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The significance of membranes in the future of sustainable energy and emission reduction is universally
recognized, as they play a crucial role in processes such as hydrogen production, decarbonization, and power
generation. Molecular sieving polycrystalline MOF membranes hold considerable promise among various

Membram?s . membrane materials due to their selective pore structures. However, the full potential of molecular sieving is
Recrystallization N . - ; ) at ol
Separation compromised by the unavoidable defect formation during membrane synthesis, resulting in reduced membrane

separation efficiency, stability, repeatability, and scalability. Here, we introduced a novel intercrystalline healing
process utilizing pressurized counter-diffusion to address this long-lasting challenge of polycrystalline mem-
branes and to achieve microstructure evolution and heal typical intercrystalline defects in MOF membranes. This
method enables the controlled infiltration of precursors into defects for crystal growth, followed by sealing the
unselective gaps through Ostwald ripening. Therefore, a compact and uniform MOF layer with significantly
reduced intercrystalline defects can be formed. The final membrane demonstrates a 91 % reduction in total
defect volume, while most remaining defects become isolated with less impact on the membrane selectivity. In
the healed ZIF, the Hy/Nj selectivity improved over 15-fold compared to the initial ZIF membrane, surpassing
peers and achieving an optimal balance in the permeability-selectivity trade-off. Similar improvements were
observed for other polycrystalline MOF membranes (e.g., CuBTC), highlighting the universality of addressing the
common defect issue in various MOF and polycrystalline membranes.

challenges that necessitate further investigation and resolution [3].
The primary mechanism facilitating effective separation in poly-

crystalline membranes relies on molecular transport through the selec-

tive pores. The presence of cracks and defects can severely compromise

1. Introduction

Membranes are a critical sustainable separation technology in the
renewable energy sector and the broader decarbonization efforts. Their

application spans a range of pivotal areas, including biogas upgrading to
biomethane, hydrogen infrastructure such as blue hydrogen production,
and carbon capture to mitigate the greenhouse gas emissions from in-
dustrial processes and power generation. By enhancing the efficiency of
these processes, membranes are indispensable in advancing renewable
energy solutions, achieving decarbonization goals, and contributing to
the reduction of the overall environmental footprint.

Within the realm of membrane materials, Metal-Organic Frame-
works (MOFs) have attracted considerable attention owing to their
exceptional structural adaptability [1], selective separation properties,
and facile synthesis protocols [2]. Nonetheless, the application of pure
MOF membranes at industrial scales is impeded by a myriad of
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the selectivity of these membranes. Consequently, it appears that the
currently achieved level of separation performance is limited predomi-
nantly by membrane defects rather than the inherent selectivity of the
pores. Current separation properties still fall considerably short of
theoretical values, and the inconsistency in membrane performance
among the same materials highlights this challenge [4,5]. Moreover, the
existence of defects reduces the stability of membranes, compromises
their reproducibility, and poses significant challenges to their scalability
[4]. Therefore, in addition to advances in material science and the
introduction of new MOF materials, there is a pressing need for inno-
vative approaches to reduce the density of defects within the
membranes.

Received 13 June 2025; Received in revised form 4 August 2025; Accepted 24 August 2025

Available online 26 August 2025

0376-7388/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-2989-0329
https://orcid.org/0000-0003-2989-0329
https://orcid.org/0000-0002-4284-6261
https://orcid.org/0000-0002-4284-6261
mailto:lei.ge@usq.edu.au
mailto:z.zhu@uq.edu.au
www.sciencedirect.com/science/journal/03767388
https://www.elsevier.com/locate/memsci
https://doi.org/10.1016/j.memsci.2025.124606
https://doi.org/10.1016/j.memsci.2025.124606
http://creativecommons.org/licenses/by/4.0/

F. Dorosti et al.

The efforts to mitigate defects in polycrystalline membranes can be
categorized into two main approaches: bottom-up synthetic control and
post-synthesis defect filling. The former strategy involves various tech-
niques to establish a higher degree of control over precursor reaction
speed, crystal formation, and crystal growth direction, with the ultimate
objective of reducing defect density. Examples of such methods include
contra-diffusion [6], secondary growth [7-10], confinement growth
[11,12], and electrochemical synthesis [13]. However, these method-
ologies are typically non-universal and necessitate customization for
specific types of MOF membranes.

