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Partial dissociation of water on a MgO„100… film
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The adsorption of water at 100 K on an ordered film of MgO~100! prepared on Mo~100! is studied by low
energy electron diffraction, HREELS~high resolution electron energy loss spectroscopy!, and UPS~ultraviolet
photoelectron spectroscopy!. The appearance of the loss of OH species from HREELS and the 3s valence
features of the hydroxyl from UPS indicate that the water can be partially dissociated on MgO~100!/Mo~100!
at the initial coverages. The experimental results are in good agreement with the theoretical calculations.
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I. INTRODUCTION

As we know, the mechanism of water adsorption on ox
surfaces has been widely studied due to its importanc
applications in geology, atmospheric chemistry, environm
tal protection, corrosion, gas sensors, and heterogen
catalysis.1–3 In catalysis, for example, magnesium oxide
known to catalyze the H2 and D2 exchange reaction4 and the
dehydrogenation of formic acid or methanol.5 Magnesium
oxide has a simple rock-salt structure, a single valence s
and only one stable low-index,$100%, surface orientation.2

Recent density-functional theory calculations6 and first-
principles molecular dynamics simulations7 suggest that in-
termolecular hydrogen bonding plays an important role
water dissociation. Based on our recent study,8 two kinds of
hydrogen bonds~a strong H bond in the top layer and tw
weak H bonds in the bottom layer! are found in the water
molecular bilayer when water adsorbs on a solid surfaceAb
initio calculations9 also show that lateral interactions b
tween the adsorbed water molecules and the formation
hydrogen bonds can lead to partial dissociation of water o
perfect MgO~100! surface. On the other hand, on a defect
surface the dissociation can be stabilized.10,11

In this paper we use LEED~low energy electron diffrac-
tion!, HREELS ~high resolution electron energy loss spe
troscopy!, and UPS~ultraviolet photoelectron spectroscop!
to study adsorption of water on the ordered MgO~100! film
prepared on a Mo~100! surface. From HREELS, the frequen
cies of the stretching mode related to the OH groups and
bending mode of molecular water adsorbed on MgO~100!
are detected. From UPS, we find that the water is charac
ized by 3s valence feature of OH species related to disso
ated water, suggesting partial dissociation of water on
ordered MgO~100! film.

II. EXPERIMENTAL PROCEDURE

The experiments are carried out in a UHV~ultrahigh
vacuum! chamber~Leybold-Heraeus GmbH, base pressu
1310210 mbar) equipped with HREEL, UP spectromete
and a LEED facility. The HREELS measurements are p
formed with an ELS 22 spectrometer. As discussed in pre
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ous work,12–17 HREELS analysis of oxide materials is ofte
complicated due to the presence of primary phonon and m
tiple phonon losses with higher intensity, which domina
most of the energy-loss region making it difficult to dete
the vibrational modes of adsorbed species. From Poisson
tribution theory and experimental study,15,18we know that an
off-specular scattering geometry can cause the intensitie
the multiple phonon losses to depart from a Poisson dis
bution, and that the higher primary energy of the electr
beam leads to the lower intensities of Fuchs-Kliew
phonons from magnesium oxide. However, the higher p
mary energy may degrade the resolution of the spectr
Therefore, in our HREELS experiments, the analyzer is
in a slightly off-specular direction by about 5°, and the e
ergy of the primary electron beam is 8 eV with a resoluti
of about 12 meV with the full width at half maximum of th
elastic peak.

The magnesium oxide used here is thin films~5–8 nm
thick! of MgO~100! grown in situ upon a Mo~100! surface.
The substrate Mo~100! surface is cleaned by oxidation i
oxygen at 1200 K and then heated to about 2000 K using
electron-beam heater for several cycles. The MgO~100! film
is prepared by deposition of Mg in 1027-mbar O2 at a sub-
strate temperature of 600–700 K. A flat and order
MgO~100! film on a Mo~100! substrate can be obtained aft
annealing to 1150 K.19 The MgO~100! film as prepared in
our case, however, shows a LEED pattern with broad sp
indicating a defective surface. The specimen can be he
resistively and cooled down by liquid nitrogen. A W-5% R
W-26% Re thermocouple was spot welded to the edge of
specimen for temperature monitoring. Deionized water~18
MV! was further purified by several freeze-pump-tha
cycles before dosing to the samples. The dosages are
sured using a non-calibrated ion gauge. The surface cove
is assumed to be equivalent to the water exposure, since
film intersects virtually all of the incoming vapor and th
sticking coefficient of water on the crystal at 100 K is near
unity.20

