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Abstract: The capture of the xenon and krypton from nuclear
reprocessing off-gas is essential to the treatment of radioactive
waste. Although various porous materials have been em-
ployed to capture Xe and Kr, the development of high-
performance adsorbents capable of trapping Xe/Kr at very
low partial pressure as in the nuclear reprocessing off-gas
conditions remains challenging. Herein, we report a self-
adjusting metal-organic framework based on multiple weak
binding interactions to capture trace Xe and Kr from the
nuclear reprocessing off-gas. The self-adjusting behavior of
ATC-Cu and its mechanism have been visualized by the in-
situ single-crystal X-ray diffraction studies and theoretical
calculations. The self-adjusting behavior endows ATC-Cu
unprecedented uptake capacities of 2.65 and 0.52 mmolg� 1

for Xe and Kr respectively at 0.1 bar and 298 K, as well as the
record Xe capture capability from the nuclear reprocessing
off-gas. Our work not only provides a benchmark Xe
adsorbent but proposes a new route to construct smart
materials for efficient separations.

Pursuing the balance between energy demand and the
environment is an emerging issue in our generation.[1] Albeit
confronted with some negative criticisms, nuclear power
generation has prevented about 1.84 million air pollution-
related deaths and reduced CO2 emissions by 64 billion tons
from supplementing fossil fuels.[2] The rapid growth of

nuclear industries has generated tons of associated high-
level radioactive waste which must be safely sequestered;
otherwise it would cause serious environmental issues.[3] In
the treatment of nuclear fuel wastes, gaseous radioactive
krypton and xenon are difficult to capture compared with
other species.[4] For gaseous radioactive krypton and xenon,
the long half-life of 85Kr (t1/2�10.8 years) urges its separation
and capture from the off-gas to avoid radioactive contami-
nation, while the radioactive 135Xe can capture a neutron to
transmute to stable 136Xe, which can be used in the field
from lighting, laser, medical imaging to anaesthesia.[5]

Furthermore, the capture of Xe in the treatment of nuclear
fuel waste can significantly lower the price of the Xe since
the concentration of Xe in the nuclear fission gas is 4500
times higher than in the atmosphere.[6] Currently, cryogenic
distillation technology is mostly used to separate Xe and Kr
from nuclear reprocessing off-gas,[7] which is energy-inten-
sive and uneconomic.
Alternatively, porous materials can capture Xe and Kr

from nuclear reprocessing off-gas with greater energy
efficiency. Among various types of porous materials, metal-
organic frameworks (MOFs) exhibit superior Xe and Kr
capture performance[8] compared to porous organic cage
compounds and traditional porous materials including
silver-loaded zeolites and activated carbons.[9] Reported
MOFs for capturing Xe and Kr can be grouped as a) rigid
framework, which exhibits no significant structural change
after gas filling (Scheme 1A); and b) flexible framework,
which exhibits profound structural change after gas filling
(Scheme 1B). The rigid framework with appropriately sized
pore can accommodate the Xe/Kr atoms[10] but the fine-
tuning of pore size is not an easy task. Some flexible MOFs
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Scheme 1. The illustrative structures of the A) rigid, B) flexible, and C)
self-adjusting frameworks.
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show the breathing effects after filling with Xe or Kr
molecules and thus realize the separation of Xe and Kr.[11]

However, since the breathing effect has the threshold
concentration to the target gas, it is difficult to be applied to
the capture of trace amounts of Xe and Kr.
In this work, we proposed a self-adjusting framework to

capture trace Xe and Kr from the nuclear reprocessing off-
gas. As illustrated in Scheme 1C, different from the rigid
framework and flexible framework, the pores of the self-
adjusting framework can smartly adjust their pore size for
the target gases, and remain unchanged for other gases. In
this regard, we choose an alkyl porous MOF, anhydrous
Cu2(ATC) (denoted by ATC-Cu),

[12] which has a semi-rigid
framework and includes two types of hydrogen-rich cavities.
The framework of ATC-Cu can adjust its pores to accom-
modate the target gases (Xe/Kr) yet remain unresponsive to
the main gases of nuclear reprocessing off-gas (N2 and O2)
at normal pressure and temperature. Taking advantage of
the self-adjusting behavior, ATC-Cu demonstrates the
record Xe and Kr uptake capacity at 0.1 bar and 298 K, as
well as the benchmark Xe capture capability in the nuclear
reprocessing off-gas.
ATC-Cu was synthesized according to the literature with

minor modifications (See Supporting Information). As
shown in Figure 1A, four Cu paddle-wheel secondary
building units (SBUs) were connected by the ATC ligand to
construct a 4,4-coordinated net. The framework of ATC-Cu
includes Cu-open metal sites and two types of hydrogen-rich
polyhedron cavities, Cavity I (green) and Cavity II (purple).
The midpoint of C4 axis of Cavity I and the symmetry center
of Cavity II are defined as the centers of Cavity I and II,