On the other hand, post-synthesis defect filling entails employing
diverse materials and methodologies to fill the defects after the synthesis
process [14]. These methods have wider applicability and can be used
with various materials, providing more flexibility and allowing for se-
lective customization to target specific defect types. Moreover, these
methods mitigate the complexity associated with primary synthetic
methodologies, align well with existing membrane technologies, and are
suitable for commercially available MOF membranes. Some
post-synthesis modification techniques, such as polymer coating [15] or
infilling defects with substances like coke have been investigated in
various MOF and zeolite membranes [14,16,17]. While these materials
can effectively fill defects, they may block the substrate pores, leading to
a significant reduction in the active permeation area. Moreover, defects
can be sealed through secondary reactions to form selective materials,
either identical to the initial layer or distinct, such as filling defects with
MOFs, Covalent Organic Frameworks (COFs), or using ionic liquids. In
such methods, selectivity enhancement occurs for two primary reasons:
filling unselective defects and introducing additional selective materials
to the initial phase. However, in secondary growth techniques aimed at
defect filling, precise control over the reaction site is crucial to target
defect areas and prevent pore blockage or the formation of multiple
layers without a reduction in defect density. So, designing new strategies
and novel approaches to target the defects effectively is highly deman-
ded. A potential solution can be employing methods such as
contra-diffusion or interfacial reaction, which are prominent for their
self-regulation mechanism [18,19]. Nevertheless, another challenge
arises in these methods. The high capillary pressure within defects acts
as a barrier, impeding precursor diffusion into these regions and pre-
venting their crystallization within the defects. Therefore, innovative
methods and engineered techniques are required to effectively address
the issue of defects.

Here, we designed a novel technique to target the defect issue in
polycrystalline membranes. The Pressurized Counter Diffusion Process
(PCDP) has been introduced to regulate the crystal formation within the
membrane intercrystalline defects and enable a microstructure evolu-
tion in MOF membranes. Applying pressure to both sides of the mem-
brane alleviates capillary pressure within the defects, promoting the
infiltration of precursor species. This facilitates defect-site recrystalli-
zation, thereby reconstructing the membrane morphology and yielding
a uniform layer with sealed intercrystalline defects and enhanced per-
formance. This study demonstrates how minor modifications and tar-
geted engineering strategies can refine the microstructure of crystalline
membranes, leading to a substantial enhancement in their performance.

2. Materials and experiments
2.1. Materials

The a-Alumina substrate with a pore size of 70 nm was purchased
from Fraunhofer IKTS. The substrate was washed with ethanol and
acetone several times before use. All chemicals including Ethylene gly-
col, Ethanolamine, 2-methylimidazole (Hmim, 99.0 %), Zinc nitrate
hexahydrate (Zn(NO3)2.6H20 99.99 %), Zinc acetate dihydrate (Zn
(CH3C00)2.2H20 99.99 %), Copper(Il) nitrate trihydrate Cu(NOs3)2
3H,0, trimesic acid (H3BTC), fluorescein sodium salt, anhydrous
ethanol (>99.7 %), Acetone (99.0 %), were purchased from Sigma-
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Aldrich and used without further purification.

2.2. Fabrication of the PCDP ZIF membrane

A schematic diagram of the fabrication process of ZIF-8 has been
demonstrated in Fig. S2. A three-step procedure has been conducted to
ensure the fabrication of the compact ZIF membrane with reduced defect
density.

Step 1: Fabrication of zinc oxide-coated a-Alumina substrate: A so-
lution comprising 0.3 M zinc acetate dihydrate and 0.01 M etha-
nolamine in ethylene glycol was prepared, undergoing a thorough
mixing process at 70 °C for 2 h, yielding a slurry consisting of ZnO
particles. In the next step, the a-Alumina substrates were coated with
the prepared solution two times, employing spin-coating techniques
at a speed of 600 rpm. Following each coating procedure, the
membranes were dried at 100 °C for 1 h. The subsequent calcination
process for the ZnO layer was performed at 400 °C for 2 h using a
furnace.

