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A B S T R A C T

The interaction of water vapor with monolayer NiO/Ag(100) was examined using both experimental and
computational techniques. Initial film growth was characterized by scanning tunneling microscopy and low
energy electron diffraction showing the formation of NiO(1×1). X-ray photoelectron spectroscopy (XPS) re-
veals that the initial film was mainly composed of NiO oxide with a small amount of hydroxyl groups (OH)
attributed to the dissociation of background water vapor at highly reactive edge sites. Density functional theory
(DFT) reveals that the adsorption of a water monomer on NiO/Ag(100) terrace sites prefers to be in the mo-
lecular rather than the dissociate state. XPS results indicate that upon exposing the oxide film to high water
vapor pressures (maximum 333.3 Pa), extensive hydroxylation occurs which is attributed to water dissociation at
terrace sites. DFT reveals that upon aggregation of water monomers to dimers at the oxide interface the dis-
sociated dimer is energetically stable. The results herein are consistent with previous MgO/Ag(100) studies,
further revealing that for certain metal oxides the formation of water dimers at the metal oxide-vapor interface is
a key mechanism leading to extensive terrace site hydroxylation.

1. Introduction

Nickel oxide (NiO) films have been used in a variety of technolo-
gical applications ranging from optoelectronic devices [1], fuel cells
[2], magnetic pinning layers [3] and sensors [4]. The dissociation of
water at metal oxide interfaces leads to hydroxyl groups, thereby sig-
nificantly altering chemistry and properties of the metal oxide interface
[5]. Supported metal oxide thin films can react differently towards
water depending on the film thickness [6]. This suggests that the effi-
cacy for water dissociation to occur can be fundamentally controlled. It
is therefore important to understand the extent to which metal oxides
hydroxylate on a molecular level upon exposure to water. Herein we
examine the interaction of water with monolayer NiO supported by Ag
(100) in order to reveal the mechanism of water adsorption and dis-
sociation.

A number of vacuum-based surface science studies have examined
the interaction of water with an NiO(100) single crystal and Ag(100)
supported NiO films utilizing X-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy, temperature program deso-
rption and low-energy electron diffraction (LEED) [7–13]. These ex-
periments suggest that defect sites are reactive towards the dissociation

of water, while stoichiometric terrace sites of the NiO(100) interface
are unreactive upon exposure to water vapor. The lack of extensive
reactivity could be due to the low water vapor pressures used to expose
samples under high vacuum.

A number of molecular simulation methods have been utilized to
examine the interaction of water with NiO(100), including semi-em-
pirical self-consistent field molecular orbital method [14, 15] and
Gradient-corrected approximation with Hubbard correction [16, 17].
Simulation results agree with the aforementioned surface science stu-
dies, indicating that water adsorption at NiO(100) terrace sites are
predicted to be more favorable in the molecular state rather than the
dissociated state for low water coverages. However, there is evidence
that multilayer water adsorption, a representation of NiO(100) in
contact with bulk water, leads to partial dissociation within the first
water layer at 293 K [18]. The aforementioned molecular simulations
were performed on bulk terminated NiO(100) [14–18], while there are
currently no molecular simulations that have examined the interaction
of water with stoichiometric terrace sites of an Ag(100) supported NiO
film.

Given the lack of NiO(100) terrace site reactivity observed experi-
mentally for low water vapor pressures exposures [7–13], we
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hypothesize that exposure to higher water vapor pressures may lead to
additional reactivity at terraces. Herein we use a combination of ex-
perimental and computational techniques to examine the interaction of
water with submonolayer NiO(1×1) deposited onto Ag(100). Scan-
ning tunneling microscopy (STM) and LEED were utilized to determine
film quality while the chemical composition and extent of metal oxide
hydroxylation was monitored using XPS following in-vacuo exposures to
water vapor. The efficacy for water to dissociate at (100) terrace sites
on an Ag(100) supported NiO monolayer was examined using hybrid
functional density functional theory (DFT).

