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Reactivity of hydroxyl species from coadsorption of oxygen and water
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The formation and reactivity of hydroxyl species originating from coadsorption of water and oxygen on Ni(110) single-crystal
surfaces have been studied by using temperature-programmed desorption (TPD) and X-ray photoelectron spectroscopy (XPS). The
resulting surface population of hydroxyl intermediates at a given water—oxygen coverage combination was found to be
temperature-dependent. This was demonstrated by the differences in hydroxyl coverages determined by TPD and XPS: while the
TPD data were determined to mostly reflect the maximum coverages that can be reached for a given set of gas exposures at low
temperatures, the XPS results measure the OH coverages formed at the temperature of dosing. Our results indicate that, besides the
stoichiometric and reversible H>O(ads) + O(ads) =2 OH(ads) step, a second water-decomposition reaction on the oxygen-
precovered surface deposits additional hydroxyl adsorbates. Depletion of surface oxygen can be induced by thermal reaction with
coadsorbed ammonia as well, a result that provides direct evidence for the OH(ads) disproportionation reaction.
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1. Introduction

Hydroxyl species are often formed on metal surfaces
as the result of oxydehydrogenation [1] or hydrogen-
abstraction [2] reactions between coadsorbed oxygen
and hydrogen-containing molecules such as H,O, NH3,
and alcohols. Temperature-programmed desorption
(TPD) data from water and oxygen coadsorbed on
Ni(110) showed that the hydroxyl yield in these systems
depends critically on oxygen predoses [3]. However, a
detailed examination of the parameters that affect the
formation and evolution of hydroxyl species on metal
surfaces has not yet been performed. As hydroxyl
species are key participants in catalysis, affecting the
surface chemistry of molecules such as CO [4], NH; [5],
alkyls [6,7], alcohols [8-10], and others [11], a quanti-
tative evaluation of the production of hydroxyl species
under given water—oxygen combinations is central to the
understanding of many catalytic processes.

Previous reports have indicated that the formation
and subsequent conversion of OH groups from reactions
of water and oxygen on Ni(110) follow a different
behavior than that seen in other metals such as Ag(110).
High-resolution electron energy-loss spectroscopy
(HREELS) studies showed an almost quantitative
reaction between H,O and O adsorbates on Ag(110)
to produce OH groups [12]. For instance, they indicated
that water reacts stoichiometrically with the
Ag(110)—~(2 x 1)-O surface at 225K to produce a pure
(1 x 1)-OH phase. Moreover, it was also shown that
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heating this OH-terminated silver surface to 320K in
ultrahigh vacuum (UHYV) recovers the (2 x 1)-O surface
without any changes in oxygen coverage. A reversible
conversion has been observed on Ni(110) by low-
energy electron diffraction (LEED) between the
(3 x 1);,-O (6o ~0.33ml oxygen) and (2 x 1)-OH phases
when oxygen is coadsorbed with water at 300 K but, in
contrast with the Ag(110) case, the reaction is clearly not
stoichiometric on this nickel surface, and some water
desorbs around 355K [2]. Furthermore, a sharp LEED
pattern for the Ni(110)—(2 x 1)-OH surface can only be
attained after the formation of a precursor
Ni(110)—(3 x 1);-O phase, by exposing that phase to
water at a constant pressure of 5x 10~ torr and
temperatures just below 360K [13]. The (2 x 1)-OH
rectangular lattice formed under these conditions has
been confirmed by time-of-flight ion scattering and
recoiling spectroscopy [13].

Further reports state that water adsorption on
oxygen-precovered Ni(110) surfaces between 300 and
350K is possible only if there are unoccupied Ni(110)
sites in the neighborhood of the adsorbed oxygen atoms
[2]. Moreover, it is claimed that such adsorption leads to
an immediate conversion to hydroxyl species. On the
other hand, it has been noted from electron stimulated
H" ion desorption angular distribution (ESDIAD)
studies that abstraction of hydrogen in water coad-
sorbed with oxygen on these Ni(110) surfaces is facile at
low temperatures [3]. Specifically, the appearance of two
spots in the [001] and [001] azimuthal directions in-
dicates the direct formation of some OH(ads) upon
adsorption of fractional monolayers of H,O on O/
Ni(110) at 80 K, though effective conversion of H,O to
OH only occurs at temperatures between 200 and 270 K,
in competition with molecular water desorption [3]. The
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maximum reactivity of the surface oxygen with coad-
sorbed water appears to occur at oxygen coverages
around 0.15ml, significantly lower to those needed for
the formation of the (3 x 1);-O phase [13], but the exact
conditions that optimize hydroxyl formation have not
yet been identified.