Step 2: Fabrication of Initial ZIF membrane: The ZnO layer in the
ZnO-coated substrate initiates ZIF-8 nucleation and serves as a
sacrificial template/seed layer for ZIF formation. In this study, this
layer is referred to as the “ZnO-seed”. The transformation of the ZnO
layer into a ZIF-8 layer was achieved by immersing the ZnO-coated
substrate in a solution of 0.8 M Hmim in water within a 25 ml
Teflon-lined stainless-steel autoclave, maintaining a temperature of
90 °C for 24 h. The autoclave was gradually cooled to room tem-
perature, and the resultant membranes were thoroughly washed
with ethanol before being dried at 60 °C.

Step 3: Fabrication of PCDP ZIF: The PCDP ZIF is fabricated utilizing
the pressurized contra-diffusion method. The membranes from Step
2 were positioned at the center of a counter-diffusion cell. On one
side, a solution of 0.8 M Hmim in water was introduced, while the
other side was filled with a solution of 0.15 M zinc nitrate in water.
The membrane surface faced the Hmim side of the cell. Both sides of
the cell were connected to argon gas to apply the necessary pressure
and were situated in a beads heating bath to control temperature.
Equal pressure was maintained on both sides of the membrane to
prevent mechanical damage from pressure gradients and to keep the
reaction location stable and controllable. The modification process
was conducted under various conditions (temperature, pressure, and
time), as outlined in the experimental parameters detailed in the
Table 1. The final membranes were washed with ethanol and sub-
sequently dried at 60 °C.

2.3. Fabrication of the PCDP CuBTC membrane

The fabrication steps for the PCDP CuBTC membrane have been
shown in Fig. S3.

Step 1: Fabrication of Cu(OH); Modified a-Alumina Substrate: A
solution comprising 0.01 M copper nitrate trihydrate and 0.01 M
ethanoamine in water was continuously mixed, resulting in a
distinctive blue liquid. Subsequently, 1 ml of this seeding liquid was
vacuum-filtered onto a 1 cm diameter alumina substrate,

Table 1
Sample names and experimental conditions.
Sample name Temperature °C Pressure Time (hr)
Initial ZIF No Process
SG-ZIF Room No Pressure 72
PCDP ZIF Room 8 bar 72
PCDP ZIF-t Room 8 bar Variable (1-72)
HT-ZIF 80 8 bar 72
PCDP CuBTC Room 8 bar 72
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establishing a Cu(OH), seed layer. The coated substrate was dried at
room temperature for 1 h.

Step 2: Fabrication of Initial CuBTC membrane: The ZnO-coated
substrate was immersed in a solution containing 0.01 M trimesic
acid in a water/ethanol mixture (1:1) for 6 h at room temperature.
This facilitated the formation of a CuBTC layer on the substrate.
Step 3: Fabrication of PCDP CuBTC: The previously fabricated
membrane, originating from the prior step, was positioned within
the counter diffusion cell. The surface of the membrane was exposed
to a solution with a ligand concentration of 0.01 M in water/ethanol,
while the metal ions side featured a concentration of 0.02 M copper
nitrate trihydrate in water/ethanol. The membrane underwent
modification at room temperature, subject to 8 bar pressure, per-
sisting for 3 days on both sides of the membrane.

2.4. Characterization

Various analyses were conducted to characterize the morphology,
crystallinity, and properties of the fabricated membranes.

The SEM characterization employed a JEOL JSM-7800F SEM EBSD
instrument, with samples meticulously prepared on suitable holders and
coated with a Pt layer. For cross-section SEM images, membranes were
deliberately cracked before preparation. The membranes were fractured
in a controlled manner for SEM analysis by placing a blade-like object on
their surface and applying a sudden force. Although this fracturing
method is useful, there is still a risk of damaging the membrane structure
during the process. Therefore, for more sensitive analyses such as TEM
and 3D SEM, focused ion beam (FIB) was employed to prepare high-
quality cross-sections with minimal structural artifacts.

Surface roughness and topography were analyzed through AFM
analysis, conducted with the Bruker MultiMode 8-HR instrument.

XRD analysis, utilizing the Rigaku SmartLab instrument, was used to
study the crystallinity of membranes over an angle range of 5-60 with a
0.5°/min time per step.

FTIR analysis, conducted with a PerkinElmer Spectrum 100 instru-
ment, delved into the chemical bonds of the membrane, while an XPS
Kratos Axis Ultra photoelectron spectrometer characterized surface el-
ements, with detailed scans for Zn 2p, C 1s, N 1s, O 1s, and Al 2p
elements.

