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Abstract: Janus configurations, characterized by their inherent asymmetry, enable directional mass transfer in
membrane materials that drives novel and energy-efficient chemical processes. This Janus superiority spans
applications from nanoscale molecular and ionic transport to macro-scale separation systems with asymmetric
spatial architectures. This review provides an analysis of the material foundations including design principles,
structure regulation, and scalability challenges underlying Janus membranes. We explore the physics that govern
their unique behavior and examine their diverse applications across chemical engineering, including phase transfer,
and molecular or ionic transport. Through a multiscale perspective, we provide a comprehensive understanding of
the impact of Janus superiority in advancing chemical engineering technologies. Finally, we discuss the hurdles in
translating theoretical advances into practical applications and propose promising avenues for future research to
harness the full potential of Janus membranes and systems in addressing global challenges related to energy,
sustainability, and beyond.

1. The Advent of Janus Membranes

The development of energy-efficient processes is essential for achieving carbon emission reduction targets to
address the urgent challenge of climate change, while also conserving energy to meet the growing demand from
emerging sectors such as advanced manufacturing, artificial intelligence, blockchain, and cloud computing.
Separation processes are notably energy-intensive within industrial sectors, accounting for 44%-55% of total
energy consumption.!l Traditional processes like distillation and crystallization necessitate substantial energy due
to phase transitions. In contrast, membrane separation offers a promising solution by significantly reducing energy
consumption.? This technique, widely applied in industries like petrochemicals, environment remediation, and
seawater desalination, does not involve phase transitions and thus demands significantly less energy3-5 While
pursuing the ultimate separation performance of membrane materials, there is a growing focus on approaching the
theoretical limit of separation energy consumption. Typically, membrane separation relies on directional mass
transfer driven by differences in chemical potentials—such as pressure, electric potential, or temperature—across
the membrane, which can be termed an "external driving force". Since the separation process inherently reduces
entropy, boosting mass transfer in the desired direction while resisting it in the opposite direction proves
advantageous. When mass transfer in opposing directions differs due to specific membrane properties or structures,
such properties or structures could be considered as an “internal driving force”. Janus membrane appears as a
typical material exhibiting this “internal driving force”.lel

The term "Janus membrane" appeared around 2014, initially referring to porous membranes with one side
being hydrophobic and the other side being hydrophilic.[? However, considering the feature of unidirectional
transport, the earliest instance can be traced back to the Janus fabrics reported by Lin’s group in 2010.18 Over time,
the concept of Janus membranes was expanded to include membranes with asymmetric structures, compositions,
or properties. Nevertheless, traditional separation membranes fabricated through phase inversion and interfacial
polymerization often also exhibit asymmetric pore structures or compositions. To distinguish Janus membranes
from traditional asymmetric membranes, our group proposed a more rigorous definition: Janus membranes
possess opposite properties on both sides,® such as hydrophilicity-hydrophobicity or positive-negative charges.
This definition aligns closely with the original concept of Janus materials originally proposed by P. G. de Gennes,
the Nobel laureate in physics in 1991, and has since been widely accepted in the field.['%

Among Janus membranes, those with asymmetric wettability, such as hydrophilic-hydrophobic combinations,
are the most prevalent. Early studies highlighted their unique liquid directional transfer capabilities, where water
droplets could pass from the hydrophobic side to the hydrophilic side, but not the reverse. Despite their intriguing
behavior, Janus membranes remained underexplored until around 2014, when they, along with Janus fabrics,
began demonstrating unique potential in chemical engineering applications, including aeration,!''l emulsification,'2
demulsification,!'®! fog harvesting,['¥ membrane reactors/contactors,['®! and membrane distillation.['®! This renewed
interest has since sparked rapid development in these fields (Figure 1). In subsequent years, their applications
have further expanded into emerging domains such as solar evaporation,!'”'8 personal thermal-moisture
management, 1920l wound dressing,[?"221 and beyond. These developments position Janus membranes as a rising
star in chemical engineering, with their collective advantages encapsulated by the concept of “Janus superiority”.
In a narrow sense, Janus superiority refers to the superior energy efficiency and performance of Janus membranes
compared to homogeneous membranes. More broadly, it also encompasses the ability of these membranes to
meet diverse functional requirements within coupled processes. In the aforementioned processes, the concept of
Janus superiority is primarily manifested in phase transport. Recent studies have extended this concept to
nanopores, where Janus membranes exhibit unique advantages during inter-phase molecular transport.
Additionally, we have also discovered that this superiority can be applied to spatial structures constructed by
membranes with opposing properties. These findings significantly broaden the potential and scope of Janus
superiority across various domains.

Another category of Janus membranes with opposing surface charges appeared around 2014, which is derived
from the concept of the nanofluidic diode.l?3l These membranes exhibit directional ion transport behavior in
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response to an applied bias, which has found applications in energy conversion and separation. It is worth noting
that, from this perspective, bipolar membranes, first invented in the 1950s, also represent a subclass of Janus
membranes that have been extensively investigated and practically applied.?*! Beyond, Janus separators in
batteries are another category of Janus membranes, developed to suppress the “shuttle effect” in Li-S
batteries.[?5261 However, these membranes typically feature asymmetric structures or components, rather than
opposing properties. Similarly, some membranes labeled as "Janus" merely integrate different functions within a
single membrane,?”] rather than achieving synergistic performance enhancements through opposing properties,
which will not be extensively discussed here.

