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process known as cryogenic distillation[1] 
and used as a light source in high-intensity 
discharge lamps,[2] in bactericidal lamps,[3] 
in ion propulsion systems,[4] and as an 
anesthetic.[5] It has also been proposed 
as an extreme-ultraviolet radiation source 
for next-generation photolithography.[6] Its 
low concentration in the atmosphere and 
the energy cost of purification make Xe 
expensive.[7] Predictions have shown that 
Xe should be more abundant than other 
noble gases like argon (Ar) and krypton 
(Kr) based on studies with meteorites. 
However, Xe’s concentration in the earth’s 
crust and the atmosphere are much lower 
than predicted. This phenomenon is 
known as the “missing Xenon paradox.”[8] 
Finding efficient ways to trap and separate 
it from other gases can have important 
implications.

Additionally, there is particular interest 
from the nuclear energy industry in 

finding ways to control the release of Xe, which is generated 
during the nuclear fission of uranium. Its presence in nuclear 
fuel rods was partially responsible for the Chernobyl accident.[9] 
Also related to its release during nuclear fission, its detection 

Xenon (Xe) is a valuable and scarce noble gas used in various applications, 
including lighting, electronics, and anesthetics, among many others. It is 
also a volatile byproduct of the nuclear fission of uranium. A novel material 
architecture consisting of silicate nanocages in contact with a metal surface 
and an approach for trapping single Xe atoms in these cages is presented. 
The trapping is done at low Xe pressures and temperatures between 400 and 
600 K, and the process is monitored in situ using synchrotron-based ambient 
pressure X-ray photoelectron spectroscopy. Release of the Xe from the cages 
occurs only when heating to temperatures above 750 K. A model that explains 
the experimental trapping kinetics is proposed and tested using Monte Carlo 
methods. Density functional theory calculations show activation energies 
for Xe exiting the cages consistent with experiments. This work can have 
significant implications in various fields, including Xe production, nuclear 
power, nuclear waste remediation, and nonproliferation of nuclear weapons. 
The results are also expected to apply to argon, krypton, and radon, opening 
an even more comprehensive range of applications.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202103661.

1. Introduction

Xenon is a generally unreactive noble gas with high demand in 
various fields. It is typically produced using an energy-intensive 
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at elevated levels in the open air can be a sign of a nuclear 
weapons test.[10]

Significant effort has been devoted to improving Xe produc-
tion by an adsorption-based approach. Many porous materials, 
including activated carbon, Köstrolith 4AK zeolite,[11] zinc 
tetrozolate framework,[12] and some other zeolites and metal–
organic frameworks[13–16] have demonstrated adsorption for this 
application at room temperature. More recently, a combination 
of AgX zeolite adsorbent and cryogenic distillation was shown 
to benefit Xe production in the industry.[17] However, adsorp-
tion using the aforementioned materials is based on equilib-
rium concentrations between the material and the gas phase. 
This equilibrium-based (reversible) separation makes them 
challenging to use for low Xe concentration applications. There 
are also concerns regarding the selectivity and purity of the gas 
recovered in the coadsorption of other species such as oxygen, 
nitrogen, and hydrocarbons.[17] The latter raises safety concerns 
during the gas recovery step (desorption by heating) since 
hydrocarbons can form explosive mixtures above determined 
concentrations. Therefore, it is of particular interest to find new 
materials and approaches selective only to noble gases.

Prior studies on 2D silicate bilayers grown on metal sup-
ports showed that these structures could irreversibly trap all 
noble gases larger than Ne[18,19] at room temperature. The noble 
gas atoms were trapped within hexagonal prism-shaped sili-
cate nanocages in the structure. They could then be selectively 
released by heating the materials to different temperatures 
depending on the gas under study (Ar: 348 K, Kr: 498 K, Xe: 673 K,  
Rn: 775 K). However, the synthesis of such silicate bilayers is 
prohibitively expensive and time-consuming for practical pur-
poses.[20] Since the hexagonal prism silicate nanocage in contact 
with a metal is responsible for the trapping, one could envision 
an alternative structure having those same building blocks. In 
a way, the material synthesis could be scaled up using estab-
lished high surface area coating processes.[21] A commercially 
available hexagonal prism silica nanocage called dodecaphenyl-
polyhedral oligomeric silsesquioxane (Dodecaphenyl-POSS[22], 
D-POSS) is shown at the top left of Scheme 1. Each of the 12 
vertices of the cage is terminated by a phenyl group. In this 
work, we produce a material using D-POSS cages supported on 

a thin ruthenium film to explore its behavior toward Xe trap-
ping. After a sequence of activation treatments of the material, 
we show the successful trapping of Xe using ambient pressure 
X-ray photoelectron spectroscopy (AP-XPS). We then develop a 
model to explain mechanistic aspects of the trapping process by 
combining experimental, theoretical, and simulation tools.