ZEISS LSM 900 upright laser scanning confocal microscopy was
employed to investigate the defect distribution in various samples. A dye
solution containing 0.1 M fluorescein sodium salt in water was utilized
for this test. To examine the effect of pressure on driving precursors into
the defects, three initial ZIF samples were placed in a pressurized
counter-diffusion cell. Both sides of the cell were filled with the afore-
mentioned dye solution. Subsequently, pressures of 0, 4, and 8 bars were
applied to both sides for three days. The prepared samples were then
analyzed using laser scanning confocal microscopy. Additionally, to
compare the defects in PCDP ZIF and Initial ZIF membranes, both were
soaked in the dye solution without pressure for three days before the
confocal microscopy test.

NX5000 FIB-SEM instrument and Amira software have been used to
reconstruct the 3D image of the fabricated membrane and investigate
the defect density.

Transmission electron microscopy (TEM) analysis was conducted
using the Hitachi HF5000 instrument to investigate the morphology of
the PCDP membrane. The sample was delaminated using the NX5000
FIB instrument.

2.5. Gas permeation test

2.5.1. Single gas permeation measurement

To assess the performance of the fabricated membranes, gas
permeation tests were conducted utilizing a constant volume setup, as
illustrated in Fig. S4. The membranes were securely placed in the
permeation cell, and the permeation of H, and N gases was measured at
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room temperature and 2 bar pressure.
The permeability and selectivity of the membranes were determined
using the following equation:

P*273'15 x 10 x VL y dp
760AT x (POX“) dt

14.7

@

Where P is the gas permeability in barrer (1 barrer = 1 x 10-10 em®
(STP) cm em ™2 s ! em Hg_l), A is the effective area of the membrane
(cmz), T is the absolute temperature (K), V is the volume of the down-
stream chamber (cm3), L is the membrane thickness (cm), PO is the feed
pressure (psi), and dp/dt is the steady rate of pressure increase in the
downstream side (mmHg.s’l).

_Pa

=5 (2)

Where «a is the ideal selectivity of the membrane. Py and Py are the
permeabilities of pure A and B gases, respectively. Each sample was
tested twice, and the average result was reported.

2.5.2. Mixed gas permeation measurement

In order to explore the molecular interaction among gas molecules
during gas transport through the membrane, a mixed gas permeation
experiment was performed utilizing a gas mixture consisting of 50 %
hydrogen (Hy) and 50 % nitrogen (N3) by volume. The total perme-
ability across the membrane was measured using the constant volume
method, employing Equation (1) under a pressure of 2 bar. To analyze
the composition of the gas mixture, a representative sample of the
permeate gas was subjected to gas chromatography (GC) using Ar as the
sweep gas. Subsequently, the selectivity and permeability of each gas
were determined by employing the following equations:

<yl>
Yi
Permeate ( 3)

Yi
Yi

aij:

Feed
Pi=P, xy; ()]

Where « is the selectivity, y is the volume percent of each component in
permeate and feed gas, Pt is the total permeability, and pi is the
permeability of each component.

Two samples of the final PCDP ZIF were tested for the mixed gas test,
and each sample was tested twice. The average result is reported in
Table S4.

