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Defects among the grains of MOF polycrystalline membranes lead to non-selective gas transport, thereby
reducing their selectivity in gas separation. In this work, ZIF-62 polycrystalline membranes with a well-
intergrown structure were prepared on MXene-modified supports. Subsequent thermal treatment transformed
the membranes into glass membranes, effectively eliminating non-selective defects at grain boundaries. Due to
the incorporation of the MXene film and the vertical positioning of the support during the solvothermal process,

only a minimal portion of the glass melt infiltrated into the porous support. Across the temperature range of 303
K-423 K and pressure range of 1 bar-3 bar, the ZIF-62 glass membranes showcased superior helium separation
property and long-term chemical stability (resistant to COz and H20). The helium permeance reached approx-
imately 51 GPU, with selectivities against N and CH4 being 17.4 and 13.9, respectively, outperforming current

MOF membranes.

1. Introduction

Helium, as a noble gas, exhibits unique properties (e.g. low boiling
point, small molecular size, inertness) that make it indispensable in
various industries, including its use as a coolant, leak detector, protec-
tive gas in welding, and carrier gas in gas chromatography [1]. How-
ever, the challenge lies in sourcing helium, as it is primarily found in
natural gas fields with concentrations mostly between 0.3% and 1.9%
[2,3]. The low concentration, combined with its unique properties of a
low boiling point and low polarizability, renders conventional recovery
methods, such as cryogenic distillation and pressure swing adsorption,
both energy and capital inefficient [4]. In response to these challenges,
membrane-based separation has emerged as a promising alternative
since it offers low energy consumption, a reduced carbon footprint, and
more straightforward operation [5-8]. Polymers were among the first
materials investigated for membrane-based helium separation, with the
commercialization of polyimide membrane representing a significant
milestone [9,10]. However, polymer membranes exhibit a trade-off
between permeability and selectivity due to their reliance on the
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solution-diffusion transport mechanism [8,11]. Introducing inorganic
particles into a continuous polymer membrane, the so-called mixed
matrix membranes (MMM), can improve the separation of helium [12,
13]. Nevertheless, the polymer phase, regardless as pure form or as
MMM, is susceptible to challenges like plasticization and swelling [14,
15]. A different separation strategy relies on the molecular sieving ef-
fect, where the pore size is comparable to the kinetic diameter of helium
[16,17]. Through pyrolyzing polymer in a controlled gas atmosphere,
carbon molecular sieve (CMS) membranes with tunable pore size and
distribution can be formed, where ultramicropores derived from stack-
ing of strands can be tuned to 0.34 nm by increasing the carbonization
temperature [18-22]. In addition, silica membranes also hold advan-
tages over polymeric ones due to their small pores and rigid structure
[23]. In-depth comparison on various membrane materials for He sep-
aration can be found in recent reviews [8,11].

Metal-organic frameworks (MOFs) are garnering substantial atten-
tion as emerging membrane materials, although many of those have
demonstrated disappointingly low selectivities for He/N, and He/CH4
separations, often below a selectivity of 5 [8,24]. In the pursuit of higher
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selectivity, Chen et al. [25] showcased a single crystal ZIF-8 membrane
without grain boundaries, achieving a remarkable He/CHj, selectivity up
to 40. While single crystal membranes might not be feasible for broader
applications, this advancement emphasizes the capabilities of MOF
membranes when the inherent challenge, i.e. defects at grain bound-
aries, can be effectively tackled. However, polycrystalline MOF mem-
branes - integrated by intergrown crystals — suffer in particular from
defects at grain boundaries, which serve as preferential pathways for
non-selective transport and impair the gas selectivity [26-28]. To
enhance the selectivity of polycrystalline membranes comparable to
single crystal membranes, approaches have been explored such as
low-temperature synthesis [29], careful activation (i.e. removal of sol-
vent molecules from grains) [26,30], defects healing by coating polymer
[31,32], and partial amorphization either during synthesis or via
post-modification [33-38].