2. Results and Discussion

2.1. Nanocages Deposition

D-POSS molecules were deposited on Ru coated sapphire 
wafers (Figure S1, Supporting Information) using a Langmuir 
trough (Scheme  1). The synthesis details are described in the 
Experimental Section and Figure S2 (Supporting Information). 
After deposition, the film was calcined to burn the organic 
moieties from the POSS molecules. Atomic force microscopy 
(AFM) images of the Ru film were taken before and after depo-
sition of nanocages and associated treatments (Figure S3, Sup-
porting Information). In both cases, a granular morphology 
with domains in the order of ≈50 nm is observed, with height 
variations of ≈3 nm on and off these domains. The unchanged 
morphology indicates no significant structural changes on the 
Ru film upon deposition of the cages and subsequent calcina-
tion. XPS confirmed the presence of Si on the surface, with an 
estimated coverage of 42%, as shown in Figure S4 and Table S1  
(Supporting Information). Further characterization of the mate-
rial by infrared reflection absorption spectroscopy and Raman 
spectroscopy is shown in the Supporting Information. The 
vibrational spectroscopy results indicate that while the silicate 
nanocage structure is preserved upon calcination, these are 
likely oligomerized to form extended structures without long-
range order on the Ru surface.

2.2. Influence of the Chemical State of Ru in Xe Trapping

In this section, we demonstrate that the D-POSS cages can trap 
Xe, and we show that the chemical state of Ru plays a critical 

Scheme 1.  Schematic of the approach to deposit silica nanocages on the Ru film, using a Langmuir trough. The deposited cages are calcined after the 
deposition to remove the organic component.
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role in the trapping. The sample was exposed to 1  Torr of Xe 
at 420 K while illuminating with X-rays (983  eV) for 20  min. 
After evacuating the Xe gas, Xe 3d5/2, and Ru 3d spectra were 
collected (red spectra in Figure 1a,b, respectively). No Xe is 
observed in the spectrum, while the Ru 3d spectrum shows 
peaks at 284.9 and 280.9 eV and a broad feature below 283 eV, 
characteristic of oxidized ruthenium[23] (Figure 1b). Ru oxidation 
results from the calcination step to remove the organic ligands 
from the nanocages. Ru is then reduced by exposure to 0.1 Torr 
of H2 at 723 K for ≈60  min, followed by a second attempt at 
the same trapping conditions. The complete reduction of Ru 
to the metallic state is verified by XPS, as shown in the black 
spectrum in Figure 1b. A peak at ≈669.5 eV (black spectrum in 
Figure  1a), corresponding to the Xe 3d5/2 core level, indicates 
the successful trapping of Xe. These observations indicate that 
having Ru in the metallic state is necessary for the nanocages 
to trap Xe. The O 1s and Si 2p spectra corresponding to these 
experiments can be found in Figure S6 (Supporting Informa-
tion). The O 1s spectra in Figure S6a (Supporting Information) 
show that the component corresponding RuOx disappears upon 
treatment with H2, supporting that Ru is fully reduced. Addi-
tionally, the O 1s components corresponding to RuOSi and 
chemisorbed O get significantly reduced in area. At the same 
time, no change is observed in the component associated with 
the SiOSi linkages in the cage. The Si 2p peak slightly shifts 
toward higher binding energy and decreases in full-width at 
half maximum due to the reduction of RuOSi. None of these 
changes are indicative of structural modification of the cages.[24]

The results are consistent with what was reported for gas 
trapping in silicate bilayer systems, in which the polygonal 
prism silica cages form a 2D material on a Ru(0001) crystal.[19] 
For bilayer silicates, it was concluded that the mechanism of 
noble gas trapping consists of the following steps: i) Noble gas 
cations are produced as part of the XPS measurements, as the 
X-rays remove electrons from the neutral gas species; ii) Cations 
enter the cage; iii) Cations are neutralized by electron transfer 
from neighboring species, most likely the Ru metal; and iv) The 

neutral species are stable inside of the cage, and the “uncaging” 
or “release” process has considerable activation energies. The 
current finding that Xe is trapped only when metallic Ru is pre-
sent is evidence that the electron that neutralizes the noble gas 
cation (in step iii above) must come from the metal and not the 
silicate cage.

The films produced here have a heterogeneous coverage 
distribution of silicate cages on the surface, as evidenced by 
variations in the Si 2p/Ru 3d5/2 peaks area ratios across the 
sample. To assess if this has any effect on the trapping of Xe, 
we repeated the same trapping experiments in three locations 
with different populations of silicate nanocages (Figure S7, 
Supporting Information). The results show a linear correlation 
between Xe trapped and Si present (a proxy for the population 
of nanocages).

