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O2 chemisorption on CoO(100): A resonant-photoemission study
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The changes in the electronic structure of reduced single-crystal Co0(100) surfaces upon exposure to
02 have been studied by means of resonant photoemission with use of synchrotron radiation. 0-vacancy
point defects on Co0(100) interact strongly with 02 at room temperature. Ultraviolet photoemission
difference spectra of the valence-band region taken before and after 10 L of 02 exposure (1 L:—10
Torr sec) exhibit predominantly a 3d -like final-state resonant behavior, which results from changes in
substrate electronic structure arising from the reestablishment of Co-0 ionic bonding on the surface
upon 02 exposure. Although most of the 02 is believed to chemisorb as 0, other adsorbed oxygen
species are also present.

I. INTRODUCTION

Molecular chemisorption on 3d transition-metal oxide
surfaces has been the subject of numerous studies, pri-
marily owing to the technological importance of
transition-metal oxides as heterogeneous catalysts, cata-
lyst supports, and gas sensors. ' The adsorption of oxy-
gen on the surfaces of oxides is particularly important
since adsorbed oxygen species play a crucial role in the
chemisorption of other molecules. For example, molec-
ular H20 reacts with NiQ surfaces only in the presence of
chemisorbed oxygen. Also important for the interaction
of molecules with oxide surfaces are the presence of sur-
face defects and the valence state of the metal cations. ' '

In general, the surfaces of nearly perfect maximal valency
oxides are inert to most molecules at room temperature,
while chemisorption is strong on defective surfaces. 0-
vacancy point defects are the predominant surface defects
observed on these ionic oxides. ' When a surface 0 ion
is removed from the lattice, roughly two electrons must
be trapped at the defect site in order to maintain local
charge neutrality; these excess electrons partially popu-
late the normally empty 3d orbitals on the cations adja-
cent to the defects, resulting in an increase in the degree
of covalent bonding on the surface.

Qne of the most perplexing chemisorption systems that
has been encountered in single-crystal studies on
transition-metal oxides is the interaction of 02 with de-
fective surfaces of the rocksalt transition-metal monox-
ides MnO, CoO, and NiO. Creation of 0-vacancy
point defects on the (100) surfaces of those oxides appears
in ultraviolet photoemission spectra (UPS) as emission in
the bulk band gap just above the valence band maximum,
either as a broadening of the upper edge of the valence
band or as distinct shoulders on the band edge. When
photoemission difference spectra are taken for O2 expo-
sures ~ 10 Langmuir (i.e., when the ultraviolet photo-
emission spectrum for an atomically clean surface is sub-
tracted from spectra for the same surface after molecular
adsorption. ' ' ), the dominant feature is a large nega-
tive peak (or peaks) near the valence band maximum cor. -

responding to the (generally complete) depopulation of
the defect surface states. The remainder of each
difference spectrum consists of relatively weak, structure-
less positive emission across the region of the valence
band further than about 1 eV below the valence band
maximum (see Fig. 3 below for CoO). It has been difficult
to correlate this emission with either the molecular orbit-
als of adsorbed species or changes in the density-of-states
of the surface. This is in contrast to results for the early
3d transition-metal oxides Ti02, SrTi03, and Ti203,
where distinct features appear in the difference spectra in
the region of the 0 2p valence band. '

Both the bulk electronic properties of CoQ and the in-
teraction of 02, CO, and H20 with CoO(100) have been
previously investigated. ' '" We have recently used res-
onant photoemission to study the creation of 0-vacancy
defects on CoO(100). ' The CoO(100) surface is a good
prototype for the rocksalt transition-metal monoxides in
that 0-vacancy point defects can be created on the sur-
face while still maintaining the overall geometric order of
the surface, as determined by low-energy-electron
diffraction (LEED). The data indicate that the creation
of 0-vacancy defects reduces the number of ionic Co—0
bonds on the surface, in conjunction with the increase in
the degree of covalent bonding at the defect site. In the
present paper we report the use of resonant photoemis-
sion to monitor the adsorption of Q~ onto defective
CoO(100) surfaces. We show that the difference spectra
correspond predominantly to changes in the substrate
electronic structure that arise from the reestablishment of
Co—0 ionic bonding on the surface upon 02 exposure.