Amid this evolving landscape, MOF glass membranes emerge as
another promising avenue garnering significant scientific interest since
their porosity can be preserved during the crystal-liquid-glass trans-
formation [39-41], whereas the liquid state enables good processability
and elimination of non-selective defects at grain boundaries [42-52].
Initial research on MOF glasses started with amorphous ZIF-4 but soon
shifted its lens towards ZIF-62, primarily due to its lower melting point
and a broader melting range [53,54]. To the best of our knowledge, most
MOF glass membranes are prepared from their respective powders,
either by in-situ deposition in a solution or by ex-situ compression in a
mold, because ZIF-62 tends to nucleate in solution instead of on support
[43-47,55,56]. Wang et al. [43] deposit ZIF-62 powder onto a hori-
zontally placed support and then apply a thermal treatment to produce a
ZIF-62 glass membrane. During the liquid-solid transformation, defects
(gaps, pinholes, and grain boundaries) are eliminated and the resulting
ZIF-62 glass membrane displays high ideal selectivities, with CO2/Ny
equaling 23, which is close to the selectivity of 29 observed in the single
crystal ZIF-8 membrane [25,43]. However, parts of the glass membrane
produced by Wang et al. [43] infiltrate heavily into the support, as
evidenced by the Zn signal in the elemental distribution analysis of a
membrane cross-section. While the infiltration enhances the
membrane-support interaction, it may affect the evaluation of the
membrane’s performance.

In recent studies, the application of a two-dimensional material
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- -
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known as MXene has gained prominence in separation membrane ma-
terials [57-59]. These nanosheets exhibit a wealth of surface charges.
Leveraging this characteristic, MXene films can be effectively fabricated
within an electric field [60]. Furthermore, these nanosheets offer the
capability for the in-situ synthesis of MOF crystals and membranes
owing to their electrostatic interaction with cations [61,62]. In this
work, we report the preparation of ZIF-62 polycrystalline membranes
using vertically placed supports with the assistance of Zn (II) adsorbe-
d/intercalated Ti3CoT, MXene films (T stands for surface terminations).
These polycrystalline membranes were subsequently vitrified to produce
ZIF-62 glass membranes. We anticipate that the vertically oriented
support and the stacked layers of MXene nanosheets will limit the
infiltration of glass melt into the support, providing better control over
the membrane thickness. Due to the elimination of non-selective defects,
improved helium selectivity over nitrogen and methane is expected in
ZIF-62 glass membranes.

2. Material and methods

All chemicals were purchased from Alfa Aesar and used without
further purification unless otherwise stated. The synthesis of ZIF-62
polycrystalline and glass membranes is depicted in Fig. 1. The process
involves four key steps: generating MXene nanosheets and filtering them
onto a porous AlyO3 disk to create a MXene thin film; intercalating/
adsorbing Zn (II) ions into the film; solvothermally synthesizing ZIF-62
polycrystalline membrane, which was subsequently transformed into a
glass membrane through vitrification.

2.1. Preparation of Zn (II)-MXene films

The Zn (II)-MXene film was prepared following a previously reported
method with slight modifications [24]. To produce MXene nanosheets,
1 g Ti3AlC, powder (Laizhou Kai Kai Ceramic Materials Co., Ltd) was
slowly added into an etchant composed of LiF and 9 M hydrochloric
acid. After stirring at 309 K for 24 h, sediment from the mixture was
collected and washed to a neutral pH (>6) using deionized water. In a
typical procedure, the sediment was then dispersed in deionized water
and ultrasonicated (Bandelin RK 31, 40 Watt) for 60 min, followed by
centrifugation (Sigma 3-18KS) at 5200 rpm for 60 min. To prepare a Zn
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Fig. 1. Schematic representation of the fabrication process for a ZIF-62 glass membrane on a MXene-modified a-Al,O3 disk. The termination groups (e.g., -OH, =0,
and -F) of MXene nanosheets are denoted as T. Structures of ZIF-62 crystal and glass are visualized along the crystallographic b-axis using data from Frentzel-Beyme
et al. [63] and Gao et al. [64]. Hydrogen atoms are omitted for clarity.
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(IN)-MXene film, a MXene film (90 nm thick) filtrated on a porous
a-Al,03 disk (70 nm pore size in the top layer, Fraunhofer IKTS) was
immersed into 10 mL Zn(NO3),-6H20-DMF (N,N-dimethylformamide,
0.5 M) solution at 303 K for 24 h.

