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ABSTRACT

Nanofluidics is an interdisciplinary field of study that bridges hydrodynamics, statistical
physics, chemistry, materials science, biology, and other fields to investigate the transport of
fluids and ions at the nanometric scale. The progress in this field, however, has been constrained
by challenges in fabricating nanofluidic devices suitable for systematic investigations. Recent
advances in two dimensional (2D) materials have revolutionized the development of nanofluids.
Their ultra-thin structure and photo-thermo-electric response make it possible to achieve the
scale control, friction limitation and regulatory response, all of which are challenging to achieve
with traditional solid materials. In this review, we provide a comprehensive overview of the
preparation methods and corresponding structures of three types of 2D material-based
nanofluidic devices, including nanopores, nanochannels and membranes. We highlight their
applications and recent advances in exploring physical mechanisms, detecting biomolecules
(DNA, protein), iontronics devices, ion/gas selectivity and osmotic energy generation. We
discuss the challenges facing 2D material-based nanofluidic devices and the prospects for future

advancement in this field.
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1. INTRODUCTION

Nanofluidics is a multidisciplinary field that investigates the fluid dynamics and heat transfer
phenomena occurring at the nanoscale. Its ability of precise control of fluids within nanometer-
sized channel opens the possibilities to study the physical, chemical and biological
characteristics of liquids, gases and other fluids at this scale, offering potential to explore the
practical applications of nanofluids across various industries.! > Nanofluids are invaluable
research tools, essential for addressing fundamental challenges in physics, materials science,
energy, biology, environmental science, and medicine.

Originating from microfluidic devices, nanofluidic devices has a history of several decades,
closely linked to the development of micro-and nano-processing technologies and materials
science.> The progress of semiconductor and micro-filtration processes has significantly
improved the accessibility and efficiency of nanofluidic devices, leading to devices such as
nanopores, nanochannels, and membranes with nanogaps. Additionally, nanofabrication
techniques have significantly reduced the scale of nanofluids, from tens of nanometers to the
sub-nanometer, achieving single-molecule level. The nanopore DNA sequencing technology,
providing single base resolution, marks a major technological progress in this field.* °
Nanofluidic devices have also achieved substantial progresses in ionic electronic devices and
bionic ionic devices, highlighting their great potential and bright future.®

Nevertheless, this field faces challenges due to material limitations and complexities of
nanofabrication. Traditional materials used for nanofluidic devices, such as silicon dioxide
(Si0,),”® glass,” Silicon nitride (SiNy),!” Polydimethylsiloxane (PDMS),!'"!* aluminum oxide
(AL203),' present difficulty in achieving precise structures. The involved fabrication methods,
including focused ion beam (FIB) and acid-based solution corrosion, often result in high surface
roughness, affecting the fluidic transmission on the surface. Moreover, controlling the thickness
of these materials at the nanoscale is challenging, and even the nanoscale suspension films, like
SiNx membranes, are fragile to work with. While laser-assisted pulling of the quartz capillaries
can form nanopores for biological monitoring, miniaturization and integration of these devices
remain challenging.'> 16

The emergence of 2D materials, such as graphene, molybdenum disulfide (MoS2), black



phosphorus (BP), boron nitride (h-BN) and others, offer a new avenue for the advancement of
nanofluidics.!”?° Their layered lattice structure, atomic-scale thickness, ease of processing, and
abundant surface properties (charge, flatness, hydrophilicity, etc.) make 2D materials ideal for
constructing nanoconfined structures and exploring nanofluidics. 2D materials show strong
responsiveness to photothermal and photoelectric, providing additional modulation capabilities
for nanofluidic devices.?">?? The integration of nanofluids and 2D materials has expanded the
research scope in this field, enabling studies of mass transfer within accurate sub-nanometer

confined structures,? 24

a scale beyond the range of traditional nanofluids (1-100 nm). Under
sub-nanometer spatial confinement, the influence of van der Waals forces, Coulomb forces, and
space hydration forces, altering the physical and chemical properties of ions. This difference
challenges classical concepts of molecular-ion interactions and leads to discoveries in 2D
material confinement systems that go beyond traditional understanding, bringing new prospects
for applications and technologies.

This review provides a comprehensive overview of 2D material-based nanofluidic devices,
including nanopores, nanochannels, and lamina membranes, and their fabrication methods. It
highlights their wide-ranging applications in fundamental physics, biosensing, iontronics
device, ion selective separation, blue energy and gas separation. The review also discusses the
current challenges and potential future advancements in this field.

2. CLASSIFICATION AND FABRICATION OF 2D MATERIAL-BASED
NANOFLUIDIC DEVICES

Nanofluidic devices made of 2D materials are mainly divided into three categories: nanopores,
nanochannels and lamina membranes (Figure 1). The fabrication usually begins with one of the
following approaches: mechanically exfoliating a thin layer of 2D materials from the bulk phase,
transferring the chemical-vapor-deposited (CVD) 2D materials to a target substrate, or forming
a dispersion by liquid phase exfoliation, followed by self-assembling to form 2D material
nanosheets. To create nanopores, the thin layer of 2D material must be carefully transferred to
the target substrate for drilling. 2D material nanochannels are formed by transferring and
assembling layer by layer. The 2D material membranes are prepared by layer by layer

deposition of the dispersion liquid of nanosheets.'® This chapter will provide a comprehensive



overview of the classification and preparation methods for these three structures.
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Figure 1. Three main types of 2D material-based nanofluidic devices.

2.1 2D material nanopores

2.1.1 Types of 2D material nanopores

2D materials used for creating nanopores must possess sufficient mechanical strength and
stability to endure prolonged exposure to solution or electrical measurements. Some 2D
materials show specific pore structures, such as the hexagonal honeycomb arrangement of
atoms in single layer graphene and h-BN, in which each hexagonal lattice can be regarded as a
sub-nano pore. These pores allow only protons to pass through, resulting in a strong shielding
effect on the fluid.® By exerting external forces to destroy the bonds, just like carbon-carbon
(C-C) bonds in graphene, atoms can be released from their fixed lattice positions, which can

enlarge the pore size and allow ions and molecules to pass through.?¢-%8
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Heterojunction nanopore

Figure 2. The main types of 2D material nanopores and its structure. a) graphene nanopore.
Reproduced with permission under a Creative Commons CC BY License from ref 29.
Copyright 2016 Springer Nature. b) h-BN nanopore. Reproduced with permission from ref 30.
Copyright 2023 John Wiley and Sons. Reproduced with permission from ref 3 1. Copyright 2017
American Chemical Society. ¢) MXene nanopore. Reproduced with permission from ref 32.
Copyright 2019 American Chemical Society. Reproduced with permission from ref 33.
Copyright 2022 John Wiley and Sons. d) Heterojunction nanopore. Reproduced with
permission from ref 34. Copyright 2023 American Chemical Society. ¢) TMDs nanopore.
Reproduced with permission from ref 35. Copyright 2014 American Chemical Society.

Reproduced with permission from ref 36. Copyright 2017 American Chemical Society.

Graphene is the first 2D material used to prepare nanopores (Figure 2a). A single layer of
graphene is only one atomic layer thick (0.34 nm), so it can be made into the thinnest
nanopore.?®- 373 The lattice structure of h-BN is similar to graphene, showing inherent chemical
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inertness, excellent stability and corrosion resistance in highly acidic and alkaline solutions, so
is an excellent candidate material for nanopore manufacturing (Figure 2b).3% 3! Transition metal
disulfide (TMDs), such as MoS; and tungsten disulfide (WS>), can be used for electrical and
optical modulation of nanopores due to their remarkable photoelectric response (Figure 2e).3¢
40,41 Compared with graphene, single layer MoS> with a thickness of 0.67 nm shows better
signal/noise intensity, while maintaining its monolayer property.?® Its low base attachment also
provides an opportunity for DNA sequencing.*? In the field of biosensor, MoS, nanopore is
more commonly used than graphene nanopore.***** 2D transition metal carbides and nitrides,
namely MXene, represent an emerging class of 2D materials whose metal carbide core layers
and their surface -O, -OH, and -F functional groups give them metal-conductive and
functionalized surfaces (Figure 2¢).** 3 Its hydrophilicity and conductivity can be widely used
in the field of biosensing. Nanopores constructed from 2D materials with functional surfaces
and electronic conductivity have various potential applications in biosensing, including electric
gating and lateral reading through DNA sensing. In addition to single-material nanopores, there
has been a growing focus on heterojunction nanopores formed by the superposition of two
distinct 2D materials, like graphene/MoSz, MoS2/WS: (Figure 2d).>* 4% 47 This assembly not
only integrates the different characteristics of the two materials, but also adjusts the transport
of ions or biomolecules by using the response of the heterostructure.

Some materials, such as metal-organic frameworks (MOFs), covalent organic frameworks
(COFs), zeolitic imidazolate frameworks (ZIFs). carbon nitride (g-C3N4), contain porous
lattice structures and can be synthesized in 2D forms similar to graphene.*3 Compared to
nanoporous structures created through defect engineering, 2D sheets with highly uniform pores
offer significantly higher permeability. Due to their structural diversity and precise tunability,
these materials can be customized for specific functions or applications.

2.1.2 Transfer methods for 2D materials

The formation of nanopores can be categorized into "top-down" or "bottom-up" methods. In
the top-down approach, processing techniques are used to generate nanopores inside the 2D
material, while in the bottom-up approach, nanopores appear directly during the synthesis and

growth of the 2D material, such as the direct synthesis of 2D COFs. The top-down method is



more popular than the bottom-up method because it has better control over the formation of
nanopores.>* >> 2D material nanopores are typically supported by a suspended SiNx membrane
with a central microhole. The first step is to transfer the 2D material layers to the microhole and
completely cover it. The transfer methods can be categorized as wet transfer or dry transfer
(Figure 3a).>® The wet transfer method uses polymethyl methacrylate (PMMA) as a support
layer to separate the 2D material from the substrate (silicon wafer or copper foil) by corrosion.
The dry transfer process is directly exfoliation the 2D material onto PDMS and selecting the
target sample for transfer. Under the microscope, a three-dimensional displacement stage with
a clamp holder is used to clamp the support layer containing the 2D material, the target 2D
material is aligned with a microhole in a SiNx membrane (Figure 3b). Subsequently, the clamp
holder is lowered to make the target 2D materials contact with the SiNx surface and cover the
microhole. After the 2D material is transferred to the designated position, the supporting layer

needs to be eliminated.

a Substrate preparation MoS: transfer Nanopore creation b

Al

Figure 3. a) Transfer and preparation process of 2D material nanopore. b) 2D material transfer
under micromanipulation system. Reproduced with permission from ref 54. Copyright 2019

Springer Nature.

PDMS usually leaves the 2D materials on SiNx surface after the holder lifting, and do not
need additional treatment. Samples with a PMMA as supporting layer need to use organic
solvent to dissolve PMMA. After the transfer, the sample needs to be annealed. Mainly for two
purposes: first, to improve the surface cleanliness and eliminate organic impurities; Second,
enhance the contact between the 2D material and the SiNx substrate to prevent separation in the
subsequent test.

2.1.3 Drilling methods for 2D material-based nanopores
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The commonly employed techniques for drilling 2D materials are primarily categorized into
high-energy particle beam bombardment, chemical reaction, and other physical and chemical
methods. High-energy particle bombardment includes transmission electron microscope (TEM)
engraving, FIB irradiation, helium ion microscope (HIM) sculpting and so on.>> In these
technologies, energy is transferred from incoming high-energy particles (such as electrons, ions)
to the target material, resulting in the destruction of chemical bonds between the atoms and the
creation of vacancies. TEM has become the most widely used method for nanopore
manufacturing because of its excellent machining accuracy, even reaching the bombardment
accuracy of atom level (Figure 4a).%% 3" 37 Furthermore, high-resolution real-time observation
of the size and shape of nanopores can be realized during the drilling. FIB use gallium or helium
ions as bombardment particles. (Figure 4b).>” However, due to the limitation of the spot size of
the focused beam, the fabrication accuracy of the FIB is not as high as TEM. HIM milling
demonstrates excellent precision in controlling nanopore size and shape, potentially enabling
wafer-scale production (Figure 4c).>®

Chemical reaction methods are frequently employed for the fabrication of nanopores in 2D
materials. Through redox or electrochemical reaction, defects are intentionally introduced on
the surfaces to produce nanoporous structures. Commonly used technologies include electrical
pulse (EP) method, electrochemical reaction (ECR) method and oxygen ion etching (OIE)
method. The EP method involves the application of ultra-short high-voltage pulses to 2D
materials (Figure 4d).?° °® When an electric field passes through a dielectric, electrons pass
through a charge trap (defect) in it, creating a leakage current. As the voltage continues to be
applied, these defects form a permeation path, which leads to the peak of current. When an
electric field is applied through the electrolyte solution, an electrochemical reaction occurs at
the membrane-electrolyte interface, and charge is injected and released. These electrochemical
reactions may limit the leakage current across the membrane, thus affecting the breakdown
dynamics.>® When applying high voltage electric pulses, transmembrane ion current is used to
monitor the state of nanopore. At first, the leakage current is very small, indicating that there
are no defects in the 2D materials. Subsequently, with the formation of pores, the current

increases. The expansion of nanopores is promoted by voltage pulses, and measuring the pore



conductivity at a low bias between each pulse to feedback the pore size.
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Figure 4. Drilling method of 2D material-based nanopore. High-energy particle beam
bombardment. a) TEM. Reproduced with permission from ref 26. Copyright 2017 RSC Pub. b)
FIB. Reproduced with permission from ref 57. Copyright 2022 American Chemical Society. c)
HIM. Reproduced with permission from ref 38. Copyright 2017 IOP Publishing.
Electrochemical reaction. d) EP. Reproduced with permission from ref 58. Copyright 2015 AIP
Publishing. e) ECR. Reproduced with permission from ref 60. Copyright 2015 American
Chemical Society. f) OIE. Reproduced with permission from ref 61. Copyright 2015 Springer
Nature. Other physical and chemical methods. g) laser irradiation. Reproduced with permission
from ref 62. Copyright 2023 American Chemical Society. h) nanoparticle etching. Reproduced
with permission from ref 63. Copyright 2017 American Chemical Society. 1) single atom

catalysis. Reproduced with permission from ref 64. Copyright 2014 American Chemical Society.

