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Two-dimensional material as solid-state nanopore for chemical 
sensing 

Zhan Wang,a Tian-Yi Lv,a Zi-Bo Shi,a Shi-Shu Yang,*,a,b and Zhi-Yuan Gu*,a 

Solid-state nanopore as a versatile alternative to biological nanopore has grown tremendously over 
the last two decades. It exhibits unique characteristics including mechanical robustness, thermal 
and chemical stability, easy modifications and so on. Moreover, the pore size of the solid-state 
nanopore could be accurately controlled from sub-nanometers to hundreds of nanometers based 
on the experimental requirements, presenting better adaptability than the biological nanopore. 
Two-dimensional (2D) materials with single layer thickness and highly ordered structure have great 
potentials as solid-state nanopore. In this perspective, we introduced three kinds of substrate-
supported 2D materials solid-state nanopore, including graphene, MoS2 and MOF nanosheets, 
which exhibited big advantages compared to traditional solid-state nanopore and other biological 
counterparts. Besides, we suggested the fabrication and modulation of 2D material solid-state 
nanopore. We also discussed the applications of 2D materials solid-state nanopore in ions 
transportation, DNA sequencing and biomolecules detection. 

 

1. Introduction 

Nanopore technology originated in the 1990s,1 which was built 

on the invention of single-channel current recording technique. 

Then, the amplifier and statistical technique was invented to 

enhance patch clamp technology for the analysis of single 

molecule.2, 3 Nanopore have become a promising sensor that 

can characterize, analyze, and detect biological molecules at the 

single-molecule level.4 The basic configuration includes 

nanopore, two cells and electrolyte. The nanopore connects 

two cells, which divide into two parts: one end is defined as cis, 

and the other is trans. Because the nanopore exists, the stable 

ionic current is generated with the applied voltage across two 

cells. When the analyte passes through the pore, it can generate 

a corresponding current blockade to show the individual 

analytes at single-molecule level. This single-molecule strategy 

for chemical sensing are versatile for different molecules by 

systematically tuning the factors such as nanopore size, surface 

characteristics, and electrolyte composition. 

Basically, nanopore can be divided into two major families 

based on materials and preparation methods: biological 

nanopores and solid-state nanopores.5 Biological nanopores are 

natural protein toxin that self-assemble on cell membranes.6, 7 

And protein channel is inserted into lipid or synthetic 

membranes, which is generally of a certain pore diameter. In 

contrast to the former, solid-state nanopores are usually 

synthetic membranes. The solid-state nanopore has the 

characteristics of adjustable pore size, high stability, reusability 

and chemical post-modification, which broadens the range of 

target biomolecules. In the past ten years, anodic aluminum 

oxide (AAO),8 TiO2,9 nanopipettes10, 11 and SiNx
12-14 have 

developed rapidly as solid nanopores. However, the existing 

solid-state nanopore have several disadvantages. It is difficult 

to prepare nanopore with the diameter smaller than 2 nm and 

the thickness thinner than 10 nm. It is also hard to functionalize 

the chemical environment inside the nanopore precisely. 

Recently, to overcome the above problems, two-dimensional 

(2D) material solid-state nanopores flourished, including 

graphene,15, 16 2D metal-organic frameworks (MOFs) 

nanosheets17 and molybdenum disulfide (MoS2).18 These 

materials have the common 2D layer features with ultra-thin 

thickness and accurate chemical functionality, bringing new 

chances into the field of solid-state nanopores detection. For 

DNA detection, the thickness of the 2D material is equivalent to 

the distance between adjacent bases on the DNA strand (0.34 

nm).19 Therefore, the resulting nanopore can only 

accommodate a single DNA base at the same time, so it has the 

potential to significantly enhance the spatial resolution to 
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distinguish the single bases. Moreover, many 2D materials also 

have conductivity. It can simultaneously detect the ion current 

and measure the internal transverse current (or tunnel current) 

to analyze the structure and sequence information of the 

analyte molecule.  

This perspective discussed the advances in the field of 2D 

material as solid-state nanopore. We focused on the different 

aspects of graphene, MoS2 and 2D MOF nanosheets in 

nanopore analysis. It specifically included the preparation, 

regulation, modification of the above nanopores and 

applications for biomolecular detection. The 2D material 

nanopore biosensor is a new single-molecule analysis tool with 

a bright future. In addition to single-molecule detection, 

seawater desalination,20, 21 ion logic circuits,22, 23 energy 

conversion18, 24 and separation25 are also expected to bring new 

opportunities and challenges for nanopore technology. 

