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Models for the Hydrogen-bonded Water Molecules to the Chemisorbed
Oxyhydroxyl Layer on the Chromium Surface
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Abstract XPS and UPS Photoelectron Spectroscopy mechanism of the dehydroxylation of this layer when
techniques ( Anoble ESCA-5 Spectrometer which per- the exposed surface warmed to room temperature, have
mit pressure from 1-107'! Torr) have been used to been suggested by the monitoring of the XPS and UPS
investigate water vapour interaction with clean and spectra.

pre-oxygen exposed chromium surface in the tempera-
ture range 80-623 k.

Initially at low exposure (o <monolayer ), the inter-
action of water vapour with clean chromium surface is
dissociative at active site of chromium atoms through
the formation of an adsorbed oxyhydroxyl layer to-
gether with molecular water which is coordinately
bonded to the unsaturated site, via the oxygen which
strongly held.

The second layer which represents the physically
adsorbed layer occurs at higher than one monolayer
coverage through water molecules hydrogen bonded to
the chemisorbed oxyhydroxyl layer. Models and the

INTRODUCTION

The interaction of water vapour with clean metal
surfaces has been studied and characterized by XPS
and UPS in the past decade and the behaviour of the
interaction can be summarized in general by three
categories.

Firstly, molecular adsorption at low temperature
takes place with no evidence for any interaction at
room temperature.”' ™ Secondly, dissociative adsorp-
tion at room temperature gives chemisorbed oxygen
and molecularly adsorbed water. In the third cat-
egory dissociation of the water, molecule is only
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with O, binding energy between that of chemisor-
bed oxygen and adsorbed water molecules was as-
signed to the hydroxyl groups.

In this work, the Photoelectron spectroscopy (XPS)
was used to determine surface concentrations of oxy-
gen, hydroxyl and water molecules through monitor-
ing the O, spectral regions, while the (UPS) pro-
vided information about the nature of the bonding of
the adspecies to the substrate.

Experimental

Spectra from polycrystalline chromium surface
were obtained by using a Vacuum Generators model
ESCA-5 Spectrometer, fitted with a VGQ7 mass
spectrometer for use in monitoring the gas phase!!?
during evacuation and thermal treatment. Details of
the spectrometer, sample preparation mounting base
pressures and operating conditions together with
data quantification can be found in previous publica-
tions.!!313)

Fig. 1 shows a series of He(,, spectra for various
exposure of H,O-vapour to clean surface at 80K,
then subsequent heating of the substrate to 623 K,
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Fig. 1. Hey, spectra for the interaction of H.O-vapour
with a clean chromium surface at 80 k together with the gas
phase spectrum of H,O, and subsequent heating the ad-
layer to 623 k.
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Fig. 2. Shows some of the difference spectra correspond-
ing to figure 1.

together with the gas phase,'* while Fig.2 shows
some of the difference spectra corresponding to Fig. 1.

The three valence orbitals of the H,O molecules
are lby, 3a; and lb,, the Ib, provides the bonds
between the hydrogen and oxygen holding the mol-
eculé together while the 3a, bond between the two
hydrogens gives the water about 109° bend,!* and
the Ib, is the non-bonding oxygen orbital of pure 2p
character.

The clean surface exhibits an intense band at about
1.0 ev with a second weak feature at 2.5 ev below the
fermi level from the 3d level.

Slight changes in the He;, spectra due to initial
interaction of water vapour with clean surface are
first observed, which resulted in the development of
bands at 5.5 and 9.0ev figure 1 and clearly in the
corresponding difference spectrum (a-clean) Fig. 2.

On increasing the exposure, a more intense band at
about 7.0 ev developed with increase of intensity and
width of the band at 9.0 ev, at the same time the band
at 5.5ev is still seen from the profile of the 7.0ev to
lower binding energy. With more addition of water
vapour, the band at 7.0 ev becomes narrower and is
shifted to 7.3ev and at the same time a weak third
band emerged at 13.0ev with the attenuation of the
d-band.

