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Metal-organic frameworks (MOFs) with high-density uncoordinated open metal sites have been intensively
investigated in Xe/Kr separation because of their strong and selective interaction with Xe. However, the
dynamic Xe/Kr separation behavior of these MOFs is often unsatisfactory in practical applications due to
slow diffusion kinetics. This work presents a facile two-step method to synthesize hollow Ni-MOF-74
particles with short diffusion lengths to enhance dynamic Xe/Kr separation. Unlike conventional sacrificial
template approaches, where a crystalline MOF layer is directly grown on to the template surface, this
method first rapidly deposits a metal-ligand complex layer under mild reaction conditions while the
template undergoes simultaneous degradation. These poorly crystalline yet well-faceted hollow capsules
are then reconstructed into crystalline hollow Ni-MOF-74 particles of the same morphology. Xe
adsorption kinetics analyses show that the Xe diffusion rate of hollow Ni-MOF-74 was 1.5 times faster
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Accepted 12th April 2025 than that of solid Ni-MOF-74 despite their identical Xe and Kr adsorption capacity and selectivity. As
a result, the enhanced diffusion kinetics of the hollow structure resulted in a steeper breakthrough curve
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Introduction

Xenon (Xe) and krypton (Kr) are important gases with signifi-
cant industrial and medical applications, including imaging,
anaesthesia and lighting for transport systems.'® Traditionally,
pure Xe and Kr are obtained through an energy extensive cryo-
genic distillation process.” In addition, the separation of Kr
from Xe is a critical step in the removal of radioactive **Kr in
nuclear waste remediation.*® In contrast, physical adsorption
can be carried out at room temperature with low regeneration
energy consumption. As such, it is a more energy efficient and
environmentally friendly alternative to separating Xe/Kr.'* Many
conventional porous materials, such as activated carbon, silica
and zeolites, have been extensively studied for Xe/Kr separation.
However, these materials typically exhibit low selectivity or
adsorption capacities due to the lack of suitable pore sizes or
specific adsorption sites for strong Xe/Kr interaction."***
Metal-organic frameworks (MOFs) are a class of inorganic-
organic hybrid porous materials formed by self-assembly of
organic ligands and metal ions or clusters that show great
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potential for adsorption-based gas separation due to their
inherent properties such as high porosity, crystallinity and
structural tunability.’>*® MOF-74 is one of the classic MOFs
which shows exceptional Xe/Kr separation properties due to the
high-density uncoordinated open metal sites (OMSs) present in
its 1-D hexagonal channels (Fig. S11).>** These OMSs
contribute to a favourable interaction with Xe resulting in a Xe/
Kr ideal selectivity of ~10.%>*¢ However, the high static adsorp-
tion capacity of pure gases does not necessarily translate to
practical dynamic Xe/Kr separation, as the diffusion kinetics of
the adsorbate gas within the adsorbent plays a critical role.*”**
Therefore, engineering the architecture of MOF materials to
enhance the diffusion kinetics of gas molecules is essential for
practical applications. Previously, it has been demonstrated
that reducing the gas diffusion length in MOF crystals is an
effective way to facilitate gas adsorption kinetics.*>™**

Among various approaches, constructing hollow MOFs is an
effective strategy to enhance gas adsorption kinetics because it
shortens the diffusion pathway by introducing a large void
within a particle. A common way to synthesize hollow MOFs is
the sacrificial template approach, where the MOF is initially
grown on the surface of a template such as ZIF-67,* UiO-66 (ref.
46) or polystyrene beads followed by the template removal
through dissolution or chemical etching.*® The main challenge
is that the sacrificial template needs to be stable enough to
withstand the solvothermal growth conditions of the MOF shell,
while also being easily removable without damaging the MOF
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shell.* In addition, the harsh etching conditions for the
removal of the template can often lead to defect formation in
the shell.>***

