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Figure 1 (Color online) Membrane preparation, structure regulation and gas separation of nanofluidic membranes
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Figure 2 (Color online) Fabrication of nanofluidic membranes with in-situ growth method. (a) Schematic illustration for the nanofluidic HOF
membranes for osmotic energy conversion®>), Copyright © 2024, Wiley-VCH; (b) schematic illustration of the fabrication of 3D-Azo-COF composite
membranes®”, Copyright © 2025, The American Association for the Advancement of Science
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Figure 3 (Color online) Fabrication of nanofluidic membranes with vacuum filtration method. (a) Schematic diagram of the preparation of TGCI-
DMTP nanosheets membrane!**, Copyright © 2024, Wiley-VCH. (b) Schematic illustration of the preparation process of stacked 2D COF
membranes*?, Copyright © 2024, American Chemical Society. (c) Schematic illustration of the preparation of ZIF-8@TB-COF membranes through

vacuum-assisted growth**!, Copyright © 2024, Wiley-VCH
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Figure 4 (Color online) Fabrication of nanofluidic membranes with spin-coating method. (a) Fabrication process of the UPC-HOF-6 membrane
through simple solution-processing method™*®!, Copyright © 2019, Wiley-VCH. (b) Schematic of the mixed-matrix membrane (MMM) fabricated by a
solid-solvent processing (SSP) strategy™®, Copyright © 2023, The American Association for the Advancement of Science. (c) Solution-based

fabrication of PFC-73 films*”), Copyright © 2023, Wiley-VCH
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Figure 5 (Color online) Modulation of size effects in nanofluidic membranes. (a) Schematic illustration of the synthesis of mixed-linker ZIF-7,-8
membranes on AAO in one step via FCDSP*!, Copyright © 2019, Wiley-VCH. (b) Scheme of different stacking modes of covalent organic nanosheet
(CON) membranes™, Copyright © 2020, American Chemical Society. (c) Schematic illustration of the precise regulation of pore size in nanofluidic
HOF membranes via decreasing the length of organic linkers and its application in high-performance ternary gas separation®*!, Copyright © 2025,

American Chemical Society
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Figure 6 (Color online) Modulation of specific adsorption effects in nanofluidic membranes. (a) Synthetic routes and chemical structures of TP-ND,
TPIQD, and TFB-IQD COFs**], Copyright © 2023, Wiley-VCH. (b) Schematic illustration of the fabrication of UiO-66 and Ui0-66-(X), (X =NH,, SH,

OH, and OMe) membranes®®, Copyright © 2024, Springer Nature
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Figure 7 (Color online) Modulation of surface charge effects in nanofluidic membranes. (a) Schematic representations of pCN membrane
preparation'®), Copyright © 2022, Springer Nature. (b) Schematic depiction of the fabrication process of positively charged (PEI-TMC)-NH, membrane
and negatively charged (PEI-TMC)-COOH membrane via solvent induced dipole—dipole interactions!®™), Copyright © 2024, American Chemical
Society. (c) Schematic diagram of the preparation of the membrane and ion transport mechanism through TpEBr and TpPa-SO;H!®®), Copyright © 2024,

Wiley-VCH
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Figure 8 (Color online) Investigation of hydrogen purification performance in nanofluidic membranes. (a) Schematic illustration depicting the pyro-
layering approach and gas molecule transport through the BNG membrane!""!, Copyright © 2023, Springer Nature. (b) The procedure for the preparation
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Nanofluidic membranes: fabrication and structural regulation
for gas separation

Huijie Wang & Chen Wang
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* Corresponding author, E-mail: wangchen@njnu.edu.cn

With the escalating severity of global warming and environmental degradation, reducing carbon emissions and transitioning to clean
energy sources have become imperative. Hydrogen (H,) has emerged as one of the most promising alternative energy carriers, owing
to its high energy density and zero carbon emission during utilization, and its combustion only produces water as a byproduct, which
makes it compatible with the global carbon neutrality goal. Currently, methane steam reforming coupled with water-gas shift reactions
dominates industrial hydrogen production processes, where carbon dioxide (CO,) is the primary byproduct. To obtain high-purity
hydrogen meeting industrial standards, efficient separation of H,/CO, mixtures is a critical prerequisite, which also falls into the
typical pre-combustion carbon capture scenario and holds great significance for advancing low-carbon energy systems. Conventional
separation technologies for Hy/CO, mixtures include distillation, adsorption, extraction, and crystallization. However, these methods
are often plagued by high energy consumption, complex operational procedures, and large spatial footprints, severely limiting their
sustainability in large-scale industrial applications. In contrast, membrane-based separation technology, especially the emerging
nanofluidic membrane separation, has garnered extensive attention due to its inherent advantages of high selectivity, low energy
requirements, compact equipment, and simple operation. Nanofluidic membranes have designable nanoporous structures and tunable
physicochemical properties, making them an ideal platform for precise molecular/ionic sieving and efficient mass transport in
separation processes. Specifically, the pore size of nanofluidic membranes can be tailored to match the kinetic diameters of H, and
CO, molecules, while their surface charge properties, pore structure parameters, and chemical microenvironments can be accurately
regulated. Such precise structural and chemical modulations enable selective permeation of target gas molecules (e.g., H,) and
effective rejection of impurities (e.g., CO,), thereby achieving high-efficiency separation. Nevertheless, the practical application of
nanofluidic membranes still faces a pivotal challenge in fabricating membranes that exhibit high selectivity, high permeability, and
long-term operational stability simultaneously. To address this issue and provide systematic guidance for the development of advanced
separation membranes, this review comprehensively summarizes the recent progress of nanofluidic membranes in gas separation,
focusing specifically on their application in hydrogen purification. First, the cutting-edge fabrication strategies of nanofluidic
membranes are elaborated, including in-sifu growth, vacuum filtration, and spin-coating techniques, with a focus on the advantages
and limitations of each method in regulating membrane structure and performance. Second, we systematically examine the design
principles of nanofluidic membranes for selective separation, focusing on precise structural regulation through size exclusion, surface
charge design, and specific adsorption mechanisms. Third, recent breakthroughs in nanofluidic membranes, particularly for high-
purity hydrogen recovery, are analyzed. This analysis highlights the established structure-performance relationships and the
underlying separation mechanisms, which collectively demonstrate the potential of these membranes to overcome traditional
limitations and achieve superior separation performance. Finally, we delve into the practical potential of nanofluidic membranes and
provide critical perspectives on the key scientific and technological challenges that must be addressed to advance their industrial
application. These challenges include developing scalable and reproducible fabrication processes, enhancing membrane stability
under harsh operating conditions, and optimizing the balance between selectivity and permeability. Addressing these challenges holds
the promise of revolutionizing gas separation technologies and significantly contributing to the global transition towards sustainable
energy solutions. Overall, this review serves as a comprehensive guide for developing next-generation separation membranes through
rational nanofluidic engineering strategies. It highlights the importance of interdisciplinary research and collaborative efforts in
advancing the field of nanofluidic membranes, ultimately paving the way for their widespread adoption to address pressing
environmental and energy challenges.

nanofluidic membrane, gas separation, hydrogen purification, fabrication, structural modulation
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