BROOKHFAEN

NATIONAL LABORATORY

BNL-211478-2019-JAAM

Ionization-Facilitated Formation of Two-Dimensional (Alumino)silicate-
Noble Gas Clathrate Compounds

J. Zhong, J. Boscoboinik

To be published in "Advanced Functional Materials"

March 2019

Center for Functional Nanomaterials

Brookhaven National Laboratory

U.S. Department of Energy
USDOE Office of Science (SC), Basic Energy Sciences (BES) (SC-22)

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under
Contract No. DE-SC0012704 with the U.S. Department of Energy. The publisher by accepting the
manuscript for publication acknowledges that the United States Government retains a non-exclusive, paid-up,
irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others
to do so, for United States Government purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



DOI: 10.1002/ ((please add manuscript number))
Article type: Full paper

lonization-Facilitated Formation of Two-Dimensional (Alumino)silicate-Noble Gas Clathrate
Compounds

Jian-Qiang Zhong*', Mengen Wang'?*, Nusnin Akter*2, John D. Kestell*, Tianchao Niu*, Alejandro
M. Boscoboinik®#, Taejin Kim?, Dario J. Stacchiolal, Qin Wu?, Deyu Lu'”", J. Anibal Boscoboinik!”

! Center for Functional Nanomaterials, Brookhaven National Laboratory, Upton, NY 11973, United
States.

2 Materials Science and Chemical Engineering Department, Stony Brook University, Stony Brook, NY
11790, United States.

% Instituto de Fisica Aplicada INFAP-CONICET-Departamento de Fisica -Universidad Nacional de
San Luis, Chacabuco 917-5700-San Luis, Argentina.

4 Department of Chemistry, University of Wisconsin-Milwaukee, Milwaukee, Wisconsin 53211,
United States.

*These authors contributed equally to this work.
“Corresponding authors: jboscoboinik@bnl.gov; dlu@bnl.gov.

Keywords: noble gas clathrate, activated physisorption, single atom trapping, gas separation, 2D
zeolites.

The nanoscale confinement of noble gases at non-cryogenic temperatures is crucial for many
applications including noble gas separations, nuclear waste remediation, and the removal of radon.
However, this process is extremely difficult primarily due to the weak trapping forces of the host
matrices upon noble gas physisorption. Herein, we report the formation of two-dimensional (2D)
clathrate compounds, which result from trapping noble gas atoms (Ar, Kr, and Xe) inside nano-cages
of ultra-thin silica and aluminosilicate crystalline nanoporous frameworks at 300 K. The formation of
the 2D-clathrate compounds is attributed to a novel activated physisorption mechanism, facilitated by
ionization of noble gas atoms. Combined X-ray photoelectron spectroscopy (XPS) and density

functional theory (DFT) studies provide evidence of an initial ionization process that significantly
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reduces the apparent trapping barrier. Noble gas ions become neutralized upon entering the cages and
their desorption requires unprecedentedly high temperatures, even in ultra-high vacuum conditions.
From 2D-aluminosilicate films these temperatures are 348 K (Ar), 498 K (Kr) and 673 K (Xe). DFT
calculations also predict that Rn can be trapped in 2D-aluminosilicates with an even higher desorption
temperature of 775 K. This work highlights a new ionization-facilitated trapping mechanism resulting

in the thinnest family of clathrates ever reported.



1. Introduction

Noble gases (elements in the group 18) are the most unreactive elements in the periodic table. Their
condensation temperatures are 4 K (He), 27 K (Ne), 87 K (Ar), 120 K (Kr), 165 K (Xe) and 211 K
(Rn). Consequently, immobilizing them on a surface normally requires very low temperatures.
Trapping them at non-cryogenic conditions is an industrially relevant challenge for energy,
environment and health applicationst. For example, radioactive isotopes of Kr and Xe are a byproduct
of nuclear fission in nuclear plants and, due to their volatile nature, their release to the atmosphere is
hard to control?. Rn is radioactive and a known carcinogen, responsible for 15% of lung cancers
worldwidell. Intensive research efforts have been devoted to the fundamental understanding of
intrinsic physical and chemical properties of isolated noble gas atoms in confinement[*l. Electrostatic
trapping of Xe has been reported by using a boron nitride nanomesh formed on Rh(111), but it is still
at cryogenic temperaturest®l. lon implantation is the only method that has been explored at room
temperature to trap noble gas atoms under a two-dimensional (2D) graphene cover by ionizing the
atoms and accelerating them towards the surface under an applied electrostatic potentialf®l. However,
the substantial surface defects induced by ion implantation also result in uncontrolled noble gas
“blisters”.

From the point of view of surface science, the adsorption of a molecule on a surface can be either
physisorption or chemisorptionl” as illustrated in Figure 1A. While the former exhibits a small
adsorption energy (|4Eads|) at the potential energy minimum due to weak van der Waals (vdW)
interactions, the latter binds a molecule tightly through chemical bonds with a much larger |AEags|.
Since noble gas atoms are extremely difficult to form strong chemical bonds with the surface, the

fundamental challenge of trapping noble gases at non-cryogenic conditions mainly originates from the



small |AEads| in physisorption®l. Here we report an activated physisorption mechanism that traps noble
gas atoms with an ultrahigh desorption energy barrier (Edes) as shown in Figure 1A. This trapping
process forms 2D clathrate compounds, where noble gases are immobilized in the nano-cages of the

host 2D (alumino)silicate.

2D (alumino)silicate (silica: SiO2 and aluminosilicate: AlxSi1xO2) are recently reported ultra-thin
nanoporous crystalline frameworks[®l. Their structures are shown in Figure 1B. These frameworks
have been proposed as model systems for surface science studies of zeolites® 1% which are the most
widely used catalyst in the industry™l and the most important sorbent materials*?. The well-ordered
2D (alumino)silicate frameworks with a thickness less than 5 A were grown on a Ru(0001) surface, in
which the distance between the (alumino)silicate framework and the ruthenium surface ranges between
2 A and 4 A depending on the coverage of interfacial chemisorbed oxygen™3l. Other supports have
also been reported, including Pt(111), Pd(111), Pd(100) and NixPd1-x(111) alloys!**l. The building unit
of such bilayer framework is the hexagonal prism nano-cage shown in Figure 1C. Interestingly, high
solubility of noble gases was recently reported for a naturally occurring (alumino)silicate mineral that
also contains hexagonal rings[*®l, in the context of rationalizing the higher-than-expected concentration

of noble gases in the earth mantle.
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Figure 1. Potential energy diagram and structure of the 2D silica. (A) Schematic diagram of the
potential energies against the distance from contact surface (d) for physisorption, chemisorption, and
activated physisorption, respectively. AEags represents the adsorption energy; Eges represents the
desorption energy barrier for activated physisorption. (B) Side (left) and top (right) views of the 2D
silica bilayer film adsorbed on p(2x1)-O/Ru(0001) [i.e., (SiO2)s/40/Ru(0001)]. The black rectangle
on the top view indicates the unit cell. (C) Illustrations of the nano-cages in the framework with and

without the noble gas atom trapped inside. Color code: Ru (silver), Si (yellow), O in silica (red) and O
chemisorbed on Ru (pink).