 

Table 1. The characteristics of four 2D materials 

Membrane material Monolayer thickness 

(nm) 

Pore size 

(nm) 

Bond 

lengths (Å) 

Intermolecular force Ref. 

graphene 
0.4-1.7 0.1-1000 1.4 

van der Waals, Electrostatic 

interactions 

38, 39 

MoS2 0.6 0.6-26 2.4 van der Waals 38-40 

2D Cu-TCPP(Fe) 

nanosheets 

2D Zr-BTB-BA 

nanosheets 

1.0-1.5 0.8-1.9 N/A 

hydrogen bonding, π–π 

interactions, van der Waals, 
Electrostatic interactions 

37 

0.6 0.6-0.8 N/A hydrogen bonding, π–π 

interactions, van der Waals, 
Electrostatic interactions 

17 

N/A: not available 

2. The fabrication methods and properties of 2D 
material nanopore 

Traditionally, SiNx membranes are used as solid-state nanopore 

which is mainly due to the high mechanical strength and 

controllable pore size.26 However, the variety of chemical 

groups on SiNx is quite limited. In recent years, tremendous 

progress in the discovery of new solid-state nanopores have 

been made. Graphene, transition metal dichalcogenide (TMD) 

and 2D MOF nanosheets are supplementary to traditional SiNx 

and become three new major categories in solid-state nanopore. 

We have summarized the characteristics of the three 2D 

nanomaterials introduced above in Table 1. And the substrate-

supported 2D materials nanopores have made great progresses 

in ionic current rectification (ICR),27 ions selectivity,28 DNA 

sequencing29 and biomolecular detection.30 
The geometry of the nanopores, such as shape, size and 

thickness, is a major factor related to the sensing sensitivity.39, 

41 The different of 2D material nanopores requires different 

fabrication methods. To support the 2D material, the SiNx or 

polyethylene terephthalate (PET) is usually required to act as 

mechanical substrate when fabricating the nanopore. The 

preparation methods of several 2D materials nanopore are 

described in details below.  

2.1 Graphene 

With the advent of graphene nanopore in 2010, some 

research groups reported DNA translocation experiments with 

this ultra-thin material.31, 32 The graphene nanoporous 

membrane is a hexagonal carbon sheet with a thickness of only 

one atom, and its mechanical strength is sufficient to withstand 

fluids and pressurized environments. The extremely thin 

thickness makes graphene nanopore a high-resolution, high-

throughput single-molecule detector. For example, 

Golovchenko et al. drove DNA molecules through graphene 

pores to observe current blockage to detect bases.31  

The fabrication process of graphene thin membrane 

involves multiple complicated steps. To obtain an ideal 

graphene nanopore is of great challenging. The procedures are 

mainly including chemical vapor deposition (CVD), material 

transfer and ion beam sculpting. Ordinarily, the first step of 

nanopore preparation is to drill a nano-sized pore in the 

substrate (eg. SiO2/Si or PET) using focused electron/ion beams 

(FEB/FIB).19, 42, 43 Then, graphene flake or nanosheet with 

appropriate size was transferred to the corresponding 

substrates after its growth on copper foil by CVD.44 Finally, 

graphene suspended on the substrate was drilled to generate a 

nanopore by transmission electron microscope (TEM) which 

accurately focused the electron beam on a spot. Alternatively, 

Kuan et al. studied the method of preparing nanopores with 

electric pulses and this method maybe led to multiple holes at 

the same time.45 

 In order to transfer graphene from CVD copper foil onto 

the SiNx substrate, the polymer-assisted method involving 

PDMS (polydimethylsiloxane) and PMMA (polymethyl 

methacrylate) was used to take advantages of their surface 

characteristics.46-48 When the PDMS contacts the graphene on 

the metal foil, it forms sandwich structure. The metal is etched 
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by acid. Then, PDMS acts as a temporary support to transfer 

onto the substrate. Finally, PDMS can be washed off by the 

organic solvent.49 On the other hand, PMMA is able to act as 

polymeric transfer substrate. PMMA and graphene are 

connected by the covalent bonds, so PMMA can be easily spin-

coated onto graphene and transferred to the corresponding 

substrate.48, 50  

When the graphene is transferred onto a porous substrate, 

the above transfer technology fails and generates cracks and 

tears in the graphene membrane, which limits the area of the 

graphene films to a few μm2.15, 51, 52 Agrawal et al. reported a 

nanoporous carbon (NPC) film-assisted transfer method (Fig. 

1a).53 First, the turanose and polystyrene-co-poly (4-vinyl 

pyridine) solution was coated on the CVD graphene, and then it 

was dried in an H2/Ar gas flow to form an NPC film on the 

graphene membrane. Through the selected area electron 

diffraction (SAED) of the NPC/graphene composite film (Fig. 1b), 

the representative diffraction peaks of the suspended single-

layer graphene were observed, indicating the periodicities of 

0.123 nm and 0.213 nm.54 In this work there is no area that only 

represents the NPC film. It reveals that the interaction between 

graphene and NPC film is highly strong and the graphene will 

not separate from the NPC film during the metal foil etching 

process. This strong interaction in this NPC-assisted method is 

very important for crack-free graphene transfer, otherwise it 

causes serious cracks in the graphene membrane if the 

interaction between graphene and the support film is not 

strong enough. The transferred NPC/graphene film was 

characterized by scanning electron microscopy (SEM) to 

confirm that there were no visible tears or cracks. Interestingly, 

the partially folded film was also observed (Fig. 1c). Therefore, 

this strategy has great prospects in the field of single-layer 

graphene transfer.  

