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Metallocene-anchor inducing oriented MOF
membrane for helium separation

Ju Bai1,2,3, Luqi Xiao1, Xiangping Zhang 1,3,4, Hongyan Liu1,2,3, Can Wang1,
Lili Gong1, Shuangjiang Luo1,3, Yihan Zhu 5, Linglong Shan 1,3 ,
Hongwei Fan 6 & Suojiang Zhang 1,7

Oriented metal-organic framework (MOF) membranes hold significant pro-
mise for advanced helium (He) separation, but their synthesis remains a
challenging task. We report the preparation of an oriented MOF membrane
using metal-organic polyhedra (MOP) fragment as metallocene-anchor. The
metallocene-anchor induces the growth of homoligand Zr-MOF along the c-
axis, resulting in the {001}-oriented structure. This orientation increases the
transition energy barrier of methane (CH4), enabling precise He/CH4 separa-
tionwith a selectivity of 77.3 and aHepermeance of 695.1 GPU. Themembrane
exhibits exceptional robustness, demonstrating resistance to high-pressure
conditions (up to 40 bar), thermal shock (−25 °C to 85 °C), and long-term
stability (1000h). The separation performance surpasses that of existing MOF
membranes and exceeds the Robeson upper bound. Additionally, a three-
stage membrane process enables the concentration of low He concentrations
of 0.3% up to 99.9%, highlighting the potential of membranes for helium
extraction. The successful fabrication of various oriented MOF membranes
indicates the universality of this strategy.

Helium (He) is an irreplaceable commodity due to its distinct prop-
erties, making it essential for a variety of applications, including
aerospace, industrial leak detection, nuclear magnetic resonance
imaging, and welding1. It is primarily extracted on a large scale from
natural gas through cryogenic distillation combined with pressure
swing adsorption. However, high energy consumption and costs
represent significant challenges associated with this technology.
Membrane-based gas separation offers a promising alternative, pro-
viding a non-pollution, energy-efficient, and simpler way compared to
traditional separation process2. The inaugural commercial membrane-
based He extraction unit, installed in the 1980s, consumed only
approximately 40% of the energy required by the cryogenic process3.

While polymermembranes offer advantages in terms of processability
and economic feasibility, they still undergo a trade-off between
selectivity and permeance, as described by the Robeson upper bound.
Therefore, achieving high performance in both areas while maintain-
ing stable operation under harsh conditions remains a persistent
challenge. There is an immediate need to design robust membranes
for efficient industrial-scale applications.

Metal-organic frameworks (MOFs), composed ofmetal nodes and
organic linkers, provide a strongly adjustable platform for structural
design, enabling precise regulation of the pore-aperture size and/or
shape at the gas molecule scale. This tunability has made MOFs a
subject of extensive research for constructing molecular sieve
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membranes for gas separations4–7. MOFs typically feature multiple
channels with specific pore-aperture in different crystallographic
orientations. It hasbeen confirmed that the orientedMOFmembranes,
with rigid aperture size and short diffusion path, are ideal for the
membrane achieving the high selectivity and permeance simulta-
neously. Nevertheless, the preparation of oriented MOF membranes
faces considerable challenges, particularly in designing the desired
specific orientation for different gases. Common methods employed
for oriented growth include the seeding and secondary growth8–11,
evolutionary growth12–14, layer-by-layer growth15–17, and in situ deposi-
tion (also called direct growth) on modified substrates18,19. Among the
various MOFs, Zr-MOF is particularly noted for its superior chemical,
thermal, and mechanical stability, ascribing to its high connectivity
structure formed by high-valency metal ion (such as Zr4+) coordinated
to 8–12 ligands. While oriented Zr-MOF membranes are typically
grown in the (111) direction10,20–23, the {001}-oriented Zr-MOF mem-
brane, which grows along the c-axis, has rarely been explored. The
{001}-oriented Zr-MOF membrane, with its lower atomic packing

density and smaller pore-aperture size, holds significant promise for
the precise separation of He depending on a rigid molecular sieving.