Herein, this work reports a facile two-step synthesis for the
fabrication of polycrystalline hollow Ni-MOF-74 (denoted as Ni-
MOF-74(h)) for improved dynamic Xe/Kr separation (Scheme 1).
In the first stage, a metal-ligand complex (denoted as MLC)
shell composed of Ni*" and DOT was rapidly deposited on to the
surface of a ZIF-8 template while the etching of ZIF-8 occurred at
the same time. Since this deposition process does not involve
crystallization, it is a much faster and simpler process in terms
of synthetic conditions. A rapid deposition of the MLC is
essential because it needs to form a rigid structure to contour
the surfaces of ZIF-8 prior to its dissolution. In the second step,
the MLC layer undergoes a ligand-assisted reconstruction (LAR)
process, transforming into a crystalline Ni-MOF-74(h) under
harsher synthetic conditions. In contrast to the conventional
sacrificial template approaches, this method separates the
surface deposition process from the crystallization process,
thus circumventing the requirement of compatibility between
the MOF growth condition and the template stability. When
applied for Xe/Kr separation, the resultant Ni-MOF-74(h), with
a 250 nm shell layer and a 1.3 pm cavity, exhibits a diffusion
length that is 48% shorter than that of solid Ni-MOF-74. While
both solid and Ni-MOF-74(h) exhibited identical Xe and Kr
uptake capacity and Xe/Kr ideal selectivity, Ni-MOF-74(h)
exhibited a steeper breakthrough curve and 17% increase in
breakthrough time in a dynamic Xe/Kr separation experiment
due to its faster gas adsorption kinetics.

Results and discussion

To construct Ni-MOF-74(h), monodispersed zeolitic imidazolate
framework-8 (ZIF-8) with an average size of 1.3 um was selected
as a template (Fig. 1C, S2 and S371).> A synthetic strategy
previously developed by our group was adopted with minor
modification to grow a polycrystalline Ni-MOF-74 shell on the
surface of ZIF-8.”* Next, 25, 50 or 100 mg ZIF-8 was added to the
MOF-74 precursor solution (0.45 mmol Ni(NO3),-6H,0,
0.05 mmol DOT, and 0.375 mL of 1 M NaOH aqueous) along
with 5 eq. acetic acid (HOAc) with respect to DOT as a modulator
to synthesize Ni-MOF-74(h). The mixture was heated at 100 °C
in an oil bath for 30 min to yield a yellow solid product. As
shown in Fig. S4,} the powder X-ray diffraction (PXRD) pattern
of the product showed no diffraction peaks corresponding to
ZIF-8, nor were the obvious characteristic peaks of MOF-74

Hollow Ni-MOF-74

ZIF-8 Hollow MLC

Scheme1l Hollow Ni-MOF-74 was synthesized by a two-step process
to enhance the dynamic separation of Xe/Kr.
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observed. However, the transmission electron microscopy
(TEM) images show that the reaction with the addition of 50 or
100 mg ZIF-8 led to hollow particles adopting the rhombic
dodecahedral morphology of ZIF-8 particles. In contrast, the
reaction with 25 mg ZIF-8 produced solid particle aggregates
(Fig. 1A). Nevertheless, in all three cases, ZIF-8 was thoroughly
dissolved by the acidic modulator. The product is likely a poorly
crystalline phase composed of Ni** and DOC. We hereby denote
this phase as MLC. Our previous study revealed that the
synthesis of MOF-74 is highly sensitive to the pH value and the
crystalline product was only formed in a narrow pH range (8.63-
9.55).* During the reaction, the etching process of ZIF-8
consumed protons from DOT, elevating the pH value
(Fig. S57), which accelerated the deposition of the MLC. Note
that the elevated pH is crucial for slowing the etching of ZIF-8,
allowing sufficient time for the complete deposition of the MLC.
The average thickness of the hollow shell decreased accordingly
from ~320 nm to ~220 nm with ZIF-8 increased from 50 to
100 mg. It is also noted that 100 mg ZIF-8 produced the most
well-defined hollow structure possibly due to the slow dissolu-
tion of the sacrificial template. Therefore, this reaction condi-
tion was used as the basis for further optimization.

To further understand the mechanism of MLC deposition,
zeta potential measurement was carried out for ZIF-8 before and
after incubation with a DOT solution. The surface charge of the
pristine ZIF-8 was found to be 24.53 mV. After incubating with
DOT, the zeta potential shifted to —5.03 mV (Fig. S67). This is
likely due to surface adsorption of negatively charged deproto-
nated DOT. The enrichment of DOT on ZIF-8 surfaces is the
driving force for the rapid deposition of the MLC.