2.2 MoS2 

In 2011, as a representative material of TMD, MoS2 has an 

excellent photoelectric property, chemical stability and 

mechanical flexibility.33 In a MoS2 monolayer, Mo and S are 

covalently connected to form a sandwich structure. The 

thickness of each layer is usually ~ 0.6 nm,18 and a thin 

monolayer of MoS2 can be obtained by exfoliation or CVD 

deposition. The MoS2 solid-state nanopores can be used for 

several hours or days due to the good stability.34 

In recent years, the preparation methods of single-layer 

MoS2 include mechanical peeling and CVD. The CVD method is 

the widely used for preparing MoS2, in which the MoO3 and 

sulfur are vaporized in the heating zone of the growth chamber. 

For the preparation of graphene film, copper foil was mostly 

used in the previous works, while sapphire substrate was 

selected for MoS2 film.18, 55 Because the sapphire lattice can 

ensure that the MoS2 has a larger grain size and the low number 

of defects. The transfer process of MoS2 is similar to graphene, 

employing PDMS and PMMA as transfer assisting reagents (Fig. 

1d). Thereafter, the MoS2 membrane was transferred to the 

desired substrate. There are two common fabrication methods 

for MoS2 nanopore, TEM drilling and electrochemical reaction 

(ECR) process.56-58 TEM drilling is the widely accepted method. 

The drawback is that MoS2 is not very stable under electron 

beam irradiation. Thus, the parameter of current density during 

TEM drilling is well controlled to reduce the damage to the 

material. The other option of nanopore creation is an ECR 

process, which only requires simple voltage source and current 

amplifier to precisely control the size of the nanopore. 

 
Fig.1 (a) The preparation process of large-area graphene membrane by nanoporous carbon (NPC) thin-film assisted transfer method. (b) Electron diffraction pattern of NPC-graphene 

composite film and (c) SEM image of graphene on the tungsten support. Scale bars in b and c are 10 nm-1 and 500 µm, respectively. Copyright 2018, Springer Nature. (d) The PDMS 

method used to transfer MoS2 from a sapphire wafer to a nanopore silicon nitride substrate. Copyright 2020, WILEY-VCH. (e) Electrophoresis curve of Zr-BTB under 1 V voltage. 

Copyright 2020, WILEY-VCH. 

2.3 2D MOF nanosheets As a new type of nanomaterials, MOFs has emerged as a 

platform for solid state nanopore research. MOFs are a kind of 

hybrid porous material composed of metal ions or clusters with 
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organic ligands, which are highly potential in ion conduction 

transportation and molecular sensing.35, 36 The special feature 

of MOFs is that its crystal structure can be precisely adjusted at 

atomic level. It can be designed into zero-dimensional 

nanoparticles, one-dimensional nanorods, 2D nanosheets and 

three-dimensional crystal structures. The 2D MOF nanosheets 

have ultrathin thickness and tunable structures, which are 

feasible in the fabrication of solid-state nanopore and can 

effectively improve the spatial resolution in the nanopore 

detection. The 2D MOF nanosheets have instinct nanopores, 

which is superior to graphene and MoS2 that require the 

additional preparation of holes. The 2D Cu-TCPP(Fe) and Zr-BTB-

BA (BA= benzoic acid) nanosheets have been successfully used 

to explore ion transport.17, 37 The hydrophilic stable 2D Cu-

TCPP(Fe) nanosheets contain the nanochannel size from 0.8 to 

1.8 nm, while Zr-BTB-BA nanosheets have a fixed pore size of 

0.6 nm. 

The formation of 2D MOF nanosheets solid-state nanopore 

is simpler than graphene or MoS2 nanopore. Owing to the 

porous characteristics of 2D MOF nanosheets with different 

pore sizes, it needs no more to drill additional nanopores. 2D 

MOF nanosheets attach with the substrate through in-situ 

growth or electrophoresis to form nanopores, which can 

provide more effective in ion transport and biomolecule 

detection.17, 37  

Generally, the substrates are the perforated silicon nitride 

wafer, AAO or porous anode aluminum (PAA).59 Gu’s group 

discovered an electrophoresis method to drive 2D MOF 

nanosheets to silicon nitride nanopores to form a stable 

interface.17 Specifically, a positive voltage was applied across 

one cell with 2D Zr-BTB-BA nanosheets in acidic solution and the 

other cell with pure water, which were separated by silicon 

nitride wafer. 2D Zr-BTB-BA nanosheets were synthesized by Zr 

salt and BTB ligands with BA as a modulator by hydrothermal 

method. The material has a strong positive charge under acidic 

conditions. The formation of stable interface is depended on 

the electrostatic force between the 2D nanosheets and the 

nanopore. The current decreases instantaneously indicated the 

nanosheet was tightly stuck on SiNx nanopore. (Fig. 1e) 

