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1. Introduction 

“Water 1s not only rare, not only mfinrtely precious, It IS 

pecuhar, wzth many oddrtres rn its physlcal and chemical 

make-up It IS out of this umque nature of water that life 
ongrnated The ocean IS life ” 

- Jacques-Yves Cousteau [I] 

Water plays a pervasive role m our world, and it has fascinated great 
scientists from Leonardo da Vinci [2] to Linus Paulmg [3]. Consequently, the 
interaction of water with surfaces is a topic of interest and research m a 
surprisingly wide variety of scientific disciplmes. When one peruses the 
literature, one fmds pubhcations on the sublect from a spectrum of fields 
which mcludes meteorology, geology, electrochemistry, solar energy conver- 
sion, corrosion chermstry, heterogeneous catalysts, and physical chenustry. 
Meteorologists are interested in the mechanism of ice or water nucleation at 
surfaces, since tlus mechanism is exploited whenever cloud-seedmg is used to 
bring about precipitation (e.g. [4,5]). Geologtsts do a great deal of work related 
to this topic, since they investigate the forces which produce particular 
arrangements of water molecules m ice, and the spectroscopic means by which 
these arrangements can be differentiated, as a means of understanding glacial 
history (e.g. [6,7]). Electrochemists, of course, postulate the existence of a 
“double layer” of water molecules near a metal electrode surface. Its char- 
acteristics are sufficiently different from those of bulk water that capacitance 
m, and transport across, this layer plays a key role in electrochemical reactions 
[S-11]. The dissociation of water at surfaces is important m corrosion and 
passivation chemistry (e.g. [12,13]), as well as m solar energy conversion 
processes which split water [14-171. 

Numerous heterogeneous catalytic reactions, such as Fischer-Tropsch 
synthesis of hydrocarbons, mvolve H,O as a reactant or product. Even m 
reactions for which this is not true, traces of H,O can greatly change the 
selectivity of the reaction, as m the catalytic hydrogenation of benzene over 
ruthenium metal [18]. Metal catalysts are also used m the large-scale extraction 
of heavy water from H,O, which is then used m nuclear reactors [19]. These 
are only a few examples of the importance of H,O at solid catalyst surfaces. 

Finally, the structure of small water clusters, and the nature of hydrogen 
bonding between H,O molecules, has long been of fundamental interest to 
physical chemists. The classical matnx isolation experiments of Van Tmel, 
Becker and Pimentel m 1957 [20] stimulated theoretical efforts to model small 
groups of H,O molecules, and also stimulated mterest m the infrared absorp- 
tion coefficient of hydrogen-bonded OH groups. These expenments provided 
early spectroscopic and structural data about small, neutral water clusters; 
they illustrated the abihty of the matrix isolatton experiment to isolate a 
relatively simple chermcal group and study it m detail. In this respect it has 
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not been surpassed by other techniques until recently, to the authors’ knowl- 
edge. The recent advance comes with the study of water clusters isolated on 
well-defined surfaces under ultrahigh vacuum, in which the battery of surface- 

sensitive spectroscopies available in this area of surface science has begun to 
yield a wealth of information about the topic. 

The purpose of this review, then, is to summartze and generalize the present 
state of knowledge m the field of water-surface mteractions, with particular 
emphasis upon recent studies of single-crystal surfaces of metals, semiconduc- 
tors, and oxides. We examine the role of substrate composition and structure 
in determming whether or not adsorption is accompanied by dissociation. 
When associative (molecular) adsorption takes place, the surface structure 1s 
critical in determining the long- and short-range structure of the hydrogen- 
bonded H,O aggregates which form. Intermolecular hydrogen bonding can be 
as important m these systems as the (relatively weak) substrate-water bonds. 
The influence of surface additives (e.g. 0, Br, Na, K) and surface imperfec- 
tions (e.g. steps and defects) on the surface structure and chemistry of 
adsorbed water is also discussed. 

In closing, we wish to draw the reader’s attention to several excellent 
reviews which concern closely related topics. Norton reviews catalytic hydro- 
gen oxidation over well-characterized metals [21], and Zettlemoyer et al. 
discuss the thermodynamics of water adsorption at surfaces of high-area solids 
“in some depth” (their own words) [22]. Other articles review hydroxylation 
and water adsorption at silica, alumma, and other oxide surfaces. Among 
these, Knijzinger discusses hydrogen bonding in adsorbed layers [23]. Hair 
[24], Little [25], and Kiselev and Lygin [26] summanze earlier vibrational data 
for hydroxyl groups and water at surfaces. The text by Bockris and Reddy [9] 
1s a useful introduction to the chermstry and structure of water at electrode 
surfaces. Together, these articles provide an excellent body of background and 
supplementary data for the present discussion. This review offers a fresh 
contribution because it critically examines recent research in water-surface 
chemistry. The current use of single crystals and careful control of surface 
composition, combined with the common practice of using several spectrosco- 
pies simultaneously, provides far more detailed data about water-surface 
chemistry on the molecular scale than was available even ten years ago. We 
also compare these recent data with earlier work on more “realistic” and less 
well-defined surfaces. 

2. Surface bonding of water and its dissociation products: au overview 

2. I. Introduction 

The properties of H,O which govern its interaction with a surface can be 
understood qualitatively from an examination of the properties of H,O in the 
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gas, liquid and solid phases. Chenucal bonding m the isolated molecule IS 
often thought of in terms of a simple Lewis dot construction, where oxygen 
contributes six valence electrons and each hydrogen contributes one: 

:b’:H 
l * 
H 

The four valence electrons associated only with the oxygen atom represent the 
two “lone pairs”, and the four valence electrons shared by the hydrogen and 
oxygen atoms represent the mtramolecular bonds. The two lone pairs enable 
the oxygen to coordinate to other molecules by acting as an electron donor. 
On a surface, the lone pair density interacts both with the substrate and 
neighbouring molecules. 

Adsorbed H,O is unique among small molecular adsorbates m that attrac- 
tive lateral interactions (hydrogen bonds) can be comparable m strength to the 
molecule-substrate mteractions. The molecule-substrate bond can often be 
understood in terms of a simple Lewis acid-base mteraction, with H,O in the 
role of the electron donor (Lewis base) and the substrate in the role of the 
electron acceptor (Lewis acid). 

In the followmg paragraphs we examme the electromc and geometric 
properties of H,O which account for its unique chemistry. We introduce many 
concepts which are used at later points in the text. 

2.2. Molecular water 

2.2 1 Molecular water: the Isolated molecule 
The fundamental physical properties of the isolated H,O molecule (its bond 

length, hard sphere radius, bond angle, moments of inertia, dipole moment, 
polarizability, and bond dissociation energy) are shown m table 1. We give a 
cursory summary of its properties here, but the reader who wishes to obtam a 
more thorough description is referred to the discusston by Eisenberg and 
Kauzmann [27]. 

The isolated water molecule possesses nme degrees of freedom, three of 
which are translational, three of which are rotational, and three of which are 
vibrational. The three normal modes of vibration are shown m fig. 1, together 
with the symmetry of each vibration within the C,, point group [28] and the 
frequency measured for each u = 0 to u = 1 transition within the gas-phase 
molecule [27]. These three vibrational modes are called the symmetric stretch 
[v,,,(OH)], the asymmetric stretch [v,,,,(OH)], and the scissors (also called 
the bend or the mtramolecular deformation) [ S(HOH)]. 
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Table 1 

Physlcal propertles of the Isolated H,O molecule 

)Ly yyyi fp 
0 /(O+ \ 

Parameter Value Ref 

HOH bond angle, 19,,,, 104 so ~271 

OH bond length, rOH 0 957 A 1271 

Van der Waals (hard-sphere) radms, rVdW 1 4s A WI 
Moments of mertla, I 

‘Y 
I* 

1, 
Dipole moment, pz 

Mean polanzablhty, J 

O-H bond dlssoclatlon energy, DO 

10220X 10d40 g-’ cme2 

1 9187~ 10M40 g-’ crne2 

29376X10-40g-‘cm-2 

183X10-“esucm 

1 444X10-24cm3 

498 kJ/mol (5 18 eV) 

1271 

1271 

~271 

~271 

1271 

WI 

The dipole moment of the molecule is a vector whtch pomts from the 
oxygen end toward the hydrogen atoms. This direction 1s consistent wtth 
detailed calculattons of charge density distributions for H,O, examples of 
which are reproduced in figs. 2 and 3. Such calculattons reveal high electron 
density around the oxygen atom. The value of the dipole moment of water, 
1.83 x lo-” esu cm, IS large relative to that of other small molecules com- 
monly studied by surface chermsts, such as CO (p = 1.0 X lo-l9 esu cm) or 
NO (p = 1.6 x lo-l9 esu cm) [31]. The dtstrtbutron of charge density 1s not 
only manifest in the charge density plots of figs. 2 and 3, but also m the 
electrostatic potential distribution about the water molecule, shown in fig. 4. 
There is a strong negative potential about the oxygen atom, m the regton of 
the lone pairs (vtde infra). 

The binding in H,O results from interaction of electrons m the 2s2 and 2p4 
atomic orbrtals of oxygen with electrons in the 1s’ atormc orbitals of the 
hydrogen atoms. The four electrons which do not parttcipate m the two single 
O-H bonds are called the “oxygen lone pairs”. The linear combinations of the 
atomic orbitals (LCAO’s) which contribute most importantly to the respective 
molecular orbrtals (MO’s) of water are listed m table 2, together wtth the 
symmetry notation of the resultant MO and a sketch of the mam atomtc 
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Al 

*I 

82 

Z 

I 

HO\ USy,(OH)=3657 cri’ 

I 

/O\ 
H 

\ JH 

8 (HOH)=l595 cm-’ 

7/O\ 
u ._,( 0 H)=3756 an-’ 

H ‘-I, 

J- Y 
X 

Fig. 1 The three normal modes of vlbratton of an Isolated H,O molecule The symmetry of each 
vlbratlon w&m the C zV pomt group IS also .gven [28], together with the frequency measured for 
each fundamental transltlon [27] The symmetry elements of the C,, point group are defmed for 
the molecule by the coordinate system shown m the lower left corner. For example, the nurror 

plane (rV( yz) [28] hes wlthm the H-O-H plane 

components. Molecular orbitals obtained by solving the Hartree-Fock equa- 
tions are classified by symmetry and are known as canomcal MO’s. They are 
also referred to as delocalized MO’s smce they must span the entire molecule 
m order to satisfy symmetry constramts. A set of canonical MO’s are shown m 
fig. 5, after Jorgensen and Salem [34], and their energies are depicted in fig. 6. 
There is some confusion in the literature about which of these orbitals are 
bonding, and which are the lone pairs. As reviewed by Levine [35], the lb, 
orbital is clearly nonbonding, whereas the lb, is clearly a bonding orbital. The 
2a, and 3a,, however, contain both bonding and nonbondmg character. It is 
therefore not possible to say that two of the canonical orbitals represent the 
lone pairs whtle two others are clearly bonding orbitals. The 3a, appears to 
have somewhat more lone-pair character than the 2a, [35] and it is common to 
refer to the electron density ansing from the lb, and 3a, as the lone pans, 
although this is not completely correct since it ignores the mixed character of 
the 2a,. 
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Fig. 2. Companson of the cross-sectlonal diagram for the total electron density of water m the 
molecular plane with five three-dlmenslonal shape plots (a)-(e) constructed from it. The contour 
surfaces correspond to 2.0, 1.7, 10, 0.6 and 0.07 e/(A)3, respectively It should be noted that the 

shape plots are rotated 90 o wth respect to the density diagram at the top From Srmth [29]. 

The electronic properties of the water molecule are reflected in the experi- 
mental photoelectron spectrum, shown in fig. 7 (321. In the photoelectron 
experiment, radiation is used to bring about election of an electron from a 
solid or a gas-phase molecule with a kinetic energy which reflects the binding 
energy of the electron. According to Koopman’s theorem [36], the valence 
electron binding energies may be approximated by the eigenvalues of the 
canonical MO’s of the Hartree-Fock wavefunction. In the free molecule, the 
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X 

L Z 

Y 

L Z 

Rg. 3 Contours of the total electron density of water at the expenmental equlhbnum geometry 

The electron density IS obtamed from a Hartree-Fock wavefunctlon usmg a double-zeta plus 

polanzatlon (DZP) basis set. The outermost contour value IS 005 e/bohr3 and the mcrement 

between successwe contours IS 0 05 e/bohr3 Taken from Stevens [30] 

three peaks seen m UPS spectra (cf. fig. 7) with He I radiation (hv = 21.2 eV) 
correspond to ejection of electrons from the lb,, 3a, and lb, orbitals, whose 
ionization potentials are listed in table 2 [32]. The calculated orbital energies 
are in good agreement with the ionization potentials determined from UPS. In 
the free molecule, iomzatton of the highest-energy electron, winch comes from 
the lb, nonbonding orbital, causes a small decrease both in bendmg and 
stretching frequencies, and an increase m the HOH bond angle of - 5 o 
[32,37]. In other words, perturbation of the internal bonds of H,O 1s small 
when an electron is removed from tlus nonbonding orbital. On the other hand, 
removal of an electron from the strongly bonding lb, orbital may result m 
dissociation to H and OH+ [32,37]. A large change in molecular geometry 
comes upon ionization from the intermediate 3a, orbital, since the electrons m 
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I 

I 

Y 

L Z 

Ftg. 4 Contours of the electrostattc potenttal of the water molecule at the expertmental 
eqmhbnum geometry. The potenttal 1s obtamed from a Hartree-Fock wavefunctton usmg a 
double-zeta plus polanzatron (DZP) basts set. The dashed contours represent regtons of negattve 
potentral and the sohd contours represent regtons of posttrve potentral (as seen by a umt postttve 
charge) The outermost contour value of the posrtrve regton IS +42 kJ/mol, and the outermost 
value of the negative regron IS -42 kJ/mol The Increment between successwe contours IS *42 

kJ/mol m the posmve and negattve regtons, respectively. Taken from Stevens [30] 

this orbital serve to screen the two protons from one another. Complete 
removal of an electron from this orbital causes the HOH bond angle to 
increase to 180” (which optirmzes the bonding geometry of the lb, orbital) 
with a concomrtant decrease in the bending mode [S(HOH)] frequency to 975 
cm-‘. There is no observable change in the O-H stretching vibration frequency 
[32,37]. These results are useful in the present discussion, since the cases where 
electrons are completely removed from H,O orbitals (in photoionization) may 
help to understand the effects of partial removal of electrons from the same 
orbitals when Hz0 interacts with a surface. 

These canonical orbitals can also be recast in terms of localized orbrtals 
[38], which provides a more easily-grasped picture. This leads to the common 
model of water in which two equivalent MO’s exist for the OH bonds and two 
exist for the lone pairs, according to the known symmetry of the molecule [39]. 
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Symmetry-adopted hnear combmattons of atomtc orbttals of Ha0 

Orbrtal Atomrc equwalent Descnptton Energy Deprctton 

(ev) 
- 

(la,)* 

(%F 

(lb)* 

(3a, )’ 

(1b,j2 

Nonbondmg 539 7 
(core level) (559.6) 

Partly bondmg and partly 
nonbondmg (lone pair) 

32 2 

(36 g) 

Bondmg 

Partly bonding and partly 
nonbondmg (lone pair) 

Nonbondtng 
(lone pan) 

18 5 

(19 5) 

14 1 

(15 9) 

12 6 

(13 9) 

Z + QB- - + Y 

z 

+ + 

* 

Y 

x 

+I- Y 

Only those atonnc orbitals wluch contnbute stgmftcantly to the resultant MO are listed The 
energres of the orbttals are based on tomzatton potenttals measured wtth photoelectron spec- 
troscopy (321. The numbers gtven m parentheses show the etgenvalues of these molecular orbttals 
near the Hartree-Fock hrmt, taken from Duputs [33]. 

In water, two equivalent localized orbitals can be formed along the OH bonds 
by taking a linear combination of the lb,, 2a, and 3a, MO’s, while the 
nonbonding orbitals forming the lone pairs (below the y-axis and m the xz 
plane) are made up of contributions from the lb,, 3a, and 2a, orbttals, in that 
order of importance [35]. The angle between the oxygen lone paus is calcu- 
lated to be 114” [40]. The orbital transformation leaves the total energy and 
density invariant, but the localized orbitals are no longer eigenfunctions of the 
Hartree-Fock Hamiltonian. The usual picture of bonding m the water mole- 
cule, in terms of such localized MO’s , is shown qualitatively m fig. 8. The 
resultant shape of the molecule is described by four doubly-occupied orbitals 
arranged quasi-tetrahedrally around the oxygen atom, slightly distorted from 
the ideal tetrahedral angle of 109.5 O. The two OH bonds are m the yz plane, 
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4A, E= 0 4056 0 01-(~ 

JAI E=-0.4833 n 

Symmetry CW 

282 E= 0.5812 n-c,,, 

18, E=-0.4294 n 

‘A, E--l.3049 (lo,, 
7 

Fig 5 Delocahzed molecular orbltals of H,O, from Jorgensen and Salem [34]. 

whereas the two lone pairs are in the XL plane (figs. 2 and 3). In the language 
of hybridization, the orbitals surrounding the oxygen atom are approximately 
sp3 hybridized. Distortions from the ideal tetrahedral geometry arise because 
the lone pairs have somewhat more s-character and the bonding pairs have 
somewhat more p-character [35]. 

We note that the canonical orbitals are most useful for describing the 
ionization potentials of the molecule (e.g. in UPS), whereas the localized 
orbital picture is more compatible with the classical Lewis structure which is 
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0 
Energy 
(ev) 

Fig. 6 Molecular orbltal energy level diagram of H,O, from Levme [35] 

used to discuss chemical bonding to other molecules. In terms of the total 
energy or the total charge density distribution of the free water molecule, these 
two approaches are exactly equivalent; one approach IS not “better” than the 
other for describing physical propertles until a perturbation to the free 

J 

Fig 7 Photoelectron spectrum of gas-phase HzO, usmg He I radlatlon Taken from Turner et al 

[32]. (Copynght John Wtley and Sons, Ltd., 1970. Repnnted by perrmss~on of John Wdey and 

Sons, Ltd ) 
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Fig. 8 SchematIc representation of the locabzed molecular orbltals of H,O. The filled c&es 
represent the hydrogen atoms and the open circle represents the oxygen atom 

molecule is considered. In this article, we shall mainly use the localized orbital 
picture since the perturbation we are addressing is chemical bonding of H,O 
to surfaces and other species. 

2.2.2. Molecular water: mtermolecular hydrogen bondmg 
A hydrogen bond is formed whenever an AH acidic group engages in a 

bond of the form A-H . . . B, where the basic group B presents an additional 
attractive potential to the proton. This so-called “double well” situation is 
shown schematically in fig. 9, after Novak [41]. The main components of the 
hydrogen bond are electrostatic forces, charge transfer, covalent forces, disper- 
sion forces, and exchange repulsion [42]. In the case of two hydrogen-bonded 
water molecules, the acidic group is an OH fragment of one molecule and the 
basic group is an oxygen lone pair of the other molecule. 

- A-H 

I -_ _ A-H.. 0 

Fig 9. Quahtative potential curves for the free (- ) and hydrogen-bonded (- - - - - -) AH 

group, from Novak [41] 
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Fig 10. Relation between OH stretchmg frequency and O-O separation m hydrogen-bonded 

(0-H. . 0) systems, from Novak [41]. The slope (Au/AR) of a &a&t lme fit to each regon IS 

gwen m umts of cm-‘/A. The full-width at half-mumum of v(OH) mcreases from - 10 cm-’ 

for weak hydrogen bonds, to 10 * cm -’ for intermediate bonds, to lo3 cm-’ for strong O-H 0 

bonds [41] 

Hydrogen bonding causes a broadening of the potential energy functron 
near the minimum, as illustrated in fig. 9. An important consequence is that 
the vibrational energy levels move closer together and, in vibrational spectra, 
the transitions associated with the A-H stretch slnft to lower frequencies. At 
the same trme, rt is observed that the distance between the A and B nuclei 
decreases. In the case of the O-H . . . 0 bond, in fact, there appears to be a 
strong experimental correlatron between the O-O separation and the frequency 
of the OH stretch. This has been documented by Novak, and is reproduced m 
fig. 10 [41]. Hydrogen bonding also causes the FWHM of Y(OH) to broaden; 
Novak states that weak hydrogen bonds (defined by fig. 10) are associated 
with full-widths of - 10 cm-‘; intermediate bonds cause the width to increase 
to - 100 cm-‘; and strong 0-H.. . 0 bonds exhibit widths on the order of 
- 1000 cm-’ [41]. 

The strength of the hydrogen bond in ice and water is generally estimated 
at 15 to 25 kJ per mole of hydrogen bonds, based upon experimental data [27]. 
The O-H . . . 0 bonds in rce are approxtmately linear and are arranged m 
groups of four (tetrahedrally, or nearly so) about the oxygen atoms [27,43]. 
This 1s illustrated in fig. 11 [44]. This is often rationalized as resulting from the 
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Fig 11 Arrangement of water molecules m Ice The open circles represent oxygen atoms, the 

heavy hnes represent O-H bonds, and the dashed hnes symbohze hydrogen bonds. From Whalley 

141. 

classic tetrahedral arrangement around the oxygen atom of lone pair electron 
donor orbitals and OH bond electron acceptors which was introduced in fig. 8. 
Diercksen reports that hydrogen bonding causes only small changes in the 
total charge density contours of H,O [45], i.e. the contours shown for the free 
molecule in figs. 2 and 3 still apply. In water, Stillinger [46] has shown that the 
structure of fig. 11 is not preserved. While hydrogen bonding is still present, 
the H,O molecules in the liquid phase tend to form long strings m which each 
molecule, on average, participates m only two (rather than four) hydrogen 
bonds [46]. 

The most common crystalline forms of ice, Ih and Ic, have oxygen atoms 
situated at sites of C,, and Td symmetry, respectively. Ice Ih is the only 
naturally-occurring form, and has a hexagonal unit cell: the Ic form has a 
cubic unit cell. (The cubic form is obtained by warming a metastable vitreous 
or crystalline phase to - 140 K, or by condensing water directly at this 
temperature [27]). The structures of these two ices are illustrated in fig. 12. The 
oxygen-oxygen bond lengths in both forms are 2.76 A at 273 K and atmo- 
spheric pressure (2.74 A at 90 K) (271. In forms of ice which can be prepared 
at higher pressures, the O-O separations do not decrease, but distortion of the 
O-O bond angles takes place and nonlinear hydrogen bonds may exist [27,43]. 
Note that, in terms of the classification scheme shown m fig. 10, ice contams 
relatively weak hydrogen bonds. 

The arrangement of water molecules in ice can be thought of in terms of the 
Bernal-Fowler-Pauling (BFP) rules formulated m the 1930’s [3,47,48]. Bnefly 
stated, the BFP rules are: 
(1) Each oxygen atom has two hydrogen atoms attached at 0.96 A with an 
H-O-H bond angle of about 105”. 
(2) Each oxygen atom is tetrahedrally bonded to four other oxygen atoms by 
hydrogen atoms which are on the O-O axes. 
(3) There is only one hydrogen atom on each O-O axis. 
(4) Non-adjacent molecules do not interact sufficiently to stabilize any struct- 
ural configurations. 
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Ic Ih 
Fig 12 PosItIons of the oxygen atoms m xe Ic and Ih, from Whalley [44] 

The resulting structure consists of water molecules in a given layer which 
are hydrogen-bonded mto hexagonal rings such that alternating molecules are 
raised or lowered by 0.48 p\ relattve to the central plane to give the proper 
tetrahedral bonding angles. Thts btlayer conftguratton, which consists of an 
upper and a lower layer, is often referred to as being “puckered”. Successtve 
bilayers are then Joined by the raised molecules of one bilayer hydrogen-bonded 
to the lowered molecules of the next. The two different relative orientations of 
successive layers comprise the Ic and Ih structures, shown in fig. 12. 

