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Abstract

The reactivity of MgO(001) films deposited on Ag(001) and Mo(001) in CO oxidation as a
function of oxide film thickness was investigated experimentally at ambient pressure reaction
conditions. MgO films grown on Mo(001) were found to be inactive in CO oxidation,
whereas activity enhancement with decreasing oxide film thickness was observed for
MgO(001)/Ag(001). In-situ infrared and post-reaction X-ray photoemission data showed that
ultra-thin MgO films interact much more strongly with the reactants and residual water than
bulk-like MgO. Poisoning of the MgO surfaces by the resultant accumulation of carbonate
and hydroxyl species is suggested to inhibit the reactivity in CO oxidation. Detailed
investigations of the surface structure of MgO(001)/Ag(001) films indicate that silver adislands on Ag(001), which are formed during MgO growth, are responsible for the
enhancement of CO oxidation activity over ultrathin MgO(001)/Ag(001) films.
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1 Introduction

Metal oxide films grown on single-crystal metal substrates are well-accepted model systems
in fundamental heterogeneous catalysis research [1-4]. In a thickness regime where their
electronic and structural properties resemble that of the corresponding bulk material, they
represent suitable model supports for deposited metal clusters and particles, and allow the
properties of the substrate, metal particles and adsorbates to be studied in detail using standard
methods of surface science. On the other hand, oxide islands grown on metal substrates
(inverse catalysts) have been used for studying the specific effect of metal/oxide boundary
sites in catalysis [5-7]. Ultrathin oxide films range in-between these two extremes being films
of only a few monolayers (ML) thickness that completely cover the metal substrate. For those
ultra-thin films that are only weakly coupled to the metal substrate, the presence of the nearby
metal/oxide interface is expected to not perturb the properties of the film surface. However,
strongly coupled (e.g. due to hybridization of metal and oxygen states) metal/oxide systems
may give rise to unexpected physical and electronic properties [8], which are of potential
interest for catalysis [9].

Magnesium oxide (MgO) thin films grown on Mo(001)[10] and Ag(001)[11] have been the
subject of active research over the past 20 years. In particular, the film-thickness dependent
properties of these films have recently come under scrutiny. Early on it has been realized that
Ag(001)-MgO boundary sites are highly reactive and capable of dissociating water even in
ultrahigh vacuum (UHV) environment [12,13]. In 2001, Schintke et al. demonstrated that
MgO(001) films grown on Ag(001) exhibit bulk-like properties (e.g. a bulk-like band-gap)
when the MgO film-thickness is 3 monolayers (ML) [14]. However, Pacchioni and coworkers
have later shown that adsorbates on thin MgO films of 2-3 ML thickness might experience an
influence of the metal substrate underneath the oxide [15]. According to theoretical
predictions, the reduction of the metals´ work function by the deposited MgO film in
combination with adsorbates exhibiting a high electron affinity (e.g. Au atoms or Au clusters)
results in charge transfer from the metal to the substrate and stabilization of the charged
adsorbate by polaronic distortion within the oxide film and the formation of an image charge
within the metal substrate [15-17]. Scanning tunneling microscopy (STM) studies have later
confirmed the theoretical predictions [18-22].
Charge transfer from the metal substrate through the oxide thin film into an adsorbate may be
of importance in the activiation of molecules for catalytic reactions. As shown in the
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computational study of Zhang et al., activation of O2 molecules at the boundary sites of MgO
thin film-supported Au clusters leads to a significant lowering of the barrier for CO oxidation
[23]. Along the same lines, Hellman et al. proposed that CO oxidation on metal-supported
MgO thin films, where adsorbed oxygen molecules are stabilized as superoxide anions,
proceeds with lower activation barrier than on metal surfaces [24]. Experimental evidence for
the activation of molecular oxygen on MgO thin films was later provided in an electron spin
resonance investigation, where superoxide anions (O2−) were observed to spontaneously form
on 4 ML MgO(001)/Mo(001) upon O2 adsorption at low temperature [25].
While much of the initial interest in the particular properties of thin oxide films was focused
on MgO thin film systems, an experimental demonstration verifying the proposed
promotional effect of charge transfer through oxide films in catalytic reactions has been
presented for 1 ML FeO(111) films grown on Pt(111). Under oxygen-rich CO oxidation
reaction conditions, FeO(111)/Pt(111) was reported to be at least 5 times more active in lowtemperature CO oxidation than the Pt(111) substrate [26]. The active phase in this catalytic
system was found to be an O-Fe-O sandwich layer, which forms by activation of adsorbed
oxygen via charge transfer from the metal substrate and subsequent dissociation and
incorporation of oxygen into the FeO lattice under high oxygen chemical potentials [27].
While several other oxide/metal combinations have meanwhile been tested for enhanced
catalytic activity in CO oxidation [28], experimental verification of the promotional effect of
a metal support in CO oxidation over ultra-thin MgO films is still lacking.
In this study, we examined the activity of thin MgO films grown on Ag(001) and Mo(001) as
well as of the bare metal substrates in CO oxidation at ambient pressure reaction conditions.
Our results show that Mo(001) and MgO thin films grown on Mo(001) are inactive in CO
oxidation under the reaction conditions applied in this study. An enhancement of CO
oxidation activity with decreasing MgO film thickness is seen for films deposited on Ag(001).
Our investigation of the growth mode of MgO films on Ag(001) and post-reaction surface
characterization shows how careful one has to be not to jump to conclusions without a
detailed knowledge of the surface properties of these samples.

