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Abstract 

The initial stages of water condensation, approximately 6 molecular layers, on two oxide surfaces, 

Cu2O and Al2O3, have been investigated using ambient pressure x-ray photoelectron spectroscopy at 

relative humidity values (RH) from 0 to > 90%. Water adsorbs first dissociatively on oxygen vacancies 

producing adsorbed hydroxyl groups in a stoichiometric reaction: Olattic + Vacancies + H2O = 2OH.  The 

reaction is completed at ~ 1% RH and is followed by adsorption of molecular water. The thickness of 

the water film grows with increasing RH. The first monolayer is completed at ~ 15% RH on both oxides 

and is followed by a second layer at 35-40% RH. At 90% RH, about 6 layers of H2O film have been 

formed on Al2O3. 
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Introduction 

The study of water at interfaces is an active field which is motivated by the desire to understand 

many important processes involving water, such as corrosion, catalysis, environmental chemistry, and 

biological processes. Oxides are among the most relevant materials in many processes and thus have 

received considerable attention. For example, oxides constitute many of the natural rock minerals 

existing on the earth. They are also widely used in catalysis as supports, promoters, additives and as 

catalysts. Therefore, the interactions between water and oxides have been extensively studied and 

reviewed.1-4 Surface science studies in ultrahigh vacuum (UHV) and at low temperatures have provided 

detailed information of the interactions at a molecular level,1,2 one of the main focus being molecular vs. 

dissociative adsorption in the first monolayer, as this might determine the structure and subsequent 

growth characteristics of the films. 

The presence of wetting layers of water on oxides is assumed to be ubiquitous under ambient 

conditions. However, molecular scale investigations of the processes leading to wetting are rarely 

carried out. Questions regarding the structure of the first water layer in contact with the surface and the 

thickness of the water film under typical relative humidity (RH) conditions are waiting to be answered. 

Recently, investigations under near ambient conditions using near edge x-ray adsorption fine structure 

(NEXAFS)5 and x-ray photoelectron spectroscopy (XPS)5,6 have successfully addressed adsorption of 

water on oxides in equilibrium with the vapor. On SiO2, NEXAFS acquired at ~ 70% RH revealed that 

the local electronic structure of the adsorbed water molecules in films as thin as 4-5 monolayers is 

similar to that of the bulk liquid above 0 oC, and to that of ice below that temperature.5 On the single 

crystal TiO2(110) surface Ketteler et al. quantified the amount of adsorbed water as function of RH and 

showed the important role played by surface OH in the nucleation of water based on the ambient 

pressure XPS results.6 
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In this paper we present the results of an ambient pressure XPS study of two thin polycrystalline 

oxide films, Cu2O and Al2O3, in the presence of water vapor at near ambient conditions. Cu2O is a p-

type semiconductor (band gap (∆) ~ 2.0-2.2 eV7) that attracts much attention due to its potential for 

application in solar energy converting devices.8-10 Copper is also used as electrical conductor in 

electronic microcircuits and as an electrode material in electrical motors. When exposed to air its surface 

is covered by an oxide.11 Al2O3 is a wide band gap oxide (∆ = 8.8 eV12) used as insulating material in 

electronic devices and also as a support in catalysis. We conducted systematic experiments on these two 

surfaces to investigate their wetting characteristics. In both cases initial dissociation of H2O to OH, 

presumably at defect sites, was observed. This is followed by the growth of molecular water films with a 

thickness that was determined as a function of RH. The molecular scale wetting mechanism is discussed 

based on these findings. 

 

Experimental 

Surface preparation 

Preparation of the Cu2O surface was carried out by oxidation of a copper foil in-situ. Prior to 

oxidation the pure polycrystalline Cu foil (99.999% from Alfa Aesar) was cleaned by several cycles of 

sputtering with Ar+ ions (10-5 torr, 1.5 keV) for 30 minutes, followed by heating to 800 K for 5 minutes. 

The clean surface was then exposed to 3 × 10-2 torr O2 at 430 K for 30 minutes. After that treatment 

XPS showed a valence band shape characteristic of an oxide with a band edge 0.9 eV below the Fermi 

level.13,14 The thickness of the oxide overlayer was estimated to be ≥ 1.5 nm based on the depth profiling 

by variation of the incident photon energy. 

