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ABSTRACT. The oxidation and reduction of Ru(0001) surfaces at the confined space 

between two-dimensional nanoporous silica frameworks and Ru(0001) have been 

investigated using synchrotron-based ambient pressure x-ray photoelectron 

spectroscopy (AP-XPS). The porous nature of the frameworks and the weak interaction 

between the silica and the ruthenium substrate allow oxygen and hydrogen molecules 

to go through the nanopores and react with the metal at the interface between the silica 

framework and the metal surface. In this work, three types of two-dimensional silica 

frameworks have been used to study their influence in the oxidation and reduction of 

the ruthenium surface at elevated pressures and temperatures. These frameworks are 

bilayer silica (0.5 nm thick), bilayer aluminosilicate (0.5 nm thick) and zeolite MFI 

nanosheets (3 nm thick). It is found that the silica frameworks stay essentially intact 

under these conditions, but they strongly affect the oxidation of ruthenium, with the 0.5 

nm thick aluminosilicate bilayer completely inhibiting the oxidation. The latter is 

believed to be related to the lower chemisorbed oxygen content arising from 

electrostatic interactions between the negatively charged aluminosilicate framework 

and the Ru(0001) substrate. 
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INTRODUCTION 

The influence of nanoscale confined spaces in the chemistry and molecular transport 

phenomena is well known in the field of microporous materials and in particular for 

zeolites, for which different frameworks made of the same elements can exhibit 

dramatically different behaviors. Less known is the case of two-dimensional confined 

nano-spaces, which provide a new playground for fundamental studies in physics and 

chemistry. This is especially true for the case of two-dimensional (2D) materials that 

interact with the surface of a metal single crystal through weak forces, such as van der 

Waals interactions, allowing tunability in the distance between the solid surface and the 

2D layer when molecules are intercalated between them. One of such cases is that of the 

intercalation of oxygen between graphene and Ru(0001).
1-2

 In work by Sutter et al.

oxygen dissociates and chemisorbs on the ruthenium surface decoupling graphene from 

the metal substrate and etches away the graphene when the temperature is raised above 

450 °C. Those studies were further expanded on Pt(111) substrate and even reactions 

“under cover” were studied.
3
 The recent observation that a graphene layer on transition

metal surfaces limits the intercalation of oxygen at the interface has raised the attention 

of the corrosion chemistry community, since these studies showed that such ultra-thin 

layer can greatly inhibit oxidation of the metal onto which it is grown.
4
 While the

particular case of graphene as an anti-corrosion coating limits its practical application, 

given that the passivating graphene layer itself can be etched away by oxygen at 
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elevated temperatures, the idea can be expanded to more robust low-cost ultra-thin 

materials, such as silicates. 

Two-dimensional ultrathin silica films with well-defined atomic structures have been 

recently synthesized, in work arising from the wide interest there is in using these 

materials as surface science model systems of heterogeneous catalysts, in particular for 

the case of zeolites.
5-6

 In the past decade, intensive research efforts have been devoted 

to the preparation of well-ordered crystalline silica films on diverse metals, such as 

Mo(112), Ni(111), Pd(100), Pt(111), and Ru(0001).
7-13

 In particular, free-standing 

silicate and aluminosilicate bilayer with corner-sharing [SiO4] tetrahedra have been 

successfully grown on noble metal substrates, in which the silica bilayer only weakly 

interacts with the support via van der Waals forces.
12

 In fact, recent theoretical work by 

the Sauer and Pacchioni groups has shown how the thickness of this confined space can 

be tuned by introducing CO as an adsorbate at the interface.
14

 The minimized 

interaction between the metallic substrate and the ultrathin silica films enables the 

study of fundamental aspects of chemical and physical processes at confined spaces by 

using these model systems.
5
 Moreover, it also provides a confined space for small 

molecules to intercalate and react at the interface.
15-16

 An alternative to the 

aforementioned “surface science” approach to preparing 2D silicates comes from the 

zeolite community. It was recently demonstrated that 3 nm nanosheets can be produced 

by exfoliation of a multilamellar MFI zeolite
17

 and then deposited onto a silicon surface 

using a Langmuir–Schaefer method.
18

 These zeolite nanosheets have received a lot of 
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attention due to their potential application as membranes for separation of molecules, 

such as the case of different xylene isomers. 
19

 Applications in catalysis are also 

envisioned, such as in the case of self-pillared Sn-MFI nanosheets for the isomerization 

of glucose and lactose.
20

 