2. Methods

2.1. Experiments

Experiments were performed at Brookhaven National Laboratory
Center for Functional Nanomaterials using an ultra-high vacuum (UHV)
system consisting of a STM chamber, preparation chamber, and a fast
entry load lock chamber. LEED images (Specs, ErLEED 150) were
captured at room temperature in the preparation chamber. STM ex-
periments (RHK, VT-STM/AFM) were performed at room temperature
with images captured under pressures of< 4×10−8 Pa. STM tips were
composed of tungsten that were electrochemically etched in a 0.10M
KOH solution and then sputtered in-vacuo. STM images were acquired
under constant current mode with home-built electronics and GXSM
software. STM images were processed using ImageJ software [19]. Due
to the lack of atomic resolution for this STM setup, initial investigations
did not prove valuable to assess changes in the NiO film morphology
before and after water exposures. Thus, the focus of STM measurements
herein were on characterizing the morphology of the initial NiO film
deposition.

XPS spectra were collected in the preparation chamber with base
pressures< 2.6× 10−7 Pa using Al Kα X-rays from a twin anode source
(SPECS, XR50) and hemispherical electron energy analyzer (SPECS,
PHOIBOS 100). Photoelectrons were collected at 0° relative to the
sample surface normal. Ag 3d, O 1s, Ni 2p and C 1 s spectra were col-
lected using 20 eV pass energy. All spectra were calibrated to Ag 3d(5/
2) at 368.3 eV [20]. XPS peaks were analyzed using peak fitting soft-
ware (CasaXPS, v2.3.17) with a Shirley background and Gaussian
(80%) Lorentzian (20%) peak fits.

The substrate was secured through a Molybdenum ring that
mounted onto the outer lip of a hat shaped Ag(100) single crystal
(Mateck, 99.999%,< 0.4° polishing). The Ag substrate was cleaned
with cycles of sputtering in 1.3×10−3 Pa Ar+ at 1.5 kV and subse-
quently annealed to 700 K. NiO has a 2% lattice mismatch with Ag(100)
[21] and forms high quality (1× 1) films on Ag(100) depending on the
O2(g) pressure (or dosage) and substrate temperature [22–29]. Herein
NiO thin films were deposited by electron-beam evaporation (Mantis
Deposition LTD, QUAD-EV-C Mini) from an Ni rod (ESPI, 99.995%) in
1.3×10−4 Pa O2 at a rate of ~1·ML·min−1 monitored using a quartz
crystal microbalance (Inficon, Qpod). The sample substrate was held at
room temperature (300K) during deposition, followed by annealing in
1.3×10−3 Pa O2 to 600 K for 10min. Post annealing NiO above 550 K
has been shown to induce a morphology change from (2×1) to (1× 1)
on Ag(100) [28].

Water vapor exposures were performed at 300 K6 in the fast entry
chamber which was baked and maintained a base pressure
of< 2.6× 10−6 Pa. The fast entry chamber was equipped with a pre-
cision leak valve, behind which was a custom glass bulb containing
18.2 MΩ-cm water (Aqua Solutions, 2122A) which was freeze-degassed
at least three times prior to the start of experiments. After exposure to
water vapor, the load lock chamber was pumped down and the sample
was transferred for XPS analysis under UHV.

2.2. Simulations

DFT calculations were performed with a periodic approach, using a
localized Gaussian type functions (GTF) basis set implemented in the
CRYSTAL14 code [30]. For surface calculations, CRYSTAL adopts per-
iodic slab models characterized by two infinite dimensions (x and y)
and a finite thickness. An Ag slab, at the experimental lattice parameter,
has been used to model the metal substrate. We have verified that the
use of the optimized lattice parameters for Ag does not change the re-
sults. The NiO overlayer is adsorbed on both sides of a Ag 5-layer slab.
This model has been shown to provide a satisfactory description of the
metal substrate in many cases of metal-oxide interactions [31–36]. The
properties of NiO monolayer on Ag(100) were modeled with a (2×1)
unit cells for the most stable antiferromagnetic magnetic configurations
with opposite spin on the two Ni2+ ions.