Next, the amount of HOAc was changed from 5 to 15 eq. with
respect to DOT. As shown in Fig. 1B and S7,7 increasing the
concentration of HOAc resulted in less defined hollow
morphology due to rapid etching of ZIF-8 disrupting the
formation of the MLC. When 15 eq. HOAc was applied, no
hollow structure was observed (Fig. 1B(iii)).>* From here on, 5
eq. HOAc was used in all reactions. Scanning electron micros-
copy (SEM) images show that hollow MLC particles manifest
a clear ZIF-8-like dodecahedral morphology with a wrinkled
surface texture (Fig. 1D). Energy dispersive X-ray spectroscopy
(EDS) mapping and line scan results revealed that the Ni signal
is uniformly distributed throughout the hollow shell (Fig. 2A). It
is noted that the Zn signal was also detected, suggesting the
presence of residual Zn in the hollow MLC after etching.
Moreover, the shape and size of the hollow cavity can also be
adjusted by regulating the size and shape of the template. As
shown in Fig. 2C, cubic-shaped MLC particles featuring
~200 nm cavities were obtained by using cubic ZIF-8 as the
template (Fig. 2B and S87).

The porosity of the hollow MLC was studied by N, adsorption
experiments (77 K) (Fig. 2D). ZIF-8 shows a pore volume and
Brunauer-Emmett-Teller (BET) surface area of 0.656 cm® g *
and 2581 m? g, respectively, higher than that of solid Ni-MOF-
74 (0.42 cm® ¢! and 1076 m* g '), due to its 3-D porous
topology as opposed to the 1-D porous structure of Ni-MOF-74
(Fig. S1t). The hollow MLC exhibits a BET surface area of 406
m? g~ ', which is only 38% of that of solid Ni-MOF-74 and 16%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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eased ZIF-8 amount

Fig. 1

(A) TEM images of the hollow MLC synthesized with various amounts of ZIF-8. (B) TEM images of the hollow MLC synthesized with various

amounts of HOAc. SEM images of dodecahedral ZIF-8 (C) and the hollow MLC (D).

of that of ZIF-8 (Table S1t). Meanwhile, the pore-size distribu-
tion analysis shows that there is almost no micropore present in
the hollow MLC (Fig. 2E), confirming its poor crystallinity.

To carry out LAR, the hollow MLC was dispersed in a DMF
solution of DOT and heated to 120 °C for 12 h to yield Ni-MOF-
74(h). TEM and SEM images show that the surface of Ni-MOF-
74(h) became more granular with the average shell thickness
increased slightly from ~220 nm for the hollow MLC particles to
~250 nm (Fig. 3A, B, S9 and S107). The PXRD pattern of Ni-
MOF-74(h) perfectly matches with the pattern simulated from
the Ni-MOF-74 crystal structure, confirming its phase purity and
high crystallinity (Fig. 3C). Meanwhile, peak broadening is

© 2025 The Author(s). Published by the Royal Society of Chemistry

observed for Ni-MOF-74(h) due to the small crystallite size. The
average crystallite size of Ni-MOF-74 calculated from the
Scherrer equation (eqn (S1)t) is ~25 nm, an order of magnitude
smaller than the shell thickness of Ni-MOF-74(h).

The elemental composition and electronic state of Ni-MOF-
74(h) were analyzed by X-ray photoelectron spectroscopy
(XPS). The presence of N and Zn signals in the XPS survey
spectrum indicates that there are still residual Zn(u) and 2-
methylimidazole in Ni-MOF-74(h) (Fig. S11f). The peaks at
285.1 eV, 531.2 eV and 855.8 €V can be attributed to C 1s, O 1s,
and Ni 2p, respectively (for details see the ESIT). Notably, the
peaks at 530.6 eV in O 1s are assigned to Ni-O, indicating the
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Fig. 2 (A) STEM, EDS elemental mapping images and line scan

patterns of the hollow MLC. (B) SEM image of cubic ZIF-8. (C) TEM
images of the hollow MLC with a cubic cavity. (D) N, adsorption—
desorption isotherms at 77 K of ZIF-8, solid Ni-MOF-74, the hollow
MLC and solid Ni-MOF-74(h). (E) Pore size distribution of ZIF-8, solid
Ni-MOF-74, the hollow MLC and Ni-MOF-74(h).

complexation between Ni(u) and O. Fourier transform infrared
spectroscopy (FTIR) was then carried out to examine the func-
tionality of Ni-MOF-74(h). As shown in Fig. S12,1 all the char-
acteristic peaks of DOT are available in the FTIR spectrum of Ni-
MOF-74(h) (for details see the ESI{). Two absorption peaks
appearing at 889 cm ™' and 814 cm ™' corresponded to C-O-Ni
vibration.*® Moreover, the peak at 1140 cm ™' can be assigned to
C-N stretching vibration, which further confirm the presence of
residual 2-methylimidazole in Ni-MOF-74(h).

