
Separation and Purification Technology 291 (2022) 120932

Available online 25 March 2022
1383-5866/© 2022 Elsevier B.V. All rights reserved.

Balancing uptake and selectivity in a copper-based metal–organic 
framework for xenon and krypton separation 

Chenghui Zhang a, Xinglong Dong b, Yongwei Chen c,*, Houxiao Wu d, Liang Yu d,e, Kang Zhou e, 
Ying Wu d, Qibin Xia d, Hao Wang e,*, Yu Han b, Jing Li f,e,* 

a School of Materials Science and Engineering, University of Jinan, Jinan 250022, People’s Republic of China 
b Advanced Membranes and Porous Materials Center, Physical Sciences and Engineering Division, King Abdullah University of Science and Technology, Thuwal 23955- 
6900, Saudi Arabia 
c College of Chemical Engineering, Qingdao University of Science and Technology, Qingdao 266042, People’s Republic of China 
d School of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou 510640, People’s Republic of China 
e Hoffmann Institute of Advanced Materials, Shenzhen Polytechnic, Shenzhen 518055, People’s Republic of China 
f Department of Chemistry and Chemical Biology, Rutgers University, 123 Bevier Road, Piscataway, NJ 08854, United States   

A R T I C L E  I N F O   

Keywords: 
Adsorption separation 
Metal–organic frameworks 
Xenon 
Krypton 
Synergetic effect 

A B S T R A C T   

Efficient separation of Xenon (Xe) and krypton (Kr) is important in the gas industries but remains challenging. 
Adsorptive separation affords an energy-efficient method to isolate the two noble gases, yet developing selective 
adsorbents with high uptake and excellent selectivity remains difficult, limited by a trade-off between uptake and 
selectivity. We report MOF-11 with optimal pore size and accessible open metal sites (OMSs) for separation of Xe 
over Kr via the discriminable difference in van der Waals interactions. MOF-11 affords a new benchmark for Xe/ 
Kr separation with high Xe uptakes of 4.05 and 4.95 mmol/g (at 0.2 and 1 bar), high Xe/Kr Henry and IAST 
selectivity (13.6 and 16.1) at 298 K. Evidenced by Xe-loaded structure, multiple Xe⋅⋅⋅H interactions between Xe 
and the terminal H atoms allow Xe atoms firmly packed within the framework. This work demonstrates a strategy 
for balancing uptake and selectivity in Xe/Kr separation by capitalizing on the synergy between optimal pore size 
and OMSs.   

1. Introduction 

Xenon (Xe) and krypton (Kr) separation is of paramount importance 
to industry and human life, due to their high demand in many different 
applications, including medical imaging, spacecraft propellants, insu
lation, commercial lighting and lasers [1,2]. Xe and Kr are generally 
obtained from air separation process, however, the concentrations of 
both gases in air are extremely low (Xe, 0.087 ppm; Kr, 1.14 ppm) [3,4]. 
Commercially, a 20/80 (v/v) mixture of Xe and Kr is obtained as a 
byproduct from cryogenic air separation, which then undergoes a sec
ond cryogenic distillation to obtain high purity Xe and Kr [5]. It is an 
uncommon process that requires another cryogenic distillation for 
isolating pure Xe and Ke, leading to the high prices of both gases, 
particularly for Xe (approx. $5000/kg) [6]. Besides, Xe and Kr exist in 
the reprocessed off-gases from used nuclear fuel (UNF) containing 
radioactive 127Xe (500 ppm) and 85Kr (50 ppm) [7], which must be 
removed and captured from the off-gas to avoid their emissions to 

atmosphere, which will cause environment pollution due to their long 
half-life—most notably radioactive 85Kr (t1/2 = 10.8 years) [8]. To date, 
cryogenic distillation remains the most mature technology for Xe/Kr 
separation. However, such a process is excessively energy-intensive. 
Accordingly, developing energy-saving alternative separation methods 
is an urgent task that can efficiently isolate Xe and Kr from air and nu
clear waste, finally incentivizing pure Xe and Kr at a reasonable price. 