2.3. Trapping Experiments

To study the kinetics of the trapping process, we collected XP 
spectra under 1  Torr of Xe at three different temperatures. 
Figure 2a shows the [Xe 3d5/2/Ru 3d5/2]peak area ratio, as a 
function of time, at 420, 480, and 600 K, normalized to 1. This 
normalized peak area ratio is proportional to the amount of 
trapped Xe. Trapping increases rapidly with time up to 30 min 
at all temperatures. It reaches saturation after 50 min for 480 K. 
For the 420 K case, the coverage approaches saturation closer 
to 70 min. However, at 600 K, significantly less Xe is trapped. 
After 50 min, only 20% of the saturation coverage is reached. 
Initial trapping rates are calculated based on the normalized 
peak area ratio, shown in Table S2 (Supporting Information). It 
is evident that the trapping rate at 480 K is higher than at 420 K 
and decreases significantly at 600 K.

Moreover, the spectra for the other elements also reveal 
changes caused by heating the material. The O 1s spectra 
in Figure  2b can be fitted into four species. The main peak 
located at 531.8  eV is attributed to O in silica cages. At 530.1 

Figure 1.  Effect of the chemical state of Ru on the Xe trapping. XPS spectra of a) Xe 3d5/2 and b) Ru 3d core levels, both experiments of “As synthesized” 
(red) and “H2 treated” (black), are taken in the same UHV environment after exposure to 1 Torr of Xe gas in the presence of X-rays. The insets in  
a) illustrate an empty nanocage on an oxidized Ru surface (upper cartoon) and a Xe-filled cage on a metallic Ru surface (lower cartoon).
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and 529.8 eV, two peaks are attributed to O in SiORu bonds 
and chemisorbed O on Ru, respectively.[25] The broad peak 
at 532.7  eV is assigned to terminal SiOH groups.[26,27] Peak 
intensities at 420 and 480 K do not show any changes. However, 
at 600 K, the shoulder peak corresponding to SiORu (blue 
curve in Figure 2b at around 530.1 eV) increases in intensity, sug-
gesting the formation of more SiORu bonds upon heating 
and a decrease in the contribution of the SiOH peak (Areas 
of the O 1s region relative to Ru 3d5/2 are shown in Table S2,  
Supporting Information).

We further investigated the reversibility and reusability of 
the material (Figure S9, Supporting Information) by comparing 
the [Xe 3d5/2/Ru 3d5/2], [Si 2p/Ru 3d5/2], and [O 1s/Ru 3d5/2] peak 
area ratios after Xe saturation at two different conditions. The 

data suggest consecutive trapping experiments separated by 
an anneal step to remove trapped Xe yields similar amounts of 
trapped gas.

2.4. Release Experiments

The Xe release from the nanocages was followed by monitoring 
the Xe 3d5/2 core level spectra as a function of temperature in 
UHV. The Ru 3d5/2 core level area was used as a reference to 
account for any area changes related to temperature. The [Xe 
3d5/2/Ru 3d5/2] peak area ratios (normalized to the initial area 
ratio) are presented as a function of temperature in Figure 3a. 
Xe is released in two regimes during the experiment. The first 
regime occurs between 450 and 550 K, representing about 35% 
of the trapped Xe. It is attributed to Xe being released from 
the interface between the nanocage and Ru, similar to silica 
bilayers.[19] The second (and faster) regime occurs above 750 K, 
corresponding to Xe trapped inside the nanocages. The data 
show that Xe atoms trapped in the silica nanocages prepared in 
this work are more stable than those trapped in the nanocages 
of bilayer silicates. The latter are released at lower temperatures 
(673 K).[19]

We further explored the changes in the O 1s speciation with 
temperature, as presented in Figure S10 (Supporting Informa-
tion). The total amount of O decreases when flash-annealing 
to high temperatures. However, heating increases SiORu, 
starting from 550 K, as observed during the trapping experi-
ment (Figure S10, Supporting Information). On the other hand, 
the Si 2p peak area does not change.

Even though this work focuses mainly on Xe, the same 
mechanism is expected to apply to the trapping of other noble 
gases, including Ar, Kr, and Rn, based on comparison with 
prior work on bilayer silicates. The different thermal stability 
of Ar, Kr, Xe, and Rn can improve trapping selectivity in separa-
tion processes. Prior experiments in our group have shown that 
other gases typically present in mixtures, such as O2 and N2, do 
not get trapped in the cages (data not shown).

Figure 3.  Xe release data after trapping at 420 K. Normalized peak area 
ratio Xe 3d5/2/Ru 3d5/2 after heating to different temperatures.