For Al2O3 the native film formed in air on a pure polycrystalline Al foil (99.999% from Alfa 

Aesar) was used. The main contaminants on the surface were hydrocarbon species (CHx), which were 

removed by sputtering with Ar+ ions (10-5 torr, 1.0 keV) for 30 minutes. The Al2O3 film was 

characterized by an Al 2p peak at a binding energy (BE) of 75.7 eV and an O 1s peak at a BE of 532.8 

eV in XPS. The original thickness of the oxide layer was estimated to be 4.4 ± 0.1 nm using a 
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calibration method similar to that of Himpsel et al.,15 with the error indicating statistical dispersion. A 

slight decrease of the thickness of the oxide layer (<0.7 nm) due to the Ar+ ion sputtering was observed. 

 

XPS experiments 

All XPS measurements were performed using a specially designed photoemission spectrometer 

that can operate at near-ambient pressures (several Torr) located at the undulator beamline 11.0.2. of the 

Advanced Light Source (Berkeley, USA).16,17 The O 1s XP spectra were recorded at photon energies of 

735 eV, corresponding to a photoelectron kinetic energy of 200 eV. To ensure the same probing depth in 

all spectral regions, the Cu 3p 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 was controlled by varying the vapor 

pressure and/or sample temperature. The RH is defined as p/pv(T) × 100, where pv is the equilibrium 

vapor pressure of bulk water or ice at the corresponding temperature. For studies on Al2O3, a RH of 

higher than 90% could be achieved by lowering the surface temperature to 260 K at a water pressure of 

1.5 torr using a sample holder with a Peltier element. However, this holder does not permit heating the 

sample to temperatures higher than 350 K and thus could not be used for experiments on Cu2O, which 

require heating to prepare the surface. In those experiments a stainless steel sample holder with a 

ceramic button heater was used. The maximum RH there was limited in this case to ~ 40%.18 

The XPS data analysis was analyzed using non-linear (Shirley) background subtraction and curve 

fitting with mixed Gaussian-Lorentzian functions. For studies on Cu2O, the fitted peaks were 

constrained at positions known from the literature but with independent and variable full width at half 

maximum (FWHM, 0.9-1.1 eV) and intensities. In case of Al2O3, the peak parameters, such as the 

percentage of Gaussian function (> 90%) and FWHM (2.1-2.4 eV), were first determined using the O 1s 

spectrum recorded in UHV (a single peak due to Al2O3). Then these peak parameters were constrained 

during the curve fitting process but with independent and variable positions and intensities as optimized 

by the program. 
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Results 

Cu2O surface in the presence of H2O 

The O 1s XPS spectrum of the as-prepared Cu2O surface in UHV (P < 1 × 10-9 torr) is shown in 

Figure 1. The spectrum can be deconvoluted into a major peak at 530.2 eV BE, assigned to the lattice 

oxygen of Cu2O, and a small peak (~ 5%) at 528.9 eV, assigned to an unknown species of oxygen. This 

small, unknown oxygen species persists in all experiments (< 5%) and has little influence on the results 

presented here. 

A new oxygen species with a BE of 530.9 eV was observed when the sample was exposed to 1 × 

10-7 torr of H2O at 295 K (corresponding to a relative humidity of 5 ×10-7 %), as shown in Figure 1. The 

intensity of this peak increased rapidly with increasing RH up to ~1%. By comparison with the 

literature19 we assign this species to OH (adsorbed hydroxyl). Other species already observed in UHV, 

i.e., the lattice oxygen (BE = 530.2 eV) and the unknown species of oxygen (BE = 529.1 eV), remained 

on the surface. 

At ~1% RH, molecularly adsorbed H2O (BE = 532.6 eV) was detected, as shown in Figure 1. The 

molecular H2O peak grew with increasing RH and became the majority species at 35% RH. The lattice 

oxygen peak remained at BE = 530.2 eV, while the OH peak BE shifted by +0.2 eV to 531.1 eV. A 

similar OH BE shift was observed in a recent study of H2O on Cu(110)20 where the BE of OH shifted 

from 530.45 eV (for pure OH) to 530.8-531.0 eV (OH bound to H2O). 

It should be noted that at water pressures higher than 0.05 torr a peak due to gas phase H2O is 

observed at BE = 535.0 eV. 