As an alternative method to cryogenic distillation, adsorption-based 
separation using porous solid adsorbents is regarded as a promising 
method due to its advantage of economical and energy-efficient feature, 
which has been broadly studied in the field of gas separation and puri
fication [9–12]. However, due to the weak polarizability (4.04 × 1025 

cm− 3 for Xe and 2.48 × 1025 cm− 3 for Kr), Xe and Kr atoms are difficult 
to be polarized by the conventional porous adsorbents. In addition, they 
have very weak intermolecular interactions (dipole–dipole interaction, 
π-π stacking, hydrogen bonding) with these adsorbents, limited by the 
lack of dipole or quadrupole moments [1]. Given the fact that Xe and Kr 
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have very similar kinetic diameters (4.047 Å for Xe and 3.655 Å for Kr 
with only a 0.392 Å difference), the pore-size matching strategy is also 
limited [13,14]. Therefore, it is of great challenge to design and 
construct porous adsorbents for efficient separating Xe from Kr. 

In this regard, metal–organic frameworks (MOFs), a promising class 
of porous crystalline materials, have been investigated in Xe/Kr sepa
ration due to their designable chemical functionalities, diverse and 
customizable structures [15–17]. To date, the primary strategies can be 
classified into the following categories: ultramicropore [8], open metal 
sites (OMSs) [18], Ag nanoparticle deposition [19], ions (anions and 
cations) [20,21], polar functional groups [22], dynamic gate-opening 
[5], postsynthetic defect healing [23], and metalation [24]. Thalla
pally et al. [8] reported that SBMOF-1 with diamond-shaped channels of 
4.5 Å had a high thermodynamic Xe/Kr selectivity up to 16 at 298 K 
while the Xe uptakes were relatively low as 1.2 and 1.4 mmol/g at 0.2 
and 1 bar, respectively. Li et al. [22] reported a squarate-based MOF 
with suitable pore size and available polar hydroxyl groups, giving a 
record Xe/Kr selectivity of 69.7 at 298 K, whereas the Xe uptake was also 
relatively low (1.35 mmol/g at 1 bar). Xing et al. [5] designed a flexible 
MOF ZU-62 that can sieve Xe and Kr, benefiting from the rotation of 
anions and pyridine rings when exposed to larger-size Xe atom. How
ever, the gate-opening pressure toward Xe exceeded 0.2 bar once the 
temperature increased to room temperature (298 K), which could not 
meet the actual demand for separating Xe/Kr byproduct from the 
cryogenic air separation process. Though tremendous effort has been 
made, ideal adsorbents with both high adsorption capacity and selec
tivity for the separation of Xe and Kr are yet to be developed. 

It is well known that porous adsorbents with both high uptake and 
selectivity can reduce the energy footprint in gas separations [25]. 
However, the general trade-off between uptake capacity and selectivity 
with porous materials is a serious roadblock to the industrial energy- 
efficient gas separations. As a result, it is highly appreciated to 
develop ideal MOF adsorbents that have both high Xe uptake amount 
and excellent Xe/Kr selectivity. To this end, we demonstrate the 
balancing of the uptake capacity and selectivity for Xe/Kr separation by 
exploiting the synergetic effect of optimal pore size and OMSs of a 
microporous MOF. In dehydrated MOF-11 structure, there are two types 
of channels with oppositely adjacent OMSs and perfect pore sizes 
matched with Xe atom, thus constructing the proposed the synergetic 
effect of optimal pore size and OMSs to offer the desired binding sites 
toward Xe capture. Ultra-high uptake of Xe at low pressure (4.05 mmol/ 
g at 0.2 bar) and good Xe/Kr selectivity at 298 K were simultaneously 
realized by MOF-11, rendering it a new benchmark for Xe/Kr separation 
performance. 