Metal-organic polyhedra (MOP) have garnered significant interest
due to their structural similarity toMOFs. Both are composed ofmetal
ions and organic ligands via self-assembly, except that MOP have
capping terminal groups that prevent indefinite expansion into
networks24,25. It canbe imagined that, basedon the similarity of the self-
assembly mechanism, the MOP can be employed to precisely regulate
the oriented growth of MOFs. As a proof of concept, a metallocene-
anchor induced strategy has been proposed to regulate the nucleation
and growth ofMOF along <001> orientation on the substrate, with the
assistance of an electric field (Fig. 1a, b).

Results
Metallocene-anchored strategy induced the {001}-oriented
growth of Zr-MOF
The Zr-MOF, Zr-MOP, and {001}-oriented Zr-MOF membranes were
prepared by an electrochemical synthesis method under mild condi-
tions, significantly reducing reaction time compared to conventional
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Fig. 1 | Metallocene-anchored strategy induced the orientation of the MOF
membrane. aOriented growth procedure and gases transportation behavior of the
{001}-oriented Zr-MOFmembrane. The Zr, O, and C atoms are represented by blue,
red, and black, respectively. b Schematic illustration of the structural regulation of
the {001}-oriented MOF membrane. c Potential energy barriers (ΔE) for the

synthesis of Zr-MOF and Zr-MOP fragment. d EXAFS spectra for Zr-MOF, Zr-MOP,
and {001}-oriented Zr-MOF. Surface and cross-sectional morphologies of (e, f) the
{001}-oriented fumarate-based Zr-MOF and (g, h) the {001}-oriented H2BDC-based
Zr-MOF. Zr-MOF in the following sections represents fumarate-based Zr-MOF,
where not specifically stated.
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methods5,26,27. A conductive anodic aluminum oxide (AAO) disk as a
substrate was vertically immersed in a precursor solution, which acted
as a cathode under an electric field to facilitate the deprotonation of
the ligand (fumarate) to promote the rapid growth of the MOF mem-
brane (Supplementary Fig. 1). As expected, a continuous Zr-MOF
membrane, built by the fumarate ligand and ZrCl4 metal source grew
on the substrate (Supplementary Fig. 2), with optimized preparation
conditions (Supplementary Figs. 3–5). The Zr-MOP and Zr-MOF were
synthesized, sharing the same ligand of fumarate but differing inmetal
source. Cp2ZrCl2, themetal source of Zr-MOP, was introduced into the
precursor solution of Zr-MOF (including ZrCl4 and fumarate) to induce
the regular growth of the {001}-oriented Zr-MOF membrane on the
substrate. To investigate the growth mechanism of the {001}-oriented
Zr-MOF membrane, density functional theory (DFT) was employed to
reveal the coordination process of the ligand and metal cluster
(Fig. 1c), which involves a fumarate approaching an unsaturated
coordination structure in a specific direction (Supplementary Fig. 6).
The fragment unit consists of a typical Zr-cluster (Zr6O4(OH)4

12+)
connected with four fumarates for Zr-MOF, and a Zr-cluster
(Cp3Zr3O(OH)3

3+) connected with two fumarates for Zr-MOP, respec-
tively. The energy scan shows that the fumarate needs to overcome a
potential energy barrier of 2.20 eV to form Zr-MOP, less than that of
4.72 eV for Zr-MOF, which indicates Zr-MOP is preferentially generated
over Zr-MOF in the precursor solution. This finding is further corro-
borated by the gradual color change of the reaction solution with time
(Supplementary Figs. 7–9). Upon the addition of Cp2ZrCl2 to the pre-
cursor solution, no color change was observed. However, after 10min
of reductive electrochemical synthesis, the color of the precursor
solution for the {001}-oriented Zr-MOF differed from that of pure Zr-
MOF and resembled that of Zr-MOP. With a reaction time increased to
20min, the color of the precursor solution for the {001}-oriented Zr-
MOF approximated that of pure Zr-MOF. This color transition
demonstrates that the coordination of Cp2ZrCl2 occurs prior to ZrCl4,
consistentwith the results of theDFT, thereby regulating the growthof
Zr-MOF to a certain extent. Under the influence of the applied electric
field, Cp3Zr3O(OH)3

