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Orientation Control of Metal-Organic Framework
Membranes Through Magnetic Induced Room-Temperature

Growth

Fujun Li, Zeyu Cao, Hui Zhang, Feichao Wu,* Weijuan Guo, Yanqing Yang, Jingde Li,

Xiongfu Zhang,* and Yi Liu*

Precise orientation regulation represents an important pathway for
microstructure optimization and performance enhancement of metal-organic
framework (MOF) membranes, which remains challenging to achieve. In this
study, a magnetic field is employed to prepare Co-based zeolitic imidazolate
framework-L (Co-ZIF-L) membranes with controlled orientation. The
application of a magnetic field promotes the ordered migration of Co?* ions
along the magnetic field lines and enables Co?" ions to orderly coordinate
with ligands along the easy magnetization axis of MOF crystals, exposing the
lowest energy crystal plane and promoting selective growth of MOF crystals.

and battery application.’) Among vari-

ous microstructural factors, orientation
regulation can optimize transport path of
gas molecules and reduce grain boundary
defects in the MOF membranes, which
is attributed to the reduced probability of
intergranular defect formation due to the
oriented growth of MOF crystals.['®1!] Tt
is well recognized that orientation results
in improved grain boundaries and opti-
mal gas diffusion, thereby concurrently

Resulting (200)-oriented Co-ZIF-L membrane with a thickness of 40 nm
exhibits H,/CH, separation factor of 59.1 with H, permeance of 2275 GPU.
This work provides a facile and efficient strategy to accurately regulate the
preferred orientation of MOF membranes toward superior gas separation.

1. Introduction

Membrane separation features low energy consumption, sim-
ple operation, and low carbon emission, showing great po-
tential compared with conventional distillation and adsorption
separation.I!! Metal-organic framework (MOF), constructed by
metal ions/clusters coordinating to organic linkers, has emerged
as a superb membrane candidate due to its regular pore size and
adjustable framework topology.??! Past decades witnessed enor-
mous efforts to fabricate MOF membranes for H, purification, ]
CO, capture,l’! olefin/paraffin separation,!®’] pervaporation,!®
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enhancing gas permeance and selectiv-
ity in comparison with their randomly
oriented  counterparts.l'>13]  Therefore,
fabricating highly oriented MOF mem-
branes represents an effective protocol to
achieve superior separation performance.

Employing metal precursor template and
secondary growth have been widely adopted
to prepare oriented MOF membranes.['*15] To achieve higher de-
gree of preferred orientation, deposition of highly oriented seed
layers as well as precise control of the orientation of metal precur-
sor is required, which greatly increases the difficulty in preparing
oriented MOF membranes.['®! Simultaneously, current prepara-
tion methods can enable the fabrication of MOF membranes with
specific orientation, making it difficult to achieve deliberate and
precise control over membrane orientation toward target sepa-
rations. Additionally, traditional methods for preparing oriented
MOF membranes usually require high-temperature and high-
pressure synthesis conditions. This undoubtedly increases en-
ergy consumption and preparation costs, accompanied by safety
hazards.

External fields, like electric and magnetic fields, have been
commonly employed to prepare functional nanostructures.!”]
Magnetic fields can provide directional forces for the assembly
of magnetic nanomaterials, thereby altering the microstructure
of materials.l'8] Metal ions, represented by Co?* ions and Ni**
ions, undergo directional migration in solutions guided by mag-
netic force, followed by deposition or coordination along the
direction that reduces the surface energy of crystals.'*2 1D
nanostructures!?"?2l and oriented crystal materials!?>?! can be
obtained in this way. Therefore, magnetic field has become an ef-
fective method for the preparation of oriented nanomaterials in
energy-related fields.[?%’] However, to the best of our knowledge,
currently, there remain no reports on the fabrication of highly
oriented MOF membranes under a magnetic field, even though
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Co, Ni and other magnetic metals have been commonly served
as metal centers of MOF materials.

