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Abstract
This paper reports and discusses some of our recent advances in surface science research on a silica film supported on a 
Ru(0001) substrate. This system is unique, as the silica is bound to the metal surface by dispersive forces only, and thus opens 
the possibility to study reactions in the confined space between the metal substrate and the silica film, acting as a permeable 
membrane. We demonstrate that this system allows for detailed insights into the complexity of reactions in confined space, 
including phenomena due to the response of the confined space to the presence of the reactants, and direct comparison to 
the situation when the same reaction occurs in open space.
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1  Introduction

Model studies in heterogeneous catalysis, based on surface 
science techniques, have been instrumental to reach a basic 
understanding of processes and reactions at solid surfaces 
at the atomic level [1, 2]. Starting from nanoparticles and 
clusters in the gas phase, as the least complex species, via 
single crystalline metal surfaces, those studies have been 
developed to study single crystalline metal oxide surfaces, 
i.e. epitaxially grown single crystalline metal oxide thin 
films, as models for catalysts supports and increasing the 
complexity to deposit and grow metal nano particles on 
those model supports to approach the complex structure 
and morphology of real catalysts [3–7]. Those systems 
may be studied with surface science techniques to study the 
connection between geometric and electronic structure and 
their relation to reactions at those open surfaces. In order 
to provide more information on supported nanoparticles 

new techniques are being developed. For instance, a 
technique termed Surface Action Spectroscopy (SAS) has 
recently been developed [8], based on ideas established in 
gas phase metal cluster studies, where rare gas messengers 
are attached to clusters and infrared laser radiation is 
used to detach those and record the desorbing rare gas by 
mass spectrometry as a function of laser frequency. This 
provides information on the vibrational spectrum, and, in 
comparison to calculations determine the structure. Such 
techniques are under development but provide a perspective 
for future studies [9]. However, there are many important 
heterogeneously catalyzed reactions, such as those catalyzed 
by zeolites and molecular organic frameworks (MOFs), 
where the reactions occur within the volume of the catalysts 
in confined space [10, 11]. Here the possibility to contribute 
basic understanding using surface science techniques is 
rather limited at first sight.

In recent years, however, efforts have been started to 
investigate molecular adsorption and intercalation between 
metal surfaces and weakly bound overlayers, such as 
graphene, hexagonal-Boron-Nitrides (h-BN), but also 
within carbon nanotubes, mainly initiated and reviewed by 
Fu, Bao [12, 13] and others [14]. Our group had worked in 
this direction by using thin silica layers on single crystal 
metal surfaces [15]. There is a modification of silica, i.e. 
a silica bilayer, which is only bound to the metal substrate 
by dispersive forces, thus leaving the space between metal 
surface and silica film accessible for reactions [16]. We 
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have studied the intercalation of CO between the silica 
bilayer and a Ru(0001) surface [16]. Figure 1 shows some 
schematic structures of samples studied. The graphene and 
h-BN samples expose openings through their hexagonal 
carbon and boron-nitride structures, which are too small for 
molecules, such as CO, to penetrate. However, it is obvious 
that the carbon and boron-nitride materials come in flakes 
or islands and allow for intercalation from the island edges. 
The silica ring openings, though slightly larger, might 
allow for CO penetration. Nevertheless, in order to mimic 
the situation found in the above-mentioned zeolites, where 
the reactants diffuse to the reaction site through a, mostly, 
silica membrane, a model system fulfilling the requirements 
is needed. As we will explain in the following this can be 
achieved employing the bilayer-silica/Ru(0001) system, 
using hydrogen as the molecule to permeate the membrane 
to start the reaction with adsorbed oxygen on the metal 
surface to form water.