III. RESULTS

Figure 1 shows HREEL spectra obtained for different w
ter coverages. The trace labeled~a! corresponds to the spec
©2003 The American Physical Society14-1
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trum from the clean MgO~100! film at 100 K. For magne-
sium oxide, the primary phonon loss~at 82 meV! yields
multiple scattering loss events at 165 and 248 meV, and
fourth scattering loss of the phonon can be clearly seen~at
330 meV! even though a primary energy of 8 eV was us
with analyzer off-specular direction. The MgO~100! surface
is exposed to water at 100 K, and the water exposures f
trace~b! to trace~e! are 0.1, 0.6, 1.3, and 3 L~Langmuir!,
respectively. With a 0.1-L coverage of water@Fig. 1~b!#, a
broad loss at;438 meV~the stretching band of water! was
found, and a loss at about 205 meV~the bending mode, also
called the scissor mode of water! appears@Fig. 1~b!#. In-
creasing the coverage of water to 0.6 L causes the loss of
meV to increase in intensity. As for the adsorption of wa
on the metal surface,21–23 the broad stretching band may im
ply intermolecular hydrogen bonding. After increasing wa
coverage to 1.3 L@Fig. 1~d!#, a hindered translational mod
of water ~at 30 meV! also appears, seemingly indicating
multilayer of water molecular adsorption.

As shown in Fig. 1, with the exposures at 0.1 and 0.6
the stretching mode of water molecules~at 438 meV! may be
a combination of the 428 and 446-meV features that can
observed when water is adsorbed on quartz.24 At exposures
of 1.3 and 3 L the stretching mode still exists, but the 43
meV mode is slightly shifted to 425 meV. We will discus
this in Sec. IV.

Figure 2 shows the UP spectra for a MgO~100!/Mo~100!
surface at 100 K with water exposures of 0, 1.3, 1.8, and 3
respectively. The curve labeled~a! corresponds to the clea
MgO~100! film, and a peak at 5.8 eV can be assigned to
emission of an O 2p valence band from the MgO~100!
film.25 The curve labeled~b! with 1.3-L coverage shows
bands consisting of four peaks at 5.6, 7.2,;9.2, and;10.0
eV. With increasing coverage of water to 1.8 L, the bindi
energies of the bands are 5.4, 7.4, and 9.8 eV, as show
Fig. 2~c!. After adsorption of water to 3 L@Fig. 2~d!#, how-
ever, the bands are similar to that obtained at 1.8 L.

IV. DISCUSSION

At coverages higher than 0.6 L, the stretching mode
water molecule is still apparent; however, it is redshift

FIG. 1. HREELS data from various exposures of water on
MgO~100!/Mo~100! at 100 K.~a! 0 L; ~b! 0.1 L; ~c! 0.6 L; ~d! 1.3
L; ~e! 3 L. Ep58 eV.
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slightly in comparison with lower coverages. This could
caused by many physical phenomena such as different b
ing geometries of water on the surface, intermolecular hyd
gen bonding, or even surface charging effects. The films
our experiments are 5–8 nm in thickness; they can dissip
the charging problem via the conducting substrate. That
multilayer of water causes this peak to broaden was also s
in previous studies.15 At this coverage and temperature, th
water becomes solid layers. No matter what kind of geom
ric adsorption on the substrate the water has, the hydro
bonding is dominant. The hydrogen bonding causing
broadening of the vibrational peak of OH has be
documented.26 In vibrational spectra, the vibrational energ
levels move closer together, and the transitions associ
with the O-H stretch shift to lower frequencies.1 Moreover,
the bending mode~at about 205 meV! is also detected, which
implies that the water molecular is present. The UP spect
~Fig. 2! shows that the binding energies at 7.2 and;9.2 eV
at 1.3-L coverage are due to the 1b1 and 3a1 molecular
orbitals ~MOs! of water, respectively, which has been o
served in previous UPS work.27 Furthermore, at 3-L expo-
sure, the 9.8-eV feature related to the 3a1 orbital of icelike
water, possibly condensed water, agrees with the results f
water adsorption on the Fe3O4(111) surface.28 Because of
the emission of the secondary electrons of magnesium ox
the 1b2 MO of water cannot be well resolved in our expe
ment.

