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heterogeneity Co-Zn-ZIF-L membranes for
efficient H,/CO, separation
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Metal-organic framework (MOF) membranes have been extensively researched as an innovative
membrane material for H,/CO, separation. The preparation of MOF membranes can be extended by
constructing MOF membranes with homogeneous heterogeneous structure and the MOF membranes
with high permeance and high selectivity can be prepared. Here, we use the chelation-assisted interfacial
growth process to construct a seeding layer, and then prepare Co-Zn-ZIF-L membranes with a
homogeneous heterogeneous structure by secondary growth for the efficient separation of H,/CO,. The
resulting Co-Zn-ZIF-L membranes show an H, permeance of 2156 GPU and H,/CO, selectivity of 31.6
at 298 K and 1.0 bar, surpassing the Robeson upper bound (2008). Furthermore, the Co-Zn-ZIF-L
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1 Introduction

Hydrogen (H,) is an important industrial gas and has
already occupied a significant position in industries.!
Currently, H, in industry is primarily derived from the
water-gas shift process of fossil fuels. However, the water-gas
shift process produces a substantial amount of CO,, low
concentration of CO, trace H,S, and so forth, which is
insufficient to meet industrial requirements.”> H, purification
typically necessitates a significant investment in the
separation process as well as running expenditures, raising
the price of hydrogen significantly. Therefore, it is vital to
explore an efficient and low-cost H, separation process.” The
benefits of membrane-based separation technology,
including its low cost, ease of preparation, and high
separation efficiency,”® have drawn the attention of
researchers in addition to more conventional separation
techniques like cryogenic distillation,” pressure swing
adsorption (PSA),” and chemical adsorption.® Theoretically,
membrane-based separation based on the dissolution-
diffusion mechanism or size sieving is feasible because H,
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membrane has a H,/CO, separation stability of 65 h and can efficiently separate to obtain pure H..
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and CO, have similar dynamic diameters (H,: 2.9 A, CO,:
3.3 A),° but they differ greatly in polarity (CO, is a polar
molecule, and H, is a non-polar molecule).’® Although
inorganic membranes have excellent thermal stability, their
brittleness and high manufacturing cost limit large-scale
application."” Polymeric membranes are susceptible to the
trade-off effect,'> which results in decreased selectivity.
Consequently, a focal point of study in this domain is the
development  of  innovative membrane materials
characterized by elevated permeance, superior selectivity,
and operational durability.

Metal-organic frameworks (MOFs) can be categorized as a
type of crystalline porous materials that possess periodic
network configurations, tunable pore size, functional
structure and excellent specific surface area and have been
widely used in gas storage and separation,"®'* catalysis,'®
sensing'® etc. Zeolitic imidazolate frameworks (ZIFs), a
category of MOFs, have garnered significant interest owing to
their structural similarity and superior stability compared to
inorganic zeolite materials."”” ZIFs are self-assembled by
transition metal ions (such as Zn®', Co*) and imidazole
ligands. Their topological structure is similar to that of
traditional zeolites, but they have more flexible pore size
control capabilities and excellent chemical stability.'® The
crystal structure of ZIF-L is different from the cubic topology
of traditional three-dimensional zeolites but is stacked in a
two-dimensional layered form." Its basic structural unit is a
tetrahedral structure formed by the coordination of metal
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ions (Zn** or Co*") with four imidazole ligands, but these
tetrahedrons form a layered network by sharing ligands.
ZIF-L has two pore structures: interlayer confined channels
formed by stacking between adjacent layers and six-
membered ring windows formed by imidazole rings within
the layers. The pore size of the interlayer confined channels
is about 0.3 nm, which is close to the molecular size of H,
and CO,, and is suitable for separation based on molecular
sieving effects. The pore size of the six-membered ring
window formed by imidazole rings within the layer is about
0.4 nm, which can be used as a channel for rapid gas
diffusion.”® However, single-metal ZIF-L membranes
continue to have issues such as high pore stiffness and a
single chemical environment, limiting further progress in
separation performance. To overcome the performance
bottleneck of single-metal ZIF materials, researchers have
advocated synergistically optimizing the membrane's pore
size, surface chemistry, and mechanical properties by the
use of heterostructure ZIF systems.>"

