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Fig. S1 Nanofiber fabrication methods for in situ visualization.
The detailed fabrication procedure is provided in the main text.
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Fig. S2 In situ observation system.
The experimental parameters and details for the in situ observation are provided in the main text.
[image: ]Fig. S3 In situ observation of the evolution of microdroplets on PAN fibers with different diameters, stages 0-5 represent the sequential adhesion and growth behaviors of droplets during the wetting process.
As the PAN fiber diameter increases (0.24–3.26 μm), the droplet array becomes progressively sparser: the inter-droplet spacing increases and the number of adhered droplets decreases, while the system ultimately evolves into fewer, larger bead-like droplets at the later stages (Stage 4–5). This trend can be rationalized by a curvature effect. Finer fibers (higher curvature) facilitate droplet nucleation, leading to a denser and more uniform distribution of microdroplets. In contrast, coarser-fibers (lower curvature) suppress nucleation but favor liquid film formation; consequently, nascent small droplets spread rapidly upon contact and are readily swept into/merged with pre-existing larger nuclei, resulting in the growth of dominant droplets.
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Fig. S4 Distribution characteristics of droplets on the PAN fiber at different stages: (a)–(c) evolution of droplet spacing along the fiber direction at various stages; (d) droplet number distribution.
For the fiber diameters investigated, the overall droplet spacing increases while the droplet count decreases as the stages progress. Coarser PAN fibers exhibit larger inter-droplet spacing and fewer adhered droplets, consistent with a reduced nucleation density on lower curvature substrates and the enhanced propensity for droplet coalescence/spreading. All statistics were obtained from image analysis using Image J.
[image: ]Fig. S5 In situ observation of the evolution of microdroplets on PVDF fibers with different diameters; stages 0–5 represent the sequential adhesion and growth behaviors of droplets during the wetting process.
Microdroplets on PVDF fibers are randomly and discretely distributed and remain highly spherical throughout the evolution, indicating that three-phase contact line extension is constrained on the hydrophobic surface and that droplets tend to minimize the liquid–solid interfacial contact area. As the PVDF fiber diameter increases from 0.35 to 2.24 μm, the inter-droplet spacing increases while the number of adhered droplets decreases; meanwhile, droplet growth occurs primarily via contact and coalescence.
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Fig. S6 Distribution characteristics of droplets on the PVDF fiber at different stages: (a)–(d) evolution of droplet spacing along the fiber direction at various stages; (e) droplet number distribution.
For the PVDF fiber diameters investigated, the inter-droplet spacing increases while the droplet count decreases with increasing fiber diameter and stage progression, consistent with the reduced nucleation density on lower curvature fibers. Droplets on PVDF remain highly spherical overall and predominantly exhibit non-axisymmetric conformations.
[image: ]Fig. S7 Distribution characteristics of droplets on fibers at different stages: (a)–(d) histograms of droplet diameter distributions across different stages.
A comparison across PVDF fibers with different diameters shows that smaller diameter fibers (higher curvature) more readily promote droplet nucleation, leading to the formation of a larger population of small microdroplets Ddroplet ≤10 μm. As the fiber diameter increases and the curvature decreases, the nucleation energy barrier rises markedly, resulting in a pronounced reduction in the number of small droplets from Stage 1 to Stage 5, with droplets smaller than 10 μm being particularly depleted.


[image: ]Fig. S8 Fluorescence visualization of droplet adhesion evolution on a single fiber: (a) PAN and (b) PVDF.
Fluorescence-based in situ visualization was used to compare how water droplets adhere to and evaporate on hydrophilic PAN fibers versus hydrophobic PVDF fibers (Figure S8). For clear fluorescence imaging, single fibers were prepared by wet spinning. Both PAN and PVDF fibers had diameters in the range of 200–250 μm, and the droplet volume was fixed at 2 μL.
On the hydrophilic PAN fiber (Fig. S8(a)), the droplet spreads easily. It wraps around the fiber to form a continuous liquid film and then extends along the fiber axis. Because the droplet is relatively large, gravity affects its shape, so the droplet is not perfectly axisymmetric even though it remains attached. This spreading increases the gas–liquid interfacial area, leading to faster evaporation; the droplet disappears after ~15 min.
