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The adsorption of water monomers, small water clusters, water chains and water thin films on the Cu(110)
surface is studied by density-functional theory (DFT) as well as using a semi-empirical scheme to include
dispersion forces (DFT-D). Among the cluster structures, tetramers are most favorable. The calculated surface
phase diagrams show that out of the multitude of Cu(110)-adsorbed water structures studied here (and pro-
posed in earlier experimental and theoretical works) only monolayers resembling water ice, water-hydroxyl

Ié?l;vggrrds' group layers stabilized by Bjerrum defects, and - in a narrow range of the water chemical potential - chains
Water assembled from water pentagons are thermodynamically stable. The inclusion of van der Waals interaction
Adsorption increases the calculated adsorption energies, but has only minor consequences for the energetic ordering
DFT of adsorption geometries. It increases the calculated desorption temperatures from 60 K in low pressures
Cu(110) until 150 K in near ambient pressures.

Phase diagram

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The interaction of water with solid surfaces is fundamental to
research in fields as diverse as corrosion, cellular biology, and
atmospheric chemistry [1,2]. Despite substantial research efforts, the
structural properties of water are at best incompletely understood.
This holds for the ubiquitous liquid phase [3,4] as well as for thin
substrate-supported water films and clusters prepared in the laborato-
ry [5-7]. In order to explore the mutual interaction of water monomers
and its modification by the substrate, the experimental and theoretical
research focuses on well defined model systems that are accessible to
both advanced surface-sensitive probes as well as first-principles calcu-
lations. The adsorption of water on the Cu(110) surface is one promi-
nent example in this respect. However, while many experimental and
theoretical studies have been devoted to this system, the results do
not yield a consistent picture yet.

An early experimental study by Spitzer and Liith [8] indicates
molecular adsorption for temperatures below 90 K, with the H,O mol-
ecules bonded at the oxygen. They observed dissociative adsorption of
water, occurring at temperatures above 90 K. Preference for an island
growth of weakly bonded water monomers with local c(2 x 2) has
been concluded by Mariani and Horn [9] from photoemission experi-
ments. The experimental finding of dissociative adsorption at relatively
low temperatures [8,10] was attributed to radiation damage in Ref.

* Corresponding author. Tel.: +43 6803181559.
E-mail address: amirreza.baghbanpourasl@jku.at (A. Baghbanpourasl).

0039-6028/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.susc.2013.02.016

[11]. Even up to 428 K surprisingly large quantities of molecular
water were detected [12]. Using low-energy electron diffraction,
Schiros et al. [13] found a hydrogen-bonded, hexagonal (7 x 8) struc-
ture for the molecularly adsorbed water monolayer. Yamamoto et al.
[14] ascribed the wettability of Cu(110) to partial dissociation of
water molecules on this surface. An autocatalytic water dissociation
on Cu(110) at near ambient conditions is reported in Ref. [15]. In
some cases, stoichiometry deviations in the water overlayer result
from adsorption on O-preadsorbed substrates or electron bombard-
ment [14,16]. Scanning tunneling microscopy (STM) experiments
[16] gave microscopic insight in the partially H,O dissociated structure
and indicated its stabilization by Bjerrum defects, possibly mediating
multilayer growth. Also, a plethora of further water structures on
Cu(110) were observed by STM, indicating the formation of chains
consisting of H,O and OH [17] or assembled from ring-like struc-
tures [18]. These rings were attributed to water pentagons [19], thus
contrasting with the ubiquitous hexagon structures resembling ice Ih
typically found for metal-adsorbed water.

The experimental studies above are accompanied by or com-
plemented with numerous theoretical works on water adsorption at
Cu(110). Density-functional theory (DFT) was applied to gain insight
into the adsorption structure and energetics for single monomers
[20,21,17,22], dimers [21], trimers, tetramers and small clusters
[23,24], chain structures [17,19] and complete monolayers [20,13,22,
25,16,26].