2 Experimental section

The experiments were carried out within a UHV chamber system consisting of a
preparation/analysis chamber equipped with standard tools for single-crystal and thin film
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preparation, a low-energy electron diffraction (LEED) apparatus, a quadrupole mass
spectrometer for temperature programmed desorption (TPD) experiments, and a dual-anode
X-ray source and a hemispherical electron analyzer for X-ray photoelectron spectroscopy
(XPS). An UHV-elevated pressure cell connected to the bottom of the main UHV chamber,
which is equipped with CaF2 windows for optical access of the sample to infrared radiation,
allows to record in-situ infrared reflection absorption (IRA) spectra at up to 1 bar total
pressure. The single-crystal samples were mounted on a manipulator, which served to transfer
the sample between the preparation chamber and the elevated pressure cell. The samples
could be heated in UHV up to 1400 K via resistive heating, or cooled to 90 K using liquid
nitrogen.
MgO thin film preparation. The double-side polished Ag(001) and Mo(001) disks used as
substrates were cleaned by repeated sputter/anneal cycles. The Mo(001) crystal was
additionally oxidized to remove carbon residues from the surface. The long-range order and
cleanliness of the samples were verified with LEED and XPS. MgO(001) thin films of various
thickness were grown on the metal single-crystal substrates by reactive deposition of Mg in a
1×10−6 mbar oxygen background and at a substrate temperature of 573 K. The deposited
amount of Mg was calibrated using a quartz micro-balance.
Reactivity studies. We examined the reactivity of MgO(001) thin films grown on Ag(001) and
Mo(001) as well as of the bare metal single-crystal substrates in the CO oxidation reaction at
elevated pressure in a stoichiometric (CO:O2 = 2:1) reaction mixture within the UHV-elevated
pressure cell. Typically, the freshly prepared samples were pre-annealed at 673 K in UHV in
the elevated pressure cell and a background IR spectrum was recorded after cool-down to
room temperature (RT). The reaction gases (5 mbar CO and 2.5 mbar O2, balanced by He to
1000 mbar total pressure) were then introduced at RT and IRA spectra were taken at defined
intervals during heating the sample from RT to 423 K at a constant heating rate of 1 K/min.
During the reaction, the gas mixture was mixed with a gas circulation pump. The integrated
area of the gas-phase IR absorption signal of CO2 evolving during the CO oxidation
experiments was taken as a measure for the catalytic activity of the samples.
Additional characterization. Additional surface characterization of MgO(001)/Ag(001) thin
film samples was carried out in separate UHV chambers: Low-energy ion scattering (LEIS)
experiments were carried out within a chamber housing a hemispherical electron analyzer and
an ion gun (Eprim(He+) = 1 keV). A home-built low-temperature scanning tunneling
microscope (STM) operated at liquid He temperature was used for morphological
characterization of MgO(001)/Ag(001) ultrathin films. Surface sensitive photoemission data
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from the films were obtained at the synchrotron radiation facility (beamline UE52) of
Helmholtz-Zentrum, Berlin.