Cobalt-based zeolitic imidazolate framework-L (Co-ZIF-L) con-
sists of periodic lamina alignment along the (200)-direction, ac-
companied by free linkers between laminae.[?#?° Co-ZIF-L ex-
hibits two mass-transfer pathways, covering hexagon window-
like apertures (~0.34 nm) in one layer and galleries (~0.40 nm)
without free ligands between layers,?3! which makes it superb
candidate for precise orientation control of MOF membranes.
Additionally, the framework of Co-ZIF-L is more rigid compared
with its isostructural Zn-ZIF-L as the Co—N bond is shorter and
stiffer than the Zn—N bond, 3233 making it more suitable can-
didate for membrane-based separation, although previous stud-
ies showed that its direct preparation is very difficult due to fast
growth kinetics.

In this work, an external magnetic field is employed for prepar-
ing Co-ZIF-L membranes with tailorable orientation. Magnetic
field facilitates an ordered movement of Co?* ions, promoting
their coordination with organic ligands along the (200) crys-
tal plane of Co-ZIF-L grains with reduced surface free energy.
Our results indicate that the preferred orientation of Co-ZIF-
L membranes can be arbitrarily manipulated through regulat-
ing the direction of the magnetic field. Of particular note, (200)-
oriented Co-ZIF-L membrane fabricated under parallel magnetic
field possesses an ultrathin thickness of 40 nm, showing un-
precedented H,/CH, performance. It is expected that this strat-
egy could serve as a powerful tool to tailor the preferred orienta-
tion of MOF membranes toward superior separations.

2. Results and Discussion

Figure 1a illustrates the procedure for magnetic field-assisted
preparation of Co-ZIF-L membranes with different orientations.
Different magnetic field angles were achieved by rotating the
AAO substrates along the vertical z-axis (Figure S1, Support-
ing Information), which would generate Co?* ion currents that
present different angles with the substrate. The generated mag-
netic force guides the ordered migration of Co?* ions and their
coordination orientation with organic ligands to expose the crys-
tal surface with the lowest surface energy, inducing the selective
growth of the MOF crystals in the membranes. Therefore, MOF
membranes with different orientations could be obtained with
changed incidence angles of the magnetic field.

Figure 1b-h show the scanning electron microscope (SEM)
images of MOF membranes achieved with magnetic-field an-
gles of 0°, 15°, 30°, 45°, 60°, 75°, and 90°, respectively. Contin-
uous MOF membranes were obtained at all the incidence an-
gles of the magnetic field. Nonetheless, the obtained membranes
present obvious differences in morphology and membrane thick-
ness. These discrepancies may be attributed to the different depo-
sition and growth processes of MOF crystals with the function of
the magnetic field possessing diverse incidence angles. Different
magnetic field angles would create different Co?* ion flows that
present different angles from the AAO surface, which result in
different nucleation and growth processes of MOF crystals. Ad-
ditionally, the membrane thickness gradually increases with the
enhancement of angles between the magnetic field line and the
support, as shown in Figure 1i. The membrane thickness is as
low as 42 nm when a parallel magnetic field with an angle of 0°
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is applied, while the value is enhanced to 565 nm in the case of a
90° magnetic field angle, namely a vertical magnetic field. On the
whole, the thicknesses of these membranes is relatively thinner
compared with most of the reported MOF membranes, which is
significant for simultaneous enhancement of gas permeance and
selectivity.