2.2. Preparation of ZIF-62 membranes

The solvothermal synthesis of ZIF-62 was based on the previously
reported recipe [65], with additional use of sodium formate for mem-
brane preparation. In a beaker, 10 mL DMF was added followed by
dissolving 0.0222 g benzimidazole and 0.1148 g imidazole. The mixture
was stirred for 5 min before adding 0.1116 g Zn(NOs3)2-6H20 and 1 mL
NaHCO; (0.0128 g) methanolic solution. The aforementioned Aly,O3
disk, which was modified with Zn (II)-MXene film, was placed vertically
in a Teflon-lined stainless-steel autoclave. The loaded autoclave was
placed in an oven at 373 K for 48 h followed by natural cooling to
ambient temperature. The as-prepared polycrystalline membrane was
washed with DMF once and activated by a series of methanol-DMF
mixtures as reported by Dong et al. [26] To prepare a glass mem-
brane, the melt-quenching process was employed. Specifically, the
process involved heating the aforementioned polycrystalline membrane
under flowing Ar to 723 K with a heating rate of 10 K min~" for 10 min to
form the melt, followed by naturally cooling back to room temperature
by switching off the heating element of the tube oven (Carbolite MTF
12/50/250).

2.3. Characterization

To determine the melting temperature (T,,) and the glass transition
temperatures (T,) of ZIF-62, differential scanning calorimetry (DSC)
measurements were performed on a Netzsch DSC 204 F1 Phoenix in-
strument under a constant nitrogen flow of 20 mL min~!. Samples were
heated to 768 K at 10 K min ™! and cooled to 298 K with the same rate.
Analysis of thermal data was performed with the Netzsch Proteus soft-
ware. Ty, was determined as the peak offset, whereas T, was defined as
the peak onset. The crystalline structure of the samples was examined by
X-ray diffraction patterns (XRD) recorded using a Bruker D8 Advance
diffractometer with Cu-Ka radiation (40 kV and 40 mA). Data were
collected over a range of 4°~40° with a step size of 0.04°. The chemical
composition and bonding of the samples were analyzed by Fourier-
transform infrared (FTIR) spectra acquired from 600 em~! — 4000
cm ! using an Agilent Cary 630 spectrometer. Morphological features
and elemental distributions of the prepared samples were captured using
field-emission scanning electron microscopes (FE-SEM), specifically the
JEOL JSM-6700F or the JSM-7610FPlus equipped with twin energy-
dispersive X-ray spectrometers (EDXS, Bruker XFlash 6|60). The gas
adsorption isotherms were measured on a Mircromeretics ASAP 2020
porosimetry system. ZIF-62 polycrystalline and glass powders were
degassed under a dynamic vacuum at 473 K for 10 h prior to data
collection. The adsorption behavior of was recorded at 293 K up to 120
kPa.

To probe the pore size of crystalline and glass samples, positron
annihilation lifetime spectra were recorded using a conventional fast-
fast coincidence lifetime spectrometer (Ortec, USA) with a time reso-
lution of 241 ps and a channel width of 13 ps. In the measurements, a
22Na positron source with an activity close to 20 pGi was encapsulated in
Kapton films (Nilaco, Japan), and positioned between two identical disk
samples, with each spectrum being recorded with over 1.5 x 10° counts.
Using the PATFIT routine, the detailed positron lifetime parameters
were analyzed from the spectra, with each spectrum undergoing a
source correction by subtracting 402 ps and reducing by 9.981 % of the
data. The third lifetime component 73, resulted from the ortho-positro-
nium (o0-Ps) annihilation process, was used to calculate the average
radius of the free volume cavity R according to the Tao-Eldrup model
[66,671:
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where AR is an empirical parameter (165.6 pm) derived from fitting the
observed o-Ps lifetimes in molecular solids. The relative fractional free
volume (FFV) was then obtained assuming spherical free volume using
the following equation [68,69]:

FFV=C g TR’ 2)

where C is a constant with a value of 0.0018, and I5 is the relative in-
tensity of the third component z3.