In this Review, we provide a comprehensive analysis of the concept of Janus superiority in membrane
materials and devices, highlighting both the opportunities and challenges in this field. While previous reviews have
largely focused on the fabrication techniques and applications of Janus membranes, this review aims to offer a
more nuanced perspective by briefly addressing the material foundations underlying Janus superiority, including
the design principles and the scalability potential of current fabrication methods. Next, we introduce the physics
behind Janus superiority, providing a fundamental understanding of its mechanisms. We then explore the
phenomena of Janus superiority across different scales, corresponding to diverse transport processes such as
phase transfer and ionic/molecular transport, with a particular focus on its implications for membrane systems.
Finally, we discuss the challenges related to the theoretical foundations, production scalability, and real-world
applications of Janus membranes, while identifying the promising opportunities that Janus superiority offers for
advancing chemical processes.
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2. Materials Foundations of Janus Superiority
2.1. Fabrication Principles

Janus membranes with different structures are fabricated based on distinct principles. Typically, Janus
configurations can be categorized into two types: bi-layer configuration, which features a distinct boundary between
the layers, and gradient configuration, which exhibits a property gradient across the membrane thickness.

From a technical perspective, Janus membranes can be constructed either by directly compositing two distinct
layers or by asymmetrically modifying a uniform membrane (Figure 2a). Bi-layer Janus membranes are primarily
fabricated through bi-layer compositing, though they can also be produced via interface-templated asymmetric
modification. Sequential vacuum filtration[?8] and electrospinningl?®! are the most widely applied strategies for bi-
layer compositing. In some cases, Janus membranes are fabricated by directly filtrating nanomaterials*?! or
electrospinning nanofibersl®'32 onto an existing substrate with opposing properties. Other conventional membrane-
forming methods, such as phase inversion, can also be utilized to fabricate bi-layer membrane structures in
principle. Whether a method is suitable for direct compositing depends on the characteristic pore size and layer
thickness associated with that method. Single-sided spray coating can be regarded as either a bi-layer compositing
strategy or an asymmetric modification approach, depending on whether the pores are generated from the spraying
layer or merely narrowed by this coating. Additive manufacturing techniques, such as 3D printing, offer significant
potential for fabricating bilayer structures with precise control over pore architecture.[3¥ These approaches not only
enable fine-tuning of membrane properties but also provide an ideal platform for investigating mass transport
behavior within Janus membranes.3 However, the current resolution of 3D printing technologies results in pore
sizes that are still too large, limiting the applicability of this technique for membrane construction at present.
Asymmetric modification offers an alternative strategy for fabricating Janus membranes, enabling the creation of
both bilayer and gradient structures. Considering that most modification methods are carried out in solution, the
primary challenge lies in preventing modification throughout the entire membrane due to capillary penetration and
spreading within the porous structure. An interface-assisted strategy has been developed to fabricate bilayer Janus
membranes, with the liquid-gas interface being the most commonly utilized.l'"! Typically, a hydrophobic membrane
is floated on the modification solution, allowing modification to occur only on the side in contact with the solution.
Mussel-inspired chemistry based on polydopamine or polyphenols is widely employed due to its advantages in
hydrophilizing hydrophobic surfaces.®®! Hydrophilic membranes are rarely used as substrates in this method due
to their susceptibility to wetting by solutions. While some researchers have attributed liquid-gas interface-assisted
modification to a buoyancy-assisted mechanism,[36:371 it is surface tension-rather than buoyancy-that stabilizes the
membrane at the gas-liquid interface in most cases. Solid-liquidi®® and liquid-liquidi®®! interfaces have also been
explored for fabricating such membranes.

In contrast, gradient Janus membranes are generally achieved through diffusion-controlled asymmetric
modification. In this process, an energy or mass gradient is applied across the membrane. For example, light
intensity decreases with depth into the membrane, so light-triggered reactions, including photo-crosslinking!'3! and
photo-degradation, % can be used to induce asymmetric modification. Additionally, reactive vapor diffusion through
the membrane pores provides another means to achieve gradient modification.[*l Hydrophilic membranes are
typically used as substrates in this strategy due to the relatively high reactivity of their surface. Chlorosilanes with
long alkyl or fluorinated chains serve as the reactive vapor to react with polar groups.*d Single-sided atomic layer
deposition (ALD) has also been applied to fabricate gradient Janus membranes as a precise vapor deposition
technique.3 Diffusion-controlled asymmetric modification can also be performed in the liquid phase, such as
through asymmetric deposition under an electric field.**! As mentioned above, single-sided spray coating can be
also regarded as a gradient modification strategy when modifying macro-porous substrates, such as fabrics or
meshes, in which the gradient structure forms due to the gradual penetration of the reactive solution.5

Janus membranes with opposing surface charges are also constructed using the principles mentioned above.
Bi-layer composite strategies are commonly employed in fabricating these membranes, as the opposing surface
charges are typically achieved by using different materials. It is worth noting that these membranes are typically
characterized by nanopores, and their layers are usually fabricated through methods such as microphase
separation of block copolymers, self-assembly of nanomaterials, or interfacial polymerization.*6! Asymmetric
modification might also be applied to create such membranes. It is worth noting that these membranes are generally
hydrophilic to facilitate liquid infiltration, preventing the spontaneous formation of a gas-liquid interface. Diffusion-
controlled modifications are more suitable for fabricating this type of Janus membrane.

2.2. Structure Regulation
Adjusting the thickness of each layer is crucial for Janus membranes, as both the individual thickness and the

