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Insight into H,O-ice adsorption and dissociation on metal surfaces from first-principles simulations
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Density-functional theory has been used to perform a systematic studytady H,O bilayer and(disso-
ciated H,0-OH-H overlayer adsorption on hexagonal,3d, and 5 transition- and noble-metal surfaces.
Through careful decompositions of the®l adsorption energies, we find that variations in the relative stability
of intact bilayers and dissociated overlayers depend mainly on variations in adsorbate-substrate bonding, and
not on variations in H bonding as previously assumed. Further, we show that@elissociation energy in
the bilayers is controlled by the OH-metal bond strength in the dissociated overlayers.
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The interaction between 4 and metal surfaces is of OH-metal bond strength in the final state.
considerable importance to numerous areas of scientific en- Total-energy calculations were performed with the
deavor as well as to many aspects of daily lil2espite this, casTeEP(Ref. 10 code with a setup similar to that described
there remain major gaps in our understanding eOHnetal  previously'* (see also Ref. 12 Metal surfaces were mod-
interfaces. For example, the structures assumed by orderetdied by periodic arrays of four-layer-thick slabs separated by
water-ice overlayers on single-crystal metal surfaces are stillacuum regions equivalent to a further six metal layegs.
not known; and this apparently simple issue is currently thexv3-R30° unit cells(henceforth termed’3) with 4xX4x1
focus of an intense debate® Monkhorst-Packk-point meshes were usedB periodicity is

On the late transition-metal surfaces, in particular thoseéhe most common periodicity for an adsorbed bilayer and the
with hexagonal symmetry, 40 adsorption is traditionally one we use throughotit. Admittedly, on some surfaces, as-
thought to proceed through bilayer formatibfihe lower set  suming v3 periodicity is an oversimplification of the ob-
of H,O molecules in the bilayer lies nearly parallel to the served state. For example, on PYZ9Xv39-R16.1° over-
surface, with each molecule involved in three H bonds. Thdayer forms** Calculations with a unit cell of this size are
higher-lying set has its molecular axes in the plane of thédeyond our reach computationally. However, we believe that
surface normal. Only one OH bond from each(Hof this  thev3 structures are good, albeit not perfect, representations
type is implicated in the H bond network. The other OH and serve as useful models to discuss the basic question of
bonds are “free,” and practically since the advent of surfacemolecular versus dissociative adsorption. One should bear in
science, it had been assumed that these free OH bonds poimind, however, that bilayers in larger unit cells have been
away from the surfacf‘H-up” model, Fig. 1(a)].! Recently, shown to be approximately 70 meV4& more stablé.
however, on RiL11} it was shown that these OH bonds are  Table | lists the “total HO adsorption energy” per O
instead directed at the surfagéi-down” model, Fig. 1(b)],  molecule, Es ro7, in the various overlayers. We define
resulting in a rather compressed,® bilayer> And on Eng)S-TOT as
Ru{0003, Feibelman has argued, based on density-
functional theory(DFT) calculations, that the free OH bonds EXs ro1=(Ezr2om— 2Er20— Enm)/2, (1)
are broken and that HO wets R{§0001 as a HO-OH-H ] ]
“partially dissociated” adlayefFig. 1(c)].? Clearly the pic- WhereEzwzom is the energy of the adsorbeg,® bilayer or
ture that is emerging for 40 adsorption on metal surfaces is H20-OH-H overlayerE,,q is the energy of a single 40
more complicated than had been anticipated. Our current udi'0lecule in vacuumiy is the energy of the bare metal slab;
derstanding requires a systematic study with a rigorous the2nd 2 is the number of 40 molecules (HO molecule
oretical framework aimed at understanding when and why &duivalents in the adsorbed bilayers g-OH-H overlay-
particular overlayer model may be favored. ers perv3 cell. Efds o for the H-up and H-down bilayers

