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ABSTRACT 
 

Ultra-thin two-dimensional inorganic nanoporous 

(alumino)silicates have been recently synthesized. They are 

0.5 nm thick and can be produced in the form of ordered 

structures or glasses and doped with other elements, such as 

aluminum. This new family of materials can be potentially 

used for various applications. While they were originally 

intended for model surface science studies to mimic 

zeolites (the most used catalysts in the industry), other 

potential uses have emerged. They have been recently 

shown for example to prevent corrosion of a metallic 

surface. They can also act as atomic and molecular sieves 

and they can even trap single noble gas atoms in the nano-

cages they are made of. There are however still many 

limitations that need to be overcome if they are to be used 

in a larger scale. This paper summarizes the preparation and 

surface science characterization of this new family of 

materials as well as potential strategies for their less 

expensive synthesis. 

 

Keywords: two-dimensional, nanoporous film, molecular 

sieve, ultra-thin zeolite. 

 

1 INTRODUCTION 
 

Materials with nanoscale porosity are of critical 

importance in the industry of a variety of applications 

ranging from molecular sieves and sorbents to highly active 

catalysts. Among these porous materials, perhaps the most 

important ones are the zeolites and structurally related 

materials (zeotypes). Zeolites are three dimensional natural 

or synthetic aluminosilicates of crystalline nature with 

cages and channels in the structure of sizes ranging between 

1 and 20 Ǻ. The primary building block of a zeolite is a 

TO4 unit, in which the tetrahedral T atom is Si or Al bound 

to other T atoms through 4 oxygen O linkages. Other 

materials in which Si or Al is substituted by another 

element in the tetrahedral position of the framework are 

called zeotypes. More than 220 framework types have been 

reported so far and the number keeps growing every year as 

new structures are synthesized. [1] In fact, the number of 

potential structures predicted based on reasonable 

geometrical constraints is in the millions. [2] 

The case of two-dimensional nanoporous materials has 

gained more attention very recently and advances have been 

made on two main fronts. The first one by the zeolite 

community and consisted on the production of single unit 

cell zeolite nanosheets from zeolite precursors, which was 

first reported by Ryoo and coworkers. [3] The second 

approach, which is the one of described here was pioneered 

by the surface science community at the Fritz-Haber 

Institute in Berlin, where a non-covalently bound self-

containing silicate was reported by Loffler et al in 2010[4] 

and an aluminosilicate with similar characteristics by 

Boscoboinik et al in 2012 [5]. The latter was also shown to 

behave like 3D zeolite in terms of the chemistry [6] and 

presented the same building blocks found on zeolites but in 

a 2D arrangement [7]. In the rest of the manuscript we will 

refer to this 2D-aluminosilicate zeolite model as 2dH for 

“2-dimensional hexagonal” given its geometry. Figure 1 

shows a scanning tunneling microscopy image of such film 

and the top and side views of the structural model. There, 

the yellow circles in the model represent Si atoms, gray 

circles are Al atoms, red for O atoms and small white are H 

atoms which compensate for the charge imbalance arising 

from trivalent Al bound to four O atoms. The structure is 

basically a 2D arrangement of polygonal prisms, mostly 

hexagonal, in which the tetrahedral atoms define the 

corners of the prisms and the oxygen linkages are on the 

edges of the prisms. 

 
Figure 1. a) Top view by scanning tunneling microscopy of 

the hexagonal arrangement in the 2D-silicate, including the 

model with the atomic arrangement. b) Side view of the 

2D-silicate. 

 

While these structures were first reported on Ru(0001) 

crystal surfaces, the preparation was later extended to other 
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surfaces such as Pt(111)[8], Pd(100)[9], NixPd1–x(111)[10], 

and on graphene[11].  

 

2 PREPARATION OF TWO-

DIMENSIONAL SILICATE 
 

As previously described, these films are typically prepared 

on a well-defined clean surface of a transition metal single 

crystal in an ultra-high vacuum chamber under extremely 

pristine conditions, or on graphene. Except for the case of 

the silicate on graphene, which was obtained by accident in 

an uncontrolled manner, the preparation typically involves, 

pre-covering the surface with a layer of chemisorbed 

oxygen, and then the sequential physical vapor deposition 

or co-deposition of silicon or aluminum in the presence of 

~10
-7

 Tor O2. For the cases of Ru(0001) and Pt(111), this is 

followed by annealing to approximately 1200 K in  ~10
-6

 

Tor O2. This results in the crystallization of the 

(alumino)silicate into the structure shown in figure 1. 

 
 

Figure 2. Illustration of the steps involved in the 

preparation of the 2dH structure on Ru(0001) surfaces.  