The normalized intensities Ilattice oxygen and IOH,21 from XPS (O 1s region) in the presence of H2O at 

pressures < 1 × 10-5 torr are shown in Figure 2. At these pressures the scattering of the photoelectrons by 

the gas phase H2O molecules is negligible, so that the population of oxygen species on the surface is 

directly proportional to their XPS peak intensity. As shown in Figure 2, the OH population increases at 

the expense of lattice oxygen. We also find that Ilattice oxygen + ½ IOH ≈ constant. This observation is in an 
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agreement with the model proposed in the literature1,2,6,22-25 where OH is formed by a stoichiometric 

reaction involving O-defect vacancies at the surface: H2O + Vacancy + Olattice = 2OH. 

Figure 1. O 1s XPS spectra of Cu2O in UHV and at selected relative humidity (RH), showing the 

presence of various oxygen species, including lattice oxygen of Cu2O, OH (adsorbed hydroxyl) and 

molecular adsorbed H2O, on the surface. A sharp peak at higher BE at ~535 eV due to gas phase H2O is 

also visible in the spectra at water pressures higher than 0.05 torr. The Cu2O, with a thickness ≥ 1.5 nm, 

was prepared by in-situ oxidation of a Cu foil. 

536 534 532 530 528 526

5x10-7% RH

Binding Energy (eV)

530.9
OH

528.9

529.1

<10-9 torr

10-7 torr H
2
O

0.2% RH

530.2
Cu

2
O

UHV

536 534 532 530 528 526

Binding Energy (eV)

530.2
Cu

2
O531.1

OH

532.6
H

2
O

(a)

35% RH

5% RH

1% RH

O 1s  hν = 735 eV

Cu2O oxide film

 



 7

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Ilattice oxygen (solid squares) and IOH (solid triangles) normalized from O 1s XPS spectra of Cu2O 

in the presence of H2O at pressures < 1 × 10-5 torr,21 and the values of corresponding Ilattice oxygen + ½ IOH 

(solid circles). The Cu2O, with a thickness ≥ 1.5 nm, was prepared by in-situ oxidation of a Cu foil. 

The ratio of OH to lattice oxygen and the thickness of the adsorbed H2O layer on Cu2O (see 

supporting information for detailed estimation method) as a function of the relative humidity are shown 

in Figure 3. Hydroxyls formed readily on Cu2O even at very low RH (5 ×10-7 %), reaching saturation at 

~ 1% RH. This result is similar to that obtained in the study of H2O adsorption on TiO2(110).6 

Molecularly adsorbed H2O appeared at ~ 1% RH and grew monotonically with increasing RH, reaching 

a monolayer (assuming 3 Å per layer) at ~15% RH and two layers (or 6 Å thickness) at ~35% RH. 

1E-8 1E-7 1E-6 1E-5
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
al

iz
ed

 In
te

n
si

ty

p
H2O

 (torr)

IOH

Ilattice O

Ilattice O+ ½ IOH

1E-8 1E-7 1E-6 1E-5
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
al

iz
ed

 In
te

n
si

ty

p
H2O

 (torr)

IOH

Ilattice O

Ilattice O+ ½ IOH

 



 8

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) Ratio of OH to lattice oxygen and the thickness of the adsorbed H2O layer on Cu2O as a 

function of relative humidity. (b) Enlarged view of the low relative humidity region. The Cu2O, with a 

thickness ≥ 1.5 nm, was prepared by in-situ oxidation of a Cu foil. 
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Al2O3 surface in the presence of H2O 

A single peak (BE = 532.8 eV) was present in the O 1s XPS spectrum of the as-prepared Al2O3 

surface in UHV (Figure 4). We assign this peak to the lattice oxygen of Al2O3. The full width at half 

maximum (FWHM) of the peak was 2.2 eV, about twice larger than the O 1s peak in Cu2O, which was 

about 1 eV. We attribute the large width of the peak, at least in part, to inhomogeneous charging effects 

(photoelectrons and secondary electrons). This is likely due to the large band gap of Al2O3 (∆ = 8.8 

eV12) and its thickness of 4.4 ± 0.1 nm, which favor the presence of charge traps. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. O 1s XPS spectra of Al2O3 in UHV and at selected low relative humidity (RH), showing that 

OH is readily formed. The Al2O3, with a thickness of 4.4 ± 0.1 nm, was prepared by sputtering cleaning 

the native Al2O3 film formed in air on a pure polycrystalline Al foil. 