Figure 3 shows the HREEL spectra after annealing
sample with 3-L water exposure at 100 K. Annealing te
peratures listed in the curves labeled~b!–~d! are 175, 273,
and 350 K, respectively. Previous TPD~temperature-
programmed desorption! experiments17 suggested that wate
multilayer desorption at 160 K with a second desorption f
ture arises from water formed via a recombination of surfa
hydroxyls at 220–340 K. So when the MgO~100! surface
with 3 L of water is annealed to 175 K@Fig. 3~b!#, the num-
ber of hydrogen bonds decreases and the 425-meV loss s
slightly to 430 meV. However, after annealing to 273 a
350 K @Figs. 3~c! and 3~d!#, a new peak at 456 meV appear
and meanwhile the 205 and 430-meV loss peaks~the stretch-
ing mode of water molecule! cannot be observed. The van
ishing of the bending mode and stretching mode of wa
molecule implies that water molecules are desorbed from

e

FIG. 2. UP spectra of water on the MgO~100!/Mo~100! as a
function of water exposure at 100 K.~a! 0 L; ~b! 1.3 L; ~c! 1.8 L;
~d! 3 L. He ~I!521.2 eV.
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surface. This reveals that the 456-meV loss might be
cribed to the OH species related to the decomposed w
and not to the isolated OH groups~nonhydrogen bonding! of
water. It is interesting that the OH species related to
decomposed water seem to form hydrogen bonding with s
sequently adsorbed water molecules. Our result agrees
with the theoretical calculations that suggest that the mi
molecular and dissociative adsorption of water molecules
most favorable because of the increased number of inter
lecular hydrogen bonds.6 Comparing with a previous study,15

we cannot clearly see the OH loss at 100 K with low cov
age. This might be caused by either the different geom
structure of the water adsorbed on the surface or the bon
status of the water. We do not think surface defects pla
key role, because it has been shown that water can be
tially dissociated on both perfect and defective s
faces.6,7,9–11 In theoretical studies, it has been pointed o
that the mixture of molecular and dissociative adsorption
stabilized by the intermolecular hydrogen bonding. The
sorbed molecular water with one hydrogen bond to a surf
oxygen is the most stable configuration. Owing to the hyd
gen bonding between molecular water and dissociated O
is difficult to detect the OH loss at lower coverage
HREELS measurements. However, after annealing, the w
was desorbed and the hydroxyl group was detected. T
further reveals that the OH bonding from hydroxyl species
stronger than the hydrogen bonding.

It is unclear why only one stretching mode is observ
in the HREEL spectrum after dissociation of water. Two d
ferent OH groups should be formed if water decompo
to H and OH. One group corresponds to the hydroxyl t
resulted from the dissociation of water, and the other or
nates from the adsorbed proton, which forms an adla
involving Osurface-H and Mgsurface-OH species at the surfac

*Author to whom correspondence should be addressed. Electr
address: qlguo@aphy.iphy.ac.cn
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FIG. 3. HREEL spectra from MgO~100!/Mo~100! with 3 L of
water as a function of annealing temperature for 3–5 sec at~a! 100
K, ~b! 175 K, ~c! 273 K, and~d! 350 K.
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of the magnesium oxide film. In UP spectra@Fig. 2~b!#,
comparing our results with a previous UPS study
water/Fe3O4(111),28 the 10.0-eV feature should be assign
to the 3s orbital of hydroxyl. It is noticeable that the inten
sity ratio of the hydroxyl~3s! and the H2O (3a1) feature in
UPS is circa 1:1. So it is not likely that defect sites alone
responsible for the dissociation of water.19 The 3s orbital of
hydroxyl indicates that the adsorbed water molecules at
tial coverages can be dissociated at 100 K.