2. Experimental section 

2.1. Synthesis of Cu2(ATC)⋅6H2O. 

Cu2(ATC)⋅6H2O was synthesized following the synthesis protocol 
previously reported by Yaghi and co-workers [26]. Cu(NO3)2⋅3H2O (0.5 
mmol, 0.12 g) and H4ATC (0.25 mmol, 0.078 g) were dissolved in 6 mL 
aqueous solution of NaOH (60 mg/L) in a 25 mL Teflon-lined autoclave 
and heated at 190 ◦C for 24 h. After cooling down to room temperature, 
green crystals of Cu2(ATC)⋅6H2O along with small amounts of crystal
line H4ATC were obtained. The green crystals were washed with water 
and methanol several times to get the pure Cu2(ATC)⋅6H2O crystals. 

3. Results and discussion 

The hydrothermal reaction of copper nitrate hydrate and 1,3,5,7- 
adamantane tetracarboxylic acid (H4ATC) in basic aqueous solution 
yielded green crystals of MOF-11 with the formula Cu2(ATC)⋅6H2O. 
Generally, thermal activation is a prerequisite treatment to evacuate the 
guest molecules trapped in the pores and coordinated on the metal nodes 
before gas adsorption. Benefiting from the good crystallinity, the robust 

structure of dehydrated MOF-11 upon the liberation of water molecules 
coordinated on each Cu2(CO2)4 paddle-wheel unit was crystallized in 
the tetragonal system with a space group of P42/mmc [26]. In the higher 
symmetry structure of dehydrated MOF-11, each Cu atom in a square 
geometry is coordinated by four oxygen atoms from four H4ATC linkers 
(Fig. 1a), resulting in an OMS on each Cu site due to the removal of one 
coordinated water molecule. As shown in Fig. 1b, the three-dimensional 
(3D) framework contains two types of channels with different chemical 
environments: rectangular pores (termed channel I) with a size of 4.43 
× 5.39 Å2 along the y axis, and smaller quadrilateral pores (termed 
channel II) having a short average distance of 3.5 Å along the y axis. The 
channel I is constructed by four oppositely adjacent Cu2(CO2)4 paddle- 
wheel units and the Cu-Cu distance between neighboring paddle- 
wheel units is only 4.43 Å, possibly providing a strong binging site for 
Xe nano-trap due to the optimal pore size that is comparable to the ki
netic diameter of Xe (4.047 Å) and highly dense OMSs around the inner 
walls, thereby affording considerable strong interactions due to the 
synergetic effect of optimal pore size and OMSs in this region. The 
channel II is assembled by aliphatic hydrocarbon groups of –CH2 and 
two oppositely adjacent paddle-wheel units. Although the density of 
OMSs in the channel II is lower than that of the channel I, the combi
national presence of low polarity –CH2 groups and oppositely adjacent 
OMSs can afford another potential binding site for Xe adsorption with 
strong Xe interaction affinity and high Xe uptake. 

Bulk phase purity of the dehydrated MOF-11 was confirmed by 
powder X-ray diffraction patterns, consistent well with the simulated 
pattern calculated from the single crystal data (Fig. S1). The permanent 
porosity of the dehydrated framework was evaluated by N2 adsorp
tion–desorption isotherms at 77 K (Fig. S2). The calculated Brunauer- 
Emmett-Teller (BET) and Langmuir areas were 605 and 635 m2/g, 
respectively, and the total pore volume was 0.227 cm3/g for dehydrated 
MOF-11. Two types of channels in dehydrated MOF-11 were observed in 
the pore size distributions based on the density functional theory (DFT) 
method. Thermogravimetric analysis (TGA) revealed that no decompo
sition of the dehydrated framework occurred below 400 ◦C under air 
(Fig. S3). Before 250 ℃, about 20% mass loss was observed due to the 
adsorbed guest molecules from the open air during the preparation of 
TGA measurement. Block morphology of MOF-11 was found in the 
scanning electron microscopy (SEM) image (Fig. S4). Furthermore, this 
MOF remained good crystallinity and porosity after soaking water for 
24 h, as confirmed by the PXRD patterns in Fig. S1 and N2 sorption 
isotherms in Fig. S5. 