The vibrational spectrum of me IS far more complex than that of the 
isolated molecule, partly because the strong mtermolecular mteractions per- 
turb the three vtbrational modes of the isolated molecule and partly because 
the free rotations and translations of the isolated molecule are “frustrated” by 
locking the molecule mto the lattice, whtch transforms them mto new vibra- 
tional modes. The distmction between the symmetric and asymmetric OH 
stretch breaks down due to intermolecular coupling; the OH stretch results m 
absorption of Infrared radiation between 3000 and 3600 cm-’ [43&t]. The 
sctssormg mode results m a broad infrared absorption feature centered at 1650 
cm-‘, although thts assignment is complicated by possible contrtbuttons from 
the overtones of the frustrated rotations [44,49]. The frustrated rotations (also 
called hbrations) occur m the frequency range between 525 and 1040 cm-‘, 
with a broad maxtmum at 800 to 840 cm-’ for ice I [27,43,44]. Finally, a 
frustrated translation is associated with a spectral feature of 220 to 240 cm-’ 
[27,43,44,47]. 

In ice the three highest valence orbttals of H,O (lb,, 3a,, lb,) are still 
observable m the He I UPS spectra [50-531 although the 3a, 1s severely 
broadened and reduced m apparent intensity 150-531. The photoemission 
spectrum of me 1s reproduced m fig. 13. 
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hv 60 eV 

Electron BInding Energy MI 

Rg. 13 Photoelectron spectra of Ice. The top spectrum 1s obtamed wth 50 eV synchrotron 

radlatlon. The bottom spectrum IS obtamed wth 60 eV radlatlon. The zero of energy IS at the 

Ferrm edge of the metal substrate. Taken from Stockbauer et al [53] 

2.2.3. Molecular water. bondmg to surfaces 
There are several general features which describe the interaction of water 

with most surfaces. These generalizations, based both upon experimental and 
theoretical studies, are listed below. In these remarks, we do not consider 
surfaces at which H,O dissociates, nor hydroxylated surfaces such as silica. 
These remarks do apply to most well-characterized surfaces of metals, semi- 
conductors, and ionic compounds at which H,O does not dissociate. (Dissoci- 
ation of H,O is considered separately in section 3.) 
(1) Water bonds through the oxygen atom to the surface. Hydrogen bonds with 
the surface (O-H . + . S bonds, where S = surface) are rare. Similarly, water 
forms bonds to metal atoms in complexes and clusters via the oxygen atom 
[54,55]. 
(2) Bonding is accompamed by net charge transfer to the surface. Therefore 
water acts as a Lewrs base. Charge transfer to the surface manifests itself in a 
negative work function change upon adsorption. 
(3) The internal bond angle, bond lengths, and vibrational frequencies of the 
molecule are only shght perturbed from the gas phase values by the interaction 
with the surface. 
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(4) Formatton of hydrogen-bonded clusters IS common, even at very low 
coverages, because hydrogen bonding between two or more H,O molecules IS 
often energetically competrttve wifh the molecule-substrate bond. 

Because of the last pomt, tt 1s difficult experimentally to isolate single water 
molecules adsorbed on surfaces, and much of our knowledge of the isolated 
adsorbed molecule must therefore rely upon theorettcal work. We are aware of 

only a few experimental studies whtch report evidence of isolated monomers 
on metals. In one, Andersson, Nyberg and Tengstal find that water monomers 
can be isolated at low coverages on copper and palladium single crystals at 10 
K, but warming even to 20 K allows dlffuston and clustering [56]. They fmd 
that monomeric water IS bound through the oxygen atom with tts molecular 
axis tilted by about 57 o and 58”, respectively. In a second study, Schmelsser 
and coworkers report evidence from UPS that, at temperatures near the 
desorptton temperature (- 160 K), H,O exists as monomers on Nt and Cu 
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Fig 14 Normal modes of H,O adsorbed wth C,, symmetry on a flat metal substrate Taken 

from Thlel et al [60] 



P A Threl, T E Madey / The rnteraciron of water wrth sohd surfaces 231 

films [57]. They find that diffusion is rapid enough to allow clustermg on the 
time scale of experimental observations even at 7 K. On the basis of ESDIAD 
data, Madey and Yates origmally suggested that monomeric water exists at 
low coverages on Ru(001) following adsorption at 80 K [58]; see section 4.4.2 
for a discussion of more recent measurements. Thiel, DePaola and Hoffman 
report spectroscopic evidence of monomeric H,O on Ru(001) at very low 
coverages, f? < 0.05, after annealing to - 200 K [59]. However, they suggest 
that the monomers may be preferentially trapped at defect sues under these 
expenmental conditions. 

If we assume that the substrate 1s flat (1.e. does not contribute to the 
symmetry of the adsorbed molecule-substrate complex) and infinitely heavy, 
then an isolated adsorbed molecule possesses the rune normal vibrational 
modes shown m fig. 14 [60]. As with ice, adsorption on a surface has the effect 
of frustrating the free molecule’s translation and rotations, thereby making 
them mto vrbrations. Note that the molecule shown has C,, symmetry, i.e. its 
molecular plane is perpendicular to the surface, and the modes are labelled 
according to the irreducible representations within the C,, pomt group [28]. If 
the molecular plane adopts a different orientation relative to the substrate, or 
if the local adsorption site contributes significantly to the overall molecular 
symmetry, then different point groups result and the vibrational spectrum 
becomes more complex m tts analysis. We show here only the simplest 
possible case for illustration. The mtroductton of mtermolecular hydrogen 
bonding within clusters can also complicate interpretation of the spectra, as it 

does for ice. Nonetheless, certain frequency ranges can be broadly assoctated 
with each type of vibratron, and these are given m table 3. These values are 
generalized from data for H,O chemisorbed at surfaces and coordinated to 
metal centers, as well as for H,O in the gas, hquid, and condensed phases. 
More specific data for H,O chemisorbed at surfaces is presented in sections 3 
and 4. 

Many calculations have treated the bonding of H,O with metal surfaces, 
clusters, and atoms [61-731. All predict bonding through the oxygen atom and 
charge transfer to the metal. The water’s lb, and 3a, orbitals are consistently 
found to be most important in forming the chemisorptron bond. Most calcula- 
tions are then concerned with predicting the most favorable adsorption sites 

Table 3 
TypIcal frequency range for wbratmnal modes of water 

Frequency range (cm-‘) Assignment 

2OC-500 Frustrated translations 
504-1000 Frustrated rotations, 1.e “hbratlons” 

1500-1650 H,O deformation, I e the “sclssonng” mode 
2500-4ooo OH stretch 
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Fig. 15 Selected possible adsorptlon sites (a-f) and molecular onentatlons (g-J) of monomenc 
H,O adsorbed on a hexagonal and square surface Parts (a) and (d) show occupation of on-top 
sites, (b) and (e) dlustrate two-fold bndge sites, (c) shows H,O at three-fold hollow sites, and (f) 
displays adsorptlon at four-fold hollow sites Onentatlons (I) and 6) involve hydrogen-bonding to 

the surface 

and adsorption geometnes. Some selected possible adsorptton sites and geom- 
etries are shown in fig. 15. 

In dtscussing preferred adsorption sites, the simplest model IS that m whtch 
the surface-adsorbate mteractron IS considered in terms of simple Lewis 
acid-base chermstry. Stair [74] and Barteau and Madix [75] have applied this 
model extensively, particularly to metal surfaces. Adsorbed water, acting as 
the electron donor, is the Lewis base, whereas the metal IS the electron 
acceptor (Lewis acid). On an atomically smooth surface, the on-top adsorption 
sites [such as sites (a) and (d) in fig. 151 are electron deficient and therefore 
most acidic. On the basis of thrs simple argument one would expect water to 
occupy on-top adsorption sites on metals, which IS m agreement with many 
calculations. Although most experimental data cannot provide a basis to 
clearly determine the adsorptton site, there is one measurement which mdl- 
cates the nature of the bmdmg site of H,O on Pd(lOO) [56,76]. The bending 
mode of an isolated water molecule on Pd(100) shifts downward m frequency 
by a factor of 1.2 upon deuteratron [56], rather than by a factor of 1.3 to 1.4 as 
IS more often observed (e.g. [60]). Lloyd et al. [76] point out that this may be 
explamed by a harmonic potential energy surface in whrch the water occupies 
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either the on-top site or the two-fold bridge site, but not the four-fold site. The 
exclusion of the electron-rich four-fold hollow site is consistent with the 
aforementioned expectation that water acts as a Lewis base, while the metal 
acts as a Lewis acid, m the chemrsorption bond. The value of the isotopic 
frequency shift is also 1.2 for a bending mode of water on Ru(001) at low 
coverage [60], and the same model may be applicable there as well Alterna- 
tively, anharmonicity in the potential energy surface may also account for 
these values of the isotopic frequency shifts [69,76], which means that there is 
unfortunately still some ambiguity m the interpretation of these data. 

The next step in sophistication, beyond the Lewis acid-base picture, is to 
consider the relationship between adsorption geometry and actual 
adsorbate-surface bonds. Recent calculations with metal clusters by Mdller 
and Harris [69] and Rbarsky, Luedtke and Landman [66] point to an on-top 
trlted geometry as the most favorable [see fig. 15, (a), (d) and (h)], and a 
brzdge-srte perpendmhr geometry as the next most favorable [see fig. 15, (b), 
(e) and (g)]. In another calculation by Bauschhcher, the second option is 
comparable m energy to the first [67]. These and other calculations mdicate 
that bonding is mainly due to overlap between the metal’s d orbitals and 
water’s lone-pair orbitals. In terms of the canonical orbitals, at the on-top sate, 

the bent geometry results from a competition between the 3a, and lb, orbitals 
for optimal overlap; the favorable mteraction of the metal with the 3a, orbital 

is maxmuzed in the perpendicular geometry [fig. 15, (g)] whereas the lb, 
overlap is maxumzed when the molecule lies parallel to the surface. The tilted 
geometry which results is illustrated by the orbital charge contour maps of fig. 
16 [66]. The angle of tilt ranges from 55” to 70” m these three calculations 
[66,67,69], a range which brackets the experimental observation of 57”-58” 
by Andersson et al. [56]. For the bridge site, on the other hand, the out-of-plane 
lb, orbital has large overlap with surface d-orbitals even m the upright 
geometry [as m fig. 15, (b), (e) and (g), with the lb, orbital pointing along the 
bridge and the H-O-H plane perpendicular to the bndge] and so all three 
calculations predict that m the bridge site, the H-O-H plane is perpendicular 
to the surface [66,67,69]. As Mi.iller and Harris point out, to the extent that the 
overlap depends mainly on the lone-pair characteristics of the H,O monomer, 
these arguments should not be metal-specific [69]. 

The on-top adsorption site is most often predicted theoretically, e.g. for 
Ru(001) [62], Ni(100) [67], Ni(lll) [68], Al(100) [69], Cu(100) [66], and Pt(lll) 
[63]. However, some calculations do not follow this pattern. The three-fold 
hollow site on Pt(ll1) is found to be energetically most favorable m the 

calculation by Leban and Hubbard [72], Anderson’s model favors the bridge 
site on Fe(lOO) [63], and Bauschhcher finds that the two-fold bridge and 
on-top sites are effectively indistinguishable on Ni(100) [67]. 

Models of adsorbed H,O indicate that the internal molecular bond angle, 
bond lengths, and force constants are only slightly perturbed upon adsorption, 
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Fig 16 Molecular orbltal change denstty contours for water adsorbed on a fwe-atom copper 
cluster The 33a’ orbltal corresponds mamly to the 3a, of hg 5 (p. 223), and the 34a’ corresponds 
mamly to the lb, of fig 5 (p. 223) The figure IS taken from unpubhshed data generated by the 

authors of ref [66] 

and that the oxygen lone patrs are most important in bonding to the surface 
[61-721. Thts 1s supported by the experimental evidence to be presented m 
section 4. On the other hand, Hauge, Kauffman and Margrave [77] propose 
that electron withdrawal from either the 3a, or lb, orbitals should at least 
slightly mfluence the H-O-H bond angle and the force constant for the 
in-plane deformation (scissormg mode). They base thts proposal on the 
intramolecular changes which occur when an electron IS completely removed 
from either of these orbitals m photoromzatlon, as discussed m section 2.2.1 
These authors use this approach to interpret vibrational spectra of water 
bonded to Group 3A metals m matrix isolation experiments [77]. They 
correlate the H,O-metal bond strength with the “softening” of the frequency 
of the sctssoring mode, arguing that a stronger bond and more extensive 
transfer from either the 3a, or lb, orbitals should increase the H-O-H bond 
angle and decrease the scissoring mode frequency [77]. This effect has been 
treated theorettcally by Blomberg and coworkers [73]. The extent to which this 
IS actually observed on surfaces 1s discussed m sections 4 through 7. 

Charge donation from adsorbed water to the surface causes the work 
function to decrease upon adsorption of H,O. The dipole moment of the 
adsorbed molecule can, m principle, be obtained from the experimental value 
of the work function change in the lirmt of zero coverage, which IS termed the 
“imtral dipole moment”. Thts value 1s always only 20% to 50% of the dipole 
moment of the isolated H,O molecule (1.83 X lo-‘s esu cm), based upon data 
presented m sectton 3.2 and table 5 (p. 250). Thts presumably reflects charge 
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transfer to the surface, as well as the tilting of the molecule relative to the 

surface normal and depolarization within the hydrogen-bonded aggregates. 
(See following discussion.) 

Most of the foregoing remarks apply to metal surfaces, since the maJonty of 
theoretical work has dealt with metal surfaces. If one extends the simple Lewis 

acid-base picture of bonding to an ionic surface, one expects water to bind via 
the oxygen atom to the electron-poor cationic sites, and/or (perhaps) to bmd 
via the hydrogen atoms to the electron-rich amomc sites. Thts is discussed 
more fully in sections 6 and 7, although we note here that this simple picture is 
supported by the calculations of Kistenmacher et al. [78]. 

Finally, the magnitude of the chemical bond which water forms with metal 
surfaces is typically on the order of 40 to 65 kJ/mol (10 to 15 kcal/mol, or 0.4 
to 0.7 ev). The experimental basis for thts number is discussed in detail in 
section 4.2. The strengths of bonds to other types of well-defined surfaces are 
less-known; heats of adsorption on oxide powders also range from about 40 to 
60 kJ/mol [22], which is addressed in section 7.1. Thus, compared with 
adsorbates such as CO or O,, H,O is a weakly chermsorbed species, on the 
borderline of physisorption. 

It is this weak interaction with the surface whtch makes intermolecular 
hydrogen bonding energetically favorable. As mentioned in section 2.2.2, 
hydrogen bond strengths in ice and water are typically 15 to 25 kJ/mol(4 to 6 
kcal/mol or 0.2 to 0.3 eV). There is abundant evidence that water forms 
ice-like clusters on surfaces, similar to those shown m fig. 12 (p. 228) m which 
some water molecules form direct bonds to the surface and others are only 
held via hydrogen bonds to the first-layer molecules, forming a three-dimen- 
sional network. A possible cluster is shown m fig. 17. It is clear that a molecule 
which only forms two hydrogen bonds is bound by an energy at least 
comparable in magnitude to the chemisorption bond energy, so that formation 
of such clusters is certainly plausible. The tendency of water to form hydro- 
gen-bonded, three-dimensional islands at surfaces is a characteristic property 
which will recur in many aspects of our discussion. Evidence exists for the 
formation of hydrogen-bonded clusters on very many substrates, yet most 
theoretical models of surfaces to date treat isolated adsorbed H,O molecules. 
(The model of Paul and Rosen is an exception [64].) Intermolecular interaction 
is clearly very important, and so direct comparison between theoretical and 

Rg. 17. Possible arrangement of water molecules m a hydrogen-bonded surface cluster 
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expenmental work can, as yet, be made only m rare cases. Hydrogen bonding 
may be less prevalent for H,O on iomc surfaces, where the adsorption energy 
at specific sites is in some cases high enough to prevent clustermg (see section 

7). 
Note that the arrangement of bonds about the oxygen atoms m a surface 

cluster such as shown m fig. 17 are quasr-tetrahedral, as they are also m ice. In 
a purely tetrahedral arrangement the H-O-H plane of the first-layer mole- 
cules must tilt by 55 O, which is close to the most favorable angle predicted for 
the isolated monomer [66,67,69] and also measured expertmentally on Cu(100) 
and Pd(lOO) [56]. Therefore little or no distortion 1s required for the first-layer 
molecules to go from an energetically-favored monomenc geometry to part of 
a hydrogen-bonded network. In terms of the locahzed orbital picture shown m 
fig. 8 (p. 225) the first-layer molecules use one of the equivalent lone pairs to 
bond to the surface, while the other points away from the surface to form a 
hydrogen bond with another (second-layer) molecule. 

Doermg and Madey [79] propose a systematic basis for the structure of 
hydrogen-bonded water clusters at metal surfaces by calling attention to the 
Bernal-Fowler-Pauling (BFP) rules described m section 2.2.2. Although these 
rules are adequate to describe the general features of bonding and structure m 
bulk ice, additional constraints must be imposed at the water-metal interface. 
To accomplish this, the followmg surface modifications to the BFP rules are 
proposed for adsorbed water clusters [79]: 

(a) Water is bound to the metal surface via an oxygen lone pair orbital. 
(b) The tetrahedral bonding configuration is mamtamed for water bound 

to the surface even for two-dimenstonal clusters and incomplete layers. This 
condition adapts the BFP rules to include structures (e.g., the edges of 
clusters) where a grven oxygen atom is not tetrahedrally surrounded by four 
other oxygen atoms. 

(c) Each water molecule is bound to the system by a mtmmum of two 
bonds (either hydrogen bonds to other water molecules or oxygen lone pair 
bonds to the surface). This 1s based on the magnitude of the bmdmg energy of 
adsorbed H,O, which (as we have discussed) is generally comparable to the 
energy of two hydrogen bonds per H,O molecule. 

(d) All free oxygen lone pair orbrtals are constramed into orientations 
winch are nearly perpendicular to the substrate. Thts tmphes that H,O 
molecules with free oxygen lone pair orbitals m highly asymmetric orientations 
relative to the surface or interface will be unstable due to the influence of the 
substrate on such an orbital. 

The application of these rules to specific systems 1s dtscussed m section 4.4. 

2.3. Dmsoclatlon products of water hydroxyl, hydrogen and oxygen 
Dissociatron of water can lead potentially to a variety of chemical species at 

surfaces. The simplest of these are adsorbed hydroxyl, atomic oxygen, and 
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atomic hydrogen. The factors which determme whether water will dissociate, 
and what the end-products of dissociation might be, are discussed more fully 
in section 3.1. In this section, we simply describe the mam chemical and 
structural features of these potential dissociation products. 

Hydroxyl binds to surfaces and smaller metal centers through the oxygen 
atom (e.g. [54,55,80]). A variety of surface geometries, from tilted to per- 

Symmetry C,, 
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Fig 18. Delocalized molecular orbltals of HF, whxh 1s lsoelectromc mth OH-, from Jorgensen 
and Salem (341 
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pendicular, have been proposed (e.g. [SO-841). Hydrogen bonding to other 
surface hydroxyls or water molecules can be important, e.g. for hydroxylated 
powders [23]. 

It is well known in chenustry that the hydroxyl radical is electronegattve 
and tends to form hydroxide anion. Hydroxide amon 1s isoelectronic with HF, 
and so the molecular orbitals of OH- can be understood from those of HF, 
which are illustrated in fig. 18. The energy levels of these orbttals are shown m 
fig. 19 [85]. In the OH radical, the highest-lymg orbital is the anttbondmg la 
(see figs. 18 and 19), which is partially vacant. It 1s very probable that bonding 
of hydroxyl radical to a surface involves a net transfer of electrons from the 
surface to this partially vacant In orbital. This picture is supported by a recent 
careful measurement of a work function rncrease for chenusorbed OH on 
Pd(lOO), in wluch A+ = + 0.1 eV for a partial monolayer [81]. Thus, where 
water is an electron donor (Lewis base), adsorbed hydroxyl 1s an electron 
acceptor (Lewis acid). One therefore expects that those electronic effects which 
stabilize adsorbed water can destabilize adsorbed hydroxyl, and vice versa. In 
the Lewis acid-base picture, it follows that hydroxyl adsorbed on a metal 
surface tends to occupy the electron-nch hollow or bndgmg sites; on an tome 
surface tt may prefer the anionic sites. This general picture of surface bonding 
of OH 1s also supported by the calculations of Anderson and coworkers 
[63,86,87]. 

The two highest occupied valence orbttals of OH, the lrr and the 30, are 
observable with He I radiation in PES. Tms is true for the gas-phase species 
[88] as well as for hydroxyl bound to another atom as m NaOH [89], and for 
adsorbed hydroxyl (e.g. [80]). The photoemission spectrum of NaOH is shown 
m fig. 20 1891. Note that the separation between 3a and 1~ features features of 
OH- in NaOH is - 3 eV [89]. Experimental 
from H,O is discussed in detatl in section 3.2. 
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Fig 19 Molecular orbltal diagram of HF (not to scale) HF IS lsoelectromc wth OH- The 1~ 
orbltal IS the highest occupred orbltal and IS fdled m both species Taken from Levme [SS] 
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Fig 20 Photoelectron spectrum of sohd sodmm hydroxide, using He I and He II radlatlon. The 

In and 30 orbltals of the hydroxyl group are so labelled. Taken from Connor et al [89] 
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Fig 21 Schematlc dlustratlon of possible dlssoclatlon reactions of adsorbed water 

It is known that both atomic oxygen and hydrogen tend to occupy surface 
sites of multtple coordination, and are more strongly bound at surfaces than 
H,O. Typical surface bond strengths are presented systematically in section 
3.1. A full description of these adsorbates, however, is beyond the scope of the 
present article, and the reader is referred to several excellent reviews avarlable 
in the literature. Davenport and Estrup [90] discuss surface hydrogen in detarl, 
and Brundle and Broughton [91] review chemisorption of oxygen. Toyoshima 
and Somoqai [92] compile heats of adsorption for both adsorbates. 

3. Considerations of molecular versus dissociative adsorption pathways 

3. I. Therrnodynamtc factors 

Adsorbed water can, under some circumstances, dtssoctate. The stmplest 
products of thts reaction, and the only ones thus far encountered experimen- 
tally, are adsorbed hydroxyl, atomic oxygen, and atomic hydrogen. The 
possible dissociation pathways of water are illustrated schemattcally in ftg. 21. 
As shown, if only one of the internal O-H bonds of the molecule is broken, 
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Ag. 22. Potentml energy diagram for adsorbed water and Its dlssoclatlon products 

the products are adsorbed hydroxyl and hydrogen; if both of the internal 
bonds are broken, atomic hydrogen and oxygen will form. The reaction can be 
visualized using the potential energy dtagram of fig. 22, where we have chosen 
atomic oxygen and hydrogen as the final dissociation products. The same 
ideas apply if adsorbed hydroxyl and hydrogen are chosen as the final 
products. The potential energy curve of adsorbed water can have a mmimum 
which is either higher m energy than the dissoctation products (curve 1) or 
lower than adsorbed hydrogen and oxygen (curve 2). In the first case, 
dissociation is thermodynamically preferred; in the second case, it is not. If 
the activation barrier to dtssociative adsorption from the gas phase, repre- 
sented by E, is sufficiently high, dissociation may be prevented because of 
kinetic limitations even though it may be thermodynamically favored. 

The most basic questions to a surface chemist are these: what are the 
products of H,O adsorption at a surface? Does water adsorb molecularly or 
does it dissociate, and which conditions can influence this reaction pathway? 
Simple thermodynamic data can be used to make rough predictions of the 
answer, as Benziger has shown for diatomic molecules at metal surfaces [93]. 
Following his treatment, we attempt to predict whether or not dissoctation of 
adsorbed water is thermodynamically favored, for any given surface, in terms 
of the enthalpy changes diagrammed in fig. 23. The analysis proceeds via 
determining whether the enthalpy of dissociation, AN,, is larger or smaller 
than the enthalpy of molecular adsorption, AH,, based upon other enthalpy 
changes which have been measured or which can be esttmated. A value of A Hd 
which 1s more positive than AH,,, is taken to suggest nondissociative adsorp- 
tion, whereas a value which is more negative than AH, supports dissociation. 