%&dw trapping

We recently reported that 2D (alumino)silicate films are able to trap single Ar atoms, where both
desorption measurements and DFT calculations point to a high desorption barrier of about 1 eV/[6l,
However, these results created a big puzzle, namely if the activation energy barrier for Ar to enter
these nano-cages is at a similar magnitude (~ 1 eV), how did Ar atoms get trapped inside nano-cages
at room temperature below the atmosphere pressure? Based on density functional theory (DFT)

calculations, Yao et al. claimed that the energy barrier is too high for Ar to go through the nano-pores
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in the 2D silica films!*". In this study, we investigated the trapping mechanism in detail and confirmed
that noble gas trapping by 2D (alumino)silicate films is an activated physisorption process. The
seemingly contradicting conclusions of our study and Ref.[*"] can be reconciled by a strong ionization-
induced trapping/desorption activation barrier imparity, which means that noble gas atoms enter the
nano-cages in the form of ions with a significantly reduced trapping energy barrier and exit as neutral
atoms with an ultrahigh desorption energy barrier. We further extended this study to all noble gases
except the newly discovered Og, which has a very short lifetime, and found that these 2D
(alumino)silicate films can trap individual atoms of Ar, Kr, and Xe with unprecedentedly high kinetic
stability, while He and Ne are too small to remain in the nano-cage. DFT calculations predict the
trapping of Rn. Unlike ion implantation, our approach is non-destructive as the trapping process does
not create defects on the 2D (alumino)silicate, which makes the trapping and release processes
reversible. We further demonstrated that the notable differences in thermal stabilities of noble gases

can be exploited to separate a mixture of Ar, Kr and Xe.

2. Results and discussion

2.1 Noble gas trapping

Trapping noble gas atoms in (alumino)silicate nano-cages is demonstrated in-situ by X-ray
photoelectron spectroscopy (XPS). A silica bilayer was separately exposed to low-pressures (~ 2 mbar)
of individual noble gases (He, Ne, Ar, Kr and Xe) at room temperature. Simultaneously acquired
ambient pressure XPS (AP-XPS) spectra show strong gas phase core level peaks (Figure S1). As the
gas pressure is lowered, these gas phase peaks decrease and eventually disappear, while newly evident
peaks located at the lower binding energy (Ese) side remain over time even after evacuating the

experimental chamber in the cases of Ar, Kr and Xe, as shown in Figure S1. These peaks are assigned
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to trapped noble gas atoms in the silica bilayer/Ru(0001) system. Consistent with our previous
results*®l, while most trapped atoms are located in the cages, there is a small fraction of noble gas
atoms located as well at the interface between the silica/Ru(0001) interface. This minority species is
evident in the deconvolution of the Ar 2p, Kr 3d and Xe 3ds,. core level spectra shown in Figure S2 as
a small component on the lower binding energy side. The peak assignment is in agreement with DFT
calculations, from which the Ege for atoms trapped in the cages and at the interface are summarized in
Table S1. Note that as part of the AP-XPS measurements, a fraction of the gas phase molecules can be
ionized, which plays a crucial role in the trapping mechanism and will be discussed in detail in the
next section. A rough estimation based the beam size, photon flux, gas pressure, photoionization cross
section, and system geometry gives a rate of ion generation inside of the experimental chamber in the
order of 10! ions/s. However, only a small fraction of these ions is expected to reach the sample
surface. The size of the nano-cages in silica frameworks is ~ 3.2 A, defined by subtracting the vdwW
diameter of an O atom (~3.0 A) from the O-O distance (6.2 A) at opposite sides of the middle layer of
the nano-cagel*® €1, Considering the vdW diameter of the noble gas atoms (i.e., He ~2.80 A, Ne ~3.08
A, Ar~3.76 A, Kr ~4.04 A, Xe ~4.32 A, and Rn ~4.40 A)*], He and Ne atoms are too small to be
trapped, while Ar, Kr, Xe and Rn atoms have the right sizes (i.e. slightly larger than the cage) to remain

in the nano-cages at room temperature.

Aside from the silica bilayer, the aluminosilicate bilayer films also trap Ar, Kr and Xe. XPS spectra
of the trapped noble gas atoms in an aluminosilicate film (Alo.33Sio6702) are plotted in Figure 2 at
increasing temperatures. The aluminosilicate has stronger electrostatic interactions with the metal

support, resulting in an interfacial space that is too small to trap noble gases.?™ Therefore, the XPS



peaks are assigned to noble gas atoms trapped in the nano-cages of the aluminosilicate film. Desorption
of these trapped noble gas atoms at 300 K is slow for Ar and negligible for Kr and Xe. For example,
we showed in recent work that only 25% of trapped Ar atoms desorb in the ultra-high vacuum (UHV)
after 12 hours[*®l. In the experiments reported here, there is virtually no desorption for trapped Kr and
Xe atoms at room temperature. The air stability of the noble gas atoms in the nano-cages was tested
by taking a silica bilayer sample with Xe trapped in it and exposing it to air for 4 hours before putting
it back into the experimental chamber. XPS spectra of the Xe 3d core level (Figure S3) were taken

before and after air exposure, showing that Xe atoms remain trapped.
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Figure 2. UHV XPS spectra of noble gas atoms (A: Ar 2p, B: Kr 3ds2, C: Xe 3ds/2) trapped in a
aluminosilicate bilayer (Alo33Sios70O2) as a function of temperature. The aluminosilicate was
exposed to 2 mbar Ar, Kr or Xe for 10 minutes prior to evacuation and spectra acquisition.

The noble gas coverage ©, defined as the number of trapped noble gas atoms per nano-cage, is

estimated by the ratio of the XPS peak areas between the Ar 2p, Kr 3d or Xe 3d and Si 2p (Figure S4),

taking into account the photoionization cross sections for each core level at the used photon energy.



The photon energies were chosen in order to have the same photoelectron kinetic energy, and thus the
same electron transmission function, for all cases. The estimated saturation coverages are Osa =
0.14+0.02, 0.20+0.02 and 0.04+0.02 for Ar, Kr and Xe on the silica bilayer, respectively (Figure 5A-
C). In the case of the aluminosilicate (Alo33Si0.6702), these coverages are higher, i.e., 0.18+0.02 (Ar),
0.26+0.02 (Kr) and 0.12+0.02 (Xe) (Figure 5D-F). A higher Osat in aluminosilicates than silica can be
attributed to their larger trapping energies as will be discussed below. Note that vitreous regions are
sometimes found on the surface in addition to the hexagonal prisms, especially for silica, and this may
result in underestimating the coverage since the total density of hexagonal prism nano-cages may be

smaller than in the ideal crystalline structurel?™,

DFT calculations are carried out to study the structures and energetics of noble gases (Ar, Kr, Xe
and Rn) trapping in both silica (SiO2) and aluminosilicate (Ho.125Alo.375Si0.62502) frameworks. Silica
films on p(2x1)-O/Ru(0001)?? and aluminosilicate films on Ru(0001) with ®= 0.25 and 0.5 are
modeled. The structural changes of the frameworks upon noble gas trapping inside nano-cages are
quantified by monitoring changes in the film thickness and nano-cage sizes in silica (Figure S5) and
aluminosilicate films (Figure S6). In order to characterize the structural deformation of the framework
upon trapping the noble gases, we distinguish three different oxygen locations of the framework shown
in the side view in Figure 1B in the direction normal to the surface: a. oxygen at the bottom (closest
to ruthenium, Op), b. oxygen in the middle (Om) and c. oxygen at the top (furthest from ruthenium, Oy).
The major changes are found in the Om-On distances between oxygen atoms at opposite sides of the
cage (d(Om-Om)), due to the expansion of the nano-cages. Taking ® = 0.5 as an example, d(Om-Om)

increases by 0.05 A (Ar), 0.08 A (Kr), 0.14 A (Xe) and 0.17 A (Rn) in SiO2 and 0.08 A (Ar), 0.10 A