2 � Model Systems to Approach the Study 
of Reactions in Confined Space

Before we discuss the results on reactivity measurements 
[18, 19], we will elaborate on the structure of the bilayer 
silica film, which is a prerequisite to understand our 
approach. The studies started about 13 years ago [16], and 
a summary, of what has been achieved so far, has recently 
been published in a review paper [20]. Figure 2 shows two 
large scale scanning tunneling microscopy (STM) images 
of the bilayer film, exposing in Fig. 2a (left) the crystalline 
and in Fig. 2a (right) the vitreous phase. Figure 2b shows 

a comparison of crystalline and vitreous phase at higher 
resolution, and reveals Si–O hexagonal rings formed from 
SiO4 tetrahedra, as shown by a schematic of the bilayer film 
in its crystalline form in Fig. 3a, also indicating, that there 
is no chemical bond between the film and the substrate. 
The vitreous film differs from the crystalline film only by 
the distribution of various ring sizes, ranging from four to 
nine membered rings. In addition to the bilayer film, there 
is also a monolayer film (Fig. 3b), which, in contrast to 

Fig. 1   Presentation of 
materials, where confined 
catalytic reactions are being 
discussed. a Pores in metal 
loaded zeolites, metal loaded 
carbon nanotubes, intercalation 
between a metal surface and 
2D cover [13]. b Low energy 
electron micrographs of 
graphene flakes on Pt(111) to 
study CO oxidation. Wrinkles 
in the flakes, where CO may 
enter the flake between 2D 
materials and metal surfaces are 
marked with an arrow [12, 17]. 
c Interplay between nanotube 
diameter and the size organic 
educt and product molecules to 
determine selectivity [14]. d CO 
intercalation between a silica 
bilayer and a Ru(0001) surface 
as a function of pressure [15]

Fig. 2   a Large scale STM images of the crystalline (left) and vitreous 
phase of the silica bilayer film [21]; b High resolution STM images of 
the crystalline and the vitreous bilayer film [22]
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the bilayer film, does form a strong bond to the substrate, 
as is revealed via a comparison of the infrared reflection 
absorption spectroscopy (IRAS) spectra [21], also shown 
in Fig. 3c. The blue spectrum refers to the bilayer film, for 
both the crystalline as well as the vitreous film, and exposes 
only Si–O vibrations, while the red spectrum shows the 
strong Si–O–Ru vibration at 1135 cm−1, characteristic for 
the monolayer film. STM images themselves do not provide 
identification of chemical speciation. However, if we 
compare non-contact-Atomic Force Microscope (NC-AFM) 
and STM data from the same region, as done in Fig. 4, we 
can see that NC-AFM emphasizes the Si-species, while STM 
emphasizes the O-species [23].

The combination of all those studies provides convincing 
evidence that we know the structure of the material. By 
the way, it also proves a proposal by Zachariasen [24], 
published in 1932, for the structure of vitreous silica for 
the first time by real space imaging. We also have started 
to understand the transformation between the crystalline 
and the vitreous phase. A first indication can be deduced 
from Fig. 5, where a color coded STM image of an area 
is shown, where the two phases coexist [25]. Counting the 
number of silica rings (colored differently for different 
sizes, see figure captions) within increments, and plotting 
those numbers as one moves from the crystalline phase 
on the left to the vitreous phase on the right, provides a 
statistical indication which ring sizes appear first near the 
area where the transition from 6-membered rings only to 
the coexistence of different ring sizes occurs. Clearly, a 
combination of 5- and 7-membered rings occur first, and 
this is consistent with theoretical studies by Klemm et al. 
[26], who have shown that the initial breaking of Si–O 

Fig. 3   a Schematic structure of the silica bilayer film as viewed from 
the top (above) and the side (below); b Schematic structure of the 
silica monolayer film as viewed from the top (above) and the side 
(below); c Infrared (IRAS) spectra of the monolayer and bilayer films 
in comparison [21]