2.4. Gas permeation measurements

Following the Wicke-Kallenbach method, permeation tests were
conducted using a home-made gas-permeation apparatus as illustrated
in Fig. S1. The prepared polycrystalline and glass membranes were
mounted into a stainless-steel permeation cell and sealed with O-rings
(Kalrez Spectrum™ 6375). Flow rates for both feed and sweep gases
were controlled by mass flow controllers (Bronkhorst, EL-Flow®), with
pressure monitored by digital pressure gauges on both sides. Tempera-
ture within the permeation cell was regulated by a setup that included a
heating tape (Horst HBS) and a temperature regulator (Juchheim LTR
4200). Component concentrations in the permeate were determined by
an Agilent 7890A on-line gas chromatograph.

During single-gas permeation, a flow rate of 25 mL min ' was
employed on the feed side, while for equimolar mixed-gas permeation a
total flow rate of 50 mL min~! (each gas at 25 mL min~1) was applied. In
the CO-stability test, 1 mL min~! of CO, was added to the feed gas. For
the hydrostability test, steam (3 vol%, 100% relative humidity) was
introduced into the feed gas after passing through a water tank at 298 K.
In all instances, 25 mL min~! argon was applied on the sweep side. At
least five measurements were conducted for one sample after the system
reached a steady state. The permeance of component i (P;) was deter-
mined using the equation:

Pi=——r (3

where N; is the permeation rate of component i (mol s!), A corresponds
to the membrane area (mz), and p; and p;- denote the partial pressure of
component i on the feed and permeate sides (Pa), respectively.

The selectivities (a for single-gas and a;/; for mixed-gas permeation)
were calculated as follows:

a=— C)

_yi/Yf
ai/jixi/xj

(5)

where x and y are the molar fractions of components i and j on the feed
and permeate sides, respectively.

3. Results and discussion
3.1. Characterization of MXene and ZIF-62 powder

The MXene nanosheets (Ti3CyT,) were prepared by selectively
etching the Al element from the precursor TigAlCy using HF solution in-
situ generated through dissolving LiF in hydrochloric acid. This etching
process resulted in the formation of abundant termination groups (Ty),
such as -OH, =0, and -F, on the surface of the nanosheets, imparting the
nanosheets with a negative {-potential. The SEM images in Figs. S2 and
S3 demonstrate that most of MXene nanosheets are transparent to the
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electron beam (as the anodic aluminum oxide object holder beneath the
nanosheets remains clearly visible) despite variations in ultrasonication
and centrifugation durations. A corresponding statistical analysis on the
size of nanosheets is given in Fig. S4. It is evident that the nanosheets
significantly reduce in size after centrifugation, whereas minimal vari-
ation is found among nanosheets produced with different ultra-
sonication durations. Indeed, ultrasonication serves to enhance the yield
of single-layer/few-layer nanosheets, while centrifugation effectively
removes multi-layer nanosheets/unetched precursor (see Fig. S3a). In
this study, we opted for a 60-min duration for both ultrasonication and
centrifugation, aiming to achieve a balance between experimental effi-
ciency and MXene nanosheet yield. For details on the filtration of MXene
thin films on a-Al;O3 supports (Note: not anodic aluminum oxide object
holder) and the characterization on host of metal ions, please refer to our
previous report [24].

After solvothermal synthesis, ZIF-62 polycrystalline membranes
were formed on MXene-modified a-AlyO3 supports, with the ZIF-62
polycrystalline powder being collected from the same autoclave. To
ascertain the suitability of this material for glass membrane preparation,
differential scanning calorimetry analysis was firstly conducted on the
ZIF-62 powder. As shown by the first upscan in Fig. 2, the polycrystalline
powder releases solvent from 425 K to 645 K, then melts after 705 K.
After quenching to room temperature, the second upscan indicates that
the ZIF-62 glass has a glass transition temperature of 594 K. The
measured values for T, and T, consistent well with the literature [70].
The thermal data confirm that our experimental treating temperature of
723 K is sufficiently high to transition a polycrystalline ZIF-62 mem-
brane into a glass membrane.