The most frequent approach for  creating
heterostructures is heteroepitaxial growth.>* Heteroepitaxial
development is a wuseful approach for designing the
properties of crystalline materials by integrating distinct
crystal systems via molecular-level interactions. Unlike
other MOF modification strategies (such as metal/ligand
exchange and covalent/click chemistry on ligand side
chain groups), this method of connecting two different
crystal systems at the molecular level can produce mixed
crystals with combined properties while preserving the
intrinsic properties of individual crystals.>® This distinct
advantage of heteroepitaxial growth allows us to generate
a sequence of multi-level MOF structures that cannot be
obtained by other means.>*** It is worth noting that some
zeolite  films and membranes are made using
heteroepitaxial growth methods.>®*” Co-ZIF-L replaces the
Zn** in ZIF-L with Co®', but the crystal structure remains
the same. Furthermore, cobalt ions have a better
coordination effect with dimethylimidazole, which can
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significantly improve the H,/CO, separation performance
of ZIF-L.>*?°

The formation of crystals may be successfully controlled
and the binding force between the MOF membrane and the
support improved by network cross-linking chelated metal
ions to aid in the diffusion growth of the interface.*® In this
work, polyvinyl alcohol (PVA) and polyallylamine (PAH) were
used to cross-link chelated zinc ions, and the ZIF-L seed layer
was constructed by diffusion growth at the interface, followed
by secondary growth to fabricate a homogeneous
heterostructure Co-Zn-ZIF-L membrane with high permeance
and H,/CO, separation selectivity. The arrangement and
orientation of the ZIF-L membrane were altered by optimizing
the polymer layer and regulating the growth orientation, and
the effects of various circumstances on H,/CO, selectivity and
surface morphology were evaluated (Fig. 1).

2 Results and discussion

The poor contact between ZIF-L and the PSf support makes it
challenging to develop ZIF-L membranes directly on the PSf
support. The ZIF-L seeding layer was constructed by
interfacial diffusion assisted by PVA-PAH chelated Zn®', and
a continuous, defect-free homogeneous heterostructure Co-
Zn-ZIF-L membrane was prepared by secondary growth on
the Zn-ZIF-L surface by using an epitaxial growth strategy.
PVA and PAH network cross-linking was used to chelate Zn**
to prepare a PVA-PAH-Zn membrane with a smooth surface
and low roughness (Fig. S2 and S3). The ZIF-L membrane
prepared by in situ growth does not show selective absence of
peaks and showed no obvious orientation growth (Fig. S4
and S5). The polymer network's adhesion and cross-linking
capabilities limit metal ion and ligand diffusion, allowing
ZIF-L nanosheets to form in an orderly manner at the
interface. The cross-linked polymer surface
imperfections in the support, producing homogeneous
nucleation sites for secondary growth. The polymer's active
groups (-NH,, -OH) establish hydrogen or coordination
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Fig. 1 Schematic of the preparation of the Co-Zn-ZIF-L membrane.
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bonds with the support and ZIF-L, which improves
membrane adherence. The polymer network creates a dense
and aligned ZIF-L seed layer with the (100) crystal plane
parallel to the carrier surface. This exposes lateral two-
dimensional pores and creates an initial sieving path for
H,/CO,. The thickness of the resulting Zn-ZIF-L membrane
was approximately 1 um and the surface roughness of the
Zn-ZIF-L. membrane increased (Fig. S4 and S6). The
homogeneous heterostructure Co-Zn-ZIF-L membrane with
obvious preferential orientation was prepared by epitaxial
diffusion secondary growth and the thickness of the
resulting membrane is approximately 1.7 um (Fig. 2a and b
and S7). Secondary growth fills the intercrystalline defects
in the initial layer, resulting in a continuous, defect-free
membrane structure. Co-introduction enhances the pore
electron distribution of Zn-ZIF-L, boosting the preferential
adsorption and diffusion of H, while also achieving
molecular sieving through the pores. The XRD results of the
Co-Zn-ZIF-L membrane showed a relatively strong peak at
26 of 29.55° and a relatively weak peak at 26 of 14.10°.
These peaks correspond to the (800) and (400) crystal
planes, respectively. The significantly higher intensity of the
(800) crystal plane indicated the preferential a-axis
orientation of the Co-Zn-ZIF-L membrane (Fig. 2c). By
comparing the XRD patterns of the PAH-assisted
membranes prepared via in situ growth and secondary
growth, it can be observed that the PAH-Co-Zn-ZIF-L
membrane expanded along the (112) and (800) crystal
planes (Fig. S13). It can be considered that the seed layer
has an inductive influence on the secondary growth,
allowing crystals to develop in the orientation direction.*
Co-Zn-ZIF-L is synthesized via epitaxial diffusion growth on
the surface of a Zn-ZIF-L membrane, but Co-Zn-ZIF-L has
preferred orientation growth and the membrane surface is
not continuously formed, resulting in a higher surface
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roughness than the Zn-ZIF-L membrane (Fig. 2d). The cross-
sectional EDS results of the Co-Zn-ZIF-L membrane show
that Zn, accounting for 7.13%, is mainly in the lower half
of the membrane layer and Co, accounting for 20.07%, is
mainly in the upper half of the membrane layer, indicating
that a homogeneous heterogeneous structure Co-Zn-ZIF-L
membrane has been successfully constructed (Fig. 2e, S14
and S15).