Moreover, Wang et al. developed a method though in-situ 

growth of the 2D MOF nanosheets onto the nanopores to form 

a bio-inspired 2D MOF nanosheets/PAA hybrid membrane.37 

3. Pore engineering methods 

The pore size, thickness and chemical environment of 

solid-state nanopores are key experimental factors in nanopore 

research.60-62 The pore size and thickness of the nanopore 

define the sensing space and largely affect the spatial resolution 

in which the small pore size and thin thickness are conducive to 

the detection of analytes.63, 64 The chemical environment in the 

pore contains the surface charge density, hydrophilic or 

hydrophobic properties and the functional groups, affecting the 

interaction between sensing spot and analytes. Adjustment of 

these factors modulates the properties of different pores for 

ionic transport and single molecular detection. 

3.1 The modulation of pore size in 2D material nanopore 

TEM electron beams are usually implemented to drill nano-

scale pores in 2D materials.65, 66 And if the electron beam in TEM 

is columnated on a certain area of graphene, the high-energy 

electron beam can knock the carbon atoms out of the plane in 

the atomic-thick graphene.67 Then, the defects can grow to 

generate a circular nanopore. On the other hand, the electron 

beam could make small pores in graphene by shrinking the 

existing pores.68-70 The shrinkage of graphene pores is 

attributed to the movement of carbon atoms from the adjacent 

area to the periphery of the pores, combining with the carbon 

atoms at the edges of the pores to form stable bonds. The 

electron beam current density controls the enlargement or the 

shrinkage of the nanopore.68, 69 This competition effects are 

determined by the spot mode (SM). The low-spot mode of high 

beam density makes graphene films to form pores, while the 

high-spot mode of low beam density shrinks the nanopores.71 

According to the above methods, different nanopore diameters 

could be obtained (Figs. 2a and 2b).  

However, there is a problem that after the graphene is 

transferred, organic matter may still remain on the surface of 

the film to cause pore continuously shrink.72, 73 The migration 

atoms could bind to unsaturated carbon atoms to promote pore 

shrinkage, or connect with other atoms to form aggregates. 

There was 2-3 minutes before the pore started to shrink due to 

the delayed migration of the carbon atoms. The advantageous 

application of this shrinkage method was to repair the 

unnecessary holes without breaking the main hole (Fig. 2c). 

Radenovic et al. used the electrochemical activity of MoS2 

to develop a convenient method to control the size of MoS2 

nanopore.58 The ECR was used to remove several single atoms 

at the defects of the single-layer MoS2 lattice to form a 

nanopore. Importantly, it was possible to control the removal 

of one or multiple MoS2 units during the ECR process, so as to 

achieve atomically accurate pore sizes. The nanopore was 

generated by applying a voltage to breakdown the MoS2 film. 

Then, the size was controlled with the feedback 

current/conductance threshold by cutting off the voltage. The 

ECR manufacturing method provides a new idea for the 

preparation of single-molecule sensing solid-state nanopores. 

 
Fig. 2 (a) Scheme of graphene pore drilling and shrinkage. Drilling in spot mode 1 (120 

keV or 200 keV) or 2 (120 keV or 200 keV), and shrinking in spot mode 3 (120 keV) or 4 
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(200 keV), respectively. (b) The 25 nm shrinks to 6 nm in 180 s at spot mode 3 (120 keV). 

Scale bars: 15 nm. (c) The white arrow marks the main hole, and the unnecessary big 

hole and pinholes around it were indicated by black and red arrows, respectively (left). 

As the spot mode 3 (120 keV) electron beam was columnated on the surrounding 

aperture, the two pinholes were first completely eliminated (middle). The unnecessary 

big hole was closed, while the main hole was also reduced to 6 nm (right). Scale bars: 25 

nm. Copyright 2016, IOP Publishing. 

3.2 The thickness control for 2D material nanopore   

The 2D material is transferred to the corresponding 

substrate, and the thickness of the material is important for the 

nanopore experiment. In 2020, Thakru’s group used sapphire as 

substrates and high-purity vapor precursors and alkaline salts as 

catalysts to obtain repeatable and efficient continuous single-

layer to few-layer MoS2 films grounded on metal organic 

chemical vapor deposition (MOCVD).74 Before the growth of 

MoS2, the substrate was annealed and hydrophilically treated. 

The thickness of the MoS2 film could be controlled by the 

concentration ratio of the additive Na2MoO4 and NaCl through 

spin-coating method. The additive Na2MoO4 could be used as 

both seed and an additional Mo source during the sequential 

seeding and growth step, respectively.75-77 The additive NaCl 

was beneficial to the growth of 2D materials.78 When the 

Na2MoO4 and NaCl were not added, not MoS2 membrane but 

only fragments formed. (Fig. 3a) When fixing the concentration 

of NaCl and gradually increasing the concentration of Na2MoO4, 

it was observed that MoS2 membrane was formatted from the 

non-film to multilayer status. When the concentration ratio was 

0.3, MoS2 grew into a single-layer film. The thickness of MoS2 

on the substrate could be further regulated with the flow of Ar, 

O2, and H2. The flow rate of O2 was increased from 0 sccm to 1.0 

sccm, creating a clean and continuous single layer surface (Fig. 