Adsorption of an isolated water molecule was modeled using a
(2√2×2√2)R45° supercell (8 Ni and 8 O) with respect to the Ag(100)
surface and corresponds to a coverage Θ=1/8 ML (the same coverage
has been considered for adsorption at the NiO (100) surface). All co-
ordinates of the adsorbates, oxide films and the Ag substrate were al-
lowed to relax while keeping fixed the lattice parameters. Two different
GTF basis sets have been employed: basis set A of triple zeta quality
used for geometry relaxations and a larger one, B, of quadruple zeta
quality for the valence, has been employed for accurate estimates of
energetics. Basis A consisted of all-electron [311-1]/(3s1p) and
[511111-411-1]/(6s3p1d) functions for H and O [37], respectively,
Hay-Wadt relativistic small core pseudopotentials [38] (15 electrons)
together with [31111-311]/(5sp3d) contracted GTF functions for Ni
and Hay-Wadt relativistic small core pseudopotentials [38] (19 elec-
trons) together with [2111-31]/(4sp2d) contracted GTF functions for
Ag. Basis B consisted of all electron [6211111-4111-11-1]/(7s4p2d1f),
[3111-11-1]/(4s2p1d) for O and H [39], [84111111-621,111-3111-1]/
(10s6p4d1f) GTFs for Ni [40] while Ag basis set was unchanged. With
basis A the basis set superposition error (BSSE) has been checked to
be<0.15 eV but with basis B it did not exceed 0.05 eV.

In CRYSTAL calculations, one of the crucial points of the treatment
is the truncation of the infinite Coulomb and exchange series. These
truncations are controlled by five parameters (see ref. 30 for an explicit
description of the way they act), indicated as Ti, whose safe values are
set to 10−7 (T1-T3), 10−8 (T4) and 10−16 (T5). The convergence
threshold for SCF energy was set to 10−8 Ha. The reciprocal space was
sampled according to a regular sub-lattice determined by the shrinking
factor [30] which was set to 12 (50 independent k-points in the irre-
ducible part of the Brillouin zone) for the (2√2×2√2)R45° supercell. A
Fermi-Dirac smearing procedure has been adopted with the smearing
parameter of 0.01 Hartree (0.27 eV). Geometry optimizations were
carried out using analytical gradients with respect to atomic co-
ordinates and convergence threshold for atomic forces was set to
0.005 eV/Å. BSSE was estimated by applying the standard counterpoise
method [41]. The hybrid PBE0 [42] functional has been used for all
calculations since it has been reported to provide a feasible description
of the adsorption properties of surface adsorbates [43–45]. Dispersive
corrections have not considered since the interactions studied in this
work are not purely dispersive but largely dominated by electrostatics
effects. Previous works have proved that this kind of interactions is well
described by PBE0 providing excellent comparison with experimental
data [43–45]. In addition test calculations have also been performed
with B3PW functional [46, 47], found to be particularly suitable for the
study of magnetic metal/oxide heterostructures [31].

3. Results and discussion

An STM image of a freshly prepared NiO/Ag(100) film collected at a
positive bias of +2.5 V is shown in Fig. 1a with an estimated coverage
of 0.5 ML. The surface is composed of square and rectangular islands
(dark) on the Ag(100) substrate (bright background) which extend
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laterally ranging in size from about 5 to 20 nm. The imaging of dark
NiO islands on Ag(100) is consistent with previous STM studies at low
positive bias [24, 48]. A plot of tunneling current versus bias shows that
the electronic states of the NiO are accessed at ~3 V and above [24].
Thus, the dark images for the islands stem from a lowering of the
tunneling current relative to the metallic Ag(100) substrate. This de-
crease in tunneling current gives rise to a dip in line traces across the
NiO islands (Fig. 1b) which give an apparent height of ~0.2 nm. In
addition to isolated islands, there are regions of extended NiO films
across the surface that are several 10’s of nm across (see upper right
corner of Fig. 1a). The cubic nature of the NiO islands is indicative of a
(1× 1) structure on Ag(100), confirming that our post annealing pro-
cedure produces NiO(1× 1) structures [28]. This is further evidenced
by performing LEED on a freshly prepared film which displayed (1× 1)
diffraction pattern (Fig. 2).