respectively. The average distance between the center and
the atom on the vertex of the polyhedron cavity (denoted as
(C-V)av hereafter) is 3.90 Å and 3.85 Å for Cavity I and II,
respectively. Cavity I has eight H atoms and eight oxygen
atoms, while Cavity II has twelve H atoms (Figure 1B). The
powder X-ray diffraction (PXRD) pattern of the as-synthe-
sized ATC-Cu sample agrees well with the calculated
pattern from the single crystal data. Furthermore, the
thermogravimetric analysis (TGA) data revealed that ATC-
Cu is stable till 270 °C. The Brunauer–Emmett–Teller
(BET) surface area of ATC-Cu is about 600 m2g� 1 (Lang-
muir surface area: 667 m2g� 1), which was calculated from the
N2 sorption isotherms at 77 K.
The gas-loaded single-crystal X-ray diffraction (SCXRD)

experiments were performed to detect the impact of N2, O2,
Xe, and Kr on the ATC-Cu framework.[13] After exposing
into N2 or O2 atmosphere at 298 K and 1 bar for 12 h, the
cavities in ATC-Cu remain unchanged, indicating that the
framework of ATC-Cu shows rigidity toward N2 and O2
presumably due to the very weak interactions. However,
after loading Xe to ATC-Cu under the same conditions,
significant changes of the ATC-Cu framework were ob-
served. Different from the O2 and N2 molecules, the
relatively stronger interaction between Xe and H/O atoms
on the cavities of ATC-Cu make the parts of the cavities in
the ATC-Cu framework can shrink and smartly fit Xe
atoms, and the rest cavities in the framework are enlarged to
balance the inner stress of the crystal. As shown in
Figure 1C and D, Xe atoms are located at the center of the
cavities or nearby. Compared with (C-V)av of Cavity I, the
average distance between Xe and the atoms (denoted as
(Xe-V)av hereafter) on Cavity IA and IIA decreases from
3.90 Å to 3.67 Å and 3.75 Å respectively. Meanwhile, the
shape of the Cavity IA and IB exhibits the significant
changes: the length of Cavity I changes from 6.24 Å to
5.53 Å and 6.77 Å for Cavity IA and IB respectively (Fig-
ure 1C). The similar self-adjusting behavior can also be
observed at Cavity IB and IIB, yet the (Xe-V)av of Cavity
IIB increases from 3.85 Å ((C-V)av of Cavity II) to 3.94 Å
(Figure 1D). Although the uptake amount of Kr in ATC-Cu
is less than that of Xe, we also can observe the Kr atoms
lead the change of length of cavities, which indicates that the
similar interactions as Xe (Scheme S1). Consequently, ATC-
Cu exhibits the self-adjusting behavior for Xe and Kr, while
exhibiting unresponsive to N2 and O2. The above self-
adjusting behavior may be attributed to the interactions
between Xe/Kr atoms and framework caused local dynam-
ics.
Further studies of the Xe and Kr loaded ATC-Cu

crystals revealed the mechanism of the self-adjusting behav-
ior in ATC-Cu. As presented in Figure 2, there are four
primary locations of Xe atoms in ATC-Cu, which are based
on multiple C� H···Xe interactions. Remarkably, although
the site between two opposite Cu paddle-wheel exhibits
excellent CH4 and C2H2 adsorption capability,

[14] a few Xe or
Kr atoms can be observed at the site from in-situ SCXRD.
The above results suggest the Cu unsaturated metal site is
not the preferred Xe or Kr adsorption site. To explore the
preferential Xe adsorption site, we employed periodic

Figure 1. A) The cavities in the framework of ATC-Cu. B) The enlarged
view of Cavity I and II. The change of the Cavity I (C) and Cavity II (D)
after adsorbing N2, O2, and Xe. (The blue ball in Cavity I and II stand
for the center of the cavities, and the gold ball in Cavity IA, IB, IIA and
IIB stand for the SCXRD determined location of Xe in ATC-Cu).
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density functional theory (DFT) methods to determine the
absolute energies for different Xe adsorption sites in ATC-
Cu as revealed through SCXRD. The calculation results
indicated that the contractive cavities, Cavity IA and IIA,
are the energetically favorable sites in ATC-Cu, with the
calculated energy of 39.38 and 41.56 kJmol� 1 for Xe1 and
Xe2, while the expanded Cavity IB and IIB exhibits the
lower energy of 37.45 and 31.28 kJmol� 1, which are much
lower than the contractive cavities. The calculation results
further confirmed the self-adjusting behavior of ATC-Cu is
caused by the synergistic effect based on multiple weak
interactions between Xe and the framework. Calculations of
the adsorption energies for Kr adsorbed about the analo-
gous sites in ATC-Cu revealed notably lower binding
energies compared to those for Xe (Table S10).
To investigate the impact of the self-adjusting behavior

on the gas adsorption capability of ATC-Cu, the single-
component adsorption isotherms for Xe, Kr, N2, and O2
were collected at 298 K. As illustrated in Figure 3A, the
uptake amounts of N2 and O2 for ATC-Cu is significantly
lower than Xe and Kr. The Xe uptake capacity of ATC-Cu
reaches 2.65 mmolg� 1 at 298 K and 0.1 bar, compared
favorably with the reported porous materials[8,10,11] (Fig-
ure 3C). Similarly, Kr uptake amount of ATC-Cu at 298 K
respectively attains 2.7 and 0.52 mmolg� 1 at 1 and 0.1 bar,
which are the record values under similar conditions[8,10,11]