II. RESONANT PHOTOEMISSION
IN TRANSITION-METAL OXIDES

The direct (nonresonant) photoelectron emission of d
electrons from the valence orbitals of transition-metal
compounds, which occurs for all photon energies, can be
expressed

3d "+h v~3d" '+e
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However, when the photon energy is greater than the cat-
ion 3p ~3d optical absorption threshold, which occurs at
62 eV for CoO, ' an alternative excitation process be-
comes possible. The photon can excite a cation 3p elec-
tron into a normally empty 3d level

3p 3d"+hv [3p 3d"+']* .

The resulting excited state decays via a super-Coster-
Kronig process' '

[3p'3d"+']*~3@ 3d" '+e

resulting in the same as that of the direct emission pro-
cess. Interference between the two processes results in a
resonant behavior of the amplitude of the d-orbital emis-
sion as the photon energy is varied across the 3p —+3d
threshold.

The resonant photoemission process is ion selective,
and in transition-metal oxides there are no optical ab-
sorption thresholds for the 0 ion in the photon energy
range used to excite the cation 3p~3d excitation. Thus
any resonant effects are associated with the cations, or
with the cation contribution to wave functions of hybri-
dized bands. But the process has been found to be even
more selective than that. For stoichiometric CoO, the
ground-state wave function can be expressed in a
configuration interaction picture as'

4g =a ~3d )+b ~3d'L ) +c ~3d
~

L ),
where L denotes a 2p hole on an otherwise 0 2p oxy-
gen ligand. The d term represents the ionic component
of the interatomic bonding, while the d L and d L
terms correspond to the covalent part of the bond. The
final state wave function, after one electron has been em-
itted, can be written as

eI =ai3d')+Pi3d'L )+yi3d'L') .

The 3d final state can be derived only from the 3d ionic
ground state, without any charge transfer from ligand p
to cation d orbitals. The 3d L charge-transfer final state
can be obtained either by direct 3d electron emission
from the 3d L ground state or by final-state charge-
transfer screening of the 3d state. ' ' As has been
demonstrated for Cu, Ni, and Fe compounds having n 3d
electrons in the ground state, ' the 3d " ' final state ex-
hibits a strong Fano-type resonance in the cation 3d pho-
toemission intensity near the 3p —+3d threshold, with the
intensity largest for photon energies slightly above
threshold. On the other hand, the intensity variations of
the 3d "L and 3d"+'L final-state emission are relatively
weak and exhibit an antiresonance dip (rather than a
peak) as the photon energy is increased across the thresh-
old. For this reason it has been possible to monitor the
changes in the degree of ionic bonding on CoO(100) sur-
faces as a function of 0-vacancy defect creation. '

Resonant photoemission can also be used to study the
electronic structure changes that take place upon adsorp-
tion. The emission due to the adsorbate-induced elec-
tronic structure changes in the 3d orbitals of CoO(100)
will be enhanced across the resonance, while any unhy-
bridized molecular orbital emission from the adsorbate

will not be enhanced. Clear differentiation between these
two types of emission is certainly important for charac-
terizing the chemisorption on oxide surfaces, but it has
been dificult to achieve by using only a single-energy
photon source such as He I or He II. In this paper we re-
port the use of tunable synchrotron radiation to assist in
differentiating substrate and adsorbate features in photo-
emission difference spectra.

III. EXPERIMENTAL PROCEDURE

A single crystal of CoO was oriented and cut into rods
of 4 X 4 mm cross section having the (100) face normal to
the rod axis. The sides of the cleavage rod were coated
with -0.5 pm of Al in order to reduce charging during
photoemission measurements. The nearly perfect
CoO(100) surface was produced by cleaving the sample in
situ in the spectrometer vacuum chamber at a base pres-
sure below 2X10 ' Torr; surface defects were created
by bombarding the surface with 500 eV Ar+ ions. All of
the adsorption experiments were carried out at room
temperature, and both the 02 and CO used in this study
were obtained from Matheson as research grade, and
each had a purity of 99.99%. The resonant photoemis-
sion experiments were performed on beamline U14 at the
National Synchrotron Light Source, Brookhaven Nation-
al Laboratory. Photons were incident at an angle of 45'
to the (100) surface normal, and angle-integrated photo-
emission spectra were measured with a Physical Electron-
ics 15-255G double-pass cylindrical-mirror analyzer
(CMA) whose axis was oriented 45' to the (100) surface.
In spite of the insulating nature of bulk CoO, no charging
was observed in measurements at room temperature on
Al-coated samples. For each spectrum in which the pho-
ton energy was varied, the photocurrent of a Au grid Aux
monitor was used to correct for variations in light inten-
sity from the monochromator. Because the photoemis-
sion spectra are shifted with respect to the Fermi energy
by different amounts for different surface treatments such
as Ar+-ion bombardment and 02 exposure, all of the
spectra (except Fig. 1) have been aligned with the spectral
feature at 1.5 eV binding energy in Fig. 1.

