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Fig 57. LEED pattern (top) and structural model (bottom) for water ( ~1 L exposure) and

bromide (85, = 0.15) coadsorbed on Cu(110) In the top frame, the open circles represent

substrate-related spots and the X’s show the adsorbate-induced spots In the bottom panel, the

open circles are the Cu atoms, the small shaded circles are the water molecules, and the large
shaded circles are the adsorbed bromune atoms From Sass et al. [231]

removal of ideally polarizable electrodes from solution under potential control
in what has been defined as a dry or hydrophobic state, 1.e., without a liquid
film or droplets on the surface. The results have been interpreted to indicate
that such electrodes retain their compact double layer (perhaps, a water
bilayer) intact after the emersion operation, allowing the use of spectroscopic
techniques to characterize the interface without the bulk electrolyte present.
The most detailed measurements 1nvolve the surface concentrations of Cs™*
and Br~ on gold electrodes, derived from ESCA signals for emersed gold
electrodes as a function of emersion potential, from a 0.02M CsBr solution. In
light of the foregoing discussion, it is extremely unlikely that the H,O double
layer would survive intact following emersion and transfer to UHV at ~ 300
K. As we have seen, for H,O + Br on Ag and Cu surfaces, H,O desorption 1s
complete at ~ 250 K. In the presence of H,O vapor at 300 K, the double layer
rmught exist on a Br or Cs doped Au electrode as a result of dynamic
adsorption—desorption processes, and work function measurements indicate
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Fig 58 Perpendicular component, u , , of the imtial dipole moment of H,O adsorbed on Cu(110)
and Cu(111) as a function of bromune coverage Taken from Sass et al. [121]

that this is the case [239]; but in ultrahigh vacuum, the double layer would
almost certainly desorb before spectroscopic characterization could be
achieved. Indeed, Neff and Kotz have used UPS to show that no water 1s
retained on an emersed Au electrode at room temperature in UHV [240].
Recently, Wagner and Moylan have described an important study of the
interaction between hydrogen fluonde and water on Pt(111) [116). This has
provided the most complete picture to date of the chemical interactions which
may actually occur at an electrode surface in situ, based on work done in
UHV. We must defer discussion of the hydronium (H;O0%) ion which is
identified in that work until section 6.2.3; here we note that anhydrous HF
does not dissociate, but 1n the presence of water, HF does dissociate [116]. The
stoichiometries of the fully-hydrated phases indicate that each pair of fluorine
and hydronium ions in the chemisorbed layer is hydrated by five water
molecules, whereas in the multilayer they are each linked to eighr water
molecules [116]. There is no evidence for dissociation of H,O. Although the
results of Wagner and Moylan are somewhat remuniscent of the data just
descnibed for hydration of Br on Cu and Ag [120,136,231], they are different in
that the range of coverages of coadsorbed molecules is greatly extended. This
allows Wagner and Moylan to conclude that “even such classically ‘non-
specifically’ adsorbed ions such as H* and F~ interact sufficiently strongly
with Pt surfaces to displace some water from their mmner solvation shells”, 1.e.
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Fig 59. H* ESDIAD patterns and schematic models illustrating the effect of Br on the local

structure of H,O on the Ag(110) surface The top row contains perspective plots of the H* 1on

desorption intensity displayed on a fluorescent screen The second row contains contour plots of

the same measurements The third row contamns schematic models. Column (a) H* ESDIAD and

model for H,O on clean Ag(110). Column (b) H* ESDIAD and model for H,0+ Br on Ag(110),
85, < 0.2 monolayers Taken from Bange et al [136] and Madey [181]

they have been able to distinguish between hydration of the H* and F~ ion ar
the metal surface and hydration of the 10ns 1n the solvent-like multilayer [116].

Evidence for the strongest interactions between H,O and electronegative
additives involves H,O + oxygen on metals (1.e., the desorption temperature/
binding energy of molecular H,O appears highest in the presence of oxygen).
The most well-documented example is H,O + O/Ru(001). The EELS data of
Thiel et al. [241] show clearly that adsorption and desorption of H,O in the
presence of varying oxygen predoses on Ru(001) proceeds withour H,O
dissociation. Under all conditions, the scissors mode at ~ 1600 cm ™' accom-
panies an OH stretch at ~ 3500 cm™!, so that the adsorbed species are
dominated by molecular H,O; see fig. 60 [241]. The appearance of a strong
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Fig. 60 Coadsorption of water and oxygen on Ru(001) at 95 K, followed by sequential heating as
indicated The peak positions and halfwidths are noted 1n inverse centumeters From Thuel et al
[241]

peak at 970 cm™' (H,O libration) corresponding to an annealed (165 K)
H,O + O layer is due to a thermally induced change in the intermolecular
structure of the mixed H,0-O adlayer. Doering and Madey suggest [79] that
the 970 cm™! EELS feature could be related to water—oxygen bonding
configurations having preferred molecular H,O orientations which can be
generated under conditions similar to the EELS experiments, as shown 1n fig.
61 [79]. The TDS data of Doering and Madey [79] show that the presence of
preadsorbed oxygen causes an increase in the binding energy (increased 7,) of
adsorbed H,O on Ru(001), but that desorption is essentially complete by
~ 260 K. The unique long-range order and local bonding geometries in H,O
on clean Ru(001) are discussed extensively in section 3.4. The main influence
of oxygen is to destroy both long-range order and preferred molecular orienta-
tion upon adsorption at 7 <150 K. Apparently, the H,O-O interaction 1s
strong enough to overcome the ordering introduced by the H,0-H,O hydro-
gen bonds; the H,O is pulled away from the ideal lattice sites by oxygen and
the surface layer disorders. (The only exception, as indicated above, occurs
when a mixed H,0 + O layer with a particular stoichiometry is heated, which
results in a layer with short-range order.)

Further evidence that oxygen influences the H,O clustering process (i.e.,
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Fig 61. A model for 1solated water molecules on Ru(001) with a saturated (2 X 2) oxygen coverage
(8, = 0.25) after heating to 190 K which would produce a hexagonal ESDIAD pattern rotated
30° relative to that from a clean surface Taken from Doering and Madey [79]

delays the formation of H,O-H,O hydrogen bonds) is reported by
Kretzschmar et al. [170]. Using infrared reflection-absorption spectroscopy,
they find that H,O forms hydrogen bonds immediately on the clean Ru(001)
surface, but that the presence of preadsorbed oxygen delays this process: the
first H,O molecules on the surface interact strongly with isolated O atoms.
Only at higher H,O coverage, when O atoms are fully “saturated” by
surrounding H,0, do IR bands appear in the region expected for »(OH). In
an interesting vibrational-dynamics sidelight to the above experiments, Thiel
et al. [241] compare their EEL measurements with the IR data [170]: they
report that the surface dipolar selection rule applies in an infrared but not n
an electron energy-loss measurement.

Water adsorption has also been examined on an oxygen-predosed Re(001)
surface. Preadsorption of oxygen prevents the H,O decomposition which is
observed on clean Re(001) at 7> 180 K. Fig. 62 [141] illustrates the role of
oxygen m blocking H,O decomposition: The TDS yield of H, from H,O
decomposition decreases with increasing oxygen coverage, 6,, while the yield
of molecular water increases with increasing 6. As for H,O on other additive
dosed surfaces, desorption is essentially complete at ~ 250 K. The deactivat-
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Fig 62 Left Desorption of water from oxygen-predosed Re(001) following exposure to 1 8 L of

water Values of the oxygen precoverage (in monolayers) are indicated in brackets Ruight

Vanation of the amounts of hydrogen (®) and water (X) desorbed from Re(001) as a function of

the 1mitial oxygen precoverage The constant exposure of water 1s 1 8 L. Taken from Jupille et al
[141]

ing effect of oxygen on otherwise active metals which form stable oxides has
been noted by Barteau and Madix [75] for various surface oxidation reactions,
and 1s discussed more extensively mn section 6.2.2. The deactivating effect
appears to correlate with the tendency of the metal to form a stable bulk
oxide,

The interaction of water with surfaces of bulk metal oxides appears to be
fundamentally different from the interaction of water with oxygen-doped
surfaces of bulk metals. Therefore, the water-oxide surface chemstry is
treated separately in section 7.1, but we note here that Blyholder and Sheets
[242] find evidence for stabilization of molecular H,O at 300 K on a highly
oxidized Ni or V surface. Exposure of the clean films to 10 Torr of H,O for 30
min at 300 K followed by evacuation to 107® Torr produces no H,O
adsorption as evidenced by the absence of infrared scissor modes. Exposure of
films with preadsorbed BF, to H,O vapor, however, causes a surface reaction
which leaves the surfaces oxidized. The oxidized films retain undissociated
H,0, as shown by the presence of the scissors mode at 1630 cm ™!, which 1s
not removed by extensive evacuation at 10™° Torr. We suggest that this is an
extreme case of a modified surface, and that bonding of the H,O occurs via
coordination with surface (or subsurface) cation sites pronounced by surface
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reaction and oxidation. This experiment is noteworthy in that it clearly shows
that adsorbed molecular H,0O can be retained on reactively-oxidized surfaces,
although the exact composition [N, O, F(?), - - -] of the adsorption sites, and
the role of surface roughness in “trapping” H,O, is not clear. It is of interest
that H,0O exposure to an oxidized Ni(110) single crystal does not result in
H,O adsorbed at 300 K [162], as discussed in section 7.1.7, nor is a clean N1
surface found to adsorb H,O at T > 250 K [82,83,111,162]. Adsorption of
H,O on oxide surfaces is considered in section 7.1.

6.2.2. Electronegative additwves: influence of oxygen on dissociation of H,O

Although H,O 1s adsorbed in molecular form on clean surfaces of metals
such as Ag, Cu, Ni, Pt, and Pd, coadsorption of H,O with fractional
monolayers of oxygen predosed onto these surfaces leads to dissociative
adsorption and OH, formation. The first instance of this is reported by Fisher
and Sexton in a study of H,0, and O, coadsorbed on Pt(111) [80]. Thus is in
contrast to the oxygen-dosed surfaces of both Ru(001) [241] and Re(001) [141]
where dissociation of H,O is not promoted. It also contrasts with fully
oxidized surfaces of N1, on which H,O dissociation is not observed [162].
Dissociation on the oxygen-dosed surfaces generally appears to proceed via a
hydrogen abstraction reaction,

H,0, + 0, » 2 OH,.

The experimental basis for the identification of OH, is discussed in section
3.2. In the following paragraphs, we first discuss the kinetics of H,O dissocia-
tion as well as H,O desorption from oxygen-dosed surfaces. The influence of
oxygen on the structure of adsorbed H,O, and the bonding structure of OH,
are then explored. Finally, we speculate on the electronic and chemical factors
which govern the different reactivity of H,O, + O, on various surfaces.
Kinetics of formation of OH,. In all cases where OH, forms from reaction
between H,0, and O,, it appears that the reaction is substantially complete at
T < 200 to 250 K. In most cases, H,O adsorbs in molecular form at ~ 80 K,
and dissociates to form OH, upon heating. We now describe several studies of
the kinetics of OH, formation. For H,O + O, on Pt(111), Creighton and
White [150,243,244] use static secondary ion mass spectroscopy (SSIMS) to
follow the reaction of adsorbed water and oxygen. In the temperature range
130-142 K, they find an activation energy of E, = 42.6 + 3.4 kJ /mol for the
bimolecular reaction to form OH, [244]. They also report that laser excitation
of the OH stretching mode of adsorbed H,O produces no detectable increase
in the reaction rate. Carley et al. [111] use XPS to follow the reaction between
H,0, and O, on Ni(210), and report the formation of OH, at temperatures
above 150 K. Au et al. [125] find (using XPS) that hydroxide formation on
Zn(001) is induced by pre-exposure of the surface to oxygen, in the tempera-
ture range 80-200 K. There are also reports that H,O dissociates to form OH,
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directly at low temperatures (90 to 110 K) on certain oxygen-dosed Ag and Pd
surfaces. Ceyer [133] reports that OH, appears at 90 K on oxygen-predosed
Ag(311), on the basis of EELS and ESDIAD data. The EELS data of Nyberg
and Tengstal [81] indicate that some H,O molecules react with preadsorbed O,
on Pd(100) upon adsorption at 110 K to form OH,. [In contrast, Stuve et al.
[129] propose that this reaction occurs only above 175 K on the same surface.]

A system which has been extensively studied in several laboratories using a
variety of experimental techniques (EELS, XPS, UPS, TDS, LEED and
ESDIAD) is H,0, + O, on Ag(110). We emphasize here those experiments
relating to the kinetics of formation of OH,; desorption kinetics and structural
aspects of this system are treated elsewhere in section 6.2.2. Stuve et al. [132]
use EELS to study the adsorption of H,O at 100 K onto 0.1 monolayer of
atomic oxygen on Ag(110) (prepared by dosing and annealing at 300 K). A
series of EEL spectra taken at 100 K following annealing at temperatures up
to 300 K reveal changes in the OH stretching region which are interpreted to
indicate activated OH, formation for temperatures above 205 K. In this
temperature range, a sharp feature at 3610 cm™! due to the non-hydrogen-
bonded OH stretch in molecular H,O decreases in intensity as a new feature
at ~ 3380 cm due to free OH, grows 1n intensity. Above 250 K, the spectra are
dominated by OH,; desorption is complete above 300 K. Surprisingly, the
authors find no evidence of a molecular H,O scissors mode at ~ 1600 cm ™! at
any temperature above 190 K, perhaps because of low sensitivity in that
spectral region. Au and coworkers [164] base the interpretation of their XPS
results for H,0, + O, on Ag(110) on the EELS data of Stuve et al. [132] and
suggest that a small O 1s peak with a binding energy of 532 eV seen at ~ 200
K is due to OH,. In apparent contrast to these findings, Bowker et al. [134]
report TDS 1sotopic mixing data which indicate that H,0, + O, react on
Ag(110) to form OH, at temperatures as low as 160 K; Stuve et al. [132]
interpret these results in terms of a solvation mechanism in which OH, 1s a
short-lived intermediate. More recent ESDIAD studies of Bange et al. [185]
indicate that OH, forms at temperatures as low as 80 K, and forms ordered
arrays upon heating to ~ 200 K. Barteau and Madix [135] use UPS (He I and
He 1I) to demonstrate that H,O reacts stoichiometrically with O, above 250 K
to form a pure layer of adsorbed OH, on Ag(110); the OH, features are broad
and weak.

In summary, the combmed data for O,/Ag(110) suggest that adsorbed
water is predominantly molecular at 80-100 K, but that some dissociation to
form OH, occurs in this temperature range. Upon heating above 200 K,
dissociation to OH, is complete, and the OH, species tend to form long-range
ordered arrays with molecular axes inclined along [001] azimuths.

A surface on which molecular water appears to be stabilized by O, prior to
dissociation 1s Ni(111) [82]. In thus case, ESDIAD provides evidence for a
remarkable local ordering of the H,O, at temperatures below the formation of
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Fig 63. ESDIAD patterns and structural model for fractional monolayers of oxygen and water

coadsorbed on N1(111) Panel (a) also shows the LEED pattern of the clean metal surface Panel

(b) shows the H* ESDIAD pattern of water on clean Ni(111), and panel (c) shows the H*

ESDIAD pattern of water with oxygen coadsorbed. Panels (e—g) show the result of heating the

surface, observed with ESDIAD The structural model 1n panel (d) 1s proposed for the three-fold
pattern of (c) and (e). From Madey and Netzer [82].