In general, the morphological change of MOF membranes
often stems from variation in the growth orientation of MOF
crystals.?4l Thus, X-ray diffractometer (XRD) characterization is
performed to explore whether it is applicable to as-prepared Co-
ZIF-L membranes. The intensities of characteristic peaks of the
(200) plane gradually increase with increasing angles from 0° to
90° (Figure 2a), while an opposite trend is observed for the char-
acteristic peaks of the (020) plane. Additionally, highly c-axis and
b-axis oriented MOF membranes could be achieved at angles of
0° and 90°, respectively, which correspond to preferred (200) and
(020) orientations, respectively.3>3¢] Besides, the XRD patterns
for AAO discs are not obvious, consistent with some reports on
AAO-supported MOF membranes.3’-*°I The Orientation Index
(OI) has been widely used for assessing the orientation of mem-
branes, which indicates their crystal phase.l**] The calculated OI
values are shown in Figure 2b, which intuitively display the vari-
ation of characteristic peak intensities under different magnetic
fields. Specifically, the magnetic field angle of 0° results in the for-
mation of (200)-oriented membranes, while (020)-oriented mem-
branes are obtained at a magnetic field angle of 90°. Besides, the
(020) characteristic peaks in the XRD patterns of the obtained
MOF membranes strengthen with the increasing magnetic field
angles, with the (200) peaks weakening. These results indicate
that the change in growth orientation is responsible for the dif-
ference in morphology and thickness of these MOF membranes.
Co-ZIF-L grains exhibit a unique 2D leaf-like structure (Figure
S2, Supporting Information). The (200)-oriented membrane pre-
pared at a magnetic field angle of 0° composes of MOF crystals
spreading flat on the substrate, which exhibits the lowest mem-
brane thickness. By contrast, the 90° produced (020)-oriented
membrane contains MOF crystals vertically arranged on the AAO
surface, showing the highest thickness. While MOF grains in
the partially oriented membranes are located obliquely on the
AAO surface, presenting centered membrane thicknesses com-
pared with that of (200)- and (020)-oriented membranes. When
the magnetic field angles increase, more (020) crystal plane is
exposed compared to the substrate, leading to the thickness in-
crease in the resulting membranes. From magnetic field angles
of 0° to 90°, it is like the process of leaf-shaped MOF crystals
standing up vertically, as shown in Figure 2c.

Figure S3 (Supporting Information) displays that the fourier
transform infrared (FT-IR) spectra of Co-ZIF-L membranes pre-
pared under different incidence angles for magnetic field are ba-
sically consistent, but the peaks for C=N show a trend of mov-
ing toward higher wave numbers from 0° to 90°, which may be
due to the change in growth orientation of MOF crystals.[*!] Sub-
sequently, (200)-oriented MOF membrane was selected to per-
form X-ray photoelectron spectroscopy (XPS) characterization.
The full spectrum in Figure S4a (Supporting Information) con-
firms the Co, N and C elements in the MOF material. The Co 2p
spectrum presents two peaks at 780.7 and 796.4 eV (Figure S4b,
Supporting Information), stemming from the Co 2p;;, and Co
2p, , of Co**, respectively.*?l In the N 1s spectrum, the peaks for
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Figure 1. a) Schematic illustration of the preparation of Co-ZIF-L membranes with different orientations using the magnetic field assistance method.
SEM images of Co-ZIF-L membranes prepared under the incidence angles for magnetic field: b) 0°, c)15°, d) 30°, e) 45°, f) 60°, g)75°and h) 90°.

i) Thicknesses of different membranes.

Pyrrolic N, Co—N, and Pyridinic N are located at 405.1, 399.8, and
398.4 eV (Figure S4c, Supporting Information), respectively.[*]
While the four peaks in Figure S4d (Supporting Information) at
292.7, 285.4, and 284.4 eV are attributed to the C=N, C—N, and
C—H bonds, respectively.