IV. RESULTS

Figure 1 presents the valence band photoemission spec-
tra of cleaved CoO(100) taken at photon energies of 60
eV (just below threshold) and 62 eV (just above thresh-
old); both spectra are referenced to the Fermi energy. Al-
though there is strong cation-anion hybridization
throughout the valence band in CoO, features at binding
energies of 5.0 and 7.6 eV are primarily due to O 2p emis-
sion. Other features, at binding energies of 1.5, 3.7, and
10.4 eV, are primarily 3d-derived features. The bottom
spectrum is the difference between the spectra above and
below resonance; it thus represents mainly the contribu-
tion of the 3d -final-state-derived features to the UPS.
Because the Coulomb interaction between the 3d hole
created in the photoemission process and the other cation
3d electrons is not strong enough in CoO to widely
separate different electronic configurations, ' and since
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FIGG. 1. Angle-integrated valence-band photoemission spec-
tra of UHV-cleaved CoO(100) measured at photon energies of
60 and 62 eV, showing resonant enhancement of the 3d states.
The (62 eV-60 eV) difference spectrum (bottom trace) reAects
primarily the distribution of the 3d final state; the vertical scale
for the difference spectrum has been expanded by a factor of 2.
The features indicated on the 62-eV spectrum have binding en-

ergies of 1.5, 3.7, 5.0, 7.6, and 10.4 eV.

the screening dynamics of the 3d hole are more complex
than those of a core hole in XPS, ' the energy distribu-
tion of the 3d final state is wide ( —12 eV). Most of the
unhybridized O 2p contribution as well as features involv-
ing ligand-to-metal charge transfer are removed from the
difference spectrum since their intensities do not change
much with photon energy. Note, for example, that the
feature at 1.5 eV does not appear in the difference spec-
trum; there is even a slight decrease in its amplitude at 62
eV photon energy, consistent with its origin as a charge-
tr fansfer state. ' Based upon the difference spectrum10, 11

shown in Fig. 1, the features at binding energies of 3.7
and 10.4 eV constitute the dominant contributions from
the 3d final state.

Oxygen vacancies and other more complex surface de-
fects are produced by Ar+-ion bombardment as a result
of energy and momentum transfer to the surface; this re-
sults in the net removal of 0 ions from the surface. '

After bombardment to steady state by 500 eV Ar+ ions,
the CoO(100) surface still displays a LEED pattern, al-
though the beams are broader and the background inten-
sity higher than for the cleaved surface. This indicates
that the surface retains a high degree of its original
geometrical order. It has been shown that slightly more
than 4%%uo of a monolayer of surface oxygen ions are re-
moved from the CoO(100) surface during this process;
thus, isolated O vacancies are expected to be the dom-

inant type of surface defect on this slightly reduced
CoO(100) surface. ' The changes caused by Ar+-ion
bombardment in the valence band photoemission spec-

62 eV
trum of CoO(100) can be seen in Fig. 2 which is tak t

eV photon energy in order to maximize the sensitivity
to the ionic contribution of the bonding. There is a de-
crease in the emission between 1 and 12 eV binding ener-

gy, accompanied by the appearance of a distinct feature
at the upper edge of the valence band due to the creation
of surface defects. The defect-related feature at the upper
edge of the valence band does not exhibit any resonant
behavior as a function of photon energy. '

The changes that occur in the valence band photoemis-
sion as the defective CoO(100) surface is exposed to 02 at
room temperature are shown in the upper three spectra
in Fig. 3 for h v=62 eV. In agreement with the study of
chemisorption on CoO(100) by Mackay and Henrich,
oxygen interacts strongly with the defective surface, re-
sulting in the disappearance of the surface defect feature
in the photoemission spectrum after only —10 L of oxy-
gen exposure. The changes that result from somewhat
higher oxygen exposure can be seen in the difference
spectra at the bottom of Fig. 3, where the clean surface
spectrum has been subtracted from the spectrum for 10
LOz exposure. The solid curve is the difference spectrum
for hv=62 eV, while the dashed curve was taken with
hv=60 eV. Both spectra shows a large decrease in the
emission of the surface defect feature, accompanied by an
overall increase in emission between 1 and 12 eV binding
energy. The largest positive feature in the difference
spectra occurs at —10.4 eV. Only a single chemisorbed
oxygen phase is observed on CoO(100) between 0 and
1000 L of ~of 02 exposure, consistent with previously report-
ed results. "

