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Encapsulation of nanoparticles with Xe adsorption
sites into MOFs for enhanced Xe/Kr separation
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Xinxin Chu*® and Wei Liu®

Xenon (Xe) and krypton (Kr) are important gases with significant industrial and medical applications. Metal-
organic frameworks (MOFs) are a promising class of sorbent materials for Xe/Kr separation. To enhance the
Xe/Kr separation performance of MOFs, we develop a strategy to encapsulate Pt nanoparticles into MOFs to
introduce strong Xe adsorption sites. Xe and Kr adsorption and separation studies show that Pt@UiO-66
exhibits 21% higher Xe uptake capacity and a 7% increase in Xe/Kr selectivity compared to UiO-66 due to
the introduced Xe adsorption sites, despite the Brunauer—Emmett-Teller (BET) surface area decreasing.
These findings have led to an 88% extension of column breakthrough time during Xe/Kr separation
under identical conditions. We further demonstrate that this approach can be extended to other MOFs
with potential for Xe/Kr separation.

Introduction

Xenon (Xe) and krypton (Kr) are noble gases that are used in
various applications and fields, such as in medicine and as
lighting for transport systems, etc. Xe can be used for flash
lamps, arc lamps, imaging, neuroprotection, anaesthesia, and
radiation detection." Kr is also widely used in magnetic reso-
nance imaging, photographic flashes and fluorescent lamps.**®
Xe and Kr mixtures can be sourced from air as a by-product of
oxygen production. Currently, cryogenic distillation is mainly
used for the separation of Kr and Xe from the atmosphere and
spent nuclear fuel.”® However, this process is capital and energy
intensive.' Recently, a number of studies have shown that
physical adsorption using porous materials for rare gas sepa-
ration is an energy efficient and environmentally friendly
process.'**

Like traditional porous materials such as activated carbon
and zeolites, metal-organic frameworks (MOFs) have been
widely applied in gas separation and capture due to their high
specific surface area, regular and adjustable pore structure, and
structural diversity."*>* MOFs also show excellent separation
performance for Xe and Kr.**?®*' Given the extremely low
concentration of Xe and Kr in gas streams and their inert and
weak interaction properties, a adsorption material must have
optimal adsorption capacity and selectivity to make the process
economically viable. Some previous work has shown that the
introduction of small amounts of noble metal nanoparticles
into porous materials can greatly enhance the adsorptive
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separation of gases.**”** For example, Qiang Xu and co-workers
demonstrated that the uniform dispersion of bimetallic Au-Pd
nanoparticles in MOFs is the key for improved adsorption of
hydrogen.* Recently, a density-functional theory (DFT) study on
the binding between Xe and metal nanoparticles (NPs) (such as
Pt, Pd, Cu and Ag) suggested the existence of a strong interac-
tion between xenon and the nanoparticles.?”*

Herein, we encapsulate Pt nanoparticles (NPs) in MOFs to
introduce Xe adsorption sites to the MOF to increase its Xe
uptake capacity, resulting in enhanced Xe/Kr separation
performance (Scheme 1). The Pt NPs were encapsulated in UiO-
66 pores (denoted as Pt@UiO-66) using our previously reported
one-step method. The resultant Pt@UiO-66 exhibits 21% higher
Xe uptake capacity and a 7% increase of Xe/Kr selectivity relative
to UiO-66 due to the strong interaction between xenon and the
introduced Pt NPs. As a result, Pt@UiO-66 exhibits an 88%
increase in breakthrough time in a column breakthrough
experiment. Furthermore, we investigated the effect of various
contents of Pt NPs on the Xe/Kr separation performance to
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Scheme 1 Encapsulation of Pt NPs with strong Xe adsorption sites in
a MOF to enhance Xe/Kr separation.
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obtain the optimal Pt NPs loading. When this method was
applied to MOF-801, the Xe uptake capacity and Xe/Kr selectivity
were also simultaneously enhanced, demonstrating that this
method can be potentially applied to different MOFs with
excellent Xe/Kr separation performance.