3.2. Characterization of ZIF-62 membranes

We conducted comprehensive characterizations of both the ZIF-62
polycrystalline membranes and the glass membranes. The XRD pat-
terns in Fig. 3a verify the purity of the polycrystalline powder and
membrane, both showing ZIF-62 (CCDC code: 1849816) as the single
phase. The absence of reflections from the MXene film was anticipated
due to the growth of ZIF-62 within the film (see Figs. 5 and S12), leading
to the disruption of the regular stacking of MXene nanosheets and
consequently the disappear of 00l reflections [24,71,72]. Following the
melt-quenching process, the crystalline reflections of the membrane
disappear, indicating the long-range disorder of glass membrane. As
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Fig. 2. First and second DSC upscans for ZIF-62 crystal and glass conducted
under a nitrogen atmosphere.
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Fig. 3. (a) XRD patterns and (b) FTIR spectra of ZIF-62 polycrystalline powder,
polycrystalline membrane, and glass membrane. Bragg positions of ZIF-62 are
determined using the structure data (CCDC code: 1849816) from Frentzel-
Beyme et al. [63].

elucidated by the FTIR spectra in Fig. 3b, the vibrational frequencies
within the glass structure align with those of the polycrystalline mem-
brane and powder, with the exception of a noticeable peak at around
1675 cm™, which is attributed to the carbonyl stretching vibration of
the solvent DMF. This finding highlights the maintenance of structural
integrity in the organic linkers throughout the melt-quenching process.

In terms of microporosity, a comparative CO, adsorption study be-
tween ZIF-62 polycrystal and glass indicates that the latter retained its
microporous characteristics. As shown in Fig. S7, the adsorbed amount
of CO5 at 293 K and 1 bar declines from 1.38 mmol g ! to 0.51 mmol g !
after vitrification. To further assess the pore size alterations in ZIF-62
before and after vitrification, we employed positron annihilation spec-
troscopy measurements on its polycrystalline powder, glass powder, and
glass membranes. Fig. 4 displays the diameter-intensity relationships
along with comparison to literature values. Notably, some studies have
performed four-component fitting instead of three-component fitting,
yielding aperture diameters and cavity diameters around 3 A and 6 A,
respectively [68,73]. As shown in Fig. 4b, ZIF-62 has a cag topology,
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Fig. 4. (a) Cavity diameter of ZIF-62 polycrystalline powder, glass powder, and
glass membranes calculated by fitting positron annihilation lifetime spectra.
Data from literature are plotted in black and gray points [43,46,68,69,73].
More details can be found in Tables S2-S3. (b) Structure of ZIF-62 (1x 2x 1
cell, CCDC code: 1849816) showing the eight- and four-membered-rings. (c)
Schematic illustration of a ZIF-62 2 x 2 x 2 cell with aperture and cavity shown
in yellow and blue, respectively. Pink tetrahedral is ZnN4. Hydrogen atoms are
omitted for clarity. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

which is isotopological with the mineral variscite CaGayO4 [74]. In its
unit cell, the largest ring is an eight-membered ring. The tetrahedra
numbered 5 and 6 form four-membered rings with the tetrahedra
numbered ii and iii in the adjacent unit cells. These eight- and
four-membered rings do not form a closed cage structure. Instead, the
apertures and cavities shown in Fig. 4c are formed by multiple unit cells
surrounded in three dimensions. This inherent ambiguity leads to a large
difference between the calculated and measured values for aperture and
cavity as summarized in Table S1. It is noteworthy that in the studies by
Mor et al. [73] and Qiao et al. [68], deviations associated with the third
lifetime component are more pronounced than those of the fourth (see
Tables S2-S3). Nevertheless, results from Mor et al. [73] and Qiao et al.
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[68] collectively indicate that after the glass transition, the aperture
diameter decreases while the cavity diameter increases. This trend is
consistent with the findings from CO, adsorption calculations [40].
Similarly, Thornton et al. [69] observed consistent trend in their study
on ZIF-4, which shares the cag topology with ZIF-62.

Our analyses favored a three-component fitting as it produced more
coherent results compared to a four-component approach. The latter
resulted in intensity discrepancies greater than the fitted intensity
values. Fig. 4 showcases that the cavity diameter calculated from our
fitted 73 values falls within the range reported in the literature. After the
crystal-glass transition, the cavity diameter of ZIF-62 increases from
5.46 A to 5.82 A for glass powder and to 6.10 A for glass membrane,
consistent with literature reports (cf. Wang et al. [43], Mor et al. [73]
and Qiao et al. [68]). Interestingly, the glass membranes exhibit a
slightly larger cavity diameter than the glass powder, a trend also found
in the work of Yang et al. [46] on glass foam. This hints that the sample
preparation process can influence the measurement and fitting
outcomes.