What is missing, however, is a comprehensive study, where the
water adsorption structures starting from single monomers, small clus-
ters to one-dimensional chain structures and complete monolayers are
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investigated on the same footing. The present work shall fill this gap.
Based on DFT total-energy calculations for a large variety of structures,
surface phase diagrams are calculated that give insight about the ther-
modynamically stable H,O/Cu(110) surface structures. The influence
of dispersion forces on the water adsorption is studied using a
semi-empirical DFT-D scheme.

2. Methodology

The calculations are performed using density functional theory
(DFT) within the generalized gradient approach (GGA) as im-
plemented in the Vienna Ab initio Simulation Package (VASP) [27].
The electron-ion interaction is described by the projector-augmented
wave scheme [28]. The electronic wave functions are expanded into
plane waves up to a kinetic energy of 400 eV. Convergence tests with
larger energy cutoffs show that the total adsorption energies reported
here are converged within 10 meV, while the error bar for adsorption
energy differences is below 5 meV. Gaussian smearing with an energy
broadening of 0.2 eV is used.

The surface is modeled by periodically repeated slabs. Each
supercell consists of seven Cu layers plus the adsorbed water as
well as a vacuum region of about 10 A. The uppermost four Cu layers
as well as the adsorbate degrees of freedom are allowed to relax until
the forces on the atoms are below 50 meV/A. The Brillouin zone inte-
gration is performed using Monkhorst-Pack meshes with a k-point
density equivalent to 8 x 12 x 1 for a (1 x 1) surface unit cell. For
the accurate calculation of chain-chain interactions we found it
necessary to increase the k-point density by a factor of nine.

We use the PW91 functional [29] to describe the electron exchange
and correlation energy within the GGA. It describes the hydrogen
bonds in solid water (ice Th) in good agreement with experiment
[30,31].

The accurate modeling of loosely bonded adsorbates is a major
challenge for density-functional theory (DFT), because the currently
used XC energy functionals do not properly describe the long-range
van der Waals (vdW) interactions [32-37]. The importance of vdW
forces for surface wetting properties was recently pointed out by
Michaelides and co-workers [38]. In order to account approximately
for dispersion interactions, we use a semi-empirical, so-called DFT-D
scheme [39,40] based on the London dispersion formula. Reuter and
co-workers [35] compared molecular adsorption energies calculated
within various DFT-D schemes for coinage metal surfaces with experi-
ment and concluded that the approach by Ortmann et al. [39,40] - the
one which is used in the following - provides results in the “right
ballpark and could even be semiquantitative”. It should be kept in
mind, however, that the accurate description of dispersion forces for
complex systems still is a somewhat open problem [36]. Even more re-
alistic and numerically far more involved approaches than DFT-D, such
as the vdW density-functional (vdW-DF) method [41] do not necessar-
ily lead to an accurate description of adsorption phenomena [37]. In
this sense the present DFT-D results should be cautiously interpreted
as indications for the trend that can be expected from the inclusion of
vdW effects.

The present Cu(110) surface calculations were performed using
the equilibrium lattice constants of 3.634 and 3.599 A calculated
within DFT-GGA and DFT-D, respectively. The experimental value at
room temperature amounts to 3.615 A. The calculations of the clean
Cu(110) surface yield a shrinking of the distance between the first
and the second layer of —9.5% (DFT-D: —7.6%) and an increase in
distance of 3.9% (DFT-D: 4.1%) between the second and third layer.
This agrees with the experimental observations, see, e.g., Refs. [42,43].