In this work, we use ambient pressure x-ray photoelectron spectroscopy (AP-XPS) to 

study the “under cover” oxidation and reduction of Ru(0001) surfaces. Three types of 

silica films (i.e., bilayer silicate,
21

 bilayer aluminosilicate 
22

 and MFI nanosheets
18

) 

have been used to cover the Ru(0001). Figure 1 shows schematics of the structures that 

are compared in this work. The silica and aluminosilicate bilayers have a previously 

reported thickness of ~ 0.5 nm, while the MFI nanosheet has a thickness of 3 nm. Their 

influence on the oxidation and reduction of the Ru(0001) surface is explored. 

 

Figure 1. (a) Bare Ru(0001), (b) Ru(0001) covered by a 0.5 nm thick (alumino)silicate 

bilayer structure and (c) Ru(0001) covered by a 3 nm thick MFI zeolite nanosheet. 
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EXPERIMENTAL SECTION 

The Ru(0001) single crystal surface was cleaned with cycles of Ar
+
 sputtering and 

annealing at 1400 K. The surface was then exposed to 3×10
-6

 mbar O2 at 1200 K in 

order to form a chemisorbed (2×2)-3O/Ru(0001) overlayer. The bilayer silicate and 

aluminosilicate films were grown on the oxygen pre-covered ruthenium surface as 

described in detail elsewhere.
12-13

 Briefly, Si (and Al) was thermally evaporated onto 

the (2×2)-3O/Ru(0001) surface at room temperature under 2×10
-7

 mbar of O2, followed 

by oxidation at 1200 K in 3×10
-6

 mbar O2 for 10 minutes and then slowly cooled down 

in O2 environment. The 3 nm thick MFI nanosheets were deposited onto the Ru(0001) 

surface using a Langmuir–Schaefer method described in reference 
18

. The sample was 

then heated to 773 K in a 20 cc/min flow of O2 at 1 Atm pressure in a tube furnace to 

remove carbonaceous contamination from the synthesis and exfoliation process. The 

removal of carbon was confirmed by XPS. 

AP-XPS measurements were carried out at the Coherent Soft X-ray Scattering and 

Spectroscopy Beamline (CSX-2) of the National Synchrotron Light Source II 

(NSLS-II). The main chamber (base pressure 2×10
-9

 mbar) of the end-station was 

equipped with a differentially pumped hemispherical analyzer (Specs Phoibos 150 

NAP), which was offset by 70° from the incident synchrotron light and 20° from the 

surface normal of the sample. A photon energy of 750 eV was used in our studies, 

which was calibrated and referenced to the Fermi level of the Ru(0001) substrates. The 

ruthenium crystal was mounted on a ceramic button heater and the temperature was 
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monitored through a type K thermocouple underneath the crystal. The O2 and H2 gases 

were separately introduced into the main chamber through precision leak valves for the 

oxidation and reduction reactions. 

RESULTS AND DISCUSSION 

The structures of chemisorbed oxygen on Ru(0001) have been studied extensively in 

the past, including the cases of p(2×2)-O
23

, p(2×1)-O
24

, (2×2)-3O
25

, (1×1)-O
26

. As 

previously reported, bilayer silicate films can be grown on the (2×2)-3O/Ru(0001) 

surface, and it is believed that chemisorbed oxygen prevents Si atoms from diffusing 

into and alloying with Ru(0001) during the thermal evaporation.
13

 The “as-deposited” 