In this work, a systematic study was carried out on
the extent of water decomposition and hydroxyl
formation on Ni(110) surfaces as a function of atomic
oxygen and water coverages. The surface populations of
the hydroxyl species were estimated by both XPS and
TPD. These two techniques provide quite complemen-
tary information. On the one hand, since hydrogen-
abstraction and hydroxyl disproportionation reactions
reach their highest rates at different temperatures, and
since in the water—oxygen coadsorbed system the surface
OH population changes with surface temperature, the
TPD data only represents the overall OH surface
coverages formed at the low temperatures of water
deposition. On the other hand, XPS provides the OH
population formed at a given water-adsorption tem-
perature. By comparison of the TPD and XPS data, the
evolution of the OH groups as a function of temperature
was characterized, and with that information an
inference on the key sites on the oxygen-predosed
Ni(110) needed for abstraction of hydrogen in H,O
was made.

2. Experimental

The experiments reported here were conducted in an
UHYV system equipped with instrumentation for TPD,
XPS, and LEED. Details of the system have been
provided previously [14-16]. The base pressure of the
system was approximately 2 x 107! Torr. TPD experi-
ments were carried out with a UTI quadruple-mass
spectrometer equipped with a front retractable cone for
selective probing of the gases desorbing from the front
face of the crystal and interfaced to a personal
computer. XPS data were taken by using a 100-mm
concentric hemispheric analyzer combined with a dual
X-ray source from Vacuum Generators Corp.

A Ni(110) single-crystal disk, 10 mm in diameter and
1.0mm in thickness, was used as the substrate after
polishing of the front face. Ta-wires of diameter 0.5 mm
were spot-welded to the edge of the crystal and fixed on
the ends of two copper posts connected to a liquid
nitrogen reservoir via vacuum feedthroughs. This setup
allowed for cooling of the sample down to 90 K and for its
resistive heating to up to 1100 K. A K-type thermocouple
was spot-welded to the edge of the crystal to monitor its
temperature, and a homemade temperature controller was
used to provide linear temperature ramps or to maintain
the crystal within £0.5 K of a given temperature value. A
heating rate of 10K s~! was used for the TPD measure-
ments. The Ni(110) crystal was cleaned by repeated cycles

of Ar™ ion sputtering and annealing until a clean and well-
ordered surface was obtained, as determined by XPS and
CO TPD experiments.

Dioxygen and ammonia (> 99.998%) were purchased
from Matheson and used as supplied. Regular deionized
water was used after several freeze-pump-thaw cycles.
All gases were dosed by raising the ambient pressure
using individual leak vales for each compound. Pres-
sures were measured by using a nude ion gauge, not
calibrated for differences in ion-gauge sensitivities.
Oxygen dosing was always performed at 400K to
ensure dissociative adsorption [3,17], while water was
adsorbed at different temperatures as indicated through-
out the text. Damage by stray electrons was minimized
by biasing of the sample all throughout the TPD
experiments.

Water coverages were calibrated using appropriate
TPD spectra. The total TPD intensity of adsorbed water
dosed on clean Ni(110) at 120K displays a linear
relation versus dose up to 3.01, the maximum exposure
used in these experiments. It was found that 1.01 water
exposures at 120K saturate the chemisorption peaks,
which have been determined to correspond to ap-
proximately 0.50 monolayers (1ml=1.14 x 10"
molecules cm~2) [18]. For the case of water uptake on
oxygen-predosed surfaces (typically 8o = 0.15ml), the
total TPD intensity of the desorbing water also displays
a linear dependence on exposure, but with a slightly
lower slope, so that 1.01 H,O exposures correspond to
approximately 6g,0 = 0.46ml. This difference may be
attributed to the result of some water decomposition on
the oxygen-treated surface [3].

