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ABSTRACT: The purpose of this study was to design and develop a self-supporting glass MOF membrane
(GMM) including its design, fabrication under different heat treatment temperatures, analysis of its
physical—chemical properties, and assessment of its separation performance. Glass MOFs preserve metal—
ligand bonding structures similar to their crystalline counterparts, providing intrinsic gas separation
properties alongside the benefits of amorphous materials, including reduced grain boundaries and ease of
processing. In this work, ZIF-62 was melted and then cooled to fabricate GMMs using vitrification to
enhance molecular sieving. This study systematically examines the impact of varying thermal treatment
temperatures (400—475 °C) on the physical and chemical transformations of GMMs, revealing their effects
on the porosity, defect formation, and molecular sieving performance through advanced characterization
techniques (e.g, solid-state nuclear magnetic resonance (*C NMR), X-ray photoelectron spectroscopy
(XPS), He pycnometry, and positron annihilation lifetime spectroscopy (PALS)). The optimal GMM
exhibits an impressive separation performance, particularly for H, separation. The GMM at 4 bar and 25 °C
exhibited He, H,, CO,, N,, and CH, gas permeations of 576.37, 509.23, 146.07, 3.45, and 2.28 barrer,
respectively. The ideal selectivities of H,/CH,, CO,/N,, CO,/CH,, H,/N,, and H,/CO, gas pairs were

223.47, 42.37, 64.10, 147.71, and 3.49, respectively, which significantly exceed earlier reported values for ZIF-62 membranes,
demonstrating the significant potential for GMMs as high-performance molecular sieve membranes, particularly for H, separation.
This work by optimizing the vitrification process through systematic temperature control highlights GMM’s ability to achieve high
selectivity and permeability, positioning it as a promising candidate for industrial gas separation applications.

H INTRODUCTION decrease selectivity and simultaneously increase permeability.
To address these issues, researchers have investigated a variety of
post-treatment methods such as surface polymerization and
oriented tertiary growth aimed to minimize intercrystal and

Polycrystalline membranes are considered one of the most
innovative emerging technologies due to their ease of use,
environmental friendliness, low capital investment, and low

energy consumption.' ° These membranes can be made of grain boundary defects.”" ™" Despite the progress made, these
organic or inorganic materials.”’® However, inorganic mem- methods have not entirely addressed the issues of polycrystalline
branes seem to be more suitable as a result of their high membranes. Conversely, glass MOFs have attracted significant
durability, good thermal and chemical stability, narrow and well- attention for their potential to address these challenges and
defined pore size distribution, and antiaging properties.”'’ On deliver effective membrane separation performance.”*™>>

the other hand, metal—organic frameworks (MOFs) as a new Generally, a glass MOF is fabricated by melting crystalline
generation of porous materials with molecular sieving properties MOF through the solid—liquid phase transition to the liquid
have emerged as apromis}rll%zcandidate for manufacturing high- state above its melting temperature (T,,) followed by rapid

performance membranes. MOFs are particularly promising cooling of the resulted liquid MOF below its glass transition
as additives in membrane fabrication due to their chemical and temperature (Tg), known as the vitrification pro cess.223 In

structural versatility, molecular-size pores, and high tunability both liquid and glass phases, porosity was preserved.*”** In fact
compared to other porous materials. > ~*' ’ ’