The adsorption energy calculated here refers to the difference in en-
ergy (per adsorbed molecule) between the relaxed adsorbed geometry
and the clean Cu(110) surface plus the energy of the respective water
molecules calculated in gas phase. In the case of structures containing
hydroxyl groups it is assumed that the dissociated hydrogen atoms

bond separately on the bare copper surface and energy of this bonding
is considered in calculation of adsorption energy. In order to compare
energetically adsorption models with different coverages, the thermo-
dynamic grand canonical potential

Q(ﬂHzo) = Fsurf(ni)_nHZO“Hzo
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needs to be calculated [44], where Fy.(1;) is the surface free energy
which we approximate by the total surface energy Eq.¢(n;) at zero tem-
perature and ny,q is the total number of adsorbed water molecules.
Given that the adsorption energies calculated here are far larger than
the typical electronic or vibrational contributions to the free energy
[45,46], this approximation seems justified. In fact, our calculations in-
dicate an error bar of about 15 meV per molecule in energy difference
between the structures to result from the neglect of the molecular vi-
brations at 500 K. Also the neglect of the zero point energies (see,
e.g., Ref. [47]) does not affect the relative stabilities of surface energies
or the calculated phase diagrams noticeably. The grand canonical po-
tential can be conveniently related to the adsorption energy E.qs by

Q(,UH20> _ (EHZO@E&S—‘UHZO—EadS)Q

where E2098% s the total energy of a water molecule in gas phase and

0 is the coverage.

In the calculated phase diagrams  vs. i1y, o the water chemical po-
tential is given with respect to the calculated energy of molecular
water at zero temperature. In order to relate the calculated surface
energies to experimental observables such as pressure and tempera-
ture, we also calculate the change of the water chemical potential
using the approximation of a polyatomic ideal gas [48]

3
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Here kg is the Boltzmann constant, Tis the temperature, p is the pres-
sure, \ = 1/ h? /2mmkgT is the de Broglie thermal wave length, and

VAL L 15 (2ksT)*?
b=

)

and

- _ _ hay -1
Zwb-‘;lﬁ e"”( m)}

are the rotational and vibrational partition functions, respectively.
The calculated values for the water chemical potential agree well with
the data in JANAF database [49] for the respective pressures and
temperatures.

3. Results and discussion

The experimentally observed water overlayer structures can be
categorized into (a) single monomers or small clusters consisting of
a few molecules and (b) extended, periodic structures such as one-
dimensional chains or two-dimensional overlayers.

We first optimized the atomic geometries of small clusters con-
sisting of up to five water molecules, considering adsorption structures
suggested earlier [22,24]. The energetically most relevant structures
are shown in Fig. 1. In all cases, a number of plausible starting configu-
rations with adsorption in on-top, hollow, long-bridge or short-bridge
sites was probed and structurally relaxed. In case of the monomer,



84

3 &?

A. Baghbanpourasl et al. / Surface Science 612 (2013) 82-89

~S1 O. - ﬁsz

- ﬁ832

o - -85 s

Fig. 1. Schematic top and side views of energetically favorable monomer and cluster adsorption geometries. Large, medium, and small circles represent copper, oxygen, and hydrogen

atoms.

the energetically most favorable geometry yields a DFT adsorption en-
ergy of 0.357 eV (cf. compilation of values in Table 1). Including vdW
interactions considerably increases the adsorption energy to 0.585 eV.
In both cases the most stable geometry is placed in on-top position,
but within DFT-D the molecule faces the hollow rather than the
long-bridge site.

Increasing the cluster size initially enhances the adsorption energy
per water molecule, as shown in Fig. 2, since the additional hydrogen
bonds between the water molecules stabilize the adsorption configura-
tion. We find this increase to saturate by increasing the size of the

Table 1

Calculated adsorption energies in eV (within DFT and DFT-D) for the energetically most
relevant geometries per water/hydroxyl molecule. The adsorption energies for
non-stoichiometric structures are calculated assuming that the hydrogen atoms adsorb
on Cu(110) (desorb as Hy).