3b). The method repeatedly and effectively controlled the 

thickness of material to prepare large-area monolayer and 

multilayer MoS2. 

3.3 The chemical modifications inside nanopore 

When the graphene nanopore was used to detect DNA, the 

ion current of the nanopore gradually decreased to a low 

current level. It is because the DNA molecules severely blocked 

the nanopore. Early studies had shown that DNA was adsorbed 

on graphene. 79-81 There was a strong van der Waals interaction 

between graphene and bases, which was the main force 

between them. The aromatic purine and pyrimidine bases in the 

DNA molecule drove the DNA molecules to irreversibly adsorb 

on the graphene surface. This limited the graphene nanopore to 

detect the translocation behavior of DNA molecules. 

To deal with problem that DNA blocked graphene 

nanopores, Dekker et al. designed a self-assembled monolayer 

membrane modified graphene with non-covalent hydrophilic 

 
Fig. 3 Optical images under (a) different additive concentrations and (b) O2 flow rates. Copyright 2020, WILEY-VCH. (c) The chemical structure of aminopyrene molecule (upper left), 

4-diethylene glycol (Upper right) and their product (bottom). (d) The I-t trajectory of a single-stranded DNA M13 through a 14 nm diameter graphene nanopore. The inset showed 

the change in conductance over time. Copyright 2013, Springer Nature. 

functional groups to reduce its hydrophobicity.82 The coating 

consisted of two chemicals, namely aminopyrene molecules 

and N-hydroxysuccinimide derivative (Fig. 3c). The former was 

hydrophobic and the latter was hydrophilic. The interactions 

between pyrene and graphene were non-covalent, and the 

ethylene glycol enabled the graphene surface to become 

hydrophilic. The coated graphene film had no adsorption 

phenomenon even under high concentration of DNA (10 ng μl-

1). Importantly, it was able to observe single-stranded DNA 

translocation events without DNA clogging in the nanopore. In 

addition, this monolayer did not significantly influence the ionic 

conduction of graphene nanopore. The long-term stability of 

the ion conductance value also indicated that the coating was 

http://dict.cn/sort%20out%20to%20deal%20with%20problems
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stable under the existence of both electric field and DNA 

molecules.  

Compared with DNA, proteins have stronger and more 

complex interactions with the surface of graphene. As early in 

2009, Ohno’s team explored the adsorption interaction 

between bovine serum albumin (BSA) proteins and graphene.83 

BSA was directly adsorbed on the surface of graphene, and the 

dissociation constant Kd value was approximate 1.5 × 10-8 M. In 

2012, Chen's group discriminated that graphene oxide could 

adsorb a large amount of BSA.84 Therefore, it was obligated to 

modify graphene nanopore to prevent protein adhesion. After 

oxygen plasma treatment, acid (C16) and alcohol (DPPE-

PEG750) were used to modify the graphene surface by Shan’s 

group, which provided a strategy for the smooth translocation 

of proteins through the nanopore.85 They chose two proteins 

(ferritin and BSA) to investigate protein transportation, but only 

the ferritin translocation signal was detected. Probably due to 

the small size of the BSA protein, no signal was detected under 

the large pores.86 Based on the discussion of the above work, 

modifying the nanopore method was feasible. However, there 

are still some drawbacks, such as the complexity of the 

modification process and the stability of nanopore after 

modification. It is urgent to solve these problems and develop 

new modification methods to further improve molecular 

detection resolution.  

4. Applications of 2D material nanopore 

The applications of 2D material nanopore are mainly 

divided into three major areas: ICR, ion selectivity and 

biomolecule detection. For the detection of biomolecules, 

nanopore is dedicated to DNA sequencing and protein 

sequencing.  

4.1 ICR  

ICR was a nonlinear response of current versus potential in 

nanochannels or nanopores which has been widely studied in 

recent years.87, 88 ICR-based biosensors have been widely used 

in the in vivo detection at the subcellular level.89 These 

applications of ICR on the nanoscale require the reasonable 

adjustment of the surface chemical properties of nanopores. 

This field develops a universal platform for biosensing, ion 

devices and osmotic energy conversion through advancing the 

nanopore technology.90, 91 This phenomenon was first 

discovered in quartz nanotube in 1997.92 Afterwards, ICR is 

observed in many fluidic devices which contain the asymmetric 

features such as asymmetric geometry, asymmetric surface 

charge, and asymmetric nanostructures. ICR phenomena were 

found in various materials, such as polymer films, nanopipettes, 

2D MOF nanosheets, graphene and silicon materials.  