3. Results and discussion
3.1. Main findings

The schematic of the proposed PCDP is illustrated in Fig. 1a. The
PCDP follows three main steps: accumulation of precursors in the defects
by overcoming capillary pressure owing to the high-pressure environ-
ment, followed by the interfacial reaction of precursors within these
areas, breaking the initial crystalline structure, recrystallization, and
ultimately, Ostwald ripening to smooth the surface, minimize defects,
and induce morphological alterations. Fig. 1b and c depict the SEM
images of the membrane, representative of a typical ZIF-8 membrane,
whose microstructure reflects the prior literature observation [20-23].
Upon treatment with PCDP, the membrane’s microstructure undergoes
reconstruction, resulting in the formation of a uniform layer character-
ized by sealed intercrystalline defects and the elimination of grain
boundary defects, as evidenced by SEM images (Fig. 1d and e). More-
over, the transmission electron microscopy (TEM) analysis of the PCDP
membrane revealed a uniform ZIF-8 layer with no visible defects,
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Fig. 1. Pressurized Counter Diffusion Process (PCDP), structure and performance. (a) The schematic view of the Pressurized Counter Diffusion Process, (c,d)
Cross section and (b,e) Surface SEM images of membranes, (b,c) Initial ZIF, (d,e) PCDP ZIF, (f) TEM and EDX mapping of PCDP membrane, (g) Hy/N; separation
results of the Initial and PCDP ZIF-8 membranes compared to other MOF membranes in literature [24-32]. Blue star: Initial ZIF and purple star: PCDP ZIF. (h) The
FIB-SEM 3D reconstruction of the ZIF-8 membrane (Initial and PCDP samples) highlights the significant decrease in defect density. Segment color: Purple: ZIF
crystals, Green: substrate, and Dark blue: defects. (i) Fluorescent Confocal Optical Microscopy (FCOM) test results, Initial and PCDP ZIF. Image with green lights:
processed surface image using the “find edge” method. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 2. Further analysis results on membrane morphology and compositions. (a) Defects connectivity using FIB-SEM for the initial ZIF and the PCDP ZIF, (b) the
coordination number of defects segments in the initial ZIF and the PCDP ZIF (c) Surface SEM images (d) AFM surface topology images and roughness (e) XRD pattern
and crystallinity peaks between 5° and 60° and with 0.5°/min time per step, (f) XPS elemental percentage for Zn2p, Al2p, N1s, Cls, and O1s, and (g) FTIR spectra of
the samples in each fabrication step.
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confirming the self-healing capability of this method (Fig. 1f and Fig. S7
and S8).

The resulting ZIF membrane using this technique (named PCDP ZIF)
exhibited a significant increase in Hy/Nj selectivity, accompanied by a
reduction in Hy permeation due to defect and crack filling (Fig. 1g). The
Ha/Nj selectivity increased from 2.5 to 41.3 (more than 16 times higher)
after the defect healing process. Additionally, the N, permeation in this
membrane is two orders of magnitude lower than the initial ZIF,
providing evidence for defect sealing and hindrance of N2 molecules,
thereby enhancing the molecular sieving effect. The comparative anal-
ysis of the performance of the PCDP ZIF against the initial ZIF and prior
research on ZIF-8 indicates a significant enhancement in the membrane
performance. The 3D reconstruction of the PCDP ZIF membrane, con-
ducted utilizing focused ion beam scanning electron microscopy (FIB-
SEM), revealed the remarkable healing of 91 % of cracks and defects
(defect density from 10 % to 0.89 %) after using the PCDP (Fig. 1h,
Fig. S9). The significant healing of defects was also confirmed by the
Fluorescent Confocal Optical Microscopy (FCOM) test results (Fig. 1i),
which enables the scanning of a large membrane area. The intensified
bright regions spanning from the top to the bottom part confirm the
existence of numerous defects within the initial membrane. Using image
analysis, intercrystalline defects and crystalline edges can be observed
clearly in the initial ZIF sample. By sealing these defects with PCDP, the
transportation of dye molecules was impeded, preventing their diffusion
into the underlying layers and even into the larger substrate pores.
Consequently, a notable decrease in the bright areas as well as inter-
crystalline defects is observed in the PCDP ZIF sample, as evidenced in
both surface and cross-sectional imagery.

Apart from total defect volume and density, defect connectivity is
also important in determining the fluid pathway and final membrane
selectivity. Interconnected defects that form unselective pathways
through the membrane can greatly reduce selectivity, while isolated
defects have a minor impact on membrane performance [33]. To
compare defect connectivity in the initial and PCDP ZIF membranes,
FIB-SEM 3D reconstruction and image processing were carried out
(Fig. 2a). The extracted data revealed defect segments and their coor-
dination numbers, where the coordination number indicates the number
of neighboring defects for each segment. Defects with a coordination
number of 1 can be considered isolated, unable to create unselective
voids across the membrane, and have a negligible impact on membrane
selectivity. The defect connectivity (Fig. 2b) results showed that 92 % of
the residual defects in the PCDP ZIF had a coordination number of 1. In
contrast, in the initial ZIF, 42 % of defect segments exhibited high co-
ordination numbers, which can significantly reduce selectivity.