3+ and Zr6O4(OH)4
12+ are drawn toward the nega-

tively charged AAO substrate, and Cp3Zr3O(OH)3
3+ reacts with fuma-

rate preferentially. Then the positively charged Zr-cluster combined
with AAO and the three negatively charged fumarate (deprotonation)
stands upright due to the electrostatic repulsion. Furthermore, the
fumarate and Zr6O4(OH)4

12+ alternately coordinate along the anchored
Cp3Zr3O(OH)3

3+/fumarate (metallocene-anchored), resulting in the
vertical growth of the Zr-MOF (Fig. 1a and Supplementary Fig. 10). The
significant morphological changes in the membrane reflect the prob-
able vertical orientation of the Zr-MOF membrane (Fig. 1e, g), with a
thickness of approximately 1μm (Fig. 1f, h) and a higher roughness of
74.8 nm (Supplementary Fig. 11).

Furthermore, the trace of Cp2ZrCl2 was tracked to confirm the
successful transition of the metallocene-anchor induced {001}-orien-
ted Zr-MOF structure. The attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectra of the {001}-oriented Zr-MOF
membrane and the Zr-MOF membrane were nearly identical (Supple-
mentary Fig. 12). However, it can be seen in the enlarged area that the
cyclopentadienyl signal of Cp2ZrCl2 appears at around 1022 cm−1 and
802 cm−1 for the {001}-oriented Zr-MOF membrane28, providing clear
evidence of the formation of the metallocene-anchor in the {001}-
oriented Zr-MOF membrane. Additionally, X-ray photoelectron spec-
troscopy (XPS) analysis revealed that the {001}-oriented Zr-MOF
membrane exhibited a higher binding energy for Zr 3d than Zr-MOF
membrane, suggesting fewer open metal sites for the {001}-oriented
Zr-MOFmembrane surface (Supplementary Fig. 13)29, whichmeans the
{001}-oriented Zr-MOF membrane structure possesses a higher coor-
dination saturation and fewer molecular level defects. The specific
surface area of the Zr-MOP, Zr-MOF, and {001}-oriented Zr-MOF was
assessed using N2 adsorption (Supplementary Fig. 14), revealing that

the {001}-oriented Zr-MOF exhibited the highest specific surface area
of 469.8m2 g−1. Furthermore, in comparison to the Zr-MOF that has
twoprominent pore size distributionpeaks at 0.98 nmand 1.17 nm, the
pore size of the {001}-oriented Zr-MOF decreased to 0.86 nm and
1.17 nm, respectively. We observed a decrease in one of the peaks from
0.98 nm to 0.86nm, ascribing to the introduction of the larger
cyclopentadienyl group. To validate the metallocene-anchored strat-
egy, fumarate was substituted with terephthalic acid (H2BDC), and the
obviously the {001}-orientedUiO-66 formed as expected (Fig. 1g, h and
Supplementary Fig. 15). In addition, we successfully prepared vertical
MOF membranes on series substrate of carbon paper and aluminum
oxide substrates for various applications (Supplementary Figs. 16–18).
These findings demonstrate the universality of this metallocene-
anchor induced {001}-oriented growth strategy.

The local coordination environment around Zr ions was investi-
gated using X-ray absorption fine structure to quantitatively under-
stand the component proportion of Zr-MOF and Zr-MOP30. X-ray
absorption near-edge structure analysis revealed the sample valence
order is approximately ZrO2 > Zr-MOF ≈ {001}-oriented Zr-MOF >Zr-
MOP >Zr foil (Supplementary Fig. 19). Extended X-ray absorption fine
structure (EXAFS) spectra provided insights into the changes in the
coordination number around Zr, and fitting analysis of Zr-MOF, Zr-
MOP, and {001}-oriented Zr-MOF (Fig. 1d and Supplementary
Figs. 20–22 and Supplementary Table 1). Firstly, the nearest neighbor
of the Zr ion is the Zr-O shell, corresponding to the Zr-Oμ3-O and Zr-
OCOO bonds at 1.8 Å and 2.3 Å, respectively31. The second peak corre-
sponds to the Zr···Zr shell at 3.5 Å32. For strict consideration, the first
shell of Zr-MOP iswritten in the formof Zr-C/O, indicating that this site
maybeCorO. Zr-MOPexhibits a larger bond length Zr-C signal at 2.6 Å
compared to Zr-MOF. Under rigorous consideration, the first shell of
Zr-MOPwas written in the form of Zr-C/O, indicating that this site may
be C or O. It can be seen from the EXAFS diagram that {001}-oriented
Zr-MOF contains both Zr-MOF and Zr-MOP coordination environ-
ments. In contrast, the structure of {001}-oriented Zr-MOF is more
similar to Zr-MOF than Zr-MOP, which indicates that the Zr-MOP
fragment only plays an induction role and the dominant structure of
the membrane remains Zr-MOF.