To investigate the influence of network -cross-linked
chelated metal-assisted interface diffusion on the membrane
structure during the manufacture of the ZIF-L membrane,
attenuated total reflection Fourier-transform infrared
spectroscopy (ATR-FTIR) was used. The ATR-FTIR spectra of
the PVA/PAH-Zn membrane revealed no discernible peak
near 400 cm™', indicating that no clear coordination
structure had formed at this point. However, the ATR-FTIR
spectrum of the Zn-ZIF-L membrane revealed an evident but
weak signal near 400 cm™', showing that the Zn-N
coordination bond was formed initially. Following the
second growth, the membrane thickness and peak intensity
rose dramatically, indicating the development of Co-N and
a more ordered ZIF-L structure (Fig. 3b). The ATR-FTIR
spectra of resulting powders showed a similar peak
augmentation pattern (Fig. 3a). We also performed ATR-
FTIR analysis on PVA and PAH membranes, and the Zn-N/
Co-N coordination peaks in the membranes followed the
expected trend (Fig. S16 and S17). The ATR-FTIR spectra of
the PVA/PAH-Zn membrane showed the characteristic peaks
of both -OH and -NH,, which further reflected the
influence of network cross-linked chelated metal-assisted
interface diffusion on the membrane structure during the
manufacture of the ZIF-L membrane. The adsorption of H,
and CO, on Co-Zn-ZIF-L powders at 303 K reveals that Co-
Zn-ZIF-L has linear adsorption for H, and conventional
Langmuir adsorption for CO, (Fig. 3c and d). The H,
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Fig. 2 Surface (a) and cross-sectional (b) SEM images of the Co-Zn-ZIF-L membrane. (c) Simulated and experimental XRD patterns of the Co-Zn-
ZIF-L membrane. (d) AFM image of the Co-Zn-ZIF-L membrane. (e) EDS image of the Co-Zn-ZIF-L membrane.
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Fig. 3 (a) ATR-FTIR spectrum of Zn-ZIF-L and Co-Zn-ZIF-L powders; (b) ATR-FTIR spectrum of PVA-PAH-Zn, Zn-ZIF-L and Co-Zn-ZIF-L
membranes; the adsorption isotherms of Co-Zn-ZIF-L powder for H; (c) and CO, (d) at 303 K.
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Fig. 4 (a) Gas permeance and H,/CO, selectivity of resultant ZIF-L membranes. Feed pressure, 1.0 bar; temperature, 298 K; H,:CO,, 1:1. (b)
Solubility coefficient and diffusion coefficient of the Co-Zn-ZIF-L membrane for H, and CO, (the Co-Zn-ZIF-L membrane thickness is 1.7 um
based on the cross section SEM). (c) The performance comparison of ZIF-L membranes in this work, the Robeson upper bound, and the ZIF-L
membranes reported in previous literature (permeability was converted to a membrane thickness of 1 um for the permeance). (d) Schematic of the
H, and CO, molecules permeating the Co-Zn-ZIF-L framework along the a-axis.
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molecule is small and can freely enter the microporous
structure of Co-Zn-ZIF-L. The interaction with Co-Zn-ZIF-L
is modest, resulting in linear adsorption. The CO,
molecules are bigger and have a quadrupole moment. They
can form monolayer chemical adsorption with open metal
sites (e.g. Co*") or nitrogen-containing ligands in Co-Zn-ZIF-
L by dipole-quadrupole or acid-base interactions, exhibiting
typical Langmuir adsorption behaviour. This differential in
adsorption gives Co-Zn-ZIF-L a high potential for H,/CO,
separation.