However, when it comes to the fabrication of self-standing
membranes, MOFs face similar challenges as inorganic materials
such as intercrystallite and grain boundary defects that can
comgromise selectivity and increase permeability inconsisten-
cies.””** Indeed, the size sieving effect is extremely sensitive to
imperfections; even minor intercrystal and grain boundary
defects can create inconsistent pore sizes that significantly
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Figure 1. Schematic of the fabrication of GMMs.
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the solid—liquid—glass transition expands their ability to be
processed and shaped compared to that of crystallized MOFs,
making them particularly versatile. Furthermore, glass MOFs
have greater capabilities of extending structural diversity and
properties, which are not available in traditional organic,
inorganic, and metallic glasses.””™*' The intercrystal and grain
boundary defects can be reduced in the liquid MOF phase,
allowing for the formation of glass MOFs with high separation
performances.””™* One of the most promising candidates
among MOFs is ZIF-62, known for its high glass-forming ability
(GFA) and low melting temperature. In addition, ZIF-62
experiences only one melting process before decomposition and
does not undergo any intermediate recrystallization, which
prevents intercrystal and grain boundary defects.””**™** These
abilities are ascribed to its unique structure and properties,
which include high viscosity, low fragility, and resistance to
crystallization, making it ideal for creating a highly selective,
stable, defect-free glass MOF membrane (GMM) for gas
separation applications.””*’” However, GMMs must exhibit
mechanical robustness, maintain long-term stability, and attain
high selectivity and permeability (meeting or exceeding the
Robeson upper bound trade-off) to be industrially viable. These
benchmarks ensure that the membranes can operate cost-
effectively and efficiently under operational conditions.™*’
Wang et al. have reported the in situ fabrication of a glass ZIF-
62 membrane supported on alumina and silica for mixed gas
separations. Although this study demonstrates significant
advancements, including the elimination of intercrystalline
defects via the vitrification process and high separation
performance, it suffers from limitations in the optimization of
membrane preparation and the depth of characterization.*”
Moreover, supported membranes face the drawback of restricted
mass transfer often caused by potential incompatibility between
the support layer and the active components. In contrast, self-
standing membranes eliminate this limitation, significantly
enhancing the mass transfer process.”’ Moreover, recent studies
demonstrated that glass ZIF-62 has a fracture toughness (K;.) of
approximately 0.1 MP-m°?, which is lower than that of the
majority of brittle oxide glasses.”’ Meanwhile, it exhibits a
Young’s modulus between approximately 3.2 and 6.6 GPa and a
hardness ranging from 0.37 to 0.7 GPa, depending on the
synthesis method, with melt-quenched glass ZIF-62 typically
exhibiting the higher end of these ranges. These values suggest
that the glasss ZIF-62 is softer and more mechanically flexible
than oxide-based glasses.”””" Despite its relatively low tough-
ness and hardness, glass ZIF-62 exhibits a brittle-to-ductile
transition, which enables up to 35% plastic deformation, which is
an uncommon property for a glass. This unique combination of
moderate Young’s modulus and increased ductility indicates
significant promise for durable applications necessitating a
balance of flexibility and mechanical strength.>>*® Recent
studies also indicated that glass ZIF-62 synthesized using
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melt-quenching removes grain boundaries, which are often sites
for defect formation and chemical degradation. This structural
integrity is crucial for preserving long-term stability in harsh
conditions.”™*° For example, in the absence of grain boundaries,
glass ZIF-62 exhibits resistance to chemical degradation and
maintains its structural integrity even when exposed to corrosive
agents such as H,O, Na®, and CI™>* Its amorphous structure
also contributes to thermal stability, enabling it to preserve
integrity throughout diverse temperature conditions.”® The
defect-free characteristics of glass ZIF-62 enhance its effective-
ness in gas separation applications, exhibiting durable, antiaging
capabilities with consistent performance for durations of up to
10 days and, in some cases such as glass TIF-4, extending to 10
months.>®*>*3*555757 Oy the other hand, studies showed that
glass ZIF-62 has considerable promise as a gas separation
membrane owing to its adjustable structure and composi-
tion.”">> The porous structure of glass ZIF-62 can be modified
by changing the metal nodes (e.g., Co, Zn), hence affecting gas
affinity and separation performance.’® The mixed-metal node
glass ZIF-62 exhibits improved CO,/CH, selectivity, making it
appropriate for natural gas purification and carbon capture
applications.”®*® Furthermore, glass ZIF-62 has the capability to
fabricate composites with crystalline materials such as ZIF-7 or
ZIF-8 as well as with polymers such as cellulose acetate (CA)
and polymers with intrinsic microporosity (PIM), therefore
modifying 2porositgr and gas affinities to target specific
separations.”****% This composite glass ZIF-62 exhibits
improved selectivity and permeability for C,Hs/C,H,, a
valuable separation in petrochemical processes.” These
composite membranes exhibit a promising capacity to meet or
even exceed the Robeson upper bound trade-off for various gas
separations, including CO,/CH,, H,/N,, and H,/
C02.61'62A1th0ugh existing studies have highlighted the
promising properties of glass ZIF-62 and its potential for gas
separation applications, there is a limited understanding of how
these properties vary under different heat treatment temper-
atures.