Fig. 4   High resolution non-
contact AFM (left) and STM 
images of the same region. 
While nc-AFM images the 
Si atoms, STM preferentially 
images the oxygen atoms of the 
hexagonal network [23]
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bonds in an arrangement of four 6-membered rings leads 
to the formation of two 5- and two 7-membered rings, as 
indicated in Fig. 6. It shows a series of structures based 
on density functional calculation, that correspond to the 
various extrema of the shown potential energy curve. The 
black line shows the electronic energy landscape for the 
free, i.e. unsupported, silica film, and the red line for the 
potential energy surface of the metal supported film. The 
rate determining step is connected to the transition across the 
first transition state, about 4 eV above the crystalline ground 
state. The defect of two 5- and two 7-membered rings, finally 
formed by the described process out of 4 6-membered rings, 
is called Stone–Wales defect [27]. Parallel to the theoretical 
calculations an experimental study has been performed 
[26]. Using our low-energy electron microscopy (LEEM)/
photoemission electron microscopy (PEEM) instrument 
[28, 29] we have studied the temporal behavior of the low-
energy electron diffraction (LEED) pattern as a function of 
temperature. Figure 7 shows on the left the LEED patterns 
of the crystalline and the vitreous phases. On the right, the 
temperature and time dependent normalized intensity of the 
(0,0) reflex during the transformation are displayed [26]. The 
normalization factor is the difference of reflectivities, before 
and after the transformation. Both, data for measurements 
in ultrahigh vacuum, as well as under an oxygen pressure 
are presented, and, based on those data, Arrhenius plots are 
produced. From the slope an apparent activation energy of 
4.1–4.2 eV may be deduced. This value is fully consistent 
with the predicted activation energy for the rate determining 
step for the defect formation on the metal supported silica 
film by theory.  

Fig. 5   STM image of co-existing crystalline and vitreous regions in 
the bilayer film. a Color coded ring sizes as given in the figure. b 
Counting rings of different sizes per slice, where the slice is defined 
as the area covered by 1 row of 6-membered rings on the left of the 
figure from top to bottom. c Probability of finding 6-membered rings 
per slice going from left to right in the STM image [26]

Fig. 6   Results of density 
functional theory (DFT) 
calculations [26]. The shown 
structures in a are associated 
with the energies marked in 
the energy diagram in b. b 
Potential energy diagram as 
function of the reaction 
coordinate with marked 
bilayer arrangements 1, 2, 3, 
intermediate states I1, I2, I3, as 
well as the transition states TS1 
through TS4. The black line 
corresponds to the bilayer silica 
film without a substrate, and the 
red line with a metal substrate 
[26]
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Based on this knowledge of the film structure we may 
now proceed to establish a simple model system to study 
reactions in confined space. Small molecules, such as H2 
may diffuse through the narrow 6-membered ring pores of 
the crystalline film and reach the interface. The way how 
the confinement affects H2 adsorption has been addressed in 
the literature [30]. Given that it is possible to adsorb oxygen 
atoms at the interface during the preparation procedure, the 
hydrogen reaching the surface may react with the adsorbed 
atomic oxygen after dissociation and form water. Since the 
silica film typically spans across entire substrate terraces 
that are few 100 nm wide [18], the water then has to desorb 
through the silica membrane [19]. If we consider the vitreous 
structure, also reactions involving bigger di- or tri-atomic 
molecules may be used.

3 � Water Formation Under a Bilayer Silica 
Film

Figure 8 schematically shows the situation we are dealing 
with: Molecular hydrogen diffuses through the ring 
openings in the crystalline silica film and reacts with the 
oxygen adsorbed on the Ru(0001) surface [18, 19]. The 
reaction is followed using a LEEM/PEEM instrument 
installed at the Berlin Synchrotron Facility BESSY II, 
which has been described in detail in the literature [28, 
29]. Here we only mention the general experimental 

set up, which is shown in Fig.  9. The sample may be 
probed either with synchrotron radiation or by scattering 
electrons, which are generated by an electron source and 
guided to the sample via an electron guide set up. Either 
the electrons, emitted via ionization by the synchrotron 

Fig. 7   Set of experimental data 
derived from the LEEM study 
of the thermal transformation 
of the crystalline into a vitreous 
silica bilayer film. Top left: 
LEED pattern of the crystalline 
film (left) and the vitreous 
film; Top and bottom right: 
Normalized intensity of the 
(0,0) reflex as a function of time 
while the system is heated to 
the given temperatures (color 
coded), (top right) in an oxygen 
ambient, and (bottom right) in 
ultrahigh vacuum; Bottom left: 
Arrhenius plot derived from 
the two data sets shown on the 
right. The apparent activation 
energy of the process involved 
are given in eV [26]