SiOx film is later annealed at 1200 K in 3×10
-6

 mbar O2 for 10 minutes to crystallize the 

bilayer silica structure. Si species are fully oxidized to Si
4+

 as evident by the XPS, 

showing a binding energy of 103.10 eV for the Si 2p core level (not shown). The 

corresponding O 1s spectra show a main peak at 532.25 eV and a shoulder peak at 

529.80 eV (Figure 2a, bottom spectrum), which are assigned to the Si-O-Si linkages in 

the bilayer silicate film and the chemisorbed oxygen (O-Ru) on ruthenium 

respectively.
27

 A shoulder peak of Ru 3d5/2 at 280.90 eV further confirms the existence 

of the chemisorbed oxygen at the interface (Figure 2b).
28

 It should be noted that the 

very small peaks around the Ru 3d3/2 peak (Figure 2b, 283.60 eV and 285.25 eV) could 

be assigned to carbide-like species and amorphous carbon respectively, which might 

emerge during the film preparation.
29

 The area of the 529.80 eV O 1s peak, 

corresponding to O-Ru species, was integrated and a chemisorbed oxygen coverage of 
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~ 0.3 ML was estimated by comparing with the 0.75 ML of (2×2)-3O/Ru(0001) taking 

into account the attenuation by the silicate film in the calculation. This is in agreement 

with previous experimental and theoretical work that suggests that the as-prepared film 

contains on average between two and four interfacial O atoms per unit cell, which 

would correspond to a coverage in the range between 0.25 ML and 0.5 ML.
27

 

 

Figure 2. Oxidation (a-b) and reduction (c-d) of the bilayer silicate film on oxygen 

chemisorbed Ru(0001) surface. The AP-XPS core level spectra of (a) O 1s and (b) Ru 

3d are taken under 2×10
-4

 mbar of O2 (The bottom spectra are obtained in UHV prior to 

the oxygen exposure and the inset in (a) shows the details of the O 1s shoulder peak at 

529.80 eV). The AP-XPS core level spectra of (c) O 1s and (d) Ru 3d are taken under 

0.1 mbar of H2 (The bottom spectra are obtained in UHV prior to the hydrogen 

exposure). 

This “as-prepared” bilayer silicate film was then annealed in 2×10
-4

 mbar of O2 at 

increasing temperatures (Figure 2a and 2b). Note that under this conditions, previous 

AP-XPS experiments on bare Ru(0001) showed the formation of RuO2.
15

 It is 
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interesting to see that the O 1s from framework Si-O-Si linkages gradually shifts to the 

lower binding energy by ~0.6 eV, while the O-Ru related O 1s remains almost 

unchanged. The O 1s shift is accompanied by a similar Si 2p peak shift upon oxidation. 

Both the intensity and the full width half maximum (FWHM) of the O 1s and Si 2p 

remain unchanged, indicating that the chemical compositions and bonding structures of 

the silicate film stay intact. The decrease in binding energy is mostly attributed to the 

changes of the chemical states on the Ru substrate.
15, 27, 30

 While this effect in the 

binding energy with the oxygen coverage has been reported before, no clear 

explanation has been given to explain the origin of this shift and a manuscript analyzing 

this effect in detail is in preparation. As shown in Figure 2a and 2b, the intensities of the 

components of the O 1s and Ru 3d from the O-Ru moiety increase by a factor of 2.5 

from the “as-prepared” bilayer silicate to the film annealed at 820 K in 2×10
-4

 mbar of 

O2 resulting in an oxygen coverage of ~ 0.75 ML, when the O-coverage of the 

“as-prepared” bilayer silicate is taken as reference. While this coverage corresponds to 

that of (2×2)-3O overlayer, previous TPD experiments on a silica-covered Ru(0001) 

suggest that part of this oxygen is more weakly adsorbed than that of (2×2)-3O 

overlayer on bare Ru(0001), and even the existence of a small amount of RuO2 phase 

has also been suggested. 
15

 However, the fact that the lower energy shoulder of the O 1s 

peak remains at 529.8 eV (Figure 2a) indicates that there is no formation on an oxide. 

The possibility of the presence of some subsurface oxygen is considered and that might 

be in fact the origin of the more weakly bound O species found in previous TPD 
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experiments. Note that both chemisorbed oxygen and subsurface oxygen result in 

similar shifts to higher binding energies of the Ru 3d5/2 peak.
28

 The existence of a RuO2 

oxide phase can be confidently excluded since this would be accompanied by the 

evolution of a satellite of the Ru 3d5/2 peak at 282.7 eV,
31

 which is not observed in this 

case. 

