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Consistent picture for the wetting structure of water/Ru(0001)
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Abstract

The wetting layer of D2O on Ru(0001) has been reanalyzed with ab initio molecular dynamics and full-potential calculation. The

work function change induced by D2O overlayers clearly favors the picture of molecular wetting rather than partial dissociation and

suggests a mixed structure consisting of both hydrogen-up and hydrogen-down bilayers. This is further supported by the vibrational

spectra, where agreement is only found for the intact overlayers but not for a half-dissociated overlayer. The larger barrier for dis-

sociation in comparison with that for desorption suggests that dissociation is kinetically forbidden at low temperatures. These find-

ings resolve the current controversy between previous calculations and experiments.

� 2004 Elsevier B.V. All rights reserved.
The water–metal interface [1,2] has been under inten-

sive studies during the past decade, due to the funda-

mental interest in the hard-soft interfaces and the

broad applications in many interdisciplinary areas such

as catalysis, electrochemistry, fuel cells, and biomateri-

als. Much understanding has been gained on the

detailed structures and properties of water on single-

crystalline metal surfaces, where theory and experiment
seem to converge in most cases with few exceptions. One

current controversy concerns the wetting structure of

water on Ru(0001) [3–11]. To explain the nearly flat

geometry of oxygen atoms in the water overlayer ob-

served by low-energy-electron-diffraction (LEED)

experiments [3,4], Feibelman proposed, based on a den-

sity-functional-theory (DFT) calculation, a half-dissoci-

ated over-layer for D2O/Ru(0001) [5]. However, for
adsorption at low temperatures, such a wetting struc-

ture, with partial dissociation in the overlayer, has so

far not been verified by experiments. In contrast, various

experiments [4,6,9] seem to indicate that D2O on
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Ru(0001) remains intact. This discrepancy between the-

ory and experiment has very recently culminated in a

back-to-back publication of two contradictory X-ray

photoelectron spectroscopy (XPS) studies [10,11], claim-

ing water dissociation on Ru(0001) is an activated and

hence artificially induced process versus a generally valid

experimental verification of a partially dissociated water

bilayer. Apparently, despite numerous publications, the
wetting structure of the D2O on Ru(001) still persists as

one of the puzzling and unresolved issues for water–me-

tal interfaces.

Already in his original publication [5], Feibelman was

aware of the large discrepancy (�1 eV) in the work func-

tion between the half-dissociated overlayer and the mea-

sured data, but could not resolve this problem. In this

context and in light of those latest inconsistent experi-
ments, we have carried out a detailed work function,

energetic, and vibrational analysis of D2O/Ru(0001)

using both pseudopotential and full-potential DFT

methods. Our results show that the work function

change of only a mixed molecular bilayer consisting of

D-up and D-down (structural details below) can repro-

duce the experimental value [3,8]. Comparing the vibra-
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Table 1

Geometry and energetics for the D-up, D-down, and half-dissociated

water overlayer on Ru(0001)

zOO (Å) zOru1 (Å) zOru2(Å) Eads (meV)

D-up 0.86 2.46 3.42 531

D-down 0.42 2.69 3.22 533

Half-dis. 0.05 2.09 2.16 766

Here zOO, zOru1 and zOru2 are the vertical distances between the upper

and lower O atoms, the bottom O and the underneath Ru, and the

upper O and underlying Ru, respectively. The adsorption energy is

defined as the energy difference per molecule between the adsorbed

system and the sum of the Ru slab and the free molecules.
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tional resonances of the free and hydrogen-bonded OD

modes with experiments [6,8] further supports the pic-

ture of molecular wetting rather than half dissociation.

Finally, we find a high barrier between the molecular

bilayers and the dissociated one. This strongly suggests

that dissociation is kinetically forbidden at low temper-
atures, although the half-dissociated overlayer is glob-

ally more stable. Activation with excessive energy may

overcome this barrier, leading to an artificially induced

overlayer exhibiting partial dissociation [9,10]. This pic-

ture now explains all experimental observations

consistently.