The ECR method is often used to prepare MoS: nanopores.>* % During the process of pore
formation, a gradually increasing transmembrane voltage is applied in small increments. Upon
reaching a sufficient voltage level, a surge in current signifies nanopore formation.

Subsequently, the voltage is kept at breakdown levels to gradually enlarge the nanopore until
9




measured current exceeds the predetermined threshold, and then the breakdown voltage is
reduced to 0. The formation of nanopores begins at the defect of the membrane, and then the
exposed atoms are removed by ECR to expand in pore size. By ECR, the oxidation of MoS> to
MoOs, and then MoOs diffuses into solution.”® A stepwise increase in current indicating its
capability to selectively remove individual atoms from the lattice (Figure 4¢).®° EP and ECR
methods have the advantage of continuous formation and testing of nanopores, which allows
continuous testing of nanopores with different pore sizes by continuously applying reaming
voltage and monitoring pore sizes.?” However, the aperture monitoring may not be able to
accurately capture the exact shape of nanopores, especially if the aperture is very small (less
than 1 nm).

The OIE method utilizes oxidation reactions to induce the formation of defects and pores on
the surface of 2D materials (Figure 4f).°" %% ¢ This method cannot control the number and shape
of pores. There is a linear relationship between pore density, etching time and power. The
introduction of oxygen ions leads to the incorporation of numerous oxygen-containing groups
at the edges of pores and on the surface of 2D materials, significantly increasing surface charge
density. In addition to the ionized gas participating in the oxidation reaction to directly generate
pores, Huang et al. found that exposing graphene to the strongly oxidizing gas O3 can directly
epoxide the reaction at room temperature, introducing epoxidation groups on the graphene
lattice.” The epoxide group is heated at high temperature, and the group vaporizes into sub-
nanometer pores. The pore density increases exponentially with epoxidation temperature. With
the increase of heating temperature, the pore size distribution shifted to larger pores. This
decoupling of cluster nucleation and pore formation provides a new way to control pore size
and density. The drawback of the chemical reaction approach lies in the inability to control the
placement of the nanopore, as it is determined by a random occurrence of the chemical reaction.

Table 1. Fabrication methods of nanopores in 2D materials.

Method Materials Single/Multiple Diameter(nm) | Application Ref.

TEM MoS; Single 0.6-20 DNA translocation, osmotic power 31,3568
Graphene Single 5-25 DNA translocation 3,69
h-BN Single 0.5-12 DNA translocation, osmotic power 30,31,70,71
WS, Single >0.3 DNA translocation 36
Mxene Single <10 DNA translocation 32,3
MoS,/WS, Single 13-55 Transport of ions and molecules 47
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G/MoS; Single 2-20 DNA or proteins translocation, 34,46
osmotic power

EP Graphene Single 8.5 Ton Selectivity »
ECR MoS; Single >0.5 Amino acids or DNA translocation 45,60,72,73
He" ion irradiation Graphene Single 5-12 DNA translocation 38
Au ion bombardment Graphene Multiple 0.840.16 Ton selectivity "
Xe ion irradiation MoS, Multiple 1 57
Gat+ ion irradiation MoS, Multiple 0.5-1 75
0, plasma Graphene Multiple 0.6-0.69 Water evaporation or desalination 61,76
03 epoxidation Graphene Multiple A-scale Gas separation 7
03/0, reaction Graphene Multiple <0.85 Ion Selectivity 7
Ar+0, plasma Graphene Multiple Ton Selectivity 8
Nanoparticle etching Graphene Multiple ~50 Water evaporation 63
local heating Graphene Single 20-80 »
Femtosecond laser Graphene Multiple <100 2
irradiation
Tip-controlled local h-BN Single 4-16 Osmotic power 80
breakdown
Single-atom catalyst Graphene Single >0.6 o4

Other techniques, such as laser irradiation (Figure 4g),%* nanoparticle etching (Figure 4h),%
and single atom catalysis (Figure 41),** et.al, have also been employed for the fabrication of 2D
material-based nanopores. Table 1 summarizes the fabrication methods for creating nanopores
in different 2D membrane, comparing their pore sizes and applications. Membranes with single
nanopores are predominantly used for studying DNA transport, protein sensing, and ion
transport mechanisms. TEM is widely employed in fabricating single pores in a wide range of
2D materials, including heterojunctions, due to its precise scale control. However, TEM
requires high equipment and operational cost. EP and ERC offer precise control over pore size
through current feedback mechanisms, but may introduce defects and redox reactions that alter
the surface properties of 2D materials, such as increasing the surface charge. Despite of these
challenges, EP and ERC are cost-effective and convenient methods for drilling pores,
particularly for MoS., achieving accuracy comparable to TEM. Additionally, techniques such
as ion beam bombardment, oxidation reactions, and plasma treatment can generate high-density
nano- or sub-nanopores on the material surface. Oxidation reactions and plasma treatment also
introduce surface charges, which are critical for modulating ion selectivity and enhancing
osmotic energy performance.®
2.2 2D material-based nanochannels

2.2.1 Advantages of 2D materials for nanochannel preparation
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There are two types of structures for 2D material-based nanochannels. One is using the 2D
material as the channel framework, which is assembled layer by layer. The other type is
covering the 2D material onto the surface of the channel. Using 2D materials to make
nanochannels has obvious advantages. First, it can accurately control the channel height. 2D
materials have layered crystal structure, such as graphene, exhibiting a minimum single layer
height of 0.34 nm. Mechanical exfoliation can achieve graphene with various layers, enabling
production of nanochannel with different heights through etching. This eliminates the need of
strict machining parameters to control the etching depth, as required for traditional solid
materials. Since Geim et al. first made the smallest artificial nanochannel (0.34 nm) from
graphene for the first time, 2D material-based nanochannels have attracted considerable
attention.!83 Mass transfer at nano and sub-nano scales has gone beyond the traditional
classical fluids field, which needs new mechanisms and formulas to explain. Additionally,
graphene is composed of layers of carbon atoms arranged in a 2D structure. Theoretically, the
surface roughness of mechanically exfoliated graphene should be at the atomic level, while
other 2D materials, although not as flat as single-layer graphene, still exhibit less roughness
compared to channels prepared by pulsed. The high flatness reduces the limitation of
transmission and the possibility of channel blockage. When the silicon-based channel is covered
with a 2D material, it shields the friction between the fluid and the rough surface, enhancing
the internal fluid transport.**3¢ Using micro-and nano-processing platforms, 2D materials can
be easily assembled layer by layer by van der Waals forces, forming stable contact after
annealing without additional fixation or bonding.

2.2.2 Fabrication of 2D material nanochannels by layer assembly

The layer assembly channel structure usually consists of three layers(Figure 5a).% It preparation
requires complex semiconductor processing technology and 2D material transfer method
(Figure 5b).%! First, the bottom layer is transferred to the SiNy surface, covering the entire
microhole to ensure no leakage. The bottom layer is used to shield the roughness of the SiNx
substrate and serve as the bottom surface of the channel. Next, using electron beam lithography
(EBL) and plasma etching, the center channel layer is processed on a silicon wafer to generate

a set of parallel stripe arrays with a width of 130 nm. Subsequently, it is transferred to the
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bottom layer by wet transfer method. Then, using plasma etching and SiNx microhole as a mask,
the graphene suspended in the microhole is etched from the back to connect it up and down.
Finally, graphene with a thickness exceeding 100 nm is chosen as the top layer of the channel

and covers it.
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Figure 5. Structure and preparation of 2D material-based nanochannels. a) Structure and
electron microscopy characterization of graphene nanochannels assembled in layers.
Reproduced with permission from ref 81. Copyright 2016 Springer Nature. b) Assembly
process of graphene material nanochannel. Reproduced with permission from ref 81. Copyright

2016 Springer Nature. ¢) The preparation process of the channel constructed by etching grooves
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on the graphene surface. Reproduced with permission from ref 88. Copyright 2022 Springer
Nature. d) Channel preparation process of femtosecond laser etching and water-assisted transfer.
Reproduced with permission from ref 89. Copyright 2024 American Chemical Society. ¢)
Graphene-covered silica channels. Reproduced with permission from ref 85. Copyright 2016
RSC Pub. f) Preparation of graphene-based nanochannels by direct transfer of monolayer

graphene. Reproduced with permission from ref 86. Copyright 2017 John Wiley and Sons.

The preparation of channel seems simple, but it involves a series of extremely complicated
operations. It is a challenge to ensure that the channel array with a width of only 130 nm and a
height of one or more graphene layers is completely transferred, and to keep the surface clean
throughout the whole process. Only a few laboratories have mastered the entire preparation
process. Therefore, it is imperative to simplify this process. Bouquet et al. used electron beam-
induced direct etching and reactive ion beam etching (RIE) to form channel grooves in the
lower graphene, and then covered the upper graphene, thus simplifying the complicated
interlayer transfer process (Figure 5¢).®® Liu et al. directly used a femtosecond laser to etch the
graphene channel structure, and then used water-assisted graphene transfer to prepare a three-
layer channel structure, without using complicated instruments and equipment, thus avoiding

).% However, this method is

complicated transfer and repeated cleaning processes (Figure 5d
limited by the radius of the laser spot, and the width of the prepared channel is higher than 400
nm.

2.2.3 Fabrication of nanochannels with 2D material surfaces

The channel with a 2D material as the surface is typically fabricated on a SiO» sheet, where the
grooves are processed using micro and nano-etching technology such as FIB and RIE. The key
challenge was to transfer the 2D material into the grooves, attach it to the surface and keep it
clean. Another is how to avoid the collapse of nanochannels resulting from electrostatic force.
Xie et al. prepared silica nanochannels using lithography and controlled RIE (in CF4). CVD
graphene is transferred from copper foil to substrate by PMMA assisted wet transfer method
(Figure 5¢).8* 35 After annealing in Ar/H,, the substrate was subjected to an anodic bonding
process (800 V, 450 °C) under vacuum (~10 Torr), with another glass substrate containing

microchannels and reservoirs to form a stable channel structure. Han et al placed a nickel
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substrate on a copper foil/monolayer graphene, and then applied electrostatic force through the
substrate under mechanical extrusion and thermal heating in a high vacuum environment
(Figure 5f).% This nickel substrate will not ionize at high temperatures, and a uniform electric
field will be generated on the surface of graphene/copper foil. This process creates a high
negative charge on the SiO»/Si surface and attracts the graphene/copper layer to the SiO»/Si
substrate. Then, 0.1 M ammonium persulfate (APS-100) was used to etch the copper foil on
the surface of SiO>. The graphene surface transferred by this method has a clean and smooth
surface. This channel inside the transparent substrate allowing direct observation of fluid
movement inside it, and facilitating integration with direct observation technologies such as
fluorescence.

2.3 2D material-based laminar membranes

2.3.1 Advantages of 2D material-based laminar membranes

In some fields, such as ion/gas separation, osmotic power generation, etc., high water, ion or
gas fluxes are required to meet the needs of practical applications. The nanopore or the channel
mentioned above, it is limited by the size and volume, and the flux is limited. The laminar
membrane is a good solution to the problem of low flux, which is a composite form of an infinite
number of channels and pores. From the point of view of fluid transport, nanopores are the
device where fluid passes through the edge of 2D material, while nanochannels are devices
where fluid moving along the surfaces. Layered membranes are composed of stacked
nanosheets, forming parallel sheet structure, with channels between adjacent nanosheets for
fluid transmission in both out-of-plane and in-plane directions (Figure 6a).'® *° One direction
involves transmission along the stacking direction, akin to transport within a 2D channel formed
by layers of nanosheets. The other transport direction is perpendicular to the stacking direction,
which occurs at the edge of the nanosheet. This means that the 2D material-based laminar
membrane will integrate the transmission characteristics of pores and channels. The structural
dimensions of the pores and channels correspond to the interlayer spacing and packing density,
and the surface properties of the pores and channels correspond to the modification and doping
of the membrane surface. The methods of adjusting the transport in the pores or channels can

also be applied to the membrane. Layered membranes made of 2D material provide several
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advantages: 1) scalability, because the construction of these membranes is usually achieved by
self-stacking of nanosheets, without being limited by area or thickness; 2) uniformity, that is,
the dimensions of interlayer channels formed by stacked layers are relatively consistent,
ensuring uniform transmission throughout the whole membrane; 3) adjustability, because the
size and surface chemistry of interlayer channels can be customized, thus allowing flexible

control over permeation channels.??
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preparation process of 2D material-based laminar membrane. Reproduced with permission
from ref 18. Copyright 2019 John Wiley and Sons. b) Laminar membrane assembled from a
single 2D material (GO, MoS», h-BN, Ti3C,Tx). Reproduced with permission from ref 93.
Copyright 2012 The American Association for the Advancement of Science. Reproduced with
permission from ref 94. Copyright 2021 American Chemical Society. Reproduced with

permission under a Creative Commons CC BY License from ref 95. Copyright 2023 RSC Pub.
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Reproduced with permission from ref 96. Copyright 2018 Springer Nature. ¢) Transverse
heterogeneous GOM. Reproduced with permission from ref 97. Copyright 2020 John Wiley
and Sons. d) Longitudinal heterogeneous GOM. Reproduced with permission from ref 98,
Copyright 2019 John Wiley and Sons. ) Transverse heterogeneous MXene laminar membrane.
Reproduced with permission from ref 99. Copyright 2023 Elsevier.