Note that this treatment cannot predict kinetic rate limitations which may 
lead to non-equilibrium distributions of reaction products. Coverage effects 
and entropy contributions to the free energy are ignored as well. As Benvger 
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= 243 kJ/mol 

Fig 23 Enthalpy changes which accompany adsorptlon and dlssoclatlon of water, referenced to 

gas-phase hydrogen and oxygen 

emphasizes [93], low coverage and htgh temperature shift the adsorption 
equihbrium in favor of dissociation, assuming that thermodynamic quantities 
are coverage-independent. In summary, all of these effects combine to make 
this discussion most valid in the limit of high coverage and low temperature, 
and in the limit where energetic barriers to equihbnum are small. 

As in fig. 22 we choose to illustrate the enthalpies involved in adsorption 
and dissociation in fig. 23 using atomic hydrogen and oxygen as the dissocia- 
tion products. As shown in fig. 23 the energies are all referenced to the level of 
gas-phase hydrogen and oxygen. The enthalpy change which accompanies 
nondissociative Hz0 adsorption is simply the negative of the heat of desorp- 
tion, assummg that there is no barrier to adsorption. As discussed m section 
4.2, thts value does not vary widely m the metals studied to date, and so we 
shall assume a constant value for AH, of - 50 kJ/mol. The heat of formation 
of H,O, AH,(H,O,) in fig. 23, is known to be -243 W/mol [94]. The 
enthalpy levels on the left-hand side of fig. 23 are, therefore, rather well 
defined. 

The heat of dissociative adsorption, A IId, can be expressed as 

A I& = A HF (dissociation products) - A Hf (H,Os). 

The problem in comparing AH, with AH,,, now lies in determimng AH, for 
the dissociation products. 

The value of AH,(dissociation products) can be obtained in several ways, 
depending upon the availability of information from any one source. For our 
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rough predictive purposes, we take bulk values for heats of formatton of metal 
oxides and hydroxides per metal-ligand bond, wherever possible, from The 
NBS Tables of Chemical Thermodynamic Propertles [94]. For the metal-oxygen 
bond enthalpy, several types of oxides are sometrmes listed; when grven a 
choice, we use the oxtde with stotchiometry most nearly 1 : 1. Our quahtattve 
predictions are unchanged (except in some borderline cases) when an alternate 
source IS used for bulk metal oxide enthalptes [93]. For the metal-hydrogen 

Table 4 
Enthalpy changes whxh accompany adsorptlon and dlssoclatlon of water, used to predict 
thermodynarmc feaslbdlty of dlssoclatlon ‘) 

Metal, AH, (M-O) AH, (M-H) AH, (M-OH) AH, (complete AH, (partial AH, 
M dlssoclatlon) dlssoclatlon) 

TI - 520 [94] 
V - 432 [94] 
Cr - 383 [94] 
Mn - 385 [94] 
Fe - 272 (941 

co 
Nl 
CU 
Zn 
Zr 

- 238 [94] 
- 240 [94] 
- 157 (941 
- 348 [94] 
- 550 [94] 

Nb 
MO 
Tc 
RU 
Rh 

- 406 [94] 
- 294 [94] 
- 159 [94] 
- 153 [94] 
- 114 [94] 

Pd 

Ag 
Cd 
Hf 
Ta 

- 85 [94] 
- 12 [94] 

- 248 [94] 
- 572 [94] 
- 409 [94] 

W 
Re 
OS 
Ir 
Pt 

- 295 [94] 
- 202 [94] 

- 97 [94] 
- 137 [94] 

- 41 [94] 

Au 

Hg 

+ 27 [93] 
- 90 1941 

- 60 [94] _ 

-40 
- 92 [95] - 356 [94] 
- 79 [95] - 347 [94] 
- 67 [96] - 235 [94] 

- 59 [95] - 256 [94] 
- 48 [95] - 248 [94] 
- 21 [95] - 212 [94] 
- 48 [95] - 318 [94] 
- 85 [94] _ 

- 63 [96] _ 

- 71 [95] _ 

- 79 [95] _ 

- 38 [97] _ 

- 40 (981 

- 50 [95] - 198 [94] 
- 50 [95] - 124 [94] 
- 48 [95] - 274 [94] 
-40 _ 

-33[94] - 

- 73 [95] _ 

- 79 [95] _ 

- 67 [95] _ 

- 38 [95] _ 

- 42 [95] - 176 [94] 

- 50 [95] - 142 [94] 
- 48 [95] - 178 [94] 

- 397 
- 269 
- 324 
-300 
- 163 

- 113 
-93 
-44 

- 201 
- 477 

- 289 
- 171 

-74 
+ 14 
+49 

t-58 
+ 131 
-111 
- 409 
- 232 

- 198 
-117 

t12 
+ 30 

+118 

+ 170 
i57 

- 205 
- 183 

-59 

-72 
-53 
+10 

- 123 

-5 

+69 
-79 

+25 

+ 51 
+17 

-50 
-50 
-50 
-50 
-50 

-50 
-50 
-50 
-50 
-50 

-50 
-50 
-50 
-50 
-50 

-50 
-50 
-50 
-50 
-50 

-50 
-50 
-50 
-so 
-50 

-50 
-50 

a) The enthalpy changes are defmed m fig 23, the predtcted reactlon pathways are summarized m 
fig 24 The predlcted adsorption pathway hsted m the eighth column IS based upon complete 
dlssoclatlon to ZH, + 0, Note (1) all quantltles are @“en m kJ/mol; (2) where several values 
emst m ref (941, as m AH, for Fe-OH, the value shown 1s the average. 



PA. Threl, T E Madey / The tnteractlon of water wrth sohd surfaces 243 

and metal-hydroxide bond enthalpies, we also prefer data for the bulk 
compound which most closely approaches 1 : 1 stoichiometry. When data for a 
bulk hydride is unavailable m ref. [94], we use the data compiled by Mavroides, 
Kafalas and Kolesar, or extrapolated from fig. 2a of their publication [95]. 
Some values for the metal-hydrogen bond enthalpy are also taken from direct 
surface measurements (Cu, MO, Ni, Pd, Pt, and W). Effectively, the bulk 
values are expected to mimic the high-coverage adsorbate behavior. 

Predrcted 
adsorptton 
pathway 

Observed adsorptron 
pathway 

Metal surface(s) 
studted 

Dtssoctatrve 
Drssocrattve 
Dissocrative 
Dtssoctatrve 
Dtssocrattve 

[Borderline] 
[Borderhne] 
[Borderhne] 
Drssoctatrve 
Dtssoctattve 

Dissoctatrve 
Drssoctatrve 
[Borderhne] 
[Borderhne] 
Molecular 

Molecular 
Molecular 
[Borderhne] 
Dissoctative 
Dtssocrahve 

Drssoctatrve 
[Borderline] 
[Borderhne] 
Molecular 
Molecular 

Molecular 
Molecular 

Dtssocrattve [lOO,lOl] 

Dtssocratrve [101,102,151] 
Dtssoctatrve 11021 
Drssoctatrve [103,104,152-1541 

Face-specrftc 
Face-specific 
Controversial 
Molecular 

[105-1071 
[57,83,107-1151 
[56,117-1231 
[110,124,125] 

Dtssocratrve 

Molecular 
Molecular 

Molecular 
Molecular b, 

Dtssocratrve ‘) 
Step-dependent 

Molecular 
Molecular 

Molecular 

(1 lo), polycr 
polycr. 

(llO), (100) 

(001). (11% polycr 
(ill), (llO), polycr , (210) 

(ill), (110). (100) 
(001) 

WI 

[58-60,791 
[116,127,128] 

[56,81,130] 
(84,122,131-1371 

Polycr. 

(001) 
(ill), polycr 

(100) 
(llO), (111). (311) (211), (100) 

]1381 
[139-1421 

11431 
[130,144-1501 

[1261 

(100) 
Wl), polycr 

(llO)-(1 X2) 
(100)-(5X20), (ill), (llO)-(1 X2) 

Polycr. 

b, Adsorptron IS reported to be molecular on all faces of silver except the (311), where a very 
small amount of drssoctatron to hydroxyl has been reported [133] 

‘) Present author’s mterpretatron, based on the apparent absence of a sctssonng mode m the 
vtbrattonal spectrum of ref [138]. 
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(8) PredIctIons 

Part10 Dlssoclatlon 

HZ00 -OH,+H, 

(C 1 Observahons 

Fig 24 Partial Penodlc Tables Panels A and B Illustrate the predlcted products of H,O 

adsorptlon Panel C shows the actual observed reactlon pathways A cross-hatched area mdlcates 

dlssoclatlon, an unmarked area denotes molecular adsorption, and a dotted area represents a 

borderlme case. A smgle lme mdlcates that there are msufflclent expenmental data. The 

predlctlons are based upon table 4 

The relevant enthalpies are listed m table 4 for the Group VIA-IB metals. 
Several things are clear from these data. First, the metal-oxygen enthalpy 

varies widely from metal to metal. The metal-hydroxide enthalpy vartes over a 
narrower range and weakly mumcs the trends m metal-oxygen bond strength. 
Formation of the hydroxide is not favored over complete dissociation in any 
case where dissociatton IS predicted, except for Pd and Hg. Comparison with 
experimental data indicates that a categorical predtctton of whether or not 

drssocmtzon occurs is in rather good agreement with experimental observatton, 
independent of the dtssoctation products The drivmg force for dtssociation IS 
formatton of the metal-oxygen or metal-hydroxyl bond, since the other 
thermodynamic quantities do not vary strongly from metal to metal. 

In fig. 24 the results of table 4 are presented in terms of partial periodic 
tables. Those elements for which dissociatton 1s strongly preferred are cross- 
hatched; those for which molecular adsorption 1s favored are not darkened; 
and elements for which AH, IS within 70 kJ/mol of A Hd are indicated by 
dotted areas. (A single line indicates msufficient data.) We consider 70 kJ/mol 
to be well within the uncertainty of our model. In the top panel we base our 
predictions upon complete dissociatton, whereas m the middle panel we 
consider only partial dissoctatton to hydroxyl and hydrogen as the reaction 
endpoint. In the bottom panel we show actual ohseruatzons of molecular versus 
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dissociative adsorption for the various clean metal surfaces, with no distmc- 

tion made between the dissociative reaction products. 
The results of table 4 and figs. 24A and 24B are not meant to be taken too 

exactly, but there are some clear general trends. Dissociatton is thermody- 
namically favored on most surfaces; there is only a small pocket of Group 
VIII and IB metals for which dissociation is clearly unfauorubfe. Many 
elements exist on the “borderline”, i.e. withm the limits of uncertainty of tins 
analysis. In many cases these “borderline” elements are also those for which 
surface dissociation of water is controversial, or is reportedly face-specific or 
step-dependent. On Co [105-1071 and Ni [57,83,107-1151, water dissociates to 
form hydroxyl on the atomically rough surfaces, whereas it adsorbs molecu- 
larly on the close-packed faces. On Re [139-1421, H,O dissociates more 
readily at the step sites than on the terraces. Finally, the issue of H,O 

dissociation on Cu(ll0) remains controversial [117,118,120] although there is 
consensus that H,O adsorbs molecularly on the atonucally smooth Cu(ll1) 
[120] and Cu(100) [56,119,121] surfaces. In these cases, i.e. for “borderline” 
metals such as Co, Ni, Re and Cu, surface morphology may be sufficient to tip 
the balance between molecular and dissociative adsorptton, with the rougher 
surfaces more prone to dissociatton. 

The cases of observed dissociation shown in table 4 and fig. 24C usually 
represent partlal dissociation to form hydroxyl and hydrogen, rather than 
complete dissociation to atomic oxygen and hydrogen. Nonetheless, the predtc- 
trons of complete dissociation (fig. 24A) correlate most closely with the 
experimental observations (fig. 24C). This may simply show the limitattons m 
accuracy of this type of analysis, due to factors which are not included m our 
treatment such as entropy changes and coverage dependences of the enthalpy 
changes discussed earlier. In other words, our approach seems to be more 
successful at broadly predicting whether or not dissociation occurs than in 
predicting the identity of the dissociation products. In any case, the general 

trends outlined here seem valid, and the steadily expanding body of experi- 
mental data for H,O adsorption may, in the future, lead to more sophisticated 
analyses of the thermodynarmcs of dissociation. 

3.2. ExperImental ldentiflcatlon of reaction products 

The experimental identification of the adsorbed species can be achieved m 
two basic ways: either by desorption and analysis of the resultant gas-phase 
species, or via in situ spectroscopic analysis of the surface. Identrfication is a 
particularly difficult problem when a mixture of species are adsorbed simulta- 
neously, as is often the case in decomposition of water. No single technique 
gives an infallible answer, and in the present authors’ opmion the least 
ambiguous results are obtained when several techniques are applied simulta- 
neously to the problem. 
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In particular, identtftcatton of desorbed products may be mtsleadmg as to 
the nature of the adsorbate. Thermal desorption spectroscopy 1s a widely used 
method whtch relies upon measurement of the evolutton of gas-phase species 
as the surface temperature is raised. Dissociation products winch are stable at 
one temperature may recombine and desorb as molecular water as the temper- 
ature is raised; products observed m the gas phase are not necessarily the same 
as the adsorbed species. A common fallacy m this regard arises from the 
observation of water m the residual gas of a stainless steel vacuum system, 

particularly when the system is heated (baked) at temperatures of (typically) 
450 to 500 K. It is common to assume that the stamless steel walls release 
water from an adsorbed molecular state at the surface (e.g. [155,156]); m fact, 
tt IS known that water dissociates readily at iron and non oxide surfaces, as 
discussed m sections 5 and 7.1.8. Molecular water is certainly not chemisorbed 
m large quantities at room temperature or above on steel surfaces, under high 
and ultrahigh vacuum condittons. Much of the water which is released mto a 
typical vacuum chamber must result from recombination of atomic oxygen, 
hydrogen, and/or hydroxyl at the chamber walls. In addition, some molecular 
water may be trapped m oxide matrices or m pores and crevasses from which 
it evolves upon heating, but it is certamly not present as a malonty species m 
molecular form on open surfaces. This presents an example of the caution 
which must be used m relating the identity of gas-phase species to that of 
adsorbed species. 

During thermal desorptton from water-treated surfaces, the only gas-phase 
products which are observed with mass spectrometry are H,, 0, and H,O. 
(Usmg laser-induced fluorescence, desorption of OH radical from Pt and Ni 1s 
observed under steady-state reaction condtttons [157-1611, but this is a rather 

rare type of expenment.) Of these, H,O presents some ambiguity in its 
mterpretation; it can result from any of several possible reaction pathways, 
some of which are illustrated below. 

2 H, + 0, -W&l -+ H&, 

H, + OH, -*W,O,l + H&, 

2 OH, -[H,O, + O,] -H*O, + 0,. 

As discussed m section 4.2, molecular water often desorbs m a relative low 
temperature range which clearly dtstmgmshes it from recombination of its 
dtssociation products. This is one (rough) way of using desorption product 
analysts to determine whether or not water dissociates at a metal surface. 

The other approach is to use species which are isotopically labelled prior to 
adsorption and reaction. For instance, isotopic scrambling between coad- 
sorbed atormc oxygen (“0,) and normal water (H,‘60,) appears to be a 
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consistent indrcation of H,O dissociatron, based upon confirmatory evidence 
from other spectroscopies. The appearance of H,“O as a desorption product 
1s generally interpreted as arising from hydrogen abstraction followed by 
disproportronation: 

H I60 2 a +“O a -,r60H, +“OH,, 

r60H a +180H, + H,‘*O, +r60a. 

Another possible reaction pathway (drssocration and recombmation) 1s known 
to be important m the steady-state production of HzO, from reaction between 
H, and 0, [21], but is a secondary reaction in several experrments involvmg 

OH, (cf. section 6.2.2). Isotopic exchange of oxygen 1s observed on Pd(lOO) 
[81,129], Ag(ll0) [134], N1(110) [83,162], and 1s due to dissociation followed by 
recombinatron, with the extstence of OH, verifted by other techniques. Ex- 

change between r80, and D2r60a 1s also observed on polycrystalline Pt, where 
it is attnbuted to oxygen-water hydrogen bonding [163]. However, we feel 
that dissociatron followed by recombmatron IS a more likely explanation, 
particularly in light of recent work which has identified hydroxyl groups under 
similar conditions on Pt(ll1) [80]. Another type of rsotoprc scramblmg, i.e. 
between H,O, and D,O,, yields more ambiguous results. This 1s because, m 
cases where hydrogen bonding between H,O molecules occurs and protons 
occupy rather symmetnc double-rmmma potential wells (see section 2.2) 
isotopic scrambhng can take place simply as a result of hydrogen bond 
formatton and cannot be used as evidence of drssoctatron. Such scramblmg has 
been reported, for instance, when H,O and D,O are coadsorbed on Pt(ll1) 
[146]. However, there are also drffrcultres inherent in this type of experiment: 
one must be certain that any isotopic scrambling takes place on/y on the 
sample under study, and not on the walls on the gas-handling lures or the 
vacuum chamber. Thrs expenmental problem can be severe [60]. 

The interpretations of both the tsotoprc scrambling data and the normal 
thermal desorptron data are greatly strengthened if they are used m conJunc- 
tion with a techmque which can provrde direct mformatron about the surface 
species in situ, such as UPS, EELS and XPS. In UPS [135] the characterrstrc 
three-peak H,O valence spectrum due to photoemrssron from the lb,, 3a,, and 
lb, orbrtals of adsorbed H,O is replaced by a two-peak spectrum identified 
with lm and 3a orbitals of adsorbed OH, as discussed m section 2.3. In 
general, the peaks of OH, are separated by 3 to 4 eV, with bmdmg energies of 
5-7 eV (1~) and 9-11 eV (3~); see table 12 on p. 328 for a tabulation of 
binding energies measured for OH, on various metals. Typical UPS spectra of 
OH, and H,O, are shown m fig. 25, where the three-feature H,O spectra 
shown in the two lower curves (corresponding to H,O,) are to be compared 
with the two adsorbate-induced features present m the two upper curves 
(corresponding to OH,) [loo]. Thrs technique appears to be quite sensitive to 
the form of the adsorbed species (see sections 4.3 and 5.1). Some of the first 
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I 1 I, 

15 10 5 0 
BINDING ENERGY (eV) 

Fig 25. UPS spectra of H,O adsorbed on a stepped T1(001) surface at 300 and 90 K The three 
small curves at top show the H-Induced feature at 1.3 eV bmdmg energy The two topmost full 
curves are UPS spectra for OH, (together wth the other dlssoclatlon products, 0, and H,) 
produced by exposing the TI surface to H,O at 300 K The three bottom curves are UPS spectra 
of molecular water adsorbed at 90 K. The UPS spectrum of oxygen adsorbed on the same surface 

at 300 K 1s shown for comparison Taken from Stockbauer et al [lOO]. 

spectroscoptc data presented to show the existence of molecular water ad- 
sorbed at clean metal surfaces were the UPS data for H,O on gold pubhshed 
by Atkmson, Brundle and Roberts [126]. 

Core-level photoelectron spectroscopy vta X-ray photoelectron spec- 
troscopy (XPS), can provide a “fingerprmt” of OH, in specific instances 
[111,135]. For example, on Ni(210) [ill], the formatron of OH, is char- 
acterized by the appearance of an oxygen 1s (0 1s) feature at - 531 eV 
bmdmg energy, whtch is intermedtate in energy between chemrsorb- 
ed oxygen (- 530 eV) and adsorbed molecular H,O (- 533 eV). However, Au, 
Roberts and colleagues [122,164] discuss the difficulty of drfferenttating be- 
tween the perturbation of molecularly adsorbed water due to hydrogen bond- 
mg and/or the coexistence of OH,. In many cases, there is sufficient ambrgu- 
tty in the chemtcal shtfts observed in the 0 1s regron of XPS spectra of 
H,O, + 0, that the extstence of OH, (particularly at low temperatures) cannot 
be confirmed. Barteau and Madtx [135] also note that the reported bmdmg 
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energies of OH, on Ag, Cu and Pt vary by more than 2 eV, rendermg the 
identification of this species on other metals difficult on the basis of bmdmg 

energies alone. 
Another common example of an m situ technique 1s the work function 

change measurement, introduced m section 2.3 It should be noted that the 
work function change due to adsorption of water and the dissociatton prod- 
ucts contains contributions from two effects, viz. the dipole moment (perma- 
nent or induced) of the adsorbed species, and charge transfer between ad- 
sorbate and substrate. For adsorbed molecular water, interpretation of these 

data is usually based upon a simple picture in which an H,O molecule, 
bonded to a surface with the oxygen end down, has a positive net dipole 
oriented away from the surface (see section 2.2.3). This leads to a decrease m 
the work function, i.e. A+ < 0. Much work has been done by Heras and 
coworkers (e.g. [106,166,167]) to determine the work function changes of 
adsorbed water. They and others, whose data are summarized in table 5, 
always find that a negative work function change 1s associated with the 
adsorption of molecular water, indicating that this model for water adsorption 
is essentially correct. (Note from table 5 that the value of the dipole moment 
per molecule m the limit of zero coverage, termed the “mitial dipole moment” 
is always only 20% to 50% of the value of the dipole moment of the free 
molecule. The reasons for this are presented in section 2.2.3.) It appears that 
associative (molecular) adsorption does produce a net negative work function 
change in every case reported to date. However, associatively adsorbed water 
often exhibits a rich variety of adsorptron geometries to accommodate inter- 
molecular hydrogen bonding, as will be discussed in section 4.4. Some of these 

geometries may have oxygen atoms pointing away from the surface, which can 
potentially complicate the simple model outlined above, as discussed in section 
2.3. 

In pnnciple, molecularly adsorbed H,O should be distinguishable from 
adsorbed OH, since OH is expected to cause a work function increase 
(A+ > 0). However, dissociation may also produce adsorbed atomic oxygen 
(generally A+ > 0) and hydrogen (A+ > 0 or A$ < 0). Therefore, rdentification 
of adsorbed hydroxyl based upon work function data alone remains ambigu- 
ous, m the present authors’ opinion. 

A powerful class of in situ spectroscopic techniques is that which measures 
vibrational properties of the adsorbed overlayer. This group, which mcludes 
infrared, electron energy loss, and Raman spectroscopies, is presented m 
section 4.5. The data obtainable from this type of spectroscopy provide the 
best basis for comparison between single-crystal surface chemistry and chem- 
istry on high-surface-area solids such as oxides or dispersed metals, since much 
work in the latter field has relied upon infrared techniques [24-261. 

The vibrational spectroscopies can, m principle, sense the nine normal 
modes of an adsorbed water molecule which are depicted m fig. 14 (p. 230) 
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Table 5 
Work function measurements of molecularly adsorbed water at metal surfaces 

Metal 

Fe-polycr 

Co-polycr. 