thickness ratio of layers influence the transport behavior and resistance. For example, a critical thickness of the
hydrophobic layer is necessary to enable unidirectional liquid transport.7]
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Bi-layer compositing strategy appears to be the most promising approach for adjusting the thickness of each layer.
For example, sequential electrospinning of nanofiber membranes has been widely employed in laboratories to
fabricate Janus membranes with adjustable thickness ratios.*8 Hydrophilic polymers, such as polyvinylidene
fluoride (PVDF), are used to form the hydrophobic layer, while hydrophilic polymers like polyacrylonitrile (PAN) are
used to construct the hydrophilic layer.[*® The nanofiber thickness can be controlled by adjusting parameters such
as polymer concentration, applied voltage, electrospinning duration, etc. It is important to note that the pores within
these membranes, which result from fiber stacking, become non-uniform when the layer is excessively thin. The
transport behavior of liquid through a Janus membrane is closely linked to both pore size and layer thickness. In
such cases, the controllability of the method may be compromised. Furthermore, the compatibility between the two
layers presents a significant challenge, which will be discussed in the following section. Other bi-layer compositing
methods can also adjust layer thickness, as the two layers are fabricated independently. As mentioned above,
Janus membranes with opposing surface charges are primarily fabricated through bi-layer compositing methods.
Unlike most hydrophilic-hydrophobic Janus membranes with micron-sized pores, these membranes typically
feature nanopores. The self-assembly of block copolymers can be used to create uniform, straight nanopores, with
pore size adjustable by the structure of the block copolymers. The surface charges of the pores are determined by
the chemistry of the blocks that form the pores. Stacking 2D nanosheets is another widely used approach for
constructing such membranes, where the channel width between layers can be controlled using molecular or
nanoparticle “spacers”.[®0 Beyond pore size and geometry, surface potential is another crucial parameter that
influences transport phenomena within membranes, which can be modulated by adjusting the type and density of
functional groups.

Interface-assisted asymmetric modification presents inherent challenges in precisely controlling the thickness
of individual layers. However, in practice, the thickness of the modifying layer can be tailored by adjusting the
modification conditions. For instance, in mussel-inspired single-sided deposition, extending the deposition time
leads to a thicker hydrophilic layer as the wetting front moves with the deposition process, which can be attributed
to the increased hydrophilicity over time.[®d In addition, Lee et al. demonstrated a method to adjust layer thickness
by filling the pores of an anodic aluminium oxide (AAO) membrane with a photoresist.5'l By varying the etching
time, they controlled the position of the solid-air interface, thereby adjusting the thickness available for modification.
The solid-liquid or solid-gas interface is generally easier to regulate than the gas-liquid or liquid-liquid interface.

For gradient Janus membranes, while there is no distinct boundary between the hydrophilic and hydrophobic
layers, a liquid-gas interface naturally forms upon contact with water. Diffusion-controlled modification offers a
means to tune the wettability gradient by regulating diffusion time, with the gradient resulting from the interplay
between surface reaction kinetics and diffusion dynamics. In conventional approaches, Janus membranes are
typically fabricated by exposing the material to reactant vapor, which makes precise control over modification depth
challenging. ALD, however, enables precise, atomic-scale conformal modification, offering superior control over
gradient construction.[®2 The diffusion behavior of precursor vapors during ALD is influenced by the pore size and
tortuosity of membranes. When the mean free path of the precursor vapors significantly exceeds the pore size,
their transport is governed by Knudsen diffusion. The modification profile is ultimately determined by the
competition between deposition reactions and diffusion processes, which can be quantified using the Damkdhler
number a = 3/2(AR)?f, in a model straight pore.[3 AR represents the aspect ratio and £ demotes the initial
sticking probability. When a > 100, a gradient coating is more likely to form. Thus, various parameters in ALD, such
as precursor reactivity, temperature, dose time, and deposition cycles, can be tuned to adjust the modification
gradient. Damkdéhler number can also serve as a guide for selecting other diffusion-controlled modification systems.

2.3. Scalability Potential

Despite the development of numerous methods for fabricating Janus membranes in recent years, scaling up their
production remains a challenge, creating a gap between scientific research and practical applications. Bi-layer
compositing strategies offer a more straightforward pathway for translating laboratory-scale methods into industrial
membrane production technologies through a sequential fabrication process (Figure 2b). For instance, as
previously mentioned, sequential electrospinning is the most commonly employed method for laboratory-scale
fabrication of Janus membranes.

With advancements in industrial electrospinning technologies, such as needleless spinning and roll-to-roll
processing, large-scale production of Janus nanofiber membranes has become feasible. Additionally, constructing
membrane layers on a porous substrate with opposing properties presents another industrially viable approach for
large-scale production. A key challenge in this approach lies in the poor compatibility between the two layers with
opposing properties, which often leads to delamination during application. The two layers can be effectively bonded
through methods such as hot pressing or spot welding industrially. Specifically, additive manufacturing enables
precise design and regulation of microstructure and properties, which could become a promising approach for
scaling up Janus membranes, provided that the issue of fabrication accuracy can be resolved.

Single-sided spraying coating is another method with the potential for scale-up. However, it is more suitable for the
fabrication of Janus fabrics or meshes with larger pores, rather than Janus microfiltration or ultrafiltration
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membranes, as the sprayed coatings tend to cover smaller pores more easily. Other single-sided modification
strategies, such as plasma treatment or surface grafting, may also hold potential for scale-up.
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Figure 2. Construction of Janus membranes. a. Fabrication principles and structure regulation of Janus membranes. b. Potential
scaling-up strategies for Janus membranes.

3. Physics behind Janus Superiority

The superiority of Janus membranes or devices originates from distinct physics behind at different scales. For
Janus membranes with pore sizes ranging from sub-micron to tens of microns, their advantages typically arise from
five key elements: two surfaces with opposing properties, two porous layers with contrasting characteristics, and
the interface between these layers. Surfaces with opposing wettability create distinct liquid or gas contact angles,
resulting in a Laplace pressure difference across the membrane that drives directional liquid movement. Laplace
pressure on each surface can be described by the equation
AP = 2ysin 6, [y