3 Results and Discussion

3.1 Catalytic tests

CO oxidation over bare Ag(001) and Mo(001) surfaces

Prior to studying thin metal-supported MgO films, the bare metal single-crystal surfaces used
as substrates for MgO film growth have been examined with respect to their activity in CO
oxidation. In Figure 1a we present an IRA spectrum taken at 300 K from Ag(001) after
introduction of the reaction mixture (5 mbar CO, 2.5 mbar O2, balanced by He to 1000 mbar
total pressure) (dotted line), which is dominated by the gas-phase absorption of CO centered
at 2143 cm-1. After heating the Ag(001) crystal in the reaction environment to 423 K, a
second absorption signal at 2350 cm-1 typical of gas-phase CO2 has evolved (see red curve in
Figure 1a), indicating CO oxidation activity of Ag(001). Silver is known to be active in
selective oxidation reactions and the contribution of different surface and subsurface oxygen
species to the catalytic activity has been studied in detail in the past [29,30]. Post-reaction
XPS analysis of our Ag(001) sample indeed provided some evidence for the presence of
oxygen (Figure 1c) and a corresponding small contribution of Agδ+ species on the Ag(001)
surface (Figure 1b). According to previous studies, the main O 1s species observed in this
work, which exhibits a binding energy (BE) of 530.3 eV, is assigned to electrophilic oxygen
(Oα3 in Ref. [29]), while the smaller contribution with a O 1s BE of 529.3 eV falls within the
BE range reported for oxide-like species at steps (Oα2 in Ref. [29]).
In contrast to Ag(001), the Mo(001) substrate is completely inactive under the experimental
conditions applied, as indicated by the lack of a CO2 gas-phase signal in the corresponding
IRA spectra (Figure 1d). The post-reaction XPS analysis indicates that the Mo(001) surface
becomes oxidized during exposure to the reaction mixture. In comparison to the clean
Mo(001) substrate, which gives rise to a single Mo 3d doublet exhibiting a Mo 3d5/2 BE of
228.0 eV, which corresponds to metallic Mo, the Mo 3d spectrum of the reacted sample
consists of three individual Mo 3d doublets with 3d5/2 BE´s of 228.0 eV (Mo0), 229.4 eV
(Mo4+) and 232.2 eV (Mo6+), respectively (Figure 1e) [31,32]. The presence of contributions
in the O 1s region (Figure 1f) supports the conclusion that the surface of the Mo substrate
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becomes oxidized in the presence of the reaction mixture. CO oxidation over Mo-oxides
proceed via a Mars-van-Krevelen mechanism, according to which surface oxygen species are
converted by CO to CO2 and the vacant oxygen sites are replenished by dissociative
adsorption of molecular oxygen. The activation energy of the catalytic CO oxidation over
Mo-oxides is high and significant turn-over is observed only if the reaction temperature
exceeds 600 K [33,34]. Because of experimental limitations, the samples used in the present
study could not be heated above 423 K in the presence of the reaction mixture. This explains
the observed lack of CO oxidation activity.

Figure 1. a) IRA spectra taken from Ag(001) in the presence of the reaction mixture (5mbar CO, 2.5 mbar O2,
balanced to 1000 mbar by He) at room temperature (dotted black line) and at 423 K (solid red line). b) Ag 3d
photoemission spectra (circles) and results of fits to the spectra (solid lines) for clean Ag(001) (top) and taken
after exposure to CO oxidation conditions (bottom). c) O 1s photoemission spectrum of Ag(001) taken after
exposure to CO oxidation conditions. d)-f) are similar to a)-c), but for Mo(001).
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CO oxidation over metal-supported MgO films
The amount of gas-phase CO2 evolved during heating Ag(001) and MgO(001)/Ag(001) films
of different thickness (from 2 ML MgO to 50 ML MgO) in the presence of the CO/O2 mixture
is presented in Figure 2a. We note the similar thermal behavior of the various samples with
onset of CO2 production at 350 K. The results are summarized in Figure 2b, where we plot the
total amount of CO2 produced during the reaction as a function of the MgO film thickness.
Among the samples studied, the bare Ag(001) surface exhibited the highest activity in CO
oxidation, followed by the 2 ML and 5 ML thin MgO(001)/Ag(001) films. The 10 ML and 50
ML MgO(001)/Ag(001) films exhibited the lowest, albeit similar, CO oxidation activity. For
comparison, we show in Figure 2c the activity results for MgO(001)/Mo(001) thin films. In
contrast to MgO(001)/Ag(001), both the ultra-thin (3 ML) and the thick (30 ML) MgO film
samples were essentially inactive in CO oxidation (note the different scaling of the ordinates
in Figure 2b and Figure 2c).

Figure 2. a) Evolution of CO2 (displayed as integrated intensity of the CO2 gas-phase IR absorption) during CO
oxidation conditions (5 mbar CO, 2.5 mbar O2) as a function of heating temperature for Ag(001) and
MgO(001)/Ag(001) thin film samples of different MgO film thickness. b) Summary of the MgO film thicknessdependent CO oxidation activity (integrated CO2 gas-phase absorption at 423 K) for MgO thin films grown on
Ag(001). c) Summary of the MgO film thickness-dependent CO oxidation activity for MgO thin films grown on
Mo(001).