Orientation analysis of the Zr-MOF membrane
The Zr-MOF membrane aligns with the simulated X-ray diffraction
(XRD) pattern, with peaks corresponding to the (111) and (002)
reflections at 2θ = 8.5° and 9.8°, respectively (Supplementary Fig. 23)33.
Different from themost common (111) reflection10, the (002) reflection
becomes the predominant reflection for the Zr-MOF membrane that
attains {001} preferential orientation. Nevertheless, no peaks were
observed that could be attributed to Zr-MOP (Supplementary
Fig. 24)34, illustrating that the crystal structure of the {001}-oriented Zr-
MOF is mostly dominated by the Zr-MOF, while the Zr-MOP does not
entirely form. The crystallographic preferential orientation (CPO)
indexing method was carried out to estimate the orientation of the
{001}-oriented Zr-MOF membrane based on the comparison between
the XRD spectrum of the oriented crystalline membrane with that of
the simulation of a randomly oriented powder13,19,35. The CPO002/111 of
the Zr-MOF membrane increases progressively with the proportion of
Cp2ZrCl2 (Fig. 2a). The CPO002/111 value reaches 10.08 for the {001}-
oriented Zr-MOFmembrane when the Cp2ZrCl2 content is 5%, which is
23 times higher than the Zr-MOF membrane (CPO002/111 = 0.44). How-
ever,with a further increase in Cp2ZrCl2 content, a decrease ofCPO002/

111 is observed due to the incomplete crystal structure of Zr-MOF as a
result of the ligand being consumed prematurely (Fig. 2b). More
importantly, the recent advances in low-dose electron microscopy
enable the high-resolution structural elucidation of beam-sensitive
MOFmaterials36–41. By peeling a small piece off the Zr-MOFmembrane,
the molecular structure can be directly visualized along the [001]
direction by low-dose high-resolution transmission electron
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microscopy (HRTEM). In the false-colored HRTEM image and FFT
pattern shown in Fig. 2c, a bright and periodic square pattern is clearly
visible, indicating the projected crystal structure of UiO-66 (Zr) with
high spatial resolution. This structure consists of Zr6O4(OH)4 clusters
linked by H2BDC ligands along the [001] direction. Weak bright con-
trast can be observed in the middle of these square patterns, referring
to the projected H2BDC linkers. A comparative analysis between the
simulated electrostatic potential along the {001} c-axis and the crys-
talline structure of UiO-66 further confirmed the crystal structure, the
lattice orientation, and pore opening of the Zr-MOF membrane as
proposed (Fig. 2c). When the Bragg diffraction rings in grazing-
incidence wide-angle X-ray scattering (GI-WAXS) appear as complete
circles, this indicates a randomly oriented membrane. In contrast,
preferred orientation results in arc-like or spot-like diffraction pat-
terns. Compared to the randomZr-MOFmembrane (Fig. 2d), the {001}-
oriented membrane exhibits distinct arc-shaped diffraction at the
(002) facet with an angular spread of approximately 25° (Fig. 2e),
further confirming the existence of the {001} oriented structure. The
Zr-MOF surface is a special triangular windowwith pore-aperture sizes
ranging from3.3 to 4.6 Å (Supplementary Fig. 25a)42.While the intrinsic
dimensions of the triangularwindows remain constant across different
crystal orientations, their spatial alignment varies significantly. This
orientation directly modulates the pathways and the transition energy
barriers for gas transport. Compared to the (111) facet (Supplementary
Fig. 25e), the triangular window of the (002) facet (Supplementary
Fig. 25f) is inclined at a certain angle and possesses a small projected
aperture. Calculation of the projected dimensions reveals that the
pore-aperture size is 2.7 Å, lying between the kinetic diameters of He

(2.6Å) and CH4 (3.8 Å). This reduction in the effective triangular
aperture size results in the curved diffusion instead of direct pene-
tration for CH4, thereby enhancing the He/CH4 selectivity.