2.3.2 Fabrication of single and heterogeneous 2D material-based laminar membranes
Common 2D materials such as graphene oxide (GO),” %% 100: 101 h_BN % TMDs,** 192103 and
MXene’® 19419 can be utilized in the fabrication of 2D material-based laminar membrane
(Figure 6b). The preparation process is generally consistent, being produced through vacuum
filtration methods. Initially, the 2D material is dispersed from its bulk or powder phase into a
suspension, followed by retacking of layers on a filter membrane using extraction filtration
techniques.'® Subsequently, the laminar membrane can be obtained by drying. In addition to
using a single material, the membrane can also be designed as heterogeneous materials
distributed horizontally or vertically. For example, in the preparation of GO membrane (GOM),
the filter cartridge is separated from the middle, and in the pumping process, n-doped GO is
added on one side and p-doped GO is added on the other side, thus forming a layered membrane
with one side of n-type and the other side of p-type (Figure 6 c).” By controlling the order of
filtration, after one layer is deposited, another layer is continuously deposited to form a
longitudinally arranged heterogeneous membrane (Figure 6 d).”® The surface-functionalized
Ti3C, Tk transverse heterogeneous laminar membrane was prepared by the same method (Figure
6e).” By controlling the surface structure and functionalization of 2D materials, heterogeneous
laminar membrane are produced to expand the structural diversity and application range of
laminar membrane.®3: 190 107. 108

2.3.3 Improve the stability of 2D material-based laminar membranes

The stability of a 2D material-based laminar membranes usually refers to the ability to maintain
its structure and interlayer spacing. The stability difference between laminar membranes and
channels is obvious, because the layer assembled channels are tightly bonded by van der Waals
forces, while laminar membranes are deposited. There is a large space and weak van der Waals

force between the layers, and the water molecules are easy to enter this space and separate the
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membrane. Therefore, it can not reach the structural robustness and durability of layer
assembled channels. This instability hinders its application. GOM is easily dissolved, because
there are a lot of oxidation groups in the inside and edges of GO sheets, such as hydroxyl and
epoxy groups. The hydrogen bond between water and hydroxyl/epoxy groups can provide a
strong hydration repulsion. In addition, the carboxyl groups are negatively charged in the
hydration process, which can generate electrostatic repulsion between the GO sheets, thus
leading to the expansion of the membrane spacing and the separation of the assembled GO

sheets.

b Common GO membrane
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Figure 7. Improve the stability of 2D-based material laminar membrane. a) Metal ion
intercalation fixed layer spacing. Reproduced with permission from ref 109. Copyright 2017
Springer Nature. b) Mixed reduced GO and =m-m attraction prevents the membrane from
dissolving. Reproduced with permission from ref 110. Copyright 2016 American Chemical
Society. ¢) The self-crosslinking reaction of Ti3CoTx nanosheet improves the stability of the
membrane. Reproduced with permission from ref 111. Copyright 2019 American Chemical

Society.

The method to improve the stability of the membrane is to introduce an attractive force between
the sheets to increase the connection strength. Chen et al. found that the GOM soaked in a
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cationic solution has the effect of fixing the layer spacing (Figure 7a).! The strong
noncovalent hydration cation-n interaction between the GO sheet and the aromatic ring
connects the adjacent layers, thus fixing the spacing between layers. Xi et al. reduced the
repulsive effect of hydroxyl and epoxy band by doping partially reduced GO (Figure 7b).!'
The weakening of repulsion will lead to the strengthening of & - m attraction. The GOM prepared
by this method has a controllable interlayer spacing, and shows excellent stability in water even
in strong acid and alkali solutions. The membrane doped with 50% partially reduced GO can
be soaked for one month. MXene membranes are similar to the GOM in that its lamellar surface
contains rich groups. Lu et al. used dehydroxylation between Ti3C2Tx nanosheets to generate a
self-crosslinking process between nanosheets to form a Ti—O—Ti bond, requiring only a simple
vacuum heat treatment (Figure 7¢)."!! Once the Ti-O-Ti bond is formed, the swelling behavior
of the MXene membrane will be restrained, because the interlayer spacing in the solution is
relatively fixed. It showed good stability in the monovalent ion solution permeation experiment,

and there was no obvious swelling in the experiment for more than 70 h.

The stabilization of 2D material-based laminar membrane has solved the problems of
complex solution environment and working conditions in practical application and the
economic problems of long-term work, which has taken an important step for its application in
the fields of ion/gas separation, seawater desalination, blue energy and so on.
3.APPLICATIONS OF 2D MATERIAL-BASED NANOFLUIDIC DEVICES
3.1 Exploration of new physical mechanisms
3.1.1 Nonlinear ion transport in nanopores
The combination of nanofluids and 2D materials has produced new physical phenomena and
transmission mechanisms. At the nanometer scale, traditional transport mechanisms are no
longer applicable. Atomic thin nanopores provide a transmission path with diameters limited to
the level of single molecule, allowing different molecules to be selected according to the pore
size. In addition, the hydration and dehydration mechanisms of ions during the process of
transport are also very interesting. lons in solution do not exist in isolation. They attract polar
water molecules, forming hydrated ions that move as a unit. The diameter of the hydrated ion
reflects the spherical structure formed by the central ion and the surrounding water molecules.
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But this binding is loose, strong force or space constraint can rearrange or displace the water
molecules. 2D material nanofluidic devices provide the spatial constraints necessary to limit
ionic hydration structures, making themselves an idea tool to study the ion hydration
mechanism. Molecular dynamics (MD) simulations reveal that ionic currents and pore sizes in
graphene exhibit non-linear behavior, characterized by a rapid decrease in ionic current as the
pore size decreases.!!? This nonlinear behavior is attributed to the fact that water molecules
need to be rearranged outside the atom-thick pores to keep the ions hydrated significantly.
Barabash et al. simulated the complex interactions between ion hydration shell and hydration
cloud and the edge atoms of the graphene nanopore was simulated (Figure 8a).!'* The ions must
overcome the dehydration barrier caused by the redistribution of water molecules around them.
Firstly, the existence of pores distorts the water layer near the membrane and water molecules
exist in the pores. When hydrated ions enter the pore, the water layer attached to the pore of
graphene overlaps with the spherical symmetric hydration shell of the ions, resulting in density
remodeling, which makes the first hydration shell changes, and its symmetric distribution is
concentrated on both sides of the pores. Sahu et al. found that when ions enter a graphene
nanopore with a diameter similar to hydration radius, the water molecules can be rearranged
outside the pore, and the ions need to lose about a quarter of the internal hydrated water
molecules before entering the pore (Figure 8b). The energy penalty of K is about 0.27 eV,

while CI is about 0.37 eV, which leads to nonlinear effects in the current.''? The ionic flux can

be described by the transition state theory and expressed in Arrhenius form:”” !4
E, — E
]=Aexp(— 7T ) (D

where J is the ion flux, A is the pre-exponential factor, R is the universal gas constant, T is the
temperature, and E,, is the energy barrier, E is the external force. Equation (1) indicates that the
flux of ions through the pore is governed by the transport energy barrier. As ions passing
through the sub-nanopore, an external driving force is required to remove their hydration shell
upon entry and rehydrate them upon exit the pore. There is an exponential relationship between
the transmission flux and external energy, resulting in nonlinear characteristics in the /-7 curve.
The formula also indicates an important source of ion selectivity in sub-nano pores, that is,
different ions have different hydration layer structures. This difference in dehydration energy

20



leads to difference in ion flux, enabling selectivity within the confined system.”

The impact of pore surface charge on ion transport in nano and sub-nano pores is significantly
amplified. Xiong et al. conducted a whole-atom MD simulation to investigate ion translocation
through negatively charged sub-nano graphene pores, revealing three distinct transport
processes: (a) cation adsorption, (b) trapping - assisted cation translocation, and (c) selectivity
- assisted anion translocation (Figure 8c).!"> The process involves the replacement of adsorbed
K" by a K" translocating into the bottom chamber, leading to dissociation of the resident ion
from the charged site and subsequent adsorption of the substituted ion at the same site,
completing trapping-assisted K* translocation. The adsorption of K™ at the negative site
facilitates the passage of Cl™ through the nanopores. The charge on the pore surface can also
lead to the nonlinearity of ion transmission. Feng et al. prepared nanopores with a thickness of
0.65 nm and a diameter of 0.6 nm on a single layer of MoS; by ECR, and evaluated the electrical

).”? The I-V curve shows obvious nonlinear

characteristics of these nanopores (Figure 8d
characteristics, and the electrical conductivity increases with the increase of voltage. Coulomb
blockade explains the suppression of ion flow in sub-nano MoS nanopores at low voltages,
where the energy required to charge the system, combined with low capacitance and strong

ionic interactions, resulting in a nonlinear /- curve. The ion flow is observed only when the

applied voltage exceeds a certain threshold.
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Figure 8. Nonlinearity of ion transport in nanopores. a) Dehydration simulation of ion transport
in sub-nanopore. Left to right: changes of water shell distribution near graphene nanopore
before and after ion entry. Reproduced with permission under a Creative Commons CC BY
License from ref 113. Copyright 2021 Springer Nature. b) Transmission barrier (left) and
oxygen atom distribution (right) of K™ and CI" through graphene sub-nanopore. Reproduced
with permission from ref 112. Copyright 2017 American Chemical Society. c¢) lon trapping and
thermionic emission across sub-nm pores. Reproduced with permission from ref 115. Copyright
2023 American Chemical Society. d) Nonlinear transport of ions in MoS, nanopores.
Reproduced with permission from ref 40. Copyright 2016 Springer Nature. e¢) Nonlinear
electrohydrodynamic ion transport in graphene nanopores. Left to right: schematic illustrating
the pressure-integrated ion transport in graphene nanopores; ionic conductance increases as a
function of applied pressure Ap; visualization of axisymmetric net charge distribution and
current density vectors for A¢ = 3 V with zero pressure bias, Ap = 3 V and Ap = 200 MPa.
Reproduced with permission from ref 116. Copyright 2022 The American Association for the
Advancement of Science.

Feng et al. measured ion conduction in graphene nanopores under pressure (Figure 8e). The
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streaming current [ =1 — Izp=o, conductance Ggpr = Ig-/Ad . As show in Figure 8,
Gstr/G, < Ap , where G, is the conductance without applied pressure Ap . So Ig) X
AdAp,which indicating a nonlinear electrohydrodynamic coupling in streaming current.!'® The
ion flow generated by the pressure driving is symmetrical with the direction of the pressure
gradient and controlled by the voltage. Through theoretical simulation show graphene
capacitance accumulation result in a strong net ionic charge layer on the surface. When pressure
is applied, ions on the surface are transported by a fluid driving force, resulting in nonlinear
pressure-voltage coupling. This nonlinear coupling is also related to the slip on the surface of
the graphene, which promotes the flow velocity of water on the surface of graphene and
improves the pressure sensitivity of the graphene nanopores.