The morphological features and elemental distributions of ZIF-62
polycrystalline and glass membranes were then examined using SEM
and EXDS. Similar to ZIF-67 [24], the crystalline grains of the ZIF-62
polycrystalline membrane interconnect closely with each other. In
SEM images captured at various magnifications (Fig. S8), non-selective
defects are seldom to be found. Besides, the elemental distributions in
Figs. S10 and S11 display the coexistence of Zn and Ti at the lower
portion of the polycrystalline membrane, precisely where the MXene
film was anticipated to be located. This observation offers direct evi-
dence supporting the preferential nucleation and growth of ZIF-62 on Zn
(IN)-MXene films. We note that the Zn signal is very weak in the alumina
support.

Regarding the ZIF-62 glass membrane, Figs. 5 and SO illustrate that
the membrane surface becomes smooth and dense, and the boundaries
between crystalline grains vanish after the melt-quenching process.
Similar to the polycrystalline membrane, the glass membrane also ex-
hibits regions where both Zn and Ti coexist, with no noticeable Zn sig-
nals within the support (Figs. S10 and S11). Changes in membrane
thickness also serve as evidence that the majority of the glass melt did
not penetrate into the support. While the polycrystalline membrane had
an average thickness of 13.6 + 2.3 pm, this value decreased to 10.7 +
1.0 pm after its transformation into the glass membrane. This corre-
sponds to a relative shrinkage of 21.3%, well consistent with the findings
by Stepniewska et al. [75] obtained using a heating microscope. The
penetration phenomenon differs from the work of Wang et al. [43],
where the prepared glass melt penetrates heavily into supports. Two
possible reasons can be considered. First, in this study, a MXene thin film
was employed to modify the porous alumina support, and the stacked
layers of MXene nanosheets acted as a barrier against the infiltration of
the glass melt. Second, because of the preferential nucleation of ZIF-62
on the MXene film, the alumina support could be oriented vertically
during the solvothermal reaction. In the work of Wang et al. [43], the
support is positioned horizontally, leading to the ingress of more ZIF-62
particles into the porous support during the solvothermal growth
process.

3.3. Gas separation performance of ZIF-62 membranes

Single-gas tests were conducted at 303 K and 1 bar for the ZIF-62
polycrystalline and glass membranes. The permeation results, illus-
trated in Fig. 6a, reveal that the ZIF-62 polycrystalline membranes
predominantly favor the permeation of He. The observed selectivities
slightly exceed the corresponding Knudsen selectivities. However, a
marked contrast emerges when examining the ZIF-62 glass membranes.
The selectivities for He/N;, He/CH4, and COy/N5 increase when
compared to their polycrystalline counterparts, recording values of 14.0,
10.6, and 29.9, respectively, as depicted in the inset of Fig. 6a. Alongside
this, it was noted that the permeances for most gases sharply decreased
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Fig. 5. SEM surface views of MXene assisted ZIF-62 (a) polycrystalline and (b) glass membranes. (c) SEM fractured cross-sectional view of the glass membrane. (d-f)
EDXS elemental distributions corresponding to (c). Dashed lines indicate the region of the Ti signal, guiding the reader to observe the coexistence of Zn and Ti.

after vitrification. For instance, the N, permeance plummeted from 53.8
GPU in the polycrystalline membrane to a mere 1.5 GPU. Yet, intrigu-
ingly, the CO, permeance remained relatively stable, leading to an
elevated CO2/Nj selectivity for the glass membrane. Equimolar mixed-
gas tests for both the polycrystalline and glass membranes (Fig. 6b)
demonstrate similar trends to single-gas tests, with a slight reduction in
the permeance of He possibly due to gas competition during the mixed-
gas tests [76-78].