During NiO film deposition the O2(g) pressure was chosen to be held

at 1.3× 10−4 Pa in order to maintain a Ni2+ oxidation state. Fig. 3a
shows an XPS spectrum in the Ni 2p(3/2) region for a freshly prepared
film. The spectrum is composed of three different components con-
sistent with the formation of NiO [20, 49] where the lowest binding
energy (BE) peak observed at 853.8 eV is attributed to Ni2+. The two
additional peaks at 856.1 eV and 861.0 eV are consistent with NiO
formation, but the origin of these peaks have been attributed to a
number of effects that are still debated, including non-local screening
effects, defect driven states, multi-electron charge transfer excitation
processes and unscreened final state effects [49–53]. The O 1s spectrum
of the freshly prepared film (Fig. 4a) shows a main feature at a BE of
529.6 eV due to the oxide (Ox) O2– peak of NiO, and a smaller peak at a
BE of 531.1 eV attributed to hydroxyl (OH) groups. A similar observa-
tion was observed previously for NiO/Ag(100) films, with the OH peak
attributed to interaction of background water vapor with reactive edge
sites [54]. The potential contribution of OH species from oxidized ad-
ventitious carbon was found to be negligible on the initial NiO film
based on C 1 s results showing primarily of CeH species at 284.8 eV
(Fig. 5, black spectrum). We therefore attribute the formation of OH
species on the freshly prepared film to dissociation of background re-
sidual water in the vacuum chamber with highly reactive non-
stoichiometric defects including edge and corner sites on the NiO is-
lands. (See Figs. 4 and 5.)

In the subsequent experimental step, the NiO film was exposed to
two separate water vapor pressures with XPS taken after each exposure.
The first water vapor exposure was for 15min. at a pressure of 1.2 Pa,
corresponding to 0.04% relative humidity (RH) at 25 °C. The RH was
chosen to be below the critical onset humidity of 0.01% RH, which has
been shown for previous XPS studies on other metal oxide surfaces that
above 0.01% RH the surface experiences significant hydroxylation
events [55–58]. As seen from Fig. 4b, upon exposure to 0.04% RH there
is an increase in the OH peak and evidence of a small third peak that
shows up at 3.6 eV higher BE from the Ox peak which is attributed to
molecularly bound water. The next water exposure was intentionally
dosed above the critical onset humidity at 333.3 Pa corresponding to
10% RH for 15min and led to a significant increase in the OH peak, a
decrease in the Ox peak, while the molecularly bound water peak

Fig. 1. (a) STM image of NiO film collected at +2.5 V and 0.5 nA. The principal
crystallographic directions are indicated. (b) Topological plot of white line in
(a).

Fig. 2. LEED image of an annealed NiO(100) film.

Fig. 3. Ni 2p(3/2) spectra of NiO (a) initial film. (b) An overlay of three spectra,
the initial film (black) and after 1.2 Pa (red) and 333.3 Pa (blue) water vapor
exposures at room temperature. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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remains essentially constant.
Fig. 6 shows a quantitative assessment of the O 1 s peak areas,

taking the ratio of each of the three peaks to the total O 1s spectrum.
Error bars are calculated from the individual errors associated with
each peak fit generated from Casa XPS and propagated through the
ratio calculation. The relative intensity of the OH peak goes from 0.28
up to 0.63 in going from the initial film to the 10% RH exposed film. At
the same time the relative Ox peak decreases from 0.72 to 0.27. This
decrease in Ox intensity is due to the conversion of the oxide sites to
hydroxyl sites at the interface. The significant increase in hydroxylation
in going from 0.04% to 10% RH is consistent with previous XPS ob-
servations on other metal oxides [55–58]. Moreover, a 63% OH peak
area cannot be accounted for by dissociation solely at the edges of the
NiO(1×1) islands in Fig. 1a suggesting that the observed extensive

hydroxylation is occurring at terraces. XPS intensities of the OH and Ox
species suggests that the film is 28% hydroxylated after the 0.04% RH
exposure and 53% hydroxylated after the 10% RH exposure, assuming
Ni(OH)2 was formed.