Gas separation performance
The influence of CPO002/111 on the separation performance of the
membrane was investigated as shown in Fig. 2f. Polyimide (PI) was
spin-coated onto the surface of Zr-MOF and {001}-oriented Zr-MOF
membranes to mitigate the potential of molecular-scale defects
(Supplementary Figs. 26 and 27). It should be noted that under the
same preparation parameters, the pure PI membrane exhibited a low
He/CH4 selectivity of only 3.2, indicating that PI plays aminimal role in
the separation process (Fig. 2g). The electrodeposition time also
influences the Zr-MOF membranes separation performance, with an
optimal reaction time is 90min (Supplementary Fig. 28). The con-
centration of Cp2ZrCl2 in precursor solution, which correlates with the
metallocene-anchor, obviously influences the membrane separation
performance (Fig. 2f). The gas permeance consistently increased with
the addition of CPO002/111, due to the enhanced metallocene-anchor
concentration leading to the formation of more (002) facet, which
provide faster gas transmission pathway. When the Cp2ZrCl2 content
reached 5%, the He/CH4 selectivity peaked at 44.8, then decreased due
to the generation ofmore defects. The Zr-MOPmembrane without the
apparent crystal structure and exhibited the lowest permeance
(Fig. 2g). Therefore, 5% was selected as the optimal Cp2ZrCl2 con-
centration, with the corresponding {001}-oriented Zr-MOF membrane
achieving a He/CH4 ideal selectivity of 44.8 and the He permeance of
590.4 GPU, which are 2.1 and 3.8 times of the random Zr-MOF
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Fig. 2 |Oriented regulationof theZr-MOFmembrane. aXRDspectrumofZr-MOF
membrane with different metallocene-anchor (x% represents the Cp2ZrCl2 con-
centration in precursor solution). b Effect of different ratios of ZrCl4 and Cp2ZrCl2
on the CPO index of Zr-MOFmembrane. The Zr, O, and C atoms are represented by
blue, red, and brown, respectively. c HRTEM image of {001}-oriented Zr-MOF

membranes in along the <001> direction. GI-WAXS of (d) Zr-MOF and (e) {001}-
oriented Zr-MOFmembranes on silicon wafer. f Effect of the CPO index on the He/
CH4 pure-gas separation performance. g He/CH4 pure-gas permeance and ideal
selectivity for PI, Zr-MOF, Zr-MOP, and {001}-oriented Zr-MOF membranes.
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membrane, respectively. This performance can be ascribed to the
addition of metallocene-anchor, which induced the primary crystal
facet of the Zr-MOF changing from (111) to the lower atomic packing
density orientation of (002).

The permeance of the {001}-oriented Zr-MOF membrane to
various gases depends on the kinetic diameter of the gas molecules
(Fig. 3a) and is inversely proportional to the kinetic diameter, except
for the effect of individual molecular polarization, such as H2. The
gas permeance exhibits a sharp transition between CO2 and N2,
which suggests that the pore size of the membrane is mainly con-
centrated between 3.4 and 3.5 Å. The ideal selectivity for He/CH4, He/
N2, H2/CH4, H2/N2 and CO2/CH4 are 44.8, 31.1, 55.2, 38.4 and 36.7,
respectively (Fig. 3b). This strategy also worked for the {001}-orien-
ted Zr-MOF (H2BDC) membrane with improved selectivity and per-
meance compared to random Zr-MOF (H2BDC) membrane
(Supplementary Table 2). Furthermore, the performance of the
{001}-oriented Zr-MOF (fumarate) membranes with fumarate is
superior owing to the larger pore-aperture size of Zr-MOF (H2BDC)
than Zr-MOF (fumarate).