Results and discussion

UiO-66 was selected as the MOF of interest for the study due to
its structural robustness and because its pore size can be
precisely regulated by ligand modification, making it suitable
for molecular sieving separation.*® Based on our previous work,
2 nm polyvinylpyrrolidone (PVP)-coated Pt NPs were synthe-
sized first (Fig. S1),** and were then introduced during the
synthesis of UiO-66. Energy dispersive X-ray spectroscopy (EDS)
elemental mapping results unambiguously show that the Pt
signal from the Pt NPs is evenly distributed in the multi-particle
aggregates (Fig. S2). The TEM images further confirm that the Pt
NPs are encapsulated in the center of the UiO-66 crystals
(Fig. 1A). As shown in Fig. 1A, monodispersed Pt@UiO-66
particles with an average size of ~185 nm were synthesized,
which is similar to UiO-66 particles synthesized through the
same method without adding Pt NPs (Fig. S3). The scanning
electron microscopy (SEM) image showed that Pt@UiO-66
maintained an octahedron morphology with a smooth surface
texture, demonstrating that the Pt NPs were only encapsulated
inside the UiO-66 crystal (Fig. S4). The powder X-ray diffraction
(PXRD) pattern of Pt@UiO-66 was found to be identical to that
of the as-synthesized UiO-66, suggesting full retention of the
MOF crystallinity after the encapsulation of the Pt NPs (Fig. 1B).
Additionally, no characteristic peaks for the Pt NPs were
observed in the pattern, which may be due to the low Pt content
resulting in weak characteristic peak signals (Fig. S5). The

Fourier-transform infrared (FT-IR) analysis showed no
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Fig.1 (A) TEMimages of Pt@UiO-66. (B) PXRD patterns of UiO-66 and
Pt@UiO-66. (C) N, adsorption—desorption isotherms at 77 K of UiO-66
and Pt@UiO-66. (D) Pore size distributions of UiO-66 and Pt@UiO-66.
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considerable differences between the FT-IR spectra of Pt@UiO-
66 and UiO-66, suggesting that the functional group features of
UiO-66 were fully maintained after the encapsulation of the Pt
NPs (Fig. S6). The loading of the Pt NPs was determined to be
~3 wt% using inductively coupled plasma-optical emission
spectroscopy (ICP-OES). Furthermore, thermogravimetric anal-
ysis (TGA) was performed to investigate the defects of UiO-66
and Pt@UiO-66 (Fig. S7). The Zr/BDC (H,BDC = benzene-1,4-
dicarboxylic acid) ratios of UiO-66 and Pt@UiO-66 were calcu-
lated from the TGA curves to be 1.014 and 1.166, respectively.
This result indicates that the prepared UiO-66 supports are
linker deficient and the encapsulation of Pt NPs increases the
defects in UiO-66.

The porosity of Pt@UiO-66 was investigated using N,
adsorption experiments at 77 K. As shown in Fig. 1C, Pt@UiO-66
exhibits a Brunauer-Emmett-Teller (BET) surface area and pore
volume of 1140 m® g~ and 0.440 cm® g™, respectively, which is
slightly lower than that of UiO-66 (1240 m”* g~ " and 0.473 cm’
g~ "). This discrepancy in BET surface area and pore volume is
due to the non-porous Pt NPs residues taking up part of the
sample weight of UiO-66. Meanwhile, the pore size distribution
analysis also confirmed that Pt@UiO-66 exhibited 6-10 A pores,
the same as those found in UiO-66 (Fig. 1D). These results
unambiguously demonstrate that the encapsulation of Pt NPs
had no negative effect on the MOF porosity.

Next, in order to investigate the Xe and Kr adsorption and
separation performance of Pt@UiO-66, single component
adsorption isotherm experiments for Xe and Kr were conducted
at 298 K. In general, both UiO-66 and Pt@UiO-66 have a higher
Xe than Kr uptake capacity (Fig. 2B and C). As shown in Fig. 2C,
the Kr uptake capacity of Pt@UiO-66 at 298 K and 1 bar is
basically unchanged after encapsulation of the Pt NPs. In
contrast, Pt@UiO-66 shows a higher Xe uptake capacity
(2.28 mmol g~ ') than that of UiO-66 (1.88 mmol g~ '), despite
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Fig. 2 (A) The BET surface area and pore volume of Pt@UiO-66 with
various Pt NP loadings. (B) Kr and Xe adsorption isotherms at 298 K of
Pt@UiO-66 with various Pt NP loadings. (C) The Kr and Xe uptake
capacity (1 bar, 298 K) of Pt@UiO-66 with various Pt NP loadings. (D)
Calculated IAST selectivity at 298 K for a Xe/Kr mixture (v/v =20/80) of
Pt@UiO-66 with various Pt NP loadings.
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the BET surface area decreasing. Using the ideal adsorbed
solution theory (IAST) (eqn (S2) and Fig. S8),** the separation
selectivity of a 20 : 80 Xe-Kr binary gas mixture at 298 K and 1
bar was predicted to be 5.41 for Pt@UiO-66, 7% higher than that
of Ui0-66 (5.07) (Fig. 2D). It is thus reasonable to conclude that
the encapsulation of the Pt NPs with strong Xe adsorption sites
led to an increased Xe capacity and improved Xe/Kr selectivity.