0.5-keV Ar+ bombarded - cleaved

I
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FIG. 2. Photoemission spectra ( h v =62 eV) of cleaved
CoO(100) before (solid curve) and after (dashed curve) bombard-
ment with 500 eV Ar+ ions, and the difference spectrum be-
tween the two.
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B. Effect of 0& chemisorption

re

1 ~ ~ ~ I . I

10 5 0
RELATIVE BINDING ENERGY (eV)

FIG. 3. Photoemission spectra (h v=62 eV) of 500 eV Ar+-
ion-bombarded CoO(100) as a function of oxygen exposure at
room temperature. The difference spectra (1000 L—0 L) for
hv=62 eV (solid curve) and 60 eV (dashed curve) show the
changes caused by the interaction of 02 with defective
CoO(100); the vertical scale for the difference spectra has been
expanded by a factor of 2.

Since the defective CoO(100) surface is oxygen
deficient, Oz is expected to dissociate for low exposures,
removing electrons from the defect sites to create nega-
tive adsorbed 0 species. The changes induced by such a
charge transfer process associated with 02 chemisorption
at defect sites are, qualitatively, a reversal of the changes
that occur for ion bombardment of the stoichiometric
surface, as can be seen by comparing the difference spec-
tra in Figs. 2 and 3. But the changes in the difference
spectra in Fig. 3 as the photon energy is varied from
below to above the resonance energy give a more detailed
picture of the nature of the adsorption. The resonant
enhancement of the difference spectra is evident (i.e.,
nearly a twofold increase in intensity for the 62-eV spec-
trum compared to the 60-eV spectrum), indicating that
the difference spectra contain predominantly the changes
in substrate electronic structure arising from the reestab-
lishment of Co—0 ionic bonding on the surface upon ox-
ygen exposure, ' since the 3d final-state emission
features are the ones that resonate most strongly as the
photon energy is varied.

The changes in the UPS upon 02 exposure can be seen
in a somewhat different way in Fig. 4, which shows the
differences taken between spectra that are above and
below the resonance threshold for both ion-bombarded
and subsequently 02-exposed CoO(100) surfaces, and for
the cleaved CoO(100) surface. The shapes of all three
difference spectra are the same, since, no matter how
many different types of bonding are present on the sur-
face, this type of difference spectrum isolates the ionic
contribution. The overall intensity of the difference spec-
trum is reduced after ion bombardment of the cleaved
surface, indicative of a reduction in the number of ionic

V. DISCUSSION

A. Defect creation on CoO(100)

As has been discussed previously, the creation of 0-
vacancy defects on CoO(100) results in a decrease in the
degree of ionic bonding on the surface and the creation of
covalent cation-cation bonding at defect sites. ' The pos-
itive peak in the difference spectrum in Fig. 2 corre-
sponds to emission of electrons from the covalent bonds
at defect sites; thus it does not resonate as a function of
hv. The negative region corresponds to a decrease in all
types of electron emission as 0 ions are removed from the
surface, but since the spectra are taken at h v= 62 eV, the
largest contribution to the difference will be made by the
3d component of the final state, which is the only one
that is derived solely from the ionic 3d initial state. The
amplitude of the decrease in emission upon defect
creation is significantly larger than 4%, which is roughly
the fraction of 0 ions removed by ion bombardment.
The reason for this is that the removal of one 0 ion not
only eliminates its ionic bonds, but also changes the char-
acter of the bonding in the vicinity of the defect.

UJ
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FIG. 4. Comparison between the (62 eV —60 eV) photoemis-
sion difference spectra for the (a) cleaved, (b) 500 eV Ar+-ion-
bombarded, and (c) then 1000 L 02 exposed surfaces.
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Co—0 bonds on the defective surface. ' After 1000 L of
O2 exposure, the intensity of the difference spectrum for
defective CoO(100) increases, although it is never as large
as that for the cleaved surface, even though the band gap
emission associated with electrons localized at surface de-
fect sites has been eliminated. Thus Oz exposure has only
partially restored the ionic Co—0 bonding on the bom-
barded surface.