The removal of oxygen from the surface was then followed by exposure to 0.1 mbar 

of H2 (Figures 2c and 2d). We can see that all silicate-related core levels shift to higher 

binding energies by ~1.0 eV upon a complete reduction reaction at 385 K. However, the 

chemisorbed oxygen (O-Ru) related O 1s and Ru 3d peaks still stay at the same 

positions. The significantly attenuated peaks indicate that most of the chemisorbed 

oxygen at the interface desorbs upon reduction, resulting in a silicate/Ru(0001) 

interface.
27

 The fact that virtually all Ru-bound oxygen is removed at such low 

temperature in the presence of H2 is remarkable when compared to the vacuum 

annealing of these films, for which a significant amount of oxygen remains on the 

surface when heating to 1200 K, the maximum temperature achievable before the film 

starts decomposing. 
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Figure 3. Oxidation through bilayer aluminosilicate film on Ru(0001) surface. The 

AP-XPS core level spectra of (a) O 1s and (b) Ru 3d are taken under 2×10
-4

 mbar of O2 

at increasing temperatures. 

To gain more insights on the effect of different silicates on the oxidation and 

reduction of Ru(0001), we further investigated aluminosilicate on Ru(0001) and MFI 

nanosheets on Ru(0001). The aluminosilicate film consists of a crystalline bilayer 

network of [SiO4] and [AlO4
-1

] tetrahedra (AlxSi1-xO2), which is weakly bound to the 

Ru(0001) substrate.
12

 In this work, an aluminosilicate film with stoichiometry of 

Al0.16Si0.84O2 was prepared. The “as-prepared” aluminosilicate film was first reduced in 

hydrogen to remove all the chemisorbed oxygen at the interface. As shown in Figure 3a, 

the O 1s of a clean Al0.16Si0.84O2/Ru(0001) interface develops into two peaks at 532.05 
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eV and 531.05 eV, which are assigned to the Si-O-Si and Al-O-Si linkages 

respectively.
12

 By oxidizing the film in 2×10
-4

 mbar O2, a third oxygen peak appears at 

a binding energy of 529.85 eV which is attributed to the chemisorbed oxygen on 

Ru(0001), as described before for the case of the silica framework. Similarly, all core 

levels in the aluminosilicate framework shift to lower binding energies by ~ 0.6 eV, 

while the chemisorbed oxygen peak still remains at the same binding energy. During 

subsequent H2 exposure at 380 K (data not shown), all aluminosilicate-related peaks 

shift back to the higher binding energy by ~ 0.6 eV. Moreover, the O 1s (O-Ru) and Ru 

3d (O-Ru) peaks disappear again.  

As we have recently reported, the aluminosilicate films can largely suppress the Ru 

oxidation.
15

 One possible reason is that the distance between the aluminosilicate film 

and ruthenium substrate is smaller as compared to the silicate/Ru interface due to the Al 

substitutions in the bottom layer.
12

 Note that the Al substitutions introduce one negative 

framework charge per Al atom. While in zeolites this charge is usually compensated by 

a cationic species, it is possible that in the case of the 2D aluminosilicate, the top layer 

Ru provides the charge compensation, which would introduce additional electrostatic 

forces between the framework and the Ru(0001) surface, which could explain the lower 

oxygen coverage obtained when compared to the case of the silica bilayer framework. 

The degree of the oxidization at the silicate/Ru and aluminosilicate/Ru interfaces can 

be roughly compared from the Ru 3d signals. The peak intensity ratio between the 

O-Ru and metallic Ru in aluminosilicate/Ru (38%) is smaller than that of in 
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2D-silicate/Ru (59%) as shown in Figure 2b and Figure 3b, indicating that ruthenium 

surface in 2D-aluminosilicate/Ru has a much lower oxygen content. 

For the 3 nm MFI nanosheets on Ru(0001), the behavior is very different (Figure 4). 