where yrepresents the interfacial tension, 6,y and ry are the contact angle and radius of the droplet. It is worth noting
that the maximum Laplace pressure on the membrane surface is reached at a contact angle of 90°.
Unidirectional liquid transport is a characteristic phenomenon primarily governed by this force, which includes three
stages: liquid intrusion, capillary wetting, and liquid transport (Figure 3a).*”1 Taking water transport through a
hydrophilic-hydrophobic membrane as an example, the initial intrusion of liquid from the hydrophobic layer into the
hydrophilic layer is a critical step. Typically, the hydrophobic layer needs to be sufficiently thin to allow the directional
transfer of water droplets. Some studies propose that when the hydrophobic layer is thin enough, the attraction of
the hydrophilic layer to the liquid causes its breakdown. However, many studies show that, during directional
transfer, the thickness of the hydrophobic layer ranges from several microns to tens of microns, which presents a
significant scale gap in intermolecular interactions. Other studies attribute the formation of water channels to
capillary condensation within the hydrophilic channels, yet many of these studies involve Janus membranes or
fabrics with relatively large pore sizes, where capillary condensation effects are minimal. Additionally, some
researchers believe that the directional transfer phenomenon in Janus membrane materials results from
inhomogeneities in their preparation process. Specifically, hydrophilic channels may exist within the hydrophobic
layer, providing pathways for water droplet transfer.[> Recent work demonstrates that, for a bi-layer configuration,
the liquid intrusion is driven by a direct-contact mechanism, while in a gradient configuration, the movement of the
triple-phase contact line along the surface tension gradient serves as the driving force.

Once the water reaches the hydrophilic layer, its transport is governed by capillary forces within the pores,
which can be described by the following equation

AP = 2ycos 0, /r,
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where 6, is the contact angle on the pore wall and r, is the pore radius. The capillary force is significantly larger
than the Laplace pressure exerted by droplets on the membrane surface, thereby dominating the capillary wetting
stage. The maximum capillary force occurs when the contact angle is 0° within hydrophilic channels.
Once the lyophilic layer is saturated with water, the Laplace pressure of the droplets becomes the dominant driving
force. In most cases, liquid transport within the Janus membrane is governed by bulk flow, which follows Darcy's
law, or more precisely, the Hagen—Poiseuille law. The flow velocity v within a straight, cylindrical pore can be
described by the Hagen-Poiseuille equation!5®

v = (D?/32uL)AP
where D is the pore diameter, u is the fluid viscosity, L is the membrane thickness and 4P is the pressure difference.
For membranes with tortuous pores, L is given by - I, in which t is tortuosity and I, is membrane thickness. Janus
membranes with larger pore sizes and lower tortuosity exhibit higher flow rates during liquid transport accordingly.
To accelerate liquid transport through Janus membranes, one approach is to design membranes with large, straight,
and hydrophilic pores. Alternatively, coupling a liquid removal process, such as evaporation, at the permeate side
can maintain transport in the capillary wetting stage.
The porous layers exhibit varying resistance to liquid transport. Even for pores with identical structures, surfaces
with different properties result in distinct interactions between water molecules and pore walls. Notably, the intrusion
pressure required for liquid entry into each layer plays a crucial role in liquid transport, as reflected by the Laplace
equation within the pores. In addition, the hydrophilic-hydrophobic interface defines the locations of both the gas-
liquid and liquid-liquid interfaces.

At a static interface, the diffusion of molecules or ions in liquid or gas phase follows Fick's law, while the
distribution between the two phases typically adheres to Henry's law, Raoult's law or Nernst distribution law (Figure
3b). In the lyophilic layer, diffusivity through pores in a liquid phase can be modified by a restrictive factorll

K, = (1 - dm/dp)4
in which dp, and d, are molecule and pore size respectively. In the lyophobic layer, gas or vapor molecules diffuse
through pores via Knudsen diffusion, molecular diffusion, or a combination of both, which is determined by Knudsen
numberl57]
K, =2/d,
where 1 is the mean free path of the molecules. In particular, the evaporation process can be modeled by Hertz—
Knudsen relation with correction terms and empirical constants.[58l

For Janus membranes with nano or sub-nano pores, the Janus superiority originated from the nano-sized
effects on molecule or ion transport within the pores (Figure 3c). The curved liquid-vapor interface causes
significant changes in vapor pressure within nanopores, as described by the Kelvin equation!®®

In (p,/Psat) = 2YVim/TRT
where pr and psa: are the actual vapor pressure of a curved surface and saturated vapor pressure of a flat surface
respectively, Vi, is the molar volume of the liquid, and r is the radius of the droplet. In hydrophilic nanopores, the
curvature is concave, and p, is lower than psa, which facilitates capillary condensation; conversely, in hydrophobic
nanopores, the curvature is convex, and p; is higher than psa;, promoting capillary evaporation. This phenomenon
can be further extended to atomic-scale channels.[%

Furthermore, the surfaces of the pore walls contribute significantly to the overall pore volume, and their
interactions with molecules or ions—such as hydrogen bonding with water molecules or electrostatic interactions
within the Debye length—are crucial to consider. The former is believed to influence the evaporation enthalpy of
water molecules, while the latter affects ion distribution within the channel, which can be modeled using the
Poisson-Nernst-Planck equation.l®l Considering the distinct physical principles underlying different separation
systems, further details will be discussed in the following sections

When Janus properties are extended to a spatial structure or membrane system, Janus superiority typically
arises from the interplay between different processes facilitated by materials with distinct properties. Conventional
membrane separation suffers from concentration polarization, a challenge that can potentially be mitigated by
introducing a pair of separation processes that can continuously remove different components. Therefore, the
superiority of Janus macro-systems lies in their integration of several fundamental physical principles at the
macroscopic scale, rather than merely basic physics at the microscopic scale. In this Review, we discuss how a
two-dimensional channel composed of hydrophilic and hydrophobic membranes achieves a positive, synergetic
effect in separation.
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Figure 3. Physics behind Janus superiority. a. Unidirectional transport mechanisms of fluids on Janus membranes. b. Transport
parameters between two phases with a Janus membrane. c. Capillary evaporation and condensation within a Janus
nanochannel.

4. Janus Superiority in Phase Transfer

The unique properties of Janus membranes make them well-suited for phase-to-phase transfer processes,
representing some of the earliest examples of Janus superiority. These processes can take advantage of the
distinct properties on each side of the membrane to meet the contrasting requirements of different phases within
the same application. Compared to traditional homogeneous membranes, Janus membranes normally exhibit
superior properties in these two-phase applications. Based on the nature of these processes, the application
scenarios can be categorized into coalescence and dispersion.