On the hydrophobic PVDF fiber (Fig. S8(b)), the droplet does not spread to both sides. Instead, it stays near its initial position and evaporates locally. Fluorescence images show that the liquid–solid contact line hardly moves during evaporation, and the evaporation is much slower, taking ~50 min to complete. These results clearly demonstrate that wettability strongly controls droplet spreading patterns, interfacial shape, and evaporation rate: PAN promotes film formation and fast evaporation, whereas PVDF restricts contact-line motion, keeps droplets more spherical, and slows evaporation.
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Fig. S9 (a)–(c) Simulated time evolution of droplet shape on three representative fiber configurations (Models I–III), pseudocolor contours map the instantaneous internal velocity magnitude (m·s⁻¹); (d) side-view droplet morphologies and corresponding schematic migration pathways at successive stages (I–IV) on the Model-II configuration; (e) time-dependent surface energy of droplets on Models I–III.
To interpret these observations, we used COMSOL Multiphysics to construct three fiber configurations: Model-I (three fine-fibers), Model-II (three coarse-fibers), and Model-III (one coarse-fiber flanked by two fine-fibers), coupling the Navier–Stokes and phase-field equations to analyze internal flow and surface-energy evolution (Figs. S9(a)–(c)). In the symmetric Models-I and II, as soon as a droplet contacts a hydrophilic fiber surface, the high surface energy drives rapid liquid extension toward the contact region, inducing transient high-speed flow. The liquid extends along the fiber axis while gradually wrapping the fiber longitudinally, forming an axisymmetric conformation and then reaching equilibrium.
In Model-I (fine-fibers), the limited contact area and stronger curvature-related resistance slow spreading; thus, the high-speed region remains confined near the contact zone. In Model-II (coarse-fibers), a larger spreading surface and stronger capillary traction induce high-speed flow over a wider axial range. The side-view morphologies and schematic migration pathway of Model-II further show that the droplet rapidly extends along the coarse fibers and progressively wraps around them, forming a more continuous spreading configuration (Fig. S9(d)). The droplet contact line reaches its maximum length in only 0.6 ×10-5 s, much faster than 1.6 ×10-5 s. in the fine-fiber model. This directly demonstrates that coarse-fibers play a dominant role in guiding rapid spreading and establishing stable transport pathways.
In the asymmetric Model-III (Fig. S9(c)), geometric asymmetry triggers directional migration: the coarse-fiber acts like a liquid pump, continuously drawing liquid from the adjacent fine-fiber side toward itself and sustaining extension along both sides. Surface energy evolution provides quantitative support (Fig. S9(e)): after equilibrium, Model-I exhibits a slightly higher surface energy and a slower approach to steady state, indicating a more spherical droplet and suppressed spreading; Model-II shows faster decay and stabilization, reflecting spreading promoted by coarse-fibers; and Model-III reaches the lowest final surface energy, indicating more complete spreading and greater interfacial energy release enabled by asymmetric directional spreading.
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Fig. S10 (a)–(b) Simulated droplet adhesion on hydrophobic fibers with inter-fiber spacings of (a) 1 μm and (b) 2 μm, with a fiber diameter of 500 nm.
As shown in Figure S10, droplets on hydrophobic fibers remain nearly spherical at both inter-fiber spacings (1 and 2 μm), with only slight local deformation near the contact region. No stable liquid bridge forms between adjacent fibers, and the increase in spacing causes only a limited change in droplet behavior. This indicates that, for hydrophobic fibers, intrinsic low surface energy dominates the transport process and weakens the influence of inter-fiber spacing on droplet spreading.
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Fig. S11 Thickness evolution of electrospun membranes as a function of spinning duration: (a)–(e) PAN membranes prepared from five different concentrations (PAN-1 to PAN-5, respectively); (f) PVDF membrane.
To characterize the cumulative build-up of the electrospun membranes with spinning time, the thickness of PAN (PAN-1–PAN-5) and PVDF membranes was recorded at 15 min intervals during electrospinning. Membrane thickness was measured using a thickness gauge (micrometer) at multiple locations on each membrane to minimize errors arising from thickness nonuniformity.