We have used DFT to examine intact® bilayer and are listed in Table | as well as for two,8-OH-H overlay-
dissociated HO-OH-H overlayer adsorption on a range of €rs: One HO-OH-H overlayer is displayed in Fig(d) and
transition- and noble-metal surfaces. Specifically we havéas the chemisorbed H located at an atop site in the center of
looked at adsorption on thg11} facets of Ni, Cu, Rh, Pd, the H,O-OH network. In the othe(referred to as hHO-OH
Pt, and Ag, and on th001 facet of Ru. Our primary aim +H/M) the H atom has been removed to a sepavateell
is to elucidate the interplay between adsorbate-substrate a@dd allowed to adsorb at its favored site on each surface
H bonding interactions in dictating the stability of,8-ice  (threefold sites This H,O-OH+H/M state therefore models
and dissociated overlayers. By analyzing thg@Hadsorption  the scenario in which H atoms “escape” from the ®+OH
energies, we find that variations in the stability of both typesoverlayer and adsorb on patches of clean surface.
of overlayer depend mainly on variations in adsorbate- A consideration OE,(AllgS-TOT for the intact bilayers reveals
substrate bonding, andot on variations in H bonding as that on all substrates the total adsorption energies are reason-
previously assumed. In addition, we reveal that the tendencgbly similar® ranging from—0.37 eV on Ni(H-down) to
for H,O dissociation in the bilayers depends mainly on the—0.56 eV on PdH-down). In addition, the stability of the
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where Eg; aver IS the total energy of a bilayer in vacuum
fixed in the structure it assumes when adsorfféthe bond-
ing between the bilayer and the substra#&ls g aver . IS
then estimated per D molecule from

E:(AlD)S-BILAYER = (EZHZO/M_ EBILAYER - EM)/Z (3)

In the second approach we make the approximation that the
total bilayer-substrate bonding is equivalent to the chemi-
sorption energy of a single® monomef E sps.viono- Thus

FIG. 1. (Color onling Structures of(@ H-up bilayer; (b)  the pilayer-substrate adsorption energy pgOHmolecule,
H-down bilayer; and(c) H,O-OH-H overlayer on a hexagonal E(2 ;

) is
metal surface. The parallelogram indicates the surfac®, ADS-BILAYER »
Xv3-R30°, unit cell.

E{Bs-siLaver=(Eapsmono)/2= (Erzom— Enzo— Em)/2,
H-up and H-down bilayers is comparablgwithin 4
0.05 eV/H0). In contrast, the stability of the dissociated
overlayers varies considerably; ranging fronil.00 eV on
Ru to +0.26 eV on Ag. Moreover, the dissociated overlayers : . .
with the chemisorbed H atoms, once removed to sepafate Molecules in the/3 unit ce(IIZ?. The H bonding per 0 mol-
cells, are always more stabif@However, the most important €cule within this schemé ;i 5oy, is taken as the difference
information contained within Table | is that we can identify between the total 50 adsorption energy anBis g aver :
the overlayer that is most stable on each substrate: Intact
bilayers are favored over dissociated overlayers on(ig E@)ono=E8s 1o~ E3s siaver - (5)
down), Pt(H-down), and Cu(H- up) by 0.43, 0.11, and 0.05
(Ref. 17 eV, respectively. On Ru, Rh, and Ni, dissociated!n any energy partitioning scheme, a unique decomposition
overlayers are preferred over intact bilayers by 0.46, 0.230f the total adsorption energy will not be arrived at, and,
and 0.20 eV, respectively. And on Pd the H-down andinevitably, there are limitations upon the schemes employed
H,O-OH+ H/M overlayers are, to within the accuracy of the here. The first does not take account of H-bond changes dur-
calculations, equally stabfé.However, this picture is quite ing adsorption of the bilayers, and the second assumes that
sensitive to the final location of the chemisorbed H atom. Ithe H,O-metal bonding in the system remains constant upon
we assume that in the dissociated overlayers the chemisorb@&glsorption of the second layer ob,& molecules on top of
H atoms remain at the atop sife{:t:ig. 1(c)], then it is only the first’® However, these standard approximations for ad-
on Ru that the HO-OH-H overlayer is predicted to be more Sorption energy decompositions are justified here by the find-
stable than either type of intact bilayer. ing that both approaches predict the same general trends and
Many HZO bi|ayer adsorption studies have Specu]ateoyield H-bond estimates that differ b§004 eV/H bond
about the balance between H bonding an®Hnetal bond- (which can be taken as an error margin on the decomposition
ing. Here, we decomposgil. 1o into these two contribu-  €Stimates _
tions and quantitatively investigate their interplay. For intact Figure 2a plots the total HO adsorption energy, the
bilayers we employ two complimentary approaches. In thdi-ond energies, and the,8-metal bond energies for the

first, we estimate the amount of H bonding pesQHmol- H-up bilayer on each surface, shown as a function of the
ecule E®) from next-nearest-neighbgNNN: v3) metal lattice constant. The
'EH-BOND »

decompositions reveal the interplay betwees©OHnetal and
Efi-bono=(Esitaver — 2Er20)/2, (2)  Hbonding in adsorbed bilayers. We highlight three important
features. First, the largest proportionEff)s o is always H