The Ni 2p(3/2) spectral envelope remained largely unchanged upon
exposure to water as seen from the overlaid spectra in Fig. 3b, sug-
gesting that the oxidation state of Ni remains Ni2+ upon NiO hydro-
xylation. The absence of significant changes in the metal peak upon
hydroxylation is not surprising and is dependent on the metal oxide
being examined. For example, Fe 2p spectra are not very sensitive to
hydroxylation of Fe2O3 in the presence of water vapor [59], whereas
Mg 2p in MgO shows some evidence of peak broadening upon hydro-
xylation [55]. Moreover, the water vapor exposures did not lead to any
change in the carbon spectra (Fig. 5). Thus, the observed increase in
hydroxylation can be attributed to water adsorption.

Yang et al. [13] grew a 4 ML NiO/Ag(100) with a background water
vapor pressure of ~1.3× 10−7 Pa at 110 K and also observed three
peaks in the O 1s region due to Ox, OH and molecularly bound water in
the form of ice at this temperature. However, NiO/Ag(100) grown at
room temperature in the same background water vapor pressure only
showed two peaks (Ox and OH) similar to our spectra in Fig. 3a, and no
molecularly bound water. This suggests that the higher pressures used
in our study lead to extensive hydroxylation and residual adsorbed
water. This is likely due to strong H2O-OH hydrogen bonding interac-
tions that still reside under vacuum. The existence of molecularly bound
water under vacuum at room temperature is not surprising. For ex-
ample, Altieri et al. [60] observed molecularly bound water on hy-
droxylated MgO/Ag(100) monolayer films under vacuum conditions
after exposures to water vapor.

Overall our experimental results indicate that NiO monolayer films
extensively hydroxylate upon exposure to near ambient water vapor
pressures, while lower pressures only react at edge sites [13]. We at-
tribute this increase in reactivity to water dissociation at terrace sites on
top of the Ag(100) supported NiO film. While the XPS studies herein
cannot distinguish between OH species at terrace sites versus defect
sites, a peak area of 63% for OH relative to the total O 1 s peak can only
be accounted for by reactions occurring at both defect sites and ter-
races. In the following we will further examine this hypothesis by in-
vestigating the efficacy for terrace sites to hydroxylate in the presence
of adsorbed water using DFT calculations.

Let us first consider the adsorption of an isolated water molecule (1/
8 ML coverage) in the non-dissociative (ND) form. Water is bound to Ni
of the NiO monolayer through the O atom (dOw-Ni= 2.108 Å, PBE0/A-
basis) and forms with the surface a weak hydrogen bond, which leads to
unequal intramolecular OH bonds (Fig. 7a). The OH group that inter-
acts with the surface has an internuclear distance dOw-H1= 0.984 Å
with a short contact with the adjacent surface oxygen (dOs-
H1= 1.860 Å, PBE0/A-basis), while the other OH distance, dOw-

Fig. 4. O 1 s spectra of NiO (a) initial film, (b) after exposure to 1.2 Pa and (c)
333.3 Pa of water vapor. Each exposure was performed at room temperature for
15min.

Fig. 5. C 1 s spectra of initial NiO film (black) and after water vapor exposures
to 1.2 Pa (red) and 333.3 Pa (blue) at room temperature for 15min.

Fig. 6. Ratio of the oxide (Ox), hydroxyl (OH) and molecularly bound water
(H2O) peak to the total O 1s peak area as a function of water vapor pressure
exposures preformed at room temperature were 15min.
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H2=0.963 Å, is very close to the corresponding value for isolated
waters (0.959 Å). The adsorption energy of this non-dissociated state is
−0.68 eV/H2O at the PBE0/A-basis level and does not change sig-
nificantly when changing the basis set and DFT functional (see Table 1).