From the difference spectra and by comparison
with the gas phase spectrum, there are three regions,
4510 5.5 6to90and 9 to 13.0ev. The 4.5 to 5.5ev
region is assigned to emission from the 0y, orbital of
the chemisorbed oxygen [rom observations of the
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interaction of clean chromium with oxygen.* The
second region 6.0 to 9.0 ev is composite, being made
up to emission from the O, surface hydroxyl and
the 1b;, orbital of molecularly adsorbed water at
about 7.3 ev,*6718 and the third region which is also
composite, is made up of emission from the hydroxyl
(at 9.5ev) and emission from the 3a; orbital of
molecularly adsorbed water at 13.0 ev.

DISCUSSION

Initially, at low exposure (¢ < monolayer), the inter-
action of H,O-vapour with clean surface is dissocia-
tive at the active site of chromium atoms through the
formation of an adsorbed oxyhydroxyl layer, together
with molecular water which is coordinately bonded
to the unsaturated sites via the oxygen atom which is
strongly held.

The curve-fitting O, spectral region shows three
components peaks at 530.1 (due to chemisorbed oxy-
gen), 531.7 (due to chemisorbed hydroxyl species),
and 533.5 ev (due to molecular water) respectively.

The He,, spectra corresponding to this range of
coverage shows a band mainly in regions one and
two as shown in Fig. 1(a,b), and the difference spectra
{(a-clean) (b-clean) in Fig. 2, which mainly shows the
band due to chemisorbed oxygen atoms (O,,) and
chemisorbed hydroxyl species,''®'® whereas the Ib,
orbital from the molecularly adsorbed water in the
third region is very weak indicating that water mol-
ecule does not have its integrity on the surface with
this range of exposure.

The second layer which represents the physically
adsorbed layer occurs at higher than one monolayer
coverage through water molecules hydrogen bonded
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to the chemisorbed oxyhydroxyl layer which cannot
be distinguished from the OH species of the
chemisorbed layer by XPS or UPS techniques (strong
hydrogen bonding interaction Q% ..... H-OH). This
occurs at low temperature between molecularly ad-
sorbed water and surface oxygen.!!'!¥

The second type of physical adsorption is represen-
ted by H,O — molecules which are hydrogen bonded
to the chemisorbed layer through hydrogen atoms
and weakly bonded to the surface through oxygen
atom. These two types of physical adsorption may be
illustrated by models (1) and (2) respectively.

On increasing the coverage (¢=2.6) the main
changes are the increase in the intensity of Oy, at
533.5ev with a shift in the B.E. to 534.0 ev, the Hey,
spectrum, Fig. 1 and 2 shows the bands of the con-
densed moelecular water at about 7.3, 9.5 and 13.0ev
respectively.

As the adlayer is warmed to 150 k, most of the O,
intensity at 534.0 ev disappears with a shift to 533.5 ev
and a little increase in the intensity of O, at 530.1
and 531.7ev, with a total concentration of oxygen
adlayer left on the surface 2.1x10'°atom. cm™*
(e=13).

The corresponding He,,, spectrum showed disap-
pearance of the molecular orbitals from regions two
and three with a shift in the bands of 1b, and 3a, at
7.3 and 9.5ev to lower binding energy and much
wider than before, with gained intensity at 3.5 ev. The
layer which is desorbed at 150 k represents the con-
densed water.??

On further warming the substrate to R.T. 298.0 K
the intensity of the O, at 530.1 ev increased by half
what is lost from the intensity at 531.7 and 533.5ev
respectively (Table 1).

Table 1. Surface concentrations of chemisorbed oxygen, hydroxide and water from the curve-fitted data
of XPS-spectra
Treatment ax 10713 of Oy gx 10713 of ex 10713
chemisorbed hydroxide chemisorbed of water
hydroxide
1.8L H,O at 80k 0.070 0.120 0.123
3L H,0 at 80k 0.080 0.480 0.590
6L H,O at B0k 0.20 0.650 1.270
[2L H,0 at 80k 0.160 1.050 2982
Warmed to 150k 0.360 1.360 0.441
Warmed to 210k 0.540 0970 0.237
Warmed to 2908k 0.880 0.640 0.120
Warmed to 623k 1410 0.170 0.075
30L H,O on clean at 298 k 0.500 0.20 —
400L H,O at 298k 1.110 0.50 0.219
Heated to 623 k 1.390 0.27 0.154
Addition of 750 L H,O over 1.390 0.627 0.430
at 298 k

