO---H-OH) is more difficult to assess because no BE shifts
were observed for the lattice oxygen when molecuéy tas adsorbed.

The above discussions lead to the following important question: is tlitg aba surface to form
OH groups essential to determine its hydrophilic character? @e mimportantly, will a surface be
hydrophobic if it is incapable of producing OH? A recent comparison afl@y(@and Cu(110) under
near ambient conditions using ambient pressureX&&ms to support this hypothesis: it was shown
that adsorption of D does not occur on the (111) surface even in the presence of 1 Tateofatv
room temperature, while it occurred readily on the (110) surfacegwhér dissociated to produce OH.

It would be very interesting to perform experiments on an oxidecgurihere O-vacancy defects were
not present. This however is not trivial as it is very difficalptepare stoichiometric surfaces with no
vacancy defects in vacuum. As we have seen in the case@, Although heating the surface in O

decreases the amount of defects a non-negligible amount iefstdin the surface. We are currently
pursuing several strategies to substantially remove vacancieesinithe hydrophobic or hydrophilic

character of such a surface.

On the basis of the above results and discussions, we propose thag wettlefective oxides
include the following sequential steps: 1) under lo¥DHbressures (i.e., in vacuum);®idissociates at
defect sites forming two OH groups; 2) the OH coverage sasurapédly, after which no further @
dissociation occurs; 3) formation of the first water layer via strongeortdling interactions with OH; 4)
growth of subsequent J@ layers until bulk liquid or ice is formed, depending on the surface

temperature.

Conclusions
On CyO and AbOs;, H,O adsorbs dissociatively on O-vacancy defects sites at lowveela

humidity (RH), forming OH (adsorbed hydroxyl). The amount of OH iscktometrically correlated

14



with the number of defect sites on the surface (2 OH per sitepoth oxide surfaces, OH formation
saturates rapidly at ~1% RH beyond which moleculgD Hdsorption occurs without further,®l
dissociation. The thickness of the®film grows with increasing RH reaching one layer (3 Ay 5%
RH and two layers (6 A) at 35-40% RH. At ~90% RH, the thickne$$,0ffilm on Al,Os reaches 18

A, corresponding to about six layers ofCH
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