Structure EDIT =D EDIT Previous DFT
s1 (monomer) 0.585 0.357 0.375 [22]
s2 (dimer) 0.753 0.431 -

s3-1 (trimer) (bent) 0.827 0.495 0.457 [24]
$3-2 (trimer) Tﬁo 0.819 0.486 0.458 [24]
s4 (tetramer) 0.885 0519 0.504 [24]
s5 (pentamer) 0.838 0.509 -

m1 (H-down) 1.001 0.559 0.554 [22]
m2 (H-up) 0.867 0.526 0.514 [22]
m3 (chain-like) 0.989 0.564 0.560 [22]
m4 (H-up-down) 0.956 0.561 -

d1 0.789 0.468 0.632 [22]
d2 0.894 (0.770) 0.602 (0.542) 0.655 [16]
d3 0.999 (0.916) 0.658 (0.618) 0.700 [16]
c1 (pentagonal chain) 0.955 0.590 0.59 [19]

c2 (mixed H,0 and OH)
c3 (pure OH)

0.878 (0.795)
0.560 (0.312)

0.591 (0.552) -
0.398 (0.279) -

chain. In fact the most stable cluster consisting of four molecules
found here has a slightly higher adsorption energy per atom than the
pentamer, because a cyclic tetramer is commensurable with favorable
substrate bonding positions, thus it constitutes an extra hydrogen
bond which leads to higher adsorption energy. It is interesting to
note that the energetic preference for tetramers does not depend on
the use of DFT or DFT-D. This agrees with the findings by Carrasco
et al. [38], who concluded that “while dispersion is important for the
absolute adsorption energy of water it is of less importance to the atomic
structure”. The comparison of s3-1 and s3-2 shows the interplay
between water-water hydrogen bonds and favorable adsorption sites:
Water prefers to form ice-like structures which favors the bent struc-
ture. On the other hand, however, the on-top sites on Cu are the pre-
ferred adsorption sites. The trade off yields in our calculations a
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Fig. 2. Calculated DFT-D (crosses) and DFT (stars) adsorption E,q for the enegetically
most favored cluster geometries consisting of up to five molecules.


image of Fig.�2

A. Baghbanpourasl et al. / Surface Science 612 (2013) 82-89 85

slightly (~1-2%) higher adsorption energy for the bent structure. Again,
this result does not depend on the use of DFT or DFT-D.

In order to model the experimentally observed chain structures, we
study the structures shown schematically in Fig. 3. Thereby c1 is a
chain of water molecules arranged in pentagons along the [001]
direction. Structures c2 and c3 are parallel to the ng] direction.
Structure c2 consists of H,O and OH in the ratio of 2:1 and ¢3 consists
of hydroxyl groups only. The c1 pentagon structure has been proposed
in Ref. [19]. In order to probe possible chain-chain interactions we
performed calculations for a variety of c1-c1 chain distances. It is
found that the DFT adsorption energy increases by increasing the
distance (d) between the chains, i.e., there is a repulsive interaction be-
tween the chains. As shown in Fig. 4, the chain-chain interaction with-
in DFT scales approximately with 1/d (with only minor modifications
within DFT-D), indicating an electrostatic charge-charge repulsion
with little influence of substrate screening.

Although the energy modification due to the long-range repulsion
is clearly very small and approaches the numerical and methodological
accuracy of our calculations, the trend found here may explain the
self-assembly of equally spaced parallel chains as observed experimen-
tally [18,17,19]. The 1/d scaling of the chain-chain interaction energy is
modified for smaller distances in case of DFT-D calculations. In fact, in
case of the 3 structure seemingly an attraction between the rows
is caused by the vdW interaction. However, the energy differences
are so small that this finding may as well be related to numerical
artifacts.

In order to analyze the interaction between c1 chains in more
detail, we study the electron redistribution due to the formation of
this structure, see Fig. 5. It was calculated by subtracting from the
electron density of the structure with water adsorbed, the sum of the
electron charges of the bare surface and the water molecules at the
same positions, non-interacting with the surface. The laterally integrat-
ed electron density shown (rhs) indicates charge accumulation be-
tween the top surface Cu atoms and hydrogen atoms that are
closest to the surface. The bottom panel in Fig. 5 shows the electron
density redistribution in the plane parallel to the surface passing be-
tween surface atoms and adsorbate. Obviously, the above mentioned
electron accumulation occurs mainly below the vertically standing
water molecules. From the left panel in this figure it is clear that the
electron accumulation underneath the water molecule does not cause
a microscopic image charge in the metal, in contrast to heuristic argu-
ments from macroscopic electrostatics sometimes found in literature.
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Fig. 4. Calculated adsorption energy differences for various chain structures vs. the closest
0-0 distance between the chains. DFT and DFT-D results are shown in the upper and
lower panel, respectively. Crosses, stars, and squares denote c1, ¢2, and c3 chain structures.
The calculations were done with k-point meshes equivalent to 24 x 36 x 1 for the 1 x 1
surface unit cell.