(Kr), 0.17 A (Xe) and 0.20 A (Rn) in Ho.125Al0.375Si0.62502. The distortion of the cages could potentially
induce shifts in the vibrational phonon modes of the structure, as obtained by infrared reflection
absorption spectroscopy (IRRAS). The most characteristic mode is associated with the vertical motion
of the oxygen atoms linking the two layers in the bilayer structure, which for the case of SiO- is located
at ~1300 cm™. Another phonon mode has been reported for this bilayer structure at ~ 690 cm™.
However, our instrument has a lower wavelength cutoff at 800 cm™, rendering this lower frequency
mode inaccessible in our experiments. Previous work did not show any visible shift on the 1300 cm
mode upon Ar inclusion due to the negligible distortion of the bilayer upon Ar intake[®l. Upon Xe
trapping, however, there is an 8 cm™ red-shift in the signature interlayer phonon mode in IRRAS
(Figure S7), which could be explained by the distortion of the bilayer where d(Om-Om) increases by
0.14 A and the film thickness (d;(O+Op)) increases by 0.01 A at ®x. = 0.5 (Figure S5D). The red-shift
is accompanied by a large broadening of the phonon peak with the full width at half maximum
changing from 10.2 cm™ to 14.4 cm™. This shift and broadening are reversible as Xe desorbs upon

heating the sample to 873 K.

We calculated the adsorption energies (4Eags) for gas atoms adsorbed outside the nano-cage, AEads=
Esub+gas* — (Esub + Egas), where Esup+gas*, Esub and Egas are the total energies for the adsorbed system
(gas*-(alumino)silicate/O/Ru(0001)) and non-interacting individual components
((alumino)silicate/O/Ru(0001) and isolated gas atoms). Consistent with AEags in the order of ~100
meV for noble gas atoms adsorbed on the Pd(111) surface [, the calculated AEags is -0.16 eV (Ar), -
0.19 eV (Kr), -0.24 eV (Xe) and -0.29 eV (Rn) for SiO2 and -0.15 eV (Ar), -0.17 eV (Kr), -0.18 eV
(Xe) and -0.18 eV (Rn) for Ho.125Al0.375S10.62502 (Figure 3). Due to the weak vdW interaction, noble
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gas atoms adsorbed outside the nano-cages are not stable at non-cryogenic conditions and can easily

desorb at room temperature.

Noble gas atoms can be trapped inside the (alumino)silicate nano-cage or at the silica/Ru(0001)
interface. Trapping energies (AEap) are calculated from the relaxed structures of the (alumino)silicates
before and after the noble gas trapping, AEtrap = Esub+gastrap) — (Esun + Egas), Where Esub+gas(trap), Esub
and Egas are the total energies for (alumino)silicate/O/Ru(0001) with and without trapped gas, and
isolated gas atoms, respectively. The calculated AEtap are summarized in Figure 3 and Table S2 and
the corresponding structures are summarized in Figure S5 and S6. For the noble gas atoms trapped in
the nano-cages at ® = 0.25, AEap 1S -0.03 eV (Ar), 0.13 eV (Kr), 0.58 eV (Xe) and 0.81 eV (Rn) for
SiOz and -0.07 eV (Ar), 0.06 eV (Kr), 0.45 eV (Xe) and 0.69 eV (Rn) for Ho.125Al0.375Si0.62502. Unlike
trapped Ar, significantly large positive trapping energies of Xe and Rn in both cases indicate that these
trapped Xe and Rn are thermodynamically unstable, because the vdW diameters of Xe and Rn are
more than 1 A larger than the size of the nano-cage, which also leads to larger trapping and desorption

barriers than Ar and Kr.

Structures corresponding to noble gas atoms trapped at the silica/Ru(0001) interface are also studied.
Compared to AEwap of atoms in the nano-cages, noble gas atoms trapped at the interface are
energetically less favorable, which is partially due to the energy penalty associated with pushing the
silica bilayer away from the substrate (Figure S8). DFT results on the vertical displacement of the
silica bilayer from the metallic support by CO molecules were also reported by Schlexer et al.[?%l. Our
results suggest that the nano-cages in the (alumino)silicate framewaorks are the preferred trapping sites
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over the interface, which is consistent with XPS results where the main peak is assigned to the noble

gas atoms trapped in the nano-cages.

2.2 Trapping mechanism

The energetics of the noble gas trapping pathway is calculated from DFT using the climbing image
nudged elastic band (CI-NEB) method[® for neutral noble gas atoms, including the initial state before
adsorption, adsorbed states, transition states (TS) and trapped states. The minimum energy pathways
are shown in Figure S9 for ® = 0.25 and ® = 0.5. In particular, we focus on the apparent activation
energy barriers for noble gas trapping (Eapp) and desorption (Edes), where Eapp (Edes) is the energy
difference between the transition state and the initial state before adsorption (the trapped state). In
order to enter or escape from the nano-cages, noble gases need to overcome these barriers, as shown
in Figure 3A and Table S2. At the transition state, the nano-cage in the silica framework expands
substantially to allow noble gas atoms to enter. The calculated Eapp (Eqes) are 0.88 (0.91) eV, 1.45 (1.32)
eV, 2.52 (1.94) eV and 2.99 (2.18) eV for Ar, Kr, Xe and Rn trapped in the silica framework at ® =
0.25, respectively. Such high activation energies for trapping and desorption result mainly from the
deformation energy of the hexagonal prisms at the transition state. As shown in Figure 3B,
Edes(@luminosilicate) is larger than Eges(silica), which is consistent with a higher desorption
temperature from the aluminosilicate film (Figure 5). The aluminosilicate film also has a smaller AEap
(Figure 3B), which is related to a more stable trapped state. This can be understood as a result of longer
Al-O bonds as compared to the Si-O bonds, which leads to larger film thickness (d;(Ot-Op)) and less

energetic penalty to distort O-Al-O angles as compared to O-Si-O angles[?®. For example, d(O-Op) of
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the SiO, film is 4.26 A, which increases to 4.51 A in Ho125Al0.375Si0,6250, creating a less confined