The hydrogen bond with the surface affects only marginally the
stability of the adsorbate. Indeed, one could localize a different sta-
tionary point in the potential energy surface (Fig. 8) in which the water
intramolecular OH bonds are almost equivalent (dOw-H1~ dOw-H2

~0.97 Å) and similarly, distances with the adjacent surface oxygen
atoms are also almost equivalent (dOs-H1~ dOs-H2 ~2.1 Å). In this case
EadsW differs by<0.01 eV with respect to the tilted configuration de-
monstrating that tilting of water yields a weak hydrogen bond

interaction with the substrate. Water adsorption slightly increases
corrugation of the NiO monolayer. The average rumpling passes from
0.16 (bare NiO) to 0.32 Å (W-ND/NiO) with an outwards shift of 0.27 Å
of the Ni cation directly bound to water. The dissociated form (D) is
obtained by heterolytic splitting of the molecule with the proton bound
to a surface O, dOs-H1= 0.963 Å, and the hydroxyl group from water
was symmetrically bonded to two adjacent Ni ions, dOw-Ni1= 2.012,
dOw-Ni2= 2.021 Å, and dOw-H2= 1.085 Å (see Table 1 and Fig. 7b).
Water dissociation causes a strong corrugation of the oxide layer, which
is not hindered by the interaction with the metal support. The proto-
nated surface oxygen (Os) strongly relaxes outwards by 0.16 Å with
respect to its position prior to water adsorption. The same happens to
the Ni ions in contact with the adsorbed OH group, which was also
lifted on average by 0.50 Å. The resulting NiO rumpling is now 0.81 Å.
Such a large structural relaxation, already observed for water dis-
sociation on MgO/Ag(100) [35] and MnO/Ag(100) films [36], is the
electrostatic response to the charged nature of the dissociation frag-
ments and contributes to the stabilization of the heterolytic dissociated
state.

The adsorption of the charged fragment does not change the elec-
tronic and magnetic states of NiO: the largest variation of charge and
magnetic moment (Δq=0.05, Δμ=0.06 e) are very small and indicate
that Ni ions retain their oxidation state. Nonetheless, water dissociation
leads to a significant polarization at the interface. Considering the
variation of Mulliken charge in the Ag atoms at the interface we re-
cognize a charge accumulation (Δq=0.15|e|) in the Ag beneath the
oxygen bearing the proton and a charge depletion (Δq=−0.17|e|) in
the Ag atoms first neighbors to the Ni bound to the hydroxyl group. All
the other Ag atoms remain unpolarized and their charge is unmodified
with respect to bare Ag. Thus, at variance with the molecular adsorp-
tion, dissociated water is largely affected by the size confinement of the
oxide and by the presence of the metal substrate. On the NiO monolayer
supported on metals, the oxide polaronic distortion induces a strong
corrugation of the film and the polarization of the metal stabilize the
dissociated state. The response of the substrate makes the attraction
between adsorbates with opposite charge weaker thus stabilizing the
ion pair. Such a mechanism gives rise to the difference between the
surface reactivity of metal supported ultrathin films and bulk oxide
surfaces. The result is that unlike the NiO(100) bulk surface where the
dissociated form is unstable (EadsW(D)= 0.43 eV/H2O, PBE0/A results),
dissociated water at the NiO(1× 1)/Ag surface is stable
(EadsW(D)=−0.32 eV/H2O). However, the dissociated form is less
stable than the molecular form (EadsW(ND)=−0.68 eV/H2O).

Fig. 7. Side view (top panels) and top view (bottom panels) of the geometric structure derived from DFT calculations of monolayer NiO(1× 1)/Ag(100) with (a) non-
dissociated water monomer, (b) dissociated water monomer, (c) non-dissociated water dimer and (d) dissociated water dimer. Cyan, red, dark and light grey circles
correspond to Ni, O, H and Ag atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 8. Side view (top panels) and top view (bottom panels) of the geometric
structure derived from DFT calculations of monolayer NiO(1×1)/Ag(100)
with non-dissociated water in a symmetric configuration. Cyan, red, dark and
light grey circles correspond to Ni, O, H and Ag atoms, respectively. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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Starting from the molecularly adsorbed monomer, a second water
molecule was added such that it also adsorbs in the proximity of a Ni
atom. The interaction with the pre-adsorbed one leads to a surface
aggregate (W2-ND) with an energy gain of −0.85 eV, corresponding to
an on-surface dimerization which is exothermic (the energy release
when two isolated monomers meet on the surface) by −0.16 eV. The
adsorption energy, EadsW(W2-ND)=−0.76 eV/H2O, is larger than
EadsW of the most stable monomer (Table 1). In the non-dissociated
dimer, one molecule is symmetrically bound to the surface (Fig. 7c)
with intramolecular OH bonds that have the same lengths (dOw1-