2D material-based nanopores provide a new platform for exploring the structural changes
of ions and fluid transport from a microscopic point of view and exploring new physical
mechanisms. A thorough understanding of the ion transport mechanism can provide guidance
and a basis for designing, optimizing and controlling the permeability and selectivity of
nanofluidic devices.
3.1.2 Transfer enhancement of graphene surface
In addition to the restriction at the entrance and exit, the interaction between the fluid and the
surface also plays a key role in the fluid transport and structural characteristics in 2D material-
based nanochannels.!!” Although 2D materials show high flatness, there are obvious differences
between different types of materials. Graphene, as the flattest 2D material composed only of
carbon atoms arranged in the same plane, has the smoothest surface.!'312° h-BN also shows the
lattice structure of layer assembly, but the composition of two kinds of atoms makes it surface
fluctuation. The other 2D materials with non-coplanar atoms exhibit relatively more large
surface roughness. Although this roughness may be neglected in the macroscopic systems, it
can be significantly amplified at the nano or sub-nano scale, thus having an observable impact
on fluid transport. The slip length is a linear extrapolation, which is the decreasing distance of
velocity distribution in solid. Longer slip length means lower surface fluid resistance, which its
correlation with low liquid-solid friction, as well as its influence on energy conversion

efficiency.!?! To realize a large slip length in traditional solid materials is difficult. However, in
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carbon nanotubes and nanochannels, the slip length is exceptionally high, which is a feature not
observed in other 2d materials.!'® 122123 This phenomenon is closely related to the smoothness
of graphene surface. Tocci et al. used ab initio MD to model the connection between liquid
water and friction in contact with graphene and h-BN (Figure 9a).!?* Although these two
materials have a similar planar structure, the friction coefficient of water on the surface of h-
BN is three times that of graphene. Due to the differences in atomic composition, electronic
structures and energy fields, the maximum transport energy barrier of water transport on
graphene surface is only 13 meV, while the maximum of h-BN is 21 meV. The height of the
barrier determines the ease with which water moves on the surface. The higher the barrier, the
greater the frictional resistance. In another work, they used the same method to prove that the
speed of water sliding on graphene channel with different height (0.9 nm to 3.2 nm) is 5 times
and 11 times higher than that of h-BN and MoS; (Figure 9b). '?° The energy landscape
difference between 2D material surfaces provide the main static sources of water sliding
difference. The transport energy barrier of water on graphene, h-BN and MoS; surfaces is

about10 meV, 20 meV and 50 meV, respectively.
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Figure 9. Transfer enhancement of graphene surface. a) Friction (left) and potential energy
cloud distribution (right) of water on graphene and h-BN surfaces. Reproduced with permission
from ref 124. Copyright 2014 American Chemical Society. b) Comparison of friction
coefficients (left) and potential energy cloud (right) of graphene, h-BN and MoS; channels of
different heights. Reproduced with permission under a Creative Commons CC BY License from
ref 120. Copyright 2020 RSC Pub. ¢) Water permeation through graphene nanocapillaries.
Reproduced with permission from ref 81, Copyright 2016 Springer Nature. d) Comparison of
water permeation through graphene, etched graphene, h-BN and MoS,. Reproduced with
permission under a Creative Commons CC BY License from ref 125. Copyright 2021 Springer
Nature. e) Fast water transport in graphene channels. Reproduced with permission from ref 84,
Copyright 2018 Springer Nature. f) Ion enhanced transport on the surface of graphene.

Reproduced with permission from ref 86. Copyright 2017 John Wiley and Sons. g) Ballistic
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molecular transport through 2D channels. Reproduced with permission from ref 82, Copyright

2018 Springer Nature.

Geim et al. conducted an investigation on the transport of water molecules through graphene
nanochannels, observing flow rates of up to 1 m s! for channels capable of accommodating
only a few layers of water molecules (Figure 9¢).8! The authors attribute this observation to
high capillary pressure (approximately 10* bar) and large slip lengths (60 nm) on the graphene
surface, which are also associated with an increase in the structural order of nanoconfined water.
Compared with graphene channel, the water transport speed and slip lengths of the h-BN or
etched graphene channel with a certain roughness are lower (Figure 9d).!?> However, different
from the theoretical simulation results, the water migration flux in h-BN channel is the lowest.
Besides the difference of surface energy barrier, another source of water molecule friction is
the electrostatic interaction of polar water molecules and OH™ adsorbed on the surface of h-BN,
which inhibits the movement of the water molecules.'?° The interaction between OH™ and water
also hinder the formation of long-range ordered water layers.

From the above analysis, it can be seen that covering other solid material channels with a
graphene layer can reduce the surface roughness, lead to an increase in the surface slip length
and enhance fluid transport. Xie et al. tested the slippage and transport resistance of water in a
partially graphene-covered silica channel (Figure 9¢).2* It examined the relationship between
the position and time of flowing into liquid surface from the graphene side and the silicon side
was studied, and the mass flow resistance ratio was deduced. In the channel with water flow
resistance ratio greater than 1, the higher the coverage rate of graphene, the lower the resistance
of water transmission in the channel. The enhanced water transport due to longer slip length
will also lead to enhanced ion transport in the channel, thereby improving the overall
conductivity of ions in the channel. Han et al. detected a 115 times increase in ion conductivity
within graphene-covered silica channels (3.5 nm).3¢ Xie et al. observed a similar effect in their
other work, in which the enhancement of electrical conductivity was limited because only one
side of the channel was covered by graphene.®® They believe that the conductance of graphene
channel is enhanced because the sliding of the graphene surface enhances the electroosmosis
flow of ions. The solution in the channel flows directionally under the action of electric field,
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ionic friction and viscous force, and the sliding of the graphene surface enhances the speed of
this directional flow, which makes the mobility of ions partially increase on the original basis,
thus generating greater conductivity.

Surface roughness plays significant role in gas transport within the nanoconfined space.
When gas molecules move in a space smaller than their mean free path, the gas flow is governed
by Knudsen theory, where surface-molecule collision has higher probability than molecule-
molecule collision. This surface-molecule interaction leads to diffusion scattering, hindering
the transport of molecules. Keerthi et al. reported that gas molecules have specular reflections
in sub-nano channels with atomic-level surface flatness, resulting in gas ballistic transport and
frictionless flow, thereby increasing transport speed (Figure 9g).%? In MoS: channels, the height
of atomic fluctuation is comparable to the size of a He atom and its de Broglie wavelength,
resulting in a substantial diffuse scattering and gas transport behavior consistent with Knudsen
theory. Conversely, h-BN and graphene channels, with their superior flatness, exhibit specular
surface reflection, and greatly enhancing the gas transport. In the channel with 4 layers of
graphene height, gas transport enhancement reaches to 300, highlighting the significant
contribution of flat surface in optimizing gas permeability.

Generally speaking, the enhanced transfer of fluid on the surface of graphene reduces the
transport resistance caused by the friction between the fluid and the solid surface. This is
beneficial to improving the efficiency of energy conversion. In the pressure-driven channels,
the energy conversion efficiency can be improved by more than one order of magnitude on the
graphene surface.'?’ This is expected to open up new opportunities for applications such as
rapid desalination, as well as energy harvesting in nanofluid confinement.

3.1.3 Conformational changes of fluids in confined spaces

The limitation of nano-scale also amplifies the Coulomb potential and Leonard-Jones potential,
which can extend throughout the whole channel, thus affecting the structure and distribution of
molecules, and ultimately affecting the structure and transport of fluid.!?® Aluru et al. performed
a multiscale study of water within graphene channels using a variety of models (Figure 10a).!%
The molecular accumulation of water near the interface is different from that in bulk solution.

The interface region is bound by the Leonard-Jones potential and presents a layered
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arrangement. Compared with the radial distribution function of the center of mass, the radial
distribution of the contact layer is more polarization, and it obviously showed a higher degree
of order in a liquid. The water dipole is preferentially parallel to the hydrophobic surface, and
the contribution of hydrogen bonding is also suppressed.'*’ The layered arrangement of water
molecules on the surface of the channel, shows a lower dielectric constant than that of bulk
phase water. In the nanochannel with h-BN as the wall, when the height of the channel is less
than 2 nm, the dielectric constant of the internal water is only 2.1 (Figure 10b)."*! When the
channel height increases to 100 nm, the dielectric constant of the water in electrolyte returns to
the bulk value of 80 (pure water, pH = 7).

Multibody Coulomb interactions between ions become more complex under strong space
constraints, such as the Coulomb blocking effect mentioned above. Nanochannels confine the
solution to narrow spaces (0.7-1.4 nm), where ions can form tight Bjerrum pairs under such
strong spatial constraints (Onsager’s Wien effect).'*> These Bjerrum pairs, consisting of a
cation and an anion, are uncharged, but can be separated by an electric field, contributing to the
conduction, thus producing a nonlinear /-V response. Bocquet et al. extended this concept with
fractional Wien effect.!*® The authors constructs a gated charge, the number of charge is not an
integer, but a fraction. It can bind an integer number of ions, but the binding of one ion is
relatively weak. Under an external electric field, this weakly bound ion may dissociate from the
gated charge, resulting in a non-zero conductance. Additionally, the authors proposed a theory
to explain the strong nonlinear effects of ion transport at sub-nanometer scale (Figure 10c).!3
MD simulations reveal another mechanism. Under an electric field in the nanochannel, Bjerrum
pairs do not dissociate but instead form a wormlike structure - Bjerrum polyelectrolytes. As the
field strength increases, these structures break down slowly, leading to slow dynamics and long
memory times. This phenomenon retains structural information of Bjerrum polyelectrolytes,
like leaving behind some kind of memory that can be used to build basic neurons.

New physical mechanisms for nanofluidic devices based on 2D materials are still emerging,
benefiting from their ground-breaking scale limitations and rich surface properties. 2D
material-based nanofluidic devices provide a broad platform to explore the unknown

mechanism in the field of nano, and the exploration of mechanism will promote the progress of
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its technology in the field of condensed matter physics, fluid mechanics, bionic fluid devices

and biosensing.
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Figure 10. Conformational change of fluid in confined space. a) Conformational change of
water in a graphene channel. Reproduced with permission from ref 129. Copyright 2018 The
American Physical Society. Left: the radial density distribution of water molecules in graphene
nanochannels. Right: the radial distribution of molecular centroid in contact layer (the left
corresponds to I; the right corresponds to II). b) Dielectric constant of water under strong
confinement. Reproduced with permission from ref 131, Copyright 2018 The American
Association for the Advancement of Science. c) Nonlinear effects of ion transport under strong
constraints and memristor effects with time-dependent mechanisms. Reproduced with
permission from ref 134, Copyright 2021 The American Association for the Advancement of
Science.

3.2 Detection of single biological molecule

3.2.1 Principles of nanofluidic devices for analyte detection

By applying the Coulter counter principle to nanopore or nanochannel sensors, analyte
detection and characterization can be realized at the single molecular level.?* *>137 When a
voltage is applied across a pore or channel, ions flow through it, resulting in a steady-state ion
current (Figure 11). When the analyte passes through, the ionic current is disturbed due to the
hindrance of its structure or the charge it carries. The structural information of the analyte can
be analyzed by capturing these subtle changes. It provides a low-cost, label-free, high-

throughput single-molecule bio sensing technology. The latest DNA sequencing technology,
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known as the third generation, uses nanopores to identify the base information on DNA and
obtain sequence. At present, the most advanced nanopore DNA sequencing technology is based
on biological nanopore, which involves the cultivation of natural proteins with pore structures,
such as o-hemolysin, virus pore, mycobacterial pore protein and so on.'” Solid state nanopores
or channels offer a more stable option with adjustable physical and chemical properties that are
more adaptable to multiple environments (temperature, pH, salinity), and they have higher
controllability of pore size and shape. It can also be combined with advanced semiconductor
technology, which contributes to the miniaturization of devices and the integration of testing

and analysis equipment.

Figure 11. Schematic of 2D material-based nanofluidic devices for label-free single-molecule
sensing.

3.2.2 DNA detection using 2D material nanopores

The monolayer of 2D material is the thinnest material, and its thickness is equivalent to the
spacing between nucleotides, so it provides high spatial resolution, making it an ideal candidate
material for DNA sequencing.!® Dekker et al. observed a variety of DNA folding states in
nanopores with a diameter of about 20 nm on single-layer graphene, which proved the
feasibility of realizing and utilizing single molecule DNA translocation in ultra-thin nanopores
(Figure 12a).%° Liu et al. proposed a method for preparing nanopores based on MoS, for
detecting DNA translocations through pores (Figure 12b). The observed signal amplitude
during DNA translocation was found to be 5 times higher than that obtained with SiNx
nanopores, while maintaining a signal-to-noise ratio exceeding 10 fold.**> Although MoS: is
thicker than graphene, it doesn't need special surface treatment to reduce the strong interactions
between DNA and surface.!*® The inherent electrical conductivity of the 2D material enables
the DNA molecule to not only trigger a signal through ionic currents as it passes through the

nanopore, but also cause a lateral current perturbation applied to the 2D material.* - 13%-141
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This necessitates the fabrication of electrodes on the 2D material and application of a current.
Graf and Heerema et al., respectively, made MoS» and graphene nanoribbons integrated with
nanopores and connected them to electrodes (Figure 12c). DNA can be detected by the signals
related to the ion current flowing through the nanopore and a transverse current flowing through
the nanoribbon.%® % The integration of complementary information from signals and

dimensions will significantly improve the accuracy of nanopore identification.
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Figure 12. The 2D material-based nanopore detects DNA and slows its transmission. a) DNA
translocation through graphene nanopores. Reproduced with permission from ref 39, Copyright
2010 American Chemical Society. b) DNA translocation through MoS; nanopores. Reproduced
with permission from ref 35, Copyright 2014 American Chemical Society. ¢) Transverse
detection of DNA using a MoSz nanopore. Reproduced with permission from ref 140. Copyright
2019 American Chemical Society. d) lonic liquid decelerates single-stranded DNA transport
through MoS: nanopores. Reproduced with permission from ref 142, Copyright 2022 American
Chemical Society. e) Viscosity gradient slows down DNA translocation in MoS> nanopores.
Reproduced with permission from ref 143, Copyright 2015 Springer Nature. f) The graphene-
MoS:; heterostructure nanopore is used to slow down the transport of biomolecules. Reproduced
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with permission from ref 46, Copyright 2022 RSC Pub.