space.
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Figure 3. Potential energy diagram for the noble gas trapping. Potential energy diagram for Ar
(black line), Kr (blue line), Xe (red line) and Rn (violet line) atoms being trapped in the silica (A) and
aluminosilicate (B) bilayer film at ® = 0.25. Color code: Ar (black), Kr (blue), Xe (red) and Rn (violet).
(C) Potential energy diagram from constrained DFT calculations for a neutral Ar atom trapped inside
a single freestanding silica nano-cage terminated with H atoms (black line), Ar* trapped inside a single
freestanding silica nano-cage (green line) and Ar" trapping in a silica nano-cage adsorbed on Ru
surface (magenta line). Colors of energies correspond to colors of Ar@cage (black), Ar*@cage (green)
and Ar*@cage/Ru (magenta). AEadsand AErap (in €V) represent the adsorption energy outside the nano-
cage and trapping energy inside the nano-cage. Eapp and Eges (in €V) represent the apparent trapping
and desorption energy barriers.
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Strong evidence from both experiment and theory suggest that the ultrahigh Eqes (about 1~2 eV) is
key to the noble gas atoms trapped in nano-cages at non-cryogenic temperatures. An intriguing
question is how noble gas atoms overcome the large Eapp (about 1~3 eV) to enter the nano-cages. Due
to the presence of X-ray, it is highly possible that noble gas atoms are ionized in the gas phase. Below
we first use DFT to investigate the energy pathway of rare gas ions trapping in 2D silica and show that
noble gas cations experience significantly lower Eapp than neutral atoms, which facilitates the trapping
process. Then we provide experimental evidence to demonstrate that noble gas atoms are ionized by

X-ray during the AP-XPS measurements before entering the nano-cage.

There are two major factors that can influence the trapping of noble gas cations: electrostatic forces
and Pauli repulsion. Firstly, the electrostatic forces from the induced charges on the (alumino)silica
bilayer and the image charges from the Ru substrate can pull the noble gas cation towards the nano-
cages, which effectively lowers Eapp. Secondly, since a cation is smaller than the neutral atom, the
energy cost of the cation to stretch the mouth of the cage in the transition state is lower than that of the
neutral atom, due to a weaker Pauli repulsion. To provide a quantitative assessment, we calculated the
energetics of Ar* trapping pathway in a silica nano-cage using constrained DFT!?®l, where the silica
bilayer is approximated by an isolated hexagonal nano-cage terminated with H atoms and a positive
charge is constrained on Ar*. This model naturally includes the effects of the polarization energy from

the silica film and the Pauli repulsion between Ar* and the nano-cage. The image potential of the Ru

e?

substrate is included separately using U, = - where z is the atom position of the

16meg|z—zim|’

transition state and z;,,, = 1.35 A is the image plane of the Ruf?"].

As shown in Figure 3C, the minimum energy path for a neutral Ar atom (the black curve) to enter
an isolated hexagonal nano-cage is nearly the same as the extended bilayer system adsorbed on the

Ru(0001) surface (Figure 3A), with a slightly larger Eapp by 0.03 eV (Figure 3C). The green curve in
14



Figure 3C represents the potential energy for Ar* trapping in a single silica cage from constrained DFT
calculations. Compared with the AEags = -0.12 eV of the neutral Ar in the adsorbed state outside the
nano-cage, AEags for Ar*is -1.03 eV, which is 0.91 eV lower in energy due to charge-induced charge
attraction. After taking into account the polarization energy from the nano-cage and smaller Ar* size,
Eapp Of Ar* drops to -0.19 eV. Once the image potential is included (magenta curve in Figure 3C), Eapp
further drops to -0.73 eV. Overall, the ionization can lower Eapp by 1.64 eV as compared to that of the

neutral atom (0.91 eV) and makes the trapping of Ar* feasible at room temperature..

We note that if Ar" at the adsorbed state is neutralized by the silica/Ru heterojunction, Eapp is
restored to that of the neutral atom, unless Ar is ionized again. As shown in Figure S10A, the Ar 3p
state is located at ~ 4 eV below the Fermi level (Er) when Ar is adsorbed outside the nano-cage. At
the transition state, Ar 3p peak is broadened due to the hybridization with the nearby O atoms from
the silica nano-cage and the highest occupied molecular orbital (HOMO) of Ar is closer to Er (Figure
S10B). Therefore, there is an increasing probability of the charge transfer from
(alumino)silicate/Ru(1000) to Ar* through resonant tunneling as Ar* is pulling towards the nano-cage

by electrostatic forces.

In order to experimentally prove our hypothesis of the cationic nature of the noble gas species
entering the nano-cage, a silica bilayer was exposed to 2 mbar of Kr while biasing the sample to either
attract the cations (-18 V) or repel them (+18 V). The results are shown in Figure 4A, where -18 V
bias results in a slight increase in the coverage of Kr, while +18 V bias results in a drastic decrease of
the population of trapped Kr. These results provide strong evidence supporting our model that the

15



noble gas enters the nano-cage in its cationic form. It is worth noting that, while in the case described
above the noble gases are ionized by the synchrotron X-rays, no trapping is observed in a control
experiment in the absence of X-rays (Figure 4B). The ionization could be achieved in many other less
demanding methods without resort to X-rays, including for example subjecting the gas to a strong
electric field!?], For example, the Xe trapping shown in Figure S3 was achieved by ionizing Xe by
means of an electric field, using a sputter ion gun to generate ions without accelerating them towards
the surface. Additionally, and intentionally, in that experiment the sample was not in line of sight with
the sputter gun. Another relevant instance is nuclear power plants where gas atoms are inherently

exposed to ionizing radiation.
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Figure 4. Sample bias dependent noble gas trapping behavior proving the cationic nature of the
noble gas species entering the nano-cages. (A) The silica bilayer was exposed to 2 mbar Kr for 10
minutes with 0 V (black), -18 V (red) and + 18 V (green) sample bias respectively, in the presence of
an X-ray beam. The spectra were acquired under UHV conditions after evacuating the gas (ho = 400
eV). (B) Effect of the X-ray beam on the ionization and trapping processes. The silica bilayer was
exposed to 2 mbar Ar for 10 minutes in the presence (red) and absence (black) of an X-ray beam. The
spectra were acquired under UHV conditions after evacuating the gas (ho = 650 eV).