This may explain the point charge-like repulsion (cc r~!) between
neighboring chains. It is further seen (right panel of Fig. 5) that the
adsorption induced electron density redistribution in the metal decays
fast. Already in the third layer it is reduced to about 10% of the surface
value. However, it should be kept in mind that the chain-chain interac-
tions may also be affected by Friedel oscillations of the substrate

Fig. 3. One dimensional chain structures. Oxygen atoms in water and hydroxyl groups are shaded differently.
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Fig. 5. Electron density redistribution due to water c1 chain adsorption. Left: Contour
map (isolines in units of 0.001 e/A%) in the plane lTO?{, passing through the vertically
standing water molecule. Four copper layers are shown. Right: Laterally averaged density
redistribution vs. the surface normal. The coordinates of Cu, H and O atoms are indicated.
Bottom: Contour map in a plane parallel to the surface, passing between surface Cu atoms
and adsorbate.

electrons [50,51] as well as by adsorption-induced strain fields in the
substrate [52].

Experimentally, also water-hydroxyl chains were observed in low
temperature experiments [17]. Here this structure is modeled with

the c2 geometry shown in Fig. 3. The chain forms along the {ﬁo] di-

rection and consists in each unit cell of two water molecules which
constitute the backbone of the chain and are connected by a hydrogen
bond and a hydroxyl group. This chain also interacts repulsively (stars
in Fig. 4) with its neighbor chains; the repulsive interaction causes
again the appearance of a self ordered parallel chain structure as
observed in the experiment [17]. Structures like ¢3, suggested in Ref.
[17], consist of a sequence of two OH molecules (Fig. 3) that are
assumed to form a stable configuration. In the chain structures c1
and c2 hydrogen bonds interlock the building blocks (water and
hydroxyl) of the chain and keep its integrity. In contrast, the c3 chain
is different in the sense that it does not form bonds between the
constituting (OH), units. Consequently, the present DFT and DFT-D
simulations (performed with the same high density k-point mesh
used above to calculate the chain interactions) show that stretching
the chain even by a factor of three does not reduce the adsorption en-
ergy. From this result we conclude that the c3 structure proposed in
Ref. [17] is not likely to describe stable OH group chains.

Finally, we consider structures derived from hexagonal ice Ih-like
bonding configurations that correspond to monolayer coverage within
a c(2 x 2) translational symmetry [8,9,13,22,16]. At low temperature
water adsorbs on the clean Cu(110) surface and does not dissociate

owing to the high activation energy for dissociation of water molecules
[22]. This overlayer consists of two sublayers, in the one closer to the
surface water molecules (i.e. their bonds) are parallel to surface
(Fig. 6). Water molecules in the second layer can be oriented different-
ly. Depending on the direction of the non-hydrogen bonded OH they
are either called H-down or H-up (m1/mz2 in Fig. 6). Chain-like config-
urations such as m3 are also conceivable. Water molecules on close
packed surfaces like Pt(111) adsorb in H-down configuration [53]. On
the open surface of Cu(110) a mixture of H-down and H-up is observed
experimentally [13]. The DFT results in Table 1 are in agreement with
the observation, that despite the pure H-down configuration is more
stable than the pure H-up, their mixture (m4) makes the structure
even more stable, most likely due to the optimized dipole-dipole inter-
action. Given the large number of possibilities to arrange patterns of
H-up and H-down molecules, structures that are energetically even
more favorable than the one found here cannot be excluded. Moreover,
the precise energetic ordering of the monolayer structures is sensitive
with respect to the usage of DFT or DFT-D: Within the latter, the pure
H-down structure is the most stable structure. Obviously, dispersion
interactions may be decisive for the adsorption geometry in case of en-
ergetically nearly degenerate structures.