OH,. Fig. 63 contains LEED and ESDIAD patterns for the adsorption of
H,O on clean and oxygen-predosed Ni(111). Panel (a) contains a LEED
pattern from the clean surface, and panel (b) 1s an H* ESDIAD pattern
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characteristic of adsorbed H,O on clean Ni(111) at 80 X, for fractional-mono-
layer coverages. The center of the pattern 1s dim, with most of the ion emission
directed away from the surface normal. This is consistent with H* emission
from hydrogen-bonded H,O clusters on Ni(111) which have no preferred
azimuthal OH bond orientation.

In contrast to adsorption on the clean surface, the adsorption of low doses
of H,0 (fy,0<0.2 monolayers) at 80 K onto the oxygen predosed and
annealed Ni(111) surface produces a highly ordered and intense three-fold
symmetric ESDIAD pattern [fig. 63, panel (c)] with intense 10n emission along
[112] azimuths. The O atoms on the annealed surface are adsorbed in equiv-
alent three-fold hollow sites, and the three-fold ESDIAD pattern appears to be
a consequence of different degenerate molecular configurations on the three-
fold substrate. A model is shown in fig. 63d. If the O atoms are located in
three-fold hollows above second-layer atoms, H,O can be bonded 1n sites atop
the Ni atoms, and can interact with oxygen, perhaps via a hydrogen bond. The
surface O-O distance for O-H,0 is 2.87 A, which falls within the range seen
for the O-O distance in various forms of hydrogen bonded ice [27). The H,0
molecules may “incline” toward the O atoms, so that only the non-hydrogen-
bonded hydrogen atom is seen in ESDIAD; hence the three-fold pattern is
observed due to three different configurations.

Upon heating the surface with the sharp three-fold ESDIAD pattern, the
sequence of patterns shown in figs. 63e-63g 1s observed. At 120 K, a
temperature well below the onset of desorption, the three outer lobes of the
ESDIAD patterns nearly disappear (f) and only intense normal emission
remains at 150 K (g). It is suggested [82] that hydrogen abstraction leads to
rapid OH, formation above ~ 120 K, and that the broad, normal H* beam
(f, g) indicates that the Ni-O-H group is linear, with large amplitude bending
modes, or slightly bent.

Note also that the model of fig. 63d for Ni(111) shows single O atoms
hydrated by multiple H,0 molecules, consistent with both TDS and ESDIAD
data. Evidence of O, influencing the bonding of multiple H,0 molecules (i.e.,
hydration of Q,) is reported for many other systems also [132,134,170}. In the
low-coverage limit, Bange et al. [118] report that 6 to 8 water molecules, on
average, are bound to each adsorbed O atom on Cu(110).

Finally, we note that two studies [245,246] have recently used EELS to
identify adsorbed hydroxyl, OH,, as a stable intermediate in the reaction of
adsorbed atomic oxygen and hydrogen to form water. Fisher and DiMaggio
identify OH, formed in this reaction on Rh(100) [245], and they report that its
vibrational spectrum and thermal decomposition behavior are identical to
OH, formed by the reaction of adsorbed water with oxygen. This adsorbed
hydroxyl can be formed only when the oxygen coverage exceeds 0.05 mono-
layers. At lower oxygen coverages, the adsorbed hydrogen and oxygen react
directly to form water, with no observable OH, intermediate {245). The
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“direct” reaction which takes place at 4, < 0.05 monolayers,
2H,+0,->H,0,.

results 1n water desorption at 325 K [245]. The hydroxyl species formed at
higher oxygen coverages react to form gas-phase water via disproportionation
at about 275 K [245]. Assuming that the rate of water desorption in each
reaction 1s limited only by its rate of formation on the surface, these data
indicate that the disproportionation reaction occurs more readily (i.e. at lower
temperatures) than the “direct” reaction. Fisher and DiMaggio [245] point out
that the oxygen coverage at which hydroxyl formation begins is also the
coverage at which oxygen island formation begins, about 0.05 monolayers.
They suggest that hydroxyl formation may require coupled chains of hydrox-
yls. They further suggest that the reaction occurs preferentially at perimeters
of oxygen islands. These two factors, taken together, could account for the fact
that the amount of water formed reaches a sharp maximum at low oxygen
coverages, in this and other systems.

Mitchell and White [246] identify OH, formed in the water formation
reaction on Pt(111). They report that reaction proceeds via sequential addition
of hydrogen to oxygen (not disproportionation of an intermediate OH,), and
that the vibrational spectrum of the hydroxyl species formed by reaction of
hydrogen and oxygen differs greatly from that of the hydroxyl formed by
reaction of water with oxygen. These conclusions differ from those reached by
Fisher and DiMaggio in their study of Rh(100) [245]. It may be that the water
formation reaction is sensitive to electronic differences between different
metals, and /or to differences in substrate geometry (types of available adsorp-
tion sites). Mitchell and Whate [246] also report that adsorbed water produced
from reaction between hydrogen and oxygen has a vibrational spectrum much
different than that of water adsorbed from the gas phase, which, they propose,
is due to a lack of hydrogen bonding between water molecules formed in the
reaction [246].

Kinetics of H,O desorption from oxygen-dosed surfaces. The preceding para-
graphs are concerned with the kinetics of formation of OH, on oxygen-dosed
surfaces determined using in situ surface sensitive methods. In this section we
focus on the kinetics of desorption of H,O from oxygen-dosed surfaces. We
relate binding states seen 1n thermal desorption spectroscopy (TDS) to particu-
lar bonding modes of H,O on these surfaces. The appearance of H,O as a
thermal desorption product does not necessarily imply that H,O is present on
the surface: recombination of OH, also leads to desorption of molecular H,O.

Thermal desorption studies of H,0 + O, on a variety of surfaces reveal
rather simular results. For that class of metals on which H,O adsorption is
molecular (cf. section 3.1 and fig. 24) molecular H,O desorbs completely
below ~ 200 K in most cases. However, when H,O 1s adsorbed on oxygen-
dosed surfaces of metals such as Ag, Cu, Ni, or Pd, the TDS spectra exhibit a
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Fig 64 Thermal desorption spectra for different water coverages on Cu(110) after an oxygen

exposure of 0.1 L. The two peaks at ~ 165 K and 175 K represent desorption from the multilayer

state and the clean regions of the (110) surface, respectively Compared to the clean surface there

are three additional oxygen-induced peaks at T3> 200 K which are filled sequentially with
increasing exposure Heating rate =10 K /s Taken from Bange et al [118]

series of peaks for which the highest peak temperature ranges typically from
~ 240 to 360 K. Thus, the binding energies of H,O on these O-dosed surfaces
are dramatically increased over the clean surface values, and H,O is retained
to much higher temperatures. A surprising generalization, moreover, 1s that
molecular H,O is not retained under ultralugh vacuum conditions at 300 K or
above on any of the O-dosed surfaces studied to date (cf. table 12). Whenever
a TDS H,O peak is seen at ~ 250 K or above, it is due to recombination of
adsorbed OH,.

A good example of the influence of O, on the surface chemistry of H,O is
given by the work of Bange et al. on Cu(110) {118]. The TDS data demonstrate
that the adsorption behavior is very sensitive to the coverage of preadsorbed
oxygen. Fig. 64 shows a typical series of TDS spectra for increasing H,O
exposures and a fixed oxygen predose of 0.1 L (8, = 0.045 monolayers) at 110
K. Five peaks are sequentially filled as the water coverage is increased. In
companson with the TDS peaks from the clean Cu(110) surface (cf. table 9, p.



P A Thiel, TE Madey / The interaction of water with solid surfaces 323

260, and ref. [118]) it appears that the peaks at 175 and 165 K are due to
desorption from oxygen-free patches of clean Cu(110) and from multilayer
H,O0, respectively. The three high temperature features (200, 235 and 290 K)
are clearly oxygen-induced. Comparison with the temperature dependence of
the UPS spectra for this system [118] suggests that the two peaks at inter-
mediate temperatures (200 and 235 K) correspond to oxygen-stabilized, tightly
bound molecular water. The peak at 290 K correlates with the disappearance
of OH, from the surface which is believed to desorb via the disproportiona-
tion reaction:

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

These above TDS spectra resemble closely the data of Stuve et al. [132] for
H,O on oxygen-dosed Ag(110), where a similar interpretation of the oxygen
induced features has been given.

The dependence of the TDS data on the amount of predosed oxygen on
Cu(110) 1s discussed in ref. [118]. The five desorption peaks described above
are seen only at low oxygen exposures, with the peak at 175 K disappearing
above 0.25 L. This exposure corresponds to an oxygen coverage of approxi-
mately 1/8 monolayer. It appears, therefore, that the adsorption of H,O on
the oxygen-free surface, which is characterized by the 175 K desorption peak,
is blocked for higher oxygen coverages. There is also a shift of the two
oxygen-induced molecular adsorption states to higher temperature with oxygen
exposure; above 0.3 L they merge into a single broad feature at T'= 225 K.
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Fig. 65. Hydroxyl coverage as a function of initial oxygen coverage, 5, on Cu(110), determined
from the integrated intensity of the thermal desorption peak at ~ 290 K (cf fig. 64) The
maximum hydroxyl formation occurs for 8, =1,/8 Taken from Bange et al [118].
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The intensity of the peak at 290 K i fig 64 1s identified with the
concentration of OH ,, and its vanation with oxygen coverage 1s shown in fig.
65. The maximum formation of hydroxyl species occurs at 6, =1/8. For
higher oxygen coverages 1t decreases rapidly and at 6 = 0.25-0.30 1t essentially
disappears. The slope of the curve 1s 2 for 85 < 0.1, indicating that 2 OH,
species are formed by the reaction of one H,O molecule with one oxygen
atom, as expected from the hydrogen abstraction reaction. Data simlar to fig.
65 are reported for Ag(110) [84,185], N1(110) [113] and Pd(100) [129]. This 1s
an important observation' only low coverages of oxygen are active for hydro-
gen abstraction; the oxygen-saturated surfaces are relatively unreactive. The
maximum in the production of OH, occurs for 6, n the range of ~ 0.13 to
0.25. We return to this point later in this section.

Up to now, we have considered only one reaction pathway for the forma-
tion and desorption of H,O from OH,, viz., the reversible disproportionation
reaction

2 OH, 5 H,0, + 0,.

Other reaction routes can produce H,0, also, viz., dissociation and recomba-
nation, and whether a given reaction occurs depends upon the state of the
reactants (H,, O,, OH,):

OH,-O,+H,,
H, + OH, - H,0,;
or
2H,+0,-H,0,.

In fact, Norton [21] suggests that dissociation and recombination best describe
the H,O formation reaction (from H, + O,) on most metals. He bases his
arguments 1 part on the lack of conclusive experiments demonstrating the
importance of OH groups 1n the overall kinetics of the H,O formation
reaction. Since the time of Norton’s review (January 1980), there have been a
number of experiments in which the existence of OH, groups have been
clearly shown (cf. the above discussion and table 12, p. 328). Many authors
assume that H,0, 1s formed in TDS via the disproportionation reaction, but
the best evidence for the importance of this reaction path involving OH, 1s
reported by Nyberg and Tengstal [81] and Stuve et al. [129] for Pd(100).

Fig. 66 contains a series of EEL spectra obtained after H,O exposure to an
oxygen precovered Pd(100) crystal [81]. Fig. 66a shows the vibrational spec-
trum of the Pd(100) surface containing 0.25 monolayers of O, arranged in a
p(2 X 2) lattice. After exposing this surface to 2 L of H,O at a substrate
temperature of 130 K, the spectrum shown 1n panel (b) 1s obtained. The loss at
197 meV (1589 cm ™) is due to the H,O scissoring mode and the broad loss
centered at 396 meV (3195 cm™!) is assigned to OH stretches of water and
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Fig. 66. (a) EEL spectra of p(2 X 2)O structure on Pd(100). (b) Same surface after exposure to 2 L
water at 130 K (c) Same surface as in (b), after heating to 200 K (d) Heated to 210 K (e)
Heated to 220 K. Taken from Nyberg and Tengstal {81]

hydroxyl. Fig. 66¢ shows the EEL spectrum obtained after heating the sample
to 200 K; the water scissoring mode is absent and the hydroxyl modes have
gained intensity, indicating that the remaining H,O molecules have either
desorbed or reacted to form OH,. Upon further heating, the desorption of
H,O is observed at ~ 230 K [129].

After forming such an OH, layer on Pd(100), both Nyberg and Tengstal
[81] and Stuve et al. [129] perform isotope exchange experiments to demon-
strate that the desorption of H,O proceeds via disproportionation of OH,.
Fig. 67 illustrates the data of Stuve et al. [129] who expose the OH_ layer to a
background of D, prior to their TDS measurement. This leads to formation of
a layer of OH, + D, on the Pd(100) surface. Curve a of fig. 67 shows the
reaction peak for desorption of H,O at 230 K followed by desorption of D,.
Curve b shows the desorption of the mixed isotope, HDO, and the tail of the
D, desorption peak. Note that no HDO desorbs at 230 K. Moreover, coad-
sorbed atomic hydrogen and oxygen (not shown) produce H,O desorption
only in a peak at 330 K. (The H in the HDO in fig. 67b is adsorbed from
residual gas in the vacuum chamber and is not due to H,O or OH dissocia-
tion.)

The isotope exchange experiments prove that (1) no exchange between
coadsorbed OH, and D, occurs at temperatures for which both are stable, and
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after the same conditions of coverage and exposure except that the D, exposure 1s 4 L Taken
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(2) during the OH reaction, the hydrogen transfers directly from one OH
group to another, so that dissociation and recombination can be ruled out. The
temperature shift (230-330 K) between H,O peaks is too great for a kinetic
isotope effect; this appears to be evidence for a true disproportionation
reaction.

To summanze, for OH, + D, on Pd(100), the peak at ~ 230 K 1s due to the
disproportionation reaction:

20H, 25 H,0,+0,

The peak at ~ 330 K 1s due to a recombination reaction involving O,, H, and
D,:

H, + D, + 0,22X,HDO,.

In addition, we note that evidence for the disproportionation of OH, on
Ag(110) [134] and Ni(110) [83] is based on the observation that recombination
and desorption of H, occur at temperatures below the desorption temperature
of H,O. This means that the reaction which produces water cannot possibly
occur by reaction of adsorbed oxygen and adsorbed hydrogen, since no
hydrogen remains on the surface at the time of water evolution.
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Finally, we note Fisher and DiMaggio [245] observe very simular thermal
desorption peaks of water on Rh(100). Water desorbs at 275 and 325 K
following coadsorption of atomic hydrogen and oxygen. In that case also,
disproportionation is believed to be the source of water formed at 275 K,
whereas sequential addition of hydrogen to oxygen is the source of the H,O
which desorbs at 325 K [245].