Figure 2.  a) Xe trapping kinetics. Xe 3d5/2 / Ru 3d5/2 peak area ratio versus time at 420, 480, and 600 K; b) O 1s region at these temperatures in UHV 
after evacuating Xe; the fitted components are: chemisorbed O on the Ru substrate (purple curve, 529.8 eV), O bonded to Ru and silicon (SiORu, 
blue curve, 530.1 eV), O in silica cage involved in SiOSi bonds (red curve, 531.8 eV), and SiOH groups (gray curve, 532.7 eV).
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2.5. Kinetic Model for Xenon Trapping

In order to interpret the non-Arrhenius behavior in the trap-
ping kinetics observed experimentally, a trapping model was 
developed and tested using a combination of kinetic Monte 
Carlo methods and molecular dynamics simulations. As dis-
cussed above, the trapping process consists of at least three 
steps: 1) Xe ionization (Xe0→Xe+), 2) Xe+ entering the cage, 
and 3) neutralization of cations (Xe+→Xe0) inside the cage, 
resulting in trapping.[19] When trying to understand kinetics, 
these three steps need to be considered. A constant Xe+ popula-
tion is expected during the experiment considering a constant 
pressure of Xe and a constant flux of X-rays. However, the fol-
lowing step, that of cations entering the cage, will depend on 
i) the temperature T of the sample, ii) the kinetic energy KE+ 
of the gas phase cations, and iii) the fraction of cages already 
occupied θXe, where we define that θXe

max = 1 when saturation is 
reached at T = 480 K.

For the Xe+ to enter the cage, the cage opening must be large 
enough. In this model, an activated process is considered. The 
probability P0 that a cage opening is large enough for a cation 
to enter is given by Equation (1)

= −








·exp0

app

B

P A
E

k T
� (1)

where A is a pre-exponential factor, kB is Boltzmann constant, 
Eapp is the activation energy needed for the cage to open large 
enough, and T is the sample’s temperature. Two kinetic Monte 
Carlo schemes are used in conjunction to simulate the experi-
mental data.[28–30] The first one is carried out following the 
steps outlined below.

The time step dt between cage opening events follows a 
Poisson distribution and is given by Equation (2)

d ln / 0t Pζ( )= − � (2)

Where ζ is a random number uniformly distributed between 
0 and 1.

In order to obtain reasonable statistics, we consider 106 
cages, and we choose a time interval Δt (Δt >> dt) such that each 
cage opens ≈107 times. Then, one can obtain the frequency f as 
the number of times (n) in which each cage opens during the 
time interval Δt, as f = n/Δt.

Molecular dynamics (MD) simulations of a vibrating cage 
were used to estimate the energy barrier of cages opening. 
The modeled structure consists of a hexagonal prism silicate 
nanocage sitting on a Ru(0001) surface (as shown in Figure 4a),  
in which a Xe cation could attempt to enter. The distance 
between Si atoms at opposite sides of the hexagon in the cage 
was tracked in the MD simulations. This distance was used 
as a proxy to follow the cage expansion and contraction with 
time (at different temperatures, Figure 4b). As the temperature 
increases, the cage opening oscillates at a higher frequency. An 
Arrhenius plot was generated with the frequency values and the 
temperature, allowing the estimation of an activation energy of 
0.043 eV for the opening process (Figure S11 in the Supporting 
Information). This value serves as an upper limit for the energy 
barrier for the trapping process.

We can now obtain the probability distribution for the cage 
opening event for each T. Figure 4c shows an example of such 
probability distributions at different temperatures considering 
an Eapp of 0.043  eV. The probability distribution is plotted as 
a function of f/fXe, where fXe is a constant that depends on the 
frequency at which Xe+ attempts to enter the cage and its tem-
perature. As expected, the maximum of the distribution shifts 
to higher frequencies at higher temperatures.

These probability distributions are then used to run a second 
kinetic Monte Carlo simulation to model the Xe trapping pro-
cess.[28,30,31] A flow diagram for the simulation is shown in 
Scheme S1 (Supporting Information). Briefly, an array of 106 
empty cages is defined. A nanocage is randomly chosen, and its 
frequency ( f  ) is obtained based on the probability distribution 
described above. Then, a Xe trapping event is attempted. The 
event is successful (the cage is filled) if the frequency f of the 
randomly chosen cage is within a tolerance parameter (Tol) of 
the value of the constant fXe (i.e., | f – fXe| < Tol). After each trap-
ping attempt, the time increment dt’ is calculated by Equation 
(3), where θXe is the fraction of cages occupied by Xe.

d
ln

1
t

fXe Xe

ζ
θ( )′ = −

−
� (3)

The experimental data for the trapping kinetics at three dif-
ferent temperatures are shown as filled circles in Figure 4d and 
compared to the Monte Carlo simulations (solid lines). While 
the agreement is remarkable, the simulation results are highly 
correlated to the Tol parameter. For example, in the case of 
Figure 4d, for Eapp = 0.043 eV, the Tol parameter needs to be set 
to 17%, i.e., the frequency f has to be within 17% of the constant 
fXe (fXe/A = 7.35 × 10−7 ± 1.263 × 10−7) for a trapping attempt to 
be successful. We then screened different values for the energy 
barrier for trapping, ranging from 0.0043 to 0.043 eV (obtained 
by MD calculations as the frequency of cage vibrations).