The calculations have been performed with the Vien-

na ab initio simulation program, VASP [12], while the
energetics of the optimized structures are checked

against the full-potential linearized augmented plane-

wave method (FLAPW) [13]. The Ru(0001) surface is

modeled by a supercell that contains a 5-layer slab (with

the calculated in-plane lattice constant 2.72 Å) and a

vacuum layer exceeding 13 Å. Water molecules are put

on one side of the slab in a two-dimensional
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ÞR30� unitcell. The Monkhorst–Pack sampling
scheme [14] with 5 · 5 · 1 k-points in the Brillouin zone

is used. Energy cutoff is 300 eV in the VASP and 340 eV

in the FLAPW. The dissociation path and barrier were

calculated by the nudged elastic band (NEB) method

[15]. Other details of the calculations can be found in re-

cent studies [16,17].

Fig. 1 shows the structures for the D-up, D-down,

and half-dissociated overlayer proposed by Feibelman.
Their geometries and adsorption energies are specified

in Table 1. These structures are similar to what was ob-

tained in earlier calculations [5,18,19]. In the molecular

bilayers, the two water molecules in the unit cell are con-

nected by three hydrogen bonds (H bonds), forming a

puckered hexagonal network as in the bulk ice Ih [20].

The other D atom is free (or unhydrogen-bonded),

and points either upward (D-up case, panel a, d) or
down to the surface (D-down case, panel b, e). These

two bilayers are degenerate in adsorption energy, 531

(D-up) and 533 meV (D-down, see Table 1), respec-

tively, and have a small barrier (�55 meV) in between.
Fig. 1. Atomic structures for the (a) D-up, (b) D-down, and (c) half-

dissociated water bilayer on Ru (0001). They are also shown in side

views (d–f). The 2D ð
ffiffiffi

3
p
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p

ÞR30� unitcell is marked in (a).
This barrier is much smaller than that calculated by

Michaelides and coauthors (300 meV) using constrained

optimization techniques [19]. The NEB method yields

the globally optimal path rather than the locally re-

stricted one, and is thus more reliable than the con-

strained optimization method [19]. Such a small

barrier indicates that coexistence of the two structures

is possible. The half-dissociated layer is formed by
breaking the free OD bond in the molecular bilayer

and transferring the D atom to the center of the hexag-

onal ring. The dissociation leads to a flat water layer

with a vertical OO distance reduced to 0.05 Å. This

half-dissociated layer is energetically most stable,

Eads = 766 meV. The small OO distance also seems to

be consistent with the LEED experiments [3,4]. The flat

structure and the larger adsorption energy are the two
reasons, on which the proposal for the half-dissociated

layer was based [5].

To look for a possible resolution of the discrepancy in

the work function change, we have carried out detailed

calculations of DU including dipole corrections in the

asymmetric slab geometry (see Table 2). For the half-

dissociated overlayer, the work function change is only

0.34 eV, as also found by Feibelman [5], which repre-
sents a dramatic deviation from the experimental value

(DU � 1.3 eV [3,8]) as already pointed out. In addition,

neither the pure D-up bilayer (DU = 3.01 eV) nor the

pure D-down (DU = 0.40 eV) bilayer yields a work func-

tion change close to experiment. This seems to suggest

the coexistence of the two molecular bilayers, which is

already highly probable due to the degenerate adsorp-

tion energies. Calculation for the mixed D-up and D-
down bilayers, with larger supercells ½ð2

ffiffiffi
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p

� 2
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Þ
R30� and ð3� 3Þ� result in work function changes of

1.70 eV (with ratio of D-up/D-down = 1:1), 1.54 eV
Table 2

The calculated change in work function upon adsorption (DU) for pure
and mixed water bilayers with ratio between D-up:D-down

Structure D-up 1:1 1:2 1:3 D-down Half-dis. Expt.