It has been well established that MOFs with small channels fairly 
close to Xe atomic size and accessible OMSs are considered ideal can
didates for Xe/Kr separation [16,27,28]. By structural analysis, the 
synergistic effect of microporous confinement with unique pore envi
ronments and high density of OMSs inspires us to evaluate the adsorp
tion performance of Xe and Kr on the dehydrated MOF-11. The sorption 
isotherms of single-component Xe and Kr at temperatures of 298, 308 
and 318 K were measured. As demonstrated in Fig. 2a, MOF-11 exhibits 
characteristic type I sorption isotherms for Xe atoms with a steep slope 
in the low pressure range, indicative of strong affinity toward Xe atoms. 
No hysteresis was observed (Figs. S6-S8) and the saturated Xe uptake 
amount decreased with the increasing temperature, demonstrating a 
typical physisorption feature. At 1 bar, the Xe uptakes of MOF-11 were 
4.95, 4.79, and 4.55 mmol/g at 298, 308, and 318 K, respectively, with 
the corresponding packing density of adsorbed Xe estimated to be 2.86, 
2.77, and 2.63 g/cm3, respectively, comparable to the density of liquid 
Xe (2.94 g/cm3) at 1 bar and 165 K. At 298 K and 1 bar, the Xe uptake of 
4.95 mmol/g is significantly higher than most well-known MOF mate
rials under the same conditions, such as MOF-Cu-H (3.19 mmol/g) [29], 
squarate-based MOF Co3(C4O4)2(OH)2 (1.35 mmol/g) [22], CROFOUR- 
1-Ni (1.78 mmol/g) [20], SBMOF-1 (1.40 mmol/g) [8], ECUT-60 (4.30 
mmol/g)[30], ZU-62 (3.30 mmol/g) [5], Ag-MOF-303 (3.35 mmol/g) 
[24], Ag@MOF-74-Ni (4.80 mmol/g) [19], and is only lower than that of 
Co2(m-dobdc) (5.99 mmol/g) and Ni2(m-dobdc) (5.58 mmol/g) [3]. In 
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contrast, different sorption behavior was observed for Kr. Its adsorption 
isotherms are almost linear in the measured pressure range (Fig. 2a), 
suggesting a markedly weaker affinity of this gas toward the MOF sor
bent compared to Xe. The Kr uptake capacity of MOF-11 is relatively low 
with 2.58 mmol/g at 298 K and 1 bar. 

Particularly, the uptake of Xe at 0.2 bar is more relevant to the 
separation of Xe/Kr mixture (20/80, v/v) as this partial pressure most 
closely reflects the actual conditions of the by-product used in the 
cryogenic air separation process to produce high purity Xe and Kr [22]. 
As shown in Fig. 2b, the Xe uptake in MOF-11 reaches 4.05 mmol/g at 
298 K and 0.2 bar, which represents the highest value compared all 
others obtained under the same conditions, making a new benchmark 
among all reported Xe adsorbent materials. The highest Xe uptake under 
low pressure (≤0.2 bar) confirms that Xe atoms are efficiently packed in 
a highly dense mode within the optimal pores. 

To evaluate the separation performance of Xe/Kr mixture, we first 
calculated the Henry selectivity based on Xe and Kr sorption isotherms 
at low pressure. The Henry coefficient fitting of Xe and Kr sorption 