The changes in morphology and composition at various stages of
fabrication are illustrated in Fig. 2c-g. The initial membrane was syn-
thesized through the typical conversion of a ZnO-seeded substrate via a
hydrothermal synthesis method, as reported in previous literature.
Subsequently, pressurized counter-diffusion was applied using PCDP to
reconstruct the membrane’s microstructure, reduce defect density, and
enhance membrane selectivity. Atomic Force Microscopy (AFM) anal-
ysis revealed an increase in substrate roughness following seeding with
ZnO particles, with the Ra value rising from 32.5 nm in the substrate to
89.8 nm post-seeding. This augmentation in roughness effectively en-
hances adhesion between the ZIF layer and substrate, thereby facili-
tating heterogeneous nucleation. After the formation of the MOF layer
via the hydrothermal method, membrane roughness reached Ra 175 nm,
indicative of non-uniform particle growth in diverse directions and the
manifestation of various defects. After microstructure evolution using
PCDP, membrane roughness decreased to Ra 106 nm, suggesting the
mitigation of defects and amalgamation of previously formed particles
owing to precursor reaction within intercrystalline defects, thereby
promoting the formation of a more homogeneous layer.

The XRD results (Fig. 2e) revealed the preservation of crystalline
structure in membranes during the membrane reconstruction process,
with identical ZIF-8 peaks visible in both initial and PCDP samples.
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Additionally, the presence of residual ZnO peaks in the ZIF membranes
shows the existence of a few ZnO particles within substrate pores. XPS
results (Fig. 2f) for both initial and PCDP ZIF exhibited negligible Al
peaks, confirming complete substrate coverage with the ZIF layer.
However, heightened intensities of Zn and N peaks in PCDP ZIF mem-
branes indicated enhanced MOF formation. Similar results were
observed in FTIR analysis (Fig. 2g), with intensified ZIF peaks, such as
C-N aromatic at 1162 cm™! and C-N bending at 1021 cm ™}, detected in
PCDP ZIF.

3.2. Mechanism

3.2.1. Regulating the reaction location

Targeting the intercrystalline defects requires precise regulation of
precursor delivery into these defects. However, the capillary pressure
within the defects acts as a barrier to precursor diffusion. To overcome
the capillary pressure and address this challenge, temperature and
pressure should be controlled effectively. These two parameters criti-
cally influence the delivery of precursors and the location of
crystallization.

As depicted in Fig. 3a, without the application of pressure, the re-
actants can still diffuse through the large defects; however, they tend to
react on the surface of the first layer rather than filling the defects,
resulting in a multiple-layered structure with insufficient density and
compactness. By applying pressure to both sides of the substrate, the
reactants can overcome the capillary pressure within the defects, facil-
itating reactions in these areas. The computational fluid dynamics (CFD)
simulation clarifies the ligand distribution within intercrystalline de-
fects, supporting this phenomenon, as depicted in Fig. 3b. The CFD
outcomes of the MOF membrane in the absence of any applied pressure
reveal near-zero fluid velocity within the defects, while higher fluid
velocity is observed at the top of MOF particles, favorable for the for-
mation of particles on top of the initial layer, as confirmed by the SEM
imaging in Fig. 3c. Applying a relatively higher pressure of 8 bar causes a
significant enhancement in fluid velocity within the intercrystalline
defects, thereby amplifying the likelihood of MOF nucleation within
these gaps. Furthermore, since ligands have a larger size compared to
metal ions, they are less likely to diffuse into defects. The application of
pressure leads to an increased concentration of ligand molecules in the
defects, which, in turn, reduces the possibility of lattice defect formation
by providing excess ligand molecules in these targeted locations [34].

It is important to note that, even in the PCDP method, the pressure is
kept equal on both sides of the membrane. As a result, there is no
pressure gradient to drive precursor transport through the membrane,
and ion movement occurs primarily due to the concentration gradient.
Therefore, the ion transport from one side of the membrane to the other
remains similar in both pressurized and non-pressurized processes. The
main role of pressure is in aiding membrane reconstruction by creating a
local pressure gradient across the surface and within the defects, rather
than across the membrane itself.