The purpose of this paper is to present the systematic design
and fabrication of self-supporting GMMs along with a
comprehensive analysis of the physical—chemical properties
and structural transformations of GMMs under different heat
treatment temperatures (400—475 °C). This enables the
identification of an optimal fabrication temperature that results
in an exceptional gas separation performance. Therefore, ZIF-62
has been used to fabricate GMMs as a result of its wide melting
range. The GMMs have been fabricated by melting ZIF-62 and
then cooling it. The characterization properties of GMMs have
been assessed using an extensive suite of advanced character-
ization techniques including scanning electron microscopy
(SEM), thermogravimetric analysis (TGA), differential scan-
ning calorimetry (DSC), powder X-ray diffraction (PXRD),
Fourier-transform infrared spectroscopy (FTIR), solid-state
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nuclear magnetic resonance (*C NMR), X-ray photoelectron
spectroscopy (XPS), low-pressure gas sorption, He pycnometry,
and positron annihilation lifetime spectroscopy (PALS) that
provide a deeper understanding of the structural trans-
formations, pore structure, and defect formation mechanisms
in GMMs. Finally, the optimal GMM separation performance
has been evaluated using several gases, including He, H,, CO,,
N,, and CH,. Based on the study findings, GMM presented
impressive separation performance, particularly in H, separa-
tion, demonstrating significant potential for achieving both high
selectivity and permeation, or, in other words, ultimate gas
separation.

B EXPERIMENTAL SECTION

The ZIF-62 nanoparticles were synthesized using the techniques
outlined in the Supporting Information (SI) Section S2. As
shown in Figure 1, a series of GMMs were fabricated by
pelletizing and then sintering the synthesized ZIF-62 at different
temperatures.*” Each sample is denoted as GMM-T, where T
indicates the sintering temperature. For example, a sample that
has been sintered to a temperature of 400 °C is referred to as
GMM-400 °C. Several characterization techniques were used to
analyze the fabricated GMMs in terms of physical trans-
formations, thermal stability, structural and framework changes,
and evaluation of pore structure and architecture. This analysis
provides a comprehensive understanding of the structural,
chemical, and physical characteristics of the GMMs and enables
the identification of the optimal sample. The performance of the
optimal GMM was assessed by evaluating their gas perme-
abilities and pair gas selectivities at 4 bar and 25 °C.

B RESULTS AND DISCUSSION

The ZIF-62 GMMs were fabricated by initially pelletizing
synthesized and activated ZIF-62 powder followed by heating
under a vacuum to temperatures (T's) above 400 °C, around its
T, Figure 2 shows surface and cross-sectional SEM images
along with photographs of ZIF-62 and the GMM:s obtained at
different T's from 400 to 475 °C. The morphology of the
hexagonal prism-like crystals of ZIF-62 (Figure 2a) was
significantly deformed due to the gradual melting of the
particles, leading to the formation of GMM-400 at 400 °C
(Figure 2b). At increasing annealing T (415—44S °C), the
deformed particles were further formed into a continuous phase
with smooth surfaces and more uniform and defect-free cross
sections for GMM-415, GMM-430, and GMM-44S (Figures
2c—e). The photographs of the GMMs show that they appear
dark yellow and are translucent with rough surfaces. At higher
annealing T (460 and 475 °C), the surface and cross-section
morphologies of the GMMs shown in Figure 2f,g indicate the
formation of mesopores and defects, with additional macro-
scopic bubbles forming visible in the inset photographs.

Based on the TGA data shown in Figure 3a, ZIF-62
demonstrates the highest weight percentage decrease followed
by GMM-400 °C to GMM-475 °C. The rate of mass reduction
exhibits a gradual decrease as the sintering temperatures
increase, and the reduction beyond 445 °C becomes less
significant. Moreover, DSC was used to gain further an insight
into the transformation of ZIF-62 crystals into the GMMs. The
DSC trace shown in Figure 3b indicates the T, and T, of ZIF-62
occurring at 327 and 443 °C, respectively. GMMs could not be
fabricated below 443 °C, and as T approaches 550 °C, the
gradual decomposition of ZIF-62 was observed. In reference to
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Figure 2. Surface and cross-sectional SEM images, along with
photographs of (a) ZIF-62 powder, (b) GMM-400 °C, (c) GMM-
415 °C, (d) GMM-430 °C, (e¢) GMM-44S °C, (f) GMM-460 °C, and
(g) GMM-475 °C (for each sample: left, surface SEM image; middle,
cross-sectional SEM image; and right, photograph of the GMM).