4.1. Coalescence: Merging Interfaces

Coalescence involves the transition from a dispersed phase to a continuous phase (Figure 4a). Applications such
as demulsification, defoaming, and fog collection fall under this category. This process is typically spontaneous
from a thermodynamic perspective, as surface energy is released when interfaces merge into a larger dispersed
or even a continuous phase. The difference in wettability between the two sides of the Janus membrane leads to
a disparity in interface curvature, resulting in a Laplace pressure difference. This pressure difference promotes the
one-way mass transfer of the target liquid (or gas) from the lyophobic (or aerophobic) side to the Iyophilic (or
aerophilic) side, and this driving force can be described as
AP = 2]/(Sin thobic _ sin thilic

rphobic rphilic

where vy represents the interface tension, Gunovic, Goniic are the contact angles on lyophobic (aerophobic) and lyophilic
(aerophilic) surfaces, and rprovic, foniic are their diameters of curvature. When the permeate side is in a bulk phase,
the Laplace pressure on that side disappears. For example, in fog collection, water droplets are collected on the
hydrophobic side, merged, and then transported to the hydrophilic side.l'¥ In demulsification processes, the
hydrophilic/oleophobic surface of the Janus membrane faces towards the dispersed oil phase, and the emulsions
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coalesce and migrate to the hydrophobic/lipophilic side.['3! It is important to note that in emulsions, the dispersed
phase is typically stabilized by surfactants. Therefore, a hydrophilic surface with charges opposite to those of the
surfactant is generally required to effectively demulsify the emulsions.[¥2 This process can also be applied to
remove dispersed gas from a bulk liquid. For instance, Janus channels can effectively remove hydrogen bubbles
generated by an electrode during the water electrolysis reaction. 63!

It is worth noting that the coalescence process relies on the unidirectional liquid transport capability of the
Janus membrane. Therefore, this process could be also utilized to separate a small amount of liquids like blood
plasma,®4 or pump sweat for wet-thermal management®5 and biofluid for wound healing.[®6! The driving force from
the Laplace pressure difference is effective only in the presence of a curved liquid-liquid or liquid-gas interface.
Once separation occurs within a continuous phase, the facilitated transport through the membrane becomes
ineffective. Another important point is that when the membrane is in a dried state, the capillary forces within the
pores are significantly stronger than the Laplace pressure of the droplets, which governs liquid transport as a
wetting process. In contrast, when the membrane is saturated with liquid, the Laplace pressure takes precedence
in driving the transport.[*”1 Recently, thermo-responsive polymers have been integrated into Janus wound dressings
or fabrics to enable smart management of exudate and sweat drainage in response to specific moisture or
temperature conditions.[67.68]

From an energy conversion perspective, Janus membrane converts surface energy into kinetic energy during
coalescence. By harnessing this energy, researchers have developed water engines capable of directly propelling
micro-boats.[®? Notably, the direction of motion is opposite to that of liquid transport. Moreover, this energy can
also be transformed into electrical energy. When a saline solution (e.g., sweat or seawater) flows through
conductive membrane channels, it generates a flow potential via classical electrokinetic reactions.l’ The total
energy generated from this process must not exceed the surface energy of all the dispersed droplets, represented
as Egyp = YN_,4my %, where n is the radius of each droplet. Membrane resistance leads to energy loss during
the conversion of surface energy into kinetic energy, so the maximum energy output should be repsented as E,,,; =
n YN_, 4wy r,%2. The conversion efficiency n could be estimated by measuring the kinetic energy of the liquid flowing
through the pores or the output of electric energy. However, a quantatitive description of the energy conversion is
still lacking.

4.2. Dispersion: Creating Interfaces

Dispersion is the inverse process of coalescence, which involves the transition from a continuous phase to a
dispersed phase (Figure 4b). Applications such as emulsification, aeration, and spraying fall under this category.
Unlike coalescence, dispersion requires energy input to create new interfaces. In this process, the liquid (or gas)
is transferred from the lyophilic (or aerophilic) side to the lyophobic (or aerophobic) side. The entering interface is
normally lyophilic or aerophilic to facilitate the entry of liquid or gas, while the departing interface is lyophobic or
aerophobic to cause a large contact angle and quick detachment from the surface. Energy consumption arises
from both generating new interfaces and overcoming membrane resistance. While the former is essential, the latter
can be reduced. The transport resistance within the membrane can be described as follows:
APyyss = LCI]CZ

where L represents the thickness of the layer, J is the mass flux, Cs is the pore structure coefficient, which is
determined by factors such as pore size distribution, porosity, and other relevant parameters, while C: is a liquid
property coefficient, which depends on factors like flow rate, viscosity, and other related properties. The lyophilic
or aerophilic of Janus membrane plays a crucial role in reducing transmission resistance within the membrane,
thereby minimizing overall energy consumption. For example, in membrane aeration, the hydrophilic surface of the
Janus membrane faces the liquid phase, facilitating quick gas release and the formation of smaller bubbles.['*71
The hydrophobic surface faces the gas phase, preventing liquid penetration and reducing air resistance during gas
passage, thus reducing energy consumption. The operating pressure of a Janus membrane is significantly lower
than that of a uniform hydrophilic membrane. Janus membranes used for emulsification share the same principles
and advantages as those used for aeration. By switching the direction of dispersion, either oil-in-water or water-in-
oil emulsions can be prepared through a Janus membrane.['2 In principle, the minimum energy consumption is
achieved when the entering layer occupies the entire thickness of the membrane, while the departing layer is
confined to the membrane surface. Moreover, by coupling emulsification with a subsequent polymerization reaction,
Janus membrane can produce dispersed microspheres through dispersion.[2
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Figure 4. Janus superiority in phase transfer. a. Coalescence processes facilitated by Janus membranes. b. Dispersion
processes enhanced by Janus membranes.