While for the 0.5 nm silica and aluminosilicate bilayers, only the O 1s peak associated 

with the framework oxygen (Si-O-Si) shifts to lower binding energies when heating in 

~ 10
-4

 mbar of O2, for the MFI case, the low binding energy O 1s peak associated with 

the chemisorbed oxygen also shifts down in energy, as it can be seen in Figure 4a. This 

was observed as well in previous work for clean Ru(0001) upon heating to the same 

pressure of O2 and it is attributed to the formation of RuO2.
15

 This is accompanied by 

attenuation of the Ru 3d5/2 peak and the evolution of a new broad peak at 282.70 eV as 

shown in Figure 4b, which corresponds to a previously observed satellite of Ru 3d5/2 the 

origin of which was explained by Over and co-workers.
31

 It has been reported that the 

incorporation of chemisorbed oxygen into the ruthenium bulk only occurs to a limited 

extent in high vacuum experiments (< 10
-5

 mbar).
32-33

 The 282.70 eV Ru 3d5/2 satellite 

peak correlates well with the shift of the low binding energy O 1s peak and confirms 

that these two features are related to the formation of RuO2 for the MFI 

nanosheet-covered Ru(0001) surface. These observations show that the Ru(0001) 

surface can be easily oxidized when covered by MFI nanosheets as opposed to the cases 

of silica and aluminosilicate bilayer, even though the thickness of the latter two is much 

smaller than that of MFI, i.e. 0.5 nm as opposed to 3 nm. This susceptibility to 
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oxidation, closer to that of bare Ru(0001), is attributed to the larger pore size in the MFI 

frameworks.
34

 

 

Figure 4. Oxidation through MFI nanosheets on the Ru(0001) surface. The AP-XPS 

core level spectra of (a) O 1s and (b) Ru 3d are taken under 1×10
-4

 mbar of O2 with 

increasing temperatures. 

In order to more easily visualize the difference in the effect of the three different 

frameworks in the oxidation of Ru(0001) we have plotted in Figure 5 the oxygen 

coverage for each case as a function of temperature under elevated pressures of O2 and 

then in H2 for their reduction. 
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Figure 5. Oxygen coverage, excluding framework oxygen, as a function of temperature 

under O2 (green panel) and H2 (purple panel) for Ru(0001) covered by silica bilayer (●), 

aluminosilicate bilayer (▲) and MFI nanosheets (■). 

The silica films stay essentially intact during the oxidation and reduction reactions as 

inferred from the unchanged peak shape. While O2 can readily penetrate through all 

frameworks and dissociates into atomic oxygen on the Ru(0001) surface, the fact that it 

only results in the formation of RuO2 for the case of MFI nanosheets is most likely 

related to the larger pore size of MFI. Additionally, the “tiling” of the MFI nanosheets 

on the surface will probably leave a relatively small fraction of the Ru(0001) surface 

exposed. It was previously suggested that the formation of RuO2 is an autocatalytic 

process
35

 and it may require enough open Ru area to facilitate the nucleation, and 
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subsequent growth of the oxide. While we believe that the steric effect is responsible 

for the different chemistry between MFI nanosheets and the bilayer silica and 

aluminosilicate frameworks, note that the termination of the MFI nanosheets at their 

boundaries is not well understood and it cannot be discarded that this might also have 

an effect in the different chemistry. Further surface science studies on the MFI zeolite 

nanosheet are necessary. However, it is clear from the current study that the bilayer 

structures, and especially the case of the aluminosilicate, inhibit the oxidation of the 

Ru(0001) surface. This could lead to promising applications in the development of 

ultrathin anti-corrosion coatings in the future. 

CONCLUSIONS 

The oxidation of Ru(0001) covered by different types of well-defined nanoporous 

silicate structures, namely ~ 3 nm MFI nanosheets and ~ 0.5 nm bilayer silica and 

aluminosilicate frameworks, was studied at an O2 pressure of 1×10
-4

 mbar at increasing 

temperatures using synchrotron-based ambient pressure X-ray photoelectron 

spectroscopy. This was followed by reduction of the surface by exposure to H2 at 

elevated pressures. It is found that the thinner 0.5 nm frameworks inhibit the formation 

of RuO2. However, the oxide readily forms under the thicker 3 nm MFI nanosheets. In 

particular, the case of the aluminosilicate bilayer framework further reduces the 

maximum amount of oxygen present on the surface to 0.5 ML, which is believed to 

result from the involvement of Ru(0001) in the charge compensation of the framework. 

It is suggested that the larger pore openings of the MFI nanosheet leave enough 
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ruthenium surface exposed to facilitate the formation of RuO2 through a previously 

suggested autocatalytic mechanism. This indicates that aluminosilicate coatings as thin 

as 0.5 nm can prevent corrosion of a flat surface if no voids are present on the surface.  
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