The ZIF-62 crystal presents a complex pore structure: a possible
aperture is formed by overlapping of multiple unit cells (Fig. 4b,c).
Theoretical calculations predict its crystallographic aperture diameter is
smaller than 0.26 nm [79-81]. A subsequent study discerns an aperture
diameter of approximately 0.43 nm by analyzing the adsorption
behavior of different gases on ZIF-62 crystalline powder [80]. However,
pressure changes are required to allow adsorbates to access the micro-
pores of ZIF-62 during a gas adsorption measurement (cf. Fig. S7). Such
pressure adjustments can lead to structural alterations in the ZIF pores, a
phenomenon known as gate-opening [82,83]. From the single-gas
permeation test outcomes, the pore size cut-off for the ZIF-62 poly-
crystalline membranes is estimated to lie between the kinetic diameter
of He and CO», i.e. 0.26 nm and 0.33 nm.

For the glass membranes, the passageway originating from the
crystalline ZIF-62 should be preserved at least in the short-range, since
the distance of neighboring atoms (e.g. Zn-Zn) does not change up to
0.6 nm as observed by X-ray total scattering [68]. The enhanced He
selectivity over other gases and the reduced permeance of He, Ng, and
CH4 might originate from the elimination of non-selective defects at
grain boundary (Fig. 5) and the alteration of pore size as discussed above
(Fig. 4), both resulting from the melting-quenching process. The trans-
port of CO,, in contrast to other gases, does not show a significant
reduction due to the influence of the adsorption process. It is reported
that ZIF-62 glass exhibits a higher isosteric heat of adsorption for CO2
compared with its polycrystalline counterpart [43]. Fig. S7b shows that
ZIF-62 glass has a higher CO,/N5 adsorption selectivity when compared
with ZIF-62 polycrystals. An effect of higher affinity of ZIF-62 glass to
CO4, can also be found when comparing the CO2/N> selectivity measured
in the single-gas (Fig. 6a) and equimolar mixed-gas tests (Fig. 6b), where
the glass membranes show higher selectivity due to the competitive
adsorption of CO». In addition, Fig. S15 also indicates that increasing the
feed pressure or raising the temperature results in a decrease in COy

permeance, proving that the transport of CO; in the glass membranes is
controlled by the adsorption process.

Gas separation from 303 K to 423 K was then conducted to assess the
thermal stability of the ZIF-62 glass membrane. The permeance of all
gases, except for COq, increased with rising temperature as shown in
Figs. 6¢, S13 and S14. The selectivity of He/Ny decreased marginally
from 17.5 (303 K) to 17.4 (423 K), while the selectivity of He/CHy4
showed a slight increase from 12.1 (303 K) to 13.9 (423 K). The He/Ny
selectivity is higher than the He/CHy selectivity, since ZIF-62 glass
shows preferential adsorption of CH4 over Ny [43,46,55]. Activation
energies for different gases were determined based on the permeance
data at various temperatures, and they were found to be closely similar
except for COy (Figs. S13-S15). This experimental evidence demon-
strates that the membrane’s structural integrity remained intact
throughout the heating process from 303 K to 423 K, indicating its good
thermal stability.

The effect of feed pressure on the separation performance of ZIF-62
glass membranes was then investigated. When the feed pressure was
raised to 1.5 bar, the permeance of both He and N; remained virtually
unchanged (Fig. 6d). As it slowly increased to 3 bar, the He permeance
stayed consistent while the permeance N gradually increased, leading
to a drop in selectivity to 8.5. The selectivity returned to its initial value
upon reducing the feed pressure back to 1.1 bar, implying that the glass
membrane has negligible macroscopic defects. The separation proper-
ties for He/CH4 under changing pressure (Fig. S14) resembled those of
He/Ns. However, due to the increased role of adsorption-control in CHy
transport, the selectivity for He/CH,4 began to decline at a lower pressure
compared to He/Nj. As for COy/Nj separation (Fig. S15), the CO, per-
meance decreased with increasing pressure. This decrease can be
attributed to the fact that the driving force, described as the ratio be-
tween the amount of adsorbed CO, and its partial pressure, also
diminished with the escalation of feed pressure [84].