5. Janus Superiority in lonic/Molecular Transport

Regarding the Janus superiority in ionic or molecular transport, it can be categorized into two situations: 1) transport
occurring between two phases, where the Janus membrane typically features much larger pores than the ions or
molecules; and 2) transport occurring in a homogeneous phase, where the pores within Janus membranes are
comparable in scale to the ions or molecules. In the first case, Janus membrane normally acts as a role of interface
regulation. It is worth mentioning that the membranes used in these processes have pore sizes ranging from
micrometers to sub-nanometers. For membranes with micron pores, the role of Janus membrane is to create an
interface facilitating interphase molecular transport. When the pores are in the nano or sub-nanometer range, bulk
flow converts to nanoconfined fluid, where interactions between the channel surfaces and molecules/ions govern
the transport behavior within the membranes.l”8l The mass and energy transport characteristics are strongly
influenced by nanoscale effects, including surface effects, size-dependent phenomena, quantum effects, and
others.

5.1. Interphase Molecular Transport

This process involves molecular transfer between two phases without phase transfer (Figure 5a). Applications such
as membrane distillation,['6.74 membrane contactorl’®761 and membrane extraction!’”78! fall under this category. The
Janus membrane regulates the position of the interface, thereby reducing mass transfer distance or stabilizing the
interface. For instance, in membrane extraction, a liquid-liquid mass transfer process, the Janus membrane
transfers the liquid-liquid interface from the outside to the inside of the membrane, enhancing interface stability
during cross-flow operation.[’”] In membrane distillation, the gas-liquid interface migrates from the outside to the
inside of the membrane. This migration ensures reduced steam mass transfer resistance while maintaining heat
transfer resistance.l'®! It is important to note that many studies have also utilized Janus membranes to mitigate oil
fouling during membrane distillation.[’479! In these cases, the hydrophilic/oleophobic side typically faces the feed to
prevent oil adhesion. Additionally, some research fabricated a dense hydrophilic film on a hydrophobic substrate
to reject surfactants and avoid unfavorable wetting of it.B% |t is worth noting that these designs do not leverage
Janus structure to enhance mass transfer.

Recently, many research groups have applied Janus structures in interfacial solar-driven evaporation, a
process similar to membrane distillation that also involves liquid-to-gas (vapor) mass transfer.8'l In a conventional
configuration, the hydrophilic side faces the feed, while the hydrophobic side is oriented toward the light source.
The evaporation interface is situated within the membrane. The hydrophilic layer pumps water to the evaporation
interface, while the hydrophobic photothermal layer prevents scaling on the membrane surface that may obstruct
light absorption and energy conversion.!['”] Although the scaling issue on the top surface is resolved, scaling within
the membrane remains a challenge. A Janus membrane with a moving interface can address this problem, in which
the photothermal hydrophobic layer is constructed using a thermo-responsive polymer, poly(N-isopropyl
acrylamide) (PNIPAM).[B2 The membrane exhibits Janus properties during the daytime but becomes fully
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hydrophilic at night. In recent research, the Janus membrane has been flipped over, in which the bottom
hydrophobic layer filled with air can serve as a thermo-insulating layer to promote heat management.l?? In certain
suspended configurations, the Janus structure has also been utilized to mitigate scaling by regulating the deposition
positionl®3! or facilitating de-scaling through a seesaw mechanism.[84 Recent research has explored the use of
photothermal Janus membranes in membrane distillation to mitigate temperature polarization at the evaporation
interface to enhance the driving force of this process.8%!
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Figure 5. Janus superiority in interphase molecular transport. a. Comparison of Janus membrane with uniform membranes in
membrane extraction, distillation, and solar evaporation. b. Proposed mechanisms of evaporation enhancement within Janus
nanochannels. ¢. Janus superiority in a transport-reaction coupled process in membrane contact reactors.

In addition to interface regulation, recent advancements have revealed the significant size effects on
evaporation dynamics within Janus membranes (Figure 5b). Some researchers attributed the enhanced
evaporation to the interactions within hydrophilic pores. For example, Janus membranes, constructed with AAO
and featuring straight-through pores, exhibited a notable increase in evaporation flux from 1.95 to 2.18 kg-m2-h-"!
as the pore size was reduced from 200 nm to 20 nm.[8¢1 This phenomenon is attributed to the abundance of hydroxy!
groups on the hydrophilic pore walls, which weaken hydrogen bonding among water molecules and create an
intermediate layer between bound and free water. As the pore size decreases, the proportion of this intermediate
water increases, leading to a decrease in the enthalpy of evaporation. Additionally, some studies attribute the
enhanced evaporation kinetics to surface-charge-induced changes in the concentration of hydronium ions within
the nanopores.[”]

Conversely, researchers also found the number of hydrogen bonds diminishes within nanoconfined
hydrophobic channels of several nanometers, further lowering the evaporation enthalpy due to the reduced
interaction energy of water.[88 The utilization of vertically aligned carbon nanotubes in these channels illustrates
how nanoscale hydrophobic environments can facilitate rapid evaporation. It is important to note that lowering the
enthalpy of vaporization does not necessarily lead to improved efficiency during continuous evaporation, as the
thermodynamic states before entering and after exiting the evaporator remain unchanged. Moreover, the
hypothesis of reduced vaporization enthalpy has been met with considerable skepticism.[8°] Recent studies suggest
that, in such cases, water may evaporate as clusters rather than as individual molecules.® In fact, prior to these
findings, Wang’s group has innovated a covalent organic framework (COF) membrane characterized by vertically
aligned channels (~2 nm) with gradient hydrophilicity.l®! Molecular dynamics simulations indicate that evaporation
at solid-liquid interfaces encounters a significantly lower energy barrier of evaporation compared to that in the bulk
phase, and the presence of straight pores also contributes to the rapid water transport to the evaporation interface.
Such a COF membrane exhibits exceptionally high flux in membrane distillation, achieving around 200 L-m2-h-! at
a relatively low feed temperature of 65 °C. Since most Janus membranes have pore sizes ranging from several
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hundred nanometers to several microns, these findings provide new insights into the specific mass transfer
behavior at the nanoscale within a Janus membrane, representing a promising direction in this field.