Oxygen adsorbs dissociatively on the Ni(110) surface,
with a near constant sticking coefficient at low
exposures and surface temperatures between 300 and
500K [3,14]. This was properly used to estimate oxygen
coverages for O, exposures below 0.31, that is, before
the formation of the 0.3ml (3 x 1);-O structure. How-
ever, the linearity between exposure and coverage for
oxygen breaks down above 0.31: a (2 x 1)-O pattern can
only be effectively produced at oxygen exposures
around 1.01 (and surface temperatures above 300 K)
[3]. This effect was also taken into account when
designing our experiments.

3. Results and Discussion

3.1. Water decomposition on oxygen-precovered Ni(110)
surfaces

Our work on the adsorption of water on clean
Ni(110) surfaces agrees well with previous TPD, FTIR,
LEED, and ESDIAD studies [18,19]. Figure 1(a) shows
the Hy and H,O TPD spectra obtained from 1.0, 2.0,
and 3.01 of water dosed on Ni(110) at 120 K. The water
desorption peaks seen in those traces have been assigned
to ice layers (180K, C), hexagonal H,O clusters
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Figure 1. Temperature-programmed desorption (TPD) spectra for H,O and H; from Ni(110) surfaces dosed with (a) water alone and (b) after
oxygen exposures. The water was dosed at 120 K in all cases, and 0.15ml of oxygen was predeposited in the second (b) case at 400 K. Significant
changes are observed upon oxygen preadsorption, indicating an enhanced yield in the OH-disproportionation (B) feature and the merging of the
two water monolayer molecular desorption (A; and A,) peaks into a single (A) desorption state.

(230K, A,), H,O dimers (280K, A;), and disproportio-
nation of OH(ads) groups arising from previous partial
dissociation of H,O (400K, B) [3]. These adsorption
states are populated in the reverse order so that they
desorb during the TPD experiments, that is, the A + B
states grow first, then the A, state, and finally the C
peak. Most of the hydrogen desorption is observed
around 340 K, but there are additional features at about
300 and 400 K.

Previous studies also showed that the maximum
reactivity of water with predosed oxygen occurs at
around 6p = 0.15ml, as indicated by a maximum in
yield for the H,O TPD peak corresponding to the
disproportionation of water (the B peak) [3,5]. In the
experiments reported in figure 1(b), 0.15ml of oxygen
and varying amounts of water were adsorbed succes-
sively at 400 and 120K, respectively, to produce OH
groups on the Ni(110) surface. Comparison of figures
I(a) and 1(b) indicates that the most obvious changes
induced on the surface chemistry of adsorbed water by
the predosed oxygen are the merging of the A} and A,

chemisorption states into a single A desorption state
around 240K [3], and the enhancement of the OH-
disproportionation B peak. The growth of peak B, in
particular, is easily attributed to the formation of
additional OH(ads) via a new reaction pathway between
H,0O(ads) and O(ads) [2].

On O/Ni(110) surfaces, the water-adsorption states
are populated in the same order as on the clean surface,
in particular, the B state is populated first, but the A
state starts to grow before the B state reaches saturation.
The TPD spectra in figure 1(b) also show that the
desorption temperatures for water from the B and C
states are independent of water coverage, but that the
desorption temperature of the A state shifts mono-
tonically down with coverage. On clean Ni(110), the
chemisorbed water molecules initially combine into
dimers (A states) but then grow into hexagonal clusters
(A,) with increasing water coverage; each A; and A,
state gives rise to distinct and characteristic desorption
peaks (as seen in figure 1(a)) [3]. On the oxygen-
precovered Ni(110) surface, on the other hand, the
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adsorbed water no longer forms distinct dimer and/or
hexagonal groups, but preferentially clusters around the
oxygen surface atoms instead, and, thanks to the
stabilization of the adjacent water molecules induced
by the oxygen adsorbates [20], desorbs at higher
temperatures than on the clean nickel, at least at low
coverages (see the A peaks at water exposures below
0.41). It can be suggested that the size of the water
clusters increases as the water coverage is increased and
that the shifts observed in the A peak with H,O dose are
caused by an increase of the in-plane repulsive interac-
tion among the water adsorbates with increasing
average cluster size. Once the first layer of water is
saturated (~1.01, or ~0.5ml), the A peak reaches its
final desorption temperature and intensity, and is not
affected by the piling up of additional water, leading to
the growth of the C TPD feature during condensation.