 

Variations of this were later reported by Altman et al for 

Pd(100) and  NixPd1–x(111). Note that the relative 

population of prisms of different sizes depends on the 

presence or absence of aluminum. For the case of pure 

silica, both perfectly hexagonal and 2D-vitreous regions are 

found, with the latter showing a large variation on the sizes 

of the prisms. [12] However, upon incorporation of 

aluminum, the prisms are almost all hexagonal. [7] Figure 2 

shows a depiction of the steps involved in the preparation of 

the 2dH structure on Ru(0001). 

 

3 CHARACTERIZATION 
 

The three main techniques used to characterize these 

structures are X-ray photoelectron spectroscopy (XPS), 

infrared reflection absorption spectroscopy (IRRAS) and 

scanning tunneling microscopy (STM). While XPS 

provides the chemical composition and oxidation states of 

each element, STM can provide imaging down to the 

atomic scale and IRRAS provides evidence of the 

framework type when looking at phonon framework 

vibrations. IRRAS also shows vibrations of hydroxyl 

groups and adsorbates interacting with the structure. An 

STM image along with the model is shown in Figure 1 

where the top hexagons of the prisms are seen in the image. 

Framework phonon vibrations are commonly used to 

structurally characterize zeolites. In the case here, IRRAS is 

the most reliable technique to be certain the 2dH structure is 

formed, as it presents a very characteristic, sharp and 

intense phonon vibration at 1300 cm
-1

 for the Al-free 

structure, which progressively shifts down to 1260 cm
-1

 for 

2dH for Al contents approaching 50% of the T atoms. This 

phonon is associated to the vibration of the O-linkages 

between the identical top and bottom rings in the polygonal 

prisms. IRRAS spectra for a 2dH silicate and a 2dH 

aluminosilicate are shown in figure 3. 

 

 
Figure 3. IRRAS spectra for silicate and aluminosilicate 

2dH. Adapted from reference [13].  
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4 OUTLOOK AND POTENTIAL 

APPLICATIONS 
Promising applications have been shown for 2dH 

structures, including their use as anti-corrosion coatings. It 

was found, using ambient pressure XPS, that a Ru(0001) 

covered by 2dH does not oxidize at conditions at which the 

bare metal surface, or even the metal cover with MFI 

zeolite nanosheets (with much larger pores), would 

normally oxidize. Figure 4 shows Ru 3d XPS spectra for 

the cases of Ru(0001) covered by aluminosilicate 2dH and 

MFI zeolite nanosheets, where upon heating in an O2 

environment no oxidation is observed for the 2dH case but 

heavy oxidation is seen for the MFI case. [14] This is 

illustrated with a cartoon in Figure 5.  

 
Figure 4. Ru 3d XPS spectra for a Ru(0001) surface 

covered by aluminosilicate 2dH (left) and MFI nanosheets 

(rights), upon heating under 2x10
-4

 mbar O2.[14]  

 
Figure 5. Schematic representation of one of the potential 

applications of these ultra-thin films, showing anti-

corrosion properties.[14]  

 
Figure 6. SEM micrograph of hexacelsian with 

corresponding EDS spectrum. 

 

Other potential applications include the trapping of inert 

gases within the cavities and their use as molecular 

sieves.[15]  

However, the current preparation methods are 

prohibitively expensive. In order to have any hope of this 

materials being used in any practical manner, methods for 

their inexpensive preparation should be developed. Two 

alternatives are being explored by the authors of this paper. 

One strategy involves the use of a Langmuir-Through for 

the deposition of silicate prism precursors on a surface and 

then crystallize them in a furnace into the 2dH structure. 

The second strategy stems from a naturally occurring 

material called hexacelsian. This is a layered barium 

aluminosilicate from the feldspar family. It has the same 

structure as 2dH, but in a layered fashion with Ba
2+ 

ions 

between the layers to compensate for the charge arising 

from the incorporation of Al in tetrahedral positions. This 

hexacelsian structure was first elucidated by Yoshiki et al in 

1951. [16] Figure 6 shows an SEM micrograph of natural 

hexacelsian found in pyrometamorphic rocks of the 

Hatrurim Complex in Israel.[17] An EDX spectrum of the 

hexacelsian section is also included in the figure. In 

addition to natural hexacelsian, these structures can also be 

obtained synthetically by collapsing Ba-exchanged zeolite 
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frameworks upon annealing to elevated temperatures. [18] 

Attempts are being made in our group to separate individual 

layers of hexacelsian, which is basically 2dH, to then 

deposit them on any substrate of choice. This may also 

include a meso- or macroporous structure, which can act as 

a support for these molecular sieves. Note that very 

recently, the structure shown in figure 1, in its Al-free form, 

was also exfoliated and transferred to a different 

substrate.[19] 

We envision that one or both of these two strategies will 

make the preparation of these materials inexpensive enough 

that practical applications may be developed in the future 

once we are able to deposit them on any material of choice 

in a way analogous to how graphene is being used today. 

Note as well that combining 2dH (which has a wide band 

gap) with graphene or other 2D materials may lead to 

heterostructures with novel properties, including possibly 

nanoelectronic applications.  
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