The isosteric heats of adsorption (Qs) of UiO-66 and
Pt@UiO-66 were calculated using the Clausius-Clapeyron
equation to evaluate using van't Hoff isochore graphs the
interaction between the noble gases and the activated frame-
work (eqn (S4) and Fig. S9). The Qg of Xe for Pt@UiO-66 at low
loading was estimated to be 27.4 k] mol ', which was higher
than that of UiO-66 (24.1 k] mol ). The Qg of Kr for Pt@UiO-66
(21.5 kJ mol™") showed only a slight decrease compared with
that of UiO-66 (22.3 kJ mol ). This result further confirms that
Pt@UiO-66 has a stronger binding affinity for Xe than UiO-66.

To further investigate the influence of the Pt loading on the
Xe and Kr adsorption and separation performance, Pt@UiO-66
encapsulating different amounts of Pt NPs was prepared
through the same method. For simplicity, these samples were
denoted as Pt@UiO-66(x) (x represents the Pt loading). As
shown in Fig. 2A and S10, with the increase of Pt loading in UiO-
66, the BET surface area decreased continuously from 1240 to
1163, 1146 and 1140 m? g* for UiO-66, Pt@UiO-66(0.75),
Pt@Ui0-66(2.25) and Pt@UiO-66(3), respectively. Meanwhile,
the pore volume also decreased from 0.473 to 0.467, 0.444 and
0.440 cm® g™, respectively, due to the encapsulation of the non-
porous Pt NPs. In contrast, the Xe uptake capacity at 298 K and 1
bar increased from 1.88 to 1.92, 2.01 and 2.28 mmol g~ * for UiO-
66, Pt@UiIO-66(0.75), Pt@Ui0-66(2.25) and Pt@UiO-66(3),
respectively, whereas the Kr uptake capacity remained almost
constant (Fig. 2B and C). As a result, the Xe/Kr IAST selectivity
increased from 5.07 for UiO-66 to 5.33, 5.34 and 5.41 for
Pt@Ui0-66(0.75), Pt@UiO-66(2.25) and Pt@UiO-66(3), respec-
tively (Fig. 2D). This improvement can be attributed to the
introduction of the Pt NPs which interact strongly with Xe.
Further increase of the Pt loading to 4 wt% results in the
presence of some unencapsulated free Pt NPs (Fig. S11). Hence,
Pt@UiO-66(3) was selected as the optimal loading for further
research.

Next, to investigate how the introduction of strong Xe
adsorption sites affects the dynamic separation performance,
a breakthrough experiment was performed in a fixed bed
column with a gas mixture composed of 0.1% Xe, 0.4% Kr and
99.5% Ar at 1 atm and 298 K (Fig. S12). The breakthrough curves
show that both solid UiO-66 and Pt@UiO-66(3) can effectively
separate Xe from Kr due to their strong affinity for Xe over Kr.
The total Xe adsorption capacity (qq) of Pt@UiO-66(3) integrated
from the breakthrough curves is 3.554 mmol kg™, which is
higher than that of UiO-66 (1.714 mmol kg™') (Table S2). As
a result, Pt@UiO-66(3) exhibits a Xe breakthrough time (in this
work, the breakthrough time (#,) was arbitrarily defined as the
time when C/C, reached 1%) of 8.19 min g™, 88% longer than
that of UiO-66 (4.36 min g~ '). Meanwhile, the Kr breakthrough
time of Pt@Ui0-66(3) (0.74 min g~ ') is close to that of UiO-66
(0.98 min g ) (Fig. 3). This suggests that the introduction of
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Fig.3 Column breakthrough curves of UiO-66 and Pt@UiO-66(3) at 1
atm and 298 K using a Kr/Xe/Ar mixture (0.1% Xe, 0.4% Kr and 99.5%
Ar).

strong Xe adsorption sites can enhance the Xe uptake capacity,
which subsequently affects the dynamic separation behavior of
UiO-66.