The diffusion energy barrier of gas molecules was calculated
based on DFT (Supplementary Figs. 29 and 30). CH4 requires to
overcome a higher transition barrier than He, due to CH4 with a larger
kinetic diameter corresponding to greater steric hindrance (Fig. 3c).
Furthermore, due to the inclination of the (002) facet, the energy
barrier for CH4 diffusion through the (002) facet (35.37 Kcalmol−1) is
greater than in the (111) facet (32.49 Kcalmol−1), while the energy bar-
rier for He diffusion through the (002) facet (1.38 Kcalmol−1) is lower
than in the (111) facet (2.35 Kcalmol−1), confirming the superior He/CH4

separation performance. The diffusion process of He and CH4 at the
(002) facet (Fig. 3d) and the result shows a simulated snapshot for the
0.3: 99.7 (v/v) He/CH4 diffuse through the {001}-oriented membrane
demonstrated that the diffusion of He is greater than the CH4 (Fig. 3e
and Supplementary Fig. 31). Molecular dynamics (MD) simulations
confirmed that the orientation and arrangement of the MOF channels
are key to the separation behavior of {001}-oriented MOF membrane.

Usually, the He accounts for a low concentration of 0.01%–0.3% in
natural gas, and such a low He content complicates its extraction.
Therefore, the impact of operating pressures ranging from 2 to 40bar
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on separation performance was tested using a 0.3: 99.7 (v/v) He/CH4

mixture, which more closely approximates the composition of actual
natural gas. The separation performance for the 0.3: 99.7 (v/v) He/CH4

mixture was found to be superior to that of the pure gas, which can be
explained by the pressure effect17,43. With the pressure increased from
2 to 40 bar, the permeance of He remains unchanged while gradually
increasing for the CH4, leading to a decrease inHe/CH4 selectivity from
77.3 to 45.8 (Fig. 3f and Supplementary Fig. 32). Meanwhile, the effect
of temperature on the membrane separation performance was
explored under a high pressure of 40bar to further evaluate the fea-
sibility of the membrane in practical applications. As the temperature
increased from −25 °C to 85 °C, the permeance of He and CH4

increased, while the selectivity decreased due to the higher apparent
activation energy of CH4 (22.15 KJmol−1) than that of He (19.77 KJmol−1)
(Fig. 3g and Supplementary Fig. 33). The separation performance is
higher than the Robeson upper bound at high temperature (Supple-
mentary Fig. 34). Furthermore, the long-term stability of the {001}-
oriented Zr-MOF membrane was conducted for 1000h, proving the
long-term stability of the membrane (Fig. 3h). Meanwhile, the {001}-
oriented Zr-MOF membrane also remains stable under humid condi-
tion (Supplementary Fig. 35).

We have designed a three-stage membrane separation system to
concentrate the He from low concentration feedstock (Fig. 4a). A
0.3:99.7 (v/v) He/CH4 mixture is introduced into the primary mem-
brane separation system, the He concentration is concentrated to
18.8%. Following passing through the three-stage membrane separa-
tion system, the He concentration reaches >99.9% (Fig. 4b), meeting
the He purity requirement for industrial uses. Furthermore, a mixture-
gas (He/CO2/CH4) (0.3/49.7/50, v/v/v) at 2 bar was tested; the per-
meance is lower than that of the pure-gas permeance due to the

competitive adsorption44. The membranes offered He and CO2 per-
meance of 282.8 and 81.8 GPU, respectively, and He/CH4 and CO2/CH4

selectivities of 79.5 and 23.0, respectively (Fig. 4c, d). Taking CO2 and
CH4 as an integrated impurity, the He/(CO2 +CH4) selectivity is 6.6.
Meanwhile, the selectivity remains stable with the increase of feed
pressure, indicating the potential for the membrane to be applied in a
practical He extract process. Overall, this {001}-oriented Zr-MOF
membrane demonstrates advantages in comprehensive performance
over previously reported membranes (Fig. 4e, Supplementary Fig. 36
and Supplementary Table 3).