Co(OO1) 
Co(llZ0) 

NI-polycr 

Nl(110) 
N1(110) 
Ni(100) 

Cu-polycr 
Cu(ll0) 
Cu(ll0) 

Cu(ll1) 
Cu(100) 

Ru(OO1) 

Pd(100) 

Ir(llO)-(1 X2) 

Pt(ll1) 
Pt-polycr 

Au-polycr 

Isolated H,O 

AdsorptIon 
temperature (K) 

II 

7-l 

100 
100 

77 

150 
20 

110 

17 
90 

110 

110 
90 

90 

110 

130 

100 
71 

77 

Imtlal dipole 
moment (D) 

0 56 

0 87 

05 

04*01 

06 

184 

A%,,, (ev) Refs 

-097iOO8 11651 

-120*002 [106,165] 

- 1.20 f 0.02 VW 
-120*002 I1061 

-110*0 15 [165,166] 

-1.2 (1671 
- 1.05 M31 
- 105 11151 

-073+008 11651 
-092 VI71 
-1.08 [120,169] 

-100 I1201 
-09 11191 

-06 [601 

- 0.4 I1281 

-075 [I431 

-15 U451 
-102+015 U651 

-060*008 [I651 

and which are discussed throughout section 2.2. The frequency ranges which 
are broadly associated with each type of vibration are summarized m table 3 
(p. 231) where the values given are generalized from data for H,O m the gas, 
liquid, and condensed phases, as well as chemisorbed Hz0 and Hz0 coordi- 
nated to metal centers in morganic/matrix-isolated complexes. In general, 
assignments of vibrations of water at metal surfaces are based both upon the 
observed frequency and the shift in frequency which is measured upon 
isotopic substitution. In the vibrational spectroscoptes, the best basis for 
differentiation between molecular H,O and any or all of its dissociation 
products is the presence or absence, respectively, of the intramolecular defor- 
mation mode, S(HOH). Tlus vtbration appears at 1500 to 1650 cm-‘. The OH 
stretch region at - 3600 cm-’ is not generally as reliable an indicator of 
dissociative adsorption because of the wide range of OH stretches reported for 
OH, on different surfaces (3160 to 3680 cm-‘); these overlap the OH stretch 
region for adsorbed molecular water (see section 4.5). Nyberg and Tengstal 
[81] point out that the range of OH stretches in metal hydroxo complexes, 
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Table 7 

Observed vIbratIona frequencies (cm-‘) for adsorbed hydroxyl species, produced by decomposl- 

tlon of water 

Surface r(M-0) QOH) v(OH) Ref 

Fe(ll0) 

N1(110) 

O/N1(100) 

Pd(lOO)-p(2 x 2)0 

O/Pd(lOO) 

O/PQll) 

O/A&10) 
SI(lOo)-(2 x 1) 

Sl(lll)-(7 x 7) 

SI(lOO)-(2 x 1) 

B(lll)-(2 x 1) 

SI(lOO)-(2 x 1) 

Sl(lOo)-(2 x 1) 

Sl(111) 

Al *OX a) 

HAlOH 

AlOH 

Al(111) 

470 (470), 

960 (960) 

445 (425) 

445 (460) 

430 

280 (270) 

820 (840) 

820 (840) 
_ 

818 

810 (795) 

765 (765) 

1190 

950 
_ 

935 (685) 

930 (695) 

1015 (750) 

670 (490) 

820 (650) 

820 (650) 

830 (645) 

805 

770 

3620 (2715), 

3300 (2505) 

3580 

3710 

3160 (2370) 

3250 (2420) 

3480 (2570) 

3380 (2510) 

3700 (2700) 

3700 (2700) 

3695 (2700) 

3630 

3650 

3660 

3710 

3700 (2730) 

3740 (2760) 

3790 (2795) 

3743 

3790 

3745 (2720) 

I1031 

[1W 
v741 

P311 
w91 
PO1 
11321 
[I751 
[I751 
[I761 
(1711 
P771 
U781 
I1791 
WI 

[771 
[771 
u731 

” These frequencies are those of hydroxylated alumma produced by heatmg an aqueous alumma 

layer in vacuum 

When avalable, values for OD, are gven m parentheses Data for adsorbed species are those 

compded by Crowell et al [173] 

3025 to 3680 cm-‘, is surprisingly large also. The energtes of the vibrational 
transitions observed for adsorbed H,O and OH are summarized m tables 6 
and 7, respectively. Further discussion of the vibrational spectroscoptes IS 
deferred until section 4.5. 

A technique known as electron-stimulated desorption ion-angular distnbu- 
tion (ESDIAD) [180,181] is an increasingly useful source of mformatton about 
the preferred azimuthal and/or polar bond orientattons of a water-derived 
adsorbate. Electron bombardment of an adsorbed layer by electrons having 
energies greater than about 20 eV causes electronic excitations m the adsorbed 
species whtch can lead to the desorption of tons, ground state neutrals, and 
metastable atoms or molecular fragments. These processes are known as 
electron stimulated desorption (ESD) effects. The ions which leave the surface 
often appear as cones of ion emission, in specific directions with respect to the 
substrate symmetry axes. There is abundant evidence that the direction of a 
desorbing ion is determined by the onentation of the bond which is ruptured 
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” 
“;, H e-\ fH+ ,,+ 

'0' 
H 

9’ E 
I H 

/ ~Wqz7,,~ I H 

0 0' 
I , 

(a) /’ 

(b) 

Fig 26 (a) SchematIc diagram of H,O monomer bonded wa the 0 atom yleldmg an ESD H+ Ion 
desorbmg m a dlrectlon determmed by the O-H bond (b) Schematic of NBS ESDIAD appara- 
tus ESDIAD patterns are displayed using the gnd-muxochannel plate fluorescent screen detector 

array Taken from Madey et al [180] 

by the electronic excitation, as illustrated in fig. 26 [180]. That is, bond angles 
are directly related to ron desorptlon angles in measurements of ESD ion-angu- 
lar distribution (ESDIAD). Thus, an H,O monomer bonded via the 0 atom as 
shown in fig. 26a will yield an ESD Hf ion which desorbs in a direction 
determined by the O-H bond. Sinnlarly, OH bonded perpendicular to a 
planar surface will give nse to an H+ ESD signal normal to the surface, 
whereas “mclined” OH at step sites will yield an H+ signal m an off-normal 
direction. 

The physical bases of ESD processes and of the relationship between 
surface bond angle and ion desorption angle are discussed m detail m several 
recent reviews [180,181] and are not considered extensively here. Two points 
merit emphasis, however. First, there is a complicating factor which distorts 
ion trajectories in a polar direction: the electrostatic image force acting on a 
desorbing ion invariably bends the ion trajectory toward the surface, thereby 
increasing the polar angle (the image force does not influence the azimuthal 
angle). The influence of the image force on ion angular distributions is 
partially compensated by reneutralization effects, but nonetheless, if the O-H 
bond makes a polar angle greater than about 60” (measured with respect to 
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the surface normal) an H+ ESD ion does not escape, but is bent back to the 
surface. Thus, strongly inclined OH bonds, or OH bonds oriented parallel to 
the surface, do not yield H+ ESDIAD signals. Second, long-range order is not 
necessary to produce a symmetric ESDIAD “pattern” of ions. If a substantial 
fraction of OH bonds are perpendicular to the surface, a normal H+ beam will 
result. If a substantial fraction of OH bonds are mclmed along a specific 
azimuth, an off-normal H+ beam will be produced. In neither case is long-range 
order a necessary condition for production of directed ESD ion beams. 

ESDIAD patterns from a surface are viewed directly on a fluorescent 
screen within an ultrahigh vacuum system following image-mtensification of 
the desorbmg ton signal using a double-microchannelplate detector m a 
hemispherical retarding grid analyzer. This is shown m ftg 26b [180]. Many of 
the figures in this article are photographs, schematic drawings, or digitally- 
processed images of the ESDIAD patterns seen on a fluorescent screen. 

Water chemistry at solid surfaces can be rather complex because so many 
reactions can occur. These include complete or partial dissociation, hydrogen 
bonding between many different moieties, and simple adsorption. All of these 
possible reactions must be considered when mterpretmg experimental data for 
a water-treated surface. 

4. Associative adsorption on clean metals 

4.1. Kmetrcs of adsorptlon and drffiwon 

All available evidence indicates that adsorption of H,O on metals is not 
activated; adsorption probabilities are close to unity and are not temperature- 
dependent below the onset of desorption. The adsorption kinetics of water 
apparently reflect the fact that it is energetically equivalent to chemisorb 
directly at the metal or to hydrogen-bond with other water molecules. Effec- 
tively, the adsorbing particle cannot distmgmsh between a filled site and a 
empty site. Therefore the adsorption probability, S, at low temperatures 
(5 100 K) is independent of coverage and multtlayers can start to form even 
before the first layer is saturated. It should be noted that tins explanation of 
the coverage-independence of S does not rely upon a mobile precursor to 
adsorption nor upon the water molecule’s mobility after adsorption. A repre- 
sentative coverage versus exposure curve is shown in fig. 27, for H,O on 
Pt(ll1) [145]. The linearity of tins curve implies a constant first derivative, 
S(0). A coverage-independent value of S 1s reported also for Cu(100) [182], 
Ru(001) [60], Rh(ll1) [127], Pd(lOO) [130], Ir(ll0) [143], Pt(ll1) [145], Pt(lOO) 
[144], and as shown in table 8. Most of these measurements are made at 
adsorption temperatures of 80 to 100 K. In one case, H,O adsorption on 
Ni(llO), it IS reported that S is coverage-dependent [183]. This measurement 
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2 5 H20/Pt( 111) 

TAw 100 K 

2 
2 20- 

4 

z 
5 1 s- 

z+ - 
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0 5- 

EXPOSURE (L) 

Fig 27. The coverage of water adsorbed on Pt(ll1) at 100 K versus water exposure The coverage 
uruts are relative, with 1 0 corresponchng to the coverage where the Ice multdayer peak appears m 

TDS Taken from Fisher [145]. 

relies upon attenuation of the metal d-band m photoemission, however, which 
may be sensitive to additional factors besides simple coverage, such as 
coverage-dependent changes m adsorbate orientation. 

Measured values of the initial adsorption probability are always close to 
unity, as shown in table 8. This is plausible, since a value smaller than unity 
would probably be sensitive to whether adsorption occurs mto the monolayer 
or into the multilayer, and thus lead to a coverage-dependence in S(e). 

The kinetics of H,O diffusion on metal surfaces are most obviously 
important in those systems where intermolecular hydrogen bonds form. In 

Table 8 
AdsorptIon probablhtles for H,O on metals 

Metal 

N1(110) 
Cu(100) 
Ru(OO1) 
Rh(ll1) 
Pd(100) 
Ir(llO)-(1 X2) 
Pt(ll1) 
Pt(lOtq 

Measured or 
estimated S, 

-1 
-1 
-1 

0 58 

-1 
0.7 

-1 

Coverage- 
Independent? 

NO 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Ref 

W31 
I1821 
1601 
(1271 
11291 
[I431 
I1451 
[I441 
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Fig. 28. Slmpllhed new of the energetlcs of adsorptlon and dlffusmn of H,O 

such systems, the kinetics of diffusion can determine the rate at which 
hydrogen-bonded clusters nucleate and grow followmg adsorptton. 

What is the magnitude of the diffusion barrier for adsorbed H,O? First, the 
general rule that diffusion barriers for adsorbates are approximately 10% to 
40% of the desorption barner [184] leads to a prediction that dlffusron barners 
for H,O, are roughly 5 to 20 kJ/mol. Most of the theoretical models 
developed to date also predict site-dependent differences m bmdmg energres 
of adsorbed water which fall in this same range. (The differences in binding 
energy between various types of sites should correspond rather closely to the 
diffusion barrier, as illustrated in fig. 28.) Calculatrons for H,O on Pt [63,65] 
and Fe [63] surfaces indicate only small differences in binding energy for 
various sites, on the order of - 3 kJ/mol. A calculation for H,O adsorbed on 
a nine-atom Al cluster predicts a somewhat higher diffusion barner, based 
upon a difference in binding energy of 27 kJ/mol between on-top and 
bridging sites on Al(100) [69]. 

Expenmental data also indicate that the diffusion barrier of H,O, IS quite 
low. Water forms hydrogen-bonded aggregates durmg adsorption on many 
surfaces (see sections 4.3 and 4.4) even at very low coverages, which requires 
that the water molecules can travel freely over the metal untrl they lock 
themselves into a hydrogen-bonded cluster. Although there IS evidence that the 
degree of order within these clusters improves at higher temperature in some 
cases (see sectron 4.4), this probably represents a temperature-dependent 
barrier to reorientation of H,O molecules w&n an existing cluster, rather 
than a bamer to motion of lsoluted H,O, across the surface A noteworthy 
example of this behavior 1s H,O on Ru(001) [59,60,79]. 

Expenmental studies of the vibrational spectra of H,O adsorbed on Cu(100) 
and Pd(lOO) indicate that, at 10 K and at coverages below approximately 0.25 
monolayers, H,O monomers can be isolated because surface diffuston IS 
prevented [56]. Slow diffusion and formation of hydrogen-bonded clusters 
occur if the surface is heated even to 20 K [56], which indicates a very low 
diffusion barrier. 
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The diffusion data can be summarized by saying that the energy barrier for 
surface dzffuszon of H,O, on metals is theoretically predicted to fall in the 
range of about 3 to 27 kJ/mol. Diffusion is rapid on the time scale of typical 
experimental observations (- 1 to 60 min) and at 100 K, which means that 
water can rapidly form hydrogen-bonded clusters even at low coverage under 
these conditions. 

In conclusion, water generally exhibits a very low barrier to surface 
diffusion, and an adsorption probability which is independent of coverage. 
The latter effect is related to the effective energetic homogeneity of the surface 
during adsorption, as will be discussed in the following section. 

4.2. Strength of the H,O-metal bond 

4.2. I. Introductzon 
The first question to be asked is: how strong is the interaction between 

water and a metal surface? And how does this compare with the magnitude of 

the intermolecular hydrogen bond? 
The answer is given by results from thermal desorption mass spectroscopy 

(TDS) experiments. In such experiments, a surface with an adsorbed species is 
heated in vacuum while the concentration of a particular gas-phase species is 
monitored with a mass spectrometer. A plot of the mass spectrometer signal 
versus temperature (time) constitutes the thermal desorption spectrum. When 
the pumping speed of the system is great enough that readsorption is negligt- 
ble (and this is generally true), the mass spectrometer measures the rate at 
wluch the species leave the surface, either via simple desorption or via a more 
complex chemical reaction. In the case of (molecularly) nondissociatively 
adsorbed H,O, desorption simply involves breaking the metal-H,0 bond 
and/or any other bonds which hold the molecule at the surface. The integral 
of the thermal desorption peak area over time is proportional to the total 
number of particles which desorb. 

In general, a multiplicity of thermal desorption states can be observed, 
following adsorption at Ts 130 K and at H,O pressures 5 lop6 Torr, as 
illustrated in fig. 29. To a first approximation, each state represents a different 
type of water-metal interaction. For all systems, a TDS peak is observed at 
- 150-160 K which is commonly assigned to sublimation of ice (see section 
4.2.2). When this is the only peak m the spectrum, as for Ag(ll0) (see fig. 29a 
[185]), the desorption kmetics of H,O in direct contact with the metal must be 
degenerate with the desorption kmetics of ice multilayers, i.e. the “chem- 
isorbed” state and the ice state are not physically distinguishable with this 
method. In many systems, a TDS peak at slightly higher temperatures is 
resolved and assigned to molecular water which is stabilized by its proximity 
to the metal surface. Such states are reported in the range of 160-190 K. An 
example is shown by the desorption spectrum in fig. 29b [145], for Pt(ll1). 
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Ru(001) 

Pt(ll1) 

Ag(llW 
I I I I I I 

100 200 300 400 

Temperature (K) 

Fig. 29. Thermal desorptlon spectra of water adsorbed on (a) A&110), E = 3.0 L [185], (b) 
Pt(lll), e = 3.8 L [146), (c) Ru(OOl), e = 2.0 L [79], (d) Nl(110) [162] 

Whether the effective “stabilization” results from a relative increase m binding 
energy or a decrease in the pre-exponential factor in the desorption rate 
constant cannot be decided conclusively on the basis of the TDS data; 
measurements of isosteric heats of chemisorbed water, which could in princi- 
ple provide tins mformation, would be very valuable in this area. In several 
systems, a thud desorption state for molecular, “chemisorbed” water is 
observed in addition, at still higher temperatures: usually between 200 and 250 
K. An example of this behavior is shown in fig. 29c for H,O on Ru(OO1) [79]. 
This third state apparently reflects a yet stronger interaction between H,O and 
the metal. The nature of the chemisorbed states will be discussed more fully m 
sections 4.2.3 and 4.2.4. 



PA Threl, T E Madey / The rnteractron of water wrth soled surfaces 259 

Finally, at rather high temperatures, a desorption state for recombination of 
OH, is reported on several clean metals (section 5) as well as on modified 
metal surfaces (section 6). These desorption states vary widely in peak temper- 
ature, from 200 K on oxygen predosed Pt(ll1) [146] to 360 K on Ni(ll0) 
[113,162]. Desorption states of undlssociated water are also reported m the 
range T > 250 K on some metals, including Ir(ll0) [143], but the trend in 
desorption temperatures described herein indicates that these assignments are 
worthy of re-evaluation, and perhaps represent traces of dissociated H,O. An 
example of this behavior is shown for H,O desorption from Ni(110) m fig. 
29d. The highest-temperature state at - 360 K was ongmally assigned to 

molecular H,O [114], but has been recently re-examined and attributed to OH 
recombination [113]. In all cases where spectroscopic evidence is available, it 

appears that the high temperature (T z 250 K) states of H,O desorbing from 
metal surfaces arise from disproportionation of OH, species via the reaction 
2 OH, --, H20s + O,, or via the recombmative reaction 2 Ha + 0, + HzO,. 

The thermal desorptton data tie summarized according to crystallographic 
orientation m table 9. There is a trend to higher desorption peak temperatures 
and (presumably) higher binding energies as one progresses from the atonu- 
tally smooth hexagonal and square lattices, to the atomically rough planes, e.g. 
from the fcc(ll1) lattices to the fcc(ll0) lattices. This indicates a trend toward 
stronger H,O-metal interactions when the metal is less coordinatively 
saturated. Therefore, w& divide the discussion of H,O chemtsorption states 
mto two parts: smooth surfaces are addressed m section 4.2.3, and rough 
surfaces are reviewed in section 4.2.4. 

4.2.2. Ice subbmatlon 
An example of typical thermal desorption data, for a sequence of initial 

coverages of H,O on Ni(lll), is shown m fig. 30 [108]. The lowest-tempera- 
ture state (peak B) always grows contmuously, starting from some threshold 
H,O exposure, with increasing H,O exposure; it does not reach a saturation 
coverage, contrary to the usual observation for other chemisorbed systems. In 
addition, desorption from tins state exhibits zero-order kinetics according to 

P H,O a d[H,O,]/dt =A exp( -E/RT). (1) 

In this equation, t is the time, T IS the surface temperature, E is the strength 
of the adsorbate bond, P is the measured pressure at time t, A is the 
pre-exponential factor m the desorption rate constant, and R IS the gas 
constant. This expression requires, of course, that the rate of desorption at any 
given temperature is independent of coverage, which is observed. This expres- 
sion also requires that the peak temperature must increase with increasmg 
coverage, occurring at the temperature where the initial surface coverage is 
completely depleted. The validity of eq. (1) is demonstrated for a wide range 
of initial H,O coverages on Ni(lll), as fig. 31 shows [108]. These two 
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140 150 160 170 180 190 

Temperature (Kelvin) 

Fig 30. Thermal desorptlon spectra of H,O from clean N1(111) followmg adsorptlon at 130 K 

Taken from Stulen and Thlel [lOS] 

Table 9 

Thermal desorptlon of assoclatlvely adsorbed H,O peak temperatures of chemlsorbed states 

Metal Crystal face symmetry 

: 

RU 180-190 and IN /A /A 
210-220 [58-60,791 

Rh 190 [127] - _ 

Pd - 175 [129, 191 P301 
1301 

Ag {150} a) I1311 (150) a) 1131) (150) “[84,123, 

132) 

Re 

Pt 

150 and 
180 

170,176 

N/A N/A 

I1391 

[80,145, 165 [144] 204 U301 
146.1501 

Stepped or Irregular 

(150) a) on (112) 11311 

and (311) [133] 

d, When a desorptlon temperature 1s cited m brackets ( }, this means It was mdlstmgulshable 

from the Ice subhmatlon peak 
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Temperature, Kelvin 

210 190 170 150 

n 
I ( I I I I I 

AH 

-4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 

T-lx 103, K-’ 

Rg 31 Claunus-Clapeyron plot for tee subhmatlon from N1(111), based upon ESD data (upper 
curve) and thermal desorption data (lower curve) Taken from Stulen and TheI 11081 . 

observations, lack of saturation and zero-order desorption kmetics, both 
support the assignment of this state as due to ice multilayers, where sublima- 
tion is a zero-order process and E in eq. (1) is the heat of sublimation of bulk 
ice. A graph of In PHzO versus l/T then yields a straight hne whose slope is 
E/R and whose intercept is CA, where C is a proportionality constant which 
depends upon experimental parameters. Using the data of fig. 31, the heat of 
sublimation of ice is evaluated as 48 kJ/mol [log], m good agreement with the 
value measured via other techniques, - 44 to 48 kJ/mol [27]. 

Thermal desorption states of ice multilayers are identified under similar 
conditions on many other metal surfaces as well, including Re(OO1) [139], 
Pt(ll1) [145,146], Pt(lOO) [144], Pd(lOO) (1291, Ir(ll0) [143], Ru(001) 
[58-60,79,170], Rh(ll1) [127], Ag(ll0) [132], Ag(ll1) [131] and Ag(lOO) [131]. 
The heat of sublimation is estimated at 48 kJ/mol on Ru(001 [58], 42 kJ/mol 
on Pt(ll1) [146], 42 kJ/mol on Ir(ll0) [143], 43 kJ/mol on Pd(lOO) [129], and 
48 kJ/mol on both Ag(ll1) and Ag(lOO) [131]. 

The heat of sublimation can be taken as a direct indication of the strength 
of interaction between water molecules m ice or water, since sublimation 
involves breaking (on the average) two O-H . . . 0 bonds per molecule, winch 
yields about 21 kJ per mole of O-H . . . 0 bonds for H,O on Ni(ll1) [log]. 
Other techniques have been used as well; O-H . . . 0 bond strengths are 
always estimated at 15 to 25 kJ/mol [27]. (See section 2.2.2.) 
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4.2 3. Chemlsorbed states on atomically smooth surfaces 

Thermal desorption data are available for hexagonal surfaces of Ni [108,82], 

Rh [127], Pt[80,145,146,150], Cu [122], Re [139], Ru [58-60,791 and Ag [131], 
and for the square surfaces of Pd [129,130], Ag [131] and Cu [119], as shown in 
table 9. On smooth Ag and Cu surfaces, no state is resolved above the ice 
feature, reflecting only a very weak interaction with the metal m these cases A 
single “chemisorbed state”, m the range of 1655170 K, is observed on Pt( 111) 
(with traces of a second state at very low coverages [145,146]), reconstructed 
Pt(lOO) [144], Pd(lOO) [129,130], and Rh(ll1) [127]. Two “chemisorbed states” 
are observed on Ru(001) [58-60,791 and Re(OO1) [139] On Ru(001) the 
highest-temperature state occurs at 210-220 K [58-60,791, whereas it is 
observed on Re(OO1) at - 180 K [139]. 

In order to derive quantitative mformation about the strength of the 

chermsorption bond from TDS data, one must make assumptions about the 
kinetics of the desorption process from the “chemisorbed” state(s) The 
simplest physical assumption is that desorption m the highest-temperature 
state results from breaking the smgle metal-H,0 bond, and the desorption 
rate is first-order m water coverage, with A = 10” s-l. In this case, the 
chermsorption bond strength is about 42 kJ/mol on the hexagonal Pt, Rh and 
Ni surfaces, and about 50 kJ/mol on Ru(001). Physically, this would indicate 
that 2-3 hydrogen bonds are (energetically) worth one chemisox-ption bond. 
Then one would expect H,O molecules to form hydrogen-bonded clusters even 
at low coverages m which some molecules have no direct metal-H,0 bond, 
but only 2-3 hydrogen bonds, given the generally high moblhty of an 
adsorbed H,O molecule (section 4.1). That this actually occurs may be 
inferred from data obtained using other techmques. 

Interpretation of the thermal desorption spectra IS more complex, however, 
for those surfaces for which detailed mformation is available. On Rh(ll1) 

[127], Ni(ll1) [82,108] and Ru(001) [60], the highest-temperature state is far 
too narrow for first-order desorption kmetics with a “normal” pre-exponential 
factor of lOI s-‘; furthermore, first-order kinetics cannot explain the small, 
but consistently-observed shift to higher peak temperatures with mcreasmg 
coverage. (Similar qualitative experimental observations have been described 
for Pd(lOO) [129].) Such narrow peaks demand pre-exponential rate factors on 
the order of 1020-1022 s-l and desorption energies of 71-88 kJ/mol, if simple 
first-order kinetics are maintained [60,82,127]. These rate parameters are, m 
the authors’ Judgment, improbable; furthermore, the shift to higher peak 
temperatures is still not explained with this model. 