An explanation for the constant CO oxidation activity observed for thick (10 ML and 50 ML)
MgO(001) films on Ag(001) can be provided by considering the sample geometry of the
Ag(001) single-crystal used in this study. It is a disc-shaped sample with a diameter of 10 mm
and a thickness of 2 mm. MgO films were grown on the polished top and bottom plane of the
disc, while its lateral surface, which contributes about 30 % to the total surface area, cannot be
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covered by MgO and remained largely bare Ag. Taking into account that the lateral surface is
non-polished and exhibits a high degree of roughness and defectiveness, it is easily
conceivable that its contribution to the overall CO oxidation activity of the Ag(001) sample is
40 % (grey shaded area in Figure 2b). The presence of bare Ag on the lateral surface can,
however, not explain the increased CO oxidation activity of ultra-thin (< 10 ML)
MgO(001)/Ag(001) films, since its contribution does not depend on the thickness of the films.

It would be tempting to attribute the observed activity enhancement for ultra-thin MgO films
grown on Ag(001) compared to thick films to the film thickness-dependent activation of
oxygen as proposed in computational studies [24]. However, since Ag(001) is the most active
catalyst among the samples studied in this work, and MgO films grown on Mo(001) are
shown to be completely inactive in CO oxidation, alternative explanations for the
experimental observations need to be considered as well. In particular, the possible role of
reaction site poisoning due to a strong interaction of the reactants with the surfaces under
elevated pressure conditions and the influence of surface irregularities introduced during MgO
film growth need to be carefully examined. In the following sections we present results of a
detailed surface characterization study of MgO(001)/Ag(001) thin films, which suggest that
these additional parameters strongly influence the reactivity of MgO thin-film samples.

3.2 Poisoning

As demonstrated recently, superoxide anions, which represent the activated form of molecular
oxygen in the computationally proposed CO oxidation mechanism over thin MgO films,
spontaneously form on 4 ML MgO(001)/Mo(001) surfaces upon adsorption of O2 at low
temperature under UHV conditions [25]. According to computational results, the activation
barrier for the reaction of the superoxide intermediate with CO on regular MgO(001) terrace
sites is small (0.3 eV), and the formation and subsequent release of CO2 is energetically
preferred over carbonate formation [24]. Real MgO thin film surfaces exhibit in addition to
regular terraces a number of defect sites such as low-coordinated step, kink, and corner sites
(as well as MgO-Ag interface sites), where carbonate may more easily be formed or stabilized
and thus lead to reaction site poisoning. In addition, thin MgO(001)/Ag(001) films are highly
reactive towards water and become hydroxylated even under UHV conditions through
interaction with residual water molecules in the chamber [12].
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Evidence for carbonate and hydroxyl contamination of the MgO(001)/Ag(001) films used in
our experiments comes from IRAS and XPS data. As shown in Figure 3a, where we present
IRA spectra taken from MgO(001)/Ag(001) thin film samples after admission of the reaction
mixture at room temperature (black curves) and at 423 K during the reaction (red curves),
vibrational bands appear at ~1390-1420 cm-1 and 1223 cm-1, which are assigned to the
symmetric OCO stretch and the COH bending modes of bicarbonate species, respectively.
This assignment is supported by the simultaneous appearance of an OH vibration at 3629 cm-1
(data not shown). A clear preference for the formation of bicarbonate on the thinner
MgO(001)/Ag(001) films is evident based on the observed IR intensities. While this surface
species is stable throughout the reaction on thick films (10 ML and 50 ML MgO), a partial (5
ML MgO) or complete (2 ML MgO) transformation into a carbonate species characterized by
a vibrational mode at 1565 cm-1 is observed on the thinner films.

Figure 3. a) IRA spectra of MgO(001)/Ag(001) thin films of different thickness taken after admission of the
reaction mixture (5 mbar CO, 2.5 mbar O2, balance by He to 1000 mbar) at room temperature (black curves), and
during CO oxidation reaction at 423 K (red curves). b) O 1s photoemission spectra of clean MgO(001)/Ag(001)
thin films of different thickness (black curves) and of the same films after CO oxidation reaction (red curves).