Figures S5-S11 (Supporting Information) show SEM images
of MOF membranes obtained under incidence angles of 0°, 15°,
30°, 45°, 60°, 75°, and 90° with different magnetic field intensi-
ties. It is observed that the optimized magnetic field intensity is
the same (80 mT) with changed incidence angles, even though
the morphologies of the obtained MOF membranes are differ-
ent. Based on these results, we speculate that the directed mo-
tion of Co?* ions by the action of the magnetic force is a rea-
son for obtaining these oriented Co-ZIF-L membranes. Magnetic
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field would advacne the movement of metal ions along the mag-
netic field lines, and drive the transformation of electrons of Co
from low to high spin states, thereby generating more unpaired
electrons and magnetic moments to drive crystal plane rotation
for reducing the system energy.l*+*] This facilitates the move-
ment and sedimentation of metal ions along the easy magnetiza-
tion direction to minimize system energy due to the magnetic
anisotropy of the crystals.[*~*8] Therefore, crystal planes with
lower surface energy tend to be along the magnetic field lines
during material synthesis under a magnetic field.[**) Besides, the
crystal orientation can be easily regulated by changing the mag-
netic field direction,®" consistent with the observations in this
work. Therefore, we speculate that the formation of oriented Co-
ZIF-L membranes followed a similar mechanism. Figure S12
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Figure 2. a) XRD patterns and b) the corresponding Ol values, and c) the schematic showing of the possible mode for the formation of Co-ZIF-L

membranes prepared under different magnetic fields.

(Supporting Information) compares Co 2p spectra of Co-ZIF-L
grains synthesized under magnetic field and non-magnetic field
conditions. Through integrating, we find that the Co**/Co?* ra-
tio in the Co-ZIL-L prepared under a magnetic field is higher
than that of the conventional one, in which Co** corresponds
to a high-spin state with Co?* referring to a low-spin state.[552l
This indicates that more high-spin Co has been created under
a magnetic field. Then, the conductivity of Co?* solutions un-
der magnetic fields with different intensities was tested (Figure
S13a, Supporting Information), based on which the correspond-
ing migration rates of Co?" ions can be achieved. Clearly, the
enhancement of magnetic intensity accelerates the movement
rate of Co?* ions, as displayed in Figure S13b (Supporting In-
formation). In a constant magnetic field, the paramagnetic Co**
ions migrate directionally and acceleratedly along magnetic field
lines under the magnetic force, which is in agreement with our
previous results.l’’] By contrast, Zn-ZIF-L membranes cannot
be prepared under magnetic fields with different angles (Figure
S14, Supporting Information), due to the weak effect of mag-
netic force on the non-magnetic Zn?* ions. Additionally, increas-
ing synthesis temperatures also leads to the failure of preparing
dense Co-ZIF-L membranes (Figure S15, Supporting Informa-
tion). As the increased temperature would accelerate the random
movement and diffusion of ions, diminishing the magnetically-
driven ion transport.[>4

Subsequently, the surface energy of the main crystal planes
was estimated with the Materials Studio (MS) software. Figure
3a shows optimized models of the four main planes of the Co-
ZIF-L crystal in the MS simulation (Figure S16, Supporting In-
formation). The energy of (200) crystal facet is the lowest, while

Adv. Funct. Mater. 2026, 36, 25582

€25582 (4 of 10)

the energy for the (020) and (112) facets is very close, consistent
with the density functional theory (DFT) result (Figure S17, Sup-
porting Information) and the literature report.> This result indi-
cates that (200) crystal facet possesses higher stability compared
with other planes.[*®! According to magnetic field theory, (200)
direction (c-axis) is the easy magnetization axis of the Co-ZIF-L
crystal.’”l When MOF synthesis is conducted in a magnetic field,
the Co** would always be aligned and coordinated along the (200)
direction. In other words, the magnetic field lines always run par-
allel with the (200) crystal plane. From the energy perspective, the
applied magnetic field brings additional energy to the reaction
system. Therefore, it tends to synthesize the crystal plane with
the lowest surface energy to reduce the total system energy.