Beyond liquid-to-gas (vapor) molecular transport, the inverse process—gas-to-liquid molecular transport—has
also garnered significant attention in recent research. Such a membrane apparatus is normally called a membrane
contactor (Figure 5c). Conventional membrane contactors are typically fully hydrophobic to create a liquid-gas
interface. The hydrophilic-hydrophobic interface plays a similar role in re-locating the gas-liquid interface, akin to
its function in membrane distillation. According to the two-film theory, the concentration of dissolved gas molecules
is relatively high near the interface. By coupling with subsequent reactions, Janus membrane contactor can serve
as a reactor to convert these molecules into other products. In these cases, catalysts are typically immobilized in
the hydrophilic layer to facilitate reactions at the triple-phase line.l'®9291 This system overcomes the limited
solubility and mass transfer of Oz in an aqueous phase, facilitating the mineralization of organic contaminants(®4
and the reduction of O2 to H202.' Similarly, biocatalysts such as enzymes, which require an aqueous environment,
were immobilized on the hydrophilic layer of a Janus membrane, functioning as a reactive membrane
contactor.[’5761 Moreover, the excellent biocompatibility of the hydrophilic layer in the Janus structure is crucial for
membrane contactors used in medical applications, such as extracorporeal membrane oxygenation.[99

5.2. Homogenous Molecular/lonic Transport

Janus membranes with opposing wettability typically create an interface between two phases due to their intrinsic
surface energies. As a result, most of these membranes govern interphase transfer or molecular transport across
phases, as mentioned above. Polyester membranes with integrated Janus pathways have recently been
synthesized via interfacial polymerization between cyclodextrin (CD) and trimesoyl chloride.”8! Cyclodextrins
feature intrinsic non-polar cavities and polar channels in outer space, enabling the selective transport of non-polar
and polar liquids through distinct pathways. This work highlights the advantages of a hybrid hydrophilic-hydrophobic
structure in molecular transport, which contrasts with the previously discussed Janus structures that switch
wettability along the transport path. Notably, recent findings suggest that both polar and non-polar liquids are unable
to pass through the cavities of CDs.[®"] Further investigation is needed to elucidate how this hydrophilic-hydrophobic
microstructure contributes to molecular transport dynamics. Regarding ion transport, some studies also highlight
the potential to regulate reactive crystallization by controllable ion transport within Janus membranes with opposing
wettability.[%! However, it appears that the Janus membrane primarily functions to modulate the reaction interface,
rather than directly controlling ion transport.

Nanochannels with asymmetric geometries or surface charge distributions exhibit a significant asymmetric ion
transport behavior.[®! As the channel size approaches the Debye length, the passage of counterions is favored
over co-ions due to electrostatic interactions between the ions and the charged channel walls. When an electric
field is applied, these nanochannels allow preferential ion flow in one direction while effectively suppressing flow in
the opposite direction, a phenomenon known as ionic rectification (Figure 6a). This behavior is also observed in
nanopore Janus membranes with opposing surface charges, and can be quantitatively described by the Poisson—
Nernst—Planck equation. The rectifying effect arises from the accumulation or depletion of ions within the channel,
depending on the applied bias polarity, which corresponds to the 'on' and 'off' states of a diode.l'% Recent studies
have shown that ion rectification is not limited to channels with radii smaller than the Debye length.l" The ion
rectification provides the foundation for osmotic energy harvesting. The osmotic energy generated from the mixing
of river and seawater at the outfall can be harvested through reverse electrodialysis.l'1 Homogeneous ion-
exchange membranes typically suffer from poor mass transport due to their sub-nanometer pores and the energy
loss associated with ionic concentration polarization. In contrast, Janus membranes offer a significant advantage
with their relatively large pores and ion rectification capabilities, which help prevent ion accumulation at the dilute
end of the membrane.l'®? Asymmetric pore sizes are also commonly used to further enhance membrane
performance. Concerning membrane thickness, a thinner membrane reduces resistance to ion transport but may
compromise ion selectivity. Therefore, an optimal thickness must be selected to balance these competing factors.
Additionally, it is important to note that the Debye length decreases sharply as electrolyte concentration increases,
which should be considered when designing membranes.['%]

A recent study reported the development of a Janus microporous membrane consisting of donor and acceptor
layers, which efficiently facilitates charge separation upon light exposure (Figure 6b).l'%4 This process generates a
transmembrane potential that drives active and selective ion transport through the membrane. Such Janus
membranes offer a novel approach to enable directional ion transport in response to external energy inputs.

Beyond selective ion transport, Janus nanofiltration membranes with a composite selective film, incorporating
both positively and negatively charged layers, have been developed to reject both divalent cations and anions
based on the Donnan effect (Figure 6c¢).['%% For the separation of mono-/divalent ions, the top layer with same
charges can reject the divalent ions while the bottom layer with opposing charges facilitate the transport of
monovalent ions. Moreover, monovalent counterions may accumulate at the interface that enhances the “shielding
effects”.['%] Despite their promising potential in nanofiltration applications, key questions remain, such as the
effective distance over which a charged surface can influence ion rejection.
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Figure 6. Janus superiority in Homogenous molecular/ionic transport. a. lonic rectification within Janus membranes with
opposing surface charges. b. Light-triggered directional ion transport within a Janus membrane. ¢. Janus membranes with
opposing surface charges for nanofiltration.