Figure 3, the GMM-445 (Figure 3e) that was fabricated at 445
°C near the T, is expected to have the best glass-like properties
due to its homogeneous morphology, without exceeding the T,
to cause gradual mesopore and bubble formation.

The crystallinity of the GMMs was assessed with PXRD. The
PXRD patterns shown in Figure 4a reveal that the pattern of
ZIF-62 matches with the expected phase, while the GMM:s are
all amorphous and no crystalline phase is found, indicating that
the long-range (10s to 100s nm ordering) crystal structure of
ZIF-62 has collapsed after the annealing process to produce the
GMMs. The two peaks present at 15 and 32 26 common to the
GMM samples are a result of the amorphous halo relating to
superposed scattered X-rays as an average of all atomic distances,
typical of glasses. As observed in the PXRD patterns, the

https://doi.org/10.1021/acsomega.5c00466
ACS Omega 2025, 10, 7441-7451


https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00466/suppl_file/ao5c00466_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00466/suppl_file/ao5c00466_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00466?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00466?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00466?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00466?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
— —— 2IF-62 , , —2IF-62
a —— GMM-400 °C b ' s —— GMM-400 °C
—— GMM-415°C : X —— GMM-415 °C
—— GMM-430 °C X —— GMM-430 °C
_ GMM-445°C = ) GMM-445 °C
2 ——GMM-460°C T ! —— GMM-460 °C
g GMM-475°C — . GMM-475 °C
< 3 | ---T
=) 5 X 9
.a : - _Tm
2 ®
]
x
0 300 600 900 0
Temperature (°C) Temperature (°C)
Figure 3. (a) TGA plots and (b) DSC curves of ZIF-62 and fabricated GMMs.
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Figure 4. (a) PXRD pattern of ZIF-62 (inset: the PXRD patterns of the GMMs) and (b) FTIR spectra of ZIF-62 and fabricated GMMs.

sharpness and intensity of the diffraction peaks gradually
decrease as the sintering temperature increases from 400 to
475 °C. It suggests that the amorphous nature of the GMMs
increases as the sintering temperature increases, which is
consistent with the structural transformation from a crystalline
to a more disordered state. Furthermore, FTIR spectroscopy
was employed to study the changes to the chemical bonding and
functionality in the structure of the GMMs in comparison to the
pristine ZIF-62. Figure 4b shows that the FTIR spectra of ZIF-
62 and the GMMs are identical, which suggest that the chemical
bonding and functionality of ZIF-62 are preserved within the
fabricated GMMs. This shows that the local ordering of ZIF-62
metal-linker bonds are not affected; however, the long-range
periodicity, typical of polycrystalline ZIF-62, that would give a
narrow and intense peak in a PXRD pattern is affected such that
the long-range order within the MOF framework is gradually
disturbed as the sintering temperature increases.

To investigate whether the glass transition affects the
underlying composition and coordination of ZIF-62, solid-
state *C NMR and XPS were employed. *C NMR spectra
(Figure 5) reveal that the local electronic environments of *C of
pristine ZIF-62 remain largely unaffected under melting at
various temperatures. The conjugated C of benzimidazole and
imidazole appears at the common heteroaromatic range of 110—
150 ppm, with spinning side bands observed +100 ppm from the
main peaks (about 115.2, 122.0 (shoulder), 125.2, 141.7, and
149.2 ppm) with no shifts between all the samples. XPS survey
scans and high-resolution scans (Figure 6) and elemental
analysis (Table 1) also indicate that the electronic structures
remain largely unaffected by glass formation. Although high-
resolution scans of the different GMM samples and pristine ZIF-
62 indicate a small increase of the binding energy of N 1s from
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Figure 5. '*C solid-state NMR of ZIF-62 and fabricated GMMs.

403 to 404 eV, the scanning of the C 1s region also shows a
broadening of the peak at 289 eV that was deconvoluted to show
aromatic C. These observations indicate that limited chemical
reactions are taking place during the glass transition and melting
processes. The shift in XPS binding energy is attributed to the
changing chemical environments around N and C atoms of the
linker due to the proximity of the Zn clusters, driven by
structural reorganization during glass formation. As the
temperature increases during GMM formation, the collapse of
the ZIF-62 framework occurs, evidenced by the loss of
crystallinity and a reduction in porosity. This collapse reduces
the previously fixed interatomic distance between Zn and N in
the ordered ZIF-62 structure. Consequently, the Zn clusters are
drawn closer to the organic ligands within the GMM,
introducing a partial ionic character. This alteration in the
chemical environment induces a shift toward higher energy in
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Figure 6. X-ray photoelectron spectra of (a) Zn 2p, (b) C 1s, and (c) N 1s of ZIF-62 and fabricated GMMs.