isotherms for MOF-11 at 298 K was performed (Figs. S9 and S10) and the 
accurate Henry constant was then calculated, which is a useful param
eter to estimate the adsorbent affinity toward the adsorbate molecules. 
These values reflect the partition of the adsorbate between its bulk phase 
and adsorbed phase at extremely low pressure [31]. The corresponding 
Henry coefficient value was determined to be 63.56 mmol/g/bar for Xe, 
whereas the corresponding value of Kr was only 4.67 mmol/g/bar, 
indicating strong affinity of Xe toward MOF-11. To the best of our 
knowledge, the Henry constant of Xe for MOF-11 is the second highest 
value for Xe reported so far (Fig. 2b), compared to CROFOUR-1-Ni 
(18.73 mmol/g/bar) [20], ECUT-60 (22.0 mmol/g/bar) [30], SBMOF- 
1 (38.42 mmol/g/bar) [8], MOF-Cu-H (39.74 mmol/g/bar) [29], and 
is only lower than that of the squarate-based MOF Co3(C4O4)2(OH)2 
(192.06 mmol/g/bar) [22]. Consequently, the Henry selectivity was 
estimated to be 13.6 at 298 K under dilute conditions, which is lower 
than some top-performing materials such as Co3(C4O4)2(OH)2 (51.4) 
[22], CROFOUR-2-Ni (24) [20], IISERP-MOF2 (19.2) [32], and MOF-Cu- 
H (15.8) [29], but higher than many other Xe adsorbents including 

Fig. 1. Crystal structure of dehydrated MOF-11: (a) the coordination environment of Cu node and organic H4ATC linker, (b) the 3D structure viewed along y-axis.  

Fig. 2. (a) Xe and Kr sorption adsorption isotherms for MOF-11 at different temperatures. (b) Comparison of Xe uptake at 0.2 bar and Xe Henry coefficient for various 
materials at 298 K. (c) Qst values of Xe and Kr for MOF-11. (d) Cycling Xe sorption isotherms at 298 K. 
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Co3(HCOO)6 (10.3) [31], SBMOF-2 (9) [33], and UTSA-74 (7.9) [18] as 
shown in Fig. S11. The high Xe/Kr Henry selectivity indicates the po
tential of MOF-11 as a sorbent material for industrial separation of Xe 
and Kr under extremely dilute conditions. The ideal adsorbed solution 
theory (IAST) was also applied to calculate the selectivity of a binary gas 
mixture of 20:80 (v/v) Xe/Kr at 298 K. As demonstrated in Fig. S12, the 
IAST selectivity of MOF-11 was calculated to be 16.1 at 298 K and 1 bar, 
which is close to the Henry selectivity and significantly higher than some 
MOFs with OMSs, such as UTSA-74 (8.4) [18], MOF-74-Ni (9) [34], 
MOF-505 (9) [35], Ni2(m-dobdc) (10.1) [3], Co2(m-dobdc) (11.8) [3], 
and comparable to the ultra-microporous MOFs including Zn(ox)0.5(trz) 
(10.2) [36], SB-MOF-1 (16.5) [8], ECUT-60 (11.4) [30], MOF-Cu-H 
(16.7) [29], and IISERP-MOF2 (18.5) [32]. In addition, the high IAST 
selectivity places MOF-11 among a group of benchmark MOFs such as 
ultra-microporous CROFOUR-1-Ni (22) and CROFOUR-2-Ni (15.5) 
which exhibit synergetic effect between the pore size and CrO4

2- anion 
[20], Ag@MOF-74-Ni (12) obtained by depositing Ag nanoparticles in 
MOF-74-Ni [19,33], Cu-MOF-303 (8.2) and Ag-Cu-MOF-303 (10.4) 
synthesized through the metalation strategy [24], although is still lower 
than that of the squarate-based MOF Co3(C4O4)2(OH)2 with the highest 
selectivity of 69.7 [22]. These results demonstrate that MOF-11 can 
effectively break the trade-off between uptake capacity and selectivity in 
adsorptive separation of Xe and Kr by utilizing the synergetic effect of 
optimal pore size and dense OMSs. 