The probability distributions are shown in Figure S12 (Sup-
porting Information). As we decrease Eapp, the tolerance needed 
for accepting an event also decreases. For Eapp = 0.0043 eV, the 
Tol needed is less than 0.2% to fXe, while for higher values of 
Eapp, for example, with Eapp  = 0.015  eV, the needed Tol is less 
than 5%. Values of tolerance and fXe at different Eapp can be 
found in Figure S12f (Supporting Information). Other factors 
may decrease the actual value of Eapp, like the dipole created 
between the charge of the cation and the electrons on the metal 
surface. That dipole could facilitate the cation entrance in the 
cage even at openings that do not precisely match the frequency 
of Xe cations hitting the cage surface.

Further comparison between calculations and experimental 
data is possible by estimating rate constants for trapping at 
different temperatures. For the experimental data, first-order 
kinetics is assumed according to Equation (4)

d /d (1 )t kXe Xeθ θ= − � (4)

Fitting the experimental data yields the rate constant, k, at 
each temperature. These are displayed in Figure  4e as violet 
stars. However, for practical applications, the temperature 
with the maximum trapping rate is desired. Therefore, more 
MC simulations were performed considering a wide range of 
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temperatures and Eapp values. The rate constants obtained from 
the simulations are also shown in Figure 4e.

Interestingly, there is a range of optimal temperatures 
yielding a maximum value of k rather than a single best tem-
perature. A range of Eapp values agrees with the experimental 
data and with that obtained from the MD simulations and even 
lower barriers down to 0.0043  eV. More experimental data in 
the temperature range between 535 and 575 K would be needed 
to narrow the Eapp value by comparing experiments and MC 
simulations.

2.6. Density Functional Theory Calculations

The experimental trapping and release data highlight inter-
esting features observed for the nanocages compared to the 
silicate bilayers in prior work.[19] Therefore, DFT calculations 

were performed to probe the structure changes upon Xe trap-
ping. Several parameters were used to track the changes upon 
trapping, as illustrated in Figure S13 (Supporting Informa-
tion): i) distance between Ru atoms at the interface and bulk  
(Rui−Rub); ii) interface distance; iii) distance between oppo-
site Si atoms on top (Sit−Sit), and bottom (Sib−Sib) faces; iv) 
distances between opposite O atoms on top (Ot−Ot), middle  
(Om−Om), and bottom (Ob−Ob). The data are reported in Table S3  
(Supporting Information). In the configuration evaluated, the 
distance changes (Δd) between pairs of opposite atoms show 
that the cage expands to accommodate the Xe atom inside; pos-
itive Δd values indicate expansion, while negative values indi-
cate compression. The extent to which this expansion occurs 
is similar to that reported for the silicate bilayers. For example, 
the nanocages show a Δd(Si–Si) of about −0.08 Å for four of 
the six Si–Si opposite pairs compared to −0.03 Å for the bilayer. 
A similar observation can be made for the Δd(Om−Om), which 

Figure 4.  a) Schematic illustration of the Xe+ trapping process by silicon nanocages supported on a Ru surface. Color code: Si (blue), O in silica films 
(red), H (light gray) Ru (silver), and Xe (purple). b) Difference in distances between opposite Silicon atoms in the nanocages obtained by molecular 
dynamics simulations of Si nanocages vibrating at different temperatures. c) Probability distribution of cages opening at different temperatures 
with an activation energy of Eapp = 0.043 eV. d) Fitting of the experimental data by using estimated parameters from the Monte Carlo simulations  
(Eapp = 0.043 eV, fXe/A = 7.35e-7 ± 1.263e-7); e) Simulated rate constants from Monte Carlo compared to experimental data. Each value of Eapp has an 
associated tolerance value that can be found in Figure S12f (Supporting Information).
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shows −0.19 Å for the nanocage over 0.21 Å for the bilayer.[19] 
Notably, the nanocage is elongated in one direction, unlike 
the silicate bilayers with symmetric hexagonal prisms. The 
Δd(Om–Om) values are for oxygen atoms opposite from each 
other across the plane of symmetry (see Figure S13, Supporting 
Information). Adsorption, trapping, and release energies were 
calculated and are presented in Figure 5a. Adsorption energies 
are defined as the energy required for the gas atom to be phys-
isorbed outside the cage, according to Equation (5)

( )∆ = − ++ ∗ads sub gas gas subE E E E � (5)