Formation of bicarbonate species requires the simultaneous presence of CO, O2 and water or
hydroxyls on the surface of the films. The O 1s XPS data displayed in Figure 3b show that the
surfaces of pristine MgO films are essentially free of hydroxyls in UHV (black curves; only
one O 1s signal around 530 eV, which is assigned to the oxide anions of MgO, is observed
irrespective of film thickness; the shift of the O 1s peak to higher binding energy with
increasing film thickness has been observed and described previously [35]). In the postreaction O 1s XP spectra (Figure 3b, red curves), in particular of the ultrathin films,
significant spectral changes are seen compared to the corresponding clean state, which point
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to a chemical modification of the films´ surfaces during the reaction. In the case of the 2 ML
MgO(001)/Ag(001) thin-film sample, a second O 1s signal with a binding energy of 531.7 eV,
which consists of O 1s contributions from carbonates and hydroxyls, can be clearly detected.
This signal is present as a shoulder on the high binding-energy tail of the main O 1s signal of
5 ML MgO(001)/Ag(001), but is hardly discernible in the spectra of the thicker films,
resembling the different reactivity of ultra-thin and thick MgO films. Although particular care
was taken to dose the reaction gases into the reaction cell as clean as possible, water
contamination of the MgO film surfaces could not be completely avoided under reaction
conditions. Obviously, minuscule amounts of residual water adsorbed on the walls of the
UHV chamber, which are released into the gas-phase upon filling the reaction cell with the
reactant gases, and the high reactivity of ultra-thin MgO films toward water dissociation are
responsible for the build-up of hydroxyl contamination.
Together, the IRAS and XPS data presented in Figure 3 show that ultra-thin
MgO(001)/Ag(001) films are significantly more reactive than bulk-like MgO, which makes
their surfaces highly susceptible for surface poisoning in the reaction gas environment. This
applies also to ultra-thin MgO(001)/Mo(001) samples, where qualitatively similar results have
been obtained (not shown). We suggest that in our experiments poisoning is the main reason
for the lack of reactivity of ultra-thin MgO films in CO oxidation according to the reaction
mechanism proposed computationally, and that the enhancement of CO oxidation activity
observed for ultra-thin MgO(001)/Ag(001) films (Figure 2b) must be attributable to a
different mechanism. Next, we provide evidence that MgO(001)/Ag(001) thin films expose a
significant amount of Ag, which most likely accounts for the observed activity enhancement.

3.3 Evidence for exposed Ag on MgO(001)/Ag(001) thin film samples

We investigated MgO(001)/Ag(001) films with surface-sensitive methods that allow us to
directly probe the Ag surface contribution and to quantify the amount of Ag on the surface of
MgO films of different thickness. Low-energy ion scattering (LEIS) is perfectly suited for this
purpose because it allows the elemental composition of exclusively the outermost atomic
layer of the samples to be determined. In Figure 4a, we present LEIS spectra taken from the
clean Ag(001) surface as well as from MgO(001)/Ag(001) samples with a nominal MgO film
thickness ranging between 1.5 ML and 25 ML. Intensity of scattered He ions is observed from
the individual samples at normalized energy losses of E/E0 = 0.84, 0.54 and 0.40, which,
taking the scattering geometry into account and with E0 = 1 keV used in this study, can be
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attributed to He ion scattering from Ag, Mg and O, respectively. The results show that, except
for clean Ag(001), the Mg and O contributions scatter only slightly around a constant value,
which is expected for surfaces that are mainly terminated by MgO. For a perfect layer-bylayer MgO film growth, the Ag contribution would be expected to disappear along with
completion of the first monolayer of MgO. By contrast, we find a steady attenuation of the Ag
surface contribution with increasing MgO film thickness. In fact, the Ag signal is clearly
detectable on MgO films with a thickness of up to 10 ML, and disappears only for the thickest
film investigated in this study (25 ML MgO).

Figure 4. a) Low-energy ion scattering spectra of Ag(001) and MgO(001)/Ag(001) thin films of different MgO
film thickness. b) 18O2 (m/z+ = 36) desorption from Ag(001) and MgO(001)/Ag(001) thin films of different MgO
film thickness during a temperature-programmed desorption experiment following a saturation coverage of 18O2
at 90 K. c) Relative area of exposed Ag (referenced to clean Ag(001)) on MgO(001)/Ag(001) films as a function
of the MgO film thickness calculated from the data presented in a) and b).

To confirm the results of the LEIS experiments, we studied the adsorption of molecular
oxygen, which forms a stable, chemisorbed molecular adsorbate on Ag(001) below 150 K
[36]. Figure 4b shows the results of temperature-programmed desorption (TPD) experiments
following adsorption of a saturation dose of

18

O2 at 100 K on Ag(001) and

MgO(001)/Ag(001) samples with a nominal MgO film thickness of 3 ML, 7 ML and 20 ML,
respectively. In agreement with previous studies, 18O2 desorbs from the clean Ag(001) surface
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at 150 K [37]. As expected from the results of and in accordance with the LEIS data clear 18O2
desorption signals, although attenuated, are detected also from the MgO(001)/Ag(001)
samples exhibiting a nominal MgO film thickness of 3 ML and 7 ML. The adsorption of
oxygen is completely blocked in the case of 20 ML MgO(001)/Ag(001) as indicated by the
lack of the sharp desorption peak at 150 K for this sample. Increasing background