Another approach, which fits the data more successfully, IS to assume 
first-order desorption kinetics, a “normal” value of 10” s-’ for A, and 
attractive interactions between particles on the order of a few kJ per mole. In 
the case of Ni(111) this explains both the peak shape and positron well 
[82,108], and presumably it could be used to model desorption from other 
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surfaces also. With this model, a chenusorption energy of about 42 kJ/mol is 
still obtained for Ni(ll1). The coverage-dependent attractive lateral mterac- 
tion term (1.4 kJ/mol) is significantly smaller than single hydrogen bond 
energies in water (15-25 kJ/mol). If this model IS physically correct, then we 
speculate that the value of 1.4 kJ/mol may instead represent a subtle cover- 
age-dependence m the strength of mtermolecular hydrogen bonding. This 
might occur via dipole reorientation in hydrogen-bonded water clusters as 
surface coverage mcreases. In any case, the qualitative similarities of the 
high-temperature states for the hexagonal surfaces of Rh, Ru and Ni, and the 
square surface of Pd, suggest that the nature of the desorption process may be 
similar on all of these smooth metal planes. 

Another interpretation of these data is similar to that proposed for water on 
Pt(ll1) [146] and discussed for water on Ag(ll0) [185]. In this model, H,O 
diffuses rapidly at low coverages to form hydrogen-bonded clusters (islands) 
on the surface. Desorption of H,O from clusters may proceed with a desorp- 
tion order less than one. (Free sublimation from an ice multilayer, for 
example, proceeds via zero-order kinetics.) This is consistent with the small 
shift of T, as coverage increases. Arthur and Cho [186] show evidence for 
fractional-order desorption kinetics m desorption of metals (Cu and Au) from 
islands on a graphite surface, as do Bauer et al. [187] for desorption of Cu and 
Au from islands on W(110) More detailed data, e.g. isostenc heats of 
adsorption, would be very valuable before complex models involving 
coverage-dependent values of A or fractional-order rate processes are ap- 
proached, however. At present, we feel that the 42-50 kJ/mol values are 
probably correct for the chermsorption bond strengths on the smooth surfaces, 
especially m view of the propensity for adsorbed H,O to form hydrogen- 
bonded clusters m these and other systems 

For the hexagonal surfaces, it is tempting to draw a correlation between the 
existence of multiple molecular desorption states and the existence of well- 
ordered hydrogen-bonded clusters, which are presumably favored by a particu- 
larly good match between the lattice constant of the metal and the ice-like 
cluster [60,79]. For this reason, in fig. 32 the highest TDS peak temperature is 
shown as a function of the difference between the metal lattice constant and 
the corresponding ice lattice constant. (Note that tlus does not correspond to 
the nearest-neighbor distance m ice, but to the next-nearest-neighbor distance 
- the reasons for this choice are discussed more fully in sections 4.3 and 4.4.) 
The most interesting group is the cluster ofoRe, Ru and Rh (shown with filled 
circles), which fall withm - 0.26 to - 0.15 A of ice. Two of these three metals 
also show strong evidence for both short-range and long-range structure 
(sections 4.3 and 4.4) while the third (Rh) exhibits long-range structure but its 
short-range order has not been studied [127]. These three metals have the three 
highest-temperature molecular states of all the hexagonal surfaces studied to 
date. In contrast, on Ni(lll), the water clusters do not form in short-range 
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ordered arrays [82]; also, only a single desorption state at 168-171 K IS 
resolved from the ice feature [82,108]. For purposes of future predictions, 
metals for which TDS have not yet been measured are shown with open 
circles. If the rough correlation shown in fig. 32 between TDS peak tempera- 
ture and lattice mismatch extends to other metals, one might expect that 
Ir(lll), Pd(ll1) and Os(OO1) all behave similarly to Ru and Re with respect to 
molecular adsorption characteristics, particularly multiplicity of TDS chem- 
isorption states and short-range order. These rough predictions must await 
refinement based upon results of future experiments, however. 

The identification of the multiple desorption states on Ru(001) is discussed 
m section 4.4.2. We note here that the highest-temperature state is associated 
with small hydrogen-bonded clusters which form by converszon from larger 
clusters. Conversion is much slower for D,O than for H,O (isotope effect), so 
that the high-temperature state is suppressed in D,O desorption from Ru(001) 
[188]. 

4.2.4. Chemlsorbed states on atomuzally rough surfaces 
Water on the rougher, more “open” (110) surfaces of Pt, Pd, Ni, and Cu 

exhibits desorption states at sigmficantly higher temperatures than the corre- 
sponding smooth (100) and (111) surfaces, whereas Ag(llO), Ag(112) and 
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Ag(311) do not show any state in thermal desorption dtstingmshable from the 
ice multilayers observed on Ag(ll1). The heats of adsorptron on the atomically 
rough surfaces are generally about lo-20 kJ/mol higher than on the smoother 
surfaces, assummg first-order desorption kinetics with A = 10” s-l. It ap- 

pears that when the metal-H,0 mteraction is extremely weak, as for Ag, the 
surface morphology cannot exert enough influence to change the bond strength 
measurably, but for slightly stronger interactions (as for Cu, Pt or Ni) the 
influence of surface morphology is apparent. The reasons why a rougher 
surface presents an effectively stronger interaction should probably be thought 
of in terms of the nature of H,O bonding to a single metal atom versus a large 
metal cluster. The calculation of Ribarsky, Luedtke and Landman [66] shows 
that the binding energy of an H,O-Cu complex is Just twice that of an 
H,O-Cu, complex. This is apparently explamed by a rather simple picture of 
H,O-metal bonding: since bond formation only involves electron transfer 
from H,O to the metal, the H,O effectively acts as a Lewis base (section 2). 
Coordinative unsaturation increases the acidity (electron deficiency) of the 
metal, which increases its ability to accept electrons from the H,O ligand. This 
leads to the conclusion that H,O molecules on a stepped or corrugated surface 
probably occupy posittons at the tops of the ridges or steps, where the metal 
atoms are most exposed. It should be remembered that this is an extremely 
simple picture. It provides a plaustbihty argument, however, for the slight 
face-specificity of bond strengths illustrated in table 9. Furthermore, it is 
supported by a structural study of H,O dimers on Ni(ll0) [113], which 
indicates that at low coverages the H,O molecules preferentially occupy sites 
atop the (110) ridges (see section 4.4.3). 

4.3. Long-range structure of the H,O Iattlce 

Years ago, meteorologists observed that there was a correlation between the 
type of nuclei used to seed clouds, and the effectiveness of the nuclei m 
stimulating precipitation. (This is discussed at length in section 7.) The surface 
morphology of the nucleation particles was thought to be important. Indeed, 
silver iodide is believed to be particularly efficient, at least in part, because its 
lattice constant matches very closely that of ice [4,5]. However, m a compara- 
tive study of various iomc substances as nucleation materials, Mason con- 
cludes that the strength of the water-substrate interaction 1s also cntical [4]. 
These basic ideas regarding surface lattice structure and ice overlayer growth, 
proposed by meteorologists over forty years ago [4], are being rediscovered 
today for metal substrates. 

In some cases, H,O adsorbed on metal surfaces forms ice-like structures 
which have long-range order; this two-dimensional penodicity is observable 
with the technique of low-energy electron diffraction (LEED), which can also 
measure the two-dimensional penodtctty of the metal lattice. This type of 
long-range structure is reported, for instance, by Ferment and SomorJai [189], 
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who observe hexagonal patterns for epitaxial ice grown on Pt(ll1) and 
Ag(ll1) surfaces for adsorption temperatures between 120 and 150 K. They 
further observe that the hexagonal structure can be either parallel to, or 
rotated by 30” from, the Ag(ll1) umt cell, whereas only the 30”-rotated 
structure is observed for the Pt(ll1) substrate. They interpret this m terms of 
the rmsmatch between a hexagonal crystalline ice lattice and the metal 
substrate. The mismatch 1s about equal for both types of superstructures 
which exist on Ag, but on Pt it is smaller by 0.4 A for the lattice which is 
rotated 30 o [189]. It is obvious from these data that the metal surface acts as a 
template for the overlying ice layers, which try to remam in registry with the 
substrate as closely as possible while mamtaming the intermolecular sep- 
aration of ice. [The LEED data are taken to reflect only the positions of the 
oxygen atoms, not the hydrogen atoms, for two reasons. First, mtensities of 
fractional-order spots due to ordered arrays of hydrogen atoms on metal 
surfaces are generally quite weak [190,191], weaker than the spots of the 
(1 X 1) pattern. Fractional-order beams due to oxygen, however, can be qmte 
intense. Second, the positions of hydrogen atoms m fig. 33 cannot be rec- 
onciled with a simple (6 X &)R30” superlattice, whereas the positions of 
the oxygen atoms can be easily explamed with this model.] Long-range 
structure is also observed for H,O/Ru(OOl) [60], where a similar (fi 
x fi)R30 o superstructure exists even at low coverages of H,O during adsorp- 
tion at - 120 K. Usmg other data which show that mtermolecular hydrogen 
bonds form at these coverages, a model is proposed m which the H,O forms 
ice-like clusters even at low coverage [60]. In this model, the H,O can form 
three-dimensional structures m which a “first layer” of water molecules is 
bound by direct chermsorption bonds, and molecules in the second layer are 
held by two or three hydrogen bonds to the first-layer molecules. Together, 
these two layers are termed a “bilayer”. The (0 x fi)R30 o structure, then, 
is a nonpnmrtive lattice with an absolute ideal coverage of 0 = 2/3 for the 
first two layers. In each unit cell, one H,O molecule is in the first layer and 
one is m the second. (0 = 1 monolayer is herem defmed as 1 adsorbed particle 
per surface metal atom.) Vibrational spectra indicate that the properties of the 
first two layers are indeed distinct from me multilayers [60]. As noted 
elsewhere in this article, the thermal desorption experiments support the 
general thermodynamic feasibility of cluster formation in this manner [60]. A 
contmuous, coverage-dependent splitting of the spots of the (0 X fi)R30 o 
LEED pattern on Ru(001) [79] is examined m some detail by Williams and 
Doering [192]. They propose a model in which antiphase domams of bilayer 
islands cause the spot sphttmg [192]. In this model also, the first-layer H,O 
molecules maintain specific adsorption sites at the expense of some small 
strain in the ice lattice: tlus stram effectively limits the bilayer domain size. A 
schematic depiction of a perfect extended bilayer, with the (fi X fi)R30” 
unit cell outlined, is shown in fig. 33. 
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Rg 33. SchematIc diagram of a perfect, mfmte, adsorbed, water bdayer Taken from Doermg and 
Madey 1791. 

LEED patterns have now been reported also for several other hexagonal 
H,O-metal systems at even low H,O coverages, as hsted m table 10. Interest- 
ingly enough, the data indicate that, for the hexagonal surfaces, the goodness 
of fit between the metal surface and bulk ice lattices is the main factor which 
determines whether a periodic H,O lattice will form at H,O coverages which 
are below that required for the ice multilayer. For Ag(ll1) [131], the au 
parameter of the metal unit cell is evidently too large to accommodate a 
hydrogen-bonded lattice readily while maintaining specific adsorption sites for 
the first layer of H,O molecules. In turn, this implies that chemisorbed H,O is 
at least somewhat site-sensitive; to build a long-range periodic lattice, the first 
layer of chemisorbed H,O is not willing to sacrifice specific adsorption sites, 
in spite of the weakness of the chemisorption bond. Empirically, we can 
conclude that a (6 x fi)R30 o H,O overlayer will form on those hexagonal 
substrates for which the nearest-neighbor distance between water molecules is 
greater than about 4.31 A (Ni), but less than 5.01 A (Ag). These hmits may 
change as new data are accumulated. 

On the square lattices, no evidence for long-range structure has yet been 
observed, though there is strong evidence for intermolecular hydrogen bonding 
even at low coverages (e.g. [81,129]). 

On the (110) lattices, a c(2 X 2) pattern is reported for Cu and Ni 
[113,117,118]. This is interpreted by several authors m terms of a slightly 
distorted hexagonal ice-like bilayer, as shown in fig. 34, where the c(2 x 2) unit 
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Table 10 
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Summary of long-range ordered structures (observed with LEED) and preferred molecular 
onentatlons (observed with ESDIAD) at low H,O coverages on metal surfaces 

Metal Related LEED pattern of Evidence of AdsorptIon Refs 

surface lattice adsorbed H,O, low 13 preferred temperature 

parameter molecular (K) 

(A) onentatlon 

at low 

coverage? 

(I) Hexagonal fia 

Ag(ll1) 5.009 

N1(111) 4 31 

Ice I 4 48-4 52 

Rh(ll1) 466 

Ru(OO1) 4.69 

Re@Ol 4 78 

Pt(ll1) 4 80 

Pt(lOO)- 

(5x20) 7 

(11) Square N/A 

AgU’W 
Pd(100) 

(rrr) Corrugated 2a 

Ag(lW 
Cu(ll0) 

Ag(112) N/A 

Ag(311) N/A 

Nl(110) 

None 

None at lower coverages, 

(fixfi)R30” at 8=1 

N/A 

(6 xfi)R30° 

(& x &)R30 o 

spht (6 x fi)R30 o 

(0 xfi)R30° 

c(2 x 2) 

(fi x J7)R30 .J 

Umdentlfled 

None 

None 

None 

c(2X2) 

None 

None 

(X2x2) 

No 
Poor 

80 [1311 
80 WI 

N/A 90 [461 

Yes 

Yes 

Not reported [127] 

80 [60,79,192] 

150 Q T < 200 [79,192] 

80 v391 
>150 

_ 100 [145,146, 
14X,189] 

_ 150 [1441 

80 I1311 
_ 110 [81,129] 

Poor to none 

Yes 

100 

90 

(84,123,132] 

[117-119,123. 

193,194] 
_ 

Yes 
Yes 

80 11311 
95 [1331 

Cl50 [112,113] 

cell is outlined. The similanty between this type of H,O lattice, and the one 
shown in fig. 33, is apparent. 

In summary, studies of the long-range structure of H,O layers rely upon 
LEED. They consistently indicate that H,O forms three-dimensional me-like 
layers m which the first-layer H,O molecules tend to occupy specific adsorp- 
tion sites and the second-layer molecules are hydrogen-bonded to the first 
layer. Thus, the first layer or two mainly feel the template effect of the 
substrate and subsequent layers mainly feel the forces which are present in 
bulk ice. The hexagonal surfaces generally form nonprimrtrve (6 X fi)R30” 
lattices (frg. 33) when the lattice mismatch between the metal and bulk ice IS 
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Fig 34 SchematIc diagram of a compressed If,0 Mayer gwmg a ~(2 x 2) LEED pattern on an 
fcc(ll0) surface [113,117,118] 

not too great, while the ndged (110) surfaces of the fee metals tend to form 
c(2 X 2) lattices (fig. 34). 

This entire discussion, of course, assumes that the electronic differences 
between metals as dissimilar as Re and Ag are unimportant. As we have seen 
in section 3.1, tms is simply not true in terms of how easily H,O dissociates at 
a metal surface; but it does appear to be a reasonable working hypothesis for 
predicting the long-range penodicity of H,O on metal surfaces at low temper- 
atures ( - 80 K) and low coverage, in those cases where dissociation does not 
occur. 

4.4. Orlentatlons of a&orbed Hz0 molecules 

4 4. I. Background 
The long-range order observed m LEED studies of H,O 1s a manifestation 

of the positions of the 0 atoms in the molecular layer; even if the H atoms 
were ordered in a long-range sense, the scattering by H is too weak to 
contribute significantly to LEED mtensity measurements. Molecules in the 
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adsorbed layer may preferentially adopt a parttcular azimuthal and polar 
onentation, even in the absence of any long-range (LEED) order. In this 
review, we examme the onentation of OH bonds: we defme preferential 
orientation to exist m an assembly of adsorbed H,O molecules when a 
substantial fraction of the molecules have OH bonds oriented along speciftc 
polar and/or azimuthal directions with respect to the substrate symmetry 
directions. 

Solid but indirect evidence for the existence of such preferred onentatton m 
adsorbed H,O is based on the long-range order seen in LEED coupled with 
the well-documented occurrence of hydrogen bonding in the adsorbed layer. If 
the 0 atoms are fixed with respect to substrate atoms and hydrogen-bonded 
complexes are formed, it follows that some sort of polar and/or azimuthal 
registry of OH bonds must occur, The question is, what are the preferred 
orientations of OH bonds in specific cases? 

Dzrect evidence for the onentation of adsorbed molecular H,O is found 
using the ESDIAD method, which is described in section 3.2. Based upon data 
from this techmque, which is sensttive to the angular orientatton of OH bonds, 
a number of instances are presented m which OH bonds adopt specific 
azimuthal and/or polar regtstnes with the substrate, and models of adsorbed 
H,O clusters are developed. Several examples are discussed in the followmg 
sections. 

4.4.2. Models for H,O orlentatlon on hexagonal substrates Ice-hke clusters 

As discussed in section 4.3, the adsorption of H,O on the hcp Ru(001) 
basal plane is accompanied by an interesting series of LEED patterns as a 
function of water coverage and temperature, indicative of complex long-range 
order [79,192]. The H+ ESDIAD from H,O on clean Ru(001) at 80 K provides 
direct evidence for preferred molecular onentation also [58,79]. At coverages 
less than 0.1 monolayer, a dim halo-hke ESDIAD pattern 1s observed, with 
virtually no en-nssion normal to the surface (fig. 35b [79]). At H,O coverages 
greater than 0.1 monolayer, a hexagonal pattern of dtstmct spots is formed; 
the hexagon is rotated by 30 o relative to the Ru(1 X 1) LEED pattern (fig. 35~ 
[79]). Further increase in H,O coverage leads to the development of normal 
emission, giving a central spot within the hexagon. As the H,O coverage 
exceeds 0.67 monolayers, the hexagonal ordering of the ESDIAD pattern 
disappears, and a broad, random Ht ESDIAD pattern appears. Detailed 
discussion of the “source structures” for the ESDIAD patterns m fig. 35 is 
given in the followmg paragraphs. 

A sequence of ESDIAD patterns similar to fig. 35 is reported also for H,O 
adsorbed on the hcp Re(OO1) surface at 80 K [142]. H,O adsorbs molecularly 
on the smooth Re(OO1) surface at 80 K, but dissociates on a stepped Re(OO1) 
surface at this temperature [139]. Above 250 K, adsorption 1s dissociattve on 
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1 
Ftg. 35 (a) Ru(OOl)-(1 X 1) LEED pattern demonstratmg the crystal onentatlon. (b)-(d) ESDIAD 
patterns of H,O adsorbed on Ru(001) at 80 K wth vanous coverages. (b) eH20 < 0 1, (c) 

B&O = 0.33, (d) eH,o z 0 67. A schematx representation of pattern (c) IS prowded for clarity. 
Taken from Doenng and Madey [79] 

both Re surfaces, and the LEED and ESDIAD are more complex than for 
Ru(001). 

Hydrogen-bonded H,O structures which have varying degrees of con- 
sistency with the data of fig. 35 are proposed by several groups [58,60,170]. 
Doering and Madey [79] propose, however, that the modified Bernal-Fow- 
ler-Pauling rules, described in section 2.2.2 may be particularly appropriate to 
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the mteraction of water with Ru(OO1) because of the close match of the ice and 
Ru lattice spacings and the strength of the H,O-metal mteraction (cf. 
discusston in section 4.3). In bulk ice, the oxygen-oxygen nearest-neighbor 
distance varies from 2.74 to 2.76 A between 90 and 270 K [27]. The distance of 
closest approach of two non-hydrogen-bonded H,O molecules is 4.52 A [27]. 
This distance can be compared with the next-nearest-neighbor distance in the 
metal lattice; for the hexagonal Ru(001) and Re(OO1) substrates, these dis- 
tances are 4.68 and 4.78 A, respectively. Epitaxlal ordering of a hexagonal ice 
lattice thus is slightly more favored on Ru(OO1) than on Re(OOl), although the 
simtlarity of ESDIAD patterns for the two surfaces [79,139] suggests that the 
ice-like adsorbed layer grows in the same way on both substrates. 

Now we examine the structures predicted for the adsorption of H,O on 
Ru(001) based on the BFP rules and their surface modifications (cf. secttons 
2.2.2 and 2.2.3), and we follow with an interpretation of the ESDIAD data of 
fig. 35 based on these structures. 

Based on BFP rules, combined with EELS and LEED data [60], H,O forms 
three-dimensional structures in which a “first layer” of H,O molecules is 
bound to the substrate by chemisorphon bonds and a “second layer” of 
molecules is bound by two or three hydrogen bonds to the first layer 
molecules. Together, these two layers form a “bilayer” with an ideal H,O 
density of 1.0 X 10” molecules/cm’, i.e., 2/3 monolayers of H,O on Ru(001). 
A model of the ideal bilayer is shown in fig. 33 (p. 267). 

The electric dipole moment of the water molecule lies along the C,, 
symmetry axis with the negative end toward the 0 atom. If the molecule has a 
component of the dipole moment away from the metal, tt is referred to as a 
“flip-up” molecule and one with a component of the dipole moment toward 
the surface is referred to as a “flop-down” molecule. From surface modifica- 
tion (a) of the BFP rules (cf. section 2.2.3) all molecules of the first layer are 
“flip-up”. For the perfect bilayer of fig. 33, all of the second-layer molecules 
are also “flip-up”, oriented with OH bonds perpendicular to the surface. 

If the surface coverage is less than 2/3 monolayers, the modified BFP rules 
predict that finite bilayer clusters form, as shown in fig. 36~. Note that there 
are non-hydrogen-bonded OH hgands at the edges of the cluster, and that the 
second layer contains both flip-up and flop-down molecules. The fraction of 
flop-down second-layer molecules increases with decreasing cluster size (fig. 
36b). A small cluster which satisfies all of the BFP rules and surface modiftca- 
tions is shown in fig. 36a. (Note that the nine-molecule cluster of fig. 36b has 
been incorrectly identified in ref. [79] as the smallest cluster consistent with 
the rules.) 

Now, we are in a position to relate the ESDIAD patterns of fig. 35 to 
structures predicted by the BFP rules and surface modifications, as shown in 
table 11. The dim halo-like H+ pattern (fig. 35b) seen at very low H,O 
coverages (0 < 0.1) may be due in part to isolated water molecules which are 
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Fig. 36 (a) Schematic diagram of the smallest btlayer cluster which obeys the BFP rules and 

surface modlfuzatlons (b) A nme-molecular water cluster. (c) A fmlte bllayer cluster consistent 

with the modified BFP rules, whxh may extst as the surface coverage approaches saturation of the 

bllayer (0 67 monolayers). Taken from Doenng and Madey 1791. 
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Table 11 

SchematIc drawmgs of ESDIAD patterns for H,O on Ru(OOl), and their mterpretatlon (from 

Doermg and Madey [79]) 

ESDIAD pattern Source structure 

I Halo-hke Isolated water molecules, rotatmg or randomly onented, small, 

poorly ordered clusters 

II Hexagonal Edges of fmlte water bdayer clusters with three-fold symmetry 

*% 
:i& 

of the oxygen posltlons m two equally probable onentatlons 

III Normal Second layer fhp-up water molecules m the bdayer, mtenslty 
mcreases wth cluster area Over a wide coverage range (0 1 -C 0 

< 0 67) a combmatlon of II and III 1s seen (as m hg 35~) 

IV Random Water multdayers which are either liquid-hke or rocking 

either randomly oriented azimuthally, or freely rotatmg. Disordered clusters 
smaller than the stable six-molecule structure of fig. 36a may also contribute 
to the halo. Note that hydrogen atoms involved in hydrogen bonding are not 
believed to contribute to the ESDIAD pattern. 