2.3 Desorption mechanism
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Upon entering the cage, the cation is neutralized due to the electron transfer from the
(alumino)silicate/Ru heterojunction. Even in the case noble gas atom is ionized again on the now inside
of the cage as part of the XPS measurement, typical lifetimes of the charged state are in the order of
101 s, much faster that the nuclear motion needed for desorption. Therefore, the atoms must desorb
in the neutral state. The noble gas atoms at the interface are less stable than those in the nano-cages
and may desorb through the grain boundaries at low temperatures from silica, as described later in
Figure 5. For example, from 298 K to 373 K, the amount of trapped Kr decreases by 20% on the silica
bilayer while there is almost no Kr desorption from the aluminosilicate bilayer, because there are no
interfacial Ar, Kr or Xe atoms at the aluminosilicate/Ru interface. The release temperature is defined
as the temperature with the highest desorption rate (Table S3), which is equivalent to the peak
temperature in temperature programmed desorption (TPD) spectra. The release temperature from the
silica framework for Ar, Kr and Xe are 373 K, 473 K and 623 K, respectively (Figure 5A-C). The
desorption temperatures increase to 498 K for Kr and to 673 K for Xe in the aluminosilicate (Figure
5E-F). This report of Xe atoms trapped in the nano-cages up to 673 K constitutes, to the best of our

knowledge, the most stable case of noble gas atoms in confinement so fart®l,

Since gas atoms are neutralized after entering the nano-cages, it is important that we compare the
Edes from DFT with that obtained from the desorption experiment (Figure 5). In order to obtain Eges
from the experiment, the first order reaction law ® = @9 exp(-kt)!* was used, where @ was taken
from the first XPS data point at 298 K. The desorption rate constants (k) were calculated using the
Arrhenius equation k = Aexp(-Eqes/knT), where A, ks, and T are the pre-exponential factor calculated
from the transition state theory, the Boltzmann constant, and the temperature. In order to obtain good

fittings for ©(t,T), a distribution of Eqes is expected, as labeled in Figure 5 (E1, E2 and Es). Three Eges
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from the experiment with different coverage (©k1, G2 and Gks) could be rationalized by the fact that
there are possible inhomogeneities in the ring size distributions during the film synthesis, especially

for the (alumino)silicate as reported by Lichtenstein et al.[?** 31 and distortions of the hexagonal prism

cages.
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Figure 5. Desorption of trapped noble gases (Ar, Kr and Xe) from 2D zeolite models. (A-C) silica
bilayer (SiOz) and (D-F) 2D aluminosilicate bilayer (Alo33Sios7O2 in experiments and
Ho.125Al0.375Si0.62502 in DFT). The number of trapped atoms per cage (®) is obtained from the
normalized XPS peak areas (Ar 2p, Kr 3d and Xe 3d) (blue dots). All XPS data are collected under
UHYV conditions after 2 mbar Ar (A, D), 2 mbar Kr (B, E) and 2 mbar Xe (C, F) exposures. The error
bars from XPS are + 0.02 atoms per cage. The desorption curve (red curves) is fitted with three energy
barriers, Eqes (E1, E2 and E3) by using the pre-exponential factors from transition state theory. Dotted
blue, green and black curves represent desorption ®-t curves for gas trapped at the three fitted energy
barriers. Eqes-orr are DFT calculated desorption energy barriers with zero-point energy (ZPE)
correction (® =0.25).

The O(t,T) curves (red curve in Figure 5) with fitted Eqes (E1, E2, E3) agree well with the experiments
under an assumption of the error bar from XPS (+ 0.02 atoms per cage). The ZPE corrected Edes (Edes-

prr from Figure 5) are calculated to compare with the fitted Eges. The fitted Eges with the highest
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composition ratio agrees well with the Eges.ort considering a reasonable error bar of DFT energy
barriers (+ 0.1 eV)®? indicating that most of the noble gas atoms were trapped at the perfect hexagonal
domains, and that it is the neutral gas atoms that desorbed from the film. Take the desorption of Ar
from a silica film as an example (Figure 5A). 44% of the Ar atoms are trapped in the hexagonal cages
with the energy barrier Eqes(E2) = 0.93 eV, which agrees well with Egesorr= 0.92 eV from DFT
calculations. E; and Ez are within ~ + 0.1 from E, likely corresponding to the Ar atoms trapped in
other defect structures (e.g., distorted hexagonal prisms). The presence of the defect structures were
observed in our previous work in the STM images for the aluminosilicate film shown in Figure S11[2%],
where 45% of the hexagonal cages were surrounded by six-member rings while 55% of the
hexagonal cages were surrounded by non-six-member rings. The non-six-member rings induce
distortions in the hexagonal prism cages, which would explain changes in the activation energy for the
release. Defect structures were also predicted by calculations from other groups3l. It should be noted
that in silica films (Figure 5A-C), the lowest fitted Eqes (E1) contribute to 16% (Ar), 15% (Kr), and 19%
(Xe) of the trapped atoms, which are comparable to the proportion of the noble gas atoms trapped at
the interface of silica/Ru(0001) (Figure S2). Therefore, Eqes (E1) in Figure 5A-C is assigned to the
interfacial trapped noble gas atoms that are likely to desorb through the grain boundaries, which also
explains the drop of © at the initial heating stages as discussed above, which is observed in silica, but

not in the aluminosilicates.

2.4 Separation of noble gases

The unprecedented ability to stabilize all noble gas atoms heavier than Ne makes these 2D materials

not only an exciting new playground for fundamental studies of individual atoms in nano-confinement,
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but also promising candidates for potential applications in noble gas storage and separation. We
illustrate such potential by trapping a mixture of Ar, Kr and Xe in the cages of a aluminosilicate film
at room temperature and releasing them subsequently at higher temperatures. Here, the aluminosilicate
bilayer (Alo.35Si0.6502) is exposed to 2 mbar of an equimolar noble gas mixture at 300 K for 20 minutes
while measuring XPS. Atoms of the three gases get simultaneously trapped in the cages as evident by
XPS spectra taken after pumping out the gases. The sample is then heated while taking XPS spectra
and Figure 6 shows a plot of the Ar, Kr and Xe content as a function of temperature. Kr atoms have
the highest initial coverage (i.e., 0.06 per nano-cage), consistent with higher coverage seen in the single
component noble gas trapping experiments discussed above. By increasing the temperature to 423 K,
all trapped Ar atoms are released from the aluminosilicate bilayer, while Kr and Xe still have 81% and
89% left in the framework. These trapped Kr atoms can be completely removed from the film by
further increasing the temperature to 573 K, where 51% of Xe atoms remain trapped in the framework.
Simulated temperature programmed desorption curves for Ar, Kr, Xe and Rn (Figure S12) also
illustrate the potential for separating different noble gases. Moreover, the 2D-zeolite has a trapping
capacity (9 wt% for Kr) comparable with other selective adsorbents like metal-organic frameworks
(13 wt% for Kr)4, However, it should be noted that both the film quality and the ionization process

are essential for such separations.
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Figure 6. XPS analysis of mixed noble gas atoms trapped in a 2D aluminosilicate (Alo.35Si0.6502)
bilayer. All XPS data are collected under UHV conditions after 2 mbar exposure to a mixture of noble

gases (nar: Nkr: Nxe = 1: 1: 1). The coverage (®) are calculated and displayed as a function of time and
temperatures.