The H, TPD spectra displayed in figure 1 provide
additional information on the effect of adsorbed oxygen
on the chemistry of water on Ni(110) surfaces. The H
yields (in unit of ml) as a function of water coverage are
reported in figure 2(a). These yields were estimated from
the areas under the TPD peaks, without the feature
around 180 K (which corresponds to cracking of the C
state of water in the mass spectrometer), after calibra-
tion using the atomic O Is XPS intensity due to water
decomposition on the clean surface. We found that
when 1.0ml of water is deposited on clean Ni(110) at
120 K and then heated to 475 K (to completely drive the
disproportionation of OH species), about 0.08 ml of
atomic oxygen remains on the surface (data not shown),
in agreement with previously reported AES measure-
ments on the same system [3]. This residual oxygen
corresponds to ~0.16 ml of H(ads) from water decom-
position. According to the data in figure 2(a), Hj
desorption from H,O adsorbed on clean Ni(110) reaches
a maximum yield around 2.01 H,O exposures (~1ml
coverage), and decreases afterwards, so that at 3.01 it is
reduced to the same value as that for 1.01. Predosed
oxygen significantly reduces the total H, yield compared
to that from the same H,O exposures without oxygen
predose, suggesting that hydrogen transfer to the
adsorbed oxygen to produce OH surface species may
inhibit some of the alternative H,O decomposition
pathway to H,(g) 4+ O(ads). Also, the H, desorption
peak at 350 K tends to broaden on the low-temperature
side with increasing water exposure, perhaps because the
resulting higher OH(ads) coverages weaken the adsorp-
tion energy of a fraction of the H(ads) surface species
produced by water dehydrogenation.

Figure 2(b) displays both the total water yield and the
contribution from the OH-disproportionation pathway
as a function of water coverage for the case of a 0.15-ml
oxygen predose. It can be seen here that for H,O
exposures below 0.151 the adsorbed water converts
completely into surface OH groups. Above 0.15-1 H,O,
on the other hand, the total TPD water intensity keeps

increasing in a linear fashion, but the contribution from
disproportionation of OH species slowly approaches a
limiting water yield of ~0.2ml. Similar behavior has
been reported earlier for the D,0/0(0.2ml)/Ni(110)
system [4]. Since two OH surface groups are required to
yield one desorbing water molecule in the B H,O TPD
state (2 OH(ads) - H,O 4 +0O(ads)), the maximum
OH coverage possible in this case is approximately
0.4ml.

The water yields from OH disproportionation esti-
mated by TPD experiments are shown in figure 3 as
function of water exposure at 300 K for Ni(110) surfaces
predosed with 0.1ml and 0.2ml of oxygen. The H,O
yield from this reaction increases monotonically with
water dose up to approximately 1.0ml for both the
oxygen coverages. However, the water yields for the case
of the 0.2 ml oxygen predose are far lower than twice the
corresponding intensities in the 0.1 ml case. This acute
nonlinearity in OH-disproportionation yield with oxy-
gen coverage indicates that by 0.2ml oxygen predoses
the resulting surface is not as efficient in converting
atomic oxygen into hydroxyl species as that with the
lower oxygen coverages. This change can be understood
in terms of the —Ni—O- chain/island growth that takes
place on Ni(110) upon oxygen exposures above 400 K
[3,17]: the H,O(ads) + O(ads) — 2 OH(ads) conversion
is likely to occur at the end of those —Ni—O- chains, so
the remaining O(ads) may not be able to readily
hydrogenate to form surface hydroxyl groups. Oxygen
uptakes above 0.1 ml may mostly contribute to an
increase in the size of the existing rows rather than to the
creation of new —Ni—O- islands, so the relative fraction
of edge oxygen sites may decrease with coverage.