In closing this discussion, we remind the reader that the kinetics of H,O
formation from the reaction between hydrogen and oxygen are reviewed
extensively by Norton [21], and the details of this reaction are beyond the
scope of this discussion. Our aim is to discuss the surface chemistry of
H,0 + O, and the TDS processes which yield desorbed H,O, rather than the
full range of H,O formation processes from H, + O,.

Structure of OH, produced by H,0 + O, — 2 OH, In discussing the struc-
ture of OH,, we distinguish between long-range order (i.e., the presence or
absence of extended periodic arrays of OH,) and the local bonding geometry
(i.e., the 1dentification of the local bonding site, and the angle of the OH bond
with respect to the plane of the surface).

Using low-energy electron diffraction (LEED), clear evidence for long-range
ordered arrays of OH, is seen on a number of different surfaces; cf. table 12.
All of the cases in which LEED patterns have been 1dentified correspond to
LEED structures which, in a “perfect” adlayer, would result in an OH,
coverage of 0.5 monolayers: this 1s true for the (1 X 2) and (2 X 1) structures
on the fcc(100) and fcc(110) surfaces, and the c(2 X 2) structure on the
Ag(100). Yet, as indicated previously in this section, the TDS data often
indicate total OH, coverages somewhat lower than 0.5 monolayers on these
surfaces (0.2 to 0.3 monolayers). Thus, 1t appears that the ordered OH, species
tend to form 1slands on the substrates, often in the presence of excess oxygen,
and there is a net attractive interaction between neighboring OH, species.
Stuve et al. [129] even suggest that on Pd(100) the Pd-OH, bond is bent or
inclined, and that the bent configuration enhances attractive hydrogen bond-
ing between neighboring OH, species. Moreover, the fact that the OH, groups
form ordered structures at low temperatures (typically < 250 K) indicates that
they are highly mobile species. To the authors’ knowledge, there are not
detailed LEED structure calculations for any OH, layers so the adsorption
sites are not identified.

Information about the local bonding geometry of OH, on various surfaces
is deduced from EELS [81,129,132], angle-resolved UPS [83], and ESDIAD
[83,84,131]. In table 12, the results of these studies are summarized. The OH,
molecules are either bonded with the OH, axis perpendicular to the macro-
scopic substrate surface, or with the OH, axis tilted or inclined away from the
perpendicular configuration. In all cases, the species are bound via the O
atom, with the H atom pointing away from the surface. Inclined species are
reported both on corrugated fcc surfaces [83,84,133] and stepped surfaces [131]
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as well as on planar Pt(111) and Pd(100) [81,129]; perpendicular species (with
a broad distribution about the surface normal) are reported for smooth
Ni(111) [82] and Ag(100) [131].

The EELS evidence for inclined OH,, is illustrated by the Pd(100) studies of
Nyberg and Tengstal [81]. They find an intense OH, bending mode (a
hindered rotation) having a vibrational energy of 115 meV (928 cm !). Based
on angle-resolved EELS measurements, they are able to determine that the
mode is dipole active, so there is a large dynamic dipole moment normal to the
surface. This implies that OH, 1s adsorbed with 1ts molecular axis tilted with
respect to the surface normal. Similar conclusions are reached by Stuve et al.
[129,132] for OH,/Pd(100) and OH,/Ag(110), and by Fisher and Sexton for

OH, on Py(111) [0].
’ThP ESDIAD evidence for inclined OH_ is illustrated by the work of

LU BN} W) Ve B U4 vaGULLO 100 UL A5, aasiiaicd

Benndorf, N6bl and Madey [83] for N1(110) Angle—resolved UPS demon-
strates the existence of azimuthally oriented OH, inclined with respect to the
surface normal of Ni(110). Fig. 68 shows the ESDIAD H™ emussion pattern
obtained from the coadsorption of H,O + O, on Ni(110) at 300 K; this
corresponds to OH, in a (2 X 1) ordered structure. The clean LEED pattern
(fig. 68a) provides the basis for identifying the azimuthal orientation of the
ESDIAD patterns. The H* ESDIAD pattern (fig. 68b) shows two emission
spots, each oriented 41° away from the surface normal, along [001] azimuths.
A possible bonding model consistent with the inclined OH, and the (2 X 1)
OH,/Ni(110) LEED pattern is shown in the lower part of fig. 68. In this
model, the OH, 1s bound to a three-fold site 1n the Ni(110) trough; the angle
between the OH, bond axis and the surface normal (a) 1s 35.3°, slightly
smaller than the measured H* angle. This 1s expected due to the distortion of
the 10n trajectories by the surface image field [247]. Other models of inclined
OH, are discussed in ref. [83]. Evidence for inclined OH, on Ag surfaces 15
presented in refs. [131] and [84].

It 18 interesting to speculate about the bonding structure of OH,. The
R-OH bond is bent in covalent molecules (R = H, CH;, C,H,,...) but the
M-OH bond is finear in complexes in which the bonding 1s highly tomc
(M = Ca, Sr) [248,249]. On this basis, it 1s not surpnising that many of the OH,
structures on metals are reported to be inclined (table 12). However, OH
species are perpendicular on both Ag(100) and Ni(111) [82,131], and may be
perpendicular to three-fold sites on Ni(110), so that no generalization based on
substrate structure is obvious. It may be that singly-coordinated OH,, bonded
via the OH 7 orbital to a metal atop site, or to a single edge atom at a step
site, 1s inclined due to a #-d hybridization. Alternatively, OH, multiply-coor-
dinated to two, three or four substrate atoms in high-symmetry bridges or
hollow sites may find the #—d orbital overlap optimal in a standing up
(perpendicular) configuration. This is an area where guidance from theorists
would be most welcome!
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Fig. 68 Upper LEED and ESDIAD pattern for H,O adsorption on oxygen-dosed Ni(110) (a)
LEED pattern from clean Ni(110) (b) H* ESDIAD pattern of OH, on Ni(110) Lower Models
for the (2Xx 1) LEED pattern and onentation of OH, on Ni(110). (¢} Short bridge adsorption site
of OH, involving two N1 atoms from a [110] N1 row, the hydrogen atoms are assumed to be
pointing 1n [001] or {001} azzmuthal directions (d) Three-fold adsorption site of OH, involving
two first-layer and one second-layer N1, for this model, the two-spot ESDIAD pattern 1s assumed
to be due to two different types of domains with (2 X 1) symmetry, the H atoms pointing either n

the [001] or in [001] direction Taken from Benndorf et al [83]
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Why 1s O, active for H,0 dissociation? The hydrogen abstraction reaction
(H,0 + O, — 2 OH,) appears to be very metal-specific. The presence of O, on
Re(001) blocks the dissociation of H,O [141], and O, on Ru(001) is inactive
for H,O dissociation [241). In contrast, O, on Ni, Pt, Ag, Cu, Pd surfaces (cf.
table 12, p. 328) is extremely active for H,O dissociation. Since the variation
in the H,0-metal binding energy varies little from metal to metal, the reason
for this specificity may be related to the metal-oxygen interaction and the
electronic structure of O,. There appears to be no obvious correlation with
A H.(M-0), however (table 4, pp. 242-243): O, activates H,O dissociation on
several metals with high and low values of AH;(M-0), ie., Zn (—348
kJ/mol), Ni (—244 kJ/mol) and Ag (—12 kJ/mol), whereas metals with
intermediate values are inactive re., Re (—178 kJ/mol) and Ru (—153
kJ /mol). There is also no apparent correlation with the electronic structure of
O, on different metals as revealed by UPS or XPS.

The activity of O, for hydrogen abstraction on Cu, Ag, Pd, Ni (table 12, p.
328, and fig. 65) is greatest for low coverages of O,, below 0.1 to 0.25
monolayers; only in this regime is the conversion to OH, quantitative. The
question 1s: why? Is this a geometric site-blocking effect at high oxygen
coverages, or is there a coverage-dependent change 1n the electronic properties
of O,? The latter does not seem to be the case, since the work function change
as a function of oxygen coverage on most metals 1s linear over a wide coverage
range. This implies little, if any, change in the total electronic charge of O,, so
that any changes in electronic properties of adsorbed oxygen must involve
more subtle rearrangements in charge distribution and local fields. Thus,
geometrical site-blocking may play a major role. It is curious that on several
surfaces the maximum OH, production corresponds to an oxygen coverage of
~ 0.15 monolayers. For significantly higher coverages of randomly adsorbed
O,, surface crowding would force an adsorbed H,0O molecule to interact with
more than one O, species in (perhaps) an unfavorable bonding configuration
for reaction. Another factor which has not been addressed quantitatively
concerns the role of islands of ordered O, which form at higher oxygen
coverages. The reaction to form OH, surely occurs more readily at the edges
of islands than in the high-coverage region where favorable bonding sites for
H,O, and/or OH, may not be available. This has been suggested also by
Fisher and diMaggio [245], and is supported by the recent work of Nyberg and
Uvdal, which shows that hydroxyl formation begins at defects in a p(2 X 2)
oxygen lattice on Pd(100) [81].

Carley et al. [111] point out that chemisorbed oxygen is more active for
hydrogen abstraction from H,O than is oxidic oxygen (the O~ anion). They
relate the activity of different oxygen species to the degree of coordinative
unsaturation. As indicated above, the dependence of hydrogen abstraction
activity on the coverage of chemisorbed oxygen shows that factors in addition
to coordinative unsaturation of individual atoms are playing a role in this
reaction.
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Although the electronic structure of the active and inactive forms of O, on
various metal surfaces is not known, it 1s interesting to consider the gas-phase
reaction:

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

This reaction 1s immeasurably slow at room temperature for ground-state
atomic oxygen [O(P)], yet when the oxygen 1s electronically excited to the
O('D) state, 2.2 eV (212 kJ /mol) above the ground state, the rate constant for
hydrogen abstraction is nearly the molecular collision frequency [250]. The
electronic structure of “active” O, may mumic the excited state of atomic O.

Anderson [63] considers the reactions of H,0 + O, on model Pt(111) and
Fe(100) clusters using an atomic superposition and electron delocalization
techmque. The conclusion of his work pertinent to our discussion 1s that O,
lowers the activation barrier to H,O dissociation 1n both cases.

6.2.3. Electropositive additives

Among the electropositive surface additives whose interaction with water
have been studied to date, the alkali metals are the most common, but 1n
addition there 1s recent work with boron-dosed rhodium [128] and a surprising
study of HF in which hydronium 1on (H;0%) 1s observed [116]. Perhaps the
alkal metals receive the most attention because they are constituents of many
electrochenucal cells. Therefore, the interaction between H,O and alkali-dosed
metal surfaces 1s of interest in modelling and understanding processes at
electrode interfaces. All of the published studies on the subject of H,O
coadsorbed with alkalis are recent ones: Bonzel’'s 1984 paper [251] on the
subject of “Alkali-Promoted Gas Adsorption and Surface Reactions on Metals”
does not list any references to H,O!

A tabulation of the available references to the H,O + adsorbed alkah
interactions 1s given in table 13, along with an indication of some of the major
conclusions regarding the adsorption and reactivity of H,O. In each case, H,O
does not dissociate on the clean substrate (Ag, Cu, Ru, Pt), but the surface
chemistry is changed markedly by alkah coadsorption. In the following
paragraphs, we focus on the probability of dissociation of H,O, the kinetics of
desorption and reaction, the thermal stability of OH,, evidence for “ tilting” of
H,O by interaction with adsorbed alkalis, and possible hydration of the
adsorbed alkal: species.

A wide range of reaction probabilities are reported for H,O plus adsorbed
alkalis, ranging from ro dissociation under any conditions to dissociation even
at 80 K. Sass and coworkers [123,231,253] report that H,O apparently does
not dissociate in the presence of adsorbed Li and Cs on Ag(110) under any
conditions of coverage and temperature (fractional monolayers of alkal; H,O
adsorbed at ~ 130 K and heated to desorb). A coverage- and temperature-de-
pendence for the H,O dissociation reaction is reported by Doering, Semancik
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Table 13
Coadsorption of H,0+ alkali metals on metal substrates
Adsorbate/ H,0 Maximum Evidence for Refs
substrate dissociation? temperature tilting of H,O
for stability molecular (C,)
of OH, (K) axis?
Li1/Ag(110) No -
[231]
Li/Cu(110) Yes - [231]
L1/Ru(0001) Yes — depends Yes - ESDIAD [252]
ond,, and T
Na/Ru(0001) Yes ~ for 550 Yes - ESDIAD [154]
Hn. > 0.25 (90 K)
O, > 01(200 K)
K/Pt(111) Yes — for 570 - [213-215]
0y > 0.06
K /Ru(0001) Yes 580 -
[211]
Cs/Ag(110) No Yes — work function
[123)

and Madey {154,252] for H,O on Na- and Li-dosed Ru(001). For 8, < 0.25
monolayers, H,O 1s reported not to dissociate following adsorption at 90 K;
even upon heating to > 200 K, no dissociation occurs for 8, <0.1 [154].
Higher coverages of Na are effective in dissociating H,O, however, and a
hydroxyl layer containing both long-range order and preferred local bond
orientation exists. It appears that “ionic” Na (the low-coverage form) is
ineffective for dissociation, whereas “metallic” Na (the high-coverage form) is
reactive [154). Semancik et al. [252] report that Li-dosed Ru(001) is much more
reactive toward H,O than 1s the Na-dosed surface: for 8,, > 0.05 monolayers,
H,0 dissociation is seen at 80 K, and activated dissociation is observed at all
lower Li coverages upon heating (in marked contrast to Li/Ag(110) [231]).
The system K /Pt(111) is also reactive for H,O dissociation at 80 K [213,215],
but recent measurements have shown that a critical K coverage of ~ 0.06
monolayers is needed to initiate dissociation. In this work, illustrated in fig.
69, OH, species are identified using XPS and UPS [213-215]. Reaction of
H,O with K on Ru(001) to form KOH is seen by Thiel et al. [211] using
EELS; these measurements extend over a very wide range of coverage (0.1 <
0 < 10 monolayers). Note that the critical coverages required for low-temper-
ature H,O dissociation on Li/Ru(001) and K /Pt(111) (i.e., 8 = 0.05 mono-
layers of alkali) are quantitatively different from Na/Ru(001), where 8, =
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Fig 69 Vanation of OH coverage versus K coverage on Pt(111) These data result from reaction
between water and adsorbed K at 305 K. Note that there 1s a “cnitical coverage” of K ( ~ 006
monolayers) necessary to mitiate formation of OH Taken from Kiskinova et al [215]

0.25 monolayers is required. Although the 1onicity of the alkali may be the
critical factor in these measurements, the possible role of steps, defects, etc. in
trapping small amounts of alkali cannot be discounted.

It is difficult to characterize the systematics of dissociative adsorption on
alkali-dosed metals. It is not clear why Li should be active for dissociation on
Ru(001) and Cu(110) but not on Ag(110), nor is 1t apparent why Li and K are
active on Ru(001) even at low 8, whereas higher coverages of Na are required.
Any argument based solely on 10nic radii, or ionic versus metallic character of
the alkali will find an exception, even in the (rather small) data set of table 13,
p. 333. When one examines the charge densities for alkalis on jelllum calcu-
lated by Nerskov, Holloway and Lang [232], there is no apparent reason based
on electronic structure why the different alkali /substrate combinations behave
so differently. Some subtle (but not yet identified) geometric and /or electromc
factors must be involved.