In 2014, Zeng et al. applied porous graphene suspended on 

PET to investigate the ICR effect under different KCl 

concentrations and pH values.93 They compared the 

rectification ratio between PET nanopores and graphene-PET 

(G/PET) nanopores. Not only the pore shape affected the 

rectification phenomenon, but also the surface charge seriously 

contributed to the rectification effect.94 In comparison to PET 

nanopores, G/PET nanopores represented an ICR effect with 

higher ICR ratio and showed a higher pH value resistivity at the 

lower electrolyte concentration. Then in 2017, Yao’s group 

focused on the ion transport properties of a single G/PET 

nanopore.95 The ionic conductivity of tapered PET and G/PET 

nanopores was significantly different because the introduction 

of graphene film enhanced the electric field. After exploring the 

I-V curves of PET and G/PET nanopore with different KCl 

electrolyte concentrations, the rectification direction in two 

above experiments were completely opposite (Figs. 4a and 4b). 

The I-V measurement of the PET nanopore demonstrated the 

ion current under negative voltage was higher than the positive 

voltage. The rectification of tapered PET nanopore was affected 

by the potential and the double diffusion layer (DDL) of the tip 

region.96 When the potential was negative, K+ enter the pore 

from the external solution, while Cl- move in the opposite 

direction. In addition, the pore had cationic selectivity, so Cl- 

was repelled by the negatively charged PET membrane. Due to 

the presence of negative charges and DDL on the wall surface 

of the nanopore, the PET nanopore exhibited high conductivity 

("on" state) and showed cation selectivity. On the other hand, 

under a positive voltage, it exhibited a low conductivity ("off" 

state). The G/PET nanopore had a large current under a positive 

voltage and a small current under a negative voltage (Fig. 4b), 

indicating that the G/PET nanopore had a reverse rectification 

effect with PET nanopore. The acidic conditions during the 

preparation of graphene nanopore made it positively charged, 

and the presence of positive charges on the edges of the 

nanopore hindered the passage of K+ and enhanced the 

transport of Cl-. The I-V curves under specific KCl concentrations 

were shown in Fig. 4b, while the G/PET showed the different 

rectification ratio at different pH (Fig. 4c). The rectification ratio 

decreased as the increase of pH value. G/PET nanopore had a 

stronger rectification effect with a rectification ratio as high as 

190 under 4V at pH 2. The graphene nanopore provides an 

attractive platform for exploring ICR for biosensing.



Dalton Transactions                                                                         
Perspective 

This journal is ©  The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

 
Fig. 4 Typical I-V curves of (a) PET nanopore and (b) G/PET nanopore at different KCl concentrations. (c) The relationship between rectification ratio and pH value at 0.002 mol/L KCl. 

Copyright 2017, American Chemical Society. (d) The I-V curves of Zr-BTB-BA nanopores at pH 2 and 8. The insets indicated the contact angles of the 2D Zr-BTB-BA are 175° and 60°, 

respectively. Copyright 2020, WILEY-VCH. 

Recently, 2D MOF nanosheets become a rising material for 

nanofluidic transportation due to their abundant pore channels. 

For example, Wang’s group reported an easy-to-operate 

method to prepare 2D MOF nanosheets and porous anode 

aluminum (PAA) hybrid membranes, and further indagated the 

asymmetric ion transport characteristics.37 The 2D Cu-TCPP(Fe) 

MOF nanosheets employed an in-situ growth method to deposit 

on PAA. The MOF/PAA membrane can maintain stable for 12 

days in an aqueous solution. They tuned the surface charge 

densities of 2D MOF and PAA to adjust the direction of the 

electric field, thereby observing the on and off states of the 

rectification phenomenon. Ion rectification resulted from the 

ultra-small nanochannels of 2D MOF nanosheets.  

In 2020, Gu et al. exploited electrophoresis to obtain Zr-

BTB solid-state nanopores and discovered the nonlinear 

transport caused by 2D MOF nanosheets.17 The Zr-BTB-BA 

nanopore had good stability under a wide voltage of 6~-6 V, and 

the I-V curve showed both voltage-activated phenomenon and 

rectification (Fig. 4d). These phenomena had a very strong 

correlation with pH. The pH 2 was first measured. In the 0~6 V 

region, both the high conductive state beyond 4 V and the low 

conductive state beneath 4 V exist. Similarly, it also showed a 

large gap of 4 V in the 0~-6 V scan. The current at -6 V was much 

larger than +6 V, presenting the obvious ICR. It was speculated 

that the hydrophobic effect and the charge effect caused the 

asymmetry of the I-V curve and the appearance of gaps. The I-V 

curve from 3 to -3 V at pH 8 gave a completely different state 

from the acidic situation. When the pH was 8, the curve gap 

disappeared and the ICR direction was completely reversed. 

This special phenomenon can be explored from the 

hydrophilicity, hydrophobicity and charge effect, respectively. 