Fig. 8   Schematic structure of the system investigated. The bilayer 
silica film is shown as red (oxygen) and yellow (silicon) spheres. The 
Ru(0001) surface as grey spheres. Oxygen adsorbed on the metal sur-
face are shown as red spheres and their concentration varies as the 
reaction proceeds. 3O represents the highest concentration of oxygen 
atoms per unit cell, 1O and 2O represent less oxygen coverages corre-
spondingly. The micrograph shown on top represents the oxygen cov-
erage, as will be discussed below (dark: oxygen free, bright: oxygen 
rich) [20]
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radiation, or the scattered electrons are then guided into 
an aberration correcting mirror, transferred to an electron 
analyzer, where the electron energy is selected, and the 
spatial distribution is visualized on a projector screen. 
This set up allows to record videos to follow the spatial 
progress of the reaction [18, 19]. For further information 
on LEEM, see also Refs. [31–34].

Figure 10a shows a set of electron scattering (LEEM) 
micrographs, where the field of view is divided into a 
darker and a brighter region. As time progresses, the dark 

area covers the entire field of view. Stopping the reaction 
at a given time, allows us to take X-ray photoelectron 
spectra (XPS) using synchrotron radiation, and identify 
the chemical constitution of the surface, comparing the 
dark and the bright area. In Fig. 10b the O1s XPS spectra 
comparing both areas are displayed, indicating that in the 
bright area there is oxygen adsorbed on the Ru surface as 
shown by the small peak around 529 eV binding energy, 
while in the dark area this oxygen feature is missing. The 
intense oxygen derived peak around 532 eV in both areas, 

Fig. 9   Schematic representation 
of the LEEM/XPEEM 
instrument operated at BESSY 
II. The various components are 
indicated [29]

Fig. 10   a Set of LEEM micrographs taken in 10  s steps during the 
water formation reaction, acquired with the LEEM/PEEM setup 
described in Ref. [18]. Annealing in 1 × 10–6  mbar H2 at 550  K. 
Ekin = 14 eV. On the right a micrograph is shown where the oxygen 

coverage is indicated. b Two sets of XPS spectra taken in the range 
of O1s ionizations and Si2p ionizations. The black lines are spectra 
taken in the area indicated as O-rich, and the red lines are taken in the 
area indicated as oxygen-poor [18]
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of course, stems from the oxygen in silica film. The XPS 
Si 2P spectra are consistent with this observation. The 
small shift of 0.5 eV is due to the change in work-function 
between the oxygen rich and oxygen poor area, and is the 
reason why electron scattering leads to intensity differences 
between the two areas. Obviously, the movement of the 
dark area across the screen represents a reaction front, 
which removes the oxygen adsorbed on the Ru surface. 
In order to understand how such a reaction front occurs, 
we have to consider the oxygen coverage in more detail. 
There are a number of ordered atomic oxygen structures on 
Ru(0001), which may be identified via LEED patterns. The 
silica bilayer film is usually prepared by evaporation of Si 
in an oxygen atmosphere, which leaves the highest coverage 
3O(2 × 2)/Ru(0001) on the surface. It has been proven 
early on, that on this structure molecular hydrogen cannot 
dissociate, as hydrogen needs two adjacent adsorption sites, 
and thus water formation is not possible. However, this is 
only true if the high oxygen coverage is continuous across 
the entire surface. Realistically, however, there are defect 
areas in such an oxygen layer, where the coverage is lower, 
and, there molecular hydrogen may dissociate and induce 
water formation. As water formation progresses, more 
oxygen is removed and a reaction front is induced, which 
moves across the surface, leaving an oxygen free surface 
behind. This phenomenon leads to the observed intensity 
contrast in Fig. 10. The time dependence of the intensity 
in the micrograph is therefore a measure for the progress 
of the reaction at a given temperature. Figure 11a shows 
such a data set recorded for different temperatures. This 
transforms into an Arrhenius plot of the reaction velocity 
against inverse temperature. Figure 11b compares the data 
for the crystalline silica film, the vitreous film and the water 
formation at the Ru(0001) surface without the silica film 
coverage. It should be mentioned that the latter reaction 
had been studied in the past using temperature programmed 
desorption data by the group of Dietrich Menzel. The data 
in Fig.  11b allow us to deduce the apparent activation 