12L O, clean at 298 k 1.50 — —
12L H,0 at 298k 1.120 0.834 0.149
3672L H,O at 298k 1.150 1.05 0.285
Heated to 623 k 1.870 0.282 0.112
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The suggested explanation of this observation may
be by dehydroxylation through the breaking of hy-
drogen bonding to desorb water molecules and addi-
tion of chemisorbed oxygen atoms to the surface
(model 1), through the breaking of oxygen hydrogen
bond and hydrogen bond toward the chemisorbed
oxygen to form chemisorbed hydroxyls on the sur-
face, chemisorbed oxygen atoms and hydrogen atoms
(model 2).

During the heating of the substrate from 298 to
623 k, the decrease in the concentrations of hydroxide
and H,O species at 531.7 and 533.5 ev is paralleled by
an increase in the chemisorbed oxygen component at
530.1 ev, which clearly indicated that the decompo-
sition proceeds through the dehydroxylation of
chemisorbed hydroxide and dehydrogenation of the
coordinative water molecule, the suggested mechan-
ism is:
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Fig. 3. Shows the variation of () oxygen species, O, and
H.0,, concentrations with the exposure at 80k, (b) O,
OH,,, and H,0,, with temperature of the substrate.

OH(,)— Oy +3H, ), 3)

H;0a~ Oy + Hayy. (4)

We assigned Oy, on the basis of the core level
investigation, which shows that the bulk oxidation
started at R. Temperature and no bulk oxidation
below that temperature.

The hydrogen adatoms may be subsequently re-
combining and desorbing as molecular hydrogen,'®
where the dehydroxylation takes place above room
temperature through desorption of hydrogen gas.*

When the clean surface is exposed to H,O-vapour
at room temperature, the Oy, spectral region after
about half monolayer exposure, shows two wide
components (from curve-Fit) with about 0.5ev shift
to higher binding energy, and the corresponding He,;,
spectrum shows a development of three bands, when
the up-take increase in one monolayer coverage the
O component at 534.5 ev increases with a compar-
able increase in the intensity of the other components
at 530.5 and 532.3 ev, respectively.

From these observations, the interaction of H,O
vapour with a clean surface at 298 k occurs by initial
dissociation of water to chemisorbed oxygen atoms,
followed by hydroxide and the water to form a layer
of chemisorbed species, with higher concentration of
chemisorbed oxygen atom on the surface than that at
80 k interaction.

On heating the substrate to 623 k, the mechanism
of the activation is through the dehydroxylation and
dehydrogenation of the hydroxyls and coordinative
water molecules as mentioned before.

When this surface is cooled to 298 k, the addition
of water vapour resulted in dissociation to hydroxyl
and coordinative water adsorption without any
change in the concentration of the Oy, at 530.1ev.
This confirmed that during the heating of the adlayer
regeneration of the active metallic surface sites by
incorporation of the chemisorbed oxygen atoms in to
the bulk occurs and the adsorption of water vapour
at 298 k leads to dissociation to hydroxyls and coor-
dinative bonding water on the metallic site.

When the clean surface is pre-oxygen exposed at
298k (0=one monolayer), and then followed by
H,O-vapour, surface hydroxylation takes place and
the concentration of the hydroxyls which is formed
equal to twice the loss in the concentration of
chemisorbed oxygen at low temperature and when
the exposure of H,O-vapour increased to 367 L, there
was no change in the concentration of the chemisor-
bed oxygen and the only change is the increase in the
concentration of the hydroxyls and water species.
During the heating of the adlayer to 623k, dehyd-
roxylation occurs through desorption oxygen atoms
to the surface (Fig.4 which shows the desorption
features from the hydroxyl and water bands).
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Fig. 4. (a) Heyy, spectra for clean chromium surface exposed to H,O-vapour, then heating the surface to 300L H,O at 298 k.
(b) Heyy, for the partial oxidised surface with H,O — vapour and heated to 623 k.
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