Another interesting effect relating to H,O adsorption and dissociation 1s
the observation by Thiel et al. [211] and Kiskinova et al. [215] that multilayers
of K on Ru and Pt are not reactive to H,O at room temperature. Despite the
fact that there is a strong thermodynamic drniving force to KOH formation
[AH,(KOH) = —424.7 kJ/mol], the residence time of an adsorbed H,O
molecule at 300 K is probably not sufficiently long for dissociation to occur
[222).

The existence of OH, on Na- and K-dosed Ru(001) and Pt(111) has been
established convincingly using XPS, UPS, EELS and ESDIAD [211,213,215,
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252]. Unlike the OH, species formed by reaction of H,O with O, (table 12, p.
328), however, the alkali-stabilized OH, species are remarkably stable: whereas
the OH disproportionation reaction is rapid at 205 K on Pt(111), the K-stabi-
lized OH, remains on the surface up to ~ 570 K [213,215]! Similarly, Na- and
K-stabilized OH, on Ru(001) remain on the surface until 550-580 K. Thel et
al. [211] asign vibrational modes at ~ 1340 cm~! and ~ 3600 cm~' on
Ru(001) to the K*—OH ~ stretch and the O-H stretch, respectively, of a KOH
complex. Kiskinova et al. [215] also believe that the stability of OH, on
Pt(111) 1s due at least partly to a direct K*—~OH ™ interaction.

Wagner and Moylan have recently shown that HF dissociates to yield
hydrated hydronium ions, H;O¥, on Pt(111) [116]. The hydronium ion is
identified by a distinctive loss feature in EELS at 1150 cm™!, and forms
during coadsorption at 100 K, even at very low coverages of HF [116]. This 1s
the first identification of hydronium ion in a UHV experiment, and provides a
good basis for expecting that the results of UHV single crystal experiments
will have direct bearing on the surface chemistry of electrodes in solution.

In a study with somewhat different emphasis, Kiss and Solymos: report that
contamination of a Rh foil with the electropositive element boron can induce
dissociation of water and can also strengthen the chemusorption bond of
molecular water [128]. In agreement with the data presented in section 4, they
find that no dissociation occurs on the clean Rh foil or on clean Rh(111) [128].
Using TDS, they observe new desorption states of molecular H,O at 320 and
370 K, as well as significant desorption of H,, when they allow boron to
segregate from the bulk to the surface of the Rh sample. Using EELS to
identify the electronic transitions of the adsorbates, they find that a B—O bond
forms at about 270 K and 1s stable up to 650 K; they attribute this to
formation of a boron oxide [128].

The remainder of this discussion focuses on the structure and chemustry of
the molecular H,O species which interact with adsorbed alkali ions (and with
any reaction products). In all cases where ESDIAD or work function measure-
ments are applied to the interaction of H,O with an alkali on a metal surface,
there 1s evidence for direct H,O-alkali interactions which lead to a “tilting”
of the H,O molecular axis [123,154,252,253]. This is manifest in changes (both
in magnitude and in sign) in the dipole moment per adsorbed H,O molecule,
as well as 1n marked changes in the H,O ESDIAD patterns. The tilting of the
molecular axis apparently originates in the electrostatic interactions [232]
between the H,O dipole and the adsorbed alkal 1on. This interaction also
results in the “breaking up” of the hydrogen-bonded H,O clusters which exist
on the clean surface, in favor of surface hydration of adsorbed alkali ions (cf.
section 6.1 and figs. 54 and 55).

There are many cases where adsorbed alkali ions or adsorbed electronega-
tive 1ons (O, Br) are solvated by adsorbed H,O (i.e., surrounded by clusters of
H,0), but in most cases the alkali or electronegative ion remains bonded to
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the surface, with H,O clustered around [120,123,132,135,136,154,231]. In
several cases, however, there 1s evidence that Li* or K* may be fully solvated
by multiple H,O molecules, and be “lifted off” the surface. Thiel et al. [211]
report TDS spectra for H,O + K /Ru(001) in which molecular water desorbs
at ~ 305 K (a surprisingly high temperature), and which they 1dentify as due
to H,0 from hydrated potassium. Fig. 70 shows the data of Bonzel et al. [213]
which they believe demonstrates the hydration of K on Pt(111). The figure
show integrated XPS intensities as a K-covered Pt(111) surface (8 = 0.33
monolayers) 1s dosed with increasing coverages of H,O. As expected, the Pt 4f
peaks are attenuated by the H,O layer as the O 1s features grow in intensity.
The surprising observation 1s that the intensity of the K 2p feature 1s un-
changed for the imitial H,O doses. The authors propose that the adsorbed K
species are solvated by the adsorbed H,O molecules, and that the solvation
sphere of each K is sufficiently “open” that the attenuation of K 2p emission
1s negligible. They also believe that OH ~ species 1n the adlayer are solvated.

Connell and Dumesic [254] have obtained intriguing results using Auger
electron spectroscopy, which indicate that the mobility of potassium on 1ron
and alumina surfaces at 670 K is enhanced in the presence of water vapor.
They attribute this to formation of hydrated or hydroxylated potassium
species which essentially “float” on the surface [254]. It would be most
interesting to identify the species associated with this particularly high mobil-
1ty!

In conclusion, although many new nsights into H,O surface chemistry have
arisen from studies of coadsorbed H,O + additive atoms, many challenges to
our scientific understanding remain.
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7. Adsorption on nonmetallic surfaces
7.1. Well-characterized oxides

7.1.1. Introduction

The adsorption of water on oxidic surfaces is characterized by several
features which are different from those on the clean metal surfaces. First,
well-ordered ionic single-crystal samples are often unreactive for H,O dissoci-
ation. This is surprising since work on powders of common oxides such as
Al,0, [23,24] and zeolites [256] indicates that H,O 1s usually very efficient in
hydroxylating the surface. It may be that the dissociation of H,O on the
powders 1s dominated by reaction at the defect sites and facet edges in the
powders, and such sites are only present in small concentrations on the single
crystals.

A second noteworthy feature is that H,O does not generally form hydro-
gen-bonded clusters at low coverage. Apparently the tendency to cluster,
whuch is so strong on clean metal surfaces, can be overridden by the oxide
substrate~H,O interaction, which ties the H,O to specific cation sites. Exam-
ples of oxides for which this is true include Na,,WO,(001) [257], T1,0, [258],
and SrTi0; [259]. As suggested by Aitken et al. [257], this has the intriguing
implication that “the double layer at a metal oxide/electrolyte interface is
more highly structured than with conventional metal electrodes”.

The third distinctive feature of H,O adsorption is the formation of rela-
tively strong chemisorption bonds on some (not all) ionic surfaces, so that
molecular adsorbed H,O can be stable even up to room temperature. This has
been suggested to occur, for instance, on ZnO [260] and Ti,O, [258]. This is in
contrast with the clean metals, where chemisorbed states desorb well below
room temperature 1n most cases (section 4.2).

The influence of defect lattice sites and “nonlattice” oxygen atoms at oxide
surfaces appears to be quite important. Surfaces of oxide single crystals which
have been 10on-bombarded to produce defects can cause dissociation of H,O to
the hydroxide, whereas the more “perfect” surfaces of the same compounds do
not. This is true, for instance, for TiO,(110) (e.g. [261-264] and N10(100) (e.g.
[83,265]). Also, there appears to be a fundamental difference between the
surface of a bulk oxide and the surface of a bulk sample (metal or oxide)
which has “nonlattice oxygen”, i.e., chemusorbed oxygen atoms. Like defects,
chemusorbed oxygen makes many surfaces more reactive toward water decom-
position and hydroxylation. Carley, Rassias and Roberts have suggested that
the reason for differences 1n reactivity with oxygen treatment lies in the
differences in the degree of coordinative unsaturation between the various
types of oxygen [111]; thuis is discussed in section 6.2.2.

In the following sections, these general observations are discussed 1n more
detail. Comparisons between data from single crystals and powdered or
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polycrystalline samples are made. With respect to hydrogen-bonded systems
(such as water) adsorbed on powdered or polycrystalline oxides, the reader is
directed to useful reviews by Knozinger [23] and Hair [24].

7.1.2. Tutanmium oxide

Much of the research on water—titanium oxide surface chemistry has been
motivated by the relatively high efficiency of titanium oxides in photocatalytic
decomposition of water, which is potentially important as a solar energy
conversion process. The mitial demonstrations of the photocatalytic properties
of these materials in aqueous media, presented in the mid-1970’s, have
inspired work on well-characterized single crystals of the oxides. The latter
body of work is reviewed by Henrich [261].

The main purpose of the single-crystal experiments has been to i1dentify the
factors which cause H,O to dissociate. As more experiments have been
performed, there has been a steady evolution of increasingly refined models
for the mechanism of H,O dissociation. Early work by Somorai and co-
workers indicates that Ti** 10ons are particularly important in H,O dissoci-
ation on TiO, [263]. The desire to clanfy the role of Ti** has subsequently led
researchers to compare the reactivities of oxide surfaces which have different
types of T1 ions exposed. This has also spurred experiments which compare
the adsorptive properties of well-annealed or cleaved, low-defect-density
surfaces with ion-bombarded, high-defect-density surfaces of the titanium
oxades.

The materials and surfaces which have been studied are summanzed 1n
table 14, together with conclusions regarding whether or not H,O adsorbs at
room temperature, what the adsorbed species are, and what type(s) of T1 ions
are exposed at the 1deal surface. In many cases, table 14 illustrates that the
adsorption behavior of water on these oxides is strongly influenced by the
degree of perfection of the surface, i.e., the defect density.

Henrich and coworkers have surveyed types of titanium oxide surfaces
using UPS; they find that water chemisorbs molecularly at room temperature
on nearly perfect surfaces of TiO, and Ti,0,. The observation of molecular
water on Ti,0,(102) at 300 K leads them to suggest that T1 3d electrons alone
are not sufficient to induce dissociation (cf. table 14) [261]. At the same time,
Cox, Egdell and Naylor suggest that an oxygen vacancy adjacent to a T1>* site
1s the only site where H,O can adsorb on SrTi0,(100), based upon EELS, XPS
and UPS data. They find that the low-defect-density surface is entirely inert
toward H,O adsorption at room temperature, but 1on bombardment and
generation of T1>* 1n an oxygen-deficient lattice creates a surface at which
molecular water can adsorb [259,267). The original work of Lo et al. would be
consistent with H,O dissociation at a highly wurregular surface, since they
observe this to occur on TiO,(100) surfaces which are 10n bombarded or which
are covered with evaporated titanium [263]. Furthermore, work with TiO,
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Table 14
Adsorption of H,O on the itamum oxides
Sample Adsorption  Adsorbed Surface Refs
at room species T
temperature? (4 <1) 10ns

T10,(100)

(a) Smooth (annealed) 1 X3  Yes H,O (UPS) [263]

(b) Rough (sputtered or with  Yes OH (UPS, T*+ 3d! [262,263]

T film) ESD)

T10,(110)

(a) Smooth (cleaved) Shight 7 (UPS) Ti** 3d° [261]

(b) Rough (bombarded and  Yes OH, followed Ti** Ti3*, Tu® [261,264]

annealed) by H,O (UPS)

T1,0,(102)

(a) Smooth (cleaved) Yes H,0 (UPS) T3+ 3d! [258,266]

(b) Rough (1on-bombarded) Yes OH (UPS) [258,266]
SrT10,(100)

(a) Smooth (well-annealed) No - [259,261,267,

268]
(b) Rough (1on-bombarded) Yes H,O0 (UPS) T3+ 3d! [259,261,264,
267,268]
SrTi0,(111) Yes OH (UPS, [269,270]
TDS)

powders in photocatalytic reactors appears to consistently point toward the
importance of Ti** ions in the H,O decomposition reaction [16,95,271,272]. In
the present authors’ judgment, H,O probably interacts strongly with the
surface when both Ti** and defect sites (oxygen vacancies) are present, and
may even require that these two sites be adjacent [16,259,267], although the
relative importance of these two factors remains open to investigation.

Interestingly, hydroxylation of TiO, powders has been discussed by Hair
[24], who points out that dehydroxylated, annealed samples are quite inert to
H,O unless a bit of oxygen is present also in the gas phase. The inertness of
T10, powders under these conditions compares favorably with the inertness of
smooth TiO, single crystals summarized in table 14.

7.1.3. Zinc oxide

The adsorption of H,O on zinc oxide (ZnO) powders has been studied via
infrared, thermogravimetric, volumetric, and conductivity measurements. The
results are summarized concisely by Hirschwald [273]. It 1s generally agreed
that H,O dissociates in the first layer, exhibiting narrow IR bands at 3670 and
3620 cm~! (the O-H stretch). These hydroxyl groups can be stable up to
~ 900 K [273]. At higher coverage, IR data indicate that molecular water
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adsorbs through hydrogen-bonding to existent hydroxyl groups. This 1s sup-
ported by the fact that adsorption isotherms show a discontinuity after the
first OH layer 1s filled, and the 1sosteric heat of adsorption of water in the
multilayer is 67 to 42 kJ/mol, consistent with hydrogen-bonded molecular
H,O. There has been some speculation regarding the influence of atomic
defects and different types of crystal facets on the measured properties of H,O
adsorbed on ZnO powders [273], and a study of H,O on ZnO single crystals
addresses this exact issue [260].

Zwicker and Jacob: [260] examine H,O adsorption on three simple types of
ZnO surfaces: the zinc-rich (001) face, the oxygen-rich (001) face, and the
polar (100) face which has both Zn and O atoms exposed. After dosing the
sample to H,O and heating, these authors observe only molecular water
evolving 1n the gas phase, which exhibits rich desorption spectra, as shown in
fig. 71. Water interacts most strongly with the Zn sites available on the (001)

D,0/Zn0 (100)

R=75Ks™*

DESORPTION RATE/ARB UNITS

100 200 300 400 500 600
TEMPERATURE / K

Fig 71 (a) Thermal desorption spectra of D,O on ZnO(100) The parameter which varies 1s the
D,O exposure in langmuirs The heating rate 1s constant at 75 K/s Taken from Zwicker and
Jacobi [260] Continued on next pages
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Fig. 71 (b) Thermal desorption spectra of D,0 on ZnO (001)

and (100) faces, with a characteristic desorption state at 320 to 340 K. Water
interacts more weakly with the oxygen sites on the (001) and (100) faces, with
a desorption state which peaks at 190 K. Adsorption occurs preferentially,
therefore, at the surface cation sites, where the adsorbed species is stable even
at approximately room temperature. Zwicker and Jacobi have identified the
adsorbed species in all cases as molecular H,O, based largely upon UPS
spectra [260]. However, due to interference with Zn 3d states, only one orbital
of the chemisorbed species could be clearly observed, as shown in fig. 72; this
alone does not unambiguously exclude hydroxyl formation. As with the
titanium oxides, the UPS measurements could be complemented by data from
other techniques to resolve the issue of whether or not H,O dissociates on
these surfaces.