Esub+gas* is the total energy for the adsorbed system of Xe* 
inside the nanocage on Ru(0001). Esub and Egas are the total 
energy of the noninteracting individual components of the 
nanocage on Ru(0001) and the isolated Xe atom, respectively. 
The calculated ΔEads is −0.34 eV for the cage, which is the same 
order of magnitude observed for Xe adsorbed on the silica 
bilayers.[19] The energy required to trap Xe (ΔEtrap) is defined 

as the energy difference of the optimized structure with and 
without Xe inside the nanocage. A ΔEtrap of 0.65  eV indicates 
that having the noble gas inside the cage is less thermodynami-
cally favorable than having it physisorbed. We further deter-
mined the energetics of a trapping pathway using the climbing 
image nudged elastic band (CI-NEB) method[32] for neutral 
noble gas atoms. As expected, there is a considerable expan-
sion of the cage to accommodate the atom entering it. The 
calculated trapping energy barrier (Eapp) is 3.02  eV, while the 
release energy barrier (Erel) is 2.36 eV. Note that the calculated 
energy barriers are for neutral Xe atoms, while xenon enters 
the cage as a cation in the experiments. That is why the kinetic 
Monte Carlo simulations indicate much lower energies for the 
trapping process to occur. The energy barriers (both trapping 
and release) from DFT for the silica nanocages are higher than 
those obtained for the silica (and aluminosilicate) bilayers, 
which were Eapp  = 2.52  eV and Erel  = 1.94  eV. This suggests 
that for the flat cage configurations, the release of Xe requires 
higher energy than from the bilayers, which is consistent with 
the higher temperatures required for the Xe release from single 
cages shown in Figure 3.

The Xe release energy barrier obtained from DFT calcula-
tions was then used to simulate the desorption experiment 
from Figure 3 by assuming a first-order reaction law. The rate 
constants were calculated according to the Arrhenius equation 
(more details can be found in the Supporting Information). 
The calculated apparent Gibbs free energy for the flat cage 
agrees well with the experimental release data at high tem-
peratures, predicting only slightly higher release temperatures 
(Figure S15, Supporting Information). However, these calcu-
lations cannot explain the Xe release at lower temperatures. 
The lower temperature range, representing about 35% of the 
released Xe, fits well with an energy barrier of about 1.27  eV. 
Another location where the trapping/release of Xe can occur 
is the interface between the nanocage and the metal surface, 
which is explored next (see Figure  5b). In this configuration, 
a Xe cation enters from the sides, under the cage, being stabi-
lized by transferring an electron from the metallic Ru.

Energy barriers determined for such a system show lower 
trapping (1.63  eV) and release (1.27  eV) barriers. Simulated 
TPD data based on these calculated barriers show a good agree-
ment with the experimental data (Figure S15, Supporting Infor-
mation), which slightly underpredicts the low-temperature 
release curve. Calculated Xe 3d5/2 binding energies (Table S5, 
Supporting Information) show that Xe trapped in the nanocage 
and at the interface cannot be distinguished by XPS.

The effect of chemisorbed oxygen (0.25 of a monolayer) on Ru 
was investigated. Energy diagrams can be found in Figure S16  
(Supporting Information). Chemisorbed oxygen destabilizes 
both adsorbed and trapped states by about 0.15  eV. Such an 
effect is translated into slightly lower release energies (2.18 eV 
in the presence of oxygen vs 2.36  eV in bare Ru). A lower 
release temperature occurs as a consequence of the reduced 
release energy barrier. Simulated TPD indicates 762 K for the 
O-covered surface and 813 K for the bare Ru surface, agreeing 
with the experimental TPD data (Figure S15, Supporting 
Information).

Our experimental data also show that the temperature 
enhances the formation of SiORu bonds, suggesting some 

Figure 5.  Xe trapping on silica nanocages supported on Ru: a) Potential 
energy diagram for Xe trapping in a silica nanocage. b) Potential energy 
diagram for Xe trapping at the interface of a silica nanocage and Ru sur-
face. The minimum energy path for Xe trapping was calculated from the 
climbing image nudged elastic band method. Reaction coordinates can 
be found in Figure S14 (Supporting Information). Color code: Si (blue), O 
in silica films (red), H (light gray), Ru (silver), and Xe (purple).
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anchoring of the cages. Another geometry was explored with 
DFT calculations as an extreme anchoring case to investi-
gate this possibility: a nanocage with four anchoring points 
(standing). Adsorption, trapping, and release energies were cal-
culated for comparison and are presented in Figure S17 (Sup-
porting Information). The trapping barrier was calculated to be 
3.52, 0.5 eV higher for the anchored cage than the flat one. Xe 
release, on the other hand, would be facilitated, with an Erel of 
1.99 eV. Other anchoring configurations of flat cages containing 
SiORu linkages were explored but always converged to the 
minimum energy system without SiORu linkages.