[image: ]Fig. S12 (a) X-ray diffraction patterns of PAN-1–PAN-5; (b) fourier transform infrared spectra of PAN-1–PAN-5. 
XRD patterns of PAN-1 to PAN-5 are dominated by a broad diffuse halo without discernible sharp Bragg reflections, indicating an overall amorphous/low-crystallinity structure. This signature agrees with prior reports on electrospun PAN fibers, which typically exhibit a broadened band around 2θ ≈ 16–18° attributed to limited short-range ordering of PAN chains; the pronounced peak broadening reflects inhibited crystallization and the predominance of amorphous domains. Importantly, the diffraction profiles and peak positions remain essentially identical for all five samples, demonstrating that changing the fiber diameter does not induce new crystalline phases or appreciably alter the crystalline characteristics of PAN. Accordingly, any subsequent differences in performance can be primarily ascribed to variations in fiber scale (diameter-associated pore architecture), rather than changes in crystallinity.
FTIR spectra further confirm the invariance of chemical composition from PAN-1 to PAN-5. All spectra nearly overlap and display the characteristic absorptions of PAN, including the –C≡N stretching band at ~2240–2246 cm⁻¹, aliphatic C–H stretching bands at ~2868–2959 cm⁻¹, and the –CH₂ deformation band at ~1459 cm⁻¹. No additional functional-group bands or meaningful peak shifts are observed across samples of different diameters. Collectively, the combined XRD and FTIR results (Figure S12) verify that the PAN series differs mainly in fiber diameter (morphology), while both chemical composition and crystalline structure remain essentially unchanged.
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Fig. S13 Transient pressure distribution (Pa) during droplet spreading and penetration through membranes with different layered architectures; (a)–(e) show the pressure evolution for JM2, JM5, JM-CF, JM-FC, and JM-BFM, respectively; the horizontal axis represents successive time steps (×10⁻⁵ s), and snapshots I–V illustrate the time evolution of the process; the color scale indicates the local pressure level, where red denotes positive (high) pressure and blue denotes negative (low) pressure; in each panel, the top layer is the hydrophobic PVDF fibrous layer, while the underlying layers are hydrophilic PAN fibers assembled from different combinations of PAN-1 and PAN-5 sublayers.
To clarify how hierarchical layering controls droplet permeation and mass transfer, we built a 2D multiphase-flow model in COMSOL Multiphysics to track the transient pressure and velocity fields during droplet spreading and through-thickness penetration in five membranes (JM2, JM5, JM-CF, JM-FC, and JM-BFM). Membrane thickness and porosity were kept identical in all cases; only the fiber diameter in the hydrophilic layer and its spatial arrangement were varied. As shown in Fig. S13(a)–(e), a Laplace-pressure gradient forms immediately when the droplet touches the surface. As the droplet spreads, this interfacial pressure field expands and pushes liquid into the porous network, creating preferred penetration paths.
For single-layer membranes, fiber scale sets the balance between capillary driving and flow resistance. JM2 (fine-fibers) generates a higher initial Laplace pressure, with a high-pressure core beneath the droplet center and a negative gauge-pressure region near pore edges. However, penetration through the thickness is slower because the finer pore network offers higher hydraulic resistance and larger viscous losses, which keeps more liquid trapped for longer. In contrast, JM5 (coarse-fibers) has much lower capillary-entry resistance and a more even pressure distribution. A continuous low-pressure channel quickly develops beneath the droplet, reducing the breakthrough barrier and enabling penetration through the hydrophilic layer within ~3.8×10-5 s, compared with ~6.2×10-5 s for JM2. This trend matches experiments: JM5 shows a higher instantaneous permeation rate and a shorter spreading time.