Another study of H,O on ZnO is reported by Au, Roberts and Zhu, who
expose single-crystal metallic Zn to oxygen at 77 K, then to water at the same
temperature, and warm the surface [125]. With no measurement of the oxygen
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Fig 71. (c) Thermal desorption spectra of D,0 on ZnO (OOi)

coverage or the oxide lattice structure under these conditions, and with no
annealing of the oxygen after adsorption, it 1s difficult to assess what sort of
surface this represents. It may be that many defect sites are present. In any
case, XPS data show the presence of hydroxyl species which are stable up to
~ 500 K, and which decompose to yield gaseous hydrogen. On the other hand,
Zwicker and Jacobi [260] observe only gaseous D,0 while heating their
D,0-dosed samples, which seems to indicate a basic difference between the
results of these two studies.

We suggest that the question of whether H,O dissociates at ZnO surfaces,
and under what conditions, 1s not yet resolved. In particular, the possible
influence of defect sites has not yet been addressed systematically. Work with
ZnO crystals which have been deliberately roughened, e.g., by ion bombard-
ment, could provide useful insight to this problem in much the same way that
work with 10on-etched titanium oxide single crystals has confirmed the im-
portant role of defect sites in H,O adsorption and dissociation on those
materials (see section 7.1.2).
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7.1.4. Tungsten oxide

There is only one study reported of H,O adsorption on a well-characterized
tungsten oxide, to our knowledge. Using EELS and UPS, Aitken and co-
workers [257], are able to identify non-hydrogen-bonded, molecular H,O at
coverages up to (presumably) one monolayer at 150 K (up to 4 L exposure) on
tungsten bronze, Na,,W0O,;(001). Using the frequency of the substrate-oxygen
stretch at 600 cm ™! as a fingerprint, they 1dentify the tungsten cations as the
preferred adsorption sites. Their vibrational spectra are reproduced in fig. 73.
At higher coverage, the O—H stretching vibration gives evidence of hydrogen
bonding as the multilayer formed. The adsorbed water 1s not stable at room
temperature. The UPS data are reported to confirm the assignment of molecu-
lar adsorption by exhibiting the three characteristic peaks of H,O (section
3.2).
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Fig 73 Electron-energy-loss spectra of Na,,WO; recorded at 150 K before (upper) and after

(lower) exposure to 1 L H,O The three adsorbate-induced loss features are indicated by arrows in

the lower spectrum These features are assigned as »(OH) at 3590 cm~!, §(HOH) at 1740 cm ™!
and the metal-oxygen stretch at 600 cm™! Taken from Aitken et al. [257]

s

7.1.5. Lead oxide

Carley, Rassias and Roberts [111] have used XPS to study the interaction of
water with lead and oxidized lead surfaces. Some of their data are shown in
fig. 74. On clean lead or annealed lead oxide (PbO) surfaces, the XPS gives
evidence for molecular water only, with an O 1s binding energy of 533.9 eV.
This water desorbs in vacuum above 150 K. On a lead surface where oxygen
has been deposited at low temperature without annealing, however, there 1s
evidence for hydroxyl formation, with the O 1s peak at 531.0 eV. The hydroxyl
groups are stable to ~ 200 K.

We note that the conditions necessary for obtaining the adsorbed hydroxide
most probably produce a very imperfect oxide surface, which these authors
discuss in terms of coordinatively unsaturated oxygen ([111]; section 6.2.2). As
for the titanium oxides and NiO, the presence of defects (or coordinatively
unsaturated oxygen) at the oxide surface seems important n influencing H,0
decomposition on PbO.
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Fig 74. XPS spectra of the O 1s level for water and oxygen on a lead surface (1) Spectra from a
clean lead surface exposed to 15 L H,O at 77 K (curve a), then warmed to 140 K (curve b), 148 K
(curve c¢), and 151 K (curve d) (n) Spectra from a lead surface exposed to 300 L oxygen at 297 K
(curve a), followed by 15 L H,0 at 77 K (curve b), then warmed to 143 K (curve c) and 160 K
(curve d). (1) Spectra from a lead surface exposed to 150 L oxygen at 77 K (curve a) followed by
15 L water vapor at 77 K (curve b), then warmed slowly to room temperature (curves c-g) The
data are interpreted to mean that clean or oxidized lead does not dissociate H,O, rather, H,0O
condenses at 77 K and desorbs intact as temperature 1s raised [cf sequence (1) and (u1)] The XPS
feature at 531.0 eV in sequence (i) 1s taken as evidence that hydroxyl groups can form under
stmilar conditions on a lead surface which contarns chemisorbed oxygen Taken from Carley et al
[111]

7.1.6. Aluminum oxide

Aluminum oxide (Al,0,) has attracted particular interest due to 1ts
widespread use as a catalyst and catalyst support. Infrared data concerning
OH and H,0 on alumina powders is reviewed by Knozinger [23] and Hair
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[24]. On these surfaces, exposure of dehydroxylated alumina to water vapor
leads partly to rehydroxylation (for sample temperatures above 320 K) and
partly to coordination of water molecules to exposed aluminum 1ons [23].
Hydroxyl groups are stable up to ~ 1000 K [24]. The hydroxyl groups appear
to be of several types, based upon different O~H stretching frequencies from
3700 to 3800 cm™' and based upon the independent behaviors of these
features when samples are heated or isotopically exchanged [23,24]. Water can
adsorb in multilayer states by hydrogen bonding to the first-layer OH or H,0
groups, under favorable conditions of temperature and pressure. As with the
zinc oxides, however, there has been speculation regarding the role of defect
sites, different kinds of crystallite faces, and potential difference in chemucal
composition between the bulk and surfaces of these powders [24]. This type of
speculation, with respect to H,0O adsorption and reaction, is only addressed 1n
three studies of Al,0, single crystals to date. In a study of H,O on Al,0,(001),
Almy et al. report UPS data which support hydroxyl formation at room
temperature [274]. Chen and coworkers find that H,O dissociates to form
adsorbed hydroxyl groups even at 150 K on an oxidized Al(111) substrate
[275], with a distinctive O—H stretching frequency at 3720 cm™'. This 1s in
good agreement with the frequency range cited above for OH groups on Al,O,
powders {23]. On oxidized Al(100), Paul and Hoffman also find evidence for
dissociation of H,O following ice condensation at 80 K and annealing to 300
K [217]. In summary, the three studies of H,O adsorption on aluminium oxide
single crystals which have been reported to date agree that dissociation occurs
readily at room temperature [217,274,275], and one report concludes that
dissociation takes place even at 150 K [275]. It is apparent that dissocation of
H,O0 occurs very easily on aluminum oxide surfaces.

7.1.7. Nickel oxide

The only published studies of H,0 or OH at nickel oxide surfaces are
relatively recent and deal with single-crystal surfaces, either of bulk oxides or
oxidized metals. Three of these studies indicate that a low-defect-density
surface of the bulk oxide or of bulk-oxide-hke material 1s inert toward H,O
adsorption or hydroxylation at room temperature [83,265,276]. A fourth
indicates that hydroxyl groups form most readily, and are most stable, on a
nickel surface which is oxidized at low temperature, 77 K, with no annealing
{111]). A fafth reports that hydroxylation occurs on a NiO(111) surface at room
temperature {174). The first four papers mentioned appear to be rather
consistent in pointing toward the importance of lattice defects and/or “non-
lattice oxygen” for hydroxylating NiO.

Perhaps the two most incisive studies are those by McKay and Henrich
[265] and Benndorf et al. [83]. McKay and Henrich have found that H,O does
not interact with cleaved, low-defect-density NiO(100) at room temperature,
but dissociative adsorption does take place if “nonlattice oxygen” is present
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Fig. 75. (a) Photoemussion spectra of 1on-bombarded N1O(100) pre-exposed to 10 LO, as a

function of H,O exposure (b) Difference spectrum between 10° L and 0 L exposure of H,0. The

two adsorbate-induced features, especially visible in the An( E) spectrum, are assigned as the 3¢
and 17 orbitals of OH,. hv = 40 8 eV Taken from McKay and Henrich [265]

[265]. The latter species can be deliberately produced by oxygen exposure to
the ion-bombarded surface. These authors base their conclusions on UPS and
XPS data, and postulate that the nonlattice oxygen acts as a promoter to
dissociation, which also requires surface defect sites, perhaps adjacent to N1
cations [265]. In short, the nonlattice oxygen facilitates the abstraction of
hydrogen from H,O, and the defect site next to the cation accommodates the
resultant hydroxyl fragment. A set of UPS spectra which clearly demonstrate
OH formation on the ion-bombarded, oxygen-dosed N10O(100) surface is
shown in fig. 75. It is possible that such a model could also explain the great
sensitivity to oxygen which TiO, powders exhibit in water decomposition
(section 7.1.2; [24]). It may be that the oxygen is necessary to act as a
promoter for the defect sites which are probably plentiful in these samples,
which can then form adsorbed hydroxyl groups by reaction with water. In the
second work, Benndorf and coworkers show that, at room temperature, both
metallic Ni(110) and the heavily oxidized metal surface are completely inert to
H,O adsorption [83]. A series of thermal desorption spectra which illustrates
this effect 1s shown in fig. 76. The desorbing H,O here represents adsorbed
hydroxyl groups which recombine [83]. It is clear that some H,O adsorbs and
decomposes when the coverage of oxygen is in a critical intermediate range,
but for the more heawvily oxidized sample, the surface 1s inactive.
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These two papers illustrate rather clearly that these particular N1O surfaces
do not hydroxylate at room temperature. A third report of a similar effect 1s
given by Norton et al. [276], who grow oxide layers at 300 K and above on
single-crystal surfaces. They find that a thick oxide 1s “converted” (examina-
tion of the data indicates that this probably means “hydroxylated”) far more
slowly than a thin N1O film, which 1s about three layers deep. Again, these
results could be interpreted 1n terms of a higher reactivity at the surface of a
thin, high-defect film than at the surface of a more bulk-like oxide.

These results may be compared to those of Andersson and Davenport [174],
who prepare NiO(111) epitaxially on clean Ni(100) by exposure to oxygen at
room temperature, then saturate the NiO with OH groups by exposure to
water. The OH groups are stable up to 500 K; the epitaxial oxide 1s about 6 A
(2 layers) deep. Based upon the results of Norton et al. [276], the ease with
which hydroxylation occurs 1s a function of the oxide film thickness; the
relatively thin film of Andersson and Davenport may hydroxylate more easily
than a thicker film would. The hydroxyl groups are characterized by a sharp
»(OH) at 3710 cm ™!, and exhibit nondipolar scattering in the EELS. The EEL
spectrum of the hydroxide is shown n fig. 77.
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Fig. 76. Thermal desorption spectra for H,O on clean and oxygen covered Ni(110) The oxygen

coverage 1s determined with AES The calibration 1s achieved by assuming an oxygen coverage of

8o = 0.5 for the oxygen (2x 1) LEED pattern The H,O exposure 1s constant in each curve Taken
from Benndorf et al [83]
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7.1.8. Iron oxide

Adsorption of water on iron oxide surfaces is important in the oxidative
corrosion and passivation of steels [12,13]. Doped 1ron oxides are also promis-
ing materials for electrochemucal solar energy conversion cells which split H,O
(e.g- [14,15,17,277]). The electronic properties of Fe,O, which make it useful in
this application are summarized by Somorjai [278]. Experimental work by
Dwyer and coworkers shows that oxidation of Fe(100) and Fe(110) does not
proceed as efficiently with water as with oxygen, because hydroxyl groups
form and serve to passivate the Fe surfaces toward oxidation by water
(104,152,153]). The same observation is made by Roberts and Wood for
polycrystalline Fe [209], who propose that passivation is due to formation of
FeO-OH groups. On both clean and oxidized iron, Dwyer and coworkers find
that water readily decomposes to form adsorbed hydroxyl groups at about 225
K [104]. Similarly, Kurtz and Henrich use UPS to show that H,O adsorbs
dissociatively on an a-Fe,O, (hematite) surface at room temperature, with
dissociation occurring more readily (at lower exposure) on a surface with high
defect density than on an annealed surface [279]. Calculations by Debnath and
Anderson support the idea that water can dissociate at oxidized iron surfaces
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[86]. Hendewerk et al. [255] report that the basal plane of a-Fe,O, is
extremely inert toward water, however; water adsorbs as 1ce on this surface at
low temperature and desorbs in the range 175 to 220 K. Only sputtered
surfaces containing Fe?* species can dissociatively chemisorb water, produc-
ing OH, [255]. There is a large body of work on hematite powders, reviewed
by Knozinger [23], which shows that H,O forms a layer of hydroxyl groups on
hematite surfaces, then forms hydrogen-bonded layers atop the hydroxyl
groups. These results are in agreement with the single-crystal data described
above.

7.1 9. Tin oxide

Studies of tin oxide (SnQO,) have been motivated by the use of this material
both in gas sensing and catalytic applications. Yamazoe et al. [280] have
studied water adsorption (at 13 Torr) on polycrystalline SnO, powders using
TDS, and report desorption peaks near 375 and 675 K. Based on infrared
spectroscopic work by Thornton and Harnison [281], these TDS features are
attributed to the desorption of molecular water, and the recombination of
hydroxyl groups, respectively. Adsorption isotherm measurements [282] also
indicate that the amount of water which adsorbs per unit area on tin oxide
powders depends strongly on the thermal history of the material.

The interaction of water with single-crystal tin oxide has recently been
studied by Semancik and coworkers [283-286]. Their work on SnO,(110)
involves adsorption onto disordered surfaces (produced by ion bombardment)
as well as on ordered (annealed) surfaces which exhibit (4 X 1) and (1 X 1)
LEED periodicities; these ordered surfaces are shown by AES and XPS to be
oxygen deficient [283,284]. Water adsorption at 90 K is predominantly molec-
ular, but the presence of some dissociated water is not ruled out. Water doses
in the range of 1 L at low temperature also produce TDS and UPS results that
are different for the (4 X 1) and (1 X 1) structures at the SnO,(110) surface
[283], but multilayers do grow on both surfaces as the H,O exposure is
increased.

Water adsorption at 300 K has also been studied on nearly stoichiometric
(110) surfaces produced by in-situ “oxidation” (heating the SnO, crystal at 700
K 1n 0.1 Torr O,). Such surfaces show practically no H,O chemisorption at
room temperature even at doses as large as 10® L. Adsorption does occur at
300 K on defective (oxygen deficient) surfaces, however, and ultraviolet
photoemission spectra indicate that water interacts with defect electronic
states in the band gap [285]. Conductivity changes produced by H,O adsorp-
tion on SnO,(110) have also been measured using a UHV four-point probe,
and the results are correlated to water-induced band bending effects [286].
Based on UPS results, the adsorption occurring at 300 K is thought to be
dissociative, but a conclusive determination of the exact nature of the ad-
sorbed form(s) has not been made. (Interpretation of the UPS features 1s
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Fig 78 Varous configurations possible for water molecules hydrogen-bonded to oxygen atoms
and hydroxyl groups on silica surfaces Taken from Knozinzer [23].

particularly difficult because such small amounts of water adsorb, i.e. the
adsorbate-induced features are very small and weak.)