Because the loss intensity in HREELS is affected ve
much by the surface geometry structure and the orienta
of the adsorbed species on the substrate; some of the
peaks cannot be detected under normal operating conditi
Therefore, the combined results of UPS and HREELS
more informative. We conclude that the partial dissociat
of the water occurs at low temperature on an orde
MgO~100! film. Our results agree well with recent investig
tions by metastable impact electron spectroscopy, UPS,
TPD, in that water adsorbs dissociatively and molecula
within the first monolayer on well-ordered MgO~100!
surfaces.19 Consequently, H2O molecules adsorb both disso
ciatively and molecularly at the same time on the MgO~100!
surface, thus forming a mixed (H2O1OH) phase. This resul
corresponds to recent theoretical calculations7,9 that predict a
more stable mixed (H2O1OH) monolayer rather than a
monolayer of water. However, from the experimental resu
the adsorptive sites of water molecules and OH groups c
not be well known. Certainly, the evidence still gives n
clear account of the interaction between the molecular w
and the OH species related to the dissociative water.
study of Giordanoet al.,9 however, indicates that the disso
ciation of water molecules may arise from interactio
within densely packed H2O adlayers. Our experimental re
sults prove that the theoretical predictions6–11 about the wa-
ter adsorbed on the magnesium oxide are correct.

V. CONCLUSIONS

The combined HREELS and UPS results support theo
ical calculations and suggest that water can be partially
sociated on an ordered surface of MgO~100! films at initial
coverages under UHV conditions. The redshifted and br
stretching mode indicates an intermolecular hydrogen bo
ing interaction.

ACKNOWLEDGMENTS

We would like to thank Dr. S. Meng for many insightfu
discussions. This work was supported by the National K
Project for Basic Research~G2000067103!, the National
Key Project on High-Tech~2002AA311151! and the Natural
Science Foundation of China~10074079, 90206036!.

ic3H. J. Freund, H. Kuhlenbeck, and V. Staemmler, Rep. Prog. P
59, 283 ~1996!.

4M. Boudart, A. Delbouille, E. G. Derouane, V. Indovina, and
B. Walters, J. Am. Chem. Soc.94, 6622~1972!.

5P. Mars, J. J. F. Scholten, and P. Zwietering, Adv. Catal.14, 35
4-3



et

.

hy

ta

on

et

, J.

D.

., J.

ci.

YU, GUO, LIU, WANG, AND MØLLER PHYSICAL REVIEW B 68, 115414 ~2003!
~1963!.
6J. H. Cho, J. M. Park, and K. S. Kim, Phys. Rev. B62, 9981

~2000!.
7M. Odelius, Phys. Rev. Lett.82, 3919~1999!.
8S. Meng, L. F. Xu, E. G. Wang, and S. W. Gao, Phys. Rev. L

89, 176104~2002!.
9L. Giordano, J. Goniakowski, and J. Suzanne, Phys. Rev. Lett81,

1271 ~1998!.
10J. Heidberg, B. Redlich, and D. Wetter, Ber. Bunsenges. P

Chem.99, 1333~1995!.
11W. Langel and M. Parrinello, Phys. Rev. Lett.73, 504 ~1994!.
12S. Eriksen, P. D. Naylor, and R. G. Egdell, Spectrochim. Ac

Part A43, 1535~1987!.
13P. A. Cox, R. G. Egdell, S. Eriksen, and W. R. Flavell, J. Electr

Spectrosc. Relat. Phenom.39, 117 ~1986!.
14W. T. Petrie and J. M. Vohs, Surf. Sci.259, L750 ~1991!.
15M. C. Wu, C. A. Estrada, and D. W. Goodman, Phys. Rev. L

67, 2910~1991!.
16K. W. Wulser and M. A. Langell, Phys. Rev. B48, 9006~1993!.
17V. Coustet and J. Jupille, Surf. Sci.307–309, 1161~1994!.
11541
t.

s.

,

t.

18M. C. Wu, C. A. Estrada, J. S. Corneille, and D. W. Goodman
Chem. Phys.96, 3892~1992!.

19Y. D. Kim, J. Stultz, and D. W. Goodman, J. Phys. Chem. B106,
1515 ~2002!.

20M. J. Stirniman, C. Huang, R. S. Smith, S. A. Joyce, and B.
Kay, J. Chem. Phys.105, 1295~1996!.

21B. A. Sexton, Surf. Sci.94, 435 ~1980!.
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