While the ultraviolet photoemission difference spectra
presented here clearly show that many of the 02 mole-
cules interact dissociatively with defect sites, becoming
0 species and therefore reestablishing some surface
Co +—0 ionic bonding, other types of chemisorbed
oxygen species are present as well. This can be seen in
UPS taken at lower photon energies where the cross-
section for 0 2p excitation is larger and where the struc-
ture in the valence band is better defined. Figure 5 com-
pares the photoemission spectra from cleaved CoO(100)
with that from the defective surface after exposure to 02
for hv=45 eV. Virtually all oxygen on the cleaved
CoO(100) surface consists of lattice oxygen having very
nearly an 0 configuration. The differences between the
two spectra can thus arise from two sources. Either some
of the adsorbed 0 species have a molecular orbital struc-
ture different than that of 0, or the disorder that
remains on the surface after ion bombardment causes
significant changes in the occupied density of states.
(Angle-dependent photoemission effects resulting solely
from changes in surface geometry should not be very pro-
nounced here since the spectra are semi-angle-integrated. )

While it is not really possible to separate these effects, the
fact that the differences in the two spectra in Fig. 5 occur
primarily in the region of the valence band that is dom-
inated by 0 2p orbitals (compare with Fig. 1) suggests the
presence of chemisorbed oxygen in states other than nor-

mal lattice 0 . The present data do not allow any more
definitive determination of the additional species ad-
sorbed except to note that it is probably not 0, since the
partially filled oxygen 2p orbital in 0 would presumably
give rise to some feature in the difference spectra only
slightly below the Fermi energy, and no such feature is
observed.

C. Comparison with other transition-metal oxides

The chemisorption of oxygen on the insulating
transition-metal oxides Ti02, ' and SrTi03, has been
observed to occur in at least two phases: the first phase
exhibits a large sticking coefficient for 02 exposures be-
tween 0 and —10 L, while a second phase, having a
much smaller sticking coefficient, occurs for higher 02
exposures. Similar two-phase oxygen chemisorption has
also been reported to occur on some heavy 3d transition-
metal oxides like NiO, CoO, Fe203, and MnO; howev-
er, the spectral distinction between various chemisorp-
tion phases on these oxides is less clear than that on Ti02
and SrTi03. In the present study, only a single phase of
chemisorbed oxygen is obtained for oxygen exposures be-
tween 0 and 1000 L. It is interesting to note that, in spite
of the differences in the electronic structure among NiO,
CoO, Fe203, and MnO, the chemisorption of oxygen on
these oxides generally results in similar difference spectra,
such as the one shown in Fig. 3 for low exposures, sug-
gesting a similar type of oxygen interaction for all of
these 3d transition-metal oxides.

In addition to the low-exposure regime addressed here,
02 chemisorption on transition-metal oxides for higher
oxygen exposures (e.g. , ~ 10 L) should also be investigat-
ed in detail using resonant photoemission. Even for light
3d-transition-metal oxides, where the first chemisorbed
phase is presumably understood, higher exposures yield
ultraviolet photoemission difference spectra that have
never been properly interpreted. A wide range of assign-
ments of adsorbed species exists in the literature; charged
species such as 03, 02, 02, and 0, and neutral
species like Oz, have all been considered previously for
high-exposure O2 chemisorption.

VI. SUMMARY

15 10 5 0
RELATIVE BINDING ENERGY (eV)

FIG. 5. Photoemission spectra (h v =45 eV) of cleaved
CoO(100) (solid curve), and for 1000 L oxygen exposure of the
bombarded surface (dashed curve).

The interaction of 02 with defective single-crystal
CoO(100) surfaces has been studied using synchrotron ra-
diation and resonance photoemission. The resonance
effects that occur as the photon energy is varied through
the cation 3p —+38 optical excitation threshold permit
separation of the changes in the electronic structure of
the substrate as a result of interaction with the adsorbate
from emission from the occupied molecular orbitals of
the adsorbed species. The slightly defective (i.e., reduced)
CoO(100) surface interacts strongly with 02 at room tem-
perature. Ultraviolet photoemission difference spectra of
the valence band region taken before and after O2 expo-
sure exhibits a 3d -like final-state resonant behavior,
which results from the reestablishment of Co—0 ionic
bonding on the surface upon 02 exposure. Although it is
concluded that most of the chemisorbed oxygen on the
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defective CoO surface exists as 0, the degree of ionic
Co—0 bonding on the surface only partially recovers
compared to that of the cleaved surface. The reduced
ionicity of the 02-exposed defective surface is attributed
to the presence of chemisorbed oxygen at defect sites in
phases other than lattice O
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