Layered composites show stronger coupling between the two layers. In JM-CF (coarse-over-fine; Fig. S13(c)), the top coarse layer provides an easy entry highway by forming a broad low-pressure guidance region and stabilizing the initial penetration channel. Once the liquid reaches the bottom fine layer, stronger capillary suction maintains a persistent negative gauge-pressure zone that continuously pulls liquid downward through connected pores. This coarse-to-fine pressure cascade combines fast entry with sustained wicking, leading to efficient, directional drainage. By contrast, JM-FC (fine-over-coarse; Fig. S13(d)) builds up higher pressure near the surface and breaks the continuity of the negative-pressure pathway. The droplet therefore spreads more sideways within the top fine layer, stable through-thickness channels are hard to maintain, and retention and penetration delays become more pronounced. For JM-BFM (Fig. S13(e)), the pressure field is more fragmented and streamlines split and interweave across neighboring pores, weakening channel continuity and giving an intermediate transport performance.
Overall, the simulations point to a simple microscale picture: the coarse-fiber layer helps the droplet enter quickly by creating low-pressure guidance, while the fine-fiber layer keeps liquid moving by providing stronger capillary suction. Working together, they improve pressure continuity and stabilize flow pathways, thereby enhancing directional mass transfer in a reliable and repeatable way.
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AI 生成的内容可能不正确。]Fig. S14 Corresponding velocity-field distributions of droplets within the membranes at 1 × 10⁻⁵ s (unit: m s⁻¹), where the colormap indicates the local fluid velocity magnitude; the top fiber layer is hydrophobic, while the underlying layers are hydrophilic.
The simulated velocity-field distributions further confirm that, at 1 × 10⁻⁵ s, droplet contact with the coarse-fiber structure leads to a dominant high velocity penetration pathway, indicating rapid liquid ingress. In contrast, when the droplet initially contacts the fine-fiber layer, the local velocities are markedly reduced, reflecting hindered permeation. 
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Fig. S15 Directional water transport behavior of different membranes: (a) JM5 and (c) JM2 with the PVDF layer facing left; (b) JM5 and (d) JM2 with the PAN layer facing left.
To further clarify how interfacial wettability governs the direction and kinetics of liquid transport, we investigated the effect of membrane orientation. As shown in Fig. S15(a), when the PVDF layer of JM5 faces the incoming droplets, the liquid penetrates the interface almost instantly and spreads along the hydrophilic layer; it then coalesces on the hydrophilic side and drips off under gravity, enabling rapid and efficient one-way drainage. In contrast, when the PVDF layer of JM2 faces the incoming droplets (Fig. S15(c)), infiltration and subsequent lateral diffusion become markedly slower because of the fine-fiber PAN layer beneath the hydrophobic surface. When the PAN layer is used as the droplet-impingement side (Fig. S15(b,d)), droplets on JM5 spread quickly and collect at the bottom, yet further penetration into the hydrophobic layer is impeded; for JM2, the slower spreading results in partial dripping directly from the hydrophilic surface at an earlier stage.

[image: ]Fig. S16 (a) Separation of an oil/water mixture; (b) separation flux and efficiency for different oil/water mixtures.
JM-CF also performs well in separating water from various light oil/water mixtures (Fig. S16(a,b)), including n-hexane, pentane, petroleum ether, and n-dodecane. No oil droplets are detected in the filtrate water. The separation flux ranges from 580 to 711 L·m⁻²·h⁻¹ and the separation efficiency exceeds 98% for all cases. As shown in Fig. S16(a), when water droplets are introduced into the continuous oil phase, they remain spherical and selectively permeate upon contacting the membrane, while the oil surface remains stable over extended periods without oil permeation.
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Fig. S17 Multiscale design and functional extensions of Janus materials: (a) fast unidirectional liquid transport; (b) middle-layer-assisted liquid buffering and storage; (c) water-pass pathway for selective water transport; (d) oil-pass pathway for selective oil transport; (e) concurrent oil–water recovery; (f) high-humidity particle filtration.