In order to examine the robustness and regenerability of the
developed composite, the column breakthrough curves,
adsorption and desorption isotherms of Pt@UiO-66(3) at 298 K
were collected after regeneration (Fig. S13). As shown in
Fig. S13A, the adsorption and desorption isotherms of Pt@UiO-
66(3) before and after regeneration almost overlap after regen-
eration at 100 °C for 10 minutes under a He flow. Similarly, the
total adsorption capacity of Pt@Ui0-66(3) (3.391 mmol kg™ )
integrated from the breakthrough curves did not decrease
significantly compared to the state before regeneration
(3.554 mmol kg~ ') (Fig. S$13B). Pt@Ui0-66(3) exhibits Xe and Kr
breakthrough times of 8.02 min g ' and 0.71 min g~ ", respec-
tively, after regeneration, which remains almost unchanged
compared of the initial Pt@UiO-66(3) times (8.19 min g~ ' and
0.74 min g~ ). A fully reversible regeneration was achieved with
fast desorption kinetics under mild heating to 100 °C under
a He flow. The relatively mild regeneration conditions enable
Pt@UiO-66 to be potentially applied in industrial Xe/Kr
separation.

Finally, in order to demonstrate the general applicability of
this approach to enhance the Xe/Kr separation performance of
MOFs by introducing strong Xe adsorption sites, ~3 wt% Pt NPs
were encapsulated into MOF-801 by following the same
protocol. The transmission electron microscopy (TEM) and SEM
images show that the NPs were successfully encapsulated into
each MOF-801 particle to give a composite structure, Pt@MOF-
801 (Fig. 4A). Synthesized MOF-801 particles were used as
a control sample to compare with Pt@MOF-801 (Fig. S14). The
PXRD patterns show that the crystallinity of MOF-801 also was
fully preserved after the encapsulation of the Pt NPs (Fig. S15).
The BET surface area and pore volume of Pt@MOF-801 calcu-
lated from the N, adsorption isotherms at 77 K were 641.2 m?>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) TEM images of Pt@MOF-801. (B) N, adsorption—desorption

isotherms at 77 K and pore size distributions of MOF-801 and
Pt@MOF-801. (C) Kr and Xe adsorption isotherms at 298 K of MOF-801
and Pt@MOF-801. (D) Calculated IAST selectivity for a Xe/Kr mixture (v/
v = 20/80) for MOF-801 and Pt@aMOF-801 at 298 K.

g~ and 0.267 cm® g, respectively. These values are slightly
lower than those of MOF-801 (679.6 m* ¢ " and 0.276 cm® g™ )
due to the existence of non-porous Pt NPs in the structure
(Fig. 4B). The pore size distribution of Pt@MOF-801 is also in
good agreement with that of MOF-801 (Fig. 4B). When the
Pt@MOF-801 was applied for Xe and Kr adsorption and sepa-
ration, Pt@MOF-801 shows a similar Kr uptake capacity at 1 bar
to that of MOF-801, while the Xe uptake capacity of Pt@MOF-
801 (1.85 mmol g ') is 20% higher than that of MOF-801
(1.56 mmol g~ ') (Fig. 4C). As a result, the calculated IAST Xe/
Kr selectivity increased from 6.44 for MOF-801 to 7.66 for
Pt@MOF-801 (Fig. 4D). This enhancement of Xe uptake capacity
and Xe/Kr selectivity follows the same trend as Pt@UiO-66,
which demonstrates that this method can be extended to
different MOFs to achieve excellent Xe/Kr separation
performance.

Conclusions

In summary, a method to enhance the Xe/Kr separation
performance of MOFs by introducing NPs into MOFs was
developed. The obtained Pt@UiO-66 material exhibited
enhanced performance in the adsorption and separation of Xe
over Kr. This can be attributed to the introduction of Pt NPs
with strong Xe adsorption sites leading to increased Xe uptake
capacity and Xe/Kr selectivity. As a result, Pt@UiO-66 manifests
a 88% increase in breakthrough time during dynamic Xe/Kr
separation. Furthermore, this method can be extended to
MOF-801, which also led to enhanced Xe/Kr separation perfor-
mance, suggesting that this method can be potentially applied
to different MOFs, resulting in excellent Xe/Kr separation
performance.
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