DU (eV) 3.01 1.70 1.54 0.82 0.40 0.34 1.26

The experimental value is also listed [3].



Table 3

Calculated and measured vibrational energies for the D2O bilayer on

Ru(0001) (in meV)

Transl./libr. d(DOD) m(O–Db) m(O–D)

D-up 48 64 87 117 141 273, 305 336

D-down 51 66 93 111 145 252, 306 336

Half-dis. 51 79 91 115 136 250,314

Expt.a 48 68 87 114 140* 270*, 312*, 328* 338*

Expt.b 284, 316 339

See [6,23] for the assignment of these modes.
a Ref. [23]. Values with (*) are converted to D2O from H2O by

counting for an isotope factor of 1.35.
b Ref. [6]
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(ratio = 1:2) and 0.82 eV (ratio = 1:3), respectively, in

the range of the experimental data [21]. The work func-

tion changes are relatively insensitive to the water–Ru

distance. Forcing the O–Ru bond to a shorter distance

by 0.3 Å (as found in FLAPW calculations) or even to

the geometry of Held and Menzel�s experiment [3] does
not appreciably change the work function. The work

function data listed in Table 2 suggest a mixed D-up/

D-down structure with a ratio between 1:2 and 1:3. Such

a mixed structure with D-down dominance is also fa-

vored by the more accurate energetics from the

FLAPW, which give a larger energy difference (20 meV

rather than 2 meV by VASP) between the two bilayers.

Next, we consider the vibrational spectra extracted
from the velocity–velocity correlation functions [16].

The vibrational spectra are more reliable than those ob-

tained in the dynamical matrix approach used by Feib-

elman [7,22]. Fig. 2 and Table 3 show the vibrational

spectra obtained from our simulations. The low energy

modes of the spectra (<120 meV) for all three structures

look similar. They are featured by six modes at 20, 30,

48, 64, 87 and 117 meV for the D-up bilayer. These
low frequency modes are comparable with the measured

frequencies at 48, 68, 87 and 114 meV by electron energy

loss spectroscopy [23] (see Table 3). They correspond to

translation, frustrated rotations, and librational modes

for the D2O overlayer. Peaks at �140 meV are the

DOD scissoring/bending modes. By comparison with

the experiment in the low-energy range, it is difficult to

tell whether the overlayer is dissociated.
Fig. 2. Vibrational spectra for the (a) D-up, (b) D-down and (c) half-

dissociated water bilayer calculated from ab initio molecular dynamics

simulations at 80 K.
The high-energy OD stretch modes (>200 meV) are,

however, qualitatively different for the molecular bilay-

ers and the dissociated structure (Fig. 2), demonstrating

the sensitivity of the OD stretch to the detailed struc-
tures at the surfaces [16]. The spectra for D-up and D-

down bilayers are similar, as found in water/Pt(111)

[16]. Both have a high-energy mode at 336 meV, which

is absent in the dissociated overlayer. This high-fre-

quency mode corresponds to the free OD in the molec-

ular bilayers. It is very close to the measured vibrational

mode, 338 meV, which starts to emerge at 1 bilayer D2O

coverage [6,8,24]. Other features in the spectrum of the
half-dissociated bilayer are a sharp peak at 314 meV,

corresponding to the dissociated OD groups, and peaks

at around 250 meV, which belong to the OD stretch

vibration within the undissociated D2O molecule. The

250 meV resonance was not observed in the experi-

ments. Comparison of the vibrational spectra clearly

shows discrepancies between the half-dissociated struc-

ture and the experimental data, despite the recent at-
tempts to tune the vibrational resonances by changing

certain atomic configurations like the OO distance

[8,22].