The N, adsorption isotherms of Ni-MOF-74(h) at 77 K were
collected to investigate its porosity. The BET surface area of Ni-
MOF-74(h) was calculated to be 885 m”> g~ which is more than
twice that of the hollow MLC (406 m* g~ ') (Fig. 2D and Table
S1t) yet slightly lower than that of solid Ni-MOF-74 (1076 m>
g’l). A similar trend was also found in CO, adsorption
isotherms at 298 K, where Ni-MOF-74(h) and solid Ni-MOF-74
adsorbed 121 and 141 cc per g CO,, respectively, at 1 bar
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Fig. 3 SEM (A) and TEM (B) images of Ni-MOF-74(h). (C) PXRD
patterns of the hollow MLC and Ni-MOF-74(h). (D) TEM image of Ni-
MOF-74(h) by using ZIF-90 as the template. (E) STEM, EDS elemental
mapping images and line scan patterns of Ni-MOF-74(h).

(Fig. S137). This slight discrepancy in the BET surface area and
CO, uptake capacity is likely due to non-porous Zn(u) and 2-
methylimidazole residues that either took up part of the sample
weight or occupied the pores of Ni-MOF-74(h). This hypothesis
is again supported by the EDS elemental mapping, FTIR and
XPS results (Fig. 3E, S11 and S121). The pore size distribution of
Ni-MOF-74(h) shows the presence of micropores in the range
from 9 to 12 A which is consistent with that of solid Ni-MOF-74
(Fig. 2E). All the results confirm that the transformation of
hollow MLC to Ni-MOF-74(h) was successful and complete.
Moreover, using the two-step method, Ni-MOF-74(h) also can be
synthesized by using 345 nm ZIF-90 particles as a template
leading to a much smaller hollow structure with an average size
of 397 nm and shell thickness of 52 nm (Fig. 3D and S147).
Next, we turned to investigate Xe and Kr adsorption and
separation behaviors of Ni-MOF-74(h). The synthesized solid Ni-
MOF-74 rods were used as a control sample to compare with Ni-
MOF-74(h) (Fig. S151).* The SEM images show that the average
length of the solid Ni-MOF-74 bulk rod is 958 nm (Fig. S167). Xe
and Kr adsorption isotherms of Ni-MOF-74(h) and solid Ni-
MOF-74 at 298 K were collected and compared to investigate
the effect of morphology on Xe/Kr adsorption and separation
behaviors (Fig. 4A). In general, both samples have a stronger
affinity for Xe than for Kr due to the high-density unsaturated
Ni(u) sites present in Ni-MOF-74.>® Fig. 4A shows that Ni-MOF-
74(h) achieved slightly higher Xe and Kr uptake capacities at
118 cc g " and 29 cc g ', respectively, at 298 K, 1 bar compared
to that of solid Ni-MOF-74 (96.7 cc g ' and 20.2 m> g !,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Kr and Xe adsorption isotherms at 298 K of solid Ni-MOF-74
and Ni-MOF-74(h). (B) Calculated IAST selectivity for a Xe/Kr mixture
(v/v = 20/80) of solid Ni-MOF-74 and Ni-MOF-74(h) at 298 K. (C)
Kinetic curves of Xe uptake for solid Ni-MOF-74 and Ni-MOF-74(h) at
298 K (P/Py = 0.03). The solid line shows the fitting curves using the
Fickian diffusion model. (D) Column breakthrough curves of Xe for
solid Ni-MOF-74 and Ni-MOF-74(h) at 1 atm, 298 K using a Kr/Xe/Ar
mixture (Xe 20 ppm, Kr 3.3 ppm, Ar > 99.999%).

respectively). The discrepancy in Xe and Kr uptake capacities is
likely due to the residual non-porous Zn(n) and 2-methyl imid-
azole residing within Ni-MOF-74(h) (Fig. 3E, S11 and S127).
Using the ideal adsorbed solution theory (IAST), the separation
selectivity of a 20 : 80 Xe-Kr binary gas mixture at 298 K, 1 bar
was predicted to be 10.7 for Ni-MOF-74(h) and 12.2 for solid Ni-
MOF-74 using experimental pure gas adsorption isotherms
(Fig. 4B, S17 and eqn (S3)t).”” These results indicate that the
polycrystallinity of Ni-MOF-74(h) has no major negative impact
on the Xe and Kr sorption and separation.