In light of practical applications, preliminary tests assessing the
chemical stability of ZIF-62 glass membranes were carried out. Raw
natural gas contains trace acid gases, notably CO, and water [8,11]. To
mimic these conditions, we exposed the glass membranes to a feed gas
containing either 2 vol% CO3 or 3 vol% water vapor. During the initial
48 h, as illustrated in Fig. 6e, a stable separation performance was
observed. Upon introducing CO5 after this period, the permeance and
separation factor did not decline in the following 73 h. Under conditions
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Fig. 6. Gas separation performance of ZIF-62 membranes. (a) Single-gas permeances measured at 303 K and 1 bar as a function of kinetic diameters. (b) Equimolar
mixed-gas separation tests at 303 K and 1 bar for He/N; and He/CHy. (c,d) Equimolar separation tests for He/N as functions of (c) temperature and (d) feed-gas
pressure. (e) Long-term separation of He/CH,4 and He/Nj in presence of 2 vol% COx or 3 vol% H,0 at 303 K and 1 bar. Error bars indicate the standard deviation of

permeances and selectivities from three samples.

of 3 vol% water vapor (100% relative humidity), a minor decrease in the
permeances of both He and Ny was observed, attributed to the
competitive transport of HpO. This effect was reversible, with per-
meances recovering after in-situ activation at 353 K. This observation
may be attributed to the unique adsorption behavior of non-polar COy
compared to polar HoO within the glass membrane. H,O molecules are
known to be preferentially adsorbed by metal clusters in MOFs [85],
leading to multilayers in micropores and subsequent reduction in pore
size. In contrast, CO, may favor adsorption onto the ligands of ZIF-62
glass. An evidence is that fluorination of the benzimidazole ligand can
enhance the CO; adsorption capacity by 19.5% compared with pristine
ZIF-62 glass [55]. At a 2 vol% CO3 concentration, pore blockage by CO5
may not be evident due to ligand rotation. Overall, the membranes
sustained stable separation performance for nearly 170 h, highlighting
the remarkable chemical robustness of ZIF-62 glass membranes against
CO4 and H50 exposures.

Fig. 7 provides a direct comparison of the separation performance of
the glass membranes to other MOF membranes, illustrating the selec-
tivity of He against Ny and CH4 as functions of He permeance [24,
86-96]. Most MOF membranes, including the ZIF-62 polycrystalline
membranes, display selectivities of less than 5. In stark contrast, the
ZIF-62 glass membranes achieve selectivities as high as 17.4 and 13.9 for

He/N; and He/CHy, respectively. We note in Fig. 7 that the selectivity of
ZIF-8 membranes can be improved by incorporating Cy( into ZIF-8 via a
current-driven synthesis [96]. However, the selectivity remains lower
than that of the ZIF-8 single crystal [25], probably due to the presence of
the non-selective grain boundary.

4. Conclusions

Utilizing Zn (II)-MXene films as aids, we successfully fabricated ZIF-
62 polycrystalline and glass membranes with thicknesses of 13.6 pm and
10.7 pm, respectively. The Zn (II)-MXene films ensured well-intergrown
polycrystals within the membranes during the solvothermal synthesis on
vertically placed supports. Only a minority (if any) of the glass melt was
infiltrated into the supports during the vitrification process. The trans-
formation to glass membranes led to the elimination of non-selective
grain boundary defects, leading to a notable improvement in helium
selectivity compared to the polycrystalline counterpart. Within a tem-
perature range from 303 K to 423 K and pressures from 1 bar to 3 bar,
the ZIF-62 glass membranes exhibited excellent performance of helium
separation from N3 and CH4. The membranes demonstrated a helium
permeance of approximately 51 GPU and selectivities of 17.4 and 13.9
for Ny and CH4 at 423 K, respectively, surpassing current MOF
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Fig. 7. (a) Selectivities of He/N, and (b) He/CH4 plotted against He per-
meance, with comparisons to other MOF membranes reported in the literature
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membranes for He/N, and He/CH,4 separation and the green lines mark the
corresponding Knudsen selectivities. Table S4 provides details on the data
points. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

membranes. Long-term stability tests revealed that the glass mem-
brane’s separation efficiency for He/No and He/CH4 mixtures can
operate stably for at least 170 h, even in the presence of 2 vol% CO, and
3 vol% H50.
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