Table 1. Elemental Analysis of ZIF-62 and Fabricated GMMs
Based on XPS Data

atomic %

MOFs Zn C N
ZIF-62 8.25 62.19 29.56
GMM-400 °C 7.22 65.29 27.49
GMM-415 °C 8.58 62.41 29.00
GMM-430 °C 8.59 62.05 29.35
GMM-445 °C 8.41 60.94 30.64
GMM-460 °C 8.08 63.23 28.69
GMM-475 °C 8.71 61.40 29.88

the observed N 1s binding energ}r.3l’63 Moreover, the broad-
ening of the C s peak at 289 eV may suggest minor changes in
the local electronic density surrounding aromatic carbon atoms,

indicating slight modifications in the distribution of electronic
density.>®

The collapse of the ZIF-62 crystal structure within the GMMs
impacts their gas adsorption property. The pore structure
analysis of the GMMs was performed through low-pressure N,
and CO, gas adsorption measurements. Figure 7a shows the N,
gas sorption isotherm of ZIF-62 having a monotonic increase for
N, adsorbed at low relative pressure, which reaches saturation at
higher pressures in a typical type I fashion of microporous
materials. However, the GMMs do not show N, adsorption,
suggesting that the porous structure of ZIF-62 has collapsed and
is not permeable to N,. Interestingly, GMM adsorbed CO, as
indicated by the CO, isotherm shown in Figure 7b, as it is
smaller than N, (3.30 vs 3.65 A).

However, the loss of the pore structure is also supported by
the lower CO, adsorption capacities of the GMMs compared to
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those of pristine ZIF-62. From Table 2, the Brunauer—
Emmett—Teller surface area (Sgpy) calculated from N,

Table 2. BET Surface Area Values for ZIF-62 and GMMs
Based on N, and CO, Adsorption

N,BET surface area CO,BET surface area
2 1 2 1

sample m’ g~ (m* g~
ZIF-62 58.8287 148.601
GMM-400 °C 1.9921 66.282
GMM-415 °C 1.4168 53.13
GMM-430 °C 0.6263 47.713
GMM-445 °C 0.0905 44.275
GMM-460 °C 0.0194 39.329
GMM-475 °C 30.551

adsorption for ZIF-62 is 58.8 m”> g~', which is significantly
higher than those for the GMMs (e.g., Sger of GMM-400 is 1.99
m®g™"). Also, the Sgp of GMMs obtained from CO, adsorption
is lower than that for the pristine ZIF-62. The Sppy decreased as
the fabrication temperature of GMM increased.

The pore size distributions calculated from the N, and CO,
adsorption isotherms with DFT show a significant reduction in
surface relating to typical micropores of ZIF-62, with pores in
the larger range of 10—20 A for N, (Figure 8a) However, for
CO, derived pore size distributions, micropores retain their
positions but significantly reduce in intensity (Figure 8b). The
retention of pores between 1 and 10 A is essential for the sieving
of target gases, where the pore size is within the range for sieving
H, from N, or CH,, for example.

The density of GMMs was studied with He pycnometry using
He gas under 2 bar. As revealed in Figure 9, pristine ZIF-62 has
the lowest density due to the presence of pore volumes. As the
material is heated to 400 °C, the pore structure and the free
volume collapse, leading to the formation of highly dense GMM-
400. At increased temperature, there is gradual removal of
organic component of GMMs since the fabrication occurred
under a vacuum, causing a sudden drop in density from 1.62 g
cm™ for GMM-400 to 1.56 g cm™ for GMM-415. A slow
reduction in GMM density was further observed from 430 to
460 °C. GMM-475 has the least density of the GMMs, which is
indicative of the loss of more organic components at elevated
temperatures.