energy for the water formation reaction. The results from 
the present study are collected in Fig. 11b. The difference 
between the reaction confined by a crystalline silica film and 
the vitreous film are marginal (0.32 eV and 0.27 eV), while 
with respect to the value measured for the reaction without 
confinement (0.59 eV), the activation energy is reduced by 
close to a factor of 2. It should be noted, that equivalent 
data for the non-confined reaction had been reported before 
by the Menzel group [35]. Such a decrease of the apparent 
activation energy in confinement against the non-confined 
reaction is typically connected with a change in the reaction 
mechanism towards a diffusion-controlled reaction. The 
similarity of the values between crystalline and vitreous 
film cover is indicative that the larger ring openings in the 
vitreous film do not influence the reaction considerably. 

4 � Theoretical Studies on Water Formation 
and Kinetic Analysis

In order to understand the observation in greater detail, 
a theoretical effort has been started to try to simulate a 
reaction mechanism based on detailed density functional 
calculations. The four elementary reaction steps for water 
formation are shown as Eqs. 1–4, and identifies the reaction 
constants k1 through k4 [19]. Figure 12 shows an energy 
diagram including those for three situations; i.e. the non-
confined reaction, the confined reaction for the crystalline 
film cover,

(1)H2(g) + 2 ∗
k1, k−1
⟷ 2Hads

(2)Oads + Hads

k2, k−2
⟷ OHads+ ∗

(3)OHads + Hads

k3, k−3
⟷ H2Oads+ ∗

Fig. 11   a Intensity of the 
micrographs as a function of 
time for different temperatures 
between 550 and 661 K for 
crystalline bilayer film. b 
Arrhenius plots derived from 
the data in a and equivalent data 
for a vitreous film, as well as 
the apparent activation energies 
derived from those data on 
the left of b. This may be 
compared with the equivalent 
analysis for the reaction without 
confinement [20]
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assuming the layer is fixed during all reaction steps, and 
allowing the film to adopt to different oxygen coverages 
during reaction. The solid lines refer to the pure electronic 
energy values, the broken lines to the Gibbs Free Energy 
calculated at 500 K taking hydrogen in the gas-phase as 
reference. The black lines refer to the reaction on the open 
Ru(0001) surface, the blue line to the confined space reac-
tion with a constrained silica layer, and the red line to the 
confined space reaction with optimized silica layer positions. 
Obviously, optimizing the silica layer position considerably 
affects the energy landscape. In addition, the schematic 
shows the various steps, starting with hydrogen adsorption 
for an oxygen coverage (2O) initially, and the oxygen free 
surface (black) up to reaction coordinate 12 and (1O) and the 
oxygen free surface past reaction coordinate 12, as well as 
the reaction steps following according to the reaction equa-
tions as numbered. As hydrogen cannot assume its most 
stable adsorption position after dissociation, the reaction 
profile on the 2O surface is considerably less exothermic. 
It is interesting to note that the rate determining step, i.e. 
the OH formation, with the highest activation energy, does 
not change comparing the free Ru(0001) surface and the 
confined space reaction. This hints to the fact that, different 
from transition state effects observed in zeolites, where the 
formation of transition state complexes is responsible for 
the changes in reactivity [36–38], other steps of the reac-
tion must be rate determining. Water formation and water 

(4)H2Oads

k4, k−4
⟷ H2O(g)

desorption are considerably affected by the confinement, 
and, in fact, depending as strongly on whether the silica 
bilayer remains fixed in space or is allowed to optimize its 
position with respect to the oxygen covered Ru(0001) sur-
face. Based on the observations and calculations, we may 
explain the dark and the bright regions observed in connec-
tion with the reaction front as follows: The bright region 
corresponds to a fully oxygen covered (3O) surface, the dark 
area to a less oxygen covered (1O) surface with a coverage of 
0.25 monolayers of oxygen. The hydrogen only dissociates 
on the dark area and has to diffuse to a region with higher 
oxygen coverage. This is where the water formation occurs 
and the reaction front progresses.