A pressure decay approach was used to investigate the
kinetics of gas adsorption (Fig. S18%). The kinetic gas uptake
curves were fitted to calculate Dy/7* values (Dy/r” represents the
gas adsorption rate, where D is the diffusion coefficient and r is
the diffusion length) by using the constant surface concentra-
tion model (also known as the Fickian diffusion model) (eqn
(S4)1).*® As shown in Fig. 4C, Ni-MOF-74(h) shows a steeper
initial pressure change suggesting a faster adsorption kinetics
at P/Py = 0.03. The Dy/r* value of Ni-MOF-74(h) is calculated to
be 6.66 x 102571, 1.5 times faster than that of solid Ni-MOF-74
(2.56 x 1072 s~ '). This improvement can be attributed to the
shorter gas diffusion distance (~250 nm) of Ni-MOF-74(h)
compared to solid Ni-MOF-74 (~479 nm). It is also possible
that the defects at the grain boundary of polycrystalline Ni-
MOF-74 can also contribute positively to diffusion. It is thus
reasonable to conclude that shortening the gas diffusion
distance of Ni-MOF-74 to form a hollow structure led to a faster
Xe and Kr adsorption kinetics without compromising Xe and Kr
uptake capacity and selectivity.

To further investigate the dynamic Xe/Kr separation perfor-
mance of Ni-MOF-74(h), the breakthrough experiment was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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carried out in a fixed bed column with a gas mixture (Xe 20 ppm,
Kr 3.3 ppm, Ar > 99.999%) at 1 atm, 298 K, which simulates the
real off-gas treatment system in a Thorium-based Molten Salt
Reactor with Liquid Fuel (TMSR-LF) designed by the Shanghai
Institute of Applied Physics (Fig. S19%).> The breakthrough
experiment was performed in a packed column (¢ 4 mm inner
diameter, 11 cm length) with a total flow of 1 cm® min™"'. As
shown in Fig. 4D, the breakthrough curves of Ni-MOF-74(h) and
solid Ni-MOF-74 were obtained. Both solid Ni-MOF-74 and Ni-
MOF-74(h) can effectively separate Xe from Kr due to their
strong affinity for Xe over Kr. The total Xe adsorption capacity
calculated from the breakthrough curves is 2.9 and 3.5 mmol
kg ' for Ni-MOF-74(h) and solid Ni-MOF-74, respectively, which
demonstrates that the hollow structure has no negative effect
on the dynamic adsorption capacity (eqn (S5)f). However, Ni-
MOF-74(h) exhibits a steeper breakthrough curve than that of
solid Ni-MOF-74 due to faster adsorption kinetics. In this work,
the breakthrough time (t,) was arbitrarily defined as the time
when C/C, reached 0.1%. The ¢, of solid Ni-MOF-74(h) is
174 min, 17% longer than that of solid Ni-MOF-74 (149 min)
(Fig. 4D). This indicates that reducing the gas diffusion distance
to form the hollow structure can improve diffusion kinetics
leading to a higher working capacity during dynamic Xe/Kr
separation performance.

Conclusions

In summary, a simple two-step method was developed to
successfully synthesize hollow, rhombic dodecahedron-shaped
Ni-MOF-74 particles. This synthetic approach decouples the
surface deposition from the crystallization process, making the
sacrificial template method applicable to a broader range of
hollow MOF syntheses. The shorter diffusion length in Ni-MOF-
74(h) resulted in 1.5 times faster adsorption kinetics compared
to its solid counterpart, leading to a steeper breakthrough curve
and a 17% increase in breakthrough time during dynamic
column Xe/Kr separation. The method proposed in this work
offers a potential general approach to enhancing the dynamic
gas separation performance of MOF materials.
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