18

O2

desorption from all MgO(001)/Ag(001) samples is observed in the temperature interval
between 100 K and 200 K, which most likely originates from 18O2 adsorption at defect sites of
the MgO surface.
The results of the LEIS and

18

O2-TPD experiments are summarized in Figure 4c. This plot

displays the area of exposed Ag on the MgO thin film samples, relative to that of the clean
Ag(001) surface, as a function of the nominal MgO film thickness. (The various contributions
were determined from the integrated peak areas of the corresponding Ag-LEIS and 18O2-TPD
signals). There is overall very good agreement between the two independent methods of
analysis with respect to the concentration of Ag on the surface of the samples. The data
clearly shows that a considerable fraction of the surface of MgO(001)/Ag(001) samples with a
nominal MgO thickness below 10 ML consists of exposed Ag, and that the amount of
deposited MgO must exceed a nominal coverage of 20 ML in order to ensure complete
covering of the Ag substrate.
3.4 Nature of exposed Ag on MgO(001)/Ag(001) samples
While the experiments reported in the previous section give strong evidence of the presence
of exposed Ag on MgO(001)/Ag(001) thin films, the results do not provide a conclusion about
the nature of exposed Ag on these samples. Several possibilities exist, including (i)
incomplete coverage of the Ag(001) substrate by the MgO film, (ii) nucleation of Ag adparticles on the surface of the MgO films, (iii) embedding of Ag atoms or Ag particles in the
MgO film, or (iv) growth of Ag ad-islands of several nanometer height on the Ag(001)
surface during MgO film growth. In order to shed more light on this aspect, we re-examined
the morphology of MgO grown on Ag(001) with scanning tunneling microscopy (STM).
STM images of MgO monolayer-islands formed by deposition of ~ 0.5 ML MgO on Ag(001)
are presented in Figure 5a. The two images were recorded from the same area of the sample,
but with different bias voltage: + 3 V (top) and + 1 V (bottom). MgO islands appear with
enhanced contrast at the more positive sample bias (Figure 5a, top) due to tunneling through
the empty conduction band states of MgO. The MgO islands are square-shaped and regularly
distributed over the Ag(001) surface, in agreement with previous studies [38-40]. At a bias
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voltage of + 1 V the tunneling probability through MgO is significantly reduced and the
morphology of the Ag(001) surface underneath becomes more apparent (Figure 5a, bottom).
These images reveal a strong modification of the Ag(001) surface upon MgO deposition:
Regular, straight Ag(001) steps are hardly observed and MgO islands near steps appear to be
embedded in the Ag layer. As noted in Ref. [38], Ag ad-atom diffusion at the elevated
substrate temperature employed during MgO film growth is responsible for the observed
morphological changes of the Ag(001) surface.

Figure 5. a) Low-temperature (5 K) STM micrographs (75 nm × 35 nm) of MgO monolayer-islands grown on
Ag(001). The two images display the same area of the sample. The top image was recorded at a sample bias of
Us = +3.0 V, and the bottom image was recorded at Us = +1.0 V. b) Low-temperature (5 K) STM micrograph
(100 nm × 100 nm, Us = 3.5 V) of a 4 ML MgO(001)/Ag(001) sample. Large bright spots in the image are
identified as Ag islands. The height profile of one of the islands is shown below the STM image. c) Model
showing that Ag ad-islands nucleate on the Ag(001) surface rather than on the surface of the MgO thin-film.