The higher reactivity of the oxygen adsorbates at the
—Ni—O- chain ends has been confirmed by STM in H,-
titration studies of the Ni(110)—(3 x 1);-O surface
(6o ~0.67ml, with two added rows for every three
[110] lattice spacings [21]) at 470 K. Only about 2% of the
oxygen on large terraces can be removed in those
experiments after 1001 H, exposures, even though
essentially all oxygen can be titrated from the higher
step density regions with much lower H, exposures [22].
In fact, the story is complicated further by the fact that
the —Ni—O- strings become mobile on the Ni(110) surface
at temperatures above 350 K, more so in the presence of
adsorbates such as oxygen, water, or hydrogen. It is this
dynamic process that enabled Roux et al. to attain a well-
ordered Ni(110)—(2 x 1)-OH surface by exposing the
Ni(110)—(3 x 1);-O to water at just below 360K, the
initial temperature of OH disproportionation [13].

3.2. Temperature dependence of the OH(ads) population

The production of water from OH disproportion-
ation was also studied as a function of H,O dosing
temperature. In the TPD experiments reported in figure



H. Guo and F. Zaera | Reactivity of hydroxyl species from coadsorption of oxygen and water on Ni(110) single-crystal surfaces 99

0.20 - H,0/0/Ni(110) TPD Yields
5' : a. Hydrogen
@ 0.15 4
>. 4 .
A ] H,0O/Ni(110)
& |
T - * ’
0.10 - H.0/0.15 ML O/Ni(110)
] v Yy — vV
4 ~ Y —
L L L
1.5 -
T [ |
N ] b. Water
= 4
S 104 H,0/0.15 ML O/Ni(110)
2 ] |
> ]
E . Total Water
I_ -
o 0.5+ -
(3 i
T ] Water from OH Recombination
] P e -0 —— @
0.0 A ./l/ (B State)

T T T T T T T T T

2 3

Water Coverage / ML

Figure 2. (a) H, TPD yields from water dosed on clean and oxygen-predosed Ni(110) surfaces as a function of H,O exposure. (b) TPD yields for
the overall water desorption and for the water produced by OH disproportionation for the H,O + O coadsorption system. Water was dosed at
120K in all cases, and a 8o = 0.15ml coverage was used for the experiments with O/Ni(110) (prepared by dosing O, at 400 K). Clearly, oxygen
inhibits the total dehydrogenation of adsorbed water into O(ads) + 2 H(ads).

4(a), the coverage of oxygen was kept at 0.2ml, and the
water exposure was chosen at 0.2 ml to saturate the OH
recombination H,O TPD state around 400 K (B) while
minimizing the filling of the chemisorption (A) water
states (although a little signal for peak A can still be seen
at 280K in most of the spectra). According to these
data, the yields for both chemisorbed water and OH
disproportionation are approximately constant, but are
slightly higher for the case of water exposure at lower
temperatures (120 K). Figure 4(b) displays the corre-

sponding O 1s XP spectra for the cases of water dosing
at 120, 200, 250, and 300 K. The data were deconvoluted
by assuming the existence of three surface species,
namely, H,O, OH, and atomic oxygen, as identified in
the past [23,24]. Nonlinear least-squares fitting was
performed for all four traces in figure 4(b) by using
Gaussian functions and by fitting the peak energy and
width values appropriately; three components were
identified this way with binding energies centered at
532.6, 531.2, and 530.1¢V, respectively. The spectra in
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Figure 3. Dependence of the TPD water yield from OH disproportionation on H,O exposure for two different oxygen predoses. In these
experiments, water was adsorbed on the surface at 300 K to minimize molecular adsorption. It is noted that the water yields for the case of the
0.2ml oxygen predose does not correspond to twice the intensity of the 0.1 ml case. This suggests that the H,O(ads) + O(ads) — 2 OH(ads)
conversion occurs preferentially at the end of the -Ni—O— chains formed by oxygen adsorption on Ni(110).

figure 4(b) indicate that the relative intensity of the OH
component (at 531.2eV) increases with increasing
deposition temperature. It should be noted that, as
these spectra were acquired during 20-min intervals each
at 120 K, the molecular water component (the shoulder
at higher binding energy) may contain a significant
contribution from water readsorption from residual
gases.