In conclusion, efficient separation of He and CH4 was achieved by
regulating the growth of MOF along the c-axis with the assistance of
the metallocene-anchor and electric field. The MOP fragment was
employed as the metallocene-anchor, with a lower coordination
potential energy barrier, generating preferentially in the precursor
solution and then inducing the vertical growth of {001}-oriented Zr-
MOFmembrane. The orientedMOF provides rapid transport channels
for He, and the unique (002) facet enhances the sieving effect of He/
CH4, resulting in a high He/CH4 separation performance. Additionally,
He enrichment (>99.9%) can be obtained through a three-stage
membrane separation process using the {001}-oriented Zr-MOF
membrane. This work presents a strategy for fabricating highly
oriented MOF membranes and possesses potential in He recovery
from natural gas.

Methods
Materials
AAOwith a pore size of 20 nm (AAO, diameter of 13mm) was obtained
from GE Whatman. Fumarate (≥99.0%), terephthalic acid (≥99.0%),
bis(cyclopentadienyl) zirconium (IV) dichloride (Cp2ZrCl2, ≥98%),

a b

c d e

CH4 He Oriented Zr-MOF membrane

He/CH4 mixture
0.3: 99.7 (v/v) 

Permeate 2

>99.9%
He product

Permeate 1

Permeate 3

Retentate 1

Retentate 2

Retentate 3

Fig. 4 | Assessment of the separation efficiency of the He recovery. a Schematic
representation of the He and CH4 separation in a low He concentration feed via a
three-stage membrane system. b The concentration ratio of He and CH4 in the
permeable gas of the three-stage membrane separation system. Mixed-gas (He/
CO2/CH4) (0.3/49.7/50, v/v/v) c permeance and d selectivity performance of the

{001}-oriented Zr-MOFmembranewith different pressure. eComparison of theHe/
CH4 separation performance of membranes in literature. (The Robeson upper
bound is assumed to be 1μm membrane thickness; for more information, see
Supplementary Table 3).
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2,4,6-trimethyl-1,3-phenylenediamine (DAM, 99.0%), and 4,4′-(Hexa-
fluoroisopropylidene) diphthalic anhydride (6FDA, 99.6%) were pur-
chased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO, 99.0%),
Zirconiumchloride (ZrCl4, ≥98%), acetate (≥99.5%), pyridine (99.5%), 1-
methyl-2-pyrrolidinone (NMP, 99.5%), and N, N-Dimethylformamide
(DMF, 99.8%) were provided by Aladdin. Lithium nitrate (LiNO3,
≥99.9%metals basis) was obtained fromMacklin. Acetic anhydridewas
obtained from Sinopharm Chemical Reagent. All used chemical
regents were used without further purification.

Preparation of precursor solutions and membranes
Precursor solutions preparation for Zr-MOF membrane. Fumarate
(50mM), ZrCl4 (25mM), and 3–4 drops of deionizedwater were added
to 20mL DMSO. Mon-acid (such as acetic acid) was added as a reg-
ulator, and LiNO3 (200mM) was added to promote the electro-
deposition reaction. The solution was under ultrasonication for
20min. The Zr-MOP membrane precursor solution was prepared by
replacing ZrCl4 with Cp2ZrCl2, and the solution was DMA.

Precursor solutions preparation for {001}-oriented Zr-MOF mem-
brane. Fumarate (50mM), ZrCl4 (23.75mM), Cp2ZrCl2 (1.25mM), and
3–4 drops of deionized water were added to 20mL DMSO, and mon-
acid (such as acetic acid) was added as a regulator. LiNO3 (200mM)
wasadded topromote the electrodeposition reaction, and the solution
under ultrasonication for 20min to prepare the {001}-oriented Zr-MOF
(ZrCl4: Cp2ZrCl2, 95:5) precursor solution. Other ratios were added to
maintain the total concentration of ZrCl4 and Cp2ZrCl2 at 25mM.
Meanwhile, fumarate can be replaced with terephthalic acid.