(Figure 3D). Upon reaching 1 bar at 298 K, ATC-Cu can
adsorb 5.0 mmolg� 1 or 0.95 gcm� 3 Xe, which is even higher
than xenon hydrate (0.85 gcm� 3). Furthermore, ATC-Cu
exhibits excellent cycle performance; as shown in Figure 3B,
the uptake amount of Xe exhibits no decrease after ten
cycles. The excellent Xe and Kr capability at low pressures
and room temperatures suggests that ATC-Cu is a promising
material for Xe and Kr capture even in the ambient
atmosphere.
Inspired by the significant difference in the uptake

amount between Xe/Kr and N2/O2 in ATC-Cu, the selectiv-

ity of Xe/N2 and Xe/O2 as well as the uptake amount of Xe
in the mixture gas (400 ppm Xe, balanced by N2 or O2) was
determined using the Ideal Adsorbed Solution Theory
(IAST). Meanwhile, the selectivity of Kr/N2 and Kr/O2 as
well as the uptake amount of Kr in the mixture gas
(1000 ppm Kr, balanced by N2 or O2) at 298 K and 1 bar was
also determined by IAST. As displayed in Figure S7 and S8,
the calculated Xe/N2 and Xe/O2 selectivity for the corre-
sponding mixture gas (400 ppm Xe, balanced by N2 or O2) in
ATC-Cu are 66 and 109 respectively at 298 K and 1 bar. For
400 ppm Xe in N2 and 1000 ppm Kr in N2, the calculated
uptake amount attains to 22.2 mmolkg� 1 and 4.2 mmokg� 1,
respectively. Furthermore, the selectivity of Xe/Kr was also
determined using IAST. The Xe/Kr selectivity for the Kr/Xe
mixture (Xe/Kr=20/80 v/v) is 13.9, which is lower than Co-
squarate, SB-MOF-1, CROFOUR-1-Ni, and MOF-Cu-H,
but higher than other MOFs (Table S4).[8,10,11]

Given the high selectivity of Xe and Kr over N2 and O2
calculated by IAST, the column breakthrough experiments
were performed with a gas mixture consisting of 400 ppm
Xe, 40 ppm Kr balanced with N2 and O2. This condition is
present in the nuclear reprocessing industry and any
material that is capable to selectively separate Xe and Kr
over the other gases, near room temperature, would
potentially replace cryogenic technology. Therefore, column
breakthrough experiments at room temperature on Cu-ATC
were performed, by feeding air with 400 ppm Xe and
40 ppm Kr and monitored using a mass spectrometer as
shown in Figure 4A. The retention time of Xe is longer than

Figure 2. The in-situ SCXRD determined locations of Xe atoms in the
cavities of ATC-Cu.

Figure 3. A) The Xe, Kr, O2, and N2 isotherms for ATC-Cu; B) Xe
adsorption/desorption cycling data of ATC-Cu. Survey of Xe (C) and Kr
uptake amount (D) at 298 K and 0.1 bar in ATC-Cu and other top-
performance materials.
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that of Kr and other main gases in the air which indicates
that ATC-Cu can effectively capture and separate Xe from a
gas mixture useful for nuclear gas reprocessing. The Xe and
Kr capacity of ATC-Cu from the breakthrough experiment
is much higher than any MOFs and porous organic cage
materials we tested thus far. As shown in Figure 4C, the
equilibrium Xe capacity from breakthrough experiments in
ATC-Cu (32 mmolkg� 1) surpassed any MOFs and porous
organic cage materials we tested thus far. Further break-
through experiments were performed on ATC-Cu to dem-
onstrate the removal of Kr from the gas composition without
Xe (1000 ppm Kr, 78% N2, and 21% O2) at room temper-
ature (Figure 4B). The Kr capacity of Cu-ATC was found to
be 8 mmolkg� 1, higher than the high-performance materials
including NiMOF-74, CC3, and SBMOF-1 (Figure 4D).
In conclusion, we reported a self-adjusting framework in

MOF for capturing trace Xe and Kr from the nuclear
reprocessing off-gas. The self-adjusting behavior of ATC-Cu
has been illustrated via gases-loaded SCXRD studies along
with theoretical calculations. The unique self-adjusting
framework endows the ATC-Cu the record Xe and Kr
uptake capacity at 0.1 bar and 298 K, as well as the bench-
mark Xe capture capability in the nuclear reprocessing off-
gas. This work provides a new route to design and imple-
ment novel porous materials with the self-adjusting frame-
work for developing high-performance separation materials.
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