H1= dOw1-H2= 0.982 Å) and each one interacts with the first neighbor
surface oxygen leading to similar bond distances (dOs-H1= dOs-H2
~1.92 Å). The second water molecule is bound via a weak hydrogen
bond to the adjacent one as indicated by the relatively short inter-
molecular distance (dOw1-H3= 1.870 Å) and the intramolecular OH
distance (dOw2-H3= 0.978 Å) only slightly elongated with respect to a
free water (Table 1).

By crossing a small energy barrier of about 0.05 eV/H2O, where the
dimer reasserts its geometry to maximize the hydrogen bond interac-
tion with the surface (at the barrier, dOw1-H1 ~1.2 Å and dOs-H1 ~1.25 Å,
Fig. 9) the dimer dissociates heterolytically: the OH bond (Ow1-H1) of
the water molecule hydrogen bonded to the NiO breaks down leaving
charged fragments (one hydroxyl group and one proton) on the surface
(Fig. 5d). The hydroxyl group sits on top of a Ni atom (dOw1-

Ni1= 2.012 Å) and is bound via a strong hydrogen bond to the adjacent
water molecule as monitored by the short intermolecular distance
(dOw1-H3= 1.630 Å), the intramolecular distance (dOw2-H3= 1.003 Å)
considerably elongated with respect to a free water and the inter-
molecular angle (α(Ow2-H3-Ow1)= 163.3°) not too far from planarity
(Table 1). The proton is bound to the surface oxygen nearest neighbor
to the Ni bearing the hydroxyl (Fig. 7d). The structural relaxation of
NiO resembles the monomer case where the protonated surface oxygen
Os and Ni atoms in contact with the oxygen atoms of the water dimer
relaxes outwards, by 0.43 and 0.42 Å, respectively (the resulting NiO
rumpling is about 0.6 Å). At the same time there is a charge accumu-
lation of −0.11 |e| on the Ag atom in contact with OsH and a charge
depletion of 0.18 |e| on Ag around the negatively charged fragment,
which change the nature of the interaction between the charged pair
compared to the bulk oxide surface. The adsorption energy of the dis-
sociated form of the dimer (EadsW(W2-D)=−0.81 eV/H2O) is slightly
larger than the molecular form EadsW(W2-ND) by a small amount
(~0.05 eV/H2O at the PBE0/A results) but that does not change sig-
nificantly when changing basis set and DFT functional (Table 1).

Despite the similarity between the dissociation of water monomer
and dimer at the Ag supported monolayer, the driving force leading to
stable charged products at the surface is different in the two cases. In
the monomer, the polaronic distortion of the NiO film and the polar-
ization of the conductive substrate provide the indispensable require-
ment to obtain stable dissociated water; in the dimer the strong inter-
molecular hydrogen bond in the water aggregate (between the
undissociated water molecule and the hydroxyl group) plays un-
ambiguously a relevant role to stabilize the dissociated form of the
dimer.

Thus, the DFT results presented herein show that the water
monomer has a stable dissociated form on Ag-supported NiO mono-
layer, although it is less energetically favorable compared to the mo-
lecular form. Moreover, the presence of an energy barrier to dissocia-
tion would favor the molecular form over the dissociated one. For
example, a water monomer on an Ag-supported MgO monolayer has an
energy barrier been estimated to exceed 0.5 eV [61]. A less en-
ergetically stable dissociate state for a water monomer is consistent
with our XPS results and previous XPS experiments [13] which show
minor hydroxylation when exposed to background water vapor pres-
sures at room temperature. This also explains why former XPS, TPD and

Fig. 9. DFT calculation of dissociation profile of
water dimer starting from the non-dissociated dimer
and leading the dissociated form. The insert depicts
the structure closer to the maximum of energy in the
path. See also Fig. 5 for labeling at atoms. Initial and
final points of the path correspond to the structures
of Fig. 5c and 5d, respectively.