2.5 Other important implications

Our findings also provide important hints on the “missing” Xe problem, suggesting that the
extremely low concentration of Xe in the atmosphere might result from Xe being trapped in, e.g.,
aluminosilicate minerals on the earth. An identical 2D aluminosilicate structure with hexagonal prism
cages is also found in nature, as a multilayer material called hexacelsian® with barium ions
separating the layersl®”. Hexacelsian is thermodynamically very stable, and can also be synthesized
by heating up Ba-exchanged Zeolite A, which is one of the most inexpensive zeolites, to high
temperaturest®. The relatively low cost of producing synthetic hexacelsian opens the doors for
exploring potential applications, including the trapping and separation of gases discussed above, ultra-
thin corrosion resistant coatings** 9 trapping of radioactive isotopes of noble gases, production of
catalytically active 2D aluminosilicate nanosheets™™®, and ultrathin membranes. The ability of these
nanoporous 2D-materials to host noble gas atoms (and potentially other species) in cages and at the

interface with the metal support, also offer interesting possibilities for exploring nanoscale
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confinement effects in chemical reactions. This possibility is described in more detail in a recent topical

review.[40

3. Conclusion

In summary, individual noble gas atoms (Ar, Kr, Xe and Rn) can be trapped at 300 K in hexagonal
prism nano-cages (0.5 nm) of 2D silica and aluminosilicate by activated physisorption, while He and
Ne are too small to remain in the cages. This opens up exciting opportunities for studying individual
gas atoms under spatial confinement at high temperature with great detail, using extremely sensitive
surface science techniques. Additionally, a variety of applications in gas capture and separation, with
important implications in the environment and health, are envisioned. The trapping of noble gas atoms
at non-cryogenic temperature is detected in-situ using XPS measurements and corroborated by DFT
calculations. The noble gas atoms enter the cages as cations and become neutralized by the substrate
after being trapped. We find that the larger the atom, the more stable it is in the cage, as evident by the
higher desorption temperature and the higher activation energy for desorption. Furthermore, we
demonstrate that a mixture of noble gases can be trapped and then separated, taking advantage of their
different desorption temperatures. The ionization-facilitated activated physisorption mechanism
demonstrated in this study opens a new route to manipulate and engineer the molecule — surface

interaction.

4. Experimental Section

22



The Ru(0001) single crystal surface was cleaned with cycles of Ar* sputtering and annealing at 1400
K. It was then exposed to 3x10® mabr Oz at 1200 K in order to form a chemisorbed 30-(2x2)-Ru(0001)
overlayer. The silica and aluminosilicate bilayers were grown on the oxygen pre-covered ruthenium
surface. Briefly, Si and Al were thermally evaporated onto the 30-(2x2)-Ru(0001) surface at room
temperature under 2x10”" mbar of O, followed by oxidation at 1200 K in 3x10° mbar O for 10
minutes and slowly cooled down in Oz environment. Various 2D-zeolite films were used in this work
(Si02, Alo.33Si0.6702, and Alo.35Si0.6502). The relative aluminum content was determined by comparing
the XPS peak intensities of the Al 2s and Si 2p. In DFT calculation, HAlo.375Si0.62502 was used to

model the aluminosilicate films.

AP-XPS measurements were carried out at the 23-1D-2 beamline (I0S) of the National Synchrotron
Light Source Il (NSLS-I1) and the X1A1 beamline of NSLS. The main chamber (base pressure 2x10°
® mbar) of the end-station was equipped with a differently pumped hemispherical analyzer (Specs
Phoibos 150 NAP), which was offset by 70° from the incident synchrotron light. IRRAS measurements
were carried out using a home-built system described previously 1. The noble gases (He, Ne, Ar, Kr,
Xe) were introduced into the main chamber through precision variable leak valves for the trapping

studies.

5. Computational methods

DFT calculations were performed using plane-wave basis set and the projector augmented wave
formalism implemented in the Vienna Ab initio simulation package (VASP) [“2. The consistent
exchange van der Waals density functional (vdW-DF-cx) [l was used to describe the non-local vdW

interactions. The choice of vdW-DF-cx was justified by its good performance for both Ru and
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chabazite, as tested in our previous works“4. Ru(0001) substrate was modeled using 5 layers of Ru
atoms and chemisorbed O atoms with a 0.5 ML coverage (p(2x1)-O/Ru(0001)). The system consists
of silicate bilayer films on p(2x1)-O/Ru(0001) with two noble gas trapping concentrations. The lower
concentration consists of gas-(SiO2)16/80/Ru(0001) in a 10.784 A x 9.339 A x 27 A super cell where
25% of the cages are filled with gas atoms (® = 0.25) while a higher concentration with gas-
(Si02)s/40/Ru(0001) in a 5.392 A x 9.339 A x 27 A super cell where 50% of the cages are filled (©
= 0.5). A kinetic energy cutoff of 800 eV was used and the Brillouin zone was sampled with 8x4x1
for ® = 0.5 and 4x4x1 for ® = 0.25. Silicate films with noble gas atoms, chemisorbed O atoms and
top two layers of Ru atoms were allowed to relax in the structural optimization until forces are smaller
than 0.01 eV/A. The core-level binding energies (Ese) were calculated using the transition state model
%1 The results are extrapolated to the infinite supercell size limit as described in our previous work[#4d,
All Ege values of Ar 2p, Kr 3d and Xe 3d were given relative to the Ege of trapped atoms at the
interface (Table S1). The static dielectric constant of the silica film is calculated using VASP. The
ionic contribution to the dielectric constant is calculated by the perturbation theory as implemented in
VASP. Constrained DFT calculations were performed with the cc-pvtz basis set*®! using Q-chem[7],

In order to obtain Eqges from the ®(t,T) data from experiment, the first order reaction law ® = @o
exp(-kt) B% was used, where @ are taken from the first XPS data point from 298 K. The desorption
rate constants (k) were evaluated based on the Arrhenius equation k = A exp(-Eges/koT) ¥8 where kp is
the Boltzmann constant and T is the temperature in desorption experiments. ®(t,T) is then fitted with
the experiment data to obtain the desorption barriers Eqes. Three Eqes are needed due to the defects. The
fitted Eges are then compared with Eges-orr from DFT calculated using the climbing image nudged
elastic band method (CI-NEB) 24 implemented in VASP. To compare with Eges from the experiment,
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Edes in ® = 0.25 are used and zero point energy (ZPE) correction 28 are included. The ZPE corrected

Edes are summarized in Table S2. The pre-exponential factor A is calculated based on the transition

kgT

state theory A = 2
L 2mm

Xp (i—s)[“g], where L is the thickness of the bilayer after the trapping of
B

atoms and m is the mass of the trapped atoms. 4S is the entropy difference of the initial (Sini) and the

Xj
e*i—1

transition state (St). In canonical ensemble, the entropy is calculated as S = kg X[ —In(1 -

e~*i)], where x; = :—v; and n is the number of phonon modes %, The vibrational frequencies are
B

calculated by the finite displacement method as implemented in VASP. 4S are summarized in Table

S2. During the calculations of the vibrational frequencies, the positions of the bilayer and Ru substrate

are kept fixed.
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Fig. S1. XPS spectra of trapped noble gas atoms in 2D-silica bilayer. The silica bilayer was exposed
to 2 mbar Ne, Ar, Kr and Xe respectively. The black spectra were acquired under 2 mbar of the gases,
while the red spectra were acquired under UHV conditions after evacuating the gases, clearly showing
that the Ar, Kr and Xe are trapped by the 2D-silica bilayer.
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Fig. S2. UHV XPS spectra of trapped noble gas atoms in 2D-silica bilayer. The main peaks on the
higher binding energy side of the spectra are attributed to the noble gas atoms within the nano-cage,

while the small shoulder peaks at the lower binding energy regions are assigned to the noble gas atoms
located at the interface between the silica framework and Ru(0001).
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Fig. S3. UHV XPS spectra of Xe 3ds. (hv = 1253.6 eV). The trapped Xe atoms in 2D-silica bilayer

are very stable even if the film was exposed to the air for 4 hours.
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Fig. S4. The coverage of trapped Ar. UHV XPS spectra of Si 2p and Ar 2p from Ar trapped 2D-silica
bilayer. Different photon energies were used in order to have the same photoelectron kinetic energy
and thus the same electron transmission function of the Specs Phoibos 150 NAP lens system (Ex ~ 158
eV). By comparing the ratio of peak intensity (1) between the Si 2p (cross section, osi ~ 1.582) and Ar
2p (cross section, oar ~ 1.519), then the ratio between the number of Ar atoms and Si atoms can be
obtained through the equation, nad/nsi = lad/Isi*osiloar (Iar = 1.355, Isi = 40.11, and there are 4 Si atoms
per nano-cage). The total coverage of trapped Ar atoms was estimated at ®ar = 0.14 + 0.02 per nano-
cage. Here, the coverage @ is defined as cages filled divided by the total number of cages.