7.1.10. Stlicon oxide

The review by Knozinger [23] deals largely with water adsorption at silica
surfaces, which are normally hydroxylated. That is to say, normal atmospheric
exposure results in a surface covered with Si—OH groups. Further adsorption
of molecular water appears to occur via hydrogen bonding to the OH groups.
Configurations such as those in fig. 78 have been proposed [23].

In agreement with these observations, vibrational spectroscopies show that
water dissociates to OH, and H, upon adsorption at 300 K on oxidized Si
single crystals, much as it does on the clean Si surface [287,288). (See section
7.3.1).

7.2. IToric and polar solids (non-oxidic)

In this section we briefly discuss the work which deals with water adsorp-
tion on surfaces of ionic, non-oxidic solids. Although there has been no
ultrahigh-vacuum, single-crystal work to date, there is a longstanding interest
in water adsorption on ionic solids due to the meteorological importance of
cloud seeding. It is interesting that one of the founders of modern-day surface
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Fig 79 Companson of the crystal structures and lattice parameters of ice Ih and a Agl surface,
showing the (001) basal planes Taken from Manson [4]

science, Irving Langmuir, also played a role in the science of cloud seeding
[289]. In 1946, he was the first person to observe precipitation induced
artificially by dropping dry ice into supercooled clouds [4,289] and so modern
weather modification began. Subsequently, Vonnegut reported that silver
iodide was an efficient nucleant; Agl is still the best material known for this
purpose [4], at least partly because it has common low-index planes which
provide a close crystallographic match with crystalline ice [4], as illustrated in
fig. 79 for the (001) plane. The lattice constant (a,) of silver iodide 1s 4.58 A,
whereas the corresponding O—O separation 1n ice Ih is very close, 4.51 A.

Since then, investigators have studied the relative importance of the
nucleant’s lattice symmetry and structural match with ice, the chemucal
composition of the nuclei, and the presence of defect sites at the nucler
surfaces. All three of these factors appear to be very important (e.g.
[4,5,137,290]) and thorough reviews of the experimental studies are given by
Mason [4] and by Pruppacher and Klett [5].

Meteorological studies of nucleation efficiency usually involve measurement
of the threshold nucleation temperature in a supersaturated cloud of H,O
using aerosol samples of materials such as Agl, Pbl,, NiO, CuO, or HgTe
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[4,5]. A high nucleation temperature is equated with high nucleation efficiency.
It is rare that all three factors which affect nucleation efficiency can be
controlled independently in these studies. Thus, although the substrate lattice
structure 1s clearly an important factor, there is no experimental correlation
between the lattice mismatch and the ice-nucleating efficiency, presumably
because the other two factors (chemical composition and defect distribution)
are also important. The importance of good lattice match between the sub-
strate and ice 1s indicated by the fact that ice grows epitaxially on most
“good” nucleants (e.g. [4]). Furthermore, Evans shows that the phase of ice

Fig 80 Illustration of 1ce crystals growing at nucleation crystal steps, from Mason [4] (a) Ice

crystals growing on a single crystal of cadmium 10dide. They form preferentially at the edges of

growth steps which emanate 1n a spiral terrace from the cadmium-i1odide surface. (b) Onented 1ce

crystals onginating at the edges of steps deeper than 0.1 pm on the basal plane of lead 10dide. No
ice crystals appear on the shallow growth steps
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prepared by nucleation is determined by which phase has a lattice constant
closest to that of the nucleating material [290].

The importance of structural defects are demonstrated by many direct
observations of an epitaxial ice layer which grows outward from microscopic
steps, cracks, and cavities (refs. [4,5], and references therein.) Under these
circumstances, ice grows via heterogeneous surface nucleation at the defects,
as illustrated by the micrographs of fig. 80. This implies that H,O is more
strongly adsorbed, or (perhaps) more easily dissociated to OH, at structural
defects. Surrounding H,O molecules are then fixed loosely in place by
hydrogen bonding. This is strikingly similar to phenomena we have described
for metal and oxide surfaces (see sections 4, 5 and 7.1), where defect sites and
atomically rough surfaces are generally more reactive 1n H,O adsorption.

Finally, the importance of chemical composition 1s shown by comparisons
of the 1ice-nucleation efficiencies of hydrophobic and hydrophilic matenals.
These studies show that it 1s better to use a material which is hydrophobic, 1.e.
one 1 which the water—substrate bond is not very strong [S]. At first glance,
this seems to contradict the foregoing discussion of step activity. However, it
can be understood on the grounds that hydrophilic substances form strong
chemisorption bonds throughout the water layer and thereby lock the entire
first layer of H,O molecules into a particular orientation. This orientation may
not be one which is favorable for hydrogen bonding to a second layer, so that
formation of ice-like clusters can be prevented [5]. In other words, 1t 1s
postulated that the balance between the strength of the surface bond and the
strength of the hydrogen bond, first introduced 1n section 2.3, tips too far in
the direction of the surface bond. As discussed in section 7.1, observations on
oxide surfaces (under UHV conditions) actually confirm that adsorbed water
can be strongly bound to specific cation sites 1n some cases, and
hydrogen-bonded clusters can be precluded.

7.3 Senuconductors

7 3.1. Silicon
The oxidation of S1 with water, so-called “wet oxidation™, 1s a commercially
useful process in semiconductor device preparation [291]:

2 H,0, + $1 > Si0, + 2 H, ,.

The SiO, layers thus formed are more inert, and can be grown more rapidly,
than layers prepared with O,, [292]. Ghudim and Smith have characterized the
conditions of H,O pressure and substrate temperature which are necessary for
oxide growth [293]. Results are comparable for both Si(111) and Si(100)
surfaces, and are shown in fig. 81. They find evidence for a surface species
which is present under select conditions during wet oxidation, but which is not
present during oxidation with O, , [293]. They postulate that this represents a
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Fig. 81. The cnitical conditions for the growth of S10, via the reaction of H,O with Si(111) and
$1(100). Py,o 1s the water vapor pressure, T, 1s the substrate temperature. The sohd lines
represent boundanes of S1 surface conditions obtained during oxidation with H,O, whereas other
results obtained for the O, +S1 reaction are indicated by the dashed line Region I represents
conditions under which clean Si1 1s maintained by formation and rapid desorption of S10
(etching), region III represents conditions under which S10, grows; and region II represents an
intermediate case. The mtermediate phase 1s only obtained by oxidation with water, not with
oxygen Identification of the surface composition 1s based upon measurements of surface
emissivity using optical pyrometry. Taken from Ghidini and Smuth [293]

mixture of adsorbed OH and H groups. Presumably, this surface layer 1s
responsible for the umque properties of SiO, prepared by wet oxidation [292].
The commercial applications of the wet oxidation process have thus provided
a strong impetus for basic research on the surface chemistry of water on Si,
and a large amount of work has been done using Si single crystals.

Si exhibits a rich variety of surface reconstructions, which are pertinent to
this discussion. The reader can find descriptions of these surfaces and their
possible structures in reviews by Duke [294], Eastman [295], Kahn [296],
Lieske [297] and Robinson [298]. The Si(100) face exhibits a (2 X 1) recon-
struction which is thought to consist of paired Si1 dimers. The Si(111) face
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exhibits (2 X 1) periodicity when prepared by cleavage in vacuum, but converts
to a complex (7 X 7) reconstruction upon annealing,

The thermodynamic feasibility of water dissociation on Si can be estimated
using the simple approach developed in section 3.1 for metals. The S1—O bond
strength 1n crystalline SiO, 15 —453 kJ /mol [94], and the Si—H bond strength
of chemisorbed hydrogen, reported by Schulze and Henzler, 1s —240 to —336
kJ/mol [299]. This approach leads to a value for AH, (defined in fig. 23, p.
241) of —700 to — 892 kJ /mol, much more negative than the typical chemiso-
rption bond strength of molecular water, AH,,, —50 kJ /mol. Dissociation 1s
very strongly favored over associative adsorption on Si surfaces, on the basis
of these simple arguments.

Nonetheless, there 1s one central controversy which currently dominates the
literature concerning the reaction of H,O with S surfaces: 1s adsorbed H,O
dissociated at room temperature or is 1t not? We review the evidence on both
sides of the argument here in detail, which we feel 1s warranted by the high
degree of controversy and confusion which currently prevails. This controversy
has its beginmings in 1971, when Meyer first studied adsorption of water on
Si(111) and Si(100) at room temperature, using elhpsometry [300]. He con-
cluded that complete dissociation to O, and H, occurs under these conditions,
a hypothesis which has not been supported by subsequent research. In 1975,
Fupiwara and Nishyjima used ELS to study the electronic transitions at 0-25
eV for H,0 on Si(111) at 300 K [301]. They interpreted their spectra to mean
that water does not dissociate under these conditions. The next work was
reported by Fujiwara in 1981 [302] who used ultraviolet photoemission spec-
troscopy and observed the three valence-band features which are shown 1n fig.
82 [302], for the same systems which Meyer had studied. Because these could
not be explained simply as a superposition of features from atomic oxygen and
atomic hydrogen, Fujiwara rejected Meyer’s model, as had Fupwara and
Nishijima before him, and instead proposed that the three valence-band
features correspond to the 1b,, 3a,, and 1b, orbitals of the H,O molecule. He
did not, however, consider the possibility that the UPS spectrum may repre-
sent a superposition of features due to adsorbed OH, O and H

Fujiwara’s interpretation subsequently came under heavy attack, mainly
because vibrational spectroscopies (both IR and EELS) yield hittle or no
evidence for molecularly adsorbed H,O on these surfaces at room temperature
[171,175-179,287,303-305]. Ciract and Wagner predict that H,O should be
unstable with respect to dissociation on S1 surfaces, based on semi-empirical
calculations, and suggest a possible reinterpretation of Fupiwara’s data [306],
which 1s depicted 1n fig. 83. They point out that one of the three observed
valence features could be due to Si-H, whereas the two more tightly bound
states could represent the 17 and 30 orbitals of S1—OH [306]. (See section 3.2.)

It 1s not even clear whether Fujwara’s UPS data are experimentally
reproducible. In a 1983 paper, Schmeisser, Himpsel and Hollinger [307]



P A Thiel TE Madey / The interaction of water wuth solid surfaces 357

S1(100) - H,0 a
UPS Hel(21.2eV)
OXYGEN 1 b
HYDROGEN [
Hz0 SAT- CLEAN

AN(E)

PHOTOEMISSION INTENSITY (ARBITRARY UNITS)

-18 -16-14 -12-10-8 -6 -4 -2 0 2
INITIAL ENERGY BELOW Eg(eV)

Fig. 82. (a) Hel UPS spectra for clean and H,O-saturated Si1(100) surfaces and difference

spectrum (H,O-saturated munus clean surface). For comparison, energy positions of the character-

istic UPS peaks for atomuc hydrogen and atomic oxygen chemusorbed on the Si(100) surfaces are

also indicated by vertical bars. (b) He I UPS spectra for clean and H,O-saturated S1(111) surfaces
and difference spectrum (H,0O-saturated munus clean surface) Taken from Fujiwara [301)

describe differences between positions and relative intensities of features in
their spectra [for water adsorbed on Si(100) at 300 K] and Fupwara’s; in a
1984 publication, it is reported that spectra similar to Fujiwara’s can be
obtained on the (100) face only under conditions where surface contamination
is most likely present [308]. Although Schmeisser and coworkers reach the
same conclusion as Fujiwara regarding the nature of water adsorbed on
Si(100) at room temperature, the data used to support this conclusion are quite
different. In a 1985 paper, Schmeisser and coworkers report that the spectra of
Fujiwara can be reproduced by room temperature adsorption of H,O on the
Si(111)-(7 X 7) surface [309,310]; however, they adopt the interpretation of
Ciraci and Wagner [306] for this spectrum, i.e., they attribute 1t to Si—-OH,
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S1—-H, and possibly Si~O species [179,303,309,310].

Since Fujiwara’s report, Schmeisser and his colleagues have used UPS
extensively to study H,O on S1 surfaces [303,307-310). Their interpretation of
the UPS data can be described as follows.

(1) Adsorption at room temperature on the reconstructed Si(111)-(7 X 7)
and the Si(110) surfaces results in dissociation to OH, and H,, and also
possibly O, [179,303,309,310]. This conclusion 1s based upon spectra such as
that shown in curve B of fig. 84 [179], which exhibit valence-band features at
~ 7 eV (with a distinct shoulder at lower binding energy) and at 11 to 11.9 eV.
This interpretation agrees with results from the vibrational spectroscopies,
except for the hypothesis that atomic oxygen 1s present already at room
temperature.

(2) Adsorption at room temperature on the reconstructed Si(100)-(2 X 1)
face yields molecularly adsorbed H,O, based upon spectra such as those
shown in fig. 85 [303,307-310]. Here the valence-band features at 6.2, 7.2, and
11.5 eV are assigned to the 1b,, 3a,, and 1b, orbitals, of H,O,, respectively,
the features at 6.2 and 7.2 eV are not completely resolved. This is 1n
disagreement with data from the vibrational spectroscopies.
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Fig. 83 (a) Hel UPS difference curves of the Si(111) and Si(100) surfaces exposed to H,O at
room temperature, reproduced from refs. [301,302). Bars at the bottom of the panel indicate the
calculated states of molecularly adsorbed H,O (b) Local density of states (LDOS) calculated for
a model structure where OH and H are attached to closely lying silicons to form a (2 X 1) structure
on the 1deal (111) surface of the 12-layer slab (c) LDOS of OH, and H overlayers, each adsorbed
on different surfaces of the 12-layer Si(111) slab. (d) LDOS of OH, and H on closely lying surface
siicons of the 36-layer (100) slab reconstructed to form an asymmetric dimer 6 =109° Insets
describe the atomic configurations for each geometry Empty, shaded, and small black circles
denote 81, O, and H atoms, respectuvely Taken from Ciraci and Wagner [306]

(3) Adsorption of H,0 at 100 K on any low-index Si plane, 1.e. (100)-(2 X 1),
(111)(7 X 7), and (110), followed by heating to room temperature yields
undissociated H,0, [179,308-310]. The UPS spectrum obtained under these
conditions is shown in fig. 84, curve B, for Si(111)-(7 X 7) [307]. Based upon
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Fig 84. Photoelectron spectra of water on Si(111)-(7 X 7) adsorbed at 80 K (curve A), annealed to

300 K (curve B), and exposed at 300 K (curve C) Spectrum of clean surface 1s shown also The

abscissa shows the energy below the valence band maximum (VBM) Taken from Schmeisser and
Demuth [179]

this observation, Ranke, Schmeisser and Xing [309,310] propose that H,O
induces the non-(100) faces to reconstruct into (100)-facets, although this has
not yet been studied with LEED or any structure-sensitive technique. The
water 1s adsorbed molecularly at low temperature {179,308—310]. These con-
clusions about H,O adsorption are also in disagreement with data from the
vibrational spectroscopies.