The experimental data in Figure S10 (Supporting Informa-
tion) shows that upon heating, the binding energies of Si 2p, 
O 1s, and Xe 3d shift to higher values. The observation agrees 
with prior work for silica bilayers on Ru(0001), where removing 
chemisorbed oxygen by annealing results in shifts to higher 
binding energies.[24] Another contributing factor could be 
the formation of SiORu linkages. Our calculations on the 
4-point anchored cage support this hypothesis. The Xe 3d5/2 
peak position increases by 0.68 eV, while the peaks of Si 2p and 
O 1s attributed to silica cage shift equally by 0.3 eV. Simulated 
core-level energy shifts (Table S5, Supporting Information) for 
the flat and anchored nanocages show about 0.58 eV for the Si 
2p and 0.68 eV for the O 1s core levels. Calculated Xe 3d levels 
also show a shift of about 0.1  eV. Even though the calculated 
values overpredict (in the case of Si and O) or underpredict (in 
the case of Xe) the binding energy shifts, all of them indicate 
a positive shift, which is in qualitative agreement with experi-
mental data trends.

The combined experimental and computational approaches 
used in this work show that silica nanocages in contact with a 
metal prepared with a scalable synthesis method are suitable 
for trapping Xe (and other noble gases). These results open 
opportunities for applications in various areas, including Xe 
containment in nuclear reactors, nuclear waste remediation, 
medical isotopes production, nuclear nonproliferation, noble 
gas capture, separation, and detection, and many others.

3. Conclusions

A nanostructure comprised of commercially available silica 
nanocages in contact with a metal support is used for irre-
versibly trapping Xe atoms. Xe enters the cages in the cationic 
form and gets neutralized by electron transfer from the metal, 
resulting in a trapped neutral species. This is confirmed by oxi-
dation of the metal, which inhibits the trapping. The process is 
demonstrated in the temperature range between 400 and 600 K.  
Heating to 750 K is required to release the trapped Xe com-
pletely. A kinetic model for the trapping process is proposed and 
tested using kinetic Monte Carlo simulations, showing good 
agreement with experimental results. The optimum tempera-
ture range for Xe trapping is determined to be 500 ± 50 K. In 
conjunction with DFT calculations, experimental data suggest 
that the silica nanocages are rearranged and anchored to the 
Ru substrate through RuOSi linkages at high temperatures.

This comprehensive work involved a new material syn-
thesis approach that is potentially scalable, Xe gas trapping 
experiments using these materials, modeling the Xe trapping 

kinetics, and ab initio calculations to understand the thermo-
dynamics. This new material has a wide range of potential 
applications, including more efficient Xe production, safer, and 
more efficient nuclear energy production, monitoring of non-
proliferation of nuclear weapons, medical isotopes production, 
and others.

4. Experimental Section
Ruthenium Film Preparation: Ruthenium-coated sapphire wafers 

were prepared and used as supports to deposit silicate nanocages. A 
sapphire wafer was cleaned with soap water and rinsed with acetone 
and deionized water. After that, 10 nm of chromium (Cr) was deposited 
by sputtering physical vapor deposition, followed by the deposition of 
≈20  nm of Ru using the same method. XPS was used to confirm the 
presence of Ru and the absence of Al and Cr in the near-surface region.

Silica Nanocage Deposition: The source material for the silica 
nanocages, Dodecaphenyl-POSS (D-POSS), was purchased from Sigma-
Aldrich (Dodecaphenyl-POSS, CAS Number 18923-59-6, Sigma-Aldrich, 
MQ100). A KN 2002 KSV NIMA Langmuir trough was used for the 
deposition. The trough top inner dimensions are 364 × 75 mm.

15 mg of D-POSS were first dissolved in 5 mL toluene. Deionized (DI) 
water was used for filling the trough. Four drops of prepared solution 
(≈200 µL) were dropped and spread on the DI water in the trough. After 
3 h (to guarantee toluene evaporation), the Ru film was immersed in 
the solution in the trough such that the sample plane was orthogonal 
to the trough plane. The setup barriers were adjusted to reach a surface 
tension of 20 mN  m−1, which is the first derivative turning point of 
surface tension isotherm expected to correspond to one monolayer[33] 
(see Figure S2, Supporting Information). The substrate was pulled out 
at a rate of 0.5 mm/min while the surface tension was kept constant at  
20 mN m−1. After deposition, the film was calcined in a muffle furnace 
in air at a temperature of 500 °C with a rate of 10 °C min−1 and kept for 
30 min to remove the phenyl groups on deposited molecules.

Materials Characterization: XPS experiments in Figure S1 (Supporting 
Information) were performed using a system equipped with a SPECS 
PHOIBOS NAP 150 hemispherical analyzer and a monochromatic Al Kα 
X-ray source. The spectra were acquired under UHV conditions (base 
pressure of 2 × 10−9 mbar) and 298 K. The spectra were acquired on 
sample areas smaller than 300 × 300 µm2.