As discussed in section 4.5, there is strong evidence from vibrational 
spectroscoptes that an increasmg degree of water cluster formation occurs with 
increasing coverage on this surface, especially for coverages BHzO > 0.1 [59,60]. 
Since this water overlayer eventually develops a (6 x fi)R30” LEED pat- 
tern [59,60,79], the ice clusters of fig. 36 are assumed to be m registry with the 
Ru substrate. Then, H atoms withm a cluster are always in positions of 
three-fold symmetry with respect to the 0 atoms (fig. 36). The hydrogen atoms 
involved m hydrogen bondmg are not thought to contribute to the ESDIAD 
pattern [79], so that H hgands at the edges of a given cluster should give rise to 
three-fold symmetric ESD ion emission (the off-normal beams of fig. 35~). The 
six-fold symmetry of the ESDIAD pattern (fig. 3%) from these clusters 
probably results from the two possible orientations of the clusters on the 
hexagonal Ru(001) surface. The central beam m fig. 3% is due to second-layer 
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flip-up molecules, which produce H+ ESD ion emission intensity normal to 
the surface. Since the fraction of the second-layer molecules in the flip-up 
orientation increases with increasing cluster area, the intensity of the normal 
ESDIAD beam increases with increasing fractional bilayer coverage (fig. 36). 

Near saturation of a perfect bilayer, the hexagonal emission pattern from 
the cluster edges fades out, leaving primarily Hf ESD emission normal to the 
surface and additional random H+ ermssion from water multilayers which also 
form at fractional bilayer coverages. Water layers not directly bound to the Ru 
substrate may not be strongly bound in a regular structure, giving rise to a 
high intensity of random H+ en-ussion from multilayers (fig. 35d). 

Thus, the ESDIAD data provide a “fingerprint” for a series of water 
structures having preferred local orientations of molecules, even at coverages 
below which the ordered (6 x fi)R30” LEED structure is formed. During 
thermal desorption, starting from B = 0.67, one observes evidence in ESDIAD 
that the two desorption features associated with the chemisorbed layer are due 
to the breaking up of hydrogen-bonded clusters such as shown in fig. 36c at 
htgh coverage, followed by the dissolution of hydrogen-bonded clusters such 
as shown in fig. 36b at lower coverages (higher temperatures) [79]. The smaller 
clusters are created by converston from the larger clusters [59,188], and this 
conversion step is much slower for D,O than for H,O [188]. Experimentally, 
one observes that the high-temperature state is suppressed for D,O. The 
suppression is thought to occur because rotation of a water molecule within 
the cluster is the rate-limiting step for conversion between the two structures, 
and this rotation is much slower for the heavier isotope of water [188]. 

4.4.3. Models for H,O onentatlon on fcc(ll0) surfaces: stable dlmers 
Based on the above discussions (section 4.4.2 and section 4.3) there is a 

clear rationale for the existence both of local preferred orientations and 
long-range order (observable in LEED) for H,O on substrates having hexago- 
nal symmetry [i.e., hcp(001) surfaces and fcc(ll1) surfaces]. LEED patterns 
are also reported for H,O on two-fold symmetric Cu(ll0) and Ni(ll0) 
surfaces, and are thought to represent strained, quasi-hexagonal H,O bilayers 
[113,118]. Evidence also exists that a stable cluster at low coverages on a 
Ni(ll0) surface may be the smallest of all possible clusters, the H,O dimer 
[113], and that the dimers exhibit preferred azimuthal and polar orientations 
of OH bonds. 

Nob1 et al. [113] suggest that oriented H,O dimers form at fractional 
monolayer coverages, eHzO = 0.2 to 0.5, on Ni(ll0) at T-C 150 K. This 
conclusion is founded primarily on angle-resolved UPS (ARUPS) measure- 
ments, and is supported by EELS data [112]. The UPS data exhibit a 
characteristic splitting of the adsorbate-induced peaks, similar to the data of 
Schmeisser et al. [57] for H,O on uranium nitride. Based on the molecular 
orbital calculations of Morokuma and Umeyama [195,196], this splitting is 
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Fig 37. Analysis of the photoermssmn spectrum followmg a 1 L exposure of water on uramum 

mtnde at 41 eV photon energy The observed sphttmg of the three molecular orbltals 1s explamed 

by comparison with the calculated bmdmg energxs (1961 of the proton-acceptor (A) and the 

proton-donor (D) levels for the hnear water dlmer (schematic sketch) Taken from Schmelsser et 
al. [57]. 

associated with H,O dimer species contammg one H-donor and one H-accep- 
tor molecule. (See fig. 37 for a schematic of the splitting, and the UPS data of 
Schmetsser et al. [57].) The splitting of the three H,O features (lb,, 3a,, lb,) 
is absent for larger hydrogen-bonded clusters on Nt(110) because each H,O 
molecule acts as a H-donor and H-acceptor at the same time. 

Evidence that the dimers have specific orientations on the Ni(ll0) substrate 
IS provided by ARUPS and ESDIAD [113]: both methods lead to the identical 
conclusion that the dimers are oriented along [OOl] directions. Fig. 38 contams 
LEED and ESDIAD patterns for H,O on Nt(llO), together with a model of 
the drmer structure. The LEED pattern of the clean surface (fig. 38a) provides 
the basis for identifying the azimuthal orientation of the “four-spot” H+ 
ESDIAD pattern (fig. 38b) characteristic of H,O at low coverages. This 
pattern is consistent with the dtmer model of ftg 38c m whtch three H atoms 
and one oxygen lone pan from the proton donor molecule point away from 
the surface m specific azimuthal directions. These four dtrecttons are suggested 
to be active for H+ ESD emission. (Note that the lone pair is not perpendicu- 
lar to the surface, which is a slight relaxation of the surface modifications to 
the BFP rules.) The direction of the oxygen lone pair becomes equivalent to an 
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0 ESD Active Hydrogen 
0 ESD Inactive Hydrogen 

Fig. 38 LEED (a) and H+ ESDIAD (b,d) patterns for H,O on N1(110) Pnmary electron energy, 
Ep, for LEED 1s 70 eV and for ESDIAD 350 eV In (b), ESDIAD 1s dommated by a “four-spot” 
pattern due to H,O dlmers m addltlon, two weak spots m the [OOl] avmuthal dlrectlon are 
observed, caused by electron beam damage (c) Model for H,O dlmer onentatton on N1(110) A 

model for pattern (d) 1s gtven m fig 34 (p. 269) Taken from Nob1 et al. [113] 

H+ active O-H direction by rotating the dimer 180”. If we assume that the 
azimuthal directions of the H+ emission are determmed by these four bond 
directions, a “four-spot” ESDIAD pattern results. 

UPS studies of H,O on other metal surfaces [e.g., Ni(ll1) [147], Cu(100) 
[117] and Pt(ll1) [145]] do not reveal evidence for dimer formation. Due to the 
high mobility of H,O at low coverages (section 4.1) as well as the strong 
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attractive hydrogen-bonding mteractlon, larger two-dimensional clusters prob- 
ably form immediately upon adsorption. 

Why, then, do dimers form on Ni(ll0)~ The dimer appears to be the stable 
form at low H,O coverages due to a moderately strong H,O-metal bond 
(table 9), combined with a good geometrical match between the oxygen lone 
pairs of the dtmer and the Ni(110) substrate: the structure of the gas-phase 
dimer must be perturbed only slightly to achieve the configuration shown in 
fig. 3%. Moreover, the existence of ordered LEED structures at low coverages 
on Ni(ll0) [113,162] indicates that the net dlmer-dimer mteraction is repul- 
sive. However, as the H,O coverage increases beyond Bu,o = 0.5, the mterac- 
tton between neighbormg molecules forces some of the H,O dimer molecules 
mto second-layer position, and a distorted quasi-hexagonal bilayer forms (see 
fig. 34, p. 269). Thts bilayer is discussed more fully in section 4.3, and is 
observed also on Cu(ll0). 

ESDIAD data for H,O on Cu(ll0) [193,194], Ag(ll0) [185] and Pd(ll0) 
[130] also reveal “four-spot” ESDIAD patterns at low H,O coverages but the 
molecular structures giving rise to these patterns are not verified using other 
surface-sensitive techniques, nor 1s it clear whether the structures always form 
m the absence of tmpunties Irrespective of the details of the adsorbate 
structures, however, it appears that H,O adopts preferred orientations when tt 
is adsorbed on the (110) surfaces of several fee metals, including Ni, Ag, Cu, 
and Pd. The local atormc roughness of these ndged surfaces apparently results 
in unique orientations of H,O, which are not found on smoother surfaces of 
the same metals (Ni(ll1) [82], Ag(lOO), Ag(ll1) [131]). 

4.4.4 Summary of data on molecular orlentatlon 

When we consider the range of metal surfaces on which water adsorption 
has been studied using ESDIAD and LEED, several general conclusions can 
be reached. H,O exhtbits little or no azimuthal or polar orientation for 
substrates on which the chemisorption bond is weak [Cu(lOO), Ag(lOO), 
Ag(lll)]; exceptions are two atomically-rough surfaces, Ag(ll0) [185] and 
Ag(311) [133]. For Ni(111) [82], on which H,O is slightly more strongly 
bound, there is no clearly-defined avmuthal H,O orientation revealed by 
ESDIAD, presumably due to the lattice mismatch. There is, however, evidence 
of preferred ton desorptton along non-normal directions on Ni(llO), suggest- 
mg that there are few “flip-up” molecules at fractional-monolayer coverages. 
On surfaces which bind molecular H,O relatively strongly [Ni(llO), Ru(OOl), 
Re(OOl)], the evidence for preferred onentations is strong and clear. Thus, on 
surfaces where H,O is strongly bound and/or atomically rough, the surface 
acts to induce preferred orientations m the adsorbed layer, even at fractional- 
monolayer coverages. Much more work is necessary to broaden these generah- 
zations, including studies on surfaces of four-fold symmetry and surfaces 
having widely different lattice parameters. 
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In closing this section, we note that the data on molecular onentations are 

included, for comparison with LEED measurements, m table 10 (p. 268). 

4.5. Vtbratronal spectra of H,O 

In 1967, Propst and Piper were the first to study the vibrational spectra of 
H,O (probably dissociated) on a surface using electron energy loss spec- 
troscopy (EELS) [138]. This techmque has proven to be our most generally 
useful probe of vibrational properties of water at surfaces, mainly because of 
the wide spectral range which is routinely accessible to it (V >, 100 cm-‘) and 
the ability to isolate cleanly the water-metal interface in ultrahigh vacuum. 
The vibrational spectra of molecularly adsorbed H,O have been obtained, 
using electron energy loss spectroscopy, for the followmg surfaces* Rh(ll1) 
[197], Ni(ll0) [112], Ru(001) [59,60], Pd(lOO) [81,129], Pt(ll1) [146], Pt(lOO) 
[144], Cu(100) [56, 1981, Ag(ll0) [132] and Ag(lOO) [137]. In addition, H,O on 
Ru(001) and Pt(ll1) has been studied with infrared reflectance-absorbance 
spectroscopy (IRAS) [148,170]. Some work has also been done with surface 
enhanced Raman scattering (SERS) (e.g. [199]), but, as discussed by Blatch- 
ford et al. [200], this technique has not proven as sensitive m detecting the 
O-H fundamental mode as it has m detecting lower-frequency vibrational 
modes, and this seems to place a major constraint on its usefulness. A second 
major drawback IS the necessity of using roughened Ag, Au, or Cu surfaces in 
order to gain an enhancement of lo3 or greater. Finally, even with enhance- 
ment, this technique does not seem pronusmg for the study of water at 
surfaces immersed in aqueous solution due to the large competitive signal 
from the solvent [199,200], although some very nice work has been done using 
SERS in ultrahigh vacuum [199]. 

As discussed m sections 2 and 3.2, the vibrational spectrum of H,O m the 
gas phase consists of bands due to the O-H stretch, v(OH), and the mtramo- 
lecular deformation, or scissoring mode, 6(HOH). Upon adsorption at a metal 
surface, the translattonal and rotational degrees of freedom become frustrated 

(cf. fig. 26), giving rise to additional bands m the vibrational spectrum. A 
frustrated rotation is also known as a libration, and the frustrated translation 
perpendicular to the surface is usually referred to as the metal-admolecule (m 
this case, metal-H,O) stretch. In bulk ice, an analogous frustrated H,O-H,O 
translation at very low frequency is also observed [27,44]. The frequency 
ranges which are broadly associated with each type of vibration are listed n-r 
table 3 (p. 231). Frequencies obtained in specific studies of surfaces are listed 
in tables 6 and 7 (pp. 251 and 252). We first examine the EEL spectrum of ice 
multilayers; with this as a reference, we then turn our attention to the EEL 
spectra of chemisorbed H,O, to see what information each type of vibrational 
feature provides about the H,O-metal system. 

The EEL spectrum of ice multilayers on Ag(ll0) is shown m fig. 39 [132]; 
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Fig 39 EEL spectrum of H,O adsorbed on clean Ag(ll0) at 100 K, after an exposure of 
approximately 2 X 1015 molecules cme2 Taken from Stuve et al [132] 

this spectrum IS not sensitive to the metal substrate, and very similar spectra 
are reported also for ice on Cu(lO0) [56], Pt(ll1) [147], Pt(lOO) [144], Ru(001) 
[59,60], and Fe(lOO) [103]. SER spectra of ice on polycrystalline Ag [199] also 
show essential agreement with these data. As fig. 39 shows, the frustrated 
H,O-H,O translation appears at 240 cm-‘, a broad feature due to frustrated 
rotations (libratrons) has maximum intensity at 810 cm-‘, the scrssormg mode 
(intramolecular deformation) occurs at 1660 cm-‘, and the O-H stretch 
causes a broad loss feature centered at 3350 cm-r. These frequencies and 
assignments are in agreement with the infrared spectra of bulk ice at - 90 K 
[27,44]. Both v(OH) and s(HOH) are strongly perturbed relattve to the 
gas-phase spectrum, due to the formatron of hydrogen bonds. As discussed 1x-r 
section 2.2.2, hydrogen-bond formation causes the FWHM of v(OH) to 
increase while its maxrmum frequency decreases, relative to the gas phase; rt 
also induces an upward frequency shtft m 6(HOH) of about 50 cm-‘. 

The frequency and broad width of the v(OH) feature are usually snmlar for 
lower coverages of water, providing the clearest evidence that hydrogen 
bonding occurs even at low coverage on metal surfaces (e.g. [59,81,137]). Thts 
IS illustrated also m the data of fig. 39 [132]. In such systems, hydrogen 
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bonding typically results in peak maxima between 3200 and 3400 cm- ’ and 
FWHM as htgh as 500 cm-‘, to be compared with gas-phase frequencies of 
3660 and 3760 cm-i for the asymmetric and symmetric O-H stretches, 
respectively, and correspondmg line widths which are below 1 cm-’ for the 

isolated molecules [27]. 
In addition to hydrogen-bonded moieties, it is believed that m some cases 

different types of OH groups can exist on the surface, whose natures can be 
deduced from the vibrational spectra. The simplest of these is the non-h&o- 
gen-bonded OH group of an undissociated H,O molecule. One can also make 
the following distinction: either the second OH umt of the molecule forms a 
bond elsewhere (to another H,O molecule, or to the surface), or it 1s also free. 
In the latter case, there should be only the asymmetric and symmetric 
components of the Y(OH) peak m the spectrum of this molecule. [Note that of 
these two, only the symmetric O-H stretch is dipole-allowed under simple C,, 
symmetry (cf. fig. 14, p. 230), or under any symmetry wherein the 

molecule-surface complex retains a C, axis.] In the former case features at 
other frequencies will be observed as well. The latter type is usually called an 
H,O monomer, to distmguish it from H,O m hydrogen-bonded aggregates. (In 

principle one could have isolated H,O molecules with one free OH group and 
one bonding to the surface, but this is usually not expected. In the absence of 
secondary influences, theory predicts surface bonding through the oxygen 
atom’s “lone pair” orbitals and a high degree of symmetry m the chenusorbed 
state. This is discussed more fully m section 2.) 

Evidence for a non-hydrogen-bonded OH group is reported by Ibach and 
Lehwald on Pt(lOO) [144], where a relative narrow band at 3670 cm-’ occurs, 
surprisingly close to the gas-phase frequency. However, tins feature is never 
observed without the hydrogen-bonded OH stretch also, i.e. isolated H,O 
monomers alone cannot be prepared at the adsorption temperature (100 K). 
Therefore this feature may be due only to the O-H stretch of nonbonded OH 
groups at the peripheries of hydrogen-bonded aggregates, or to coexistent 
monomers and aggregates [144]. Stuve, Madix and Sexton prepare a Ag(ll0) 
surface with oxygen and H,O coadsorbed, m which a narrow v(OH) peak 

appears m EELS at 3600-3670 cm-’ [132]. Thts is assigned to the H,O 
molecules isolated in the metal “troughs”, with hydrogen-bondmg somehow 
prevented by the oxygen adatoms. 0116, Salmeron and Barb have assigned an 
O-H stretchmg vibration at 3610 cm-’ to non-hydrogen-bonded OH groups 
on Ni(ll0) [112]. On Ru(OOl), a feature at 3500-3565 cm-’ has been assigned 
to single OH groups at the borders and surfaces of hydrogen-bonded clusters 
[59]; because of the extensive supporting data from ESDIAD studies [79], this 
is a firm assignment. Furthermore, at very low coverages, isolated H,O 
molecules are identified at 80 K on this surface, with v(OH) at 3600 cm-’ 
[59]. In short, non-hydrogen-bonded OH groups at metal surfaces tend to have 
rather high vibrational frequencies between 3500 and 3670 cm-‘, with narrow 
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peaks whose FWHM approach the hmitmg resolutton of the typical EEL 
spectrometer (- 50-100 cm-‘). 

A third basic type of OH group is one which forms a bond to the metal 
surface. Evidence for such types of bonds is reported on Pt(lOO) [144], and 
Ru(001) [59]. These groups always cause relatively weak features m the 
vibrational spectra, indicating that they are minority species. Their frequencies 
fall in the range of 2850-2935 cm-‘, representing a “softening” of the OH 
fundamental. An interesting analog exists for several cyclic hydrocarbons, 
most notably chemisorbed cyclohexane on hexagonal Pt, Ni, and Ru surfaces, 
where some C-H bonds of the molecule point into the surface and are 
“softened” by the resultant strong interaction (e.g. [201,202]). Some other 
possibilities for the assignment of these features m chemisorbed H,O do exist, 
most important of which are a Fermi resonance between 2[S(HOH)] and 
v(OH), well-known in the liquid state [203], and a strongly distorted mter- 
molecular hydrogen bond [41]. However, the experimental isotopic frequency 
shift [144], the coverage-dependent behavior, and the intensities with respect 
to other vibrational features [144,59] appear to preclude such alternative 

explanations for the features in this frequency range. 
If they are m the minonty, why do such bonds form at all? One possible 

answer is that they are structurally necessary to the larger hydrogen-bonded 
cluster, perhaps existing only at its periphery, or that they extst only in very 
small clusters of two or three molecules [204]. A similar concept is proposed 
by Ibach and Lehwald for H,O on Pt(lOO) [144]. 

It should be kept in mind that not all types of OH groups extst on every 
surface; but it does appear that the extsting data now provide a predictive 
basis for future assignment of OH vibrational features to certain types of OH 
groups. The amount of data upon which thts conclusron rests is already much 
larger than the early matrix isolation experiments on H,O clusters which 
prompted such interest on the part of physical chemists [20]. 

The sczssorzng mode is also a potentially good source of mformatton about 
chennsorbed water. The information which can be obtained 1s of two types. 
(1) With some caution about experimental sensitivity, the presence or absence 
of this feature can be taken to indicate nondissociative or dissociative adsorp- 
tion, respectively, since the vibration involves all three atoms of the molecule; 
and (2) the frequency of the vibration may reflect the relative strength of the 
metal-H,0 bond, unless hydrogen bonding competes and interferes. 

Based on matrix isolation work [77,205,206] and infrared studies of 
metal-H,0 complexes [207], it is postulated that the frequency of the scis- 
sormg mode decreases from its gas-phase value as the extent of charge transfer 
to the metal center zncreuses [77,205-2071. Some insight into why this mtght 
happen is provided by the discussion of section 2.2.3 and table 2 (p. 222). As 
shown there, the chemisorption bond of H,O (via the oxygen atom) may 
involve electron donation from the 3a, orbital, or the lb, orbital, or both. In 
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any case, a decrease in the scissoring mode force constant is expected [73,77]. 
This is easily visualized for the 3a, orbital, where removal of electrons reduces 
the screemng between protons; complete removal of the electrons results in a 
linear ion [208] (see section 2). In aquo-metal-sulfate complexes, S(HOH) 
frequencies as low as 1498 cm-’ are reported. Interaction with the metal 
therefore causes a shift to lower frequencies relative to the gas-phase value 
(1595 cm-‘), whereas it is well known that intermolecular hydrogen bonding 
causes a shift to hrgher frequencies [203]. 

In the vibrational studies to date, the scissoring mode frequencies of 
chemisorbed H,O fall both below and above gas-phase values. At even low 
coueruges of H,O on clean Ag(ll0) [132], Pt(100) [144], Pd(lOO) [81,129], and 
Pt(ll1) [146], 6(HOH) is observed between 1630 and 1660 cm-‘, comparable 
to the value of bulk ice, - 1620-1640 cm-‘. This reflects a relatively weak 
Interaction with the metal and the predominance of mtermolecular hydrogen 
bonding. In contrast, on clean Ru(OOl), at low coverages the scissoring mode 
frequency falls at 15OC-1520 cm-’ [59,60]. Also, for oxygen-dosed Ag(llO), 
6(HOH) is slightly lower than otherwise, - 1590 cm-’ [132]; this is true as 
well for H,O on clean Ni(ll0) [112]. In the latter three cases, S(HOH) 
indicates a somewhat stronger mteractton with the surface; it is probably not 
coincidental that in these cases desorption states of molecular H,O are 
observed at T > 200 K, with binding energies z 50 kJ/mol [60,132]. When 
S(HOH) appears at higher frequency, as for clean Ag(llO), Pd(lOO), Pt(ll1) 
and Pt(lOO), only desorption states at T ,< 180 K are present. It appears that 
the temperature of the thermal desorption peaks and the frequency of 6(HOH) 
at low 8 may be parallel mdicators of the strength of the metal-H,0 
interaction. It would be interesting if this prediction regarding 6(HOH) were 
borne out, for instance, in the vibrational spectra of H,O on Ir(llO), where 
desorption states at T > 200 K also appear for the clean surface (see table 5, p. 
250). In summary, for chemisorbed H,O at metal surfaces, values of 6(HOH) 
both above and below the gas-phase frequency are observed. It is proposed that 
shifts to lower frequency reflect a relatively strong H,O-metal interaction, 
whereas higher frequencies are due to hydrogen bond formation and only 
weak metal-H,0 bonds. These qualitative predictions and experimental trends 
regarding softening in the scissoring mode frequency are not borne out in 
theoretical calculations to date, however (section 2). 