TABLE I. Adsorption energies for3xXv3-R30° intact and par- bonding; H bonding accounts for68% (EI(-|2)OND) or

tially dissociated overlayers. The most stable overle@yen each on =(1) . BON i
surface is(are indicated in bold. =80% (Epgonp) Of the total HO adsorption energies. Sec

ond,H bonding is nearly always the same, regardless of the
Epos 101 (€V/H,0) substrate the E{{Joyp estimates are-0.43+0.01 eV/HO
and theE(2),, estimates are-0.37+0.02 eV/HO. Ex-
H-up  H-down  HO-OH-H  HO-OH+H/M pressed per individual H bond, the H-bond strengths in the

whereEy, o is the energy of a single adsorbed@®mono-
mer. Here, we divide by 2 to take an average of the twOH

Ni —042 -037 012 —062 adsorbed bilayers are therefore-—0.29 eV/H bond

Cu  —045  —043 —007 040 (ESBonp) OF ~—0.25 eV/H bond E{&onp). The third note-

= —054 —-050 —0.77 —1.00 worthy feature in Fig. @) is thatthe observed variations

Rh 053  —055 051 _0.78 in EXNs ;o7 are almost exclusively a result of differences

Pd -052  —0.56 -0.16 —0.56 in bilayer-metal bond energies (E{3sgaer  and

Pt —046  —049 ~031 —0238 E@s siaver) and not due to variations in H bonding. This

Ag —0.46 —0.48 +0.26 ~0.05 finding iselimportant since generally the contrary is assumed
to be true:
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(@) . : ; — i ) have also been performed for the H-down bilayers on each
EADS—BILAYER . . .

__ oo @ surface(not shown: Similar behavior, albeit more complex,

Q, | 17 Baos-siaven is observed.

o2 s , .

s o The relative importance of adsorbate-substrate and

204 soE,. O H-bonding interactions has also been explored in the

@\ ~ 7 ~HBOND

H,0O-OH+ H/M overlayers. To aid the following discussion,

[a]

<
w-0.6 1 —o .
06 [ NI cu RuRhPd Pt Ag Ens-ror we reference the total adsorption energy to a new gas phase

4.4 L4'6' 4A8 5.0 reference state of 40, OH, and H as opposed to one con-
® o . . Ames Ay sisting of intact HO molec%lz?s[Egl,?)s_TOT; Eq. (1)]. The
ol bttt 1y s O new total adsorption enerdgy¥,3s.tor IS

-4 t o Epps-pa E(AZD)S-TOT: Epao— En20~ Eon— Em+ Eaps-H, (6)

>

< >

) /\f/ —o E @ . . . .

LF 6t N/ 1 ADS=TOT where Epp is the energy of the partially dissociated

H,O-OH overlayer;Ey,0 and Eqy are the energies of iso-

—8 [Ni Cu RuRhPd Pt Ag] ; ,
8 B Pv RyBNRd Pufg lated H,O and OH molecules in vacuum; afithps 4 is the

© e Lg,'fﬁce ?A? = adsorption energy of H in a separaf®cell. This new refer-

3 ; : . . ence state simply calculates the chemisorption of the par-
5 10| dey RESL B e tially dissociated overlayers, which we then decompose into
o 05 1 Bilayers adsorbate- substrate and H-bonding interactions. To estimate
Yoo Pt ocu X =1 the amount of adsorbate-substrate bonding in each
S Pd "&Ni ¢ T 1L OH-H,O+H/M partially dissociated overlayer:aps.pap,
§-05 o0H R o] R o we sum the adsorption energies of separgt® HOH, and H
g-top Mo 9 species:
a -1.8 22 -26 -3.0

Enos-onm (€V) Eaps-pac™ Eaps-monot Eaps.ont Eapsh: (7)

FIG. 2. (Color onling Total H,0 adsorption energy and its WhereEps.mono iS the adsorption energy of a,@ mono-
decomposition into adsorbate-substrate and H bonding contribumer[Eq. (4)] and similarlyEaps.on and Eaps.y are the ad-
tions for (@ H-up bilayers and(b) H,0-OH+H/M overlayers, sorption energies of OH and H. For consistency with the
shown as a function of the calculated substrate lattice constanH,O-OH overlayer, isolated 0 and OH adsorption is con-
Each quantity is defined in the text) Bilayer dissociation energy  sidered at atop sites. The H-bond e”ergﬁ%OND are de-
against OH adsorption at atop sites and H adsorption at threefolglyaq 1o he equal to the adsorbate-adsorbate interaction ener-

fcc sites on metal surfaces. The dotted line is a least-squares fit .
the OH points, which are labelddiamonds. tges anq are taken as the difference betwEgRs o7 and
ADS-PaD:

It has been argued that as the mismatch between the sub- E®)ono=Ent=E@s.107— EAps.pap- (8
strate lattice constant—specifically the NNN lattice
distance—and the NNN O-O distance in iggincreases, the Figure 2b) plots EJs 101, Eaps-pan: andE{Bonp ON the
H bonding strength in the adsorbed bilayer decreases. Figusrious substrates. Since we are now dealing with OH and H
2(a) shows that for a range of NNN lattice distan¢ds33 A (radica) adsorption as opposed to pure®(closed she)l
for Ni to 5.04 A for Ag) straddling the equilibrium value of adsorption the total adsorption energies are much larger;
ice 1, (4.50 AY) this is not the case. When we examine inranging from—5 to —7 eV, of which adsorbate-substrate
detail the structure of each overlayer it becomes clear that theonding E \ps.pap CONstitutes the largest proportion. The in-
two-dimensional2D) bilayers possess a flexibility that is not tact bilayers, as we have seen, on the contrary, are mainly
present in bulk ice. The 3D H-bonding network in bulk ice composed of H bonding. Further, Fig(b2 reveals that the
constrains the O-O interlayer buckling to a given val0®2  large variations in the stability of the partially dissociated
A). In a 2D bilayer, however, because thgGHmolecules are  overlayers result from changes in adsorbate-substrate bond-
not H bonded to molecules in other layers, there are no sucing and not from H bonding. The H-bond contribution
constraints and any lateral strain induced by a mismatch witlE ;) varies much less and is essentially overwhelmed by
the underlying substrate is alleviated through vertical relaxadsorbate-substrate bonding. According to Ej.the total
ations of HO molecules in the bilayer. These displacementsinteraction energy in the dissociated overlayers averages at
alter the O-O interlayer buckling and maintain close to opti-—1.14 eV. This is equivalent te-0.38 eV/H bond, larger
mal O-O bond lengths. A further implication of Figie2that  than the H-bond energies in the intact bilayers(Q(25—
should not be overlooked is that the weak interaction of the-0.29 eV). This implies that in the mixed overlayers, the
bilayers with certain substratés.g., Cu or Ptmeans that on total interaction energy consists not only of H-bonding inter-
these surfaces there is no strong desire for th® kverlay-  actions but also there are significant contributions from other
ers to be in registry with the underlying substrate. This ex-adsorbate- adsorbate attractive interactions.
plains, in part, why on, for example, Cu or ¥ overlayers Finally, the specific roles played by the,®, OH, and H
are in practice not observéd Decompositions oEng)S_TOT moieties in determining the overall stability of the ®-OH
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+HI/M overlayers have been examined. We already knowthat when OH is more strongly bound to atop sites than
that the HO monomer adsorption energ¥apswvono  approximately—2.4 eV, the partially dissociated overlayers
changes little on the substrates considered fEm. 1(a), become stable.

Eaps-mono= 2 E@s s aver]]. Therefore the large varia- To recap, systematic DFT studies have shown that the
tions in the stability of the partially dissociated overlayersstability of H,O-OH-H overlayers varies considerably be-
must be related to H and OH adsorption. Figufe) Dlots  tween substrates whereas the stability of the intact bilayers
the bilayer dissociation energAE) (Ref. 20 as a function  does not. Further, variations in the stability of both types of
of Eaps.h @ndEaps.o for every surface. We find that a clear overlayer are primarily determined by variations in
relationship exists betweeAE and Exps.on, in that the  adsorbate-substrate bonding and not by variations in H bond-
relative stabilities of the intact and partially dissociated OVering. In particular, the large variations in the stability of
Iayers_correlate V\_/ith_ the OH adsorption energy. Thi; CorreH,0-0OH-H overlayers can be traced back to the OH adsorp-
lation is not a coincidence, for example the correlation bes;jgn energy on each surface. Indeed it has been shown that

tvxllehen AhE hand Eaps+ ils cg?siderably_ less p][onounbcgd. the strength of the OH bond with the substrate is a useful
Although the precise value aiE on a given surface obvi- o iqe 1o predict if wetting will take place in the form of

ously depends on many factors, the significance of a simpl tact H,O bilayers or mixed HO-OH-H overlayers.

relationship betweeAE andEaps.on IS clear. It provides a
simple predictive rule as to when dissociated overlayers will
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