To explore the impact of pressure on mitigating capillary pressure
within intercrystalline defects, an FCOM investigation was undertaken.
Three initial ZIF samples, each containing several intercrystalline de-
fects, were immersed in the dye for three days under varying pressure
conditions (0, 4 bar, and 8 bar). As depicted in Fig. 3d-f, the intensity of
the brightest sections increased proportionally with the elevation of
pressure, indicative of a greater extent of dye penetration into the de-
fects. Notably, at a pressure of 8 bar, a uniform golden hue was observed
both on the surface and in the cross-sectional analysis, confirming the
diffusion of dye into smaller defects that were previously inaccessible
under zero-pressure conditions. These results confirm that at 8 bar
pressure, smaller defects can be accessed by precursors for crystal
growth.

To compare the dye immersion results with PCDP-ZIF, this recon-
structed membrane was also immersed in dye for 3 days under 8 bar
pressure. The FCOM results (Fig. S10) showed only minor diffusion of
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dye solution under various pressures: d: without pressure, e: 4 bar pressure, f: 8 bar pressure.

dye molecules, confirming substantial sealing of the defects. Based on
FCOM analysis and derived compact membrane structure (Fig. 3e, f), a
pressure of 8 bar is sufficient for distributing the precursor into small
defects for the following crystal growth. However, precursor delivery
into all small defects may require significantly higher pressure, neces-
sitating caution at such elevated levels. Excessive pressure can force
precursors beyond the primary MOF layer, potentially blocking the
substrate pores, as indicated by some crystal growth within the sub-
strate, even at 8 bar. This is supported by the EDX and TEM results of the
PCDP ZIF shown in Fig. S11. Therefore, the pressure was not increased
further.

The grown ZIF using the non-pressurized PCDP method also
improved Hj selectivity, attributed to the filling of large cracks and
defects. This derived membrane also exhibited a 2.8-fold increase in Hy/
Ny selectivity compared to the initial ZIF membrane, but significantly
lower than the selectivity of the PCDP ZIF derived from the pressurized
PCDP method (Table S3).

Temperature is another crucial parameter that can alter the delivery

of precursors. Elevated temperatures enhance both the diffusion rate of
precursors and the crystal growth rate. The accelerated diffusion and
crystallization of precursors at an elevated temperature of 80 °C result in
probable reactions within the substrate pores, as evidenced by the cross-
sectional SEM image (Fig. S12). Moreover, the decrease in membrane
permeability with lower selectivity compared to room temperature
PCDP ZIF confirms that the reaction location has shifted from the MOF
layer defects into the substrate pores. Consequently, membranes modi-
fied at 80 °C demonstrated 72 % lower permeation and 66 % less
selectivity compared to the room temperature PCDP ZIF (Table S3).

3.2.2. Morphology evolution mechanism

A time-dependent study was conducted to better understand the
mechanism behind the morphological reconstruction of the ZIF layer
using this strategy. It is found that this transformed morphology is
driven by the combined effects of these four parameters: 1. ligand and
water-induced decomposition under high pressure, 2. Formation of 2D
nucleation sites, 3. Overcoming of capillary pressure within defects, and
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4. The Ostwald ripening mechanism (Fig. 4a).

During the first hour of the reaction, the presence of a high con-
centration of ligand (Hmim) under high pressure leads to the decom-
position of the initial ZIF crystals. Hmim in aqueous solution may
interact with Zn?>" nodes in ZIF-8, weakening the Zn-N coordination
bonds and promoting partial dissolution. Additionally, water can break
the Zn-N bonds through the hydrolysis process of ZIF-8, contributing to
this decomposing mechanism [35]. These unsaturated metal ions have
an affinity to coordinate with deprotonated mim-, forming new ZIF-8
nucleation sites. As some Zn?" ions are released from the initial MOF
and some others diffuse from the opposite side of the counter cell, their
concentration increases, resulting in a high Zn/ligand ratio. This altered
Zn/ligand ratio leads to the formation of nanosheets and small 2D ZIF
structures as nucleation sites (Fig. 4b- PCDP-ZIF-1hr). On the other
hand, the decomposition of the initial ZIF-8 layer begins with the outer
crystalline layer and progresses inward, making the diffusion rate of the
ligand and water critical. By applying pressure to both sides of the
substrate, the mim-/water not only can diffuse deeper and faster into the
deeper layers of the initial MOF to recrystallize but also can overcome
the capillary pressure within the defects, facilitating reactions in these
areas. In the next step, the high surface energy of the small 2D crystals
leads to an Ostwald ripening mechanism, where the small particles
merge to form larger ZIF-8 particles [36], as evidenced by SEM images of
PCDP-ZIF-3hr in Fig. 4b. The recrystallization of ZIF-8 and its merging
through Ostwald ripening continues until thermodynamic equilibrium is
reached. During this process, the reconstruction of the MOF layer fills
and heals most of the large defects and intercrystalline gaps.