34



A silica/O/Ru

~ 77 diSiSi)=623A
s o TESE P d(S'rS'r} =623 Al o
426 A1 [§8 $6 §¢ §§ o ype——pd dSiSi)= ! ’
il i 1 d(0,0) =539 A L
385AI|e o e, X L4 d0,0,)=6.23A g ?_'
BB S AP A=A | d(0,0,)=539A o
= S s e
L) Aoy
426 Al %j: v L: u © j:* 1 "(“'* AE,,, =-34 meV Ad(0+0)=000A
- 3
sesadl . LT H Ao ol M1 AdSI-SIi)=001A  Ad©,-0,)=0.08A
i f" £7h)| ads,LS)=001A  Ad©O,0,)=001A
r T
~
B S A e s Tl > +{ {) +:&
426 Al L;:u'u:ui‘ P LB, =29 mev Ad(0-0)=000A
& &
sasm . L ”,f‘: Py | Bdisisi)=001A Ad(,-0,)=005A
RGEC f AdSi,Si,)=001A  Ad@Q,-0,)=000A
c BB P A
Kr ©=0.25 R ~
oo B A
426 A1 Te4f fiee4d ::+;. :)H AE,,, = 129 meV Ad0-0)=001A
e e e it e b gl e e o Ad(SI-SI)=002A  Ad0,-0,)=0.13A
3 85 A’ \ \ t t: m m
bttt A =+ | AdSi,Siy)=002A  Ad0,0,)=001A
1 ' - o 4 - PR
(resos a.%ﬁ.ﬂ.ﬂ.%&"’: % ; 11
426 A1 |4404¢ $i@be - - | AE,, =143 meV Ad0-0)=001A
P A trap fd?
sgap J] TG0 T AdSISI)=001A  Ad(O,0,)=008A
TR EN ””5:)‘}.,,:)”“” AdSi,Siy)=001A  AdQ,0,)=001A
& y:
D Xe ©=0.25 T ZZ=T
AP A A T B
426 Al Tt.- b $s0¢4 z*’ L] | Ak, =580mev Ad(0-0)=002A
r '“*'""'"""‘n:v O-p=> @1 AdSi-Si)=004A Ad(0,-0,)=021A
385 A' j t t: m m.
I NS ;ﬂ 2| AdSISI)=0.04A  Ad(0,0,)=003A
L . B o 2
Xe ©=0.5 - E—
b o S ‘u"'_) . -4
worad]iiels Tiedt ﬂ A, =616 maV Ad(0,0)=001A
381 Al R i e e TS S Ad(Si-Si)=003 A Ad(0,-0,)=014 A
2 T -‘:+{ Ad(Si,-Si,)=003A  Ad(0,0.)=002A
@ J)f r @2
Ernoe=025 [ . ]
4.26 Al + +°¢ $ ¢ ¢°+ 1, ﬁ)-\'r 3 ﬂ)f) AE,, =812 meV Ad(0-0)=0.03A
N SRR A [+ @ [ AdSiSiy=005A Ad(0,-0,)= 023 A
3B6AI e pp e ;HJ 2o | AdSisSi)=005A  Ad050,)=004A
2 iy, Fiy|
- =
RNO=05 [ ancn v L0 ) ]
42TAI 4| 43@4e @04 A el AE,, = 857 mev Ad(0-0)=0.03 A
a8 Al e e e “"“H‘O 01 AdEI-S=003A  Ad(D,-0,)=0.17A
oA A AT | MG =003A  Ad(040,)=002A
v o 3 (" } -3

Fig. S5 Side and top view of Ar, Kr, Xe and Rn atoms trapped in the silica nano-cages. (A) Side and
top view of relaxed 2D-silica bilayer adsorbed on p(2x1)-O/Ru(0001) [i.e., (SiO2)s/40/Ru(0001)].
Black rectangle indicates the unit cell. Pore sizes are shown on the right panel, which are characterized
as the averaged Si-Si distance in the top layer d(Si-Sit), Si-Si distance in the bottom layer d(Si,-Sib),
O-0 distance in the top layer d(O:-Or), O-O distance in the middle layer d(Om-Om) and O-O distance
in the bottom layer d(Op-Op). (B) Ar-(SiO2)/O/Ru(0001) at ® = 0.25 and ® = 0.5. (C) Kr-
(Si02)/0/Ru(0001) at ® = 0.25 and ® = 0.5. (D) Xe-(SiO2)/O/Ru(0001) at ® = 0.25 and ® = 0.5. (E)
Rn-(Si02)/O/Ru(0001) at ® = 0.25 and ® = 0.5. Distances on the left correspond to the thickness of
the silica film (d,(O-Ob)) and the interface distance (d,(Ru-Op)). AEwap and changes in d(Sit-Sit), d(Sib-
Sib), d(Or-O¢), d(Om-Om) and d(Op-Op) and are shown on the right panel in (B), (C) (D) and (E). Color
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code: Ar (cyan), Kr(purple), Xe(blue), Rn(ochre) Ru (silver), Si (yellow), O in the silica film (red) and

O chemisorbed on Ru (pink).
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Fig. S6 Side and top view of Ar, Kr, Xe and Rn atoms trapped in aluminosilicate nano-cages. (A) Side
and top view of the 2D-aluminosilicate bilayer adsorbed on Ru(0001) [i.e., HAI3SisO16/Ru(0001)].
Black rectangle indicates the unit cell. Pore sizes are shown on the right panel, which are characterized
as the averaged Si-Si/Al distance in the top layer d(Sit-Si/Aly), Si-Al distance in the bottom layer d(Sip-
Alp), O-O distance in the top layer d(Ot-Ox), O-O distance in the middle layer d(Om-Om) and O-O
distance in the bottom layer d(Op-Ob). (B) Ar-HAI3SisO16/Ru(0001) at ® = 0.25 and ® = 0.5. (C) Kr-
HAI3SisO16/Ru(0001) at ® = 0.25 and ® = 0.5. (D) Xe-HAI3SisO16/Ru(0001) at ® = 0.25 and ® = 0.5.
(E) Rn-HAI3Sis016/Ru(0001) at ® = 0.25 and ® = 0.5. Distances on the left correspond to the thickness
of the silica film (d,(O+Oy)) and the interface distance (d;(Ru-O)). AEwap and changes in d(Sit-Si/Aly),
d(Sipb-Alp), d(Or-Or), d(Om-Om) and d(Op-Op) and are shown on the right panel in (B), (C) and (D) and
(E). Color code: Ar (cyan), Kr (purple), Xe (blue), Rn(ochre), Ru (silver), Si (yellow), Al (tan), H
(white), O in the silica film (red) and O chemisorbed on Ru (pink).
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Fig. S7. Polarization modulation infrared reflectance absorption spectroscopy (PM-IRRAS) of the
clean silica bilayer (black), Xe trapped silica bilayer (blue) and high temperature annealed silica bilayer