To acquire a better knowledge of the intercrystalline
structure of the secondary generated Co-Zn-ZIF-L
membrane, the prepared Co-Zn-ZIF-L membrane's H,/CO,
separation performance was evaluated by a Wicke-
Kallenbach  approach. The Co-Zn-ZIF-L membrane
outperformed the PVA-Co-Zn-ZIF-L and PAH-Co-Zn-ZIF-L
membranes in terms of H,/CO, separation performance,
with an H, permeance of 2156 GPU and an H,/CO,
selectivity of 31.6 (Fig. 4a). The separation performance of
the constructed ZIF-L membrane surpassed the Robeson
upper bound (2008), and when compared to H,/CO,
separation membranes described in the literature, the ZIF-L
membrane showed potential advantages (Fig. 4c). The
solubility coefficient and diffusion coefficient of H, and
CO, in the Co-Zn-ZIF-L. membrane were calculated to
analyse the transport mechanism of H, and CO, in the Co-
Zn-ZIF-L membrane (Fig. 4b). The adsorption of CO, by the
ZIF-L framework is substantially higher than that of H,,
hence the CO, solubility coefficient of the Co-Zn-ZIF-L
membrane is higher than that of H,. The diffusion
differential of H,/CO, in the Co-Zn-ZIF-L membrane is the
primary mechanism for H,/CO, separation. Considering the
analysis of the source of performance, we tested the
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separation performance of PVA/PAH-Zn, Zn-ZIF-L, and Co-
Zn-ZIF-L. membranes. The results demonstrated that the
high separation performance of the Co-Zn-ZIF-L membrane
stemmed from the ZIF-L structure with a porosity between
that of H, and CO,. Furthermore, directed development of
ZIF-L along the a-axis is essential for successful H,/CO,
separation (Fig. 4d).**

The effect of feed temperature on the performance of the
Co-Zn-ZIF-L membrane was evaluated (Fig. 5a). The
permeance of the tested H, and CO, increased as the
temperature improved, indicating that there is activated
diffusion of gas molecules in the Co-Zn-ZIF-L framework.
The changes in separation performance of the Co-Zn-ZIF-L
membrane were studied under various pressure conditions.
The permeance of H, and CO, reduced as pressure climbed
(Fig. 5b). It is possible that Co-Zn-ZIF-L has a better
adsorption capacity for CO,. As the pressure rises, the
amount of CO, adsorbed on the ZIF-L pores increases
dramatically, occupying more diffusion sites and blocking
H, permeation. The CO, permeance decreases due to
adsorption saturation, but H, diffusion is significantly
impeded, resulting in a loss of selectivity. H, purification
requires a high level of membrane stability. In this
investigation, the membrane's separation ability under dry
and wet circumstances was assessed (Fig. 5c¢). During 65 h
of continuous evaluation wunder dry conditions, the
membrane maintained a nearly constant H, permeance
(approximately 2100 GPU) and H,/CO, selectivity (around
32). The addition of water vapor to the feed reduced the
permeance of H, and CO,. The water transport segment of
the membrane used the H, and CO, channels. This
blocking effect is more noticeable for larger CO, molecules,
which increases the H,/CO, selectivity. To verify the results,
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Fig. 5 The H,/CO, separation performance of the Co-Zn-ZIF-L membrane at different operation temperatures (a) and pressures (b). (c)