The first vibrational work in this area 1s that published by Ibach, Wagner
and Bruchmann in 1982 [175]. These authors use the technique of EELS, and
their spectra are shown in fig. 86. They were followed shortly by Kobayashi,
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maximum are assigned as the 1b,, 3a,, and 1b, valence orbutals, respectively, of molecular H,O.
Taken from Schmeisser et al [307)

Kubota, Onchi and Nishiyjima in 1983 [305]. Since then, many reports have
appeared, 1ncluding those by Chabal and Christman using infrared
[177,178,304]; Lapeyre and colleagues using EELS [171,176,288]; and Nishijima
et al. who also use EELS [287]. The spectra have been consistently interpreted
to support dissociative adsorption of water, 1.e. formation of OH, and H,, on
Si(100)-(2 X 1), Si(111)-(7 X 7), and Si(111)~(2 X 1) surfaces at temperatures
between 80 and 400 K [171,175-178,287,304,305].

There are three main exceptions to this statement. The first 1s the Si(111)-
(2 X 1) cleavage surface, where Schaefer et al. find evidence for a few percent
of molecular water at room temperature [288]). The second is presented by
Si(111)-(7 X 7) surfaces, where vibrational spectroscopies detect no dissocia-
tion at 80-100 K, but dissociation appears to take place upon heating an
adsorbed layer to room temperature [175,178]. This 1s in contrast to both the
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(100)-(2 X 1) and (111)-(2 X 1) surfaces, where adsorption is dissociative al-
ready at 80-100 K and Si—-OH and Si-H groups are detected in vibrational
spectra [171,175,178]. This is illustrated by the infrared data of Chabal and
Christman in fig. 87 [178]. The third exception 1s trivial: molecular water can
be condensed atop the adsorbed surface layer at temperatures less than ~ 160
K [171,175,178], similar to the condensation of ice on metal surfaces described
in section 4.

In addition to the vibrational spectroscopies, Rosenberg et al. [311] have
studied photon-stimulated desorption of H*. They conclude that water disso-
ciates to H, and OH, following exposure to Si(111)-(7 X 7) surfaces at room
temperature [311]. This supports the results from vibrational spectroscopies
described above.

The main evidence for the presence of OH, and H, from vibrational data,
such as that shown 1n figs. 86 [175] and 87 (178], can be summanzed as
follows:

(1) The Si-H stretch is observed at 2090-2100 cm ™~ . Weaker transitions at
630 and 480 cm ™! are assigned to Si—H bending modes. As shown 1n fig. 88,
vibrational spectroscopy can also distinguish between the monohydnde and
dihydride on the basis of the presence or absence of the H-Si~H scissoring
mode at 915 cm ™! [288].

(2) A narrow peak at 3680-3700 cm ™! is assigned to the O-H stretch of
Si—-OH (2700 cm™! for Si~OD).

(3) A lower-frequency mode at 810—-830 cm ™! is due to the S1—-OH stretch
and/or S1-OH bend. This splits into two features at 650 and 840 cm ™! upon
deuteration. This feature has been successfully modelled, using variable inter-
action force constants to couple the Si—~OH stretching and Si-OH bending
modes, by Black, Bopp and Wolfsberg [312].

These three features have been observed on S1(100)-(2 X 1) and
Si(111)-(2 X 1)surfaces at temperatures between 80 and 400 K, and on Si(111)-
(7 X 7) at room temperature [171,175-178,287,304,305].

It is important to note that there is no fundamental vibrational transition of
molecular H,0 at 1900-2100 cm™!. The presence of a sharp and strong

<Fig 86 (A) Electron energy loss spectra of 1 L H,O and D,O, respectively, on a Si(100) surface
at 300 K The loss at 1640 cm ™! in the upper spectrum 1s interpreted as a double loss of 820 cm ™!
and not due to molecular water The 2090 cm ™! loss on the D,0O exposed surface 1s produced
through some H-D exchange or H,O contamination The electron impact energy 1s 14 ¢V. The
inset shows the mtensities of the Si~H and S1—-OH losses as a function of coverage (B) (a) EEL
spectra of 2 L H,O condensed on a Si(111)-(7 X 7) surface held at 100 K (b) the same surface
after annealing briefly to 300 K. In all cases, for H,O, the features at 3680-3700, 2090 and
810-820 cm ! are assigned to the O—H stretch, Si—H stretch, and St-OH stretch combined with
the S1—-OH bend, respectively, of adsorbed hydroxyl and hydrogen resulting from water dissocia-
tion The features in curve (a) of the lower frame are attnibuted to condensed ice Taken from
Ibach et al. [175].
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Fig. 87 Water-induced reflection-absorption infrared spectra, after water exposure to clean
S$1(100)-(2x 1) at 80 K. The relative change in reflectance, AR /R, 1s plotted as a function of
infrared frequency m cm™'. (a) 05 L with T,=80 K, (b) 0.5 L with 7,=80 K and after
annealing to 285 K for 1 mun with no additional water exposure, (c) 10 L with 7, =80 K, (d) 10
L with T, =80 K and after annealing to 280 K for 1 min. The broad, intense feature at ~ 3300

cm ™! 1n (¢) 1s assigned to »(OH) of condensed ice. In the three other spectra, the sharp feature at

3680 cm ™! 1s assigned to the O—H stretch of adsorbed hydroxyl, and the feature at 2100 cm ™" 1s

assigned to the S1—H stretch of the monohydride Taken from Chabal and Christman [178]

feature in this frequency range, in a vibrational spectrum such as that shown
in fig. 86 or 87, together with the appropriate downward frequency shift upon
deuteration, is very strong evidence that Si—-H groups are present on a Si
surface. The other two vibrational features mentioned above are quite distinc-
tive for OH, groups, and are similar to vibrational transitions observed for
surface metal hydroxides. The vibrational spectroscopies therefore point
strongly toward the conclusion that at least some water dissociates to form
OH, and H, on low-index Si surfaces between 80 and 400 K. The concom-
itant absence of the H-O-H scissors mode at 1600-1640 ¢cm ™, together with
the absence of the broad O-H stretch at 3200-3400 cm ™! (which usually
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Fig 88. Electron energy loss spectra of monohydnde Si(100)-2x1 H (sold Lne) and dihydnide
S1(100)-1 X 1. 2H (dashed line) Taken from Schaefer et al [288]

signifies hydrogen-bonded molecular water), is taken as evidence that molecu-
lar water 1s absent. However, absolute sensitivity is difficult to judge in these
situations and 1t is therefore difficult to set an upper limit on the amount of
molecular water which might be present.

EELS and IR data indicate that dissociation of water occurs when Si
samples are exposed to water at low temperature and heated to 300 K, as well
as when adsorption occurs at 300 K [171,175,178,179]. As far as vibrational
spectra are concerned, these two methods of sample preparation yield identical
end results: the surface is covered with OH and H groups. On the other hand,
Schmeisser et al., have used photoemission data as a basis to argue that the
former treatment yields a unique form of molecular water on the (111)-(7 X 7)
and (110) surfaces, together with varying amounts of dissociation products,
whereas the latter treatment results only in dissociation of water on these
surfaces. In other words, they argue that these two methods of sample
preparation yield much different end results [179,303,307-310]. As proof, they
cite the differences between photoemission spectra obtained under these two
conditions. An example is shown in fig. 84 for the Si(111)-(7 X 7) surface [179].
In their model, curve B represents only chemisorbed H,O, whereas curve C
represents a mixture of adsorbed H, OH, and O. Schmeisser et al. [307,308]
also argue that molecular water adsorbs without dissociation, under all cir-
cumstances, on the (100)-(2 X 1) face. Vibrational data do not support the
existence of molecular chemisorbed water on Si(100)-(2 X 1) between 80 and
400 K, and so are directly at odds with this conclusion as well. Table 15
summarizes the various conclusions which have been drawn from the UPS, IR
and EELS studies.
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Table 15
Summary of conclusions drawn from EELS, IR, and UPS studies of H,O adsorption on Si
surfaces (references are given 1n the text)

T=80-150 K T=300K
S1(100)-(2 % 1) Dissociation ® Dissociation ®

No dissociation ® No dissociation ®
S1(110) No dissoctation » Dissociation *

Results depend on adsorption conditions ®

Si(111)-(2x 1) Dissociation ¥ Mainly dissociation ®
Si(111)-(7x 7) No dissociation ® Dissociation @
No dissociation Results depend on adsorption conditions ™

® Conclusions are drawn from EELS and IR data
» Conclusions are drawn from UPS data

In order to rationalize the discrepancy between photoemission and vibra-
tional spectroscopies, Schmeisser questions the ability of vibrational spec-
troscopies, particularly EELS, to detect molecular water on Si surfaces,
postulating that UPS has superior sensitivity in this particular case [179,308].
He suggests that nondipolar scattering for molecularly adsorbed water versus
dipolar scattering for its dissociation products could lead to a large sensitivity
enhancement for the dissociation products relative to molecular water [179,308]
Schmeisser et al. also raise another possibility: perhaps the EELS studies are
done on surfaces with much higher step densities than those used for the UPS
studies, with dissociation taking place preferentially at steps rather than at
terraces [307,308]. Finally, Schmeisser and Demuth suggest that the electron
beam used 1n EELS may itself induce dissociation in the system under study
[179]. Based upon data to be reviewed in the following paragraphs, however,
none of these possibilities appears to be a valid reason for discarding the
conclusions of the EELS and IR studies. On the other hand, Chabal and
Christman [178] suggest that the three-feature UPS spectrum observed by
Schmeisser could be remterpreted to support OH, and monohydnic H,, a
possibility which seems difficult to exclude This interpretation would be
similar to that proposed by Ciraci and Wagner (see fig. 83) [306]. However,
Ranke and Schmeisser argue that the UPS feature which would be observed 6
eV below the Fermi edge due to H, 1s too weak to account for any of the
features which they observe upon water adsorption [309].

Two studies clarify the scattering mechanisms for the transitions observed
with EELS after water exposure to S1 surfaces [176,287]. Stucki et al. observe
unusually intense first and second overtones in the O-H stretching vibration
on Si(100)-(2 x 1) at 300 K [176]. They attribute this enhancement to the
temporary formation of a negative OH ion which occurs when the incident
electron is bniefly trapped in a shape resonance 1n the 4¢ orbital [176), simmlar
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to the scattering mechanism for OH, on NiO reported by Andersson and
Davenport [174]. The observation of overtones allows them to calculate the
O-H bond dissociation energy as 4.6 + 0.7 eV (442 + 67 kJ /mol) [176]. In the
second study, Nishijima et al. report the way in which the vibrational loss
intensities vary with emission angle and primary electron energy, on Si(111)-
(7 X 7) at 300 K [287]. They find that the O-H stretch and Si—-O-H bending
vibrations can be partly excited by resonance scattering, mainly 1n the primary
energy region ~ 2-7 eV [287). Finally, the idea that dipole scattering can also,
at least partly, account for the O-H stretching vibration in vibrational
spectroscopies 1s shown by the work of Chabal and Christman [178] and
Chabal [177,304]. These authors consistently observe the O—H fundamental in
infrared spectra, where shape resonances are clearly excluded and only dipolar
scattering can occur. Their studies deal primarily with Si(100)-(2 X 1), and the
O-H stretch is clearly visible at 3660 cm™!, as illustrated in fig. 87. In
summary, the data indicate that both dipolar and resonance scattering mecha-
nisms operate in the EELS transitions of Si-OH.

Chabal has also studied the role which steps play during water decomposi-
tion on Si surfaces [304]. Using polarized infrared radiation, he is able to
separate vibrations of adsorbates on terraces from those at steps, using vicinal
S1(100)-(2 X 1) planes at 300 K [304]. His spectra are shown 1n fig. 89 [304].
These spectra show the Si—-H stretching vibration following water exposure.
The s-polarized radiation is uniquely sensitive to hydrogen adsorbed at the
steps: the p-polarized radiation is sensitive to the Si—-H stretch on the (100)
terraces. Very little hydrogen is adsorbed at the steps, compared with the
terraces. Chabal concludes that dissociation takes place preferentially on the
terrace dimers; the steps are relatively inactive [304].

Finally, it must be noted that no electron beam is used in infrared
spectroscopy, and Chabal and Chnistman further take great pains to exclude
stray electrons from their system [178]. Yet their infrared data clearly indicate
that dissociation occurs on Si(100)-(2 X 1), as shown by fig. 87. This result
excludes electron beam-induced dissociation as a possible explanation for all
of the dissociation observed on Si(100)-(2 X 1) surfaces with EELS.

Aside from the 1ssue of whether dissociation occurs at 80—-400 K, several
aspects of H,O chemistry on Si surfaces are generally agreed upon. Adsorp-
tion of water on S1(100)-(2 X 1) and Si(111)-(7 X 7) surfaces does not affect the
surface periodicity, i.e. does not remove the reconstruction (175,288]. Water
adsorption at room temperature does lift the reconstruction of the Si(111)-
(2 X 1) cleavage surface, however [171,288]. The imitial adsorption probability
of water on Si(111)-(7 X 7) at 300 K is at least two orders of magnitude lower
than on Si(100)-(2 X 1), where 1t 1s about unity {175,313]. The adsorption
probability on the cleaved Si(111)-(2 x 1) surface represents an mntermediate
case, with an adsorption probability roughly one order of magnitude lower
than on Si(100)-(2 X 1) [288]. The saturation coverage of water on Si(100)-(2 X
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Fig 89 Water induced reflection-absorption infrared spectrum of stepped Si(100) obtained after 2
L H,O exposure at room temperature The ordinate 1s the change 1n reflectance, AR, divided by
the reflectance prior to absorption, R The abscissa 1s the frequency in cm ™! The experiment 1s
configured such that s-polanzed radiation almost exclusively senses vibrations of hydrogen atoms
at the steps, whereas p-polanzation preferentially senses vibrations of hydrogen atoms on the
terraces The mode at 2078-2080 cm ™! is the Si—H stretch of the monohydride These data
indicate that there 1s much less hydrogen at the steps than at the terraces Taken from Chabal
[304]

1) at room temperature 1s 0.5 monolayers, compared with about 0.25 mono-
layers on the (111) plane, as illustrated in fig. 90 [175,300,314]. Saturation
coverages on the other low-index planes are intermediate between these two
cases [314]. The (100)-(2 X 1) surface does seem to be uniquely reactive, to the
extent that “reactivity” is defined as a relatively high sticking coefficient and
high saturation coverage [308,309]; conversely, the (111)-(7 X 7) surface ex-
hibits minimum reactivity. All of these findings, taken together, suggest that
the paired Si atoms which form under the (2 X 1) reconstruction are responsi-
ble for the unique adsorption properties of the (100) surface.

The saturation water coverage, § = 0.5, on Si(100)-(2 X 1) is consistent with
a model such as that shown in fig. 91, where dissociation to OH, and H, 1s
assumed. Half of the surface Si sites are occupied by OH groups and half by
single H atoms [175,315]; every Si-Si1 dimer of the reconstructed (2 X 1)
surface accepts the fragments from dissociation of one water molecule. Such a
model 1s consistent with the fact that vibrational data support monohydride,
but not dihydride, formation on this surface as a result of water exposure
[175,177,178,288].