In order to proceed towards a kinetic modelling of 
the reaction, we consider the four elementary reactions 
summarized in Eqs.  1–4, as well as the diffusion of 
hydrogen atoms on the surface. The diffusion of OH and 
water on the surface can be excluded due to the high 
diffusion barriers, as revealed by the electronic structure 
calculations. Also, based on the theoretical results we 
calculate the kinetic constants utilizing the transition 
state theory, and the Eyring equation. A set of differential 
equations has been set up to describe the spatio-temporal 
dependence of the surface concentrations, where the only 
diffusion process considered is the one for hydrogen atoms. 
Figure 13 compares concentration profiles for the three 
cases considered, i.e. the uncovered surface, the surface 
covered with a fixed silica bilayer, and the surface covered 
with a silica bilayer that is tuned in its position depending 
on the oxygen concentration. Hydrogen, oxygen, hydroxyl 

Fig. 12   Energy diagrams of the 
water formation reaction for the 
non-confined reaction (black), 
and the confined reaction with a 
fixed silica film (blue) and with 
tuned silica film position with 
respect to the metal surface. 
The full lines refer to the pure 
electronic energy, and the 
broken lines to the Gibbs Free 
Energy at 500 K [19]
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and water concentrations are given, and it is obvious, that 
in all cases a reaction front forms based on the kinetic 
model. When the front velocities are calculated based on 
this model it is apparent, that the front moves faster for 
the open reaction in comparison to the confined reaction. 
The reaction profiles tell us, that the active area of water 
production is in the region of the moving front, where 
the hydroxyl and water concentrations are maximal. 
The analysis indicates that only those hydrogen atoms 
getting close to the reaction front border may propagate 
the reaction. Of course, the used model has limitations, 
as we assume a hydrogen diffusion coefficient, which is 
independent of the oxygen coverage. This needs to be 
studied further. We come to the following overall picture: 
There are two important steps to explain the observed 
front movement. Those are the dissociative adsorption of 
hydrogen, and the reaction of hydrogen with oxygen to 
form hydroxyls. All following steps are faster and do not 
limit the reaction rates. An analysis of the effective rate 

of adsorption, i.e. how fast an active site can be refilled 
with hydrogen once desorption has taken place, which 
range between 10–15 m2/s for the bare metal surface and 
10−23 m2/s for the confined and those are compared with 
the reaction constant for OH formation (10−16 m2/s), the 
limitation of the reaction under confinement by hydrogen 
becomes obvious. There is, however, another important 
aspect that needs further studies: The position of the 
bilayer silica film has, according to the theoretical studies, 
a strong influence on the last reaction step responsible for 
the addition of hydrogen to form water.

5 � Structure Determination

The question arising at this point is: Are there any direct 
experimental indications that the position of the bilayer 
depends on the oxygen coverage at the surface? Since 
those data had been missing so far, the question triggered a 

Fig. 13   Results of the numerical calculations on concentration pro-
files of Hads, Oads, OHads, and H2Oads for the water formation reac-
tion obtained from the numerical simulations on a bare Ru(0001), 