To evaluate the interaction strengths between the MOF framework 
and the noble gases, the isosteric heats of adsorption (Qst) of Xe and Kr 
on MOF-11 were calculated by fitting the Xe and Kr sorption isotherms 
at 298, 308, and 318 K to the Virial equation (Figs. S13 and S14), where 
the detailed fitting parameters are listed in Table S2. As exhibited in 
Fig. 2c, the Qst value of Xe for MOF-11 at zero loading was estimated to 
be 27.9 kJ/mol, higher than that of the corresponding value of 20.6 kJ/ 
mol for Kr, suggesting stronger binding interactions toward Xe 
compared to Kr in MOF-11 framework, and consequently resulting in 
selective adsorption of Xe over Kr. We believe this is a result of the 
optimal pore geometry and high density of accessible OMSs in MOF-11 
that is more commensurate with Xe (4.047 Å) than Kr (3.655 Å) [22]. 
The nearly constant trend in Qst values as a function of loading for both 
Xe and Kr (Fig. 2c) suggests that the pore environment is energetically 
homogeneous. To some extent, the relatively low Qst values are bene
ficial for material regeneration with low energy expenditure. Further
more, the adsorption–desorption recyclability tests were performed to 
access the MOF reusability in the Xe sorption. After five consecutive 
cycles (Fig. 2d), no obvious decrease in Xe uptake was observed, con
firming the desirable recycling stability of MOF-11. 

To elucidate the interactions between the gases and the framework, 
molecular simulations were conducted to disclose the adsorption 
behavior of Xe and Kr in MOF-11 at the molecular level. The optimized 
Xe and Kr adsorbed configurations were modeled by Metropolis Monte 
Carlo (MC) method. Both Xe and Kr were trapped in the quadrilateral 
pore cavities through multiple van der Waals (vdW) interactions be
tween Xe or Kr and H atoms from the aliphatic hydrocarbon inside the 
pore cavity (Fig. S15), in which the corresponding binding sites located 
in channel I and II were termed binding sites I and II (Fig. S16). By 
structural analysis from the three directions of ×,y, and z axes, the 
binding sites I and II for a nano-trap Xe or Kr were in the same position 
with the same calculated Xe/Kr⋅⋅⋅H distances due to the only one 
orientation of single atom. As expected, nano-trap Xe and Kr occupied 
nearly the same space whereas Xe sits slightly closer to the MOF 
framework than Kr. The calculated distances of Xe⋅⋅⋅H between Xe and 
the eight terminal H atoms from the H4ATC ligands are 3.62–4.22 Å with 
an average Xe⋅⋅⋅H distance of 3.80 Å, reflecting strong interactions be
tween Xe and the cavity. In contrast, the Kr⋅⋅⋅H distances range from 
3.32 to 4.68 Å with an average distance of 3.88 Å. The calculated shorter 
distance between Xe and H atom are resulted from the stronger polar
izability and lager size of Xe atom. In addition, the binding energy of 
MOF-11 with Xe was calculated to be 29.19 kJ/mol as a result of 

energetic favorability, higher than the corresponding value of 20.79 kJ/ 
mol for Kr, with a difference of 8.40 kJ/mol (Fig. S17). The differences in 
Xe/Kr⋅⋅⋅H distance and binding energy toward Xr and Kr explains the 
selective adsorption of Xe over Kr by the benchmark MOF-11. 

To directly visualize the location of Xe atoms within MOF-11, the 
crystal structure of dehydrated MOF-11 after adsorbing Xe atoms was 
analyzed by single-crystal X-ray diffraction (SCXRD) method. The 
structure was well refined due to the excellent crystallinity of Xe-loaded 
MOF-11 sample. In the gas-loaded crystal structure (Fig. 3a), the occu
pancy of the Xe atoms was determined to be 1.2 per unit cell. The 
experimental binding sites of Xe are consistent with the results of mo
lecular simulations. Xe atoms are accommodated in the middle of ultra- 
microporous channels. The multiple vdW interactions between Xe and 
MOF framework primarily occur through Xe⋅⋅⋅H between Xe and the 
terminal H atoms with the shortest distance of 3.37 Å, combined with 
longer Xe⋅⋅⋅O distances of 4.17 and 4.26 Å (Fig. 3b and 3c). The average 
Xe⋅⋅⋅H distance is 3.74 Å among the twelve H atoms inside the pore wall, 
comparable to the simulated distance of 3.80 Å. Based on the above 
experimental and simulated results, the synergetic effect of the optimal 
pore size and accessible OMSs provides a strong interaction between Xe 
and the MOF framework by neighboring Xe with multiply H atoms in 
proximal cavity. Under this condition, the unique nano-trap pores pro
vide high packing density of Xe within MOF-11 as well as high Xe/Kr 
selectivity. It is noted that during the preparation of this manuscript, Ma 
and co-workers reported the pores of this framework were smartly self- 
adjusted for target Xe while remained unchanged for Kr by careful 
comparison of the distances of between the center and the atom on the 
vertex within these cavities, as confirmed by the gas-loaded SCXRD 
measurements [37]. In short, such a combination serves an ideal 
example of optimal balancing between uptake capacity and selectivity 
for effective separation of Xe and Kr. 