While work function data and vibrational spectra

clearly indicate that D2O does not dissociate on Ru, this

seems to contradict with the fact that the half-dissoci-

ated overlayer is energetically more stable. To check

out possible errors in DFT/VASP calculations, a well-
converged FLAPW calculation also confirms an energy

difference of 0.198 eV between the D-down bilayer and

the dissociated one, comparable to 0.233 eV given by

VASP, though the binding energy is usually 0.1 eV lar-

ger than that given by VASP, and the bilayer is 0.2–

0.3 Å closer to the surface. The resolution to this seem-

ing discrepancy in the energetics may result from the ki-

netic constraint and the thermodynamics governing the
adsorption and growth processes, though the energetics

is physically correct. Water adsorbs as molecular water

in monomers and clusters. The monomer adsorption en-

ergy (desorption barrier) is 0.41 eV, while the barrier for

monomer dissociation is high, 0.85 eV on Ru(0001)

[18]. Formation of clusters and overlayers is efficient,
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because water molecules are usually mobile on metal

surfaces even at low temperatures. The calculated bar-

rier for monomer diffusion on Ru(0001) is around

0.31 eV, suggesting that the formation of a molecular bi-

layer is favorable. However, whether the molecular

bilayers can dissociate depends on the barrier between
the molecular bilayers and the dissociated one.

We thus determined the barrier and the minimum en-

ergy path for bilayer dissociation using the NEB method

(see Fig. 3). The barrier for dissociation from theD-down

bilayer, 0.62 eV, is substantially lower than that in bulk

ice and liquid water of �0.9 eV [25]. The transition state

corresponds to a configuration, where the dissociating

OD bond is elongated to 1.43 Å. Note that Michaelides
et al. [18] reported a smaller dissociation barrier of

0.5 eV in a larger, (3 · 3), supercell, however, a reduction

of the barrier height does not appear in our NEB calcula-

tion when the size of the supercell is increased. The

barrier obtained with NEB is larger than the mean

adsorption energy of the water bilayers (0.53 eV) by

�0.1 eV. Moreover, it is also larger than the mean

strength of H bonds within the water bilayer. The smaller
binding energy in the bilayer, compared to the dissocia-

tion barrier, suggests that desorption of water from the

bilayers would be more favorable than dissociation.

The recent XPS results by Nilsson and coworkers [10]

and reflection absorption infrared spectroscopy together

with temperature programmed desorption (TPD) by the

Hodgson group [9], all indicate that water dissociation in-

deed is an activated process.
Our results remove the controversy between theory

and experiment regarding the partial dissociation of

water on Ru(0001). D2O bilayer remains intact as

molecular bilayers at low temperatures, although the

large OO buckling, 0.86 and 0.42 Å, for the D-up and

D-down bilayers, seems to contradict with earlier LEED

experiment [3], where a small OO distance of 0.1 Å was

reported. However, recent XPS experiments by the Nils-
son group [10] and TPD studies by Menzel and cowork-
Fig. 3. Schematic energy diagram for the D-up, D-down, and half-

dissociated water bilayer. A high dissociation barrier, of 0.62 eV, lies

between the molecular bilayers (D-up and D-down) and dissociated

state. This dissociation barrier is higher than the mean adsorption

energy 0.53 eV of the molecular bilayer.
ers [26] have provided new evidence that the water layers

in the earlier LEED experiments may have been signifi-

cantly dissociated by beam damage. In addition, coad-

sorption with impurity atoms such as oxygen could

also induce partial water dissociation on a metal surface

[1,2,9]. This might be also considered in the discussion of
those controversial XPS results [10,11]. For all these rea-

sons, the smal OO buckling probed by earlier LEED

experiments is most likely the dissociated state, artifi-

cially created by the electron beam.

In summary, detailed calculation and analysis on the

work function, energetics, and vibrational spectra have

led us to the conclusion that D2O on Ru(0001) remains

molecularly intact at low temperatures. Under these
conditions, water dissociation is suppressed at low tem-

peratures, despite the fact that the half-dissociated struc-

ture is indeed the global minimum state. Wetting

structures with mixed and intact D-up and D-down mol-

ecules, existing as metastable states, are found to comply

with all experimental and theoretical findings available

so far.
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