As in the case of Cu2O, OH was also produced readily on the Al2O3 surface at low RH. The 

hydroxyl O 1s peak, with a BE of 534.6 eV, was visible when the sample was exposed to water vapor 

pressures higher than 1 × 10-5 torr H2O at 295 K (corresponding to a relative humidity of 5 × 10-5 %), as 
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shown in Figure 4. The chemical shift between OH and the lattice oxygen is 1.8 eV, consistent with the 

value in the literature.26 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. O 1s and Al 2p regions of the Al2O3 XPS spectra at selected RH values, showing the growth 

of a water film. In the O region, the adsorbed H2O produces a peak at BE = 534.2 eV. In the Al region, 

the Al 2p peak is progressively attenuated due to H2O adsorption. Both O 1s and Al 2p peaks were 

normalized to the x-ray beam flux. The 4.4 ± 0.1 nm Al2O3 film was prepared by sputtering cleaning the 

native Al2O3 film formed in air on a pure polycrystalline Al foil. 

Representative O 1s and Al 2p XPS spectra acquired at higher RH values are shown in Figure 5. 

In the O 1s region, the XP spectra can be deconvoluted into three peaks at all RH: 532.8 eV, due to the 

lattice oxygen of Al2O3, 534.2 eV, assigned to adsorbed H2O, and 535.7 eV, assigned to gas phase H2O. 

Unfortunately, unlike the case in Cu2O, when adsorbed molecular H2O is present we could not resolve 

the OH peak from that of H2O because the peaks are too broad and their BE are too close. The growth of 
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the H2O overlayer with increasing RH produces an attenuation of the lattice oxygen and Al 2p peak 

intensities.  

 

 

 

 

 

 

 

 

 

Figure 6. The ratios of IOH + H2O to Ilattice oxygen, quantified from the XPS data (O 1s region), on a 

sputtered (solid symbols) and on an annealed Al2O3 (open symbols) as a function of RH. The sputtered 

Al 2O3 surface was prepared by sputtering cleaning the native Al2O3 film formed in air on a pure 

polycrystalline Al foil, while the annealed surface was prepared by annealing the sputtered surface in O2 

(1 × 10-5 torr) at 800 K for 5 minutes followed by cooling in O2 (1 × 10-5 torr).  

Figure 6 shows the ratios of the integrated intensity under the OH+H2O peaks near 535 eV (IOH + 

H2O) and that under the lattice oxygen peak at 532.8 eV (Ilattice oxygen), on sputtered and on annealed Al2O3 

as a function of RH. The sputtered surface was prepared as described in the experimental section, while 

the annealed surface was prepared by annealing the sputtered surface in O2 (1 × 10-5 torr) at 800 K for 5 

minutes followed by cooling in O2 (1 × 10-5 torr). Although the OH and H2O peaks cannot be 

deconvoluted due to their width and strong overlap, we assume that only OH is present at low RH (< 

1%), based on the results of H2O on Cu2O. This assumption is consistent with the higher concentration 

of OH at low RH on the sputtered surface (solid symbols) as compared to the annealed one (open 

symbols). It suggests that, as in the case of Cu2O, defect sites are crucial for dissociating H2O to OH.  
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molecular water is supported by the fact that the IOH + H2O curves in figure 6 converge into the same 

curve at high RH, as it becomes dominated by molecularly adsorbed H2O on both sputtered and 

annealed Al2O3 surfaces. 

 

 

 

 

 

 

 

 

 

 

Figure 7. Thickness of the adsorbed OH + H2O layer on Al2O3 as a function of relative humidity. Most 

of the growth is due to H2O as OH saturates very early, at RH <1%. The open symbols indicate 

thickness values calculated from the O 1s peak intensities (different open symbols correspond to 

experiments performed on different samples and/or at different background water vapor pressures), 

while the solid circles indicate values calculated from the attenuation of the Al 2p peak by the water 

overlayer. The results from both calculations are in good agreement. The Al2O3, with a thickness of 4.4 

± 0.1 nm, was prepared by sputtering the native Al2O3 film formed in air on a pure polycrystalline Al 

foil. 