3.2.3 Slowing DNA transport through nanopores

Although 2D material-based nanopores have great potential in DNA sequencing, their
development has been hindered by some challenges. A key obstacle is the rapid transport of
DNA, which impairs the time resolution for identifying single bases. Voltage manipulation
emerges as a pivotal approach for regulating the transmission rate of DNA, with higher voltage
resulting in accelerated DNA translocation driven by electric field. However, it is also need to
consider the influence of voltage adjustment on the stability, signal-to-noise ratio and noise
control of membrane structures. Researchers shift their focus towards structural control and ion
solution selection. Zhou et al. conducted simulations and experiments which confirmed that
the strong interaction between Bmim" and ssDNA creates significant drag force and forms n-n
stacks with bases in BmimCl solution, ultimately slowing down the electrophoretic movement
of ssDNA in MoS; nanopores (Figure 12d).!** Feng et al. observed the slow transport of DNA
by adding 2 M potassium chloride (KCI) solution to one side of the MoS> nanopore and
BmimPFs to the other (Figure 12¢).!** The transfer time extended from several ms to more than
100 ms. This method produces the best single nucleotide translocation speed for DNA
sequencing, while keeping the signal-to-noise ratio above 10. Due to the limitation of graphene
on the movement of biomolecules and the relatively weak limitation of MoS,, Liu et al. devoted
themselves to controlling the transport speed of DNA and proteins by using graphene-MoS»
heterojunction (Figure 12f).* The strong m-m interaction between graphene and DNA slows
down the transport of DNA, while the positively charged Mo atoms are more likely to attract
negatively charged DNA into the pores.*’ The results showed that it can inhibit the transfer
speed of bovine serum albumin, but it had no obvious effect on DNA. There is still room for
improvement in this method, and a good delay effect may be obtained by trying a combination
of various 2D materials.

3.2.4 Detection of DNA conformations in 2D material-based nanochannels

2D material-based nanochannel is also used for DNA detection. Unlike nanopores, these
channels are limited by their length being significantly longer than bases, so they can not

recognize a single base. However, they are capable of discerning the curled and folded state of
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DNA. The restriction and stretching of DNA within these channels is also the focus of
attention.” 144146 Unlike traditional channels, which are limited by processing technology and
struggle to achieve dimensions on the scale of the DNA hydration radius (less than 10 nm),
graphene channels provide a smooth surface, facilitating the smooth transfer of DNA. This
makes graphene nanochannels an ideal solution to overcome these limitations. Graphene
nanochannel is a perfect solution to this problem. Yang et al. fabricated graphene nanochannels
measuring 6.5 nm in height, 400 nm in length, and 110 nm in width (Figure 13a).'#” In the ionic
current, two different events can be observed: a prolonged current interruption indicating DNA
translocation, and a brief peak indicating DNA entry and exit. The DNA translocation events
manifest three discernible stages in their current blocking trajectory: loading, translation, and
exit. Liu et al. prepared graphene nanochannels with extremely high cleanliness, enabling
smooth transmission of DNA in channels with a very high length-to-height ratio (4.3 nm high,
10 um long), and found a certain linear relationship between the length of DNA and its
transmission time, demonstrating the ability of the channel to recognize different lengths of
DNA (Figure 13b).%? Scale effects in confined space can also stretch DNA and make it linear.
If the DNA is stretched into the channel first, so that the bases are fully exposed, and then it is
transferred into the pore, it is expected to solve another big problem of solid nanopore detection,
that is, the situation that DNA is curled and folded in the bulk solution, and it is difficult to
identify single base. In addition, the friction and adhesion of the channel surface to DNA will
also slow down the transmission speed of DNA, and this delaying effect will be enhanced by
the design of the channel direction. The combination of channels and pores may also
significantly reduce the speed of DNA passing through pores. Although the channel can not
directly achieve the function of gene detection, it is expected to play a role in the front-end

processing of sequencing.
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Figure 13. Detection of DNA transmission by 2D material-based nanochannels. a)
Translocation of DNA through graphene ultrathin nanochannels. Reproduced with permission
from ref 147, Copyright 2021 John Wiley and Sons. b) Graphene nanochannels recognize DNA
of different lengths. Reproduced with permission from ref 89, Copyright 2024 American
Chemical Society.

3.2.5 Identification of proteins using 2D material-based nanopores

The atomic-level thickness of the 2D material-based nanopore provide a high resolution for the
identification of proteins. Compared to DNA, proteins are affected by their viscosity and charge
distribution, and their adsorption on the surface of graphene is stronger. Shan et al. observed
the ferritin translocation event only after modifying the graphene nanopore with phospholipid-
PEG (DPPE-PEG750) amphiphilic reagent, and the signal of bovine serum protein was not
captured (Figure 14a).'*® The hydrophobicity of graphene is also an important factor to prevent
proteins from entering the nanopores. Gaurav et al. improved the preparation process to prepare
clean, defect-free, and hydrophilic graphene nanopore chips.!*’ Electron beam-induced drilling
and shrinkage techniques were used to prepare nanopores of different scales. The nanopore
successfully detected Fc-specific rabbit anti-goat IgG, Fc fragment of goat IgG and the specific
binding of both. The adsorption between biomolecules on the surface of MoS; is relatively
weak, and the prepared nanopores can capture protein signals relatively easily. Gu et al.
successfully captured the transmission signal of bovine serum protein using MoS2 nanopores
(Figure 14b).!>° Compared with SiNx nanopores, although they show higher pulse amplitude,

their noise is much higher and their stability needs to be further improved. The identification of
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protein sequences is also of great significance for understanding the structure and function of
proteins.'>! The subtle differences between natural amino acids challenges the spatial resolution
in nanopore sequencing. Wang et al. successfully utilized sub-nano MoS» nanopores to achieve
direct identification of individual amino acids with a resolution of less than 1 Dalton (Figure
14¢).% They can distinguish the differences of chemical group in a single amino acids
(including amino acid isomers), and have proved to successfully identify 16 of 20 natural amino
acids.

DNA and protein sequencing using 2D material-based nanopores or channels has a broad
application prospect, and may become the most cost-effective, rapid, convenient and effective
genome sequencing technology available to human beings in the future. This progress is
expected to catalyze the substantive progress in biological and medical research. However,
there are still many challenges in this field, including equipment life, recognition accuracy,
integration with electronic equipment, signal recognition and analysis using artificial
intelligence technology and simplification of sample pretreatment procedures. In addition,
compared with the widely used biological channels, the problem of noise suppression of 2D
material-based nanofluidic devices is as difficult as reducing the transmission speed. The
mechanical vibration, membrane capacitance, wettability and defects of 2D materials will all
interfere with the identification effect.’!> 192 153 The source of some of the noise is still unclear.
To solve these problems, it is necessary to further explore the source mechanism of noise and
optimize the device structure. So far, it has not been possible to read long sequences of DNA
bases in solid-state nanopores or channels. It still needs the close cooperation and progress of
many disciplines to achieve the goal of gene monitoring and protein sequencing by using 2D

material-based nanofluidic devices, and there is still a long way to go.
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Figure 14. 2D material-based nanopore identification of proteins. a) Modified graphene

nanopores capture single proteins. Reproduced with permission from ref 148, Copyright 2013
IOP Publishing. b) Capture of bovine serum protein by MoS, nanopores. Reproduced with
permission from ref 150, Copyright 2019, AIP Publishing. ¢) MoS: nanopore identifies single
amino acids with sub-1 Dalton resolution. Reproduced with permission under a Creative

Commons CC BY License from ref 45, Copyright 2021 Springer Nature.

3.3 2D material-based iontronics and bionic devices

3.3.1 Research value of iontronics devices

Integrated circuits are the key to promoting the development of science and technology today,
especially the development of artificial intelligence technology, which depends on advanced
chips. Traditional integrated circuits are composed of diodes, transistors and other electronic
components, and the signal carrier is electrons. lons are also conductive substances, which have
a wide variety, different structures, volumes, charge, positive and negative charges, ion mobility,
etc., and can carry more information than electrons theoretically. Nanofluid devices are carriers
of ions, which can also respond to a variety of stimuli such as applied electric field, pH,
temperature, light, thereby regulating the transport of internal ions, and realizing the biology-
like function of sensing external stimuli. Because of their superior photothermal and

photoelectrical properties, 2D materials have more advantages than other traditional materials
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in the field of iontronics and bionic devices. The transmission of information between the
various life activities of the human body depends on the transmission of ions. For
biocompatibility, the development of iontronics devices is of great significance. The
combination of brain and computer, the hottest topic in medical and engineering research today,
can realize the seamless connection of ionic electrical signals by using ionic electrical devices,
without converting ionic signals to electronic signals, which is beneficial to the integrity of
information reception and response speed.
3.3.2 2D material-based nanofluidic devices as logic devices
It is the theoretical basis of constructing ionic-electric devices to realize ion directional transport
or flow control through spatial electric field and structure control. Yao et al. prepared single
graphene nanopores supported by polyethylene terephthalate (PET) membranes with the help
of rapid heavy ion irradiation and asymmetric etching techniques (Figure 15a).!>* The surface
of the prepared graphene nanopores is positively charged and has good anion selectivity. By
using hydrochloric acid to change the surface charge state of the PET cone-shaped nanopores
from negative to positive, the rectification ratio is as high as 190. Chen et al. prepared a GO
based heterogeneous membrane. By using the formation of charge heterojunction caused by pH
or ultraviolet irradiation changes, pH-light double-responsivity and ion rectification functions
are integrated into 2D nanofluid systems (Figure 15b).!% The rectification ratio reaches 56 at
pH =3 and 140 under ultraviolet light. The construction of nanofluidic devices with asymmetric
structures is an important way to realize fluid diodes. Dong et al. cut the Ti3CoTx membrane
ladder into a triangle to achieve a rectification ratio of 22.38, and successfully applied it to the
logic circuit to achieve the logical operation of "AND" and "OR" (Figure 15¢).!%°

The photoelectric response of 2D materials can be used to prepare photonic nanofluidic
devices, such as photonic ion switches, photonic ion diodes, photonic ion transistors and so on.
Guo et al. proposed that the local potential reduction of GOM by light irradiation follows a
carrier diffusion mechanism (Figure 15d).!°! When light is struck off-center, it can create a
voltage difference on the surface of graphene to drive the transport of ionic. Under asymmetric
illumination, the voltage in the same direction can be balanced by using the photo-induced

voltage difference, thus blocking the transmembrane ion current and forming a closed state. Its
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switching ratio is close to 10° - 10*. By controlling light and alternating electric fields, using
asymmetric light illumination, blocking the ion current at the desired voltage polarity, forming
an efficient ion diode with a rectification ratio of up to ~10% The local low voltage in the
illuminated area can be viewed as a light-induced gate voltage to control the horizontal ion
conductance, forming an ion transistor. The source-drain current increases with the increase of
light intensity, showing p-type gating behavior. In addition to GO, 2D materials with strong
photoelectrical response, such as TMDs, MXene are also used to prepare similar devices.”* '
106, 155 Compared with graphene-based materials, the size of the ionic photocurrent of these
materials can be increased by tens of times, its photo-responsiveness can be improved by 2 -
3.5 times.

In addition to using light to control ion transport to prepare iontronics devices, gate voltage
regulation is a more direct way, and it is more suitable for miniaturization and integration.
However, gate voltage regulation requires higher device preparation, because it needs to work
in an ionic solution, so it needs to be packaged to isolate the regulating electrode from the
solution to prevent electrical crosstalk. Zhang et al. used redox graphene to fabricate an atomic-
scale (interlayer spacing H = 4.5 A, length L = 6 um and width W = 20 um) ion transistor
(Figure 15e). Since the channel height is smaller than the hydration diameter of metal ions, ions
cannot enter the channel and the channel is in the "OFF" state. When a gate voltage is applied
to the channel surface, the hydration shell can be twisted or partially stripped to overcome the
energy barrier for ions to enter, allowing ions to insert into the channel as capacitive charges.
When the inserted ions accumulate in the channel, the seepage threshold is exceeded, and the

permeated ion transport is initialized, indicating the "ON" state of ion permeation.
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Figure 15. a) Large rectification

effect of single graphene nanopore

supported by PET

membrane. Reproduced with permission from ref 154, Copyright 2017 American Chemical

Society. b) Dual-riven binary heterogeneous nanofluidic ionic diodes. Reproduced with

permission from ref 108, Copyright 2022 American Chemical Society. ¢) Geometric tailoring

of macroscale Ti3C2Tx membrane for logic gate circuits. Reproduced with permission from ref

105, Copyright 2021 American Chemical Society. d) Photo-induced ion transport through

GOMs and photonic nanofluidic devices. Reproduced with permission under a Creative

Commons CC BY License from ref 101. Copyright 2019 Springer Nature. ) Atomic-scale ion

GOM transistor with ultrahigh diffusivity. Reproduced with permission from ref 156, Copyright

2021 The American Association for the Advancement of Science. f) MoS, and activated

graphene nanochannel to achieve two kinds of memristor effect. Reproduced with permission

from ref 157, Copyright 2023 The American Association for the Advancement of Science. g)
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Nanofluidic logic with mechano—ionic memristive switches. Reproduced with permission

under a Creative Commons CC BY License from ref 158, Copyright 2024 Springer Nature.
3.3.3 2D material-based nanofluidic devices as memristors

The nerve conduction in living beings operates through changes in membrane permeability,
which lead to a reversal of membrane potential and ion flow upon external stimuli, resulting in
action potential.'>® 2D material-based nanofluidic devices can also be used to generate similar
ion pulse currents and realize the function of neurons. Robin et al. theoretically predicted the
Hodgkin-Huxley model in nanochannels of 2D materials, and then they implemented two types
of memristors in MoS; and activated graphene channels, bipolar memristors with self-crossing
I-V curves and unipolar memristors with self-crossing conductivity evolution (G-V) curves
(Figure 15f).13% 157 The nonlinear effect of the unipolar memristor can be explained by the
formation of a polyelectrolyte by the tightly combined Bjerrum pair, which hinders the
conduction of ions and can be destroyed by a strong enough electric field. The nonlinearity of
bipolar devices depends on the polarity of the applied voltage, so their memory is derived from
the asymmetric structure of the device. When cations flow from the side with low resistance to
entry, because it is easier to enter than to leave, ions accumulate in the channel, resulting in an
increase in conductivity. If the voltage is reversed, cations will flow out from the side with
higher resistance, the channel will be exhausted, and the conductivity will decrease. For these
two types of memristors, the memory time scale can reach from a few minutes to a few hours.
Long-term memory comes from ion pairing or ion adsorption on the surface of the channel. The
authors use this channel to realize a basic form of Hebbian learning, simulating the activation
and connection of neurons. Emmerich et al. designed a nanofluidic device for circuit-level
memory processing (Figure 15g).!%% 190 Graphene covered the heterogeneous palladium layer
deposited on a SiNx layer. lons and water molecules flow around the palladium island in nano-
scale channels formed by the graphene and substrates. Their large inlet asymmetry and quantity
limitation lead to the switching behavior related to the formation of reversible liquid bubbles.
When the counter ions enter the channel through the crystal edge, the ions accumulate, and
when they enter through the microhole, the ion accumulation is exhausted. At 1M KCl solution,

they operate in the range of 30-300 mHz with conductance ratios between 9 and 60. Using these
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mechanical-ionic memory switches can be used to assemble logic circuits consisting of two
interactive devices and an ohm resistor.