The librational modes are frustrated rotations which, in the EELS experi- 
ments, would not be observed if the molecule maintained perfect C,, symme- 
try with respect to the surface, as one early model proposed [58]. (This 
statement would not be true if nondipolar scattering were important, but the 
evidence mdicates that for these modes, scattering is largely dipolar [60].) 
However, the hbrations invariably account for the most intense features in the 
EEL spectra, for both low and htgh H,O coverages. The necessary conclusion 
is that the symmetry of the molecule must be lowered in such a way that at 
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Fig 40 SchematIc representation of types of H,O molecules present m the bdayer For more 
detaded deplctlons see refs [79,192] Taken from TheI et al [59] 

least one of the librational modes becomes dipole-active. One explanation for 
their observation, supported m general by other data, 1s that hydrogen-bonded 
clusters form in which the molecular planes of many of the H,O molecules are 
not perpendicular to the metal surface, due to tetrahedral bonding at the 
oxygen atom, as shown m figs. 36 (p. 273) 38 (p. 277) and 40. The selection 
rules whtch operate in dipolar scattering are thus particularly useful m 
obtaining structural information from the frustrated rotations. 

a 

b 

4 

c 

Ah, 770 EELS 

3 

b 165K 
3355 3500 

m 

TDMS 
C 

162K 

222K 

220K 

1 

Fig 41 EELS and TDS data obtamed after adsorptlon of Ice multdayers on 
anneahng to the temperatures mdlcated. Taken from Thlel et al [S9] 

Ru(OO1) and 
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In several cases, more than one librational mode appears. For a smgle 
chemisorbed H,O molecule, it is easy to visualize three different types of 
frustrated rotations, one about each of the molecular axes, commonly referred 
to as the rocking, twisting, and wagging motions. These are shown m fig. 14, p. 
230. However, the assignment of the librational features to distinct rocking, 
twisting, or wagging motions is not straightforward, particularly when cou- 
pling to the other molecules via hydrogen bonding comes mto play. Such 
simple assignments are controversial even m the simpler cases of metal-aquo 
complexes [54,55]. The librational modes of a well-ordered bilayer of H,O on 
Ru(001) are visible in figs. 41b at 680-700 and 890-920 cm-’ [59]. In bulk ice, 
a single broad feature at - 780-820 cm-’ is always observed (cf. fig. 41a). In 
figs. 41b and 41c, the sharp peak at 890-920 cm-’ seems to be uniquely 
associated with a well-ordered bilayer, an observation whose sigruficance may 
be clarified by future comparisons with other systems. 

5. Dissociative adsorption on clean metals 

5.1. Equrhbrwm conslderatzons: a survey of the Perlodrc Table 

In this section we briefly review the cases in which dissociation of H,O is 
reported to occur at transition metal surfaces. We then present a similar 
review of several nontransition groups: Group 1 (the alkali metals), Group 2 
(the alkaline earths), Group 3A and 4A metals, and the rare earths. 

In section 3.1. and fig. 24 (p. 244), we use thermodynamic arguments to 
show that dissociation of water is dnven by enthalpy on many transition metal 
surfaces. The driving force is provided by the heats of formation of the 
chemisorption bonds of the dissociation fragments (OH,, H,, 0,) relative to 
the chemisorption bond of molecular water. This simple picture can only be 
used to predict the state of adsorbed water which is favored m equd~brlum, but 
in fact this picture is surprisingly accurate in most cases (see fig. 24). 

What controls the enthalpy changes which accompany dissociation? As 
pointed out in section 3.1, the metal-oxygen bond of atomic oxygen varies 
more strongly from metal to metal than does the metal-hydrogen bond 
strength, so this is the most important factor. The trends in stability of the 
metal oxides are rmmicked by the metal hydroxides, since the same factors 
which stabilize the electronegative oxygen atom also tend to stabilize the 
electronegative hydroxyl fragment. Therefore, the same overall pattern is 
followed across the periodic table for both partial and complete dissociation of 
the water molecule. As shown m fig. 24 and table 4, dissociation is enthalpi- 
tally favored for most of the transition metals, with only a small pocket of 
relatively inert metals among the Group VIII elements. The mam reason why 
these metals are predicted to be inert toward H,O is because they do not form 
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strong metal-oxygen bonds, i.e. AH, of the oxides is not large and negative 
[94], and table 4). 

Among the transition metals, it is noteworthy that there is good evidence 
for dissociation of water even at T < 100 K on Ti(OO1) [loo], Cr(ll0) [101,151], 
Mn films [102], MO films [126] and Fe(lOO) [103]. Studies on other transition 
metals, carried out at room temperature, show that water dissociates also 
under these conditions on W(100) [138], Fe(ll0) [104], Fe(lOO) [152,153,209], 
Re(OO1) [139], and Re films [140]. Transition metals for which the dissociation 
reaction is sensitive to surface morphology are discussed m section 5.3. 

The non-transition metals have been (thus far) less exhaustively studied 
than the transition metals. In section 6, we discuss adsorption of water at 
surfaces which have been modified by truces of non-transition metals, such as 
the alkali metals, but here we are concerned with adsorption at surfaces of 
bulk or bulk-like samples of the non-transition metals themselves. 

An analysis similar to that reported in table 4 (pp. 242-243) indicates that 
water dissociation is favored by the net enthalpy change on Li, Na, K, Rb and 
Cs surfaces. (There is not sufficient data to discuss francium, although it 
presumably follows the same trend.) This is based upon calculation of A Hd for 
partial dissociation to OH, and H,. We have chosen this pathway instead of 

complete dissociation to 0, and 2H, because thermodynamic data for the 
hydroxides of the alkali metals are more readily available and self-consistent 
than the corresponding data for the oxides. The value of A Hd then varies from 
- 332 kJ/mol for Li, to - 240 kJ/mol for Na and K, to - 227 kJ/mol for Rb 

and Cs [94]. (It is noteworthy that these metals all form stable hydrides as well 

as hydroxides [94].) 

--. 

H,O lb1 

-IS-- 37 - 

Binding Energy eV 

Fig 42. UPS of bthmm exposed to H,O The energy zero 1s the Ferrm edge of clean l&mm 
Upper H20g taken from Turner et al [32], centrold of first peak arbltranly placed over 
(extrapolated) zero coverage peak of H,O on hthmm, two strong wbromc members m lb, have 

been truncated for ths graph Taken from McLean et al (711 
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Photoemission data, shown in fig. 42, indicate that exposing a thrck Lr film 
to H,O at room temperature results m ussociutrue adsorptron [71]. The 
positrons of the three photoemissron features, assigned as the lb,, 3a,, and lb, 
orbrtals of H,O, are extrapolated to binding energies of 6.3, 8.3 and 12.4 eV 
below E, at zero coverage. The interpretation of the UPS data is supported by 
cluster calculations, which indicate that water forms a stable molecular com- 
plex with the alkali metal rather than forming hydroxide and hydrogen [71]. 
Thrs 1s an unusual result, given the thermodynamic arguments advanced 
previously and the data for the other alkali metals which are presented in the 
following paragraphs. It is not rmposstble that the UPS spectra are due to a 
mixture of OH, and 0, on Li, since snnilar data are reported for water 

I I I I 

\ 

CuI111I/Na/H20 

T = 220K 

I I 1 I I 
-12 -10 -8 -6 -4 -2 0 

ENERGY E-EF ieVI 

Fig. 43 He I (21 2 eV) UPS spectra of Cu(lll)/Na/H,O. Each different Cu(lll)/Na surface 1s 
saturated wth H,O at 100 K The temperature IS flashed to 220 K and retooled to 100 K before 
measuring spectra. The In and 30 features show the presence of OH,. No undlssoclated H,O IS 

observed 8,, = 0 46 equals one full layer Taken from Paul [210] 
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dissoctation products on Ti (see ftg. 25, p. 248). Matrix isolation experiments 
also indicate that a water molecule does not dissociate when it interacts with a 
single Li atom [205,206], although the temperature m such expenments is very 
low relative to most surface adsorption studies, - 15 K [205,206]. 

For sodium, there are two studies of the alkali metal’s interaction with 
water [154,210]. Relying pnmarily upon ESDIAD and TDS, Doering et al. 
show that H,O dissociates very readtly (even at 80 K) on top of a dense, 
two-dimensional Na layer deposited on a Ru(001) substrate [154]. Such a layer 
presumably possesses electronic properties approaching those of the bulk 
metal [154]. Dissociation at 80 K yields a maximum of two OH groups and 
two H atoms per surface Na atom [154]. The hydroxtde decomposes above 350 
K, and hydrogen desorbs at 350 to 600 K [154]. No H,O desorbs. Paul reports 
on the reaction of water with thicker Na films on a Cu(ll1) substrate [210]. He 
finds that three-dimensional NaOH forms upon exposure of a Na film to 
H,O. He identifies the reaction product on the basis of the very clear and 
distmctive NaOH spectrum shown in the upper curve of fig. 43 [210]. 

The picture is similar for bulk-like samples of potassium. For a full, dense 
layer of the alkali metal, dtssoctation occurs upon adsorption at 80 K on a 
Ru(001) substrate [211], and upon adsorption at 100 to 125 K on Pt(l11) 
[212-2141. The products are OH, and H,. Thts reaction takes place also for 
multilayers of potassium, up to ten layers deep on Ru [211] or 110 A thick on 
Pt [212,214]. In both cases, reaction is not hrmted to the surjuce of the alkali 
metal film upon adsorption, but instead the dissoctation products penetrate 
the bulk of the film and form a three-dimensional mixture of K and OH. In 
the work with the Pt(ll1) substrate, tt is further reported that water of 
hydration permeates the K film at 125 K [212,214]. The water of hydration is 
dnven off between 250 and 300 K, i.e. at higher temperatures than normal 
chermsorbed water [211,212,214]. Both studies agree that, upon heating, the 

KOH layer decomposes at approxtmately the same temperature: 570 to 580 K 
[211,212,214]. In the work with the Ru(001) substrate, thermal desorption 
studies further show that decompositton of the hydroxtde 1s accompanied by 
simultaneous evolution of K and H,O in the gas phase [211]. Formation of the 
hydroxide must stabilize the entire potassium multilayer agamst desorption, 
since clean potassium multilayers begm to subhme at much lower tempera- 
tures, - 300 K [211]. This is illustrated in fig. 44, where thermal desorption of 
H,O and K from the KOH multilayer is compared wtth thermal desorption of 
K from K multilayers [211]. At htgher temperatures, a complex mixture of 
potassium, oxygen, and (possibly) hydrogen remams on the water-treated 
surface [211]. 

The ability of water to react with many layers of an alkah metal sample is 
somewhat remimscent of the results of Connell and Dumesic [254], m which 
the mobility of potassium on iron and alumma surfaces is shown to be greatly 
enhanced by exposure to water vapor. They attribute this to the formation of 
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H,O / K /Ru(Wl) 

(a) clean 

(b) On=033 

4”” 5w 600 

Temperature, K 

Fig 44 Thermal desorptlon spectra of H,O (mass 18, sohd hne) and K (mass 39, broken hne) 
after exposure of water to Ru(OO1). (a) clean; (b) precovered with one monolayer of potassmm 
(8, = l/3); (c) precovered with potassmm multdayer The mset (d) shows desorptlon of potas- 

slum alone from Ru(OO1) at various coverages Taken from Tluel et al. [211] 

hydroxylated or hydrated forms of potassium m which the potassium-surface 
bond is weakened and the adsorbed complex more readily migrates from 
surface site to site [254]. This same model may qualitatively explain the lack of 
a barrier to surface penetration of bulk samples of potassium by H,O, 
discussed above. 

It is noteworthy that Thiel et al. [211] and Kiskinova et al. [215] both report 
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that multilayers of K on Ru and Pt do not react at room temperature with 
gas-phase H,O, despite the strong thermodynamic dnving force to KOH 
formation. This IS presumably an example of a kinetic barrier to water 
dissociation which arises from its short lifetime m the adsorbed state at 300 K, 
as discussed m the following section. The interaction of water with bulk 
rubidium and cesium has not yet been studied experimentally. 

Water dissociation on the alkalme earths 1s favored to about the same 
degree as on the alkali metals: AH, for dissociation to OH, and H, varies 
from -228 kJ/mol for Be to - 343 kJ/mol for Ca [94]. The values bar the 
other alkaline earths fall wrthm this range. These metals also form stable 
hydrides [94]. Data on the surface chermstry of the alkaline earths is scarce. 
Fuggle and coworkers [102] use XPS to show that H,O dissociates on Mg at 
room temperature, resulting in slow oxtdation of the metal; at lower tempera- 
ture, hydroxides appear to be stable. Their XPS data are shown in ftg. 45. 
They assign the feature at 531.0 eV binding energy to magnesium oxide, the 
feature at 535.1 eV to oxygen in water, and the peak at 533.5 eV to oxygen in 
Mg(OH), [102]. The data show that the effect of warming the sample from 77 
to 390 K is (first) to dnve off the molecular condensed H,O, and (second) to 
decompose the hydroxide to the oxide [102]. The second step, they report, 
occurs already at about room temperature, m contrast to the hydroxides of the 
alkali metals - which, we have seen, are stable up to 570-580 K [211,212,214]. 
Schultz et al. report, however, that water dissociates at room temperature on 
Mg to form Mg(OH), species [216]. 

The Group 3A metals (B, Al, Ga, In, Tl) form stable oxtdes and hydroxides, 
but a complete set of thermodynamic data is available only for Al [94]. We 
estimate that A Hd for partial and complete dissociation of H,O by Al is 
- 198 and - 343 kJ/mol, respectively, i.e., dissociation IS favored over molec- 
ular adsorption [94]. Indeed, there are several reports that water dissociates 
even at 150 K on clean Al surfaces [102,173,217,218]. These studies generally 
agree that dissociation on clean Al is accompanied or followed by desorption 
of hydrogen, as illustrated in fig. 47. On the other hand, in the presence of 
oxygen, less hydrogen is evolved and the dissociation mechanism is believed to 
mvolve mainly hydrogen abstraction: 

H,O, + 0, --* 2 OH,. 

Several authors note that, at low water coverages and at low temperatures 
on clean Al, some water dissociates whtle some adsorbs molecularly and 
reversibly [102,173,218]. On Al(lll), Netzer and Madey report that reversible 
molecular adsorptton is competitive with dissociation to a significant extent 
[218]. In agreement with Netzer and Madey, Crowell et al. fmd that adsorption 
is partly dissociative (but predommantly molecular) on clean Al(lll) at 130 
K; they report complete dissociation upon adsorption at 300 K [173]. Support- 
ing data from the latter study are shown in fig. 46. There are two studies 
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-250K 

530 535 

BE kV1 
Fig 45 Reactlon of H,O with clean magnesmm at 77 K, and upon wannmg. The 100, 210, 250 
and 300 K spectra are denved directly from the 77 K curve by successive heatmgs. Taken from 

Fuggle et al [102] 
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H,O/AI(III) 

Tad, = 127 K 

0 1000 2000 3000 4000 
ENERGY LOSS (cm-l) 

Fig 46 Vlbratmnal spectra recorded usmg EELS as a fun&on of exposure for H,O adsorptm 
on clean Al(111) at 127 K Taken from Croweli et df [173] 
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dealing with Al(100) both of whtch agree that adsorption IS entrrely molecular 
at 80 to 100 K [172,217]. Dissociatron to hydroxyl begins at 150 K [217], as 
shown in fig. 47, and at 300 K an oxide-stabilized OH species is present 
[172,217]. The extent of dissociation in the chemrsorbed layer at Tg 130 K 
may be face-specific on Al, based on this comparison between the results for 
Al(100) [172,217] and Al(lll) [173,218]. 

Lead, a metal of the 4A group, is reportedly inert toward water dissociation 

(cf. fig. 74) [ill]. This is reasonable, since lead forms a relatively weak bond to 
oxygen in bulk oxides, and does not form a stable hydride [94]. 

Finally, work on the rare earths (which form very stable oxides [94]) 
generally indicates that oxidation by water yields different products than does 

oxidation by O,, with stable hydroxyl species playing an Important role as 

I ’ I I I 1 

a Al(lOO)/H~‘~O 

I 

xl02 

“IrlJ “H” 

‘AIO-H” 

0 1000 2000 3000 

Electron Energy Loss (cm 1) 

Fig. 47. (a, b) EEL spectra followmg adsorptlon of (a) H,‘* 0 or(b) D,160 onto Al(100) at 80 K, 
and heated to the temperatures mdlcated. Each surface 1s exposed to - 2 L of water. (c) TDS 
spectra followmg the adsorptlon of - 1 L of H,O (D,O) on Al(100) at 80 K Note the change of 

the scale on the honzontal axis at - 325 K Taken from Paul and Hoffmann [217]. 
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Fig 47 conttnued 

Intermediates or end-products m the reactlon [219-2211. This IS based on 
studies of lanthanum [220,221], cerlum [220], thorium [219] and uramum [219], 
mostly at room temperature. 
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5.2. Kmetrc barrrers 

Adsorbed water may be krnetlcally prevented from reachmg the equlhbrrum 
states discussed in the previous section, even when dissoclatlon is favored, If 
the activation barrier to dissociation 1s sufficiently large and/or the pre-ex- 
ponentlal rate factor for dissociation 1s sufflclent small. If one or both of these 
factors make the rate constant for dlssociatlon much smaller than the rate 
constant for desorption (i.e., if it 1s easier to break the metal-water bond than 
to break any of the internal molecular bonds), then water desorbs into vacuum 
before It can dissociate, and dissociation 1s not observed under the conditions 
of typlcal UHV experiments. Experiments performed under conditions of 
adsorption-desorptlon equilibrium can populate the adsorbed phase at higher 
temperature; however, the residence time of the adsorbed molecule (which can 
be calculated directly from the Frenkel equation [222]), may still be too short 
(5 lo-l3 s) to allow dissociation under these condltlons. 

The first O-H bond of the free water molecule has a dlssoclation energy of 
498 kJ/mol (5.2 eV) [31]. The barriers to water dissociation on metals are 
certainly much lower than this, as indicated below. This implies that the metal 
surface exerts a strong influence on the transition state as the first O-H bond 
1s bemg broken. The transition state can be stabilized by a strengthening of the 
metal-oxygen bond, and/or partial formation of the metal-hydrogen bond, 
as the O-H bond breaks. As illustrated m fig. 48, breaking the O-H bond of 
the adsorbed water molecule can occur, m principle, with or without this 
stablhzatlon of the transition state by the surface Fig. 48a illustrates a 
hypothetical case m which the metal surface does not help to stabilize the 

Fig 48 SchematIc depIctIon of possible transltlon states m H,O dlssoclatlon to OH, and H, (a) 
A transmon state which IS not strongly affected by the surface (b) A transItIon state m which the 

metal-oxygen bond IS strengthened, and the metal-hydrogen bond IS partly formed 
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transit’on state, whereas fig. 48b illustrates a case m which the metal assists 
the hydrogen atom and also strengthens the metal-oxygen bond as the OH 
bond breaks. The barrier to d’ssociation in the former case IS probably close to 
the gas-phase value of - 500 kJ/mol, since the internal molecular bonds of 
H,O are only slightly perturbed upon chemisorption (as discussed in section 
2.2). In the latter case, however, the barrier will be lower due to the catalytic 
effect of the surface. 

The latter type of transition state, shown in fig. 48b, 1s proposed by 
Anderson based on theoretical models of water dissociation over Pt 4 and Fe, 
clusters [63]. He calculates a barrier for O-H bond breakmg of 40 kJ/mol on 

the Fe, cluster, but a much higher barrier (close to the gas-phase value) on the 
Pt 5 cluster [63]. These results are consistent with experimental data, which 
show extensive dissoc’at’on on Fe but no dissociation on Pt (table 4, pp. 
242-243). Anderson finds that a maJor contribut’on to the dissociation barrier 
consists of simply bringmg the OH bond parallel to the surface [63]. This is 
not reported to be a stable configurat’on m most calculations (cf. section 
2.2.3). However, a periodic t’ltmg of the molecule may occur via large 
amplitude vibrational modes, such as rocking hbrat’ons or frustrated transla- 
tions (cf. fig. 14, p. 230). 

The temperatures at which water dissociates in real systems are relatively 
low. Experimentally, 80-100 K is frequently an effective lower limit on the 
range of sample temperatures which generally are achieved. (This 1s because 
many samples are cooled with hqu’d nitrogen, whmh boils at 77 K at 
atmosphenc pressure.) Several metals dissociate water upon adsorption al- 
ready m this temperature range, including Ti(OO1) [loo], Cr(ll0) [151] and 
stepped Re(OO1) [139]. Others adsorb water without dissociat’on at this 
temperature, but cause the chermsorbed water to dissociate when the sample 1s 
heated between 100 and 350 K. Examples of metals which fall into tins 
category are Ni(ll0) and Ni(210) [111,112,162], Re(OO1) [139], Fe(ll0) [104], 
Al(100) [172,217] and Co(l10) [106]. 

If we assume that the rate of d’ssociation follows a simple Arrhemus 
first-order rate law, then we can estimate the barriers to d’ssociat’on on these 
surfaces. In order to do so, we choose a value for the pre-exponential rate 
factor, A, of 1013 * ’ s- ‘. In a typical experiment, a sample is heated to a given 
temperature for one or two seconds, then retooled to low temperature and 
examined to see whether dissociat’on has occurred, using a spectroscopic 
technique such as EELS, XPS, or ESDIAD. We assume that the initial 

coverage of water, N,, which dissociates during heating in a 1 s period 1s 
1014*’ molecules cm-2. The rate of d’ssoc’ation at a g’ven temperature, 
-dN,/dt, is lo’“*’ molecules cmp2 s -‘. The activation barner to d’ssoc’a- 

non can be calculated from 

d N,/dt = 4, A exd - -%,ss/kTd,ss > . 
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Substituting, we find 

_1(y4+ molecules cm-’ SC’ = (10’4” molecules cm-*) X (1013 + * s-l) 

X exp( - L,,/kT,,,, > T 
or 

E d,ss = (0.17 to 0.32)T,,,,, 

where Tdlss is the temperature in K at which dissociation occurs, and Ed,\% is 
the energy barrier to dissoclatlon 1n kJ/mol. 

For example, 1f the dlssociatlon reaction occurs upon heating a water- 
covered surface to 300 K, then the dlssoclatlon barrier is roughly 53 to 94 
kJ/mol, according to this analysis. On the other hand, 1f dissociation 1s 
observed already at the lowest attainable temperature - say 80 K - then it 1s 
only possible to estimate an upper hmlt for the dissociation barrier, winch 
would be 14 to 25 kJ/mol. The barrier could be estimated more accurately 1n 
this case only if the sample could be cooled to lower temperature for 
adsorption, then heated to see the temperature at which the dissociation 
reaction begins. 

Since dissociation actually occurs on many metal surfaces between 80 and 
350 K, the upper limit of the dlssoclation barrier 1s about 110 kJ/mol - far 
less than the barrier to breaking an OH bond in the free water molecule, 500 
kJ/mol. Therefore the surface must stabilize the dlssoclatlon fragments durzng 
OH bond breaking, as shown in fig. 48b. 

5.3. Examples of preferential dusoclatron on atomically rough surfaces 

In section 3.1, our simple attempt to predict whether dlssoclation occurs on 
a given metal surface, based on thermodynamic arguments, leaves many 
metals 1n a “borderline” category. For a given metal within this category, 1t 
often happens that the adsorption pathway (assoclatlve versus dlssociatlve) 
depends upon surface morphology, with atormcally rough surfaces more active 
for H,O dissociation than atomically smooth surfaces. 

A good example is nickel. While there is no evidence that water dlssoclates 
under any conditions on the clean, atormcally smooth (100) and (111) planes 
(section 4), there IS evidence that dlssoclation takes place at about 200 K on 
the atomically rough (110) face [112]. This reaction produces OH, and H, 
Adsorbed water is undlssoclated at 80-150 K on this surface, and adopts the 
coverage-dependent configurations shown 1n section 4. Dlssociatlon at 200 K 
corresponds to an activation barrier of 34 to 64 kJ/mol. The vibrational 
spectra which give evidence for dissociation on N1(110) are shown in fig. 49 
[112]. The Ni-OH species 1s associated with the O-H stretch at 3580 cm-‘, 
and the Ni-OH bend and/or the Ni-H stretch, at 950 cm-’ [112]. 

On the clean, atomically rough N1(210) surface, about 2 X 1014 water 
molecules cm-’ can dissociate [ill]. XPS data have been decomposed as 



298 PA Threl, T E Madey / The mteractmn of water wrth solid surfaces 

heated to 2401( 

ENERGV LOSS(Cfd 

Fig. 49. EEL spectra obtamed at 150 K after an exposure of 1 L H,O and flashmg to 200, 240, 
and 415 K Taken from 0116 et al [112] 

shown m fig. 50 [ill], to show that OH groups form at - 150 K. This 
corresponds to a dissociation barrier of 26-48 kJ/mol, slightly lower than for 
the (110) face, where no dlssociatlon IS detected during adsorption at 150 K 
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HZ01 N1(210) 

T(K) 

Fig. 50 Vanatlon of surface concentratton 0 wth temperature for N1(210)-H,O, based on 0 Is 
XPS data Taken from Carley et al [ill] 

[112]. In short, there appears to be a slightly lower dissociation barrier for the 
rougher of these two Ni surfaces. 