Fig. S17 summarizes the design principles of Janus systems across different application scenarios. The central issue is not simply to amplify wettability contrast, but to translate local capillary events at the fiber scale and structural gradients at the pore scale into directional transport. Fig. S17(a) depicts a fast unidirectional liquid-transport architecture. Its performance arises from the coordinated roles of a thin hydrophobic inlet, a coarse-fiber transport layer, and a fine-fiber drainage layer. The hydrophobic inlet preserves high droplet curvature and suppresses premature lateral spreading. Once the liquid forms a convex meniscus within the pore and reaches sufficient penetration depth, it contacts the underlying wetting region and initiates through-thickness transport. The intermediate coarse-fiber layer, with a more open pore structure and lower flow resistance, acts as a rapid entry and liquid-redistribution zone. By contrast, the downstream fine-fiber layer provides stronger capillary suction and smaller connected pores, enabling continuous liquid extraction while minimizing interfacial retention. This architecture couples rapid front-end penetration with sustained downstream capillary pulling, thereby establishing a stable transport pathway from coarse to fine. Such a configuration is well suited to applications that require both rapid uptake and continuous drainage, including fog harvesting [1], wound exudate removal [2], and thermal-moisture regulation [3]. Fig. S17(b) illustrates the concept of an intermediate liquid-storage or buffering layer. This layer is not a simple spacer, but a liquid reservoir with a connected fine-pore network and relatively high capillary pressure. Once liquid enters, it can be rapidly absorbed and temporarily retained, thereby buffering sudden liquid influx and preventing upstream accumulation or flooding of downstream functional layers. In chronic wound dressings [4], such a structure coordinates unidirectional exudate removal, temporary storage, and maintenance of a moist wound environment while reducing tissue maceration and contamination. In dressings integrated with monitoring or therapy [5], the intermediate layer separates the fluid-management region from sensing, drug-release, or electrical-stimulation components, thereby minimizing the effects of liquid accumulation on signal stability and device adhesion [6]. In evaporation-buffering systems, a confined liquid layer coupled with macrochannels can preserve localized heating while promoting liquid renewal and salt return [7, 8].
Fig. S17(c) and Fig. S17(d) correspond to the water-pass and oil-pass modes. For oil-in-water emulsions [9], the water-pass mode relies on a hydrophilic interface to rapidly prewet the membrane pores and establish a continuous water pathway. The interconnected fine-pore network then sustains water permeation while suppressing oil breakthrough. Its effectiveness therefore depends on hydrophilic prewetting, a continuous fine-pore transport pathway, and a thin barrier layer. By contrast, the oil-pass mode is more suitable for water-in-oil or oil-rich systems [10]. It uses an oleophilic inlet to promote preferential wetting and entry of the oil phase, followed by a downstream water-blocking barrier that inhibits water crossover and preserves directional oil transport. Fig. S17(e) presents a concurrent oil-water recovery configuration based on a confined hydrophilic-hydrophobic channel. The hydrophilic side first permits rapid water permeation and induces local emulsion enrichment. The narrow channel then increases droplet collision and coalescence, after which the hydrophobic side continuously removes demulsified oil [11]. Oil removal, in turn, relieves concentration polarization near the hydrophilic side, thereby establishing a feedback loop involving enrichment, coalescence, and demulsification. Unlike single-membrane systems that mainly recover one phase, this configuration is more suitable for parallel recovery of both phases from surfactant-stabilized emulsions.
Fig. S17(f) summarizes the design principles for particulate filtration. The objective is to balance capture efficiency and flow resistance through an open macroporous inlet, a graded transition layer, and a fine-fiber or multiscale depth-capture network [12]. Larger pores and lower front-end packing density help disperse incoming airflow, reduce entry pressure drop, and delay surface clogging [13]. The intermediate gradient layer buffers abrupt pore-size transitions and stabilizes the flow field. The rear fine-fiber or dual-scale network provides a larger specific surface area, a higher collision probability, and more effective depth deposition, enabling efficient capture of submicron particles[14]. Under humid conditions, liquid repellency and timely moisture discharge at the front layer help alleviate condensate accumulation and wet clogging. Overall, Fig. S17 distills the multiscale transport results into a layered design framework. Its central logic is to regulate droplet nucleation, spreading, and bridging at the fiber scale, control liquid-bridge stability, film continuity, and transport resistance at the pore scale, and convert these local processes into directional transport, selective separation, buffering, liquid storage, and efficient filtration through Janus architectures [15].
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