To assess the practical separation performance of MOF-11 for 
extracting Xe from Xe/Kr mixture, dynamic breakthrough experiments 
with a mixture of Xe and Kr gases (20/80, v/v, mimicking the compo
sition of the byproduct from cryogenic air separation processes) were 
conducted under a total flow rate of 2 mL/min at 298 K. About 600 mg 
sample of dehydrated MOF-11 was packed in a column and initially 
purged with He at 323 K, and then the Xe/Kr mixture was introduced to 
pass through the packed column. As shown in Fig. 4, Kr eluted first after 
12 min/g due to the weak affinity toward the MOF framework, whereas 
Xe was not detected until the adsorption of Xe reached saturation with a 
longer retention time of 82 min/g, demonstrating preferable adsorption 
of Xe over Kr by MOF-11. The significant difference in the retention time 
of Xe and Kr confirmed the efficient separation of Xe over Kr realized by 
MOF-11. In the breakthrough process (Fig. 4), high-purity Kr (>99.9%) 
could be collected from the outlet effluent with a high productivity of 
109 mL/g. Particularly, these values are fairly close to those of high- 
performance MOFs, including CROFOUR-2-Ni (101 mL/g) [20], MOF- 
Cu-H (73 mL/g) [29], ECUT-60 (96 mL/g) [30], but lower than ZU-62 
(206 mL/g at 273 K) [5]. In addition, due to the lower adsorption 
heat values for Xe and Kr, Xe and Kr desorption could be facilely 
implemented by 5 mL/min pure He purge at 323 K (Fig. S18). 

4. Conclusions 

In conclusion, copper-based MOF-11 exhibits high performance for 
Xe/Kr separation as a result of its unique structure with optimal pore 
size comparable to Xe atomic size and high density of accessible OMSs. 
By virtue of the appropriate aperture and special pore environments, 
ultra-high Xe uptake of 4.95 mmol/g at 1 bar and at 298 K is achieved. It 
also has the highest Xe uptake of 4.05 mmol/g at 0.2 bar, the second 
highest Xe Henry coefficient of 63.56 mmol/g/bar, high Xe/Kr Henry 
selectivity of 13.6 as well as high IAST Xe/Kr selectivity of 16.1. These 
results indicate MOF-11 is an ideal Xe adsorbent that can efficiently 
break the trade-off between the Xe uptake capacity and Xe/Kr selectivity 
under ambient conditions for the separation of Xe/Kr mixture. The 
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adsorption sites of MOF-11 for nano-trap Xe can be visualized directly 
through single crystal structure of Xe-loaded MOF-11 which are further 
confirmed by theoretical calculations, revealing multiple Xe⋅⋅⋅H in
teractions between Xe and the terminal H atoms. Breakthrough experi
ments demonstrated that MOF-11 could efficiently separate Xe from Xe/ 
Kr mixture with both high uptake and excellent selectivity for Xe. This 
work provides a good example of MOF-based adsorbents for Xe that offer 
both high uptake and selectivity to address the challenging Xe/Kr sep
aration by capitalizing on the synergetic effect of optimal pore size and 

OMSs. 
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