The STM results of Figure 5a are essentially identical to those reported by Schintke and
Schneider and in agreement with findings of Valeri et al. [41]. Schintke and Schneider further
noted that rather large islands of several nanometers height were observed on all
MgO(001)/Ag(001) samples [38]. This statement is corroborated by our own observations on
thicker MgO(001)/Ag(001) films. Figure 5b presents an STM image of a 4 ML
MgO(001)/Ag(001) film showing flat, rectangular-shaped MgO(001) terraces and islands. In
addition, a few bright features of several nanometers in diameter and up to 3 nm in height are
seen in this image (as an example, we show the height profile of one of these features in the
lower part of Figure 5b). Imaging at different bias voltages revealed that these features display
no particular bias dependence, in contrast to the MgO-related structures. Therefore, they can
be attributed to metallic Ag ad-islands, which are most likely formed during the early stages
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of MgO growth when the first deposited monolayer of MgO is being completed. At this stage
the individual MgO ad-islands grow in size and leave less space for diffusing Ag ad-atoms,
which then agglomerate into larger islands and grow in height. This model suggests that the
Ag ad-islands are in direct contact with the Ag(001) substrate instead of being nucleated ontop of the MgO thin film as supported nanoparticles (Figure 5c). Assuming that the islands are
formed during the growth of the first one or two monolayers of MgO on Ag(001) and that
they are stable throughout further growth, we estimate that an MgO amount equivalent to
about 10-15 ML is required to completely cover the Ag ad-islands (the thickness of 1 ML
MgO is 0.21 nm), in good agreement with the data presented in Section 3.3.
In order to corroborate the conclusions of the STM results we provide Figure 6, which shows
synchrotron radiation excited Ag 3d photoemission spectra from Ag(001) and 15 ML
MgO(001)/Ag(001), respectively. The spectra were taken at a photoelectron emission angle of
80° and a photoelectron kinetic energy of ~ 100 eV, i.e. at extreme surface sensitive
conditions where the outermost 1-2 atomic layers of the surface are predominantly probed.
The presence of a clear Ag 3d signal with a Ag 3d5/2 binding energy (BE) of 368.3 eV from
15 ML MgO(001)/Ag(001) points to the presence of Ag in the surface and near-surface region
of this sample. From intensity analysis, the surface concentration of Ag on the
MgO(001)/Ag(001) sample was calculated to be in the range of 0.3 – 3 atom-%, which is in
reasonable agreement with the LEIS and 18O2-TPD data presented in Figure 4.

Figure 6. Synchrotron Ag 3d photoemission spectra of clean Ag(001) (bottom) and 15 ML MgO(001)/Ag(001)
(top) recorded with a photon energy of 470 eV and a photoelectron emission angle of 80° with respect to the
surface normal. Characteristic loss peaks due to plasmon excitation are indicated.

In addition, we note that characteristic loss features are observed for the two samples at ∆BE
= 3.8 eV for Ag(001) and at ∆BE = 3.2 eV for MgO(001)/Ag(001). The 3.8 eV loss results
from excitation of the well-known Ag surface plasmon characteristic for extended silver
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surfaces as well as supported Ag nanoparticles, whereas the 3.2 eV loss is due to excitation of
an MgO-Ag interface plasmon [42]. The absence of a surface plasmon loss peak in the case of
the 15 ML MgO(001)/Ag(001) sample suggests that a large fraction of the Ag ad-islands´
surface is in contact with MgO, rather than with vacuum (Figure 5c), which renders the
presence of Ag particles nucleated and located on-top of the MgO surface unlikely. (Note that
because of the small escape depth of the photoelectrons, we exclude that the observed
plasmon loss peak originates from the interface between the extended Ag(001) substrate and
the MgO overlayer.) We further note that the 3d core-level binding energies of Ag in the 15
ML MgO(001)/Ag(001) film and of Ag from the clean Ag(001) surface are identical. This
observation suggests that Ag in MgO(001)/Ag(001) is in direct electrical contact with, rather
than isolated from, the Ag(001) substrate. For isolated Ag ad-particles we would expect to
observe a shift of the core-level binding energy to higher values relative to bulk Ag due to
reduced screening of the core-hole in small particles.
Thus, our STM and XPS results corroborate the proposed model explaining the occurrence of
Ag on thin MgO films by MgO growth-induced agglomeration of mobile Ag ad-atoms into
islands of about 2-3 nm height. Neither STM nor XPS provides indications for the presence of
individual, isolated Ag adatoms or small clusters embedded in the film or supported on the
film surface. Therefore, local techniques such as STM will be well-suited for probing the
properties of thin MgO(001)/Ag(001) films, as long as scanning in areas with Ag ad-islands is
avoided. On the other hand, the results of studies using non-local techniques need to be
treated with caution, since the presence of Ag or Ag-MgO interfaces may alter the reactivity
of the thin-film sample (as shown here for CO oxidation), and give rise to additional,
misleading spectral information.