The appearance of nanoscale or even sub-nanoscale artificial nanofluidic devices based on
2D materials has greatly promoted the development of nanofluidic iontronics. The ultimate goal
of nanofluidic iontronics is to construct an integrated ion sensing system, which can carry out
seamless signal transduction between external stimulation, conduction, treatment and biological
systems. 2D materials have shown great advantages in many aspects, and it is believed that
iontronics devices based on 2D materials will appear in brain like computing architectures in
the future.

3.4 Ion selectivity

3.4.1 Principle of ion selectivity

An important method to achieve ion separation is the membrane filtration, which realizes by
adsorption or charge, size limitation. Ion separation means that the target ion has a very high
transmittance, while shielding other non-target ions requires a very high selective transmittance.
Ion selectivity application can be subdivided into three categories. One is the selective of water
molecules and ions. The main purpose is seawater desalination. The second, the selectivity
between ions of different types and valence states is of great value in the reuse of ion recovery
plasma. The third is the separation of anion and cation, which is related to energy collection
and conversion efficiency.!®' The precise and ultra-fast ion selection technology is the best
choice to extract fresh water and minerals from seawater.

The size of 2D material-based nanofluidic devices, whether nanopores, nanochannels or
membranes, can be limited to the sub-nano scale, which is equivalent to the size of hydrated
ion. Size design allows ion screening at different spatial scales (Figure 16, left). The transport
space is much smaller than the size of the hydrated ions, which allows only water molecules to
pass through, and as the space increases, some hydrated ions must overcome the barrier of
dehydration to pass through, which we have discussed above.

At the same time, the charge properties of 2D materials can realize the selectivity of valence
state, anion and cation (Figure 16, right). The charge carried on 2D materials, defects or charged

groups adsorbed by impurities, generates electric field on the surface of pores or channels,
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known as electric double layer (EDL). Within the EDL, the electric potential decreases with
distance from the surface, eventually reaching electric neutrality at the boundary of the diffusion
layer. The EDL thickness is usually expressed as Debye length (1p):> 162

1
Ap = ——— @

\/8mlgC

Here, Bjerrum length () is given as

z%e?

(3)

" ekt
and C is concentration of the salt in the reservoirs, &, is the relative permittivity of the medium,
&o 1s the permittivity of free space, kg is the Boltzmann constant, z is the cation and anion
valances, e is the elementary charge, T is the temperature. Thus, the thickness of EDL is related
to the ion concentration. According to Gauss theorem, the electric field strength is related to the
surface charge density, with the higher the charge density, the stronger the internal electric field.
When EDL thickness matches the restricted size of the channel, ion movement is governed by
the electric field within the EDL, resulting in charge selectivity - attracting opposite charged

particles and repelling ions with same charge.

The ratio of ion mobility represents the ion selectivity of the fluid device, which can be

calculated by the conductivity and osmotic potential as follows:? 162
o=FQtutC*+z uC") (4)
cy\ _ Z FE,sm
u- B Z_ln(C_H)_Z_FEosm
L RT

where, o is ionic conductivity of the nanofluidic devices, u is the electrophoretic mobility, F is
Faraday’s constant, E,,, is the osmotic potential, C* and C~ are the concentrations of anion
and cation, respectively, Cy and C; are the concentration of salt on the high and low
concentration sides, zt and z~ are the cation and anion valances, R is the universal gas
constant. To obtain the ion selectivity, it is necessary to measure the ion conductivity in the
nanofluidic device, and the osmotic potential caused by the asymmetric diffusion of anions,
which is caused by the device’s surface charge under a certain concentration gradient. These

values enable the calculation of ion mobility, and eventually the evaluation of the ion selectivity
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according to Eq. (4-5).
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Figure 16. Schematic of 2D material-based nanofluidic devices for ion selectivity.

3.4.2 Spatial selectivity and charge selectivity of 2D material-based nanofluidic devices
2D materials will be charged in the solution environment, which is related to the pH and
concentration of the solution, as well as the doping and defects on the surface. Therefore, in
most cases, space selectivity and charge selectivity may work at the same time, depending on
which factor accounts for the high proportion. Mechanically stripped, defect-free graphene and
h-BN only allow proton transport.?> Sumedh et al. used the oxygen plasma etching to create
pore defects on graphene, and at low defect densities, the graphene membrane exhibited a near
100% salt rejection rate and rapid water transport.®! Using the different dehydration effects of
ions in different valence states passing through the nanopore can achieve the function of ion
selectivity.”* 77 For graphene nanopore with a radius of 0.2 nm, theoretical simulations show
that the selection ratio of K™ to CI™ is about 2.5, which is due to the smaller dehydration barrier
of K* than CI".!'? With the pores size increase, the difference of potential barrier between the
two ions decreases, and the selectivity decreases. Fu et al. used the direct Au ion bombardment
technique to prepare sub-nanopores with an average diameter of 0.8 + 0.16 nm in a single layer
of graphene, enabling cation screening based on ion dehydration difference (Figure 17a). For
example, Na* has only one water shell with a hydration radius of 3.06 A, while Ca®" has two
water shells with a hydration radius of 4.34 A.!% 64 When passing through the graphene
nanopore with a diameter of 0.85 nm, Na* needs to remove 2 water molecules, while Ca** needs
to remove 6, so the transmission barrier of Ca®" is higher than Na*. The energy barrier for cation
translocation through the nanopore follows the order K" < Na < Li * < Ca?" < Mg?", which
attributed to ion size and hydration strength.” In contrast to controlling pores and using ion
dehydration to achieve selectivity, the selectivity of Na*/Cl™ in monolayer graphene nanopore

with a diameter of 20 nm can still exceed 100, and the conductivity of univalent cations can
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reach 5 times that of bivalent cations (Figure 17b).%° The high surface charge density of the
graphene pore surface is the fundamental source for achieving high ion selectivity. Therefore,

preparation of highly selective nanopores does not need to rely on strict size limitations.
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Figure 17. Spatial and charge selectivity of 2D material-based nanofluidic devices. a) Graphene
sub-nanopores enable the selectivity of different cations. Reproduced with permission from ref
74, Copyright 2020 American Chemical Society. b) The surface charge improves the selectivity
of graphene nanopores. Reproduced with permission under a Creative Commons CC BY
License from ref 29, Copyright 2016 Springer Nature. ¢) Complete steric exclusion of ions and
proton transport through confined monolayer water. Reproduced with permission from ref 83,
Copyright 2019 The American Association for the Advancement of Science. d) Size effect in
ion transport through A-scale slits. Reproduced with permission from ref 165, Copyright 2017
The American Association for the Advancement of Science. e) Scalable graphene-based
membranes for ionic sieving with ultrahigh charge selectivity. Reproduced with permission
from ref 166, Copyright 2017 American Chemical Society. f) Controlled layer spacing enables
tunable screening of ions by GOM. Reproduced with permission from ref 167, Copyright 2017

Springer Nature.
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The selectivity of ions of different scales can also be realized by controlling the channel
height of 2D material nanochannels.!!”- 165 168 The nanochannel at the height of a single layer
of graphene (0.34 nm) allows only protons to pass through (Figure 17¢).%* The ionic mobility
through a monolayer MoS; channel (height = 0.67 nm) decreases with the increase of the
hydrated ion scale (Figure 17d).'® Tons with a hydration diameter larger than the slit size can
still penetrate it, which is consistent with the mechanism of ion dehydration in the sub-nanopore.
Compared with nanopores, although the long transmission path can realize high filtration, it
also limits the transmission flux. Laminar membranes have great advantages in ion selectivity.
Its multi-layer space and multi-dimensional transmission path mean that it has a high
transmission flux, and controllable interlayer spacing can realize the selection of ions of
different sizes. And the surface is easy to functionalize, which makes it easy to achieve high
density surface charge modification. Hong et al. achieved extremely high charge selectivity in
GOM, up to 96%, which is a combination of spatial selective and charge selective (Figure
17¢).!% Taking into account the volume expansion of laminar membrane in solution, which
affects the height between layers, Abraham et al. controlled the layer spacing of GOM through
physical constraints, also achieving accurate and adjustable ion selectivity (Figure 17f).!” The
interlayer spacing ranges from 9.8 to 6.4 A, which is smaller than the diameter of the hydrated
ion. With the decrease of layer spacing, the permeability efficiency of ions and the diameter of
ions that can pass through are reduced, but the water flux remains high. The surface of MXene
1s rich in negatively charged surface functional groups, and it is also used to selectively separate
different ions. Wang et al. reported a non-expansive MXene membrane.!®® The strong

interaction between the oxygen functional groups on the surface of AI**

and MXene prevents
expansion. These membranes exhibit good non-swelling stability in aqueous solution for 400 h
and have a fast water flux (~1.1 - 8.5 1m?h™") with a high rejection rate of KCI (~ 89.5 - 99.6 %).
3.4.3 Improving ion selectivity through modifications and external fields

The transport space and surface charge are the two main factors affecting the selectivity of 2D
material-based nanofluidic devices. In addition to the example of compressed GOM space

discussed above, it is not easy to achieve continuous changes in space on nanofluidic devices.

To improve selectivity, it is best to find a breakthrough in the surface charge. There are some
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methods to control the surface charge. One is to add groups (such as -OH, -COOH) to the
surface by modification. These groups are adsorbed on the surface and carry a lot of negative
charges. Modification methods include plasma cleaning, chemical solution immersion, etc., and
sample reconstruction is not needed. High density sub-nano pores can be produced on graphene
membranes by plasma etching process. Due to the synergistic effect of nanopore size and
surface charge, this process can not only select cations with different hydration radii, but also
distinguish cations and anions with high selectivity. Nanoporous graphene membranes
generated by oxygen plasma show a high Na"/Cl™ selectivity ratio of more than 8, while
graphene membranes generated by hydrogen plasma have almost no Na'/Cl™ selectivity (Figure
18a).°¢ The oxygen plasma introduces a large amount of negative charge on the graphene
surface and in the pores. Guo et al. achieved functionalization of graphene nanopore through
etching combined with in situ covalent modification to coordinate pore size and chemical
properties (Figure 18b).”® The modified graphene nanopore has asymmetric ion transport
behavior and highly efficient monovalent metal ion selectivity performance (K'/Li" selectivity
~48.6). It also allows preferential transport of cations, and the resulting membrane has a K/CI
selectivity of 76 and H'/CI selectivity of 59.3. The synergistic effect of steric hindrance and
electrostatic interaction gives Cl or Li" a higher energy barrier across the nanopore, resulting
in super-selective H" or K transport.

Another way is to adjust the charge distribution on the surface of 2D materials by external
field. 2D materials have abundant photoelectric properties. Electric field, light field and the
movement of electrons will all change the charge density distribution of 2D materials. In some
experimental reports of light field controlling ion diffusion in 2D material-based nanofluidic
devices, we find that the ion diffusion potential is enhanced after light incidence.** % The
enhancement of diffusion potential reflects that the light field increases the surface charge
density of 2D material and improves their ion selectivity. However, most of light incidence
experiments focus on its application in the field of blue energy and ion photoelectric devices,
and few experiments have studied its value in ion selectivity. The significance of improving ion
selectivity by controlling surface charge density by light field needs to be explored.