6. Janus Superiority in Macro-Separation Systems

The concept of Janus superiority has been demonstrated on a significantly larger scale, particularly in spatial
structures exhibiting Janus properties. A Janus channel, consisting of a hydrophilic membrane paired with a
hydrophobic membrane, has been developed to enable the concurrent recovery of water and oil from emulsions
(Figure 7).1'%1 The narrow channel between the membranes is crucial for enhancing separation efficiency; within
this confined space, emulsions become substantially enriched as water permeates through the hydrophilic
membrane. Concurrently, collisions among oil droplets are intensified, promoting coalescence and subsequent
demulsification through the hydrophobic membrane. Remarkably, the interplay between the two membranes
exemplifies Janus superiority at the separation system scale. In conventional separation systems utilizing a
hydrophilic membrane, water permeates while oil is rejected at the feed side, resulting in a monotonous increase
in oil concentration. This process often leads to concentration polarization, causing a decline in water permeation
flux over time. Similarly, membrane demulsification systems employing a hydrophobic membrane monotonically
decrease the oil content in the feed, ultimately experiencing an oil flux decline as separation progresses. In contrast,
the Janus channel can remove both water and oil simultaneously from the system. Consequently, the accumulation
of oil droplets facilitates oil removal, while the removal of oil facilitates water permeation. Such a feedback loop can
promote both water and oil recovery compared to a single-membrane system. This research demonstrates the
potential of extending Janus superiority on a macro-separation system. Notably, electrodialysis or reverse
electrodialysis serves as a well-established example of a “Janus system” consisting of a pair of positively charged
and negatively charged membranes, although its operating principles differ significantly from those of the Janus
channel described herel108.109]

Beyond the spatial Janus structure, Janus properties in a temporal sequence demonstrate superiority in
separating multiphase systems, such as oil/water emulsions. A single hydrophilic membrane module facilitates
water permeation while concentrating emulsions, resulting in a significant reduction in flux. In contrast, a
hydrophobic membrane module effectively captures oils from the emulsion, producing a dilute phase.['10111] The
integration of filtration and demulsification allows for the simultaneous recovery of both oil and water, achieving
zero-liquid discharge; moreover, concentration adjustments within the system can enhance both processes, similar
to the feedback in Janus channel of membranes. Throughout this operation, the feed alternates between hydrophilic
and hydrophobic environments to facilitate the separation process. These findings present a novel perspective on
the design of separation systems through the incorporation of Janus superiority spatially or temporally.

A Janus membrane enabling opposing processes on each side showcases the Janus superiority in reaction
systems with synergistic effects. Elimelech’s group introduced a novel concept of a Janus electrocatalytic flow-
through membrane, where one side functions as a cathode and the other as an anode.l''?l Compared to
conventional half-cell configurations, this design fully utilizes both cathodic reduction and anodic oxidation to
generate singlet oxygen for water purification. Additionally, the flow-through mode, in which electrons flow parallel
to the fluid direction, facilitates rapid charge transfer rates.
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Figure 7. Mechanisms and feedback loop within the Janus channel of membranes for oil/water emulsion separation.

6. Future Perspectives

The concept of Janus superiority presents significant potential for advancing the design of membrane materials
and separation systems across various scales, from nanoporous membranes to large-scale separation systems.
Future research on fabrication methods is likely to focus on two key directions: precise fabrication techniques and
scalability. Achieving precise microstructural control in Janus membranes requires further development of
advanced manufacturing technologies, such as 3D printing, microfabrication, and area-selective ALD. Scaling up
these technologies requires careful consideration of the specific property requirements for certain applications. For
instance, biocompatibility is crucial for medical applications like wound dressings, while properties such as
breathability and heat retention are vital for smart fabrics. In addition to the traditional considerations of opposing
wettability and surface charges, future research could expand the scope of Janus configurations to include novel
pairings, such as anode-cathode or donor-acceptor combinations, to further enhance the functionality of these
materials.

From a process perspective, current research mainly investigates phase transfer and interphase molecular
transport through Janus membranes, typically with pore sizes ranging from sub-microns to tens of microns. While
the potential applications of Janus membranes in diverse scenarios are being actively explored, much of the current
work focuses on phenomenological observations. A quantitative understanding of Janus superiority across different
transport processes is still lacking. For instance, the upper performance limits of Janus membranes, especially
when incorporating Janus configurations into homogeneous membranes, remain undefined both theoretically and
experimentally. Machine learning offers powerful tools for identifying the key parameters influencing liquid transport
and predicting membrane performance in specific applications. Although some studies have demonstrated
electricity generation alongside mass transfer through Janus membranes, the mechanisms driving energy
conversion—particularly the role of surface energy—are underexplored, with most research focusing on
evaporation-driven processes. Future investigations are expected to address the water-energy nexus within Janus
systems and their integration into device design. Additionally, incorporating directional fluid transport alongside
subsequent reactions could further enhance the multifunctionality of Janus systems.

Emerging studies at both smaller and larger scales are broadening the applicability of Janus superiority and
providing new directions for future research. The potential of nanoscale effects within Janus structures, which could
enhance liquid-vapor transfer by increasing the driving force or reducing evaporation enthalpy at the microscale,
remains largely unexplored. Furthermore, while membranes with hydrophilic and hydrophobic domains
demonstrate excellent transport behavior for liquids of varying polarity, the role of Janus superiority in
homogeneous molecular or ion transport, particularly in conventional Janus configurations with opposing wettability,
has yet to be investigated. One particularly exciting prospect lies in the diode-like behavior exhibited by nanopore
Janus membranes, which could have applications in nanofluidic neuromorphic computing(''3114l. Finally, Janus
superiority in separation systems offers promising new approaches to device and process design. For example,
Janus channels could integrate two mutually enhancing processes, overcoming the limitations of relying on a single
process. This form of Janus superiority could be more readily implemented in practical applications, as it depends
on the innovative design of devices and processes, rather than on material advancements alone.
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This review explores the Janus superiority of membrane materials in chemical engineering processes, with a
focus on their design and fabrication principles, transport mechanisms, and diverse applications. It highlights their
roles in chemical engineering and their multiscale impacts and concludes by discussing current challenges and
future research directions.
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