Experimentally, on oxygen preadsorbed Cu(110) surfaces, or after
electron bombardment of the water covered surface, adsorption
structures containing hydroxyl groups are observed [14,16]. Previously
suggested structural models for this overlayer containing both water
molecules and OH groups are shown in Fig. 7. The d1 [22] and d2 struc-
tures [16] have a (2 x 2) unit cell and contain equal amounts of H,O
and OH. In case of the Ru(0001) surface, d1-type structures were
found to be more stable than hexagonal water structures [5]. The pres-
ent calculations - irrespective of whether or not vdW is included - find
the partially dissociated d1 structure to be less stable than the intact
H-down structure on Cu(110), in deviation to the findings of Ren and
Meng [20,22]. This may be a result of the finer and more isotropic
k-point sampling in the present work. The structure d3 contains two
Bjerrum defects per (2 x 6) unit cell (dashed black rectangle in the
bottom panel of Fig. 7), for each defect two H atoms face each other,
not contributing to hydrogen bonding. This structure has been experi-
mentally observed [16] on oxygen precovered surfaces at T < 140 Kin
ultra high vacuum STM and under electron exposure [13,16,11]. It con-
tains H,O and OH groups with a ratio of 2:1 and is energetically most
favored among the OH containing structures considered in the present
work, both within DFT and DFT-D. The calculations show that the lower
coordination of some oxygen atoms in the d3 structure leads to
stronger hydrogen bonds; they are about 0.1 A shorter than in d2.

The construction of surface phase diagrams based on calculations
of the grand-canonical potential provides a consistent way of ener-
getically comparing surfaces with different coverages and stoichiom-
etries. This approach has been applied already to a variety of water-
solid interfaces, see Refs. [54,55]. The calculated phase diagrams
show which structures (and under which experimental conditions)
are thermodynamically stable and may be observed. Fig. 8 shows
phase diagrams calculated within DFT (a and b) and DFT-D (c¢ and
d). Thereby the Fig. 8a contains all energetically relevant adstructures
considered in our study, and Fig. 8b is restricted to molecular adsorp-
tion and does not consider structures that contain additional OH
groups which can be created due to adsorption of water on oxygen
preadsorbed surfaces, electron bombardment or partial thermal dis-
sociation at temperatures above 150 K [11]. Among all adstructures
considered in the present work, the d3 structure containing hydroxyl
groups and Bjerrum defects is the most stable. At increasingly drier
conditions, i.e., for lower values of u9, the clean surface is favored.
For ultra high vacuum conditions (= 10~ 7 Pa), the water desorption
will occur at temperature 175 K, according to the DFT calculations.
This agrees with temperature programmed desorption (TPD) experi-
ment showing water desorption peak at 185 K [26]. In the absence of
preadsorbed oxygen, water desorption occurs at 160 K which is in
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Fig. 6. Models for complete monolayers formed by water molecules within a ¢(2 x 2) translational symmetry.

accordance with TPD peak at 165 K [17,26]. These results are depicted
in Fig. 9. In this case DFT also predicts a narrow range of preparation
conditions where between the water monolayer-covered (m1 repre-
sents here the family of energetically nearly degenerate water mono-
layer structures) and the bare surface, pentagon chains (c1 structure)
will be stable. As shown in Fig. 4, the chain adsorption energy depends
on the chain distance. Accordingly, different chain structures become
stable for different values of the water chemical potential, giving rise
to a continuous phase change. This is demonstrated in the small inset
of Fig. 8b. The calculations thus predict a smooth change from the
bare surface, to a water-chain covered surface with decreasing chain
distance to the formation of a closed two-dimensional overlayer. This
agrees with the experimental observation [19] of a decreased chain dis-
tance upon increasing the water dosage. From the many adstructures
considered here, only few correspond to thermodynamically stable
structures: a hexagonal network of water-hydroxyl trimers containing

Bjerrum defects (d3), ice-like water monolayer (m1) and water chains
consisting of pentagons (c1). Of course, this does not necessarily mean
that no other structures will occur. Obviously also kinetics dictates the
water film morphology, in particular in low-temperature and low-
pressure experiments, where structures such as ¢2 chains or water
clusters have been experimentally prepared (e.g. clusters assembled
by STM in Ref. [24]).