The temperature dependence of the conversion of the
coadsorbed oxygen and water into OH groups for
H,0(0.21)/0(0.2ml)/Ni(110) is depicted quantitatively
in figure 5. There, OH surface coverages, obtained
independently by integration of the TPD traces in figure
4(a) and the O 1s XPS peak for OH(ads) in figure 4(b),

are reported, after calibration via the matching of the
TPD and XPS data at 300 K. The results in figure 5
indicate that the OH coverages derived by TPD and
XPS display opposite trends: while the amount of OH
that converts to water in the TPD experiments is
maximum for water adsorption at 120K (0.183 ml),
the surface concentration of OH species measured by
XPS reaches the highest intensity at 300 K (0.150 ml).
This discrepancy is explained by the fact that, while the
XPS data provide a direct measure of the OH coverage
at the deposition temperature, the TPD signal corre-
sponds to the total OH intermediates available above
~350K, the temperature of the OH disproportionation.
By comparison of the TPD and XPS values, specifically
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Figure 4. (a) Water TPD traces from H,0O(0.21)/0(0.15ml)/Ni(110) as a function of water deposition temperature. Minor amounts of molecular
water desorption were detected when water was deposited at 120, 200, and 250K, but the main component at 390K, owing to OH
disproportionation, varies little with deposition temperature. (b) Corresponding O 1s XP spectra. These data were fitted to three peaks associated
with H,O, OH, and atomic oxygen surface species. The H,O components in the spectra may include a contribution from readsorption of water

from residual gases.

at 120K, these apparently contradictory results in fact
indicate that only a fraction (about a third) of the OH
species from reactions between coadsorbed H,O and O
are produced at low adsorption temperatures [19] and
that additional OH groups (~0.12ml, the remaining
two-thirds) are produced as the surface temperature is
ramped during the TPD experiments.

Figure 5 also indicates that the total yield of OH
groups in TPD experiments does not depend strongly on
the initial temperature of adsorption. The small
difference in the total OH yield seen between the cases
of water adsorption at 120 and 300 K (~0.03 ml) may be
attributed to different reaction pathways. At 300 K, the
adsorbing water converts directly into OH groups by
reaction with surface oxygen, otherwise it would not be
retained on the surface [2]. On the other hand, at 120K,
stable H,O-O clusters are likely to form on the surface

and react at different temperatures depending on their
size.

3.3. Production and consumption of surface O(ads) when
coadsorbed with water

It has so far been established that oxygen and water

coadsorbed on Ni(110) surfaces follow the reversible
reaction:

H,0O(ads) + O(ads) — 2 OH(ads) 7T < 300K (1)

2 OH(ads) — H,0 1 +0(ads) T>300K (2)
However, the (1)—(2) adsorption—desorption cycle leads
to a H,O TPD vyield a little lower than that expected
from the amount of water initially dosed on the surface.
This is due to total dehydrogenation of some of the
adsorbed water, a reaction promoted by oxygen
adsorbates. Actually, a small amount of water can
decompose even on clean Ni(110) surfaces [25], as
evidenced by the steady appearance of the H, peaks in
the TPD spectra in figure 1(a). The decomposition of
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Figure 5. OH coverages, in monolayers, for the H,0(0.21)/0(0.2ml)/Ni(110) system as a function of water deposition temperature. The XPS
results represent the OH coverage formed at the temperature of water exposure, while the TPD data corresponds to the maximum OH coverages
produced in the TPD experiments. The same OH coverages from water deposition at 300 K were assumed for both TPD and XPS experiments.

water in that case may be catalyzed by a minor amount
of residual oxygen (< 0.01 ml) that may remain on the
Ni(110) surface [25], but it may also be aided by
structural defect sites on that single-crystal surface such
as steps or kinks. On the other hand, adsorbed oxygen
on the Ni(110) surface promotes the dissociation of
water to form OH intermediates, as shown in figure 1(b)
and quantitatively in figure 2(b). Indeed, the OH yields
reach a value of ~0.4ml for a combination of 0.15ml
O(ads) and 1.01 water exposure, surpassing the conver-
sion yield expected from a H,O + O stoichiometric
reaction (in which 0.3 ml OH(ads) is expected, the rest of
the water desorbing molecularly). The production of H,
and the increase in the B-water yield (from dispropor-
tionation of OH intermediates) indicate that additional

oxygen is produced on the surface in the water—oxygen
coadsorption system upon heating above room tem-
perature.