One aspect that requires attention concerns the use of these films as model substrates for the
growth of metal nanoparticles. To inform ourselves to what extent this is affected by the nonideal MgO growth, we examined the nucleation of gold on thin MgO films as a function of
film thickness. In Figure 7, we report IRA spectra taken from clean Ag(001) and various
MgO(001)/Ag(001) samples following deposition of 0.04 ML Au and subsequent dosing with
CO at 100 K. Since CO binds neither to Ag nor MgO at this temperature, the CO signals
observed in the IRA spectra result exclusively from CO bound to Au. CO adsorption on Au
deposited on the clean Ag(001) surface, which serves as a reference for the subsequent
experiments with MgO(001)/Ag(001) films, gives rise to a single, sharp CO-IR band at 2098
cm-1. The same band appears also in the IRA spectra recorded from the 1 ML and 2 ML
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MgO(001)/Ag(001) films, along with bands at ~2120 cm-1 and ~2160 cm-1, which are
attributed to CO adsorbed on MgO-supported Au clusters (see Ref. [43] for the assignment of
these bands). For 3 ML MgO and thicker films, the band at 2098 cm-1 could not be observed,
despite the presence of a significant fraction of exposed Ag on MgO(001)/Ag(001) films with
a nominal MgO layer thickness of < 10 ML, as shown in the previous section. We conclude
from this result that the exposed Ag spots are sufficiently small and widely separated on MgO
films thicker than 2 ML MgO(001) such that at low deposition temperature, where diffusion
lengths of Au ad-atoms are short, direct gold adsorption on, and diffusion of Au ad-atoms to
exposed Ag is negligible. However, we do not exclude the possibility that at elevated
temperatures, due to enhanced diffusion, some deposited metal particles would be able to
diffuse to the exposed Ag areas and finally dissolve in the Ag(001) substrate.

Figure 7. IRA spectra of CO adsorbed on 0.1 ML gold deposited on Ag(001) and MgO(001)/Ag(001) films of
different MgO film thickness.

3.5 Catalytically active species in CO oxidation over MgO(001)/Ag(001) films

The results presented above suggest that exposed Ag is mainly responsible for the observed
catalytic activity over MgO(001)/Ag(001) films under the CO oxidation conditions applied in
this study. The non-covered lateral surface of the Ag single-crystal contributes a constant
background activity to all samples, while exposed Ag ad-islands formed during MgO growth
on Ag(001) are likely responsible for the enhanced CO oxidation activity of ultra-thin
MgO(001)/Ag(001) films. The correlation between CO oxidation activity and the fraction of
exposed Ag on samples of various MgO film thickness is presented in Figure 8. The Ag
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surface concentration data were taken from the Ag-LEIS and 18O2-TPD results, Figure 4, and
the CO oxidation activity data, taken from Figure 2b, is displayed as relative activity, which
was calculated after subtraction of the constant background activity of the lateral crystal
surface (grey-shaded area in Figure 2b) and using the activity of Ag(001) as reference. We
note a positive deviation of the relative CO oxidation activity from that expected based on the
area of exposed Ag. Since ultrathin MgO(001)/Mo(001) films were found to be completely
inactive in CO oxidation (Figure 2c), we exclude that this deviation is the result of the
intrinsic activity of ultrathin MgO(001)/Ag(001) films. Instead, we conclude that this effect is
due to the enhanced specific activity of the Ag ad-islands formed during MgO film growth
compared to that of the planar Ag(001) surface.

Figure 8. Correlation between MgO thickness dependent CO oxidation activity (red, relative to the CO oxidation
activity of Ag(001) and after subtraction of the background activity of the non-covered later surface of the
Ag(001) single-crystal sample) and the area of exposed Ag on thin MgO(001)/Ag(001) films (relative to
Ag(001)) obtained from LEIS (blue) and 18O2-TPD (black) experiments. The shaded area indicates that the
specific activity of Ag ad-islands formed during MgO growth is higher than that of the Ag(001) surface.

4 Conclusion

In this study we have shown that no promotional catalytic effect is found for ultra-thin MgO
films grown on Ag(001) and Mo(001) in CO oxidation carried out under ambient-pressure
reaction

conditions.

The

enhancement

of

CO

oxidation

activity

on

ultra-thin

MgO(001)/Ag(001) can readily be explained by the catalytic activity of Ag, which remains
exposed on these samples. Detailed investigations of the growth and surface structure of
MgO(001)/Ag(001) films suggest that Ag ad-islands are formed on the Ag(001) surface
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during the initial stage of MgO growth. The Ag ad-islands are about 2-3 nm in height and the
deposited amount of MgO required for their complete covering must exceed 15 ML.
We want to point out that the lack of intrinsic activity of thin MgO films in CO oxidation
under elevated pressure conditions does not disprove previous theoretical and (mainly UHV)
experimental studies that provided evidence for the occurrence of charge transfer through
ultra-thin MgO films required for the activation of molecular oxygen on the MgO thin film
surfaces, but might to some extent be associated with surface poisoning under the elevatedpressure reaction conditions employed in the present study. Indeed, we found a strong
interaction of ultra-thin MgO(001)/Ag(001) films with the reaction gases (CO, O2, residual
water), resulting in surface functionalization by carbonates and hydroxyls. While poisoning of
the surface is most likely responsible for the lack of intrinsic activity of supported MgO thinfilms in CO oxidation, it also is a manifestation of the enhanced chemical activity of ultra-thin
MgO(001) films compared to bulk-like MgO.
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