The influence of the vdW interactions on the surface phase diagram
is shown in Fig. 8c and d, which contains the present DFT-D results.
Mainly the transition temperature between water-covered and bare
surfaces is increased due to the dispersion forces. We find a shift be-
tween about 60 K for low pressures and 150 K at near ambient pres-
sures. Comparing the calculated data to the experiment, the DFT-D
results seem closer to the measured findings at higher temperatures
(Fig. 9). For example in Ref. [12] large quantities of molecular water
on the surface were observed up to 428 K in 1 Torr. On the other

Fig. 7. Extended overlayer structures containing hydroxyl groups in addition to water Bjerrum defect is modeled with d3. Oxygen atoms in water and hydroxyl groups shaded

differently.
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Fig. 8. Calculated phase diagrams of the Cu(110) surface. (a) and (b) are DFT and (c) and (d) are DFT-D calculations. The rhs plots (b) and (d) restrict the energetic comparison to
structures where only water molecules and no separate hydroxyl groups are present on the surface.

hand, due to slight changes of the relative adsorption energies, the
(experimentally observed) c1 chain does not occur in the phase dia-
gram anymore. It is now less favored than the m1 monolayer. This is
not necessarily an indication that this structure is only kinetically stabi-
lized, but may be an artifact of the specific DFT-D implementation used
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Fig. 9. Water desorption temperature for any given pressure calculated with DFT and
DFT-D. Squares show the experimental values from Refs. [17,26]. The left line corre-
sponds to the desorption temperature in the absence of preadsorbed oxygen.

here. We mention that Carrasco et al. [38], using a modified version of
vdW-DF, found no reversal of the energy ordering between c1 and the
monolayer structures due to dispersion forces. As stressed in Ref. [38]
“we are still some way from quantitative first principles predictions of
wetting and related phenomena”. Possibly only numerically very
involved schemes like the random phase approximation within the
adiabatic connection fluctuation dissipation theorem will provide a
definite answer to energetic subtleties such as the stability range of
the c1.

4. Conclusion

DFT and DFT-D calculations for ultrathin water films and water
clusters adsorbed on the Cu(110) surface were performed. Surface
phase diagrams were calculated that allow for a consistent energetic
comparison of the many structures proposed previously for this sys-
tem. Starting from single admolecules, the adsorption energy is found
to increase with increasing cluster size up to four molecules forming
tetramers. Although the adsorption energy increases considerably
(by more than 0.2 eV) upon including van der Waals interactions, the
relative energetic order of the cluster geometries is relatively robust
with respect to the use of DFT or DFT-D for the calculations. The com-
parison of the cluster adsorption energies with either complete ice-like
water monolayers or Bjerrum-defect stabilized water-hydroxyl group
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layers shows that the former are unstable with respect to coalescence,
irrespective of whether or not vdW forces are included. In addition to
the completely water covered surface, however, an additional phase
is found to be thermodynamically stable. It consists of parallel chains
formed by water pentagons. These chains interact repulsively due to
Coulomb forces and are thus expected to self-assemble with equal dis-
tances. The chain-chain distances decrease with increasing water dos-
age in such a way to realize a gradual transition between the bare and
the completely water-covered surface. The various monolayer struc-
tures considered here as well as the pentagon chain structure are
close in energy. Dispersion forces increase the calculated desorption
temperatures by about 60 (at lower pressures) to 150 K (at higher
pressures), which in near ambient conditions is in very good agree-
ment with experiments that are expected to be close to thermodynam-
ic equilibrium.
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