To verify the above points, we prepared Co-ZIL-L grains un-
der different magnetic field strengths (Figure S18, Supporting
Information). Figure S19 (Supporting Information) shows the
XRD patterns of these samples. The OI value for (200) facet
gradually increases with enhanced magnetic strength with an
opposite trend for that of (020) facet (Figure 3b), agreeing well
with our speculation. The XPS spectra of Co-ZIF-L powder pre-
pared under different magnetic fields are shown in Figure 3c.
The peak for the Co—N bond shifts toward lower energy with
increasing magnetic intensity, indicating that the MOF crystal
faces are regulated to reduce the system energy.*®! In terms of
Raman spectra, vibrations located at 259, 311, and 429 cm™" grad-
ually increase with enhanced magnetic strength during process-
ing (Figure 3d), implying the change in crystal orientation of the
obtained MOF crystals.*®! Figure S20 (Supporting Information)
shows that Co-ZIL-L membranes, prepared with different mag-
netic field angles, exhibit different hysteresis loops, indicating the
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Figure 3. a) Structural models for different facets of Co-ZIF-L crystal. b) Changes in Ol value, ¢) N 1s XPS spectra, and d) Raman spectra of Co-ZIF-L
crystals prepared with different magnetic strengths. e) The diagram for the formation mechanism of Co-ZIF-L membranes.

magnetic anisotropy of Co-ZIF-L material. Thereby, ordered mi-
gration of Co?" ions tends to coordinate along the easy magne-
tization direction of Co-ZIF-L grains, namely (200) direction, to
reduce the surface energy, inducing the selective growth of MOF
membranes. Therefore, the obtained Co-ZIF-L membranes al-
ways expose the (200) crystal plane (Figure 3e), no matter how
the direction of the magnetic field lines changes, which explains

the observations in Figures 1 and 2. This results in the prepara-
tion of MOF membranes with different orientations at room tem-
perature and atmospheric pressure, overcoming the drawbacks
of traditional preparation strategies that require high tempera-
tures and pressures. This is beneficial for increasing the economy
and safety of the membrane preparation process. Additionally,
we have successfully prepared highly (011)- and (222)-oriented

Adv. Funct. Mater. 2026, 36, e25582 €25582 (5 of 10) © 2025 Wiley-VCH GmbH
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Figure 4. a) Surface view, b) cross-section view (inset: gas diffusion channels), c) EDS map, and d) TEM image (inset: HR-TEM) of (200)-oriented Co-ZIF-
L membrane. e) Surface view, f) cross-section view ((inset: gas diffusion channels), g) EDS map, and h) TEM image (inset: HR-TEM) of (020)-oriented

Co-ZIF-L membranes.

ZIF-67 membranes with this preparation principle, as shown in
Figure S21 (Supporting Information). This reflects that the pro-
posed strategy has definite expandability for developing oriented
MOF membranes.