After 24 h of reaction, most intercrystalline defects have been sealed,
confirmed by the hydrogen selectivity of 25 (Table S3), while still, the
top surface of the crystals is under the condition of hydrolysis and
nucleation, forming a separate layer of small ZIF-8 crystals (Fig. 4b-
(PCDP-ZIF-24hr). Based on the XRD results of PCDP-ZIF-24hr (Fig. S13)
and the presence of characteristic ZIF-8 peaks, this top layer can still be
identified as ZIF-8 seeds. Gradually, the healed defects block the trans-
portation of Zn?* from the opposite side of the contra cell. In a steady
condition after 3 days of reaction, the 200 nm top layer joins the bottom
layer in an Ostwald ripening process and results in a uniform ZIF-8 layer
with minimum defects.

It is worth mentioning that, in PCDP-ZIF (Fig. 4b-PCDP-ZIF), the
intercrystalline pores appear filled with a gel-like or less crystalline
material in the SEM images. However, the strong and sharp ZIF-8 peaks
in PCDP-ZIF XRD results (Fig. 2e) suggest that the filling material is
indeed crystalline ZIF-8. We attribute the gel-like appearance to the slow
recrystallization of ZIF-8 from a transient phase, which can form under
high ligand concentration and pressure during the PCDP process [37].
This process creates a thin conformal layer that fills grain boundary
defects and intercrystalline gaps, leading to a smoother, gel-like
morphology on the surface, while maintaining crystallinity in the bulk.

To assess the universality of the PCDP methodology, this strategy has
been employed to enhance the properties of the CuBTC membrane. The
initial CuBTC membrane was fabricated using Cu(OH); seed layer and a
solvothermal reaction at room temperature. Similar results have been
attained in the PCDP-CuBTC membrane. Conducting the secondary
growth in the contra-diffusion apparatus without applying pressure led
to the significant filling of large voids and cracks, however, the miti-
gation of smaller defects was impeded by capillary pressure resistance.
Additionally, the deposition of fine particles atop the initial CuBTC layer
revealed that after the filling of large cracks, the reaction place changed
to the top of the initial layer, not in the defects (Fig. S16b). Conversely,
the membrane subjected to PCDP for 3 days at 8 bar pressure exhibited a
uniform structure characterized by minimal defects, as depicted in
Figure S126¢. XRD analyses of the membranes exhibited distinct peaks
corresponding to CuBTC both before and after the modification pro-
cedures (Fig. S16d). Using the image analysis to quantify the percentage
of defects, similar to the PCDP ZIF growth (Fig. S17), the remarkable
healing of 98.8 % of cracks and defects (defect density from 24 % to 0.3
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%) can be observed after using the PCDP for CuBTC membrane
(Fig. S16e).

4. Conclusion

Despite the high potential of molecular sieving membranes in
renewable energy and low-carbon footprint technologies, the presence
of defects and cracks compromises their performance and scalability.
This study introduces a novel pressurized counter-diffusion process
(PCDP) for microstructure reconstruction of MOF membranes, effec-
tively addressing the persistent challenge of defects and cracks. By
precisely controlling the reaction location, applying high pressure, and
inducing recrystallization and microstructure transformation, we ach-
ieve a uniform MOF layer with reduced intercrystalline defects. Opti-
mization of key parameters such as temperature, pressure, and precursor
concentration facilitated effective morphology transformation,
enhancing the separation performance of MOF membranes. The result-
ing PCDP ZIF membrane demonstrated a remarkable Ho/N5 selectivity
of 41, compared to just 2.5 for the initial ZIF membrane. Additionally,
the process successfully sealed 91 % of intercrystalline defects, show-
casing its effectiveness. The successful fabrication of a PCDP-CuBTC
membrane further underscores the universality and adaptability of
this method across various materials. These findings not only deepen our
understanding of membrane recrystallization processes but also high-
light the potential of PCDP to enhance the selectivity of various MOF and
polycrystalline membranes in practical applications.
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