The water overlayer thickness determined from the peak intensities as a function of RH is shown 

in Figure 7. The open symbols indicate thickness values calculated using the O 1s peak intensities 

(different symbols correspond to experiments performed on different samples and/or at different 

background water vapor pressures). The solid circles indicate values calculated from the attenuation of 

the Al 2p peak by the water overlayer. The results from both calculations are in good agreement. As seen 
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in Figure 7, the adsorbed H2O formed a complete monolayer at ~15% RH. The second, third and fourth 

layers of H2O were completed at 40%, 55%, and 70% RH, respectively. Above 70% RH, H2O layers 

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

 

Discussion 

The dissociation of H2O on defective oxides, especially on TiO2, has been investigated in detail in 

UHV,1,2,6,22-25 where it was shown that a H2O molecule dissociates readily at oxygen vacancy sites, 

resulting in the formation of two OH, one that fills the vacancy, the other by reaction of the released 

hydrogen atom with a neighboring oxygen. This mechanism fits our observations on Cu2O and Al2O3 in 

the presence of low vapor pressures. Specifically, we found that Ilattice oxygen + ½ IOH ≈ constant (observed 

on Cu2O), in agreement with the stoichiometry of the above reaction. In addition, the observed 

correlation between OH concentration and defect density observed on Al2O3 clearly indicates the 

essential role of defect sites in dissociating H2O. 

As shown in Figures 1 and 3, we did not observe molecularly adsorbed H2O until OH saturates on 

Cu2O. This may simply reflect the more reactive nature of the defect sites, where H2O binds 

preferentially to react and produce OH.  It may also imply that the formation of OH might be a crucial 

step in the wetting process of oxide surfaces. In fact, the observation that water desorbs at higher 

temperatures from a mixed OH+H2O layer than from a pure H2O layer on many metal surfaces, 

including Cu(110),27,28 Ag(110),29 Ni(110),30 Pt(110),31 Ru(0001),32,33 and Rh(111),34 suggests that the 

attractive interaction between H2O and OH is stronger than between two intact water molecules.19 

Similarly, on TiO2(110), the adsorption enthalpy of water is larger at very low coverage, when it 

coexists with OH species.6 

The role of OH in the binding of water can be gleaned from the observed BE shifts accompanying 

the adsorption of molecular H2O. As we have seen, the binding energy of OH shifts by +0.2 eV during 

the initial adsorption of molecular water. This indicates an interaction that disturbs the local electronic 

structure of OH in the direction of increasing its O 1s binding energy. In a simplistic model this could 
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indicate that OH acts as an H acceptor forming HO···H-OH bonds. Calculations using ab initio codes 

however, such as DFT, are needed to verify this point. The formation of hydrogen bonds between lattice 

oxygen atoms at the surface and H2O (Cu2O···H-OH) is more difficult to assess because no BE shifts 

were observed for the lattice oxygen when molecular H2O was adsorbed. 

The above discussions lead to the following important question: is the ability of a surface to form 

OH groups essential to determine its hydrophilic character? Or more importantly, will a surface be 

hydrophobic if it is incapable of producing OH? A recent comparison of Cu(111) and Cu(110) under 

near ambient conditions using ambient pressure XPS19 seems to support this hypothesis: it was shown 

that adsorption of H2O does not occur on the (111) surface even in the presence of 1 Torr of water at 

room temperature, while it occurred readily on the (110) surface, where H2O dissociated to produce OH. 

It would be very interesting to perform experiments on an oxide surface where O-vacancy defects were 

not present. This however is not trivial as it is very difficult to prepare stoichiometric surfaces with no 

vacancy defects in vacuum. As we have seen in the case of Al2O3, although heating the surface in O2 

decreases the amount of defects a non-negligible amount is still left on the surface. We are currently 

pursuing several strategies to substantially remove vacancies and test the hydrophobic or hydrophilic 

character of such a surface. 

On the basis of the above results and discussions, we propose that wetting on defective oxides 

include the following sequential steps: 1) under low H2O pressures (i.e., in vacuum), H2O dissociates at 

defect sites forming two OH groups; 2) the OH coverage saturates rapidly, after which no further H2O 

dissociation occurs; 3) formation of the first water layer via stronger H-bonding interactions with OH; 4) 

growth of subsequent H2O layers until bulk liquid or ice is formed, depending on the surface 

temperature. 

 

Conclusions 

On Cu2O and Al2O3, H2O adsorbs dissociatively on O-vacancy defects sites at low relative 

humidity (RH), forming OH (adsorbed hydroxyl). The amount of OH is stoichiometrically correlated 
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with the number of defect sites on the surface (2 OH per site). On both oxide surfaces, OH formation 

saturates rapidly at ~1% RH beyond which molecular H2O adsorption occurs without further H2O 

dissociation. The thickness of the H2O film grows with increasing RH reaching one layer (3 Å) at ~15% 

RH and two layers (6 Å) at 35-40% RH. At ~90% RH, the thickness of H2O film on Al2O3 reaches 18 

Å, corresponding to about six layers of H2O. 
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