(green).
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Fig. S8 Side and top view of Ar, Kr and Xe atoms trapped at the (SiO2)/O/Ru(0001) interface. (A)
Side and top view of the 2D silica bilayer adsorbed on p(2x1)-O/Ru(0001) [i.e., (SiO2)s/40/Ru(0001)].
Black rectangle indicates the unit cell. Pore sizes are shown on the right panel, which are characterized
as the averaged Si-Si distance in the top layer d(Si-Sit), Si-Si distance in the bottom layer d(Si,-Sib),
O-0 distance in the top layer d(O:-Or), O-O distance in the middle layer d(Om-Om) and O-O distance
in the bottom layer d(Op-Op). (B) Ar-(SiO2)/O/Ru(0001) at ® = 0.25 and ® = 0.5. (C) Kr-
(Si02)/0O/Ru(0001) at ® = 0.25 and ® = 0.5. (D) Xe-(Si0O2)/O/Ru(0001) at ® = 0.25 and ® = 0.5.
Distances on the left correspond to the thickness of the silica film (d;(O:-Oyp)) and the interface distance
(d2(Ru-Op)). AEwap and changes in d(Sit-Sit), d(Sip-Sip), d(O¢-Or), d(Om-Om) and d(O»-Op) and are
shown on the right panel in (B), (C) and (D). Color code: Ar (cyan), Kr (purple), Xe (blue), Ru (silver),
Si (yellow), O in the silica film (red) and O chemisorbed on Ru (pink).
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Fig. S9. The minimum energy path for noble gas trapping as obtained from climbing image nudged
elastic band calculations when all of the Ar (black), Kr (blue), Xe (red) and Rn (violet) atoms at ® =

0.25 are trapped simultaneously in (A) SiO2 and (B) Ho.125Al0.375Si0.62502 and at ® = 0.5 in (C) SiO>
and (D) Ho.125Al0.375Si0.62502.
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state (A) and transition state (B).
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Fig. S11. STM image showing the morphology of the aluminosilicate film with a molar ratio of
Al/Si = 0.56. Among the 335 six-member rings, 151 six-member rings (45%) are surrounded entirely
by six-member rings while 184 six-member rings (55%) are surrounded partly or entirely by 4, 5, 7, 8,
9, or 10-member rings. Reprinted from the supplementary material in Boscoboinik, J. A., Yu, X., Yang,
B., Shaikhutdinov, S. & Freund, H.-J. Microporous and Mesoporous Materials 165, 158-162 (2013).
Copyright 2013 Elsevier Inc.
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Fig. S12. Simulated temperature programmed desorption curve for Ar (green), Kr (blue), Xe (red) and
Rn (purple) in the silica (dashed) and aluminosilicate (solid) bilayer. The intensity from DFT are
calculated based on the first order reaction law | = lo exp(-kt). The desorption rate constants (k) were
calculated based on the Arrhenius equation k = A exp(-Ea%/kyT). The temperature is increased linearly
with a rate of 0.33 KI/s.

Table S1. DFT simulated core-level binding energy (Ege) for Ar, Kr and Xe in the nano-cages relative
to that of Ar, Kr and Xe at the interface. All Egy values are calculated using 1x1 (a = 5.392 A and b
=9.339 A), 2x1 (a=10.784 A and b = 9.339 A) and 4x2 (a = 21.568 A and b = 18.678 A) supercells
for gas-(Si02)s/40/Ru(0001) (@ = 0.50) and 2x1 (a = 10.784 A and b = 9.339 A), 2x2 (a=10.784
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Aandb=18.678 A) and 4x2 (a=21.568 A and b = 18.678 A) supercells for gas-(SiO2)16/80/Ru(0001))

(® =0.25), and extrapolated to the infinite supercell limit. The energy unit is eV.

Ar Kr Xe
®=0.25 112 0.91 0.47
©=05 1.02 0.85 0.51

Table S2. Adsorption energy (AEags), trapping energy (AEwap), apparent trapping energy barrier (Eapp)
and desorption energy barrier (Eges) for Ar, Kr, Xe and Rn in (alumino)silicate films and Ar and Ar*

in silica nano-cages.

AEBags leV

AEtrap leV

Eapp leV

Edes leV

Ar@silica/Ru

-0.16

-0.03

0.88

0.91
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Kr@silica/Ru -0.19 0.13 1.45 1.32
Xe@silica/Ru -0.24 0.58 2.52 1.94
Rn@silica/Ru -0.29 0.81 2.99 2.18
Ar@aluminosilicate/Ru -0.15 -0.07 0.94 1.01
Kr@aluminosilicate/Ru -0.17 0.06 1.45 1.39
Xe@aluminosilicate/Ru -0.18 0.45 2.40 1.95
Rn@aluminosilicate/Ru -0.18 0.69 2.84 2.15
Ar@silica cage -0.12 -0.06 0.91 0.97
Ar*@silica cage -1.03 -0.46 -0.19 0.27
Ar*@silica cage/Ru -1.47 -1.35 -0.73 0.62

Table S3. Desorption rate constants (/s) from XPS at different temperatures (K). DFT calculated
desorption energy barriers (Eges) with ZPE correction from ® = 0.25. A4S is the entropy difference of

the trapped (Sini) and the transition state (Sts).

T(K) Ar/SiO;

Ar/AISiO

2

Kr/SiOz

Kr/AISiO

2

Xe/SiO2

Xe/AlISiO

2

Rn/SiO2

Rn/AISiO

2
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323 5.6x10° 7.2x10% - - - - - -
348 1.4x10 2.4x10 - - - - - -
373 2.0x10* 2.2x10* 8.2x106 1.8x10% - - - -
398 - - - 2.3x10° - - - -
423 - - 6.1x10° 3.9x10° - - - -
448 - - 1.5x10* 1.1x10* - - - -
473 - - 4.6x10 1.7x10* - - - -
498 - - - 3.2x10* - - - -
523 - - - 3.0x10* - - - -
573 - - - - 2.3x10 5.5x10°° - -
623 - - - - 8.5x10* 7.2x10°% - -
673 - . . . - 2.6x10 . :
723 - ; ; ; - 2,410 - -
Edes (eV) 0.92 1.03 1.33 1.40 1.95 1.96 2.19 2.16
AS
E -0.94 -1.05 -0.83 -0.93 -0.67 -0.75 -0.64 -0.67
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