In addition to size and charge control, ambient temperature and structure also affect ion
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selectivity. 2D materials has a strong photothermal effect, which will bring about an increase in
temperature under light, also lead to an increase in ionic mobility. Xia et al. demonstrated the
feasibility of photothermal enhanced ion selective in MXene membrane (Figure 18c).!”° Using
the photothermal effect of MXene membrane, the permeability of Na® increased by 429 % to
62.6 mol m2h™'. The transport of heavy metal ions is inhibited because heavy metal ions are
strongly repelled by the increase in the number of permeated Na“ under Angstrom confinement.
Using a conical structure with a voltage-dependent ion enrichment/depletion effect, Xue et al.
prepared heterogeneous graphene-based PET membranes to achieve voltage-controlled ion
selectivity (Figure 18d)."”! The ion selectivity between K*, Na*, Li*, Ca*", and Mg?* can be
adjusted simply by adjusting the applied voltage. At negative voltage, most bivalent cations are
blocked from passing through. The ion enrichment/depletion of asymmetric structures are

essentially due to the screening of surface charges.
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Figure 18. Modification and external field improve ion selectivity. a) OIE improves the
selectivity of graphene nanopore. Reproduced with permission from ref 66, Copyright 2020
American Chemical Society. b) Modified functional groups improve the selectivity of graphene
nanopores. Reproduced with permission from ref 78, Copyright 2024 John Wiley and Sons. ¢)
Photothermal effect improves ion selectivity of MXene membrane. Reproduced with
permission from ref 170, Copyright 2023 American Chemical Society. d) Multifunctional
graphene heterogeneous nanochannel with voltage-tunable ion selectivity. Reproduced with

permission under a Creative Commons CC BY License from ref 171, Copyright 2022 Springer
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Nature.

2D material-based laminar membranes show the potential to replace commercial polymer
membranes in traditional water purification and desalination applications, but it still needs to
solve severe challenges. The research on the failure mechanism of membrane structure,
improvement of its stability and durability, the adsorption and blockage of pollutants in complex
water environment remains insufficient, along with the cost control and large-scale preparation,
restricting its further development. In the future, only by breaking through the structural
limitations of laboratory miniaturization can we truly replace traditional membranes and give
full play to their advantages in industrial applications.
3.5 Osmotic energy generation
3.5.1 Principle of osmotic energy generation
Nowadays, replacing fossil energy with clean energy and reduce the emission of greenhouse
gases and other pollutants such as carbon dioxide have become the common pursuit of all
countries. Clean energy sources, such as light, wind and tidal energy, have been used to realize
the effective conversion of electric energy. The ocean is a huge treasure house of energy. The
clean energy obtained from the ocean is called "blue energy". Seawater contains a high
concentration of salt and can be used to generate energy. Infiltration energy is considered as a
sustainable and environment-friendly "blue" energy source, which comes from the salt gradient
between fresh water and salt solutions. Pressure-retarded osmosis (PRO) and reverse
electrodialysis (RED) are two very promising methods for harnessing osmotic energy. !174 In
PRO, a salt-resistant porous semi-permeable membrane is placed between two solutions with a
concentration gradient, which leads to the volume expansion of high-concentration solution
caused by water permeating the membrane and the pressure accumulation, and part of the
pressure is released by the outlet flow of the turbine power generation. The RED method makes
the ion selective membrane placed between the high concentration solution and the low
concentration solution. At osmotic pressure, due to the selectivity of the membrane, the ion
diffusion rate of specific charges is very high, resulting in directional charge movement, thus
producing osmotic current and voltage (Figure 19). Compared with the two methods, the RED

method has attracted much attention because it can directly convert osmotic pressure energy
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into electric energy. Traditional ion exchange membranes are faced with the challenges of high
membrane resistance, high cost and low output power density. The high cost lies not only in the
cost of preparing the membrane, but also in the cost of water pretreatment. If the surface of the
membrane is easy to accumulate pollutants and block, then the water needs to be purified in
advance, and the energy consumed by purification may be higher than that brought by self-

power.

Figure 19. Schematic of 2D material-based nanofluidic devices for osmotic energy.

The osmotic voltage (Vys), can be described as:* 7

Yu CH]
YLCL

Here, t, and t_ are the transference number for cations and anions, which is defined as the

RT

Vos = (ty — t_)?ln (6)
fraction of the current carried either by the cation (¢, ) or the anion (t_) to the total ionic current.
yy and y; correspond to the activity coefficient of ions. As can be seen from the formula, there
are two key factors that affect the osmotic voltage. One is the selective permeability of anion
and cation of the osmotic membrane, which is determined by the internal charge quantity and
pore size of the membrane material. The second, the difference in solution concentration on
both sides of the membrane is determined by the working environment. Therefore, in order to
obtain higher power density, it is necessary to improve the membrane's selectivity for anions
and cations.

We have reviewed the excellent performance of 2D material-based nanofluidic devices in the
field of ion selectivity, which also means that they have certain advantages in the field of

osmotic power generation, especially in the aspect of high energy density and external field
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adjustment to improve power generation efficiency.

3.5.2 High energy density in energy generation using 2D material-based nanofluidic
devices

Feng et al. used MoS» nanopores with a single atomic layer thickness as permeable membranes
(Figure 20a). There are osmotic currents and voltages in the /-V curve at 10° times the
concentration gradient. It needs to be excluded because of the additional redox effect of the test
electrode on the current. The greater the concentration gradient, the higher the osmotic current
and voltage it produces, which means it has a higher power generation capacity. The pore size
also affects the efficiency of power generation. Smaller pore sizes have higher anion and cation
selectivity, which means higher osmotic voltage, but the osmotic current is suppressed because
of the flux limitation. The larger pore sizes have weaker ion selectivity, but there is a higher
osmotic current. Therefore, in order to achieve the best power generation, it is necessary to find
a suitable size to balance the osmotic current and voltage. At a diameter of 10 nm, the power
density is expected to reach 10° W m™.*! The electricity power generated by the nanopore can
be used to power MoS; transistors. h-BN nanopores have ultra-thin atomic thickness and high
surface charge density, and because of their chemical stability, they can maintain good ion
selectivity in high acid environment. At the ion gradient of 10°, Chen et al. achieved a pure
permeation-driven proton gradient power of 3 nW (Figure 20b).>° The robustness of the h-BN
membrane at extreme pH conditions allows the generation of ion gradient power from acid-
base neutralization. With 1 M HCl / KOH, the power generated can be increased to the 4.5 nW
level. Surface functionalization is an important way to improve the surface charge density,
which can effectively improve the selective permeability of anions and cations. Wang et al. pre-
anchored the nanopore through positively charged octa-ammonium-polyhedral-oligomeric-
silsesquioxane (POSS) and electrostatic interaction with negatively charged 4-
carboxybenzenediazonium tetrafluoroborate (4-CBD), attracting 4-CBD reactants and limiting
modifications near the pore (Figure 20c).'”® This directional modification can break the
shrinkage of random reaction sites, the refinement of effective functional groups and the
inevitable defects in the traditional modification process, thus improving the modification

efficiency. Compared with other graphene-based nano-porous graphene membranes, the
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oriented modified graphene membranes prepared by this method have excellent power density,
can reach of 81.6 W m™ with an energy conversion efficiency of 35.4% under a 100-fold salinity
gradient. Bocquet et al. developed the fabrication of "activated" 2D carbon nanochannels
(Figure 20d).*® By SEM etching in water and oxygen environment, the channel surface is rich
in negative electric groups, and high ion transport flux is generated due to its low friction. The
power density of its single-pore channels can reach 100 kW m, which is several orders of
magnitude higher than that of h-BN nanotubes and other single-channel fluid devices, and
comparable to atomically thin MoS» nanopores.

Although experiments have verified that nanopores or channels can generate extremely high-
power density, the power generated by a single sample can only reach the nW level, which is
not enough to drive a single electronic device, because of the low ion flux caused by its small
aperture. The ion flux of 2D material membrane is higher, which means it can generate higher
power generation. Ji et al. used the surface modification of GO nanosheets, to achieve surface
charge adjusted from negative (—123 mC m™) to positive (+147 mC m™), resulting in a strong
cation or anion-selective (Figure 20e).'%” The complementary dual-channel ion diffusion is
achieved by combining two charge properties of the membrane. Driven by osmotic pressure,
anion and cation produce two opposite transmission forces due to the selectivity of the
membrane. This produces an effective charge separation process, leading to superimposed
electrochemical potential differences and ion fluxes. At a concentration gradient of 50 times,
the device has an output voltage of up to 160 mV and an output power of up to 0.77 W m™. The
series of multiple membrane groups can reach an output voltage of more than 2 V, which can
drive the normal operation of calculators, timers, clocks and light-emitting diodes.

Single-layer COFs with ordered pore arrangement can achieve extremely low membrane
resistivity and high ionic conductivity. Yang et al. used a single-layer zinc tetraphenyl
porphyrin-based COF (MTPP-COF) to achieve a power output of 135.8 Wm 2 under a 50-fold
NaCl concentration gradient, and produced more than 200 Wm™? in simulated seawater and

river water gradient.”® Even centimeter-sized samples can reach 14.6 Wm2 and show good

operational stability under continuous flow conditions.
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Figure 20. a) Single layer MoS; nanopores as nano-power generators. Reproduced with
permission from ref 41, Copyright 2016 Springer Nature. b) Single layer h-BN nanopores as
high-performance ionic gradient power generators. Reproduced with permission from ref 30,
Copyright 2023 John Wiley and Sons. ¢) Pre-anchoring for high-performance osmotic energy
generation on graphene nanopore. Reproduced with permission from ref 176, Copyright 2023
American Chemical Society. d) Enhanced osmotic energy generation in activated carbon
nanochannel. Reproduced with permission from ref 88, Copyright 2022 Springer Nature. e)
Osmotic power generation with positively and negatively charged GOM pairs. Reproduced with

permission from ref 100, Copyright 2016 John Wiley and Sons.

3.5.3 Photo—thermo-electric effects for generating electricity and improving efficiency

In addition to surface modifications to improve charge density, the rich photoelectric properties
of 2D materials mean that their surface charge density can be regulated optically to achieve
higher power density. MoS; is a good photoelectric material. The surface charge of MoS» can
be increased by laser irradiation to adjust the ion selectivity of MoS> nanopores through
photoelectric effect (Figure 21a).°® And, the increase of the surface charge of the membrane

enhances the surface conductance, resulting in a larger osmotic current. The combination of the
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two increases the osmotic power generated. At neutral pH, the method can double the osmotic
power generated by a single nanopore. In addition to photoelectric properties, photothermal
properties can also be used to achieve the conversion of osmotic energy. Luo et al. placed a thin
membrane of MXene on an ionic solution and exposed part of the membrane to light (Figure
21b).'"”7 MXene unique photothermal properties convert asymmetric light irradiation into a
water evaporation gradient that moves water through nanofluid channels in the membrane,
thereby transferring cations and generating ionic currents. At similar optical power densities,
nanofluid photocurrents are an order of magnitude higher than those of other 2D materials.
Based on their photoelectric response, van der Waals heterojunctions can be used to construct
various functional optoelectronic devices, such as solar cells, photodetectors, etc. Feng et al
reported photoinduced ion pumping based on graphene-MoS; nanopores (Figure 21¢).>* The
device uses the photogenerated voltage of the p-n junction to drive the active transport of ions
through the 2D van der Waals heterojunction nanopore. When illuminated by a light source
with a wavelength of 365 nm, the heterojunction region of the nanopore wall generates a
photovoltage of about 80 mV, driving ions through the pore. The induced current through a
single nanopore reaches tens of pA. Under no light condition, the open circuit voltage and short
circuit current of the ion circuit is 0. Under 365 nm wavelength illumination, the short circuit
current is about -8 pA and the open circuit voltage is about 70 uV, which proves the ability of
light-energy conversion.

Although 2D material-based nanofluidic devices have shown excellent performance and
great potential in the field of blue energy, their application prospects are still controversial,
facing the same problems as ion-selective membranes, especially the benefit between power
generation efficiency and energy consumption of water pretreatment. The large area
preparation and good stability of 2D crystal materials such as COFs help bridge the gap between
laboratory-scale demonstrations and industrial-scale devices, which is difficult to achieve in
other 2D fluid devices at this stage. We believe that this research field will be further developed
in improving power density and solving pretreatment problems, and the ultimate goal is to

establish a truly efficient new technology to obtain blue energy.
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Figure 21. a) Photoelectric response improves the power generation of MoS: nanopore.
Reproduced with permission from ref 68, Copyright 2013 Elsevier. b) The photothermal
response achieve self-electricity of the MXene membrane. Reproduced with permission from
ref 177, Copyright 2020 Elsevier. c¢) Photoinduced ion pumping by graphene-MoS»
heterojunction nanopores. Reproduced with permission from ref 34, Copyright 2023 American

Chemical Society.
3.6 Gas separation and carbon capture

Gas separation and purification are crucial industrial processes that also plays a key role in
environmental protection and the development of renewable energy sources, such as carbon
capture and hydrogen purification. Traditional gas separation processes, such as low
temperature distillation, chemisorption, etc., are energy-cost. In contrast, membrane filtration
for gas separation only requires pressure control or spontaneous gas diffusion, with small
energy consumption. 2D materials-based nanofluidic devices also offer an energy effective
approach for gas permeation, separation and carbon capture. The atomic thickness of the 2D
material means higher permeability compared to conventional three-dimensional membranes.
At the same time, the angstrom scale of 2D material preparation poses a transport barrier for

molecules with a certain kinetic diameter, which will lead to huge selectivity.
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Figure 22. a) Selective molecular sieving through porous graphene. Reproduced with
permission from ref 178, Copyright 2012 Springer Nature. b) Exponentially selective molecular
sieving through angstrom pores. Reproduced with permission under a Creative Commons CC

BY License from ref 179, Copyright 2021 Springer Nature.