It is widely believed that highly oriented MOF membranes
can reduce intergranular defects in the membrane and shorten
the diffusion path of gas molecules, thereby simultaneously pos-
sessing high permeance and selectivity in the separation pro-
cess. Therefore, key attentions are paid to highly (200)- and
(020)-oriented Co-ZIF-L membranes. Their growth processes
are shown in Figures S22 and S23 (Supporting Information),
respectively, implying that the optimal synthesis time is 4 h.
Figure 4a shows that (200)-oriented Co-ZIF-L membrane
presents a continuous and dense surface with no obvious de-
fects. From the cross-section SEM image (Figure 4b), a contin-
uous MOF layer with a thickness of 41 nm is observed, provid-
ing hexagonal pores perpendicular to the AAO discs. The cor-
responding energy-dispersive X-ray spectroscopy (EDS) map in
Figure 4c also confirms the successful construction of a Co-
MOF membrane on the substrate. Then, transmission electron
microscopy (TEM) analysis was performed, according to the
work by Cui et al.’®! Figure 4d shows the TEM image of (200)-
oriented Co-ZIF-L membrane, and the inserted high-resolution
TEM (HR-TEM) shows that (200) crystal plane with a lattice spac-
ing of 0.198 nm is dominant, indicating the oriented growth of
MOF membranes. As for (020)-oriented Co-ZIF-L membranes,
as shown in Figure 4e, the membrane surface is also continu-
ous and defect-free; however, the surface is covered with MOF
grains having distinct edges and corners, which is different from
the (200)-oriented membrane; in addition, its thickness reaches
588 nm (Figure 4f), which is much thicker than the (200)-oriented
counterpart, with a clear interface between different metal zones
in EDS map (Figure 4g). The TEM result also confirms the
predominance of (020) crystal plane (Figure 4h). This MOF
membrane provides cushion-shaped channels with relatively
large sizes,[®! which will contribute to improved gas separation
performance.
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Finally, gas separation performance of (020)-oriented and
(200)-oriented MOF membranes was investigated, according to
the pore characteristics of this MOF material and previous works
on Zn-ZIF-L membranes.**3¢ As shown in Figure 5a,b, (200)-
oriented Co-ZIF-L membrane delivers a H, permeance of 2872
GPU with ideal selectivity of 55.6, 44.7 and 72.3 for H,/CO,,
H,/N, and H,/CH, gas pairs in single-gas separation measure-
ment, respectively, which far exceed the corresponding Knud-
sen selectivity (4.7, 3.7 and 2.8), demonstrating the compact-
ness of tested MOF membrane. The physical sieving of MOF
pores plays a dominant role in the separation of H, and other
gases based on their molecular dynamic diameter difference.
The performance is superior to that of (020)-oriented Co-ZIF-L
membrane in terms of both H, permeance and ideal selectiv-
ity, as shown in Figure S24 (Supporting Information). The (020)-
oriented Co-ZIF-L membrane possesses a relatively larger aper-
ture compared with that of (200)-oriented membrane; simultane-
ously, its relatively higher thickness increases gas diffusion resis-
tance. So far as ideal selectivity is concerned, the smaller aper-
ture of (200)-oriented Co-ZIF-L membrane exhibits higher siev-
ing precision than (020)-oriented membrane, which is responsi-
ble for higher selectivity of the former. Higher H,/CO, selectiv-
ity can also be attributed to higher affinity toward CO, over H,,
which stems from the interaction between uncoordinated nitro-
gen in free linkers and CO, molecules, rendering it promising
for separating H,/CO, mixture.[®!]

Similarly, in terms of binary gas, as shown in Figure 5b and
Figure S24 (Supporting Information), higher H, permeance as
well as higher H,/CH, and H,/CO, separation factors can be
observed for (200)-oriented MOF membrane. Figure 5b shows
that H, permeance and H,/CH, separation factor of Co-ZIF-L
membrane reach 2275 GPU and 59.1, respectively, even though
they have decreased compared with those in single gas perme-
ation test due to competitive adsorption.[®?] Subsequently, (200)-
oriented Co-ZIF-L membrane was subjected to temperature-
swing stability test for separating H,/CH, mixtures, in which
the operating temperature was increased from 30 to 150 °C, and
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Figure 5. a) Single-gas separation performance. b) Separation selectivity and c) long-term stability for (200)-oriented Co-ZIF-L membranes. d) H,/CH,

separation performances of different membrane materials.

then decreased to 30 °C. As shown in Figure S25 (Supporting
Information), its separation performance remains stable in the
whole process; moreover, a high separation factor is still main-
tained under hyperthermic conditions, indicating huge potential
for practical separations, which is attributed to the compensa-
tion effect for the adsorption enthalpy of activated permeation.[3!
Under different operating pressures, the proposed membrane
still exhibits minor performance change (Figure S26, Support-
ing Information), indicating its compactness. Additionally, the
obtained MOF membranes also exhibit steady separation perfor-
mance for 1000 h. It should be noted that the performance of
the obtained Co-ZIF-L membrane not only goes beyond Robe-
son’s upper bound (2008), but also is superior to the majority
of reported membranes for H,/CH, gas pair (Figure 5d; Table
S1, Supporting Information) in terms of permeability. Regard-
ing H, /CO, separation, our membrane also exhibits outstanding
performance concerning both H, permeances and H,/CO, sep-
arator factor, as shown in Figure S27 and Table S2 (Supporting
Information). The H,/CO, performance of our Co-ZIF-L mem-
brane is located within the US Department of Energy (DOE) tar-
get for CO, capture (H, permeance > 1000 GPU, H,/CO, sep-
aration factor > 40),%%] thereby demonstrating great potential in
practical pre-combustion-based carbon capture.