Operational stability of the Co-Zn-ZIF-L membrane for H,/CO, separation.

Feed pressure, 1.0 bar; temperature, 298 K; H,: CO,, 1: 1. The diffusion

coefficient of (d) Co-Zn-ZIF-L, (e) Zn-ZIF-L and (f) Co-ZIF-L for H, and CO, calculated by molecular dynamics simulation.
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we performed molecular dynamics simulation (MDS) and
diffusion coefficient tests on Co-Zn-ZIF-L powder. The
study found that the diffusion coefficient of H, was
significantly higher than that of CO,, indicating that CO,
encountered greater resistance when permeating the
membrane layer (Fig. 5d-f). The Zn-ZIF-L membrane
exhibited high flux but poor selectivity, which further
confirmed the impact of the synergistic effect between Zn
and Co bimetals on the membrane performance.

3 Conclusions

To achieve efficient H,/CO, separation, the orientation
growth of ZIF-L was regulated by polymer cross-linking
coupling-assisted interfacial diffusion. A continuous, defect-
free ag-axis-oriented heterostructure Co-Zn-ZIF-L membrane
was built on the surface of a porous substrate. This strategy
effectively controlled the directional assembly and tight
stacking of ZIF-L nanosheets at the interface by introducing a
polymer cross-linking network, significantly inhibited the
formation of non-selective defects, and improved the
membrane layer's mechanical stability and interfacial
bonding strength. The synthesized Co-Zn-ZIF-L membrane
demonstrated superior H,/CO, separation performance. The
H, permeance reached 2156 GPU, while the H,/CO,
selectivity was as high as 31.6 at 298 K and 1.0 bar, far
surpassing the Robeson upper bound (2008) and
outperforming most reported ZIF-based separation
membranes. Mechanistic studies have revealed that the
synergistic action of Co and Zn improves the
microenvironment of ZIF-L pores. The polymer cross-linking
coupling-assisted interface diffusion control strategy creates
an oriented growth dense membrane structure. This allows
for rapid screening and transmission of H, molecules in sub-
nanometer pores while effectively blocking CO, molecules
through pore confinement and surface diffusion. This work
not only gives new ideas for the green preparation of high-
performance MOF membranes but also provides critical
material support for boosting the development of efficient
gas separation technology in the context of hydrogen
economy and carbon neutrality.

4 Experimental section
4.1 Materials

Polyvinyl alcohol (PVA, M,, = 2-200 kDa, 99%), Co(NOs),-6H,0
(99%), and 2-methylimidazole (C4H¢N,, 99%) were
purchased from Aladdin Reagents (Shanghai) Co., Ltd.
Polyacryl ammonium hydrochloride (PAH, M,, = 10-20 kDa)
was obtained from Beijing Huawei Ruike Chemical Co., Ltd.
Zn(NO3),-6H,0 (99%) was purchased from Sinopharm
Reagent Co., Ltd. Anhydrous ethanol was purchased from
Hongbaoli (Beijing) Co., Ltd. Deionized water was made in
the laboratory. All reagents were used without further
purification.