To investigate the hydrophobicity/hydrophilicity, the contact 

angle of Zr-BTB-BA was measured as 175° at pH 2, while it was 

60° at pH 8. The strong hydrophobic effect would repel acidic 

aqueous solutions, making it hard for the ions in the solution to 

get through the MOF nanopores, so the conductance values 

below 4 V were very low. Besides the surface charge of the 

nanopore also played an important role in rectification, which 

was proved by zeta potential measurements and COMSOL 

simulation. The MOF material had different surface charge 

properties at different pH. According to zeta potential data, Zr-

BTB-BA was positively charged at pH 2 and negatively charged 

at pH 8. The COMSOL simulation was consistent with the 

rectification at different pH, which confirmed the charge 

effect.97 In a word, the hydrophobic effect dominated in the 

acidic conditions with weak ICR, while the charge inversion of 

nanopores occurred under alkaline conditions, in which the 

charge effect was the main factor. The nonlinear ion transport 

of MOF nanosheets will provide further opportunities for the 

application as ion sensors in solid-state nanopores. 
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Fig. 5 (a) Schematic of potassium ions inside the layer spacing of graphene oxide film. Copyright 2017, Springer Nature. (b) The experimental setup to measure the relative ion 

selectivity of graphene nanopores. (c) The current-voltage curves of several cations with the concentration of 100 mM. (d) The ion selectivity ratio of different cations in the graphene 

pores. Copyright 2020, American Chemical Society.

4.2 ion selectivity 

Protein ion channels can selectively deliver Na+, K+ and Ca2+ 

ions through the cell membrane to generate electrical signals.98, 

99 In organisms, tens of thousands of ion channels work together 

to generate electrical signals for completing a physiological 

task.100-102 Based on this inspiration, various artificial ion 

channels were invented for salinity gradient power generation. 

Graphene with ion-selective nanopores is potential for 

seawater desalination and ion separation. In 2013, Kang’s group 

applied charge-modified graphene nanopores for the first time 

to study the ion transport behavior of KCl electrolyte 

solutions.103 Charged graphene nanopores could increase the 

transport of K+ and prevent the passage of Cl-, which was not 

found in previously neutral nanopores. This charge modified 

graphene nanopores can separate high flux ions. Subsequently, 

Corry et al. designed the bionic K+ selective graphene nanopores 

with different functional groups based upon MD simulations.104 

The results showed that the containing three carboxylic acid 

groups bionic nanopores acted as selective filters for K+ ions 

under voltage bias. 

Then in 2017, Fang et al. reported the size exclusion and 

dehydration effect in ion selective transportation through 

graphene oxide sheets.105 The interlayer spacing between 

graphene oxide sheets was adjustable by the fixing of K+, Na+, 

Ca2+, Li+ or Mg2+ cations, respectively between the adjacent 

layers (Fig. 5a). The difference among cation size was used to 

separate cations with different pore sizes. The dehydration 

effect was also observed. When the hydrated ions passed 

through the nanopores whose pore diameter was smaller than 

the ion hydration diameter, the pure ions escaped the hydration 

layer and passed through the holes alone. They took Na+ as an 

example. The obtained graphene using Na+ to control the 

interlayer spacing was selective to Na+. There were two reasons: 

one was that the interaction energy between hydrated Na+ and 

graphene was equivalent to the dehydration energy of Na+, 

which proved the structure of the dehydrated K+ through 

graphene was unstable. The second reason was that the 

distorted structure of K+ between graphene layers (according to 

DFT calculations, this structure was the most stable structure 

for K+ to pass through graphene) resulted in a decrease in the 

interlayer spacing, so that hydrated K+ could not pass through 

graphene. DFT calculations presented that the cation-π 

interaction of other cations (Fe2+, Co2+, Cu2+, Cd2+, Cr2+ and Pb2+) 

with the graphene membrane should be much stronger than 

that of Na+, which indicated that other ions could be used to 

further regulate the interlayer spacing of graphene. Later, Xue's 

group investigated the inter-cation selectivity ratio (Si) for K+, 

Na+, Li+, Cs+, Mg2+, and Ca2+ ions.106 The data showed that 

graphene sub-nanopores have the ability to distinguish these 

cations. The Si of the cation measured in the experiment was 

SK> SNa> SCs> SLi ≫ SCa> SMg. (Fig. 5d) Monovalent cations were 

easier to pass through nanopores than divalent cations. For 

example, SK was about 4 times higher than SMg. Because the 

former was easier to dehydrate and had a smaller energy 

barrier. Ion selectivity on graphene nanopores leads to an 
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extensive range of potential applications, such as molecular 

sieves and solvent dehydration. 

4.3 Biomolecule detection 

DNA sequencing is a particular and powerful tool that helps 

to clarify gene mutations and reveal the mechanisms of various 

diseases.107-109 Therefore, as a label-free single-molecule 

detection technology, nanopore has promoted the progress of 

biomolecule detection. Due to the different chargeability of the 

molecules, the reverse voltage is applied to drive the molecules 

through the nanopore, resulting in different current blocking 

and passage times. Based on these two signals, it can distinguish 

the conformational changes of the enzyme and observe the 

single-molecule reaction path.  