Steven et al. were the first to demonstrate the selective penetration of gases by graphene
nanopores (Figure 22a).!” They devised an ingenious experiment in which the graphene
membrane expands and deforms by controlling the internal and external pressure by
encapsulating the gas in a non-porous graphene microchamber. Subsequently, ultraviolet
induced oxidation etching is used to create pores in the graphene membrane, and micro-indoor
gas permeates to the outside world. On the deformation of the graphene membrane, the
permeability rate of the gas can be reflected by the morphology of the graphene membrane
tested by AFM. The results show that there is an obvious positive correlation between gas
permeation rate and molecular dynamics size, and molecules larger than pore diameter cannot
permeate. Sun et al. further used this method to study the gas transport of a single graphene
pore with an effective diameter estimated to be around ~ 2 A (Figure 22b).!” He and H easily
permeate through these pores, while larger gases such as Xe and CH4 are blocked. The gas
permeation rate is exponentially related to the kinetic diameter of the gas molecules. Therefore,
strong permeability selectivity to gas molecules of different scales can be achieved. It is
suggested that this exponential correlation may come from the adsorption and diffusion of gas

molecules in the pore.
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For 2D material pores with larger pore sizes, although they do not reach the pore size limit
of gas molecular scale, they can also realize the high selectivity. Kemal et al. created nanopore
arrays on a bilayer graphene with pore sizes ranging from 7.6 nm to micrometers, and explained
the gas penetration and separation through the collision of gas molecules within the
nanopores.'® The flux of N> depends on the nanopore diameter (Figure 23a, left). For diameter
between 7.6 to 50 nm, the mean free path of the N> molecules is longer than the pore diameter.
The minimal collisions near the pore leads to a free-flow state, which maintain the gas diffusion
at a minimum. As the pore size increases, more molecules interact near the pore, and the
collisions between them lead to collective molecular flow. The authors reported that the gas
permeability is inversely proportional to the molecular weight squared (MW2). This means that
nanopores can separate gases based on their molecular weights. For gases mixture,
intermolecular collisions during transport through the pore can transfer momentum from the
lighter to the heavier molecules, leading to a collective flow, thereby reducing separation.
Smaller nanopore apertures reduce the probability of collisions, which enhance the separation
of different gas molecules. A pore diameter of 7.6 nm performs the best separation that is close
to the theoretical maximum value of 4.69 predicted by H2/CO; separation theory (Figure 23a,
right). As the diameter increases, the separation efficiency decreases sharply until it is close to
no separation.

Based on these principles and findings, researchers focus on porous membranes with a
smaller aperture range to achieve higher gas permeability and separation efficiency. Although
sub-nanoscale pores, comparable in size togas molecules, can generate permeability difference
similar to the ion transport, their scale limitation also causes a gas permeability limitation.!”®
181 Separating gas solely by pore size control requires balancing between permeability and
selectivity to optimize separation effect. Karl et al. expanded the nanopore from sub-nano to 5
nm by introducing atomic defects and selectively etching graphene edge atoms.!®? The resulting
membranes exhibited unprecedented hydrogen permeability of up to 107 gas permeation units,
which is three orders of magnitude higher than the state-of-the-art membranes and is
comparable to Ho/CHy selectivity. Liu et al. used a decoupling strategy of defect expansion by

helium ion irradiation and hydrogen plasma treatment to precisely generate nanopore with the
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desired diameter and density in bilayer graphene membranes (Figure 23b).'*? He ion irradiation
can effectively generates carbon vacancies under controlled conditions, which are then enlarged

through plasma treatment. The resulting membrane selectivity of Ho/N> and H2/CH4 can reach
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Figure 23. a) Ultimate permeation across atomically thin porous graphene. Reproduced with
permission from ref 180, Copyright 2014 The American Association for the Advancement of
Science. b) Selective gas permeation in defect-engineered bilayer graphene. Reproduced with
permission from ref 183, Copyright 2021 American Chemical Society. ¢) Graphene membranes
with pyridinic nitrogen at pore edges for high-performance CO; capture. Reproduced with
permission from ref 184, Copyright 2024 Springer Nature. d) Molecular-sieving GOM for
selective hydrogen separation. Reproduced with permission from ref 185, Copyright 2023 The

American Association for the Advancement of Science.

Modification and doping of pore surface are other important approaches to improve gas
permeability and selectivity. Introducing groups with strong adsorption for the target gas
molecules can significantly improve the performance. Hsu et al. introduced pyridinic-N into

the edge of graphene pores using Oz oxidation and NH;3 treatment. '3% Pyridinic-N groups
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selectively and strongly bind CO» from gas mixtures (Figure 23c¢), increasing the residence time
of COz at the pore. The CO2/N> separation factor of untreated graphene membrane was 13.7.
This value increased to 30 and 53.3, after NH3 exposure for 1.5 h and 24 h, respectively.
While nanochannels provide comparable scale, their long transport path limits the
permeation flux, therefore cannot reach to the efficiency comparable to porous membranes.
Laminar membranes, offering the spatial constrains, high channel density and large membrane
area, show excellent characteristics in gas penetration. Li et al. prepared GOM on AAO films
with thickness ranging from 1.8 to 180 nm, whose centimeter scale ensures a large gas flux
(Figure 23d).!%5 An 18-nm membrane achieved H, permeability 300 times higher than that of
CO», indicating an average pore size of 0.289~0.33 nm in the membrane, allowing passing H
(0.298 nm) while shielding CO2 (0.33 nm). Permeability of H> and He decreased exponentially
with the thickness of the membrane, suggesting that structural defects rather than the interlayer
spacing are the main transport pathway of molecules. For GOM, MXene membrane or
Graphene/h-BN composite membrane, the nanosheet spacing of 0.35-0.4 nm enables H»
transport while restricting larger gas molecules, demonstrating their high application value in

H; separation,!86-188

4. CHALLENGES AND PROSPECTS
In this paper, we review the structure, preparation and application of 2D material-based
nanofluidic devices, which show high research and application value. Although 2D material-
based nanofluidic devices have made great progress, their opportunities and challenges coexist.
1) The scalability of preparation. The large-scale preparation of 2D material-based
nanofluidic devices is crucial for their commercialization. The main challenge lies in the large
area or mass production, which requires improving production efficiency and reducing costs.
Mechanical exfoliation is unsuitable for large-scale preparation 2D materials due to its low
efficiency and the time-consuming, labor-intensive sample screening process. While CVD
creates larger sample size, its scalability is limited by the complicated transfer process. Thakur
et al. demonstrated the CVD growth of a continuous MoS; membrane on a 7.62 cm sapphire

substrate, followed by PDMS transfer at the wafer scale. '*® This technique allows
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simultaneously preparation of 128 devices that can cover a through-microhole with non-leakage
rate above 70%, demonstrating the potential for batch preparation and commercialization.
Although CVD-grow samples enable large-scale transfer, their applications are limited due to
the higher defect density, lower lattice quality and stability compare to mechanically exfoliated.
Nanochannel preparation requires specialized equipment, experience, and complex transfer
processes, leading to a low success rate and limiting large-scale preparation. In contrast, laminar
membrane preparation is relatively simple and requires no complex equipment, making it
feasible for large-area preparation. Spray and spin coating methods are suitable for large area
preparation, but they might lack of uniformity. Tape casting method offers both uniformity and
large-area membranes, making it high commercial value for membrane separation field.

Another challenge for scalability is standardization. Processing nanopores or channels with
specific structures demands strict control of conditions such as temperature, humidity, power,
ion beam focusing degree and vacuum levels during the drilling processing. These factors affect
aperture size, porous densities and the resulting application performance. Even in professional
laboratories, it remains very difficult to maintain consistent processing quality.

i) In-depth exploration of mechanisms. 2D material-based nanofluidic devices compress
space to the limit scale, breaking the research scope of classical physics. In some cases, the
fluid is no longer regarded as a continuous existence, but as discrete molecular individuals. The
influence of the individual's nature on the whole can not be neglected. The use of nanofluidic
devices, such as nanopores, can be used as observation devices for ions and molecules. For
example, the changes of ion hydration structure can be reflected in the nonlinearity of the ion
current signal. It can also be used to deeply explore the structural changes in confined space
and the difference between spatial distribution and physical appearance. The influence of the
surface of 2D materials on fluid still attracting a lot of attention, and new 2D materials are
constantly emerging. The 2D materials with flatness or anisotropic periodic surface structure
are used to construct nanofluidic devices. New structures, such as angular graphene grids with
Moiré periodic potential fields, their lattice structure and electron distribution, which will
influence fluid transport, are still being explored in depth. Some new transport mechanisms or

spatial conformations described in this paper may be just the tip of the iceberg. New device
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structures and new material combinations may bring about new transmission phenomena that
are difficult to understand with traditional and existing mechanisms. Only by relying on
profound theoretical foundation can we develop a new theoretical model to guide the progress
of practice. They are complementary. Nowadays, more and more scholars are beginning to pay
attention to the physical mechanisms of 2D material-based nanofluidic devices. We believe that
in the future, new physical phenomena and mechanisms will emerge continuously, whether
from experimental or simulation research, providing guidance for its application prospects.

ii1) The prospects and difficulties of sequencing. DNA sequencing using 2D material-based
nanopores or channels is considered to be the most promising method to replace biological
pores. Its advantage lies in the stability of the environment and the integration of the equipment,
and can realize the complementary detection of ion current and transverse current. But the
transmission speed of DNA is fast, which reduces the time resolution of nanopores. Using ionic
liquid or heterojunction to slow down the transmission speed of DNA has certain effect, but it
still has not achieved the ideal recognition effect. We believe that in addition to the above
schemes, the transfer speed can be slowed down by modifying the surface of the channel and
adding chemical groups with certain adsorption or viscosity to the substrate. Front-end
treatment may be feasible by using the friction effects before entering the channel. In addition,
the noise level must be suppressed. The electromagnetic noise in the external environment can
be shielded by a faraday cage, but the capacitive noise of the device, the vibration of the
membrane and even the blocking of DNA during transmission will interfere with the acquisition
of effective signals. Therefore, it is necessary to strengthen the stability of the structure and
choose insulating materials with low dielectric constant to package the device. Single molecule
detection technology combined with artificial intelligence algorithms can analyze the collected
signal, which has certain advantages in improving the accuracy of signal recognition and
eliminating noise interference. In addition to electrical sensing methods, 2D material-based
nanopore and channel technology is expected to be combined with advanced optical single
molecule detection technologies, such as interference scattering microscope (iISCAT), optical
nano tweezers, etc., which can directly observe the molecular structure and motion state from

more dimensions without labeling, and can realize synchronous feedback of electro-optic
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signals.

In the future, the detection process of single molecules or DNA must be the integration of
analyte purification, detection, signal processing and analysis, in order to truly realize the
function of the lab on a chip. Nanofluidic devices made of 2D materials will play an
irreplaceable role.

iv) Application and development of ionic electronic devices. 2D material-based iontronics
devices have better characteristics than the traditional material devices, showing broad
application prospect. But generally speaking, ion electrical equipment is still in the primary
stage of development. One is the application scope is limited. Compared with electronic devices,
which have been inseparable from people's lives, iontronics devices have only attracted the
attention of a few researchers, and the emphasis is different. On the other hand, because the
transmission speed of ions is slower than that of electrons, the response time of ion transistors
is undoubtedly longer than that of electron transistors, which is unfavorable for the control of
electrical appliances. From its own performance, 2D material-based nanofluidic devices still
need to explore new mechanisms and structures, such as heterostructures, asymmetric devices,
asymmetric transmission interfaces, etc. To improve the performance of ion electrical devices,
so as to promote faster practical application.

v) Industrial application limitation. Although the 2D material-based nanofluidic devices have
achieved high ion/gas separation and power generation efficiency in laboratory demonstration,
several challenges remain to be addressed before their industrial application. One key issue is
the flux. The efficiency of a single pore does not reflect the overall device performance. To
replace traditional membrane materials with 2D materials and unlock their commercial value,
large-scale production and improved permeation flux are required beyond laboratory-scale
setups. Additionally, the blockage and pollution of impurity are other challenges. While the
ultra-small size of nanofluidic devices help avoid pollutants in the laboratory environment,
pollution is inevitable in real-word applications. Potential solutions include front-end treatment
to removes pollutants through layer-by-layer filtration, and surface coating to reduce the
adsorption of pollutants on the pores. These approaches, however, inevitably affect the original

surface properties of 2D materials. Future research will focus on mitigating clogging and
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pollutant adsorption in 2D material-based nanofluidic devices.
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VOCABULARY

Nanofluidics: Nanofluidics is the study of the behavior, manipulation, and control of fluids that
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are confined to structures of nanometer (typically 1-100 nm) characteristic dimensions.

2D material-based nanofluidic devices: Fluid devices constructed on the basis of two-
dimensional materials are transmitted at the spatial scale of nanometer or sub-nanometer.
Iontronics devices: Electrical devices that rely on ions as carriers to transmit signals.
Heterojunction: The interface region formed by the contact of two different semiconductors.

Ion/gas selectivity: Differences in the permeability of fluid devices to different ions and gas.
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