Ind. Chem. Mater.
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4.2 The preparation of Co-Zn-ZIF-L membranes

4.2.1 Fabrication of Zn-ZIF-L membranes. To make a 4%
PVA solution, PVA was mixed with water and refluxed and
agitated for 12 h at 80 °C. PAH was added to water and agitated
at room temperature for 30 min to produce a 4% PAH solution.
Equal amounts of the PVA solution and PAH solution were
mixed together to obtain a 2 wt% PVA/PAH solution. 2.97 g of
Zn(NO;),-6H,0 was added to 100 mL PVA/PAH solution, PVA
solution and PAH solution to prepare PVA/PAH-Zn>*, PVA-
Zn** and PAH-Zn”" solutions. The PVA/PAH-Zn>* membrane
layer was then prepared by applying a certain amount of PVA/
PAH-Zn>" solution to the Psf support and drying it at 50 °C for
12 h. Subsequently, the ZIF-L membrane was prepared by
adding 2-MIM at a concentration of 0.8 mol L™, reacted for 2 h
and washed with anhydrous ethanol several times. The PVA-
ZIF-L and PAH-ZIF-L membranes were prepared using the
same method.

4.2.2 Preparation of Co-Zn-ZIF-L membranes. The Co-Zn-
ZIF-L membrane was fabricated by secondary growth, as
follows: 1 mL of Co(NO;),-6H,0 solution (0.1 mol L") and 2
mL of 2-MIM solution (0.8 mol L") were added to the
previously made ZIF-L membrane and reacted for 4 h,
followed by washing with sewage ethanol and drying to obtain
a homogeneous heterogeneous Co-Zn-ZIF-L membrane. The
PVA-Co-Zn-ZIF-L and PAH-Co-Zn-ZIF-L membranes were
prepared using the same process.

4.2.3 Preparation of MOF powders. All MOF powders were
extracted from the corresponding mother solutions after the
fabrication of membranes, washed with ethanol by
centrifugation and dried for further use.

4.3 Characterization

The morphology of the samples was observed by a scanning
electron microscope (SEM, Zeiss_Supra55) under an
acceleration voltage of 5.0 kV. EDS mapping images were
captured on a Gemini 300 transmission electron microscope.
The material's crystal structure was studied using X-ray
diffraction (XRD) on a Bruker D8 Advanced X-ray
diffractometer (Cu Ko radiation: 2 = 0.154 nm). The ATR-
FTIR spectrum of samples was recorded in the range of 500
to 4000 cm™' on a Cary 610/670 FTIR spectrometer. AFM
images were obtained from an SPM-9700HT atomic force
microscope. The gas adsorption isotherms of ZIF-L powders
were measured using the pressure decay method. The H, and
CO, adsorption of ZIF-L powders was evaluated by a BSD-PM
(PM2-1516-B) analyser at 303 K. The ZIF-L particles were
activated at 120 °C for 24 h before the adsorption test.

4.4 Gas permeation experiments

The gas separation performance test was carried out at
room temperature with H, and CO, having a feed flow rate
of 30 mL min~"' respectively, and argon (99.99%) acting as
the sweep gas with a flow rate of 20 mL min™". All the gases
were purchased from Jiulong Company of Yangzhou. For
the performance test, detection was performed using a Fuli

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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F70 gas chromatograph equipped with a highly sensitive
thermal conductivity detector (TCD). The test process device
is shown in Fig. S1.
Eqn (1) was employed to determine the gas permeance:
Ni
P =
© AprA

(1)

where P; (measured in mol m™ s™* Pa™"), N; (in mol s™*) and
Ap; (Pa) represent the gas permeance of component i, its
molar flow under standard state conditions, and the
transmembrane pressure drop, respectively. 4 (m*) designates
the effective area of the membrane. For ease of comparison,
gas permeance values are commonly converted to GPU units,
with 1 GPU equivalent to 3.348 x 10" mol m™> s Pa™.
Eqn (2) was employed to determine the gas permeance:
Py,
Pco

aH,/co, = (2)
where P represents the gas permeance coefficients of H, and
CO,, calculated under identical experimental conditions,
respectively.
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