In order to better follow the fate of the preadsorbed
oxygen during its reaction with water, analogous
experiments were carried out with ammonia [5]. These
experiments also served to confirm the nature of the
disproportionation reaction of the OH surface groups.
A direct consequence from OH disproportionation is the
depletion of the total surface oxygen coverage, as water
desorbs into the gas phase. It has been previously shown
that ammonia and water follow similar H-transfer
chemistry on oxygen-predosed metal surfaces [16],
except that with ammonia the formation of OH groups
on the oxygen-predosed Ni(110) takes place by the
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Figure 6. O 1s XP spectra from ammonia coadsorbed with oxygen on a Ni(110) surface. First oxygen was adsorbed at 400 K, then ammonia was
dosed at 95K (lower spectrum) and 300K (upper spectrum). The desorption of water from disproportionation of OH groups made by
NHj(ads) + O(ads) reactions explains the significant depletion of the O(ads) signal seen at 300 K.

analogous to Reaction (1):

NHj(ads) + O(ads) — OH(ads) + NH;(ads) 7' < 300 K
(3)

At higher temperatures, reaction (2), the disproportion-
ation of the OH(ads) groups, is still possible. Figure 6
displays two O 1s XP spectra from the
NH3(2 1)/0(0.1 ml)/Ni(110) system, where the NHj;
was dosed at 95K (lower spectrum) and 300 K (upper
spectrum). It is seen from these experiments that,
indeed, about half of the initial surface oxygen is
removed by the formation and desorption of water
when ammonia is dosed at 300 K. The hydroxyl and
water components observed in the 95K spectrum may
originate from direct hydrogen transfer from the

coadsorbed ammonia to O(ads), a step that, again, is
supposed to preferentially occur at the end of the
—Ni—O- rows. Notice also that some OH(ads) groups
are still present on the surface at 300 K.

4. Conclusions

The chemistry of water and oxygen coadsorbed on
Ni(110) can be characterized as follows:

(1) Oxygen predosed on Ni(110) can significantly
modify the nature of the adsorption states of water
on that surface. Instead of the formation of the
dimers and hexagonal clusters seen on clean nickel,
water aggregates preferentially at the perimeter of
oxygen adsorbates instead. The continuous growth
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of these oxygen-seeded water clusters in the first layer
presumably increases the repulsive interaction among
the chemisorbed water molecules, and results in a con-
tinuous shift of the chemisorption (A) H,O TPD peak
toward lower temperatures with increasing H,O dose.

(2) Adsorbed water reacts readily with surface oxygen
atoms to form hydroxyl species. This reaction is
already seen at low temperatures, presumably
because of the facile nature of the hydrogen
transferring at the end of —Ni-O- rows. However,
for the specific case of H,0(0.21)/0(0.2 ml)/ Ni(110),
only about a third of the OH species forms at 120 K,
while the rest is produced slowly as the temperature
of the surface is increased. This temperature-depen-
dent slow conversion is probably associated with the
different sizes of the H,O—O(ads) clusters that form
on the surface. Complete conversion is only possible
at water exposures below 0.151 and low oxygen
coverages (6p < 0.15ml).

(3) The stoichiometric and reversible oxygen-assisted
water-decomposition reaction, H,;O(ads) + O(ads)
=2 OH(ads), is accompanied by some additional
total dehydrogenation of water on the oxygen-
precovered Ni(110) surface. The latter process
results in the production of H, in TPD experiments,
and is also manifested by an increase in the coverage
of O(ads) species above 300 K, as indicated by O 1s
XP spectra. More extensive dehydrogenation is seen
on the clean Ni(110) surface.

(4) OH(ads) surface groups undergo a disproportiona-
tion reaction back to adsorbed oxygen and water
(the reverse of the OH production step) above
~350K. This disproportionation step leads to the
depletion of the surface concentration of O(ads), as
also seen in oxygen—ammonia coadsorbed systems.
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