Rhenium also exhibits this trend. Jupille, PareJa and Fusy compare water 
adsorption on the (001) and stepped-(001) surface of rhenium, using ESDIAD, 
TDS, AES and LEED [139] (fig. 51). They find that dissociation occurs upon 
adsorption at 80 K on the Re steps, whereas water does not dissociate on the 
atomically smooth (001) terraces until about 190 K; adsorption at 250 K is 

A 
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Exposure (Langmuirs) 

Re(001) 
’ m ‘,‘-s: Tad,=220K 
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Fig. 51 (A) H,O adsorptlon on Re(OO1) at 80 K vanatlon versus exposure of (0) quantity of 

desorbed hydrogen; (0) quantity of desorbed water; (X) sum of the two previous quantltles (B) 
H, desorptlon spectra from Re@Ol) followmg different H,O exposures at 80 K. (a) 0.22 L, (b) 

0 45 L; (c) 1 32 L; (d) 6 2 L and (e) followmg H, exposure at - 80 K. Taken from Jupdle et al 
(1391. 
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entirely dissociative 1n both cases [139]. In other words, the activation barrier 
for dissociation on a Re surface 1s lower at atomically rough areas, l.e steps 
(with an upper limit of 14-25 kJ/mol) than at atomically-smooth areas 
(- 32-61 kJ/mol). 

Alnot et al. [142] and Schulze et al. [140] use XPS to study adsorption of 
water on polycrystalline Re Upon exposure of 5 L D,O or H,O at 135 K, 
both groups observe evidence for only molecular water. However, it may be 
that this high exposure is sufficient to form a thick 1ce multilayer and thereby 
attenuate photoelectrons emnted from the surface layer. They do not report 
XPS data at lower water exposures, at 135 K [140,142], and so their data are 
not directly comparable to those of Jupllle et al. [139,141]. Such a comparison 
would be interesting, since the polycrystalllne surface must have a higher 
distnbution of gram boundaries and crystallite onentatlons than the single 
crystal, and so rmght dissociate water as easily as a stepped Re(OO1) surface 
[ill]. 

Cobalt 1s a thud example of a metal on which water chenusorptlon is 
sensitive to surface morphology. Water adsorbs dlssociatlvely on polycrystal- 
line cobalt samples, even at temperatures as low as 77 K [105,107]. This 
conclusion is based upon data from XPS and work function measurements. 
The dissociation products consist of adsorbed hydroxyl groups, and possibly 
some atormc oxygen and hydrogen, up’to at least room temperature [105,107]. 
Heras et al. determine that the adsorption pathway of water is a strong 
function of cobalt surface structure: the atormcally smooth Co(OO1) plane 1s 
completely inert toward water dissoclatlon, but the rougher (110) and poly- 
crystalline surfaces are active catalysts for tms reaction [106]. They base tms 
conclusion on combined data from LEED, UPS, work function, and TDS 
[106]. Photoermssion data from their work are shown 1n fig. 52, where the 
dissociation of water on Co(ll0) gives rise to hydroxyl-related features at 
about 6 and 10 eV, and some emission at 6 eV may also be due to atomic 
oxygen [106]. 

In summary, the dlssociatlon of water at clean metal surfaces appears to 
occur more readily at atomically rough areas, such as fcc(ll0) faces or steps, 
than at atomically smooth areas. But what does one mean by “more readily”? 
In some cases, such as Re, dissociation can occur on both smooth and rough 
regions, but the energy burner to dissociation 1s lower at the steps [139]. On 
other metals, such as Co and N1, dissoclatlon occurs only at rough areas, e.g 
Co(llO), Ni(ll0) or N1(210) surfaces; dissoclatlon does not take place at all on 
the smoother planes, such as Co(OO1) and Ni(ll1) [106,112]. In this case, one 
cannot tell from the experimental data whether lack of dlssoclation on the 
smooth metal faces is due to a higher energy barrier to dlssoclatlon, so that 
water simply desorbs before it dissociates, or due to a shift 1n the equllrbnum 
distrlbutzon between dissociated and undlssoclated water. The latter lnterpreta- 
t1on would be consistent with our observation, 1n section 3, that both Co and 
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Fig. 52 Influence of H,O adrmssron on the He I UP spectrum of Co(ll0) at 298 K (1) clean 

surface: (2) 2 42 L H,O. (3) 9.9 L H,O; (4) PHzO = 4 5 X lo-’ Torr, (5) PHzO = 3 75 X lo-* 
Torr. Taken from Heras et al [106] 

Ni are “borderline” metals, i.e. thermodynamic consrderations do not weigh 
heavily either for or against dissociation. A small perturbatron, such as surface 
morphology, may tip the balance in such cases. 

5.4. ReactIons of dlssocratlon products: recombmatzon, desorptlon, and metal 
oxrdatlon 

5.4.1. Reactron pathways 
There are three main thermally actrvated reactions which the dissociation 

products of water can undergo. The first is recombination followed by 
desorption of molecular water, which can be represented in a general way as: 

H,O, + dissociation products+[H,O,] + H20B. 

The second is recombinatron to yield molecular hydrogen and/or oxygen, 
which can be wntten as: 

H,O, -+ dissociation products----tH,,a + $02,. 
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The third is reaction with the metal to form a stable bulk oxide, hydroxide, 
and/or hydride, which can be represented as: 

H,O, -j dissociation products--_,M,O,. , M, (OH) m, M,H r. 

While the first reaction is most commonly observed m studies of water 
dissociation over modified surfaces of the Group VIIIB transition metals (cf. 

section 6.2) the latter two types of reaction appear to dominate over the rest 
of the Periodic Table. In some cases, of course, these three reactions or some 
combination thereof can occur sequentially or competitively. Potassium, for 
instance, forms a bulk hydroxide which is stable up to - 580 K, but then the 
hydroxide decomposes to yield H20s and bulk potassium oxide [211,212,214]. 
In this case, the adsorbed water essentially undergoes the third reaction (bulk 
hydroxide formation) followed by a combmation of the first reaction (water 
desorption) and the third reaction (bulk oxide formation) above 580 K. 

We shall now discuss and give examples of the three reactions mdividually. 

5.4.2. Recombrnatlon and desorptlon of H,O 

A possible mechamsm for thermally activated recombmation of water on 
metal surfaces appears to be disproportionation of adsorbed hydroxyl. 

OH, + OH, + [H,O, + 0,] + HzO, + 0,. 

The end result of the reaction after H,O desorption is an oxygen-covered 
surface, smce oxygen desorbs from metal surfaces at much higher tempera- 
tures than does water. Water evolution from recombmation of dissociation 
products is typically complete by at least 350 K [83]. 

The dtsproportionation reaction is proposed to be the source of recombma- 
tive water m the gas phase, rather than an alternative mechanism such as the 
one outlined below, based on two types of evidence: oxygen remains on the 
surface after water desorbs, and OH, is stable up to the point of H,O 
desorption. Furthermore, disproportionation is well documented in the pres- 
ence of pre-adsorbed oxygen on Pd [81,129], as discussed m section 6.2.2. The 
disproportionation reaction has been proposed to take place (followmg dis- 
sociation of H,O) on two clean metal surfaces: Fe(lOO) [103] and Ni(110) [83] 

Another possible reaction scheme is: 

H20a + OH, + H, + 0, + 2 H, + HrO,. 

Adsorbed oxygen could remam at the end tf the overall reaction is non- 
stoichiometric. In support of this mechanism, it must be noted that adsorbed 
atomic oxygen is known to react with adsorbed atomic hydrogen to produce 
water over many surfaces. This topic has been treated extensively by Norton 
[21]. A careful study of isotopic exchange between labelled OH, and H, is 
necessary to differentiate between disproportionation of hydroxyl and reaction 
between atomic oxygen and hydrogen on the clean metals. Such a study has 
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been carried out for the O/Pd(lOO) surface, and provides clear proof of 
hydroxyl disproporttonation in that system [81,129]. 

5.4.3. Recombmatlon and desorptlon of H2 or 0, 
On several surfaces, dissociative adsorption is accompanied by, or followed 

by, hberation of hydrogen. Perhaps the most notable example of this reaction 
is provided when Al is exposed to H,O. Oxidation of the metal proceeds at 
room temperature, and excess hydrogen is evolved [223]. (Some of the hydro- 
gen may be incorporated as a bulk hydride or hydroxide as well 
[ 102,217,224,225].) Hydrogen evolution is also reported to occur followmg 
dissociation of H,O to hydroxide over sodium [154] and iron [104], as well as 
during H,O adsorption at 250-300 K on Re(OO1) [139]. 

Desorptton of O,,, as a result of water dissociation has not been reported, 
to the authors’ knowledge. 

5.4.4 Formatlon of bulk metal oxtdes, surface passrvatlon, and corrosion 
It 1s not surprismg that many metals can form bulk compounds as a result 

of reaction with water. Most commonly, bulk oxides are formed. An interest- 
ing point is that the oxidation products are somettmes different than those 
obtained from reaction with oxygen, as Strasser et al. show in their studies of 
Ce(OO1) [220]. Heavy oxidation with Oz.s yields CeO,, whereas oxidation with 
HzO, yields only Ce,O, in which the terminal groups are surface hydroxyl 
species [220]. Oxidation with water often proceeds less efficiently than does 
oxidation with O,, and m some cases oxidation by water forms a passivating 
layer at the surface which protects the bulk against further oxidation. Notable 
examples of the latter effect include titanium, iron, and aluminum, where the 
tendency to form a passive layer upon normal atmospheric exposure gives 
these metals valuable resistance to corrosion [12,13,104,209]. 

Recent work with samples m ultrahtgh vacuum mdicates that surface 
hydroxyl species are important in formmg the passive layer. On Al, bulk 
oxidation is enhanced by an incident beam of 300 eV [226]. Data which 
support this hypothesis are shown in fig. 53, where the AES feature and ESD 
yield of the species associated with the oxide increase slowly during electron 
bombardment [226]. Dmg and Williams attribute this development to elec- 
tron-beam-induced dissociation of OH and concomitant desorption of hydro- 
gen, leaving oxygen to react with the metal [226]. Baer and Thomas also fmd 
that an electron beam incident on an u-on surface during H,O exposure 
enhances the rate of oxidation and breaks down the stable passive surface 
layer which would otherwise form [227]. Unlike the case of H,O/Al [226], 
they do not attribute this to beam damage of a surface hydroxrde, but rather to 
the electron beam’s effect on a surface oxide layer which uniquely results from 
H,O exposure [227]. In either case, both studies indicate that electron beams 
can enhance the rate of metal oxidation by water vapor. 
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Ftg 53 Desorptton studtes wtth (a) AES and (b) ESD. The Al(100) surface 1s exposed to 150 L 
H,O at room temperature, then bombarded wtth 300 eV electrons at current density equal to 150 

PA/cm* Dunng bombardment, the evolution of surface composttton IS followed wtth both 

techmques. The ESD data mdtcate that surface hydroxyls are removed by electron bombardment 

The Auger data mdrcate that thts 1s accompamed by enhanced surface oxldatton Taken from 
Dmg and Wdhams [226] 

In closing this sectton, we note that electrochemical effects due to the 
presence of motsture and other contaminants can be extremely important in 
the rehability of electronic materials and devices. Moisture in the atmosphere 
can affect the rate of corrosive oxidation of a material, the composition and 
structure of its oxidation product, and its electrical properttes [228,229]. An 
extensive discussion of the important subject of corrosion by H,O is beyond 
the scope of this review, however. 
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6. Adsorption of water on chemically modified metal surfaces 

6.1. Introduction 

It is well known in surface chermstry and catalysis [230] that the presence of 
adsorbed additive atoms on metal surfaces have a profound mfluence on 
surface reactivity. Modification of surface properties by addition of promoters 
or poisons (either deliberately or via impurity adsorption) can lead to changes 
m reaction rates, reaction pathways, and product distributions in surface 
reactions. Moreover, a major area of interest m electrochemistry [231] con- 
cerns the influence of additive ions m aqueous solution on the microscopic 
structure of the double layer at the electrode-solvent interface. In the follow- 
ing pages, we examine the way m which adsorbed impurity atoms (or mole- 
cules) on metal surfaces influence the chermstry of adsorbed H,O. Additive 
atoms can induce dramatic changes m the geometrical and electronic proper- 
ties of H,O,, and m many cases, cause dissociatton to form OH,. 

Before discussing the details of the H,O-additive interactions on different 
surfaces, it is appropriate to consider what types of mteractions may be 
expected between the adsorbed polar molecule, H,O, and various electronega- 

tive and electropositive additive atoms. Simply speaking, an additive atom can 
block specific binding or reaction sites, or it can alter the bonding of H,O to 
specific sites due to electronic effects whtch operate “ through the surface”, or 
“ through space”. Several different models have been developed during the last 
few years which provide useful physical insights into adatom-molecule inter- 
actions. As introduced in section 2.2, Stair [74] and Barteau and Madix [75] 
have applied the concept of Lewis acids and bases to metal surfaces. In 
particular, they show how chemical modifiers (additive atoms) can influence 
the surface acid-base character through an inductive effect. In general, a 
metal surface is an electron acceptor in bonding H,O, i.e., the surface acts as a 
Lewis acid (section 2). Adsorption of a electronegative impurity (e.g., oxygen) 
increases the acidity of the neighbormg substrate atom, while an electroposi- 
tive impurity (e.g., Na) makes the surface more basic. In either case, the 
electronic inductive effect introduced by the impurity atoms is expected to 
modify the heat of adsorptton of H,O; this is in fact observed, as discussed 
below. Norskov, Holloway and Lang [232] have shown further that the 
presence of additive atoms is expected to alter the bonding energtes of a polar 
molecule such as H,O via a through-space electrostatic interaction. 

There are a number of calculatrons [78,219,233] and measurements [234-2361 
of the interaction between gaseous or liquid H,O and positive or negative ions 
that provide useful concepts relevant to this discussion. In an elegant series of 
experiments, Castleman and coworkers [234] and Kebarle and coworkers 
[235,236] measure the heats of formation of various cluster ions, [M+(H,O),] 
and [X-(H,O),], where n = 1, 2, 3,.. . and M+= Na+, K+, . . .; X- = Cl-, 
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Br-, F-, etc. Some representative data are shown in fig. 54. The interaction 
energies can be described surprismgly well by point-charge/dipole mterac- 
tions, together with a hydrogen-bonding contributton (in the case of the 
negative ions). The heat of formation is 100 kJ/mol for Na+(H,O) and 96 
kJ/mol for F-(H,O) [234]; these are stronger than the heats of adsorption of 
H,O on many surfaces! Kistenmacher et al. [78] compute the expected 
molecular structures for a series of such complexes (fig. 55 [78]) and show that, 
in general, the Hz0 molecules are onented with 0 atoms closest to positive 
ions and H atoms closest to electronegattve ions. The hydration sphere, which 
is related to the number of H,O molecules bonded to a particular ion, varies 
with ionic size. For n = 4 in Na+(H,O),, the data show that the binding 
energy of the next H,O molecule 1s close to the heat of sublimation of H,O 
[234,235]. In view of the influence of free ions on the structure and bonding of 
gaseous H,O, it is not surprising that adsorbed electropositive and elec- 
tronegative atoms can affect H,O on surfaces. 

In fact, all of the above models which relate to the mteraction between 
additives and water lead to the conclusion that modifiers can strongly in- 
fluence the surface structure and reactivity of adsorbed H,O. The interaction 
of the polar H,O with electronegative and electropositive additives should be 
quantitatively different, both energetically and structurally, due to electrostatic 
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Fig. 55 Left (a-c): Clusters of Na+(H,O),, Na+(H,O),, and Na’(H,O), The Nat Ion IS 
darkened. Note that m the Na+(H,0)6 cluster the 10x1 IS masked by a water molecule fight 
(d-f). Clusters of Cl-(H,O),, Cl-(H,O),, and Cl-(H,O), correspondmg to nummal energy 

structures. The Cl- Ion 1s darkened. Taken from bstenmacher et al. 1781. 

and other electronic effects. Finally the chemistry of adsorbed H,O (associa- 
tive versus dissociative adsorption) is, not unexpectedly, influenced markedly 
by additives. 

6.2. Injluence of addrtrves on surface chemistry and bondmg 

In the following discussion, we loosely divide the interaction of H,O with 
additive-dosed surfaces into two classes: (a) substrate-additive systems on 
which H,O adsorbs and desorbs in molecular form, and (b) substrate-ad- 
ditive systems for which the adsorption of H,O is dissociative even though 
adsorption is largely molecular on the clean substrate. This division is useful 
but somewhat artificial, since often both molecular species and dissociation 
fragments coexist. A further useful division involves electronegative and 
electropositive additives, for winch the chemistry is rather different. An 
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interesting and somewhat surpnsmg generahzation which is drawn from all 
these studies is that there is no addrtlve-doped metal surface on which water IS 

reported to adsorb m molecular form at room temperature m ultrahlgh vacuum. A 
possible exception involving a modified mckel powder is discussed below. 
Invariably, the desorption of H,O which is seen at higher temperatures is due 
to a surface reaction involvmg H, 0, and/or OH which are formed from H,O 
adsorbed at lower temperature. 

6.2 1 Electronegative addltlves. adsorption wlthout dlssoclatlon of H,O 
The most widely-studied electronegative additive m H,O surface chemistry 

is adsorbed atomic oxygen. In most cases fractional monolayers of oxygen 
promote H,O dissociation; these are discussed m section 6.2.2. There are 
specific cases where H,O dissoctation does not occur m the presence of 
oxygen. These cases are addressed m the present sectton, along with data 

involving other electronegative additives. For the sake of this discussion, we 
classify H, and CO, as electronegative additives as well, since they generally 
cause the surface work function to increase 

Some of the weakest water-additive mteractions are reported by Peebles 
and White [115] for the coadsorption of D,O with CO, and D, on Ni(100). CO 
precoverages up to - 0.3 monolayers cause the D,O TDS peak temperature to 
Increase from 183 to 206 K, and the authors attribute this to hydrogen 
bonding between H,O and CO [115] Higher CO coverages (0.66 monolayers) 
result m a weakening of the D,O-substrate interaction, with a decrease of the 
TDS peak temperature to 173 K. Predosmg with > 1.6 monolayers of D,O 
blocks CO adsorption. Other authors also report a general sensitivity of water 
desorption to the presence of CO [60,127]. Tornqmst and Griffin [149] report 
infrared studies with conclusions rather similar to those of Peebles and White 

[115], except that low coverages of CO are completely displaced from the 
preferred linear bmdmg site on Pt(ll1) by coadsorbed water A saturated layer 
of CO, on the other hand is not significantly perturbed by H,O, which forms 
clusters on top of the CO layer [149]. For increasing precoverages of atomic D 
on Ni(lOO), a monotonic decrease m the D,O TDS temperature from 186 to 
172 K is observed for the range 0.4 < 8, < 1.0 monolayers [115]. On Rh(lll), 
a monolayer of aton-uc hydrogen also reduces the binding energy of adsorbed 
H,O, so that only the “multilayer” TDS peak is seen [127]. In contrast, studies 
of the desorption of water from Pt(ll1) dosed with hydrogen mdicate that the 
desorption peak temperature is approximately independent of coverage [146]. 
On polycrystalline Pt, Peng and Dawson [163] report measurable but mcom- 
plete isotopic nuxmg between H, and a thm layer of D,O. This concurs with 
early work reviewed by Bond [237], where isotopic scrambling between gase- 
ous H,O and D, is catalyzed by polycrystalline Pt but cannot be reconciled 
with a kmetic model involving H,O dissociation. On Ru(OOl), however, there 
is no observable exchange between bilayer H,O, and D, [60]. In all these 
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Ftg. 56 Thermal desorphon spectra of water on bromme-covered Cu(ll0) The bromme coverages 
are shown m umts of monolayers (ML). The peaks at - 165 K and 175 K are charactenstlc of 

H,O on clean Cu(llO), the hgher-temperature features are bromme-Induced. From Sass et al 
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studies, it appears that the interaction between H,O and CO, or H, is 
relatively weak, and that dissociation of H,O is not enhanced by the coadsor- 
bate; if anything, dissociation of a small fraction of the H,O layer is actually 
inhibited on Ni(lOO) [115]. 

Interactions stronger than those described above are reported for the 
coadsorption of H,O with Br on Cu(ll0) and Cu(ll1) [120,231], and Br on 
Ag(ll0) [136]. In an electrochemical “double layer simulation” experiment 
[120], a Cu(ll0) surface is first dosed with a fractional monolayer of Br, then 
exposed to H,O; reversal of the adsorption sequence produces essentially the 
same results. Fig. 56 [120,231] shows a series of TDS spectra of 2 1 mono- 
layer of H,O for various Br coverages. The two peaks at - 165 K and - 175 
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K indicate desorption from the multilayer state and the clean surface, respec- 
tively. A certain amount of water desorbs at higher temperatures (2 190 K) m 
the presence of Br, and is interpreted as surface hydration water From the 
areas under the desorption spectra, the number of H,O molecules mteracting 
with each adsorbed Br ion is one, up to 8,, = 0.3, after which the H,O/Br 
ratio drops. There is no evidence for dissociation of H,O at any Br coverage, 
m particular, no OH is formed [120,231]. This IS verified using UPS as well as 
TDS; if OH is present, a desorption peak of Hz0 would be expected at - 275 
K [118]. 

The spatial distnbutton of Br and water are deduced from LEED patterns 
observed for the coadsorption layers. Over a wide range of Br coverage, dosing 
with H,O results m a sharp and intense (3 x 2) LEED pattern. An arrange- 
ment of bromine and water m a composite surface layer consistent with the 

observed (3 X 2) LEED pattern and the 1 1 coverage ratio determined by 
TDS is shown m fig. 57 [231]. The LEED data demonstrate clearly that islands 
having such a possible real space structure grow on the surface so as to 
mamtam the 1 : 1 ratio, and fully cover the surface at a Br coverage of 0.33. 

Information about the local orientation of H,O molecules m the bromine- 
induced adsorption states may be obtained from work function measurements 
as a function of H,O coverage and Br coverage. Fig. 58 [120] shows the 
perpendicular component of the initial dipole moment per adsorbed water 
molecule, p i , as a function of Br coverage on Cu(ll0) and Cu(ll1). For low 
Br coverages, the value of ~1 I is mitially higher than on the clean surfaces; the 
authors [120] conclude that the interaction wtth the Br causes the Hz0 
molecules to tilt mto configurations with the dipole moments more closely 
perpendicular to the surface. More direct evidence that Br mduces preferred 
orientations in adsorbed Hz0 is seen from ESDIAD measurements of H,O + 
Br on another fcc(ll0) surface, Ag(ll0) [136]. Fig. 59 [136,181] contains H+ 
ESDIAD patterns which provide evidence for the orientations induced m 

H,O, by coadsorption with Br. 
Smce the TDS and LEED behavior for H,O + Br on Ag(ll0) are similar to 

those on Cu(ll0) [120,136,231] we conclude that the structure and chemistry 
of Hz0 on both of these halogen-doped metal surfaces are simtlar. In 
particular, Hz0 remams molecular at all Br coverages at T = 90 K, and the 
stronger Br-H,O mteraction overpowers the weaker H,O-Hz0 hydrogen 
bonds to form new ordered two-dimensional structures which have both 
preferred molecular onentations and long-range (LEED) order; these differ m 
detail for the two substrates, however. The layers are not stable above - 250 
K, however, where desorption of Hz0 is complete. 

In recent years, there have been extensive discussions in the electrochem- 
istry commumty concernmg the use of electrode emersion techniques to 
characterize the electrochemical interface. These measurements, which have 
been pioneered by KoIb and his colleagues m Berlin [238], are based on the 