Electrochemical synthesis of membranes. The AAO substrate was
coated with platinum (40mA, 100 s) via sputtering deposition. The Pt-
coated AAO membrane was soaked in the precursor solution, serving
as the working electrode at a current density of −10mAcm−2, while the
Pt electrode acted as the counter electrode, with the process con-
ducted at 120 °C for 90min. After removal from the electrode, the
membrane was gradually cooled, washed three times with methanol,
and dried under ambient conditions to yield Zr-MOF and oriented Zr-
MOF membranes. To prepare membranes for GI-WAXS characteriza-
tion, AAO was replaced with silicon wafers. Polyimide (PI) was spin-
coated onto the surface of the Zr-MOF and {001}-oriented Zr-MOF
membranes to minimize potential molecular-scale defects. A 10wt%
solution of PI was initially spin-coated onto the membranes at
2000 rpm for 60 s, followed by drying at 80 °C in an oven. Pure PI
membranes were prepared under the same conditions. The measure-
ment of gas permeation of the membranes was provided in Supple-
mentary Fig. 37.

Characterization
The morphology of several series of membranes was examined using
SEM (Hitachi SU-8020), and the membrane roughness was further
analyzed with AFM (Icon ScanAsyst, Bruker). The image of {001}-
oriented Zr-MOF membranes along the <001> direction was obtained
by HRTEM (Spectra 300, Thermo Scientific). The chemical composi-
tionwas characterized by ATR-FTIR (NICOLET 380, ThermoScientific).
XRDpatternswere obtainedusing aRigakuSMARTLABdiffractometer
with CuKα radiation (wavelength λ = 1.5418). GI-WAXS (Xeuss 2.0) was
employed to investigate the crystal structure of the membranes on a
silicon wafer. XPS (ESCALAB250Xi, Thermo Scientific) was used to
determine the elemental composition on the membrane surface. The
specific surface area of particles collected from themembrane surface
was measured via N₂ adsorption isotherms (BET, AutoChem II2920,
Micromeritics). EXAFS was utilized to analyze the coordination envir-
onment of Zr metal. Data analysis and EXAFS fitting were performed
using the Athena and Artemis programs within the Demeter data
analysis package45,46.

DFTsimulation. DFT simulations were performed using the Vienna ab
initio simulation package, which utilizes plane-wave basis sets com-
bined with the projector augmented-wave method47,48. The
exchange-correlation potential was handled using the generalized
gradient approximation with the Perdew–Burke–Ernzerhof
parametrization49. Furthermore, Grimme’s DFT-D3 model was
applied by der Waals correction50. The energy cut-off was set to
520 eV. A 1 × 1 × 1 Γ-centered Monkhorst-Pack mesh was applied to
sample the Brillouin-zone integration51. The structures were fully
relaxed until the maximum force on each atom was less than
0.02 eVÅ−1. Meanwhile, the energy convergence criterion is 10−5eV.
During the optimization, the structure was fully relaxed to the
minimum energy principle.

MD simulation. MD simulation of the directed diffusion of a He/CH4

mixture in Zr-MOF was carried out using the Gromacs program suite,
employing a hybridized force field composed of TraPPE-Small52 and
UFF4MOFII force fields53–55. He and CH4 were modeled using the
TraPPE-Small parameters. The Zr-MOF slab models of the (002) facet
were parameterized with the UFF4MOFII force field. Topology files of
these molecules and crystals were generated directly via the AuToFF
web server.

The initial simulation boxes for the (002) facet consisted of two
vacuum layers, 80 nm thick, with a graphene layer inserted between
them to ensure periodic boundary conditions in all directions. There
were 5000 molecules of 0.3:99.7 (v/v) He/ CH4 on one side of the
vacuum layers at the initial state. The system was first energy-
minimized before undergoing an MD simulation for a total duration
of 35 ns in the NVT ensemble. Trajectory data was recorded every
50 ps. The temperature was maintained at 308.15 K using the velocity-
rescale thermostat with a 1 ps relaxation constant. Electrostatic inter-
actions and van der Waals forces were treated using the Particle Mesh
Ewald method, with a truncation distance of 15 Å.

Data availability
The data that support the findings of this study are available in the
article and the Supplementary Information, or are available from the
corresponding author upon request. Source data are provided with
this paper.
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