3. Conclusion

In summary, a magnetic-field assisted synthesis strategy is pro-
posed to fabricate oriented Co-ZIF-L membranes, in which the
membrane orientation can be precisely controlled by regulating
the direction of the applied magnetic field. The mechanism stud-
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ies indicated that the magnetic field would promote the rapid
movement of Co?* ions in specific directions, the easy magne-
tization axis of the Co-ZIF-L crystal, and enable the coordination
along the (200) direction of MOF crystals to reduce the surface
energy. This contributes to the directional growth and deposition
of MOF membranes under different magnetic field directions.
Specially, the obtained (200)-oriented Co-ZIF-L membrane, pos-
sessing an ultrathin thickness of about 40 nm, shows a high H,
permeance of 2275 GPU and an impressive H,/CH, separation
factor of 59.1, belonging to one of the best-performing mem-
branes for H, /CH, separation. It is believed that this straightfor-
ward and gentle synthesis strategy will provide a powerful tool
to prepare oriented MOF membranes for multitudinous critical
separation challenges.

4. Experimental Section

Materials: Cobalt nitrate hexahydrate (Co(NO;),-6H,0, 99%), 2
methylimidazole (2-MIM, 98%), and ethanol (99.5%) were supplied by
Aladdin Biochemical Technology Co., Ltd. The chemicals were of direct
use with no purification. AAO substrates (pore size: 80-100 nm, diam-
eter: 25 mm) were supplied by Puyuan Nano Technology Co., Ltd, and
Neodymium magnets were ordered in Shanghai Haoci Electromechanical
Co., Ltd.

Fabrication of Co-ZIF-L Membranes: For preparing Co-ZIF-L mem-
branes, 6.56 g Co(NO3),-6H,0 and 2.91 g 2-MIM were dissolved in 25 mL
homemade deionized (DI) water by magnetic stirring, respectively, fol-
lowed by pouring the 2-MIM solution into the other solution. The AAO
substrate was placed in a customized PTFE holder, and then was put in
the above solution that was placed in a beaker. After that, two Neodymium
magnets were placed on two sides of the beaker, and a uniform magnetic

© 2025 Wiley-VCH GmbH
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field parallel to the AAO surface was generated, in which the magnetic
field intensity was changed by adjusting the magnet number and the dis-
tance of the N and S poles. Besides, a TES1392 Tesla meter was adopted
to detect magnetic field intensity. The membrane synthesis was performed
under room temperature. After 4 h, the membrane-coated AAO disk was
taken out and washed several times with DI water, followed by drying at
50 °C for 24 h. To create a magnetic field with different directions, the
AAO disks were rotated around the vertical z-axis to varying degrees, and
the angles (0) between the magnetic field line and the AAO surface were
changed accordingly (Figure S1, Supporting Information). In the case of a
parallel magnetic field, 6 was 0°, and the value was 90° when the magnetic
field lines were vertically pointed to the AAO surface. Co-ZIF-L membranes
were also synthesized under magnetic fields with different angles of 6 =
15°, 30°, 45°, 60° and 75°, respectively, following the procedures shown
above.