Concomitant to N, and CO, adsorption isotherms and
calculated pore size distributions, PALS was utilized to get
further insight into the pore architecture of GMMs, where the

1.65
1.62
&
£
(*]
2
2
7]
c
[
=)
151
R N
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& & & & &

Figure 9. Densities of ZIF-62 and fabricated GMMs based on He
pycnometry.

lifetime, 7, is related to the pore size and the intensity, I, is related
to the abundance of pores. Based on the PALS results, the most
suitable fit was with three components for ZIF-62 and four
components for the GMMs, which correspond to a single (73, I;)
and bimodal (73, I; and 7,, L) pore distribution, respectively. As
shown in Figure 10a,b, when the temperature was increased to
445 °C, the GMMs demonstrated shorter lifetimes, whereas
when the temperature was further increased, the GMMs
displayed longer lifetimes. Similar observations were made for
both small and large pores in the GMMs (Figure 10c).
Moreover, as presented in Figure 10a,b, as the temperature
increases up to 445 °C, the intensity of small pores (Intensity3)
increases and then decreases with further temperature increases,
whereas the GMMs showed the opposite pattern for the
intensity of large pores (Intensity4). Overall, these results
demonstrate that the initial temperature increments lead to
more smaller pores and fewer larger pores because a suitable
glass with a greater molecular sieving behavior is formed.
However, as the temperature further increased, the smaller pores
were reduced, while the larger pores were increased due to the
decomposition of the structure.

Gas Separation Performance. In Figure 11a, single gas
permeation is represented as a function of molecular kinetic
diameter in separation by GMM-445. Permeation was shown to
be negatively correlated to the kinetic diameters of permeant
molecules and positively correlated with framework flexibility.
The gas permeation measured for He, H,, CO,, N,, and CH,
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Figure 8. (a) Pore size distribution using N, gas sorption isotherms and (b) pore size distribution using CO, gas sorption isotherms of ZIF-62 and

fabricated GMMs.
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gases at 4 bar and 25 °C were 576.37, 509.23, 146.07, 3.45, and
2.28 barrer, respectively. In fact, the GMM allowed molecules
larger than the aperture size to pass through with regard to the
flexibility of the framework.°* %" Besides, the remarkable
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difference between CO,, and N, permeation values indicates

that the GMM has an average accessible pore diameter between
the molecular kinetic diameters for CO, and N, (Figure 12). On
the other hand, the GMMs’ stability was evaluated by
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Figure 12. Permeation variations of the GMM across different gases.

monitoring the gas permeability and ideal selectivity for He, H,,
CO,, N,, and CH, gases and H,/CH,, H,/N,, H,/CO,, CO,/
CH,, and CO,/N, gas pairs at 4 bar and 25 °C over a 6 h (Figure
11b). The results indicate consistent permeability and selectivity
values for all gases and gas pairs, respectively, demonstrating the
membrane’s structural and functional stability under test
conditions. This stability suggests the GMM’s potential for
long-term application in industrial gas separation processes, as it
maintains both its permeability and selectivity without a decline
over time. Moreover, the ideal selectivity values, which is defined
as the ratio of fast to slow gas permeability, for H,/CH,, CO,/
N,, CO,/CH,, H,/N,, and H,/CO, gas pairs at 4 bar and 25 °C
were 223.47,42.37,64.10, 147.71, and 3.49, respectively (Figure
11c). The ideal selectivity for most of the gas pairs (H,/CH,,
CO,/N,, CO,/CH,, and H,/N,) not only greatly exceeded the
corresponding Knudsen selectivity (2.82, 0.80, 0.60, and 3.73,
respectively) derived by the inverse of the square root of the
molecular masses but also surpassed the performance of
previously reported ZIF-62 supported glass membranes (H,/
CH, = 50)." This significant enhancement highlights the
importance of systematic thermal optimization and self-
supporting structures in improving the molecular sieving
performance. The Knudsen selectivity is commonly employed
to benchmark a membrane’s performance, as molecular sieving
will occur if the membrane’s selectivity is above that value;
otherwise, it will contain pinholes or mesopores. Due to GMM’s
limited affinity for the measured gases, the high ideal selectivity
is highly dependent on the molecular sieving mechanism.*>*’ It
was observed, however, that the H,/CO, pair exhibited close to
ideal selectivity and Knudsen selectivity; this is consistent with
the previously speculated GMM having an average pore
diameter that lies between the molecular kinetic diameters of
the two atoms, CO, and N,. It is evident by the ideal selectivities
that this GMM membrane exhibited a marked improvement
over Knudsen’s selectivities and that the intercrystal and grain
boundary defects have been overcome to a great extent.
Therefore, the high ideal selectivities along with suitable gas
permeations suggesting the molecular sieving potential of ZIF-
62 were highly accomplished in GMM formation.