Table 1
Computed properties of molecular (ND) and dissociated (D) water monomer
and dimer on the NiO(1× 1)/Ag(100) supported monolayer.

NiO(100)1ML/Ag(100)

Monomer Dimer

W-ND W-ND1 W-D W2-ND W2-D

d(Ow1-H1) 0.980 0.973 3.361 0.982 1.749
d(Ow1-H2) 0.965 0.970 0.959 0.982 0.960
d(OS-H1) 1.918 2.072 0.965 1.913 1.004
d(OS’-H2) 2.476 2.080 – 1.925 –
d(Ow1-Ni1) 2.107 2.110 2.012 2.256 1.970
d(Ow1-Ni2) – – 2.021 – –
d(Ow1-Ow2) – – – 2.834 2.613
d(Ow2-H3) – – – 0.978 1.010
d(Ow2-H4) – – – 0.960 0.960
d(Ow1-H3) – – – 1.870 1.630
d(Ow2-Ni2) – – – 2.080 2.076
α(Ow1-H1-OS) 129.6 – 134.2 –
α(Ow2-H3-Ow1) – 168.3 163.3
NiO rumpling 0.32 0.32 0.81 0.32 0.63
ΔEadsWa (PBE0/A) −0.68 −0.68 −0.32 −0.76 −0.81
ΔEadsWa (B3PW/A//PBE0/A) −0.58 −0.58 −0.30 −0.66 −0.72
ΔEadsWa (PBE0/B//PBE0/A) −0.64 −0.64 −0.43 −0.70 −0.78

The water coverage is 1/8 ML in all cases. Structural data refer to geometry
optimizations performed at PBE0/A-basis level. Distances in Å, energies in eV.
See Fig. 4 for labelling of atoms. Energies are not corrected for BSSE. However,
BSSE has been estimated be<0.15 eV with basis A and with basis B it does not
exceed 0.05 eV.

a ΔEadsW computed with respect to free water molecules.
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LEED studies under low pressure water vapor exposures report that
dissociation occurs only at defects and not at terraces [7–13]. Upon
exposure to higher RH's, water aggregation occurs at terrace sites. The
DFT results herein show that when two monomers meet on the surface
they form a hydrogen bound aggregate that easily dissociates leading to
a more stable product. These results are fully consistent with observa-
tions of increased hydroxylation at higher RH exposures.

4. Conclusions

Herein we examined the interaction of water vapor with NiO
(1× 1)/Ag(100) islands using vacuum-based XPS. Previous studies
examining the interaction of water with NiO(100) suggested that dis-
sociation does not occur at terrace sites when exposed to water vapor
pressures in the high vacuum regime. Upon exposure to high water
vapor pressures (maximum 333.3 Pa) at room temperature, we show
that extensive hydroxylation is observed on Ag(100) supported NiO
(1× 1) islands. We attribute this to the dissociation of water at stoi-
chiometric terrace sites upon aggregation. To support this interpreta-
tion we performed, DFT calculations examining the interaction of a
water monomer and dimers with an Ag(100) supported NiO(1× 1)
film. Results indicate that the molecular form of a water monomer is
more stable than that dissociated form. However, upon aggregation of
two molecularly bound water molecules the hydrogen bounded water
dimer can easily dissociate by crossing a small energy barrier, leading
to a dissociated state that is more stable than the molecular dimer. This
stability is mainly attributed to the H2O-OH hydrogen bond formation
and to a minor extent the structural distortion of the Ag(100) supported
NiO(1×1) film. These results are consistent with the observations of
extensive hydroxylation at higher RH exposures where aggregation is
expected to occur.
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