b in confinement under a constrained SiO2 crystalline bilayer, and c 
in confinement under an optimized SiO2 crystalline bilayer at 500 K 
[19]
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LEED I/V to explicitly determine the structure of the bilayer 
system [39]. Parallel to the measurements and its evaluation, 
calculations on the metal supported silica bilayer have been 
performed, in order to evaluate the energy differences 
between structures, where the silica film has been moved 
parallel to the metal surface, depending on the oxygen 
coverage on the Ru(0001) surface. As demonstrated in [39] 
there are directions across the surface of a 3ORu(0001) 
surface, where the activation energy to shift the film parallel 
to the surface is only of the order of 0.5 eV. This is another 
indication, that the assumption to be dealing with static 
structure is probably not appropriate. This becomes evident 
when we look at the results of the LEED I/V studies [39]. 
Note, that the quality of agreement between calculation of 
the diffraction intensities as a function of electron energy and 
the experimental observations is measured by the so-called 
Pendry-R-factor, varying between 1 (no correlation) and 
0 (complete agreement). The LEED data were taken on 
a silica bilayer grown on a formally fully oxygen covered 
(3O) Ru(0001) surface, using a standard LEED system, as 
well as the numerical data analysis are collected in Fig. 14. 
Figure 14b compares the calculated intensities as a function 
of electron energy for various diffraction peaks with the 
experimental data. Figure 14a shows a collection of several 
results, where single structures and mixed structures are 
compared. The structure based on the most stable structure, 
where the bilayer silica film is placed on a 3O/Ru(0001) 
surface with oxygen atoms in hcp threefold hollow sites, 
an R-factor of 0.55 is found, which is far away from an 
acceptable value. It turns out, that it is only possible to 
reach an acceptable agreement between experiment and 
calculations, if a number of structures are combined. An 

acceptable value should be below 0.2. The optimal solution 
is shown in Fig. 15. The main component is still the most 
stable structure, but shifted components have to be included. 
The latter are connected with the most stable structure by 
shifting this structure along the low energy paths. This is 
in line with our preliminary conclusions derived from the 
kinetic studies of water formation in confined space, where 
the comparison of the experimental data with calculations 
indicated that the structure adapts to the oxygen coverage. 

It should be clear that this is not a unique solution but a 
possible one. The pros and cons are discussed in [39], see 
also Refs. [40, 41]. Another example in the literature, where 
a similar situation has been accounted is given in Ref. [42].

Besides the importance for the structure determination, 
interfacial oxygen is relevant for reactions in the confined 
space between the silica film and the underlying substrate, 
as discussed above. While STM measurements are mostly 
sensitive to the top surface layer, literature also reports on 
sample systems of graphene, bi- and tri-layer insulating 
films where the underlying substrate contributes to the 
STM imaging contrast [43–45].

Also, sublayer oxide structures are revealed depending 
on the scan parameters and the sample temperature [46, 
47]. Depending on these parameters, the interfacial 
oxygen may be accessible with STM. Therefore, STM 
can potentially contribute to reveal dynamics related to 
reactions in confined space. In recent work, we focused on 
capturing dynamics in these oxygen adlayers on Ru(0001). 
For this purpose, we increased the frame rate of our STM 
using a spiral scan approach.

Fig. 14   a Summary of calculated Pendry R-factors for a variety of structural models. b Comparison of measured LEED I/V curves in compari-
son to the calculated ones, for the best fit. The graphs have been reproduced with permission from [39]
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Figure  16 shows the schematic raster scan pattern 
conventionally used in STM in comparison to our spiral 
approach to fast STM.

The atomically resolved O(2 × 2) structure and the 
O(2 × 1) structure are shown acquired in both conventional 
raster mode and in high-speed spiral mode. Spiral images 
are acquired in quasi-constant height mode. The data 
acquisition is approximately 3000 times faster than in 
conventional raster mode.

In Fig. 17, the silica bilayer is shown measured with 
conventional STM and spiral STM.

The crystalline and the vitreous domains are imaged. 
In future studies, we will focus on dynamics related to the 
supported silica bilayer and verify whether dynamics in 
the interfacial region are accessible with STM.