Characterizations: The morphology of prepared Co-ZIF-L membranes
was observed on a field-emission SEM (Zeiss Sigma HD), accompanied
by TEM analysis with a FEI TALOS-F200X instrument. The FT-IR spec-
troscopy was achieved on a Bruker Vertex70 FT-IR spectrophotometer, and
a Thermo Scientific K-Alpha XPS system was used to detect the XPS spec-
tra, with a LabRAM HR Evolution Raman spectrometer for the Raman
spectra. Additionally, an investigation on the crystal phases of MOF mem-
branes was conducted on a BRUKER D8 DISCOVER XRD. Orientation in-

dex (Ol) was determined as follows:[“°]

ol = Ihkl,membmne (1)
Ik standard

where IF,, represents the ratio of one certain diffraction peak to the
sum of all characteristic peak intensities, as displayed in the following
equation:[40]

Inia
Py = ——— )
Ikt + Ty + gy

Electrochemical tests were conducted to explore the growth mecha-
nism of oriented MOF membranes. Co?* solutions were prepared by dis-
solving 6.56 g Co(NO3),-6H,0 in 50 mL DI water. The conductivities of
Co?* solutions in magnetic fields with different intensities were detected
using a DDS-307 conductivity meter with H-type cells.[646%]

Theoretical Calculations: MS and DFT calculations were performed to
assess the surface energy levels of different crystal planes for Co-ZIF-L.
First, Co-ZIF-L unit cells of different crystal planes were geometrically op-
timized using the Forcite modules and COMPASS Il in Materials Stu-
dio 2019, which were selected from the cif-file of CCDC 1 509 273. The
Monkhorst-Pack grid was 3 x 3 x 3 with lattice parameters of x = 14.77
A°, y = 14.77 A°, z = 19.74 A°. The periodic boundary conditions were
adopted in all three dimensions to ensure the simulation accuracy.!%] Ge-
ometric optimization of each structure was performed through energetic
evaluation and conformational adjustment. Atomic coordinates and cell
parameters were refined until the structure reached its minimum energy
state.

DFT calculations were conducted in DMol? code of MS software, using
the spin unrestricted method. The correlation effect and electron exchange
were described by the generalized gradient approximation. A smearing
value of 0.005 Ha was used for all calculations to the orbital occupation.
The convergence tolerance for energy change, max force, and max dis-
placement were 2.0 x 10~ Ha, 0.004 Ha A=, and 0.005 A, respectively. A
3 %3 x1 Monkhorst-Pack grid was employed to execute the Brillouin-zone

integrations. The surface energy at the crystal orientation was calculated
as:[>3

Egjab—EpbuicXn
y = slab™ Ebulk (3)

2><Aslab

where E,, represents the total energy of the relaxed surface slab supercell,
Ey.ik represents the total energy of the original bulk crystal, n represents
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the ratio of the number of atoms of the relaxed surface slab supercell to
the number of atoms of the original bulk crystal, and A, represents the
surface area in the surface slab supercell.

Gas Permeation Measurements: (200)- and (020)-oriented Co-ZIF-L
membranes were selected to test their gas separation performance on
a home-made Wicke-Kallenbach setup (Figure S28, Supporting Informa-
tion) after sealing them in a module with O-rings. The flow rate of feed
gas was 50 mL min~! in the single-gas permeation measurement with a
transmembrane pressure of 1 bar. In the mixed-gas permeation tests, the
mixture of H, and CO, or CH, (50/50 vol/vol) was delivered at a total
flux of 50 mL min~", in which the transmembrane pressure was 1 bar. The
permeate-side gas was blew in a gas chromatograph (Agilent 7890B) by
Ar to analyze its composition. The gas permeance P; was defined by the
equation below:

N.

p= — 4
T AP XA )

where N; (mol s™"), A (m?), and AP; (Pa) represent the molar flow rate of
component i, the effective membrane area, and the transmembrane pres-
sure difference, respectively.

The ideal selectivity (a;;) was described as follow: The ratio of perme-
ance component i to j:

pi
a,; =" 5
/i b (5)

where P; and P; represent the permeance of component i and j, respec-
tively.
The separation factor (S;;) was achieved with the following equation:

ity

T xi/xj ©)

ilj
where y; ;) and x; ;) are the mole fractions of components (i, j) in the
permeate and retentate, respectively.

Statistical Analysis: The error bars in Figure 5a,b and Figures S24
and S26 (Supporting Information) correspond to the standard deviations,
which are achieved from three independent tests of corresponding mem-
branes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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