As a means of comparing the gas separation performance of
the GMM, the positions of its data points in the selectivity-
permeability plot (termed the Robeson diagram) were
considered. The target for research materials is to pass over
the upper bound of the Robeson diagram that initially emerged
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in 1991 (Robeson’s upper bound 1991), was significantly
revised in 2008 (Robeson’s upper bound 2008), and was most
recently reviewed in 201S (Robeson’s upper bound 2015).
Therefore, permeation results for all the pair gases at 25 °C and 4
bar pressure were presented and plotted in the Robeson
diagrams in Tables S3—S7 and Figures S1—SS. The position of
the data point obtained from the fabricated GMM in Figure 13

104 -
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Figure 13. Comparison of the H,/CH, separation performances of the
GMM with literature data.

for H,/CH, separation passes over the Robeson upper bounds,
which is an excellent gas separation performance result. In
addition, it was also found that the GMM separated gases with
smaller and equal kinetic diameters of CO, better than gases
with larger and equal kinetic diameters of N,. As the data point
positions exceeded Robeson’s upper bound 2015, the gas
separation performance of GMMs was found to be exceptional.
This achievement highlights their capability to exceed
established benchmarks in the membrane gas separation field.
Moreover, the gas separation performance of some MOF-based
membranes reported in the literature has been compared with
the GMM gas separation performance (Tables S3—S7 and
Figures S1—S5).

As can be seen, polycrystalline MOF membranes exhibit high
separation performance, as previously mentioned; however, they
are often limited by interfacial voids and grain boundary defects.
To reduce these limitations, strategies such as crystal orientation
adjustment and defect elimination are implemented to enhance
performance.’>*”*® In contrast, the absence of intercrystal and
grain boundary defects in glassy MOFs results in their inherent
high gas separation performance. Moreover, gas separation
performance can be further improved by incorporating various
metal nodes (e.g, Co and Zn)**® or by fabricating composites
with other materials such as ZIF-7, ZIF-8, CA, and PIM through
modifying porosity and affinities with target gases.”"**°**
Additionally, gas separation properties are highly influenced by
the synthesis approach; for example, controlling membrane
thickness by cathodic deposition followed by melt quenching
can significantly enhance separation performance.”” Based on
the results, the data point positions of the fabricated GMM were
higher than those of most of the other MOF-based membranes.
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Furthermore, it was found that the H,/CO, separation data
position was not as good as other gas pairs when compared with
other MOF-based membranes. This occurs as a result of GMM
having an average accessible pore diameter that is between the
molecular kinetic diameters of CO, and N,. Accordingly, GMM
can be good candidates for gas separation.

B CONCLUSIONS

The self-supporting GMMs are a suitable solution for gas
separation due to their significant porosity of polycrystalline
MOFs, ease of processing, and potential to eliminate grain
boundaries. This study systematically examines the effect of
thermal treatment temperatures, optimizing the vitrification
process to enhance the gas separation performance. The GMM
fabricated from ZIF-62 demonstrates exceptional separation
capabilities due to its remarkable improvement in molecular
sieving through vitrification due to the high glass-forming ability
and lack of intermediate recrystallization, resulting in remark-
able improvements in the gas separation performance compared
to previous reports. The GMM at 4 bar and 25 °C exhibited He,
H, CO,, N,, and CH, gas permeations of 576.37, 509.23,
146.07, 3.45, and 2.28 barrer, respectively. It was shown that
permeation results were negatively correlated with the kinetic
diameter of the permeant molecules and positively correlated
with the flexibility of the framework. The ideal selectivities of
H,/CH,, CO,/N,, CO,/CH,, H,/N,, and H,/CO, gas pairs
were 223.47, 42.37, 64.10, 147.71, and 3.49, respectively.
Molecular sieving is thought to be responsible for the high ideal
selectivities. The GMM membranes exhibited a marked
improvement over Knudsen'’s selectivities, clearly showing that
intercrystal and grain boundary defects have been overcome.
This suggests that the molecular sieving potential of ZIF-62 was
highly accomplished during GMM formation, as evidenced by
the appropriate gas permeations and high ideal selectivities.
Besides, since the data point positions exceeded Robeson’s
upper bound, the GMM can be considered high-performance
gas separation membranes. This study indicated that GMM has
the potential to develop next-generation molecular sieve
membranes for gas separation toward ultimate gas separation.
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