6 � Summary, Conclusion and Perspective

We have investigated water formation within the confined 
space between a bilayer silica film and an oxygen covered 
Ru(0001) surface, employing a XPEEM/LEEM system, 
to analyze the temperature dependence of the reaction 
front, in order to determine the apparent activation 

energy, in direct comparison to the same reaction without 
confinement. It turns out that the activation energy in 
confinement is only half of the one observed without 
confinement, which has also been discussed in the literature 
in connection with diffusion control [51, 52]. A kinetic 
study, based on theoretical calculations and modelling of 
the kinetic constants and the spatio-temporal dependences 
of surface concentrations, reveals, that it is the hydrogen 
diffusion between oxygen free areas at the surface, where 
the hydrogen dissociation reaction has taken place, and 
areas with high oxygen coverage, in order to propagate 
the reaction, which is the rate determining process, as 
opposed to the reaction on the open surface. On the latter, 
OH formation, as the elementary reaction step with the 
highest activation energy, is the rate determining transition 
step. In case of the confined system this step remains the 
one with the highest activation energy, but it does not 
control the overall kinetics. The theoretical calculations 
reveal, that during the reaction the bilayer silica film shifts 
parallel to the surface as the reaction proceeds, and the 
oxygen coverage varies. Those theoretical indications 
triggered an experimental LEED I/V study on the structure 
of the film to determine all structural parameters in detail. 
The outcome showed, that, indeed, the structure of the 

Fig. 15   Schematic representation of those structures contributing to the best LEED I/V simulation with a Pendry R-factor of 0.16. The models 
have been reproduced with permission from [39]
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film cannot be described by a single fixed structure, but 
rather only by a superposition of several structures. Only 
by considering a superposition are we able to obtain a 
reasonable Pendry R-factor. Conceptually, this result is 
consistent with observations made earlier for layered 
compounds, where for a long time it had been assumed, 
that the layers are stacked in a fixed geometry. However, 
recently, it has become obvious that the stacking is 
statistical, i.e. the layers are slightly shifted with respect 
to each other statistically to the left and the right [53]. 
For graphene on nickel, the coexistence of two laterally 
shifted structures with almost identical energies have been 
reported based on a combination of high-resolution XPS 
and DFT calculations [42].

In conclusion we may state, that one may contribute 
substantially to unravel the factors influencing reactions 
in confined space, given that the samples are designed in 

such a way that surface science techniques may be applied. 
In perspective, future studies on the comparison between 
reaction in confinement with membranes of varying 
permeability, for example, comparing crystal and vitreous 
silica bilayers could provide even more new insights. The 
Altman group [54] established a new possibility to prepare 
the silica bilayers by atomic layer deposition, that may 
be removed from the substrate rather easily, and used to 
prepare free standing membranes, and also be used to 
prepare new stacked layered materials.
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Fig. 16   Comparison of raster and spiral scans on oxygen adlayers 
on Ru(0001). a, b Schematic of the raster and the spiral scan geom-
etry, respectively. Yellow and red triangles represent data acquisition 
points and indicate the scan direction as a function of time (Adapted 
from Ref.  [48]). c, d Atomically resolved STM images of O(2 × 2)/
Ru(0001) (Adapted from Ref. [49]) (VS = 1 V, IT = 1.4 nA, T = 300 K, 
scan area = 5 nm × 5 nm). The raster image in c was acquired in 100 s 
while the spiral image in d was acquired in 50 ms. e, f STM images 
of O(2 × 1)/Ru(0001) (Adapted from Ref.  [50]) (VS = 0.6  V, IT = 1.4 
nA, T = 300 K, scan area = 9 nm × 9 nm). The raster image in e was 
acquired in 100 s while the spiral image in f was acquired in 33 ms

Fig. 17   Resolved atomic network structure of the silica bilayer by 
raster and spiral STM. a, b Crystalline domain of the silica bilayer 
imaged by raster and spiral STM with the superimposed hexagonal 
network structure. b Is the average of ten consecutive frames, each 
acquired in 50 ms. c, d Vitreous domain of the silica bilayer imaged 
by raster and spiral STM with indicated domain orientations. d Is the 
average of 20 consecutive frames, each acquired in 50 ms (VS = 1.6 V, 
IT = 1 nA, T = 300 K, scan area = 5 nm × 5 nm)
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