P A Thiel, TE Madey / The interaction of water with solid surfaces 369

10 331221 1M 23 0! WO 33122 M N21B3 001
a H,0/ Si(CYL) b S
350K 670K
> V2. t
= N
n -m ¢
i — 001 P e
z o e’
» —110
E -3 L2
© o L19L
° 06 O r
e 0

ORIENTATION o (deg)

Fig. 90. Orientation dependence of the oxygen KLL Auger peak intensity after exposure of a

cylindnical St crystal to the indicated amounts of water (a) Exposure at 350 K. (b) Exposure at

670 K The intensity corresponding to & = 05 oxygen atoms per surface unit cell for the man
onentations 1s indicated. Taken from Ranke and Xing [314]

It is not possible to conclude from the infrared measurements how the OH
bond is geometrically oriented with respect to the axis of the S1—Si1 dimer
bonds on the surface. Recent ESDIAD data for OH adsorbed on planar and
stepped Si(100)-(2 X 1) surfaces indicate, however, that the OH bond is
perpendicular to the dimer axis [316). Fig. 92 illustrates ESDIAD perspective
and contour plots for H,O adsorbed on a planar S1(100) surface at 300 and
140 K. The only ionic desorption product is H*, and the H™ yield from OH 1s
substantially higher than that from adsorbed H. There 1s an emission mini-
mum in the center of the patterns, in the direction of the surface normal, so
that the OH groups must be tilted or “inclined” with respect to the surface
normal. The low-temperature pattern contains four peaks along [011] azimuths,
which arise from two domains of Si(100) dimers, rotated by 90° from one
another. The pattern also exhibits a reversible temperature dependence be-
tween 140 K and 300 K, indicating that the OH species are not rigidly fixed to
the surface, but undergo large amplitude low-frequency bending vibrations
[181,316].

Fig. 91 Suggested arrangements monohydnde with OH nearest neighbor. Note that the angles
shown are associated with the effective dynamic dipole moment measured with infrared spec-
troscopy rather than the geometric bond. Taken from Chabal [177]
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The data of figs. 92a and 92b are ambiguous concerning the relationship
between the orientation of the OH bond axis and the Si-Si dimer axis. To
remove this ambiguity, experiments have been performed on a Si surface cut
such that only one (2 X 1) domain is present, and dimers having the Si-S1 axis
parallel to the steps are predominant [316]. The ESDIAD data for OH on the
stepped surface are shown in fig. 92c. The H" emussion maxima are along
azimuths perpendicular to the steps, i.e., perpendicular to the Si1—-Si dimer
axes. Thus the OH species are believed to be stabilized by an interaction
between the oxygen lone-pair electrons and the Si dangling bonds, leading to a
greater population of OH bonds directed perpendicular to the dimer axis.

Based upon data from vibrational spectroscopies, dissociation of H,0, to
O, and 2 H, occurs by 500 K on all Si surfaces [175,178,287].

In summary, the interaction of water with silicon single-crystal surfaces is
technologically important and has been the subject of exhaustive studies over
the past ten years. There is consensus that the Si(100)-(2 X 1) surface exhibits
a uniquely high sticking coefficient for water (~ 1), and high saturation
coverage, presumably because of the way the water molecule interacts with the
Si-Si dimers which are present in the (2 X 1) reconstruction. Whether this
interaction leads to dissociation at room temperature is presently the subject
of some controversy, with vibrational spectroscopic data clearly in favor of
dissociation to OH, and H,, and photoemission data interpreted to favor
molecularly adsorbed H,O. There is strong evidence that steps are less active
toward water dissociation than are the Si(100) terraces, presumably because
the special dimeric sites exist at the Si terraces. This 1s 1n contrast to metal and
oxide surfaces, where steps are thought to be exceptionally reactive. There has
been important work to elucidate the scattering mechanism i EELS for this
system, as well as a spectroscopic determination of the O—H bond dissociation
energy from overtone frequencies. Vibrational data indicate that dissociation
occurs on the S1(111)-(7 X 7) surface at room temperature, but the barrier to
dissociation is higher than on the (100) face.

7.3.2. Germanium

There is quite an extensive body of literature, published up to 1975,
concerning water adsorption on Ge surfaces. Thus literature has been reviewed
both by Meyer and Sparnaay [317], and Williams and McGovern [318]. In
these earlier studies — most notably by Green and Maxwell [319], Meyer [300],
Sparnaay [320], Ertl and Giovanelli [321], Henzler and coworkers [322-324] —
there is general agreement that adsorption of water is dissociative. Henzler and
Topler show that adsorption requires two empty adjacent sites on Ge(111),
which is very much reminiscent of the picture developed in section 7.3.1 for Si
surfaces [322]. Furthermore, Henzler and Tépler show that adsorption of each
H,0 molecule induces structural changes within the Ge substrate over an area
as large as 50-80 Ge atoms [322]. More recently, there have been three
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publications concerning water adsorption at Ge surfaces. Chabal and Christ-
man use infrared spectroscopy to study the reconstructed Ge(100)-(2 X 1)
surface at room temperature [178]. They report that molecular adsorption
occurs at 90 K, followed by dissociation upon heating to 300 K [178].
Exposure at room temperature, however, does not lead to the appearance of a
Ge-H stretching vibration in 1infrared, either because adsorption does not
occur under these conditions (low sticking coefficient) or because adsorption
occurs without dissociation. Either case contrasts with the Si(100)-(2 X 1)
surface, where dissociative adsorption occurs with high probability (see section
7.3.1).

Schmeisser et al. report that water dissociates on both the Ge(100) and
Ge(111) surfaces, and adsorbs 1n the former case with low probability {303].
They base these conclusions on UPS and EELS experiments. This result could
explain why Chabal and Chnstman did not observe the Ge-H stretching
mode develop in the infrared experiment described above.

Finally, Broughton et al. have studied H,0O adsorption on a Ge-S1 (100)-
(2 X 1) alloy [325]. They find that adsorption does not remove the (2 X 1)
reconstruction, which 1s similar to the results presented in section 7.3.1 for
water adsorption on S1(100)-(1 X 2). Water dissociates to OH, and H, at
room temperature, giving an O-H stretch 1n the EEL spectrum at 3710 cm !
and an OH bend at 790 cm ™ '. The frequency of the first overtone of the O-H
stretch indicates that the O-H bond dissociation energy of Ge-OH is 4.7 + 1.0
eV, identical to that of Si—OH [176]. The surface 1s predominantly covered
with Ge due to preferential surface segregation; about three times more Ge
atoms than Si atoms are present. With this in mund, their conclusions are
comparable to those obtained by Chabal and Christman [178] and Schaefer et
al. [303] with pure Ge(100)-(2 X 1) surfaces.

7.3.3 Gallium arsenide

Gallium arsemide is currently emerging as a device material which 1s more
desirable than Si in some applications. Its oxidation by O, and H,O 1s
therefore a subject of research. A process of particular interest (first proposed
by Cho and Tracy in 1976 [326]), consists of a chemucal etch followed by a
rinse in de-ionmized water. This is a commonly used method of preparing GaAs
substrates for molecular beam epitaxy. Massies and Contour have used XPS to
study the nature of the oxide which forms in a stagnant aqueous environment,
and the mechanism by which an oxide is removed under running water. Their
XPS data show that the oxide which forms in the former case 1s Ga-rich,
which they take as evidence that a mixture of separate Ga and As oxides form,
rather than a stoichiometric mixed oxide such as GaAsO, [327]. They pos-
tulate that arsenious acid (H,AsO;) and gallium hydroxide are the main
species which develop under water, with H;AsO; having a higher solubility
than GaOH. Under running water, H; AsO, dissolves freely and the solubility
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of gallium hydroxide 1s enhanced by the continuous removal of Ga’* ions
from solution. Consequently, both the Ga and As are removed at about equal
rates. In contrast, under static conditions, the concentration of Ga** 1ons in
solution builds up, thereby blocking the dissolution of galhum hydroxide.
Meanwhile H,AsO, continues to dissolve, thereby producing arsenic-depleted
layers. Massies and Contour have thus clarified the mechanism of a simple,
nonthermal preparation of an oxide-free GaAs substrate which relies upon the
reactions of GaAs with water [327]. The gallium hydroxide which they
postulate in their model may be the same as that reported by Webb and
Lichtensteiger, described below [328].

There are only three studies of water adsorption on GaAs surfaces 1n a
vacuum environment, to our knowledge [328-330]. In the first, Biichel and
Liith [329] report UPS data which they interpret to mean that water adsorbs
without dissociation at 300 K on GaAs(110), forming two phases: a
chemuisorbed phase and a physisorbed phase. Their work encompasses the
exposure range below 10% L. Webb and Lichtensteiger [328], however, report
that dissociation results in Ga-OH species at room temperature on polycrys-
talline GaAs. They base this conclusion on data from XPS, UPS, and SIMS.
Their work encompasses the exposure range from 10° to 10'? L. In summary,
these two reports are in disagreement about whether H,O dissociates at 300 K
on GaAs. These differences may be due to the two different exposure ranges
studied, and /or due to the morphological differences between GaAs(110) and
polycrystalline GaAs.

In the third study, Mokwa et al. [330] use TDS and LEED to study H,O
adsorption on GaAs(110). These authors find a main first-order desorption
peak at 350 K, with a desorption energy of 67 kJ /mol, measured by variation
of heating rate. They interpret this as due to molecular H,O bound to As
atoms via oxygen lone-pair orbitals [330]. The nature of a high-temperature
shoulder is unknown; one possibulity 1s that this 1s recombination of dissocia-
tion fragments. These data are obtained following exposures of up to 10* L.
The sticking coefficient is 10~ % or less at 250 K. The LEED data are
interpreted to mean that molecular H,O removes the relaxation of the clean
GaAs(110) surface [330]. These data and their interpretations are in good
agreement with those of Biichel and Liith [329].

8. Areas for future research

In this section, we briefly mention those areas which, in our opinion,
present exciting opportunities for future work.

One obvious area is the study of interactions between water and coadsorbed
species. This is certainly important from the perspective of electrochemistry,
where the influence of the solvent (usually water) on species which undergo
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reactions at the electrode surface remains largely uninvestigated. Some work
has been done concerning hydration of surface halides and alkali metals, as we
discuss in section 5, and the surprising discovery of hydronium 1on in a UHV
experiment bodes well for the ability of these simple model experiments to
mimic the real chemustry which takes place at electrode surfaces [116]. How-
ever, many types of interactions other than hydration of an 10nic species may
also take place. For 1nstance, 1t is well-known from surface science studies that
formic acid adsorbs on Pt surfaces as a bidentate formate species. However,
electrochemical oxidation of this molecule at a Pt electrode occurs in the
presence of water, and 1t is conceivable that the aqueous solvent perturbs the
adsorption bond of the formic acid by competing for hydrogen bonds to the
formate’s oxygen atoms.

Interactions between water and other molecules adsorbed on surfaces are
also interesting from the point of view of catalysis, where the influence of
water 1n heterogeneous reactions 1s generally not understood. Recent work has
shown that water has a marked aggressiveness in displacement of cyclohexane,
which would not have been predicted on the basis of chemisorption bond
strengths alone [331)]. Displacement of other molecules, such as lubricants, by
coadsorbed water may have direct practical applications in terms of under-
standing adhesion and stability of these molecules at surfaces.

Another topic which begs to be addressed 1s this: What comparison, 1f any,
can be made between a water layer which 1s formed by the processes of
dynamic adsorption—desorption equilibrium and a water layer which 1s
“frozen” 1 UHV? For 1nstance, 1s there any chance that the small, highly-
structured water clusters which we describe 1n such minute detail 1in section 4
would actually be present on a single-crystal electrode surface in solution at
room temperature, or on a catalyst surface in the presence of water vapor at
typically high temperatures? One approach to answering these questions 1s
illustrated by the work of Spohr and Heimnzinger, who have performed a
molecular dynamics simulation of an interface between bulk water and a
Pt(100) surface. These authors find that the water—platinum interaction leads
to unusual structure in the first water layer [332]. An experimental approach to
these questions may be provided in the future by reactive molecular beam
scattering, which has not yet been applied to this area. (The water formation
reaction from hydrogen and oxygen has been studied with molecular beam
techniques, however [21].)

A related topic 1s that of order—disorder transitions in chemisorbed water
layers, which have not yet been observed experimentally. These could be quite
different from most surface phase transitions observed to date, since the
interactions between water molecules are rather strong relative to other
adsorbate—adsorbate interactions.

A very fundamental area which needs to be investigated in more detail is
the mechanism of water dissociation. Can activation barriers to water dissocia-
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Fig 93 Schematic cross-section of a drop of hiquid spreading on a solid support (not drawn to
scale) Taken from ref. [334], based on deGennes [333]

tion be measured and understood? Can we 1solate a precursor to dissociation?
What residence times are necessary for water dissociation under conditions of
dynamic adsorption—desorption equilibria? In particular, why do the critical
coverages of coadsorbed species which we note in section 6 play such an
mmportant and consistent role in water dissociation? For instance, no water
dissociates when the coverage of alkali metals falls below a certain critical
value. On the other hand, in the presence of coadsorbed oxygen, the extent of
water dissociation passes through a distinct maximum as oxygen coverage
increases; this has been observed now on several metals. This idea of “critical
coverages” implies that long-range interactions between alkali metal ions or
between oxygen atoms are very important in water dissociation, or (alterna-
tively) that long-range cooperation between water molecules leads to dissocia-
tion, and such cooperation is either enhanced or destroyed by the structure of
coadsorbed layers. In either case, these effects will not be successfully under-
stood on the basis of electronic structure models until rather large calculations
are undertaken which include many adsorbed atoms/molecules.

The importance of water—surface interactions in wetting phenomena has
been reviewed by deGennes [333]. A drop of water spreading on a sohd
surface exhibits the shape shown 1n fig. 93. The “precursor film”, a thin lip of
liquid, spreads outward from the base of the drop. This lip influences the
mechanism and rate of macroscopic wetting of the solid. The lip 1s attributed
(at least in part) to the short-range forces between water molecules and solid
surfaces which we have been discussing throughout this article. The wetting
process is important 1n technological applications such as adhesion and
corrosion protection. An understanding of the molecular forces involved 1n the
wetting may be within reach, based on the data which we have summarized in
this article.

In conclusion, we feel that the area of water—surface chemistry remains
filled with intriguing, unsolved problems, both on fundamental and applied
levels. It is our hope that this review provides a summary of current knowledge
which is useful to scientists who are working in the area or planning to do so,
as well as to those who are simply curious about this fascinating scientific
frontier.
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Appendix A. Symbols, acronyms and abbreviations used in the text

€: Exposure

0, Coverage of species x on the surface under discussion. A coverage
8 =1, one monolayer, is defined as one adsorbate particle per
substrate surface atom

v Vibrational frequency
¢. Surface work function
L Langmuir, a unit of exposure: 1 L=10"° Torr s=1.33x107* N
-2
cm
S: Adsorption probability, also known as sticking coefficient
BFP: Bernard—Fowler—Pauling (rules)

EEL(S): Electron energy loss (spectroscopy)
ESDIAD: Electron-stimulated desorption, 1on-angular distribution
LEED: Low-energy electron diffraction

TDS: Thermal desorption spectroscopy
UHYV: Ultrahigh vacuum
UPS: Ultraviolet photoemission spectroscopy

XPS: X-ray photoemission spectroscopy
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