AFM images were obtained on Park NX20 microscope with 
noncontact mode. IRRAS experiments were performed in a Bruker 
Vertex 80V  spectrometer from which infrared light is directed into a 
UHV analysis chamber to interact with the sample surface at a grazing 
incidence (≈8°). In this work, the s-polarized spectrum was collected 
as background and subtracted from the p-polarized spectrum for all 
experiments to eliminate gas-phase contributions. A liquid-nitrogen-
cooled mercury−cadmium−telluride (MCT) detector was used. Spectra 
were collected using a resolution of 4 cm−1 and 1000 scans.

Raman spectroscopy experiments were performed on a WiTEC 
alpha300 microscope with a 532 nm laser. The spectra were taken with 
100X scope magnification, 20 mW laser power. Each scan took 20 s, and 
ten scans were taken for each sample.

Xenon Trapping Experiment: Xenon trapping experiments were 
performed at an ambient pressure XPS instrument (AP-XPS) at the 
23-ID-2 beamline (IOS) of the National Synchrotron Light Source II 
(NSLS-II). The photon energy of 983  eV was used unless specified 
otherwise. The main chamber (base pressure 2  ×  10−9  Torr) 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 X-ray beam. Gases, including Xe, were introduced 
to the main chamber through precision variable leak valves. The Ru 
3d5/2 core level binding energy is fixed at 280.0 eV for energy calibration 
purposes.

During trapping experiments, the stage was heated to a set 
temperature. The sample was then exposed to 1  Torr of Xe in the 
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presence of X-rays, while taking XP spectra every 10  min. Trapping 
experiments were carried out at 1 Torr of Xe at 420, 480, or 600 K, and the 
coverage was followed as a function of time. After 70 min, the chamber 
was evacuated, and the sample was heated 900 K in vacuum for 10 min 
to remove the trapped Xe.

Release experiments were conducted after trapping at 420 K (1 Torr of 
Xe for 20 min). Gas-phase Xe was removed, and the stage was flashed 
to a target temperature (and cooled back to 420 K) until no Xe 3d peak 
was observed. All the measurements were done at 420 K. The maximum 
temperature applied was 850 K.

Computational Details: All calculations were performed using the 
plane-wave-based DFT method in the Vienna Ab initio simulation 
package (VASP).[34] The electron-ion interaction was described using the 
projector augmented wave (PAW) method.[35] The generalized gradient 
approximation and the Perdew–Burke–Ernzerhof functional (GGA-PBE) 
were used to describe the type of exchange-correlation.[36] Van der Waals 
dispersions were applied by the dDsC dispersion correction method 
(DFT-dDsC).[37] A dipole correction was also included in the z-direction 
of the supercell. Ru(0001) substrate was modeled using four layers of Ru 
atoms with and without O atoms with a 0.2 ML coverage. The system 
consists of a hexagonal SiO2 cage terminated by OH groups. Two 
configurations were optimized to probe anchoring of the cages to the 
substrate: a flat cage with hexagonal aperture parallel to the substrate 
(similar to the SiO2 bilayers) or a standing cage with four anchoring 
points, making SiORu bonds (Figure S13, Supporting Information). 
The supercell has 13.6 Å × 13.6 Å × 45.4 Å. A kinetic energy cutoff of 
400 eV was used, and the Monkhorst-Pack sampled the Brillouin zone 
with 2 × 2 × 1 points. The bottom two Ru layers were held fixed. All the 
other atoms were allowed to relax until the energy difference, and the 
forces were smaller than 1 × 10−6 and 0.05 eV Å−1, respectively.

The core-level binding energies (BE) were calculated using the Slater–
Janak transition state approach for Xe.[38,39] All BE values of Xe 3d were 
given relative to the BE of trapped atoms in the flat cage (Table S5 in the 
Supporting Information).

Temperature-programmed desorption was simulated by assuming 
a first-order reaction law I  = I0exp(−kt), where I0 is the initial relative 
amount of trapped Xe (first XPS data point at 420 K). The release 
rate constants (k) were evaluated based on the Arrhenius equation 
k = A exp(−Erel/(kBT)),[40] where kB is the Boltzmann constant and T 
is the temperature. The release energy Erel is obtained from DFT by 
using the climbing image nudged elastic band method (CI-NEB)[32] 
implemented in VASP. The pre-exponential factor A is calculated based 
on the transition state theory considering gas permeation over a pore  

aperture,[41] A
L

k T S
k

1
2 m

expB

Bπ= ∆




, where L is the thickness of the bilayer  

after the trapping of atoms and m is the mass of the Xe atom. ΔS is 
the entropy difference of the initial (Si, initial meaning trapped in 
this case) and the transition state (STS). The entropy is calculated as
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e
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x
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− , where xi for each vibrational mode is 

defined in the vibrational frequency, νi, as x
h
k Ti

i

B

ν= .[42] The vibrational 

frequencies were calculated by the finite displacement method as 
implemented in VASP. During the calculations of the vibrational 
frequencies, the positions of the bilayer and Ru substrate are kept fixed.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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