The atomic thickness, conductivity, and stability of 

graphene promote the potential of graphene membranes as 

solid-state nanopores to characterize single DNA molecules in 

solutions. In 2010, Golovchenko et al. realized for the first time 

the translocation of DNA molecules through atomically thin 

suspended graphene nanopore.32 Graphene with a 5 nm pore 

size detected double-stranded DNA passing through the pore 

with two conformations, resulting in two distinct current 

blockage signals. The application of graphene nanopores to 

explore DNA molecules continued. In 2012, Branton's team 

conducted theoretical modeling and experimental research on 

the properties of single-layer graphene nanopores.30 When the 

pore size was very close to the diameter of the DNA polymer, 

the device achieved the best resolution and sensitivity. To 

explore the temporospatial resolution limit of graphene 

nanopores, DNA sequencing methods has been tested in 

experiments and simulations. Aksimentiev's team employed 

MD simulation to study the translocation of DNA homopolymer, 

such as poly(dA), poly(dT), poly(dC), poly(dmC) and poly(dG) 

through graphene nanopore.110 In principle, they found that 

with the same charge density (either +2 or -2 e nm-2), the five 

nucleotides had different conformations on the surface of 

graphene (Fig. 6a and 6b). Under positive charged surface, the 

unbound conformation of poly(dA) and poly(dT) was prior to 

the upright and flat conformations, while the other three 

homopolymers had mixed conformations. For -2 e nm-2, each 

homopolymer owned specific mixture of three conformations. 

Because of the DNA responses to the particularity of the 

graphene charge density, it could be used to control the velocity 

of DNA translocation. In Fig. 6c, it was observed that by 

changing the direction of the charge density, the stop-and-go of 

ssDNA through graphene nanopore can be realized, which was 

ideal DNA sequencing platform. They discovered the effect of 

graphene charge on the conformation of single-stranded DNA 

(ssDNA) and the speed of electrophoretic movement of ssDNA 

through graphene nanopores. In this paper, they reported that 

the conformation of ssDNA depends on not only the size and 

polarity of the graphene charge but also the nucleotide 

component of the DNA strand. 
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Fig. 6 Diagrams described the overall conformational changes of each ssDNA nucleotide at (a) -2 e nm -2 and (b) +2 e nm -2, respectively. Each point specifies the relative value of the 

three conformations of the corresponding DNA homopolymer: flat, upright and unbound. (c) Stop-and-go translocation of ssDNA in graphene nanopore. Simulated images of 

graphene with different charge densities (top), applied voltage across the membrane (middle), and the number-time diagram (bottom). Copyright 2014, Springer Nature. Detection 

of single nucleotides in MoS2 nanopore. (d) The scatter plot of the current drop and dwell time for four single nucleotides. (e) The normalized histogram of the current drop. Copyright 

2015, Springer Nature. 

Moreover, a single-layer ultra-thin MoS2 membrane 

provided the essential spatial resolution for nanopore DNA 

sequencing.74, 111 However, the rapid translocation speed of 

DNA molecules limits MoS2 detection performance. In 2015, 

Radenovic's group utilized the viscosity gradient concentration 

system of ionic liquids to reduce molecular migration speed by 

2 to 3 orders of magnitude, which can be used to control the 

transfer kinetics of DNA through MoS2 nanopore.112 First, they 

measured the translocation of 30-mer DNA homopolymers. 

Four current drops could be clearly distinguished in the 

translocation current trajectory, which was able to distinguish 

poly(dA)30, poly(dT)30, poly(dG)30 and poly(dC)30. Then, the 2.8 

nm diameter MoS2 nanopores was used to detect single 

nucleotide dAMP, dTMP, dGMP and dCMP translocations. In the 

experimental results, the current drop and residence time of 

the four nucleotides were all distinct (Figs. 6d and 6e). The 

current drop distribution of dGMP was centralized at 0.8 nA, 

and the current drop of the smallest single-nucleotide dCMP 

was 0.3 nA. In recent years, the use of 2D materials as solid-

state nanopores has made breakthroughs in DNA detection.113 

It still needs further explorations of DNA sequencing in the 

future. 

Conclusions 

In summary, the fabrication methods and the applications of 2D 

materials based solid-state nanopore were discussed in this 

perspective. Due to the easy fabrication, high stability and 

various chemical properties, 2D materials solid-state nanopore 

had been applied in research fields, including ions 

transportation, DNA sequencing and biomolecules detection. 

Besides, 2D materials based solid-state nanopore technology is 

believed to be one of the most efficient chemical sensing 

techniques in the next generation and beneficial to our living 

quality and economics. Future studies will focus on the 

development of new theory, the deliberate design